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Abstract
The properties of cancer stem cells (CSCs), such as self-renewal, drug resistance, 
and metastasis, have been indicated to be responsible for the poor prognosis of 
patients with colon cancers. The epigenetic regulatory network plays a crucial role 
in CSC properties. Regulatory non-coding RNA (ncRNA), including microRNAs, 
long noncoding RNAs, and circular RNAs, have an important influence on cell 
physiopathology. They modulate cells by regulating gene expression in different 
ways. This review discusses the basic characteristics and the physiological 
functions of colorectal cancer (CRC) stem cells. Elucidation of these ncRNAs will 
help us understand the pathological mechanism of CRC progression, and they 
could become a new target for cancer treatment.

Key Words: Regulatory RNAs; MicroRNA; Long-non coding RNA; Circular RNA; 
Colorectal cancer; Cancer stem cell; Stemness
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Core Tip: Cancer stemness is one of the key reasons to contribute to the tumor aggressiveness, disease 
progression and cancer recurrence. Some reports have suggested the essential roles of regulatory RNAs in 
the modulation of the colorectal cancer (CRC) stemness. Here, we focus on the findings of microRNAs, 
long noncoding RNAs, and circular RNAs in CRC stem cells. We not only introduce the basic concepts of 
these non-coding RNA but address their pathologic roles in the stemness related signals and molecules to 
realize their functions in CRC stem cells and CRC progression.

Citation: Chao HM, Wang TW, Chern E, Hsu SH. Regulatory RNAs, microRNA, long-non coding RNA and 
circular RNA roles in colorectal cancer stem cells. World J Gastrointest Oncol 2022; 14(4): 748-764
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INTRODUCTION
Colorectal adenocarcinoma is the most common colorectal cancer (CRC), resulting from the abnormal 
proliferation of colon epithelial cells. According to statistics from the American Cancer Society, the risk 
factors of CRC include obesity, physical inactivity, high consumption of red or processed meat, alcohol 
uptake, and very low intake of fruit and vegetables[1]. Other factors include inflammatory bowel 
diseases such as Crohn’s disease and ulcerative colitis. Based on TNM classification for CRC, which 
includes the invasive depth of primary tumor, the status of lymph nodes, and distant metastasis, CRC 
can be categorized into four stages: I, II, III, and IV. Typical treatments for CRC are surgical resection, 
neoadjuvant/adjuvant radiation therapy, and chemotherapy. Advanced CRC has high potential for 
metastasis and recurrence. Therefore, clarifying the mechanisms of drug-resistance and the metastasis of 
cancer cells is an important issue in cancer treatment. According to previous research, RNA plays 
important roles in physiology and pathology. Non-coding RNA (ncRNA) such as microRNA (miRNA), 
long non-coding RNA (lncRNA), and circular RNA (circRNA) have functional roles in physiopatho-
logical processes. These RNA molecules are involved in the pathobiology of cancer and have become 
targets for the diagnosis, prognosis, and treatment of various cancers. At present, in CRC, ncRNA 
regulates CRC metastasis, drug resistance, and stemness characteristics through various signal 
networks. Therefore, understanding the role of ncRNA in the CRC signaling pathway can help develop 
new strategies for the prognosis and treatment of CRC. In this review, we analyzed the latest findings 
about ncRNA, particularly miRNA and lncRNA, which are involved in the pathological mechanism of 
CRC.

CANCER STEM CELL
The existence of cancer stem cells (CSCs) is considered to account for cancer recurrence and metastasis. 
Tumor heterogeneity exists, which means that there are different cancer cell clones within tumors 
including different cancer cell clones, cancer progenitor cells, and CSCs[2]. Two competing theories 
have been proposed to explain the development of heterogeneous tumors: Clonal evolution theory and 
CSC theory[3,4]. The first postulates that each cell within a tumor is considered to have equal potential 
to promote tumorigenesis. In contrast to the clonal evolution theory, CSC theory claims that CSC is a 
small group of cancer cell population located at the highest level in the hierarchy of solid tumor tissues
[5]. Only CSCs have the potential to form new tumors on serial transplantation. In vivo research studies 
also provide evidence to support this theory by the xenograft model[6,7]. On the other hand, CSCs have 
been reported to exist in many different types of cancer. For instance, many studies show that CSCs 
dominate the tumorigenic potential in CRC[8,9]. Based on CSC theory, eliminating the CSC population 
would be an efficient way to prevent tumor relapse and can be expected to achieve a complete clinical 
therapeutic response[10].

Self-renewal is the process by which a stem cell divides to generate daughter cells that have similar 
developmental potential to the mother cell[11]. In normal stem cells, self-renewal is essential for 
expanding their population pool during development. When tissue injury occurs, stem cells differ-
entiate into somatic cells to restore damage. In hematopoietic stem cells, defects in self-renewal reduce 
the potential of repopulation capacity upon serial transplantation[12,13]. On the other hand, CSCs also 
possess the ability to self-renew and differentiate[14,15]. CSCs are injected into immunodeficient mice 
and only the CSCs with self-renewal and tumor-initiating potential could generate tumors successfully 
in xenograft models compared to non-CSC[16]. Due to self-renewal, stem cells can overcome anoikis (a 
kind of programmed cell death induced when cells detach from the surrounding extracellular matrix). 
Therefore, stem cells can form spheres in suspension culture[17]. As a result, the sphere-forming 
frequency can be used to estimate CSC frequency in cancers[18].

https://www.wjgnet.com/1948-5204/full/v14/i4/748.htm
https://dx.doi.org/10.4251/wjgo.v14.i4.748
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CSCs are believed to have higher drug resistance ability and could escape from chemotherapy, 
leading to tumor relapse. Most cytotoxic drugs used for cancer therapy damage DNA to induce the cell 
death of proliferative tumor cells. However, CSCs have three different pathways to avoid death. First, 
CSCs can repair DNA damage more efficiently than non-stem cancer cells through ataxia telangiectasia 
mutated and the activation of the checkpoint kinases Chk1 and Chk2[19]. This characteristic also helps 
CSCs overcome the effect of radiation therapy[20]. Second, CSCs could remain at a quiescent stage to 
slow the cell cycle[21], which would protect CSCs from most chemotherapeutic drugs that target rapidly 
proliferating cells[22]. The last is that the up-regulated expression of ATP-binding cassette transporters 
(ABC transporters) is observed in CSCs[23]. The ABC transporter is a membrane protein that could 
extrude toxins out of the cell[24].

Most cancer-related deaths are attributed to recurrence and metastasis. However, metastasis initiating 
cells (MICs) have not yet been well-defined to date. Evidence from many previous studies implies that a 
subpopulation of MICs is probably comprised of CSCs[25]. For example, in CRC patients, tumors with 
higher expressions of CSC markers CD133 and CD44 are correlated to metastasis[26]. In the “seed and 
soil” hypothesis[27], metastatic cancer cells have to float in the circulatory system as seeds and find 
appropriate organs as “soil” in which to settle down. Consequently, the self-renewal capacity that 
resists anoikis might explain why CSCs are related to metastasis. On the other hand, the beginning of 
metastasis includes two irreplaceable steps, invasion and migration[28]. As mentioned above, 
repressing self-renewal or migration abilities, or even restricting the CSC population directly may 
reduce cancer metastasis.

Regulatory signals of CRC stem cells
Many molecular networks are related to the stemness of CRC, and several have been found to be 
important and crucial in the growth and functional maintenance of CSCs, such as Wnt, bone morpho-
genetic protein (BMP), Hedgehog (Hh), and Notch signals. The Wnt signaling pathway has been 
recognized as a stemness-related pathway in CSCs[29,30]. Wnt is involved in the maintenance, prolif-
eration, apoptosis, and differentiation of intestinal tract stem cells and CSCs. In the intestine, after Wnt 
signal activation, the downstream β-catenin translocates into the nucleus and turns on the transcrip-
tional activity of important developmental-related genes such as c-Myc, Axin2, and Lgr5. These 
downstream factors are also involved in colorectal CSCs’ characteristics[31-33]. In CRC cells, this is often 
accompanied by abnormal Wnt signals. For example, adenomatous polyposis coli (APC) mutation 
leading to the excessive activation of Wnt signals has been considered the first step in tumor formation 
with CRC. In addition, in the population of colorectal CSCs, it has been found to have a high degree of 
Wnt activity. All these suggest that Wnt signaling is closely related to the origin of CRC.

Notch signaling is also enhanced in colorectal CSCs; its interaction with Wnt signaling is also 
considered to be an important message affecting tumor proliferation[34]. In addition, if the Notch signal 
were inhibited by the deletion or inhibition of γ-secretase inhibitors, this will lead to an increase in the 
level of Math1 that promotes stem cell differentiation and undermines the maintenance of stem cell 
populations[35]. On the other hand, BMP and Hh signals are more present in differentiated intestinal 
cells. Studies have pointed out that the Hh signal also antagonizes the Wnt signal and helps Gli-
dependent tumor cell differentiation[36].

The transforming growth factor (TGF)-β/BMP pathway has multiple roles in colorectal CSCs[30]. It 
inhibits Wnt messages to promote cancer stem cell differentiation and promotes Wnt messages to help 
tumor formation[37]. BMP signaling inhibits the stemness of Lgr5+ stem cells through Smad-mediated 
transcriptional repression[38]. In addition, it was found that knocking out GATA6-α zinc finger 
transcription factor that helps maintain Lgr5+ CSCs in adenomas - can up-regulate BMP signaling, 
thereby inhibiting the development of CRC. Knocking out GATA6 in vivo can up-regulate BMP 
signaling, thereby inhibiting the development of CRC[39]. Therefore, these signaling pathways are 
multiple mechanisms of stem cell regulation during the origin and development of CRC, which 
contributes to the development of therapeutic strategies required to treat CRC.

MIRNA
MiRNA is a small non-coding RNA molecule with 20-22 nucleotides (nt)[40]. After primary miRNA is 
initially transcribed, two splicing processes sequentially occur by Drosha and Dicer to generate 
precursor miRNA and mature miRNA. One of the two major functions of miRNA is translational 
repression, causing mRNA degradation through hybridization between the target mRNA and miRNA. 
In recent decades, numerous studies have reported that the expression of miRNA is dysregulated in 
malignancies as an oncogene or tumor-suppressor gene. For example, miR-21 as oncomir has been 
shown to be associated with poor prognosis and metastasis in patients with breast cancers[41,42]. In 
breast CSCs, diminished miRNA let-7 is required to maintain self-renewal ability and inhibit differen-
tiation[43]. In pancreatic cancer, miR-34a suppresses the expression of BCL2, Notch1, and Notch2, 
which are implicated in anti-apoptosis to maintain the tumor-initiating cell population[44]. 
Furthermore, MRX34, a liposomal miR-34 mimic, has already been evaluated in phase I clinical trials 
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against liver cancer[45]. Most studies about miRNA have focused on the regulation of transcription 
factors or abnormal copy numbers. However, the epigenetic regulation of miRNA in cancers has 
attracted more attention in the last decade[46]. Unraveling the regulatory mechanisms of cancer-
associated miRNA may provide a novel therapeutic strategy for cancers.

In the progression of CRC, regulatory miRNAs are also involved in the CRC stem cell population and 
many studies have also described the regulation of miRNA, which is involved in the network of the 
origin of CRC. Many current studies have found that certain miRNAs related to CRC stem cells mostly 
target certain important signaling pathways and molecules that maintain colorectal CSCs or cell surface 
markers, showing the cancer-inhibition function. Such miRNAs are often found in cancer. The amount 
of expression in the cells decreases. In contrast, some miRNAs that target tumor-suppressor genes will 
play an important role in the cancer process.

In previous studies, under the deficiency of Dicer - an important protein involved in the miRNA 
process - the expression of CD44 and Lgr5 will increase, as will the stem cell transcription factors Sox2 
and Nanog. This shows that some miRNAs are inhibitory molecules for CRC. Meanwhile, it will also 
affect the stem cell population in CRC cells and enhance the ability to initiate tumors and metastasis
[47]. At present, many studies have reported that miRNAs have been targeting stem cell genes or genes 
involved in the regulation of stem cell properties, which have led to the development of different CSC 
populations.

CRC stem cell surface markers
CRC stem cell markers such as CD44, CD133, and Lgr5 also participate in the physiological network 
regulation of many CSCs as the surface antigens of colorectal CSCs. For example, CD44 can participate 
in the Wnt/β-catenin signal to induce stem cell properties whether in breast cancer or CRC[33]. Lgr5 
belongs to the GPCR family and can identify stem cells in colonic epithelial cells. It is considered a 
negative modulator of the Wnt signal. A group found that miR-23b can distinguish malignant CRC from 
normal intestinal epithelium and the miR-23b added in CRC is expected to target the Lgr5 gene. In CRC, 
miR-23b promotes cell proliferation and the cell cycle and improves the self-renewal ability, thus 
affecting metastasis and drug resistance, which are closely related to the characteristics of CSCs. 
Furthermore, this also increased the aldehyde dehydrogenase (ALDH) + CSC population group[48]. 
CD24, a glycosylphosphatidylinositol-anchor protein, is considered a CRC stem cell marker and has 
been shown to increase cancer stem cell properties. Wang et al[49] reported that miR-1185-1 suppresses 
the expression of CD24 by targeting its 3’ untranslated region (3’UTR) and could be inhibited by SIRT1 
via histone deacetylation. Targeting SIRT1 by RNAi could increase the expression of miR-1185-1 and 
further repress CD24 translation and CRC stemness. Transmembrane-4-L-six-family-1 (TM4SF1), a cell 
surface antigen, is increased in various human epithelial carcinomas[50]. In CRC tumor tissues and cell 
lines, miR-30a is downregulated. Overexpression of miR-30a reduces migration and invasion in CRC 
cell lines. miR-30a could target TM4SF1, and it inhibits vascular endothelial-derived growth factor 
expression and enhances E-cadherin expression[51]. LRIG1, leucine-rich repeats and immunoglobulin-
like domains protein 1, is a type I single-transmembrane protein and an intestinal stem cell marker that 
functions as a tumor suppressor[52]. Viswanathan et al[53] found that miR-92a can target LRIG1 and 
promote the proliferation of HT29 CRC cells. miR-92a also promotes the tumorigenesis of CRC.

CRC stemness-related intracellular regulatory and transcription factors
Some miRNAs regulate important stemness transcription factors in CRC progress. SOX2 plays an 
important role in embryonic development and the formation of induced pluripotent stem cells[54]. 
SOX2 is also necessary to maintain CSC. A study found that miR-450a-5p can target the 3’UTR region to 
inhibit SOX2 expression in CRC. Therefore, SOX2-induced CSC properties and angiogenesis are 
inhibited. On the contrary, overexpression of SOX2 can rescue the inhibition brought by miR-450a-5p in 
vivo and in vitro. Kruppel-like factor 5 (KLF5) is a zinc-finger transcription factor of the KLF family. KLF 
family proteins play various roles in homeostasis and stem cell regulation[55]. The transcription factor 
YAP1 affects multiple signaling pathways in CRC cells. Ou’s[56] group has pointed out that miR-590-5p 
directly inhibits YAP1 in CRC cells and inhibits tumorigenesis. The miR-590-5p-YAP1 axis in CRC 
specimens is dysregulated and affects the survival of patients. GATA transcription factors comprise a 
family of zinc-finger proteins and play an essential role in embryo development[57]. In CRC cells, 
GATA6 is the direct target of miR-203. miR-203-overexpressing HCT-116 and HT-29 cells decrease self-
renewal ability and cancer stemness[58]. Spalt-like (SALL) transcription factor is an important 
transcription factor for self-renewal and pluripotency. A study showed that miR-3622a-3p is downreg-
ulated in CRC tissues and cells. miR-3362a-3p inhibits the malignant biological characteristics of CRC. 
miR-3622a-3p also inhibits the stemness and epithelial to mesenchymal transition (EMT) of CRC cells 
through SALL4 targeting. In tumor xenograft models and in vivo metastasis models, miR-3622a-3p can 
also inhibit the tumorigenesis and metastasis of CRC cells in vivo[59].

EMT is related to tumor metastasis and is considered one of the properties of CSCs. The EMT-related 
ZEB2 gene was verified as the binding target of miR-377. The expression of miR-377 was downregulated 
in colon cancer tissues and cell lines. Knockdown of miR-377 increases the number of ALDH+ cells and 
promotes the ability to form cancer spheres. Overexpression of ZEB2 could prevent the inhibition of 
miR-377 in cancer stem cell phenotypes, EMT, migration, and invasion[60]. Regulation of cytoskeleton 
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remodeling is a crucial process in cellular migration. Recently, miR-210-3p has been shown to target 
stathmin1, a microtubule destabilization regulator, to reduce cell elasticity without affecting EMT and 
upregulate the invasion ability of CRC stem cells[61]. Quaking (QKI) is a member of the signal 
transduction and activation of RNA protein family. QKI is highly conserved over different species and 
is important for normal development[62]. Studies have pointed out that miR-221 has high expression in 
EpCAM+/(CD44 + CRC stem cells). When miR-221 is overexpressed, it can promote the tumorigenesis 
of CRC by targeting the most abundant splicing isoform of the human QKI gene, QKI-5, in the CRC 
patient-derived xenograft model. In addition, overexpression of QKI-5 in CRC could inhibit the 
formation of cancer[63].

Hypoxia
Rapid cell division and abnormal blood vessel formation can be observed in tumor hypoxic areas. 
Hypoxia-inducible factors are also activated due to hypoxia, and they stimulate many transcription 
factors that control stem cell self-renewal and pluripotency, such as CSCs, which are also considered to 
play an important role[64]. Under hypoxic conditions, miR-34a targets and reduces the expression of 
PPP1R11, E3 ubiquitin-protein ligase, which activates signal transducer and activator of transcription 3 
(STAT3) by phosphorylation and inhibits metastasis to the liver[65]. Hypoxia can also upregulate miR-
215. miR-215 can target Lgr5 and affect the stemness of CRC stem cells[66].

Notch signaling
Transfer RNA-derived RNA fragments (tRFs) belong to a family of short noncoding RNAs and can be 
produced by multiple RNA enzymes and ribonuclease to regulate translation, similar to miRNAs[67]. A 
study found that a fragment derived from tRF/miR-1280, a 17-bp fragment derived from tRNALeu and 
pre-miRNA, affects Notch signaling. tRF/miR-1280 targets Notch ligand JAG2, which reduces the stem 
cell properties of CRC and inhibits the transcription of Gata1/3 and miR-200b genes[68]. Moreover, 
some tumor suppressor miRNAs are inhibited and promote the tumorigenesis of CRC. Cullin 4B 
(CUL4B) is considered an oncogene that promotes the development of many solid tumors. CUL4B 
drives the development and metastasis of colon cancer by maintaining cancer stem-like characteristics. 
The CUL4B and PRC2 complex synergistically inhibits the expression of miR-34a, a tumor suppressor 
miR that targets oncogenic MYCN and NOTCH1, to promote stem cell properties[69].

Wnt/β-catenin signaling
Wnt/β-catenin signaling is involved in the regulation of stem cells and tumorigenesis in several kinds of 
cancers[29,70]. Some positive regulatory miRs of Wnt/β-catenin signaling have also been addressed. 
The current study reported that miR-501-3p is overexpressed in colorectal tumor tissues. miR-501-3p 
targeted APC, a negative regulator of Wnt/β-catenin signaling. The downregulation of miR-501-3p in 
CRC cells inhibited tumor proliferation and sphere formation and induced cell cycle arrest at the G1 
phase. miR-501-3p promotes cancer stem cell properties through Wnt/β-catenin[71]. Many studies have 
also found that inflammation is related to tumor formation. Interleukin (IL)-6/STAT3 signaling is one of 
the important pathways induced by inflammation. Zhang et al[72] found that the activation of IL-
6/STAT3 can induce miR-92a expression in chemical-resistant CRC and tissues. miR-92a targets the 
negative factors KLF4, glycogen synthase kinase-3β, and Dickkopf 3 to upregulate Wnt/β-catenin 
signaling activity in CRC. Decreased levels of the miR-30-5p family have been reported in CRC patients 
and human CD133 + CRC cells. Overexpression of miR-30-5p inhibits the expression of stem cell 
markers CD133 and SOX2, spheroid formation, and cell proliferation by suppressing USP22/Wnt/β-
catenin signals[73]. CD133+ and Lgr5+ stem cells in the colon cancer cell lines HCT-116 and SW-480 
show high levels of miR-3120-5p. Overexpression of miR-3120-5p increases the CSC population and 
promotes the stemness and invasiveness of colon cancer cells by directly targeting Axin2[74]. Inhibition 
of the RCN2/Wnt/β-catenin pathway by miR-183-5p also inhibits the proliferation and invasion of CRC
[75]. On the other hand, negative regulator miRs of Wnt/β-catenin signaling play tumor suppressor 
roles in CRC. In SW1116 and SW480 CRC cells, overexpression of miR-302c weakens the proliferation, 
invasion, and migration capabilities of CRC stem cells. miR-302c binds to CARF and inhibits its 
expression. CARF has been shown to maintain the stemness of CSCs of CRC and to be a positive 
regulator of Wnt/β-catenin signaling[76,77].

TGF-β/Smad signaling
TGF-β/Smad signaling is involved in the regulation of many physiological processes in the body, 
including the regulation of CSCs. Through bioinformatics analysis and research, it was also found that 
miR-4666-3p and miR-329 target TGF-βR1 to prevent the activation of the TGF-β1/Smad pathway and 
act as tumor suppressor genes in quiescent CSCs, identified as a subgroup of colon cancer cells that are 
in a dormant state and have strong stem cell-like properties[78]. Recently, decreased levels of miR-147 
were found in colon cancer. Overexpressed miR-147 decreases the CRC stem cell markers such as OCT4, 
SOX2, and NANOG and inhibits EMT and the TGF-β/Smand pathway in HCT116 and SW480 colon 
cancer cells. Moreover, miR-147 downregulates the expression of β-catenin, c-myc, and survivin related 
to Wnt/β-catenin signaling[79].
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Figure 1 The role of regulatory micro RNAs of colorectal cancer stem cells in this article. TGF: Transforming growth factor; QKI: Quaking; EMT: 
Epithelial to mesenchymal transition; KLF: Kruppel-like factor; SALL: Spalt-like; tRF: Transfer RNA-derived RNA fragments.

Cellular response and process
Golgi fragmentation of cancer cells is one of the new chemotherapy strategies. This phenomenon is 
affected by the Golgi phosphoprotein-3 (GOLPH3)/Myo18A/F-actin axis. Núñez-Olvera et al[80] found 
that miR-3135b overexpression attenuates Golgi fragmentation induced by chemotherapy drugs in CRC 
cells and that miR-3135b targets the 3’UTR of the GOLPH3 proto-oncogene. Moreover, they noted that 
overexpression of miR-3135b in HCT-15 cancer cells can significantly inhibit cell proliferation, increase 
sensitivity to 5-fluorouracil lysis, and promote late cell degradation and necrosis. They also indicated 
that miR-3135b reduces the phosphorylation level of p-AKT1 (Ser473) and p-mTOR (Ser2448) and 
activates the autophagy and stemness of CRC. Many studies have indicated that the expression of some 
miRs in CSCs decreases, and the forced expression of these miRs can inhibit the characteristics of CSCs. 
For example, the expression of miR-194 in CRC stem cells decreases. Overexpression of miR-194 can 
cause G1/S transition, induce cell apoptosis, and inhibit the malignant behavior of CRC stem cells[81]. 
Pisano et al[82] found that miR-486-5p was downregulated in CRC stem cells. Overexpression of miR-
486-5p can also inhibit stem cell characteristics. miR-133b was found to be downregulated in the 
colorectal spheroids, a model to enrich CSCs. Overexpression of miR-133b inhibits the stemness and 
chemoresistance of CRC. This study also found that miR-133b affected the DOT1L-mediated 
modification of H3K79me2 and the transcription of stem cell-related genes (Figure 1)[83].

Many miRs are involved in the regulation of the fate of CRC stem cells and affect the prognosis of 
CRC. At present, high-throughput next-generation sequencing is used to screen these miRs. In addition, 
it can also be predicted by miR-targeting sequences of genes that regulate CSC-related genes and 
signaling pathways. The information of the tumor suppressor miR may be used to develop a nucleic 
acid biosimilar drug for the treatment of CRC. These findings are quite helpful for the development of 
new drugs.

LNCRNAS
LncRNAs comprise various RNA species longer than 200 nt, lack protein-coding ability, and are 
involved in regulation of genes expression and regulate diverse functions. There are many different 
structure forms of lncRNA, such as mRNA-like gene transcripts (lincRNA), covalently closed circular 
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Figure 2 The functions of long non-coding RNAs. lncRNAs: Long-non coding RNAs; miRNA: MicroRNA.

Figure 3 The functions of circular RNAs. miRNA: MicroRNA; ciRNA: Circular intronic RNA; EIciRNA: Exon-intron circular RNA; ecircRNA: Exonic circular 
RNA.

structures, antisense transcripts that inhibit gene expression, and A-U triple-helix structure of 
unconventional lincRNA modified by RNase P[84], which participate in global cellular behavior 
through different modifications and complexes with different molecules to control cell death and cell 
growth. LncRNAs control nuclear architecture and transcription in the nucleus. On the other hand, 
cytoplasmic lncRNAs regulate mRNA stability, affect translation, and act as miRNA sponges, 
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Figure 4 The role of regulatory long-non coding RNAs and circular RNAs of colorectal cancer stem cells in this article. lncRNA: Long-non 
coding RNAs; circRNA: Circular RNA; lnc-DILC: LncRNA downregulation in liver cancer stem cells; CSC: Cancer stem cell.

translation, and post-translational modifications[85]. Nowadays, over 170000 human lncRNA 
transcripts have already been identified; however, the mechanisms and the functions of most lncRNA 
are still unclear[86].

In nuclei, lncRNAs can regulate chromosome architecture and regulate genome organization at 
different statuses, such as imprinting. In females, X-chromosome inactivation (XCI) occurs to silence an 
X chromosome during embryonic development. XCI-induced gene silencing is initiated by the Xist 
lncRNA[87]. LncRNAs play an important role in gene regulation. They regulate gene expression in cis 
proximal transcription sites or trans distant transcription sites. LncRNA can form an R loop structure 
with transcription factors to form a complex and regulate transcription at the target gene locus[88]. 
Some lncRNAs serve as scaffold-like structure of RNA-protein interaction in nuclear bodies[89].

In cytoplasm, lncRNAs can control the stability of mRNA by regulating miRNA through competitive 
endogenous RNA that functions like a miRNA sponge. In addition, it has recently been reported that 
lncRNAs related to ribosomes can regulate translation. For example, MALAT1 interacts with ribosomes 
to regulate translation[90]. LncRNA also regulates post-translational modifications, such as regulating 
the phosphorylation of STAT3 and controlling the differentiation of human dendritic cells[91]. At 
present, many lncRNAs have been reported to be involved in tumor formation or to play a role in tumor 
suppression. C9orf139 is highly expressed in pancreatic cancer and serves as a prognostic marker for 
pancreatic cancer[92], HOXD-AS2 and LINC00511 promote gastric cancer[93,94]. In addition, 
LINC02532 promotes gastric cancer progression, migration, and invasion in Figure 2[95].

LncRNAs in CRC
Recent studies have pointed out that in CRC stem cells, lncRNA is also involved in many regulatory 
functions in transcription, translation, and signaling transductions. LncRNAs can play positive or 
negative roles for stem cell properties in CRC. Therefore, the lncRNA in CRC stem cells has the potential 
to become a target for CRC diagnosis and treatment.

Positive regulator of stem cell properties in CRC
Recently, many studies have found many lncRNAs that promote CSCs properties. These lncRNAs also 
relate to CRC prognosis. Guo et al[96] found that lncRNA1106 is highly expressed in colon adenocar-
cinoma and induces the proliferation, migration, and stem cell properties of CRC cells. Cytoplasmic 
lncRNA1106 can be used as miR-449b-5p sponge. The gene lncRNA1106 positively regulates Gli4 in 
CRC cells. In addition, Gli2 also induces lncRNA1106 expression up-regulation. The lncRNA1106-Gli 
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network plays an important role in CRC stem cells. LINC-RoR can induce many stem cell properties in 
many tumors. Li et al[97] found that LINC-RoR was up-regulated in CRC cell lines. Overexpression of 
LINC-RoR promotes cell proliferation, and its inhibition can reverse this effect in vitro. Fuortes et al[98] 
reported that GAS5 was associated with malignant features in HCT116-derived CSCs. Knockdown 
GAS5 significantly suppressed CSC self-renewal capacity, proliferation, drug resistant, stemness, and 
migration. Methyltransferase WBSCR22 is considered as a tumor promoter in CRC. WBSCR22 was 
negatively regulated by miR-509-5p. Zhao et al[99] reported that Linc00346 promotes the expression of 
WBSCR22 by adsorbing miR-509-5p, a WBSCR22 negative regulator. The Linc00346/miR-509-
5p/WBSCR22 signal axis promotes the stemness of colon cancer.

Using bioinformatic analysis, Zhou et al[100] identified a novel lncRNA (lncRNA-cCSC1) that is 
highly expressed in CRC and colorectal CSCs. LncRNA-cCSC1 promotes the self-renewal capacity of the 
CRCSCs. Their study indicates that lncRNA-cCSC1 may regulate CSC-like properties via the Hh 
signaling pathway. Besides, lnc273-31 or lnc273-34 depletion inhibits CRC migration, invasion, cancer 
stem cell self-renewal and chemoresistance in p53-R273H mutation cells[101]. In addition, high 
expressions of LINC00525 are observed in CRC patients with poor prognosis. Wang et al[102] found that 
LINC00525 knockdown decreased stemness properties and tumorigenesis via miR-507, which is the 
direct target of LINC00525. LncRNA portal vein thrombosis (PVT)1-214 is a key regulator of CRC 
development and progression. Overexpression of PVT1-214 can upregulate Lin28 protein in CRC cells 
and serves as a critical role of CRC pathogenesis[103]. LncTCF7 can activate the Wnt/β-catenin 
signaling pathway. Knocking down lncTCF7 in CRC cells decreased cancer cell progression[104]. Chen 
et al[105]’s study shows that lncRNA up-regulated in CRC liver metastasis (UICLM) was significantly 
up-regulated in liver metastasis-CRC. UICLM acted as a ceRNA for miR-215 to regulate ZEB2 
expression and promote metastasis. Yu et al[106] also found an lncRNA: LOCCS was obviously 
upregulated in colon CD133+/CD166+/CD44+ CSCs. Knockdown of LOCCS reduced cell proliferation, 
invasion, migration, and tumorigenesis in vivo. Recently, lncRNA KLK8 has been reported that was 
upregulated and positively correlated with the stemness gene in CRC[107]. Wu et al[108] found that 
lncRNA SLCO4A1-AS1 could bind with miR-150-3p to elevate the expression of SLCO4A1 and the 
stemness of CRC.

Negative regulator of stem cell properties in CRC
Some lncRNAs that inhibit the properties of stem cells tend to have lower expression in CRC than 
normal colorectal cells. Overexpression of these lncRNAs can also inhibit tumor progression. LncRNA 
downregulation in liver CSCs (lnc-DILC) is a tumor suppressor in CRC. Li et al[109] found that lnc-
DILC expression was downregulated in CRC tissues of human patients. Down-regulation of lnc-DILC 
increase aggressive of clinical characteristics. According their clinical study, lnc-DILC could be a 
diagnostic and prognostic marker in CRC. Besides, Liu et al[110] found an lncRNA (AC105461.1) is 
related to cancer stem cell properties. AC105461.1 overexpression reduced the percentage of 
CD133+CD44+ CRC stem cells, whereas its knockdown increased the population of CD133+CD44+ CRC 
stem cells (Figure 2).

CIRCRNAS
CircRNAs are circular noncoding RNAs (ncRNAs). This type of ncRNA was discovered in early 1990. 
Recently, using RNA-sequencing technology, researchers have found a large number of novel circRNAs 
in mammalian cells; however, the function of circRNAs is still unclear. Regarding the biogenesis, 
circRNA can be formed in the following ways: Exon reverse splicing into loops (exonic circRNA, 
ecircRNA), intron-preserving transcript reverse splicing (exon-intron circRNA, eIcircRNA), and intron 
reverse complementary pairing (circular intronic RNA, ciRNA). According to a report, the precursor 
tRNA can be cut into a ring to form tricRNA (tRNA intronic circRNA)[111]. CircRNA can regulate many 
biological functions. CircRNA can act as an antagonist of miRNA sponge to regulate miRNA. Therefore, 
it is possible to control gene expression by competing miRNA. CircRNA has also been found to form 
complexes with proteins to regulate physiological functions together. Although circRNA is considered 
to be ncRNA, a previous study found that ribosome binding to the stop codon of circMBL was identified 
in the brain tissue of Drosophila, and the circRNA translation protein products were obtained by protein 
profiling. This result also confirms that circRNA may be like mRNA, which can translate protein 
functions[112]. (Figure 3)

In a study of PML/RARα in leukemia, two fusion circRNAs (f-circRNA) were found in its 
chromosomal translocation. Further in vivo experiments showed that the f-circRNA can promote tumor 
growth. Several recent studies have shown that abnormal expression of circRNA occurs in almost all 
types of cancer. CircRNA can be an oncogene or a tumor suppressor gene, and it is involved in tumori-
genesis of cancer[113].

CircRNAs in CRC stem cells
Currently, many scientists are interested in circRNAs involved in CRC stem cells. Understanding the 
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Table 1 Non-coding RNAs in colorectal cancer

Gene Molucular mechanism in CRC Molecular targets and interacts in CRC Ref.
MicroRNAs

CRC stemness-related intracellular 
regulatory and transcription factors

MiR-1185-1 Inhibits tumor suppressor CD24 [49]

MiR-30a Reduces migration and invasion Transmembrane-4-L-six-family-1 [51]

MiR-92a Promotes the proliferation Leucine-rich repeats and immunoglobulin-
like domains protein 1

[53]

MiR-450a-5p Inhibits CSC properties and angiogenesis SOX2 [55]

MiR-590-5p Inhibits tumorigenesis YAP1 [56]

MiR-203 Inhibits self-renewal ability and cancer stemness GATA6 [58]

MiR-3622a-3p Inhibits the stemness and epithelial to 
mesenchymal transition

SALL4 [59]

MiR-210-3p Upregulates the invasion ability Stathmin1 [61]

MiR-221 Promotes the tumorigenesis Quaking [63]

Hypoxia signaling

MiR-34a Promotes metastasis PPP1R11 [65]

MiR-215 Inhibit stemness Lgr-5 [66]

Notch signaling

MiR-1280 Reduces stemness JAG2 [68]

Wnt/β-catenin signaling

MiR-501-3p Promotes tumor proliferation and stemness APC [71]

MiR-92a Increases chPPemical-resistant KLF4, GSK3β, and DKK3 [72]

MiR-30-5p Reduces stemness CD133 and SOX2 [73]

MiR-3120-5p Increases the CSC population and promotes the 
stemness and invasiveness

Axin2 [74]

MiR-302c Reduces stemness CARF [77]

TGF-β/Smad pathway

MiR-4666-3p Tumor suppressor genes in quiescent CSCs TGF-βR1 [78]

MiR-329 Tumor suppressor genes in quiescent CSCs TGF-βR1 [78]

Cellular response and process

MiR-3135b Inhibits cell proliferation, increase sensitivity to 5-
fluorouracil lysis, and promote late cell degradation 
and necrosis

GOLPH3 [80]

MiR-194 Induces cell apoptosis NA [81]

MiR-486-5p Inhibits stem cell characteristics NA [82]

MiR-133b Inhibits the stemness and chemoresistance of CRC NA [83]

Long noncoding RNAs

Positive regulator

LncRNA1106 Induces the proliferation, migration, and stem cell 
properties

MiR-449b-5p sponge, Gli4 [96]

LINC-RoR Induces stem cell properties NA [97]

GAS5 Promotes CSC self-renewal capacity, proliferation, 
drug resistant, stemness, and migration

NA [98]

Linc00346 Promotes the stemness MiR-509-5p sponge, WBSCR22 [99]

LncRNA-cCSC1 Promotes the self-renewal capacity Hh signaling pathway [100]
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Lnc273-31 Promotes migration, invasion, cancer stem cell self-
renewal and chemoresistanc

NA [101]

Lnc273-34 Promotes migration, invasion, cancer stem cell self-
renewal and chemoresistanc

NA [101]

LINC00525 Increase stemness properties and tumorigenesis MiR-507 [102]

LncRNA PVT1-214 Promotes CRC progression Lin28 [103]

LncTCF7 Promotes CRC progression Wnt signaling [104]

LncRNA UICLM Promotes metastasis ceRNA for miR-215 [105]

LncRNA: LOCCS Promotes cell proliferation, invasion, migration, 
and tumorigenesis

NA [106]

LncRNA KLK8 Increases stemness NA [107]

LncRNA SLCO4A1-AS1 Promote stemness MiR-150-3p sponge [108]

Negative regulator

Lnc-DILC Reduces aggressive of clinical characteristics NA [109]

LncRNA (AC105461.1) Reduces stemness NA [110]

Circular RNAs

Hsa_circ_0066631 High expression in CRC spheroid cells, associated 
with the stemness-associated signaling pathway 
network

MiRNA sponge: MiR-140-3p, miR-224, miR-
382, miR-548c-3p, and miR-579

[114]

Hsa_circ_0082096 High expression in CRC spheroid cells, associated 
with the stemness-associated signaling pathway 
network

MiRNA sponge: MiR-140-3p, miR-224, miR-
382, miR-548c-3p, and miR-579

[114]

Circ_001680 Enhances the proliferation and migration capacity MiR-340 [115]

Circular RNA (circCTIC1) Promotes stemness and triggers the transcriptional 
initiation of c-Myc

Nuclear remodeling factor complex [116]

TGF: Transforming growth factor; KLF: Kruppel-like factor; SALL: Spalt-like; Lnc-DILC: LncRNA downregulation in liver cancer stem cells; CRC: 
Colorectal cancer; miRNA: MicroRNA; LncRNA: Long-non coding RNA; CSC: Cancer stem cell; UICLM: Up-regulated in colorectal cancer liver metastasis; 
PVT: Portal vein thrombosis; Hh: Hedgehog; GSK: Glycogen synthase kinase; TGF: Transforming growth factor; APC: Adenomatous polyposis coli; KLF: 
Krüppel-like factor; DKK: Dickkopf.

roles of these circRNAs can help to elucidate CRC tumorigenesis. High-throughput next-generation 
sequencing and bioinformatics methods can be good tools to find novel circRNAs. Recently, 
Rengganaten et al[114] used genome-wide sequencing to identify 1503 and 636 circRNAs specific to the 
CRC parental and spheroid cells (enriched CSCs), respectively. They found that the expression levels of 
circRNAs, has_circ_0066631 and hsa_circ_0082096, in a circRNA-miRNA-mRNA axis associated with 
the stemness-associated signaling pathway network, were significantly upregulated in the spheroid 
cells. The two circRNAs, as miRNA sponge, were found to target and downregulate CRC stemness 
miRs, miR-140-3p, miR-224, miR-382, miR-548c-3p, and miR-579. Moreover, circ_001680 was observed 
to enhance the proliferation and migration capacity of CRC cells. Bioinformatics analysis data from Jian 
et al[115] also reveals that circ_001680 affects the expression of stemness gene BMI1 by targeting miR-
340. From the results of in vivo and in vitro experiments, circ_001680 could promote the CSC population 
in CRC.

CircRNA also affects CRC stemness via circRNA-mediated genome modeling to regulate gene 
transcription. Zhan et al[116] found that circular RNA (circCTIC1) was highly expressed in colon tumor 
and CRC stem cells and promoted the self-renewal of CRC stem cells. CircCTIC1 interacted with the 
nuclear remodeling factor complex on the c-Myc promoter and triggered the transcriptional initiation of 
c-Myc (Figure 4).

CLINICAL CHALLENGES AND PROSPECTION
CSCs are considered to be the origin of cancer and are also related to cancer progression. Recently, CSCs 
have become the therapeutic target cells for cancer. According to the clinicaltrials.gov database, CRC 
stem cells were also clinically evaluated (NCT01577511) to identify their invasive capacity in CRC. 
Reducing the stemness of cancer to increase the sensitivity of chemotherapy could be a useful strategy 
for cancer treatment. For example, inducing CSCs to differentiate and then combining treatment with 
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traditional chemotherapeutics will also help eliminate cancer tissues. Therefore, elucidating the 
molecular mechanisms that regulate cell stemness in CSCs is an important issue. In recent years, many 
reports have shown that ncRNA plays various roles in CRC stem cells and affects the fate of CSCs. 
These ncRNAs affect the functions of CRC stem cells and further affect the progress of CRC. Thus, 
characterizing the regulatory mechanism of ncRNA will provide new strategies for cancer treatment. 
Among ncRNAs, miRNA is the most widely used clinically. MiRNA profiles of different cancer types 
may be used as diagnostic biomarkers. Tumor suppressor miRNAs have the potential to become RNA 
biosimilar drugs. So far, in the clinicaltrials.gov database, clinical research has begun on a number of 
miRNA biomarkers. Some of this research focuses on assessing the progress of diseases, including 
diabetes, breast cancer, etc. In the case of NCT03362684, the performance of miRNA’s miR-31-3p and 
miR-31-5p was used for the diagnosis and prognosis evaluation of anti-EGFR therapy in stage III Colon 
Cancer.

For treatment using RNA, the first small interfering RNA (siRNA), patisiran, was approved by the 
Food and Drug Administration (FDA) in 2018. This drug is used for rare polyneuropathy mediated by 
hereditary transthyretin (hATTR) caused by amyloidosis. Later, givosiran and lumasiran were approved 
by the FDA as siRNA drugs to treat hATTR-mediated amyloidosis and primary hyperoxaluria type 1, 
respectively. However, there are no approved drugs for miRNA.

Nevertheless, in different cancers, there are still many pharmaceutical companies that are developing 
miRNA mimics or anti-miRNA drugs and starting clinical testing. For example, miRagen Therapeutics 
Inc. developed MRG-106 (an inhibitor of miRNA-155), MRG-201 (a synthetic miRNA mimic to miRNA-
29b), and MRG-110 (a synthetic miRNA inhibitor of miRNA-92). The MRX34 developed by Mirna 
Therapeutics Inc. for liver cancer has entered a phase 1 clinical trial. SantarisPharma’s inhibitor, 
miravirsen (SPC3649), which was developed for miR-122, has also entered clinical testing. These tests all 
show that miRNA has the opportunity to become a potential drug for cancer treatment. In addition, in 
the current clinical trials’ cases, lncRNA and circRNA still only serve as biomarkers of diseases. For 
example, in the report of clinical test NCT042697462, lncRNA CCAT1 was also used as a biomarker for 
the diagnosis and stage determination of CRC.

At present, ncRNAs are used as a biomarker for diagnosing diseases in most clinical trials. ncRNAs 
have multi-target genes and widely regulate cellular function, which are their advantages as a 
therapeutic drug. However, these complex and unclear functions also become challenges in the drug 
development. For carcinogenic ncRNA, the delivery of anti-ncRNA or siRNA may be a good strategy 
for cancer treatment, but the side effect issues of off-targeting and the effects on the expression of other 
genes must also be considered. In addition, a safe, high efficiency and highly specific gene delivery 
system of tumor suppressor ncRNA to target cancer cells is also a challenge for ncRNA drug applic-
ations. Despite these challenges, the understanding of the function of ncRNA in the cancer could 
provide new treatment targets and strategies for cancer treatment.

CONCLUSION
CRC is a common disease with high morbidity and fatality rates worldwide. Cancer targeted therapies 
have become an emerging and urgent topic in cancer research. CSCs are considered the new targets of 
cancer therapies. CRC stem cells are involved in the malignancy of CRC, such as proliferation, drug 
resistance, and metastasis; ncRNA research on CRC stem cells is also a current focus. With the 
advancement of bioinformatics and high-throughput RNA-sequencing technology, the role of ncRNAs 
in CRC stem cells has been revealed. These ncRNAs are involved in the fate of CSCs and affect tumor 
development (Table 1). Understanding the role of ncRNAs in oncogenes or tumor suppressors in CRC 
stem cells will improve CRC diagnosis, treatment, and new drug development.
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Abstract
Hepatocellular carcinoma (HCC) constitutes the fifth most frequent malignancy 
worldwide and the third most frequent cause of cancer-related deaths. Currently, 
treatment selection is based on the stage of the disease. Emerging fields such as 
three-dimensional (3D) printing, 3D bioprinting, artificial intelligence (AI), and 
machine learning (ML) could lead to evidence-based, individualized management 
of HCC. In this review, we comprehensively report the current applications of 3D 
printing, 3D bioprinting, and AI/ML-based models in HCC management; we 
outline the significant challenges to the broad use of these novel technologies in 
the clinical setting with the goal of identifying means to overcome them, and 
finally, we discuss the opportunities that arise from these applications. Notably, 
regarding 3D printing and bioprinting-related challenges, we elaborate on cost 
and cost-effectiveness, cell sourcing, cell viability, safety, accessibility, regulation, 
and legal and ethical concerns. Similarly, regarding AI/ML-related challenges, we 
elaborate on intellectual property, liability, intrinsic biases, data protection, 
cybersecurity, ethical challenges, and transparency. Our findings show that AI 
and 3D printing applications in HCC management and healthcare, in general, are 
steadily expanding; thus, these technologies will be integrated into the clinical 
setting sooner or later. Therefore, we believe that physicians need to become 
familiar with these technologies and prepare to engage with them constructively.

Key Words: Artificial intelligence; Machine learning; Three-dimensional printing; 
Bioprinting; Hepatocellular carcinoma; Liver cancer
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Core Tip: The opportunities that arise from the application of three-dimensional (3D) printing and 3D 
bioprinting in the management of hepatocellular carcinoma (HCC) include resident education, patient 
education, preoperative planning, fabrication of custom-made medical tools, liver models for antitumor 
drug development, and patient-derived HCC models for targeted treatment selection. Similarly, the 
opportunities that arise from the application of artificial intelligence/machine learning in the management 
of HCC include targeted screening for patients with chronic hepatitis B and C infections, non-invasive 
early detection of HCC, increased diagnostic accuracy, frameworks for evidence-based, individualized 
treatment allocation, and prognostic models for the prediction of patient outcomes including overall 
survival, disease-free survival, and recurrence that could be used for patient and family counseling.

Citation: Christou CD, Tsoulfas G. Role of three-dimensional printing and artificial intelligence in the management 
of hepatocellular carcinoma: Challenges and opportunities. World J Gastrointest Oncol 2022; 14(4): 765-793
URL: https://www.wjgnet.com/1948-5204/full/v14/i4/765.htm
DOI: https://dx.doi.org/10.4251/wjgo.v14.i4.765

INTRODUCTION
Hepatocellular carcinoma (HCC) constitutes the fifth most frequent malignancy worldwide and the 
third most frequent cause of cancer-related deaths[1]. The factors that predispose to HCC development 
include chronic infection with hepatitis B virus (HBV) and hepatitis C virus (HCV), alcohol, metabolic 
liver disease, and exposure to different toxins[2]. Currently, the diagnosis of HCC is mainly based on 
multiphasic computed tomography (CT) and magnetic resonance imaging (MRI), whose findings are 
standardized based on the Liver Reporting and Data System (LI-RADS) developed by the American 
College of Radiology[3,4]. The cornerstone of treatment selection for HCC patients is the stage of the 
disease. The most prominent staging system acknowledged in United States and EU guidelines is the 
Barcelona Clinic Liver Cancer (BCLC) classification system[3,5]. Liver transplantation, hepatic resection, 
and ablative techniques are recommended for the very early and early stages of the disease, while 
transarterial chemoembolization (TACE) and oral sorafenib are recommended for the intermediate and 
advanced stages of the disease, respectively[5,6]. While the BCLC classification is generally accepted, 
teams report the need for an individualized approach in HCC management[7,8]. Emerging fields such 
as three-dimensional (3D) printing, artificial intelligence (AI), machine learning (ML), and novel 
biomarkers that allow the classification of HCC at a molecular level could facilitate our efforts to reach 
individualized treatment in HCC management.

3D printing is defined as the “translation” of a computer-generated image into a 3D solid object. It 
involves the use of materials, which are printed into consecutive thin layers[9]. Despite originally 
emerging from non-medical disciplines to serve the demand of rapid engineering of design prototypes, 
3D printing has, since then, found extensive applications in medicine, including education and training, 
simulation, anatomical comprehension, surgical planning, surgical tools, and patient counseling[9,10]. 
From the combination of 3D printing and tissue engineering the field of bioprinting has emerged[11]. 
Bioprinting uses 3D printing-based methods to utilize biomaterials, growth factors, and cells for 
fabricating biomedical parts with a complex and precise internal and external structure that ultimately 
imitates natural tissue characteristics[12,13]. Notably, the concept of bioprinting functional organs and 
tissues could ameliorate the consequences of the current imbalance between the supply and demand of 
organs for transplantation.

AI is an umbrella term that describes any application where tasks typically associated with human 
intelligence are conducted by computer systems instead[14,15]. AI is a cluster of interrelated fields with 
a core aspect in common; they are all driven by computing power and Big Data advancements. In 
healthcare, the field of AI and ML, has profound applications. ML models could be described as models 
educated from past data to predict future data[16]. In the past decade, the healthcare industry has been 
established as a data-rich science, with a profound increase in the amount of generated data each year, 
with data becoming an omnipresent concept[17]. These extensive repositories of data could not be 
managed by traditional software. AI promises to analyze them and turn them into meaningful insights. 
The management of HCC is a fruitful field for AI application since it generates enormous amounts of 
data, including clinical data, histopathologic images, gene sequencing, long-non coding RNA and 
microRNA expression profiling, ultrasound (US) imaging, CT imaging, and MRI.

In this study, we aim to comprehensively review the applications of 3D printing and AI in HCC 
management, present the opportunities that arise from these applications, and finally identify the 
current challenges of integrating these technologies into the healthcare system to identify means to 
overcome them.

https://www.wjgnet.com/1948-5204/full/v14/i4/765.htm
https://dx.doi.org/10.4251/wjgo.v14.i4.765
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SEARCH STRATEGY
We conducted a literature review of the Scopus, Cochrane, and Medline databases using the following 
algorithms or queries: (1) [(3D printing OR 3D printing OR three-dimensional printing OR rapid 
prototyping OR additive manufacturing) AND (hepatocellular carcinoma OR liver cancer OR hepatic 
cancer OR HCC)]; and (2) [(machine learning OR artificial intelligence OR support vector machine OR 
neural networks OR deep learning OR computer-aided OR computer-assisted) AND (hepatocellular 
carcinoma OR liver cancer OR hepatic cancer OR HCC)]. The two authors (Christou CD, Tsoulfas G) 
reviewed the articles for eligibility independently, and any disagreements were resolved through 
discussion between them. Finally, the authors similarly reviewed the reference lists of eligible articles to 
identify further eligible articles, books, and other forms of publication. Publications written in any other 
language other than English were excluded. Publications of abstracts were also excluded. In addition, 
animal studies and studies conducted with animal cells were also excluded. The literature review was 
completed on March 30, 2021.

APPLICATIONS OF 3D PRINTING AND BIOPRINTING IN HCC MANAGEMENT
3D printing
In liver surgery, 3D printing could be used for educational purposes and preoperative planning. 
Regarding education, 3D printed models enhance physicians’ knowledge base at all levels of expertise. 
New residents can become familiar with the complex liver anatomy, build confidence, and thus be more 
efficient surgical team members[18-20]. Specifically, in a study where forty-five residents were trained 
by: (1) Images from multi-detector CT; (2) A virtual 3D reconstruction model; and (3) A 3D printed 
model, residents in the latter group assessed and assigned tumor location faster and more precisely[21]. 
3D printed models have been employed for educational purposes in choledochal and hepatobiliary 
laparoscopic operations[22,23]. Also, 3D printed models could be used in patient education to help the 
patients reach a higher understanding of their disease and the proposed procedure, thus enhancing 
communication and trust, increasing cooperation, and facilitating obtaining informed consent[20]. In 
liver transplantation, 3D printed models could be used from living donors to facilitate the donors’ 
understanding of the procedure and its risks. Focusing on educational use for HCC, Streba et al[24] 
developed ten personalized 3D liver models of patients with HCC, which were given to a group of 
medical students and residents to interact with. The vast majority of the participants agreed that the 
models were easy to interact with and valuable in gaining further knowledge about specific aspects of 
tumor morphology[24]. However, a significant number of the participants did not find the models’ 
weight as expected, and the majority agreed that the models’ texture was different to their expectation
[24].

Regarding preoperative planning, in 2013, Zein et al[25] in a study investigating the role of 3D 
printing in liver transplantation, produced six 3D printed liver models, three of living donors and three 
of their respective recipients. The study aimed to produce models of volumetric accuracy and 
anatomical precision that could unveil any unsuitable anatomy between the donors and the recipients, 
particularly regarding the vascular and biliary tract of the liver[25]. The authors reported a mean 
dimensional error for the entire model of less than 4 mm and less than 1.3 cm for the vascular diameters
[25]. Similarly, other studies have used 3D printed liver models as part of the preoperative planning of 
major or complex hepatic resections[26-30].

Focusing on HCC preoperative planning, Xiang et al[31] reported the case of a patient with HCC and 
rare variations of the abdominal blood vessels, particularly the portal vein, for whom 3D printed models 
were constructed to aid the preoperative planning. Notably, the model helped the physicians decide 
between two different surgical plans, performing, consequently, a hepatectomy with the highest 
residual volume[31]. In a different study, Perica et al[32] developed a four-stage production process (CT 
data acquisition, image segmentation, image data editing, and 3D printing) to construct a scaled-down 
3D printed liver model of a patient with HCC. In a questionnaire given to radiologists, the 3D models 
were perceived as having a minimal value in diagnostic radiology, while for surgeons, the 3D models 
were found to be valuable in preoperative surgical planning[32]. Kuroda et al[33] reported two patients 
with HCC for whom 3D printed models were used to delineate intrahepatic vessels to facilitate 
preoperative planning. In the first case, the 3D printed model was used to identify the regional 
Glissonian pedicle, while in the second, to reveal the diverging pattern of the dorsal and ventral 
branches of the intrahepatic vessels of the anterior section[33]. Regarding laparoscopic liver resections, 
Witowski et al[34] proposed in a recent study a 3D printing-based decision-making system for 
preoperative planning of laparoscopic hepatic resection performed with intraoperative US guidance. 
The protocol was implemented in nineteen patients, including four patients with HCC[34]. Information 
from the 3D printed models changed the initially planned surgical approach in 26% of cases[34].

Besides educational purposes and preoperative planning, 3D printed models have applications in the 
diagnosis and treatment of HCC. Regarding diagnosis, Damiati et al[35] developed a hybrid 3D printed 
electrochemical biosensor that could detect liver cancer using immunochemistry. 3D printed capillary 



Christou CD et al. 3D printing and AI in HCC management

WJGO https://www.wjgnet.com 768 April 15, 2022 Volume 14 Issue 4

Table 1 Artificial intelligence applications in the prevention of hepatocellular carcinoma

First 
author Parameters employed AI 

classifier
Sizes of the 
training/validation sets Outcomes Performance Ref.

1 Wang J Genetic and epigenetic 
biomarkers

Several 137 HCC and 431 non-HCC 
patients

HCC screening 0.910-0.9501,2, 0.897-0.9381,3, 
75.0-91.52,4, 66.4-90.63,4, 1.0-88.8
2,5, 0.5-87.93,5

[47]

2 Nam JY Laboratory results, 
clinicopathological 
parameters

DNN 424/3163 patients HCC 
development in 
HBV cirrhosis

0.7191,2, 0.7821,3 [48]

3 Xia Q Long non-coding RNAs Several 38 healthy samples, 45 chronic 
HBV patients, 46 liver cirrhosis, 
and 46 HCC patients

HCC 
development in 
HBV cirrhosis

71.1-89.53,6 [49]

4 Chen S HBV reverse transcriptase 
gene sequencing

RF, SVM, 
KNN

307 chronic HBV patients 
(202/105), 237 HCC patients 
(159/78)

HCC 
development in 
HBV cirrhosis

RF: 0.902-0.9031,2, 0.903-0.9431,3, 
SVM: 0.879-0.9241,2, 0.727-
0.8581,3, KNN: 0.680-0.7371,2, 
0.734-0.7471,3

[50]

5 Hashem S Laboratory results, 
clinicopathological 
parameters

Several 3099 chronic HCV patients1324 
HCC patients

HCC 
development in 
HCV cirrhosis

93.2-95.63,6, 0.955-0.9901,3, 86.3-
91.83,4, 93.9-97.33,5

[51]

6 Audureau 
E

Laboratory results, 
clinicopathological 
parameters

Several 836/6687 HCC 
development in 
HCV cirrhosis

0.633-0.8071,2, 0.623-0.7151,7 [52]

7 Ioannou 
GN

Clinical/laboratory data 
extracted directly from 
electronic health records

DNN 48151 patients with HCV-related 
cirrhosis (training:test = 9:1)

HCC 
development in 
HCV cirrhosis

0.759-0.8061,3 [53]

8 Singal AG Laboratory results, 
clinicopathological 
parameters

RF 442/10507 HCC 
development in 
cirrhosis

0.711,2, 0.641,7 [54]

1Area under the receiver operating curve or c-index.
2Training.
3Internal validation.
4Sensitivity (%).
5Specificity (%).
6Accuracy (%).
7External validation/testing.
CCA: Cholangiocarcinoma; CNN: Convolutional neural network; CT: Computed tomography; DNN: Deep neural network; HBV: Hepatitis B virus; HCC: 
Hepatocellular carcinoma; HCV: Hepatitis C virus; KNN: K-nearest neighbor; RF: Random forest; SVM: Support vector machine; WSI: Whole-slide image.

channels were used to efficiently guide and constrain the sample containing cells of a human HCC cell 
line (HepG2)[35]. This study demonstrates how the combination of traditionally fabricated parts and 3D 
printed parts could enable the use of optimal materials for the model’s various components. In a 
different study, Joo et al[36] used enhanced MRI scans of twenty patients with multiple focal liver 
lesions, including patients with HCC. Twenty transparent 3D printed liver models were constructed 
with color-coded anatomical structures that included 98 focal liver lesions[36]. The authors evaluated 
these models’ role in increasing the detection rate of focal liver lesions by pathologists and radiologists
[36]. Notably, during the gross pathologic examination, the per focal lesion detection rate significantly 
improved when utilizing the 3D model[36]. A sub-analysis revealed that these models’ positive impact 
was more remarkable for smaller focal liver lesions[36]. Following hepatic resection, Trout et al[37] have 
proposed a 3D printing-based protocol for anatomically oriented, uniform sectioning of resected hepatic 
specimens to facilitate accurate tumor mapping and a precise radiological-pathological correlation. The 
protocol was applied in thirteen patients (including HCC patients), achieving a close correlation 
between imaging and gross pathology[37]. Regarding non-operative treatment, Han et al[38] invest-
igated the therapeutic value of 3D printing template-assisted radioactive 125I seed implantation for the 
treatment of malignant liver tumors. In their study, fifteen patients (six with HCC) received the 3D-
assisted treatment, and twenty-five (ten with HCC) did not[38]. Notably, the 3D printed template-
assisted treatment significantly shortened the operation time and optimized the radiation-dose distri-
bution[38]. TACE is the prominent treatment choice for intermediate HCC. 3D visualization and 3D 
printed models could be used to clearly display the tumor’s blood supply and facilitate the super-
selective embolization of all the feeding arteries[39,40].

Bioprinting
3D bioprinted scaffolds have several advantages compared with other tissue engineering methods, such 
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as greater accuracy, fast reconstruction, and good integration[41]. Unlike traditional scaffold fabrication 
methods, 3D bioprinting skips the cell-seeding process since, during the fabrication process, the cells are 
dispersed at the desired locations[42]. Xie et al[43] expanding their department’s work on mice, recently 
published a study where they constructed patient-specific 3D bioprinted HCC models. Primary HCC 
cells were isolated from six operated patients’ liver specimens and were mixed with gelatin and sodium 
alginate to form the bio-ink[43]. The models were printed in a layer-by-layer manner and demonstrated 
cell viability at days 7 and 28 after the printing of 95% and 80%, respectively[43]. In addition, the 
resulting models retained compared to their patient-derived HCC: (1) The expression pattern of the 
biomarker a-fetoprotein; (2) A high level of concordance of the single nucleotide variants; and (3) The 
mutational pattern of key HCC gene mutations[43]. Finally, the models were used to assess the efficacy 
of four commonly used targeted drugs for HCC to reveal correlations between drug sensitivity and key 
HCC mutations[43]. Therefore, 3D bioprinted liver models could be used to develop patient-specific 
drugs for HCC patients. 3D bioprinted organoids could revolutionize the current drug development 
process by substituting early phases of clinical trials.

Other studies have used human HCC cell lines to construct 3D bioprinted liver models. Zhang et al
[44] combined alginate with cellulose nanofibril hydrogels and colloidal lignin particles to fabricate 
precise nano-composite scaffolds. Consequently, HepG2 cells were used to conduct cell viability tests 
that demonstrated the proliferation of the cells at the scaffold’s surface and within the scaffolding 
structure and a steady increase in density of HepG2 cells from day one up to day five in all the scaffolds. 
In a recent study, Sun et al[45] using HepG2 cells, formed a bio-ink to develop 3D bioprinted models to 
evaluate the effect of antitumor drugs. During the in vitro culture, the models preserved cell viability 
above 90%[45]. Compared to 2D-HepG2 cultures, the 3D bioprinted models retained higher expression 
levels of HCC-related biomarkers and mRNAs over the culture time[45]. Finally, the 2D and 3D models 
were compared based on their response to antitumor drugs[45]. The 3D models demonstrated higher 
drug resistance due to their higher expression of drug-resistance-related genes[45]. In another study, Ma 
et al[46] constructed a 3D bioprinted liver decellularized extracellular matrix model that was 
consequently used to compare the in vitro cultures of the HepG2 cell line in 3D-based scaffolds with 
conventional tissue-engineered liver constructs. The 3D bioprinted model demonstrated improved cell 
viability and gene expression. In addition, the authors investigated how the stiffness of the scaffolds 
impacted the growth of the cultures[46]. Their results support that stiff scaffolds, which better represent 
a cirrhotic liver, demonstrate a slower growth rate of HepG2 cells and lower cell viability[46]. In a 
different study, a different human HCC cell line (SMMC-7721) was used to develop 3D bioprinted 
models with and without microfluidic chips to pharmacodynamically test the effect of a chimeric IgG1 
anti-CD147 monoclonal antibody[44]. During cell culture, the models maintained a cell survival rate of 
96.21%[44]. The 3D models with microfluidic chips were found to be less vulnerable to the increase in 
drug dosage[44]. The authors concluded that these results are more consistent with animal studies due 
to the model’s microenvironment and biomimetic drug transport efficiency[44].

APPLICATIONS OF AI IN HCC MANAGEMENT
AI/ML-based tools have been developed to prevent, diagnose, and treat HCC and for HCC prognosis. 
Tables 1-4 summarize the studies we identified that developed AI/ML-based models for the 
management of HCC.

Prevention
Regarding HCC screening, genetic and epigenetic biomarkers have been utilized to develop several 
AI/ML-based models aiming for a urine test to screen for HCC[47]. AI/ML tools based on data 
automatically mined from patients’ hospital records could be used to stratify the risk of HCC 
development and for HCC early detection in patients with chronic HBV and HCV infection. These 
models could be used to reliably identify patients who are more susceptible to developing HCC and 
who would greatly benefit from a sustained virological response (SVR). Specifically for HBV cirrhosis, a 
recent study developed a deep neural network (DNN) employing only non-invasive parameters to 
predict the development of HCC[48]. Other studies have employed data from gene sequencing and 
expression patterns. Specifically, in a study, data from circulating long non-coding RNAs were 
employed to develop an AI/ML model that isolated distinctive signatures of expression of 171 different 
long non-coding RNAs that distinguish the healthy control group from patients with chronic HBV, liver 
cirrhosis, and HCC[49]. Another study developed four different models that used data from reverse 
transcriptase gene sequencing to predict the patients with HBV who would develop HCC[50]. A 
random forest (RF)-based model outperformed the rest with an area under the receiver operating curve 
(AUROC) in the independent validation of 0.96[50].

Regarding the development of HCC in HCV cirrhosis, several AI/ML-based tools were developed in 
a new study using routinely collected data to predict HCC development in patients with HCV infection
[51]. In the same spirit, in a recent study, several AI/ML-based models were developed that employ 
laboratory results and clinicopathological parameters that predict HCC development in patients with 
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HCV before and after achieving SVR[52]. A recent study investigated whether a DNN could surpass the 
performance of conventional logistic regression (LR) models in predicting HCC development in patients 
with chronic HCV infection[53]. Notably, the DNN had outperformed the LR model with longitudinal 
inputs[53]. Finally, a study utilizing laboratory results and clinicopathological parameters developed a 
RF model to predict HCC development in a cohort of patients with Child-Pugh A and B cirrhosis, which 
was externally validated in a cohort of patients with HCV cirrhosis[54].

Diagnostics
Following prevention, several studies have focused on developing AI/ML-based models for the early 
detection of HCC. In a study, clinicopathological and laboratory data were employed to develop several 
AI/ML-based models for the early detection of HCC[55]. Notably, a gradient boosting-based model 
achieved the highest predictive value[55]. In another study, data from the expression profiles of 
microRNAs of patients with HCC were analyzed, and the five microRNAs with the optimal predictive 
value were used to develop several AI/ML models for the non-invasive, early diagnosis of HCC[56]. In 
a different study focusing on early detection, data from gene expression profiles were used to develop a 
support vector machine (SVM) model that outstandingly identifies patients with HCC[57]. In a recent 
study, data from somatic copy number abbreviations acquired from circulating tumor DNA was 
employed to develop an RF-based model for the early detection of HCC in a cohort of patients with 
chronic HBV infection[58]. Finally, several AI/ML-based models were developed in a different study 
using data from biomarkers (long non-coding RNA and microRNA expression) to identify patients with 
HCC[59].

Several studies have developed AI/ML-based models to distinguish between the various focal liver 
lesions (having a non-binary output). US imaging has been used to develop a convolutional neural 
network (CNN) that initially distinguishes focal lesions between benign and malignant and then 
classifies them into five different types of focal liver lesions (angioma, HCC, metastasis, cyst, focal 
nodular hyperplasia)[60]. In a recent, multi-center study, US imaging along with clinical parameters 
were used to develop a CNN model that classifies 16 different focal liver lesions[61]. Interestingly, the 
model’s accuracy was comparable with that of contrast-enhanced CT but inferior to MRI[61]. B-mode 
has been used in a study to develop a neural network ensemble-based computer-aided diagnosis (CAD) 
model that classifies normal liver and four different focal liver lesions, including HCC[62]. Similarly, a 
different artificial neural network (ANN)-based CAD model was developed using contrast-enhanced 
US microflow imaging that differentiates HCC from metastasis and hemangioma, and classifies the 
HCC lesions into well, moderately, and poorly differentiated[63].

In a recent study, a CNN was developed, employing images from multi-phasing CT scans, to classify 
focal liver lesions as benign or malignant automatically and then distinguish between HCC, intrahepatic 
cholangiocarcinoma (CCA), metastasis, cyst, hemangioma, and focal nodular hyperplasia[64]. A 
different CNN was developed using dynamic contrast-enhanced CT scans to classify focal liver lesions 
into five different lesion types[65]. In another study, different multiphasic CT scan models (four-phase, 
three-phase without portal-venous phase, and three-phase without pre-contrast phase) were used to 
develop multiphase convolutional dense networks to distinguish between HCCs and other focal liver 
lesions[66]. Similarly, multiphasic CT imaging was used to develop a CNN to classify five different focal 
liver lesions[67]. An ANN was developed in a different study employing 33 features (24 radiological 
and nine clinical) to differentiate among several lesions (hemangioma, metastasis, intrahepatic 
peripheral CCA, and HCC)[68]. Regarding the radiologists’ performance, when the ANN’s output was 
taken into account, their performance improved significantly (AUROC = 0.888-0.934)[68]. In a different 
study, data from CT and MRI radiomics were used to develop an RF model to differentiate between 
HCC, hepatic epithelioid angiomyolipoma, and focal nodular hyperplasia[69]. Multi-phasic MRI 
imaging was used in another study to develop a CNN that classifies six different focal liver lesions and 
distinguishes between the LI-RADS classes 1 and 5[70,71]. MRI was employed in a different study to 
develop an extremely randomized trees classifier-based model that differentiates five different focal 
liver lesion types[72]. Finally, in a recent study, MRI images were employed to develop a CNN that 
could distinguish seven different focal liver lesions (cyst, hemangioma, focal nodular hyperplasia, 
benign nodules, HCC, metastasis, and other than HCC primary malignancy)[73].

Histopathologic data could also be employed to develop AI/ML models for HCC diagnosis. A recent 
study developed a CNN employing hematoxylin and eosin-stained whole slide imaging (WSI) to 
distinguish patients with HCC and CCA[74]. The model was used prospectively to evaluate the impact 
of AI-assisted diagnosis on diagnostic accuracy[74]. Interestingly, the model did not benefit the mean 
diagnostic accuracy of all 11 pathologists in a statistically significant manner[74]. However, it managed 
to significantly increase diagnostic accuracy in a sub-cohort of 9 pathologists with well-defined expertise
[74]. In a similar study, the CNN employing hematoxylin and eosin-stained WSI was used to distinguish 
between healthy liver from HCC, classify HCC based on the grade of differentiation, and predict the 
presence of HCC-related gene mutations[75]. Another study used multiphoton microscopy images to 
develop a CNN that classifies images as well, moderately and poorly differentiated HCC[76]. A 
different study developed two CNNs, a model to detect HCC lesions in hematoxylin and eosin-stained 
WSI, and another model to predict recurrence following surgical resection[77]. In a different study, 
supervised and unsupervised ML methods were combined to develop a convolutional autoencoder 



Christou CD et al. 3D printing and AI in HCC management

WJGO https://www.wjgnet.com 771 April 15, 2022 Volume 14 Issue 4

Table 2 Artificial intelligence application in hepatocellular carcinoma diagnosis

First author Diagnostic modality AI classifier
Sizes of the 
training/validation 
sets

Outcomes Performance Ref.

1 Sato M Laboratory results, 
clinicopathological 
parameters

Several 1582 patients HCC early detection 81.65-87.361,2, 0.870-
0.9403,2

[55]

2 Zhao X MicroRNA expression 
profiles

Several 392 patients HCC early detection RF: 0.9823, SVM: 0.9703, 
DT: 0.8313

[56]

3 Zhang ZM Gene expression 
profiles

SVM 1333/336 HCC samples HCC early detection 1001,2, 1002,4, 1002,5, 
0.95973,6, 91.934,6, 1005,6

[57]

4 Tao K Circulating tumor DNA RF-based 209/766/996 HCC early detection 0.874-0.9331,2, 0.812-
0.9203,6

[58]

5 Li G MicroRNA and long 
non-coding RNA 
expression profiles

SVM, RF, DT 361 patients HCC early detection RF: 0.9921,2, 95.62,4,  
1002,5; SVM: 0.9922,3, 
97.22,4, 98.02,5; DT: 0.927
2,3, 98.32,4, 92.02,5

[59]

6 Schmauch B US imaging CNN 109 images with focal 
liver lesions

Classification of benign 
from malignant focal 
liver lesions; classi-
fication among five focal 
liver lesions

0.916-0.9422,3; 0.886-
0.9542,3

[60]

7 Yang Q US imaging, clinical 
parameters

CNN 16500/41252/37186 US 
images

Classification among 16 
different focal liver 
lesions

0.859-0.9663,7, 0.765-
0.9252,3, 0.750-0.9243,6

[61]

8 Virmani J B-mode US imaging NNE 108 images Classification among 
normal liver and four 
focal liver lesions

95.01,2 [62]

9 Shiraishi J Microflow imaging of 
contrast-enhanced US

ANN 103 focal liver lesions Classification among 
HCC, metastasis, and 
hemangioma; histopatho-
logical grade

86.9-93.81,2; 50.0-79.21,2 [63]

10 Zhou J Multiphasic CT scans CNN 616 liver lesions Classification of benign 
and malignant lesions. 
Classification of 6 types 
of focal liver lesions

76.6-88.42,4,5, 82.51,2, 
0.9212,3, 46.4-93.12,4, 
91.9-98.62,5, 73.41,2, 
0.766-0.9832,3

[64]

11 Yasaka K Contrast-enhancedCT 
imaging

CNN 460/1006 patients Classification among five 
types of focal liver 
lesions

951,7, 841,6, 33-1004,6 [65]

12 Shi W Multiphasic CT scans MP-CDN 449 focal lesions. 
Training:validation ratio 
= 8:2

Classification between 
HCC and non-HCC focal 
lesions

0.811-0.8561,2, 0.862-
0.9252,3, 0.744-0.9232,4, 
0.725-0.9412,5

[66]

13 Todoroki Y Multiphasic CT imaging CNN 89 patients Classification among five 
focal liver lesions

79-1002,4 [67]

14 Matake K Clinicopathological 
parameters, CT imaging

ANN 120 patients Classification among 
four types of focal liver 
lesions

0.9612,3 [68]

15 Liang W CT and MRI radiomics RF 170 CT scans; 137 MRI 
scans

Classification of three 
types of focal liver 
lesions

CT model: 0.9963,7, 
0.8792,3. MRI model: 
0.9993,7, 0.9252,3

[69]

16 Hamm CA Multiphasic MRI 
imaging

CNN 434/60 lesions Classification among six 
types of focal liver 
lesions; identify HCC; 
classification of LI-RADS 

922,4, 982,5; 0.9922,3; 944,

6, 972,5
[70,71]

17 Jansen MJA MRI imaging Extremely 
randomized 
trees classifier

95 patients Classification among five 
different focal liver 
lesions

85-921,2, 62-932,4, 56-932,
5

[72]

18 Zhen SH MRI scans CNN 1210/2016 Classification among 
seven different focal liver 
lesions

0.841-0.9873,6, 40.5-1004,

6, 86.4-99.55,6
[73]

19 Kiani A Hematoxylin and eosin-
stained WSI

CNN 207/262/806 WSIs Classification of HCC 
and CCA

88.51,2, 84.21,6 [74]
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20 Chen M Hematoxylin and eosin-
stained WSI

CNN 491 WSIs (402 HCC, 89 
normal liver tissue)

Classification of HCC 
and normal liver tissue; 
histopathological grade

0.9601,2, 0.9612,3; 89.61,2 [75]

21 Lin H Multiphoton 
microscopy

CNN 217 images Histopathological grade 0.812-0.9411,2, 0.891-
0.9172,3

[76]

22 Yamashita R Hematoxylin and eosin-
stained WSI

CNN 28/42/306 WSIs HCC lesion detection 0.9522,3, 0.9563,6 [77]

23 Roy M Hematoxylin and eosin-
stained WSI

CAE 50 WSIs Segmentation of viable 
tumors

91-951,2 [78]

24 Giordano S PESI-MS SVM, RF 117 HCCs, 50 CCA, 151 
non-tumor group

Classification of HCC, 
CCA, and non-tumor 
groups

SVM: 95.1-98.51,6; RF: 
94-94.91,6

[79]

25 Guo LH Contrast-enhanced 
ultrasound imaging

MKL 93 lesions Classification of benign 
from malignant focal 
liver lesions

90.411,2, 93.562,4, 86.892,
5

[80]

26 Bharti P US imaging Several 189 images Classify among normal 
liver, chronic liver 
disease, cirrhosis, and 
HCC

96.61,2, 95.5-96.92,4, 
98.0-99.82,5

[81]

27 Brehar R US imaging CNN 268 patients Classification between 
HCC and cirrhotic 
parenchyma

84.84-911,2, 0.91-0.952,3, 
86.79-94.372,4, 82.95%-
88.38%2,5

[82]

28 Mao B Ultrasound radiomics Several 114 patients Classify primary from 
metastatic liver cancer

0.729-0.8081,2, 0.737-
0.7932,3, 0.775-0.8682,4, 
0.667-0.8802,5

[83]

29 Almotairi S CT imaging CNN 20 CT scans Tumor segmentation 98.81,7 [84]

30 Budak Ü CT imaging CNN 20 CT scans Tumor segmentation Volumetric overlap 
error: 9.05%2

[85]

31 Nayak A Multiphasic CT imaging SVM 40 patients Classification between 
HCC and cirrhotic 
parenchyma

80-86.91,2, 0.932,3 [86]

32 Krishan A CT scans Several 1638 CT scans Identification of liver 
lesions; classification 
between HCC and 
metastasis

98.39-1001,2, 0.99- 
1.002,3; 76.38-87.011,2, 
0.77-0.992,3

[87]

33 Chen WF CT scans SED 300 CT scans Tumor segmentation 0.9921, 0.952,3 [88]

34 Khan AA CT scans Several 179 patients Classification between 
HCC and hemangioma

96.6-98.31,6, 0.94-0.973,6, 
94.23-97.035,6

[88]

35 Mokrane FZ Multiphasic CT 
radiomics

Several 106/362/366 Classification between 
HCC and non-HCC 
lesions

0.813,7, 0.814,7, 0.725,7, 
0.722,3, 0.663,6

[90]

36 Mao B CT radiomics, clinical 
parameters

Gradient 
boosting

237/606 patients Histopathological grade 61.18-97.051,6, 0.7071-
0.99643,7, 60.67-95.514,7, 
51.35-80.415,7, 48.33-
70.001,6, 0.6128-0.80143,

6, 43.48-65.224,6, 37.84-
81.085,6

[91]

37 Preis O PET/CT imaging ANN 98 patients Classification between 
benign and malignant 
liver lesions

0.896-0.9052,3 [92]

38 Trivizakis E Diffusion-weighted 
MRI

CNN, SVM 134 patients Classification between 
primary liver cancer and 
metastasis

85.51,7, 831,2, 0.802,3, 932,

4, 672,5
[93]

39 Oestmann PM Multiphasic MRI scans CNN 150/102 Classification of HCC 
and non-HCC lesions

94.11,7, 87.31,2, 0.9122,3. 
For HCC: 92.72,4, 82.02,

5. For non-HCC: 82.02,4, 
92.72,5

[94]

40 Bousabarah K MRI scans CNN, RF 174 patients/ 231 lesions HCC detection 0.66-0.752,4, 0.55-0.734,6 [95]

41 Kim J MRI scans CNN 4552,7/546 HCC detection 0.972,3, 942,4, 992,5, 0.903,

6, 874,6, 935,6
[96]

Non-enhanced MRI 65.00-77.001,6, 0.70-0.82342 Jian W CNN 75/406 HCCs HCC detection [97]
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scans ,6, 64.55-78.184,6, 65.56-
75.565,6

43 Wu Y Multiphasic MRI 
imaging

CNN 89 HCCs Classification between 
LI-RADS 3 and LI-RADS 
4/5

0.767-0.9001,6, 0.90-0.953

,6, 0.76-1.004,6, 0.633-
0.8075,6

[98]

1Accuracy (%).
2Internal validation.
3Area under the receiver operating curve or c-index.
4Sensitivity (%).
5Specificity (%).
6External validation/testing.
7Training.
ANN: Artificial neural network; CAE: Convolutional  autoencoder; CCA: Cholangiocarcinoma; CNN: Convolutional neural network; CT: Computed 
tomography; DNN: Deep neural network; DT: Decision tree; HCC: Hepatocellular carcinoma; LI-RADS: Liver imaging reporting and data system; MKL: 
Multiple kernel learning; MP-CDN: Multiphase convolutional dense networks; MRI: Magnetic resonance imaging; NGS: Next-generation sequencing; 
NNE: Neural network ensemble; PESI-MS: Probe electrospray ionization mass spectrometry; PET: Positron emission tomography; RF: Random forest; SED: 
Successive Encoder-Decoder; SVM: Support vector machine; US: Ultrasound; WSI: Whole-slide image.

(CAE) that employs WSI images for the automated segmentation of viable tumors[78]. Finally, in a 
recent study, probe electrospray ionization mass spectrometry was used on specimens from patients 
with HCC and mass-forming CCA to develop two AI/ML-based models to distinguish these primary 
liver malignancies[79].

US imaging has also been used to develop models that aid in HCC diagnosis. A multiple-kernel 
learning-based model was developed using contrast-enhanced US imaging to distinguish between 
benign and malignant liver tumors[80]. Several AI/ML-based models were developed using US images 
to classify normal liver, chronic liver disease, cirrhosis, and HCC[81]. A recently developed CNN model 
managed to outperform other conventional ML methods in distinguishing between HCC and 
surrounding cirrhotic parenchyma in US images[82]. Data from US radiomics were employed in a 
recent study to develop multiple AI/ML-based models to distinguish between primary liver cancer and 
metastasis[83]. Interestingly a conventional LR model outperformed all the AI models[83].

CT imaging could be used to develop AI/ML-based models that aid HCC diagnosis. In a study, 
segmentation of the liver tumors was achieved using a CNN developed using CT scans[84]. Similarly, 
two encoder-decoder CNNs were developed in another study to cascade segments of both the liver and 
lesions in CT images[85]. An SVM-based CAD model was developed in another study from multiphasic 
CT scans to distinguish between cirrhosis and HCC[86]. CT scans were employed in a different study to 
develop several AI/ML-based models to distinguish between HCC and secondary liver lesions[87]. In a 
different study, a Successive Encoder-Decoder model was developed to automatically interpret liver 
tumor segmentation through CT images for patients with HCC[88]. Another study developed several 
AI/ML-based models employing CT images to distinguish between HCC and hemangioma[89]. 
Multiphasic CT radiomics were used in a different study to develop several AI/ML-based models to 
distinguish between HCC and non-HCC liver lesions[90]. CT radiomics and clinical data were 
combined in another study to develop gradient boosting-based models to classify the histopathological 
grade of HCC[91]. Finally, positron emission tomographic (PET)/CT imaging was employed in a 
different study to distinguish between benign and malignant liver lesions[92].

Regarding MRI imaging, diffusion-weighted MRI was used to develop a CNN-based model to 
distinguish between primary liver cancer and metastasis[93]. A recent retrospective study developed a 
CNN that employed multiphasic MRI scans of patients with HCC. The model was trained with a 
combination of images that met the LI-RADS criteria (typical) and with images that did not (atypical) 
and aimed to distinguish between HCC and non-HCC lesions[94]. In a recent study, MRI scans were 
employed to develop a CNN-based model for the automatic detection and delineation of HCC[95]. In a 
multicenter, retrospective study, a CNN was developed that employed MRI scans to identify HCC 
lesions[96]. Notably, the model surpassed less experienced radiologists’ performance in the diagnosis of 
small HCC lesions[96]. In just 3.4 s, the model was able to assess 100 photos[96]. Non-enhanced MRI 
scans have been used to develop a CNN that identifies HCC lesions[97]. Finally, in a recent study, 
multiphasic MRI scans were used to develop a CNN that distinguishes between LI-RADS 3 and LI-
RADS 4/5 HCC[98].

Treatment
Data generated from clinicopathological parameters, serum biomarkers, gene and RNA profiles, and 
imaging could be combined to train AI/ML-based models to develop frameworks for the evidence-
based, individualized treatment of patients with HCC, including targeted radiotherapy, chemotherapy, 
and immunotherapy. In an international, multi-institutional study, a CART model was developed that 
aimed to create a framework for treatment allocation beyond the BCLC staging system[99]. Based on 
predicting parameters of overall survival, the model generated six distinct prognostic groups of patients 
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Table 3 Artificial intelligence application in hepatocellular carcinoma treatment

First author Parameters employed AI classifier
Sizes of the 
training/validation 
sets

Outcomes Performance Ref.

1 Tsilimigras 
DI

Laboratory results, 
clinicopathological 
parameters, tumor 
characteristics

CART 976 Determining factors of 
prognostic weight preoper-
atively within the BCLC 
staging system

- [99]

2 Liu F Contrast-enhanced US 
radiomics, laboratory 
tests, and clinicopatho-
logical parameters

CNN 293/126 patients 2-yr progression-free survival 
of patients following RFA or 
surgical resection

0.754-0.7841,2, 0.726-
0.7411,3

[100]

3 Choi GH Demographics, 
laboratory results, tumor 
characteristics, 
clinicopathological 
parameters

RF 813/208 patients Treatment recommendation. 
Survival prediction

76.6-88.43,4, 53.0-82.33,

5, 69.3-95.83,6. 0.676-
0.9591,3

[101]

4 Chen M Hematoxylin and eosin-
stained WSI

CNN 377 (training:validation 
=  3:1)/ 677 patients

Mutation prediction 89.6-94.03,4, 0.720-
0.8051,7

[75]

5 Liao H Hematoxylin and eosin-
stained WSI

CNN 309/653/787 Mutation prediction 0.519-0.9031,3, 0.605-
0.7971,7

[103]

6 Gu J Multiphasic CT scans CNN 14 patients Mutation prediction 67.7-77.33,4 [104]

7 Chen G Laboratory results LIME 1007/10857 patients MVI 0.9181,2, 0.8321,3, 
0.9051,7

[105]

8 Zhang Y MRI scans CNN 158/79 patients MVI 0.811,2, 692,5, 792,6, 
0.721,3, 553,5, 813,6

[106]

9 Wang G DWI CNN 60/402 HCCs MVI 66.81-77.502,3,4, 68.65-
79.691,2,3, 56.56-76.472,

3,5, 64.35-79.132,3,6

[107]

10 Liu QP CT radiomics RF, SVM 494 patients MVI 0.841,2, 0.791,3 [108]

11 Jiang YQ CT radiomics, 
clinical/laboratory 
parameters

Gradient 
boosting, 
CNN

405 patients [220 MVI 
(+)/185 MVI (-)]

MVI Gradient boosting: 
0.900-0.9521,2, 0.873-
0.8871,3. CNN: 80.2- 
85.23,4, 0.900-0.9801,2, 
0.875-0.9061,3, 0.659-
0.9323,5, 0.757-0.9733,6

[109]

12 Cucchetti A Laboratory results, 
clinicopathological 
parameters, radiological 
data, histological data

ANN 175/753 MVI. Histopathological grade 0.921,2, 91.03,4. 0.941,2, 
93.33,4

[110]

13 Mai RY Laboratory results, 
clinicopathological 
parameters, liver 
volumetry

ANN 265/88 patients Posthemihepatectomy liver 
failure

0.8801,2, 0.8761,3 [111]

14 Shi HY Laboratory results, 
clinicopathological 
parameters, surgery 
parameters

ANN 22926 hepatectomies In-hospital mortality 
following surgical resection

97.283,4, 0.841,3, 95.934,

7, 0.821,7, 78.405,7, 
94.576,7

[112]

15 Liu D US radiomics CNN 89/41 patients Classify full/partial response 
from stable disease/ 
progression in patients treated 
with TACE

78-982,4, 0.82-0.981,2, 
78.6-98.22,5, 74.2-96.72,

6, 0.80-0.903,4, 0.80-
0.931,3, 82.1-89.33,5, 
73.3-92.33,6

[113]

16 Morshid A Multiphasic CT scans, 
BCLC stage

CNN, RF 105 patients Classify TACE-susceptible 
from TACE-refractory HCC

62.9-74.23,4, 0.7331,3 [114]

17 Peng J CT imaging CNN 562/897/1387 Classification of complete 
response, partial response, 
stable disease, and progressive 
disease following TACE

84.02,4, 0.95-0.971,2, 
82.8-85.14,7, 0.94-0.981,
7

[115]

18 Abajian A MRI imaging, clinical 
data

RF 36 patients Classification of responders 
and non-responders following 
TACE

663,4, 62.53,5, 67.93,6 [116]
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19 Zhu Y FF-OCT SVM 285 en face images Cancerous hepatic cell identi-
fication

0.93781,7 [117]

20 Liang Z X-ray imaging CNN 2943/15423/14427 
images

Localization of fiducial 
markers

98.64,7 [118]

21 Liu Y CT/MRI imaging Dense-cycle 
GAN

21 patients Identify differences between 
synthetic CT and CT, and 
compare their dose distri-
bution 

- [119]

22 Taebi A Computational fluid 
dynamics

CNN 3804 samples Yttrium-90 distribution in 
radioembolization

Mean square error: 
0.54 ± 0.14

[120]

23 Tong Z DNA profiling SVM 43 patients Drug target prediction 0.8827-0.88491,3, 53-
65.443,5, 88.76-93.633,6

[121]

1Area under the receiver operating curve or c-index.
2Training.
3Internal validation.
4Accuracy (%).
5Sensitivity (%).
6Specificity (%).
7External validation/ testing.
ANN: Artificial neural network; BCLC: Barcelona clinic liver cancer; CART: Classification and regression tree; CNN: Convolutional neural network; CT: 
Computed tomography; DWI: Diffusion-weighted imaging; FF-OCT: Full-field optical coherence tomography; GAN: Generative adversarial network; 
HCC: Hepatocellular carcinoma; LIME: Local Interpretable Model-agnostic Explanations; MRI: Magnetic resonance imaging; MVI: Microvascular invasion; 
RF: Random forest; RFA: Radiofrequency ablation; TACE: Transarterial chemoembolization; US: Ultrasound; WSI: Whole-slide image.

that could be utilized as a framework for treatment allocation[99]. Interestingly, the radiologic tumor 
burden score that is not part of the BCLC staging system was identified as the optimal predictor of 
outcomes for staged B patients[99]. In a different study, data from contrast-enhanced US radiomics, 
laboratory tests, clinicopathological parameters, and course of treatment were employed to develop a 
CNN that could be used to select between radiofrequency ablation (RFA) and surgical resection[100]. 
Specifically, in their cohort of patients, the authors concluded that if 17.3% of the RFA group and 27.3% 
of the operated patients swapped treatment, they would benefit from a 12% and 15% increase in the 
probability of 2-year progression-free survival, respectively[100]. Finally, an AI/ML-based clinical 
decision support system for patients with HCC was developed using several RF-based classifiers in a 
large cohort of patients[101]. The model was designed to offer treatment recommendations and predict 
the overall survival of patients with HCC. The conclusions of these studies could aid the re-evaluation 
of our current HCC management practices to an individualized, multimodal strategy[102].

Models that reliably predict the presence of particular mutations in HCC patients could be used as a 
tool for the early administration of appropriate treatment such as immunotherapy or multi-targeted 
tyrosine kinase inhibitors. In a recent study, a CNN was developed that employs images from 
hematoxylin and eosin-stained WSIs to predict the presence of specific mutations in patients with HCC
[75]. A similar study developed a CNN that classifies HCC and then predicts the presence of specific 
mutations[103]. Finally, a CNN model was developed in a recent study based on multiphasic CT scans 
as a non-invasive prediction tool of particular mutations[104].

Several studies designed AI/ML-based models that preoperatively predict microvascular invasion 
(MVI) as reliable treatment allocation tools. In a recent study, an AI/ML-based model was developed as 
a non-invasive tool, employing only presurgical blood parameters to predict MVI in patients with HCC
[105]. In a different study, a CNN was developed employing presurgical MRI scans in an effort to 
predict MVI[106]. Finally, another study developed a CNN, employing diffusion-weighted imaging 
from patients with HCC to predict MVI preoperatively[107]. Another study used CT radiomics data to 
develop an RF/SVM-based model that predicts MVI in patients with HCC[108]. Similarly, in a recent 
study, CT radiomics were combined with laboratory and clinical data to develop two models, a gradient 
boosting-based and a CNN-based, to predict MVI preoperatively[109]. Finally, an ANN was developed 
in a different study to predict MVI that notably outperformed a conventional LR model[110].

Several studies have investigated how AI/ML-based models could determine the response to 
treatment in patients with HCC. Focusing on hepatic resection, an ANN model was developed that 
predicts liver failure following hemihepatectomy, which could be used as the basis of a triage tool for 
intensive care[111]. Similarly, in a different study, an ANN model was developed to predict in-hospital 
mortality risk following hepatic resection[112]. The model outperformed conventional LR models. 
Interestingly, the study reported that the best single predictor of in-hospital mortality was the surgeon 
volume[112].

Besides hepatic resection, several studies have developed models to predict the response to TACE 
treatment. Particularly for response prediction in patients treated with TACE, US radiomics were used 
in a study to develop a CNN to classify patients with HCC who fully/partially respond to TACE from 
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patients who either remain stable or progress[113]. In a different study, multiphasic CT scans and the 
BCLC staging system were used to develop an AI/ML-based model to classify TACE-susceptible from 
TACE-refractory HCC[114]. CT imaging was also used in a different study to develop a CNN as a multi-
class tool for complete response, partial response, stable disease, and progressive disease following 
TACE[115]. Another study used MRI to classify patients with HCC as responders and non-responders 
to TACE treatment[116].

In a recent study, images from full-field optical coherence tomography were used to develop an SVM 
model that recognizes hepatic cancerous cells as a tool to detect tumor boundaries for resection intraop-
eratively[117]. A different study used X-ray imaging to develop a CNN model as the basis of a 
framework that automatically detects fiducial markers, performs 3D position reconstruction, and 
evaluates intrafraction motion during stereotactic body radiation therapy for liver malignancies[118]. In 
another study, MRI and CT imaging were employed to develop a novel dense-cycle-generative 
adversarial network for the generation of synthetic CT scans that could be used to optimize treatment 
planning for liver stereotactic body therapy[119]. Data from computational fluid dynamics were used in 
another study to develop a CNN to estimate Yttrium-90 distribution during radioembolization[120]. 
Finally, in a study conducted in silico, an SVM model was used to identify potential drug targets for 
HCC treatment[121].

Prognosis
Several studies have focused on constructing AI/ML-based tools able to consistently predict patient 
outcomes (progression and disease-free survival, overall survival, and recurrence) in the context of HCC 
prognosis. Several ML algorithms were combined in a study to develop an AI model that employs data 
from DNA methylation and RNA and microRNA profiling to predict overall survival for patients with 
HCC[122]. Several AI/ML-based models were developed in a recent study, employing non-invasive 
parameters to predict survival in operated patients with HCC[123]. Another study developed a 20-
features gradient-boosting survival classifier to stratify an HCC-related death risk into three distinct 
categories[124]. In a different nationwide study, an ANN model was developed to predict the 5-year 
survival of patients with HCC following hepatic resection[125]. Interestingly, the independent predictor 
with the strongest correlation to survival was the surgical volume of the surgeon[125]. The performance 
of the ANN was found to be superior to the LR’s performance[125]. Likewise, in another study, the 
ANN model surpassed the performance of the LR model in predicting overall survival following 
surgical resection[126]. The ANN model was also able to identify more independent predictors of 
survival than the LR model[126]. In a prospective study, the ANN model’s ability to predict the survival 
of operated patients with early staged HCC was compared with the performance of traditionally used 
staging systems; the ANN model outperformed all staging systems in all training and validation cohorts
[127]. Data from RNA sequencing were employed, in a recent study, to develop an RF-based model that 
uses five biomarkers to predict patients’ overall survival[128]. Finally, hematoxylin and eosin-stained 
WSIs were used in a different study to develop a CNN that predicts survival following resection[129].

Focusing on the survival of non-operated patients, in a recent study, an ANN was developed that 
employed albumin/bilirubin grade and Child-Turcotte-Pugh (CTP) grade to predict survival in patients 
with HCC who received as initial treatment a monotherapy with TACE[130]. In a similar study, 
albumin/bilirubin grade and CTP grade were used to develop an ANN to predict survival in patients 
who received as initial treatment the combination of TACE and sorafenib[131]. A different study, also 
considering patients treated with TACE and sorafenib, used CT scans instead to develop a CNN to 
predict survival[132]. Another study focusing on patients treated with TACE developed a DNN model 
to predict overall survival in patients with HCC[108]. Finally, an ANN-based model was developed 
employing routinely collected data to predict 1-year survival in HCC patients treated with TACE[133].

Different models have focused on predicting progression-free or disease-free survival. Such models 
could be used to design personalized follow-up schedules. A recent study employed routine laboratory 
results and clinicopathological data to develop an ANN that predicts progression-free survival and 
overall survival[134]. Notably, the model outperformed traditionally used classification systems. 
Similarly, in a retrospective study, data from operated patients were employed to develop an ANN, a 
decision tree, and an LR model for predicting the 1-, 3-, and 5-year disease-free survival[135]. The ANN 
model managed to outperform the other two models[135]. A recent study developed an RF model based 
on 34 epigenetic features of DNA methylation profiles to predict the 6-mo progression-free survival
[136]. In another recent study, an RF model was developed employing routinely collected data to 
predict the disease-free survival of patients with HCC following surgical resection[137]. Finally, an 
ANN was developed in a different study to predict disease-free survival for patients with HCC treated 
with CT-guided RFA[138].

Besides survival, AI/ML-based tools have been used for predicting HCC recurrence following 
curative treatment. Specifically, several AI/ML-based tools were developed in a study, including an RF 
model, an SVM model, and an Artificial Plant Optimization model for predicting HCC recurrence 
following RFA[139]. In a recent study, a gradient boosting algorithm-based model was developed 
employing clinical parameters to predict patients’ recurrence following surgical resection, as well as 
survival[140]. In a different study, gene sequencing data were used to develop AI/ML models to predict 
recurrence in patients with HCC following surgery[141]. Early recurrence has been the focus of a study 
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that combined different AI/ML classifiers to develop a model that predicts recurrence in operated 
patients with HCC[142]. In a different, multi-center study, several ML algorithms were used to develop 
AI/ML-based models to predict HCC recurrence following hepatic resection[143]. Notably, the models 
that employed CT radiomics outperformed the models that used clinical data[143]. A Bayesian network-
based model was developed in another study aiming to classify patients according to the recurrence 
time (early, late) following hepatic resection[144]. Finally, a study focusing on patients with cancer 
recurrence following surgical resection developed an SVM model employing several clinical indicators 
to predict the time and location of HCC recurrence[145].

Hematoxylin and eosin-stained WSIs have been used to develop AI/ML-based models to predict 
recurrence in operated patients with HCC. A CNN was constructed in a recent study utilizing 
histopathologic images for predicting recurrence in HCC operated patients[77]. The model outper-
formed the conventional TNM classification system[77]. A different study developed an RF-based 
model to predict overall survival that notably performed comparably with the TNM classification 
system[146]. Finally, a study focusing on recurrence timing used hematoxylin and eosin-stained WSIs to 
develop an SVM model that predicts the early recurrence of HCC patients following resection[147].

Other studies have focused on predicting the recurrence of patients treated with ablative techniques. 
An SVM model was developed in a study using clinical data to predict recurrence in a group of patients 
with HCC who were treated with RFA[148]. In another study, an unsupervised landmark-constrained 
CNN-based deformable image registration technique was used to predict local tumor progression in 
patients with HCC treated with microwave ablation based on the ablative margin[149].

Focusing on liver transplantation, a team developed a DNN model that employs routinely collected 
data to predict HCC recurrence in patients receiving a living donor graft[150]. Notably, the model 
significantly outperformed all the conventionally used staging systems. An ANN model was developed 
employing data from genotyping for microsatellite mutations/deletion to predict post-transplant HCC 
recurrence[151]. Clinical data and CT radiomics were employed in a different study to develop a least 
absolute shrinkage and selection operator model to predict recurrence-free survival in transplanted 
HCC patients[152]. Several other studies have developed AI/ML-based tools for predicting liver graft 
survival following liver transplantation[153,154]. Specifically, in a multi-center study, an ANN model 
was developed for predicting the 3-mo graft loss and survival[154]. Notably, the model surpassed all the 
currently used scores, including the Donor Risk Index, the Model for End-stage Liver Disease, the 
Balance of Risk, and the Survival Outcome Following Liver Transplantation; their performance was 
found to be significantly lower with an AUROC range of 0.42-0.67[154]. An ANN and an RF model were 
developed in another study for predicting 30-d and 3-mo graft failure following transplantation[153]. 
Notably, these models outperformed the Model for End-stage Liver Disease and the Donor Risk Index
[153]. Finally, in a study using data from the United Network for Organ Sharing, a DNN was developed 
to predict 90-d post-liver transplant survival[155]. Similarly, this model outperformed traditionally used 
classification systems[155].

CURRENT CHALLENGES
Challenges of 3D printing application in HCC management
Even though the cost related to 3D printing is steadily decreasing, it still remains the main challenge for 
the widespread application of 3D printing in healthcare facilities. The 3D printing-related cost consists 
of hardware, software, printing materials, and labor. Among the seven families of additive manufac-
turing as per the American Society for Testing And Materials International, those more frequently 
applied in the medical field are selective laser sintering, stereo lithography, laminated object manufac-
turing, fused deposition modeling, and inkjet printing[156]. Each of these 3D printing types has its 
characteristics regarding accuracy/precision, availability, printing speed, required materials, color 
capabilities, transparency, sterilization capability, biocompatibility, and cost[9]. The characteristics of 
each printing type define its cost. For example, while selective laser sintering printers are highly 
productive, with the ability to print complex structures with quick printing times, their cost is 
significantly higher, and their availability is limited compared with fused deposition modeling printers, 
which, although cheap, have low processing times and low accuracy[41,157].

The cost is also dependent on the size and complexity of the targeted structure. The liver is a large 
organ with complex anatomy; thus, the cost and time required to construct a 3D liver model are higher 
than other organs. A valid solution is scaling down the 3D models[26]. Studies usually overlook the 
costs associated with labor; however, they should be considered, particularly when evaluating cost-
effectiveness ratios. Focusing on cost-effectiveness, it is essential to highlight that the additional 
cost/resources related to 3D printing should be evaluated in conjunction with the magnitude of the 
improvement in medical outcome. Unfortunately, based on a systematic review, only 7% of published 
studies related to 3D printing mention cost-effectiveness, and no study has evaluated cost-effectiveness 
in a quantitative manner[158].
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In addition to cost, other challenges/limitations include the reliance of the 3D printed models’ 
accuracy on the underlying 2D imaging data that makes them prone to imaging errors[41]. Therefore, 
high-accuracy imaging is a precondition of highly accurate 3D models. In addition, due to long printing 
times, 3D printing currently has no application in the emergency clinical setting, such as the rupture of 
an HCC tumor[18]. However, printing times are becoming shorter, with reports of 3D models printed 
within a single day. Another challenge is the limited availability of software for 3D printing in medicine 
and the absence of many visual aids and manipulation tools for postprocessing[9]. The shortcoming of 
limited software further deteriorates by the notable absence of specialists in 3D printing software and 
technologies in most healthcare facilities[34].

Bioprinting of 3D models faces its own challenges and limitations. High-resolution is particularly 
important in 3D bioprinting to facilitate proper interactions of the biomaterials, which are crucial for 
tissue development[42]. Particularly for the liver, a metabolically active tissue, the appropriate microen-
vironment should be created inside the 3D bioprinted model to retain its hepatocyte-like phenotype. 
The development of large-scale liver tissues with hepatocytes retaining viability and longer-term 
functionality following sequential differentiation is clearly a challenge[42]. Even though 3D bioprinted 
liver models are reported as superior to other tissue engineering methods in that regard, scaling up 
these models to a substantial volume to provide a significant in vivo liver function could prove to be a 
herculean task. The evolution and increased complexity of 3D bioprinting could reach a saturation point 
where the functional outcomes do not improve further[159]. Current 3D bioprinted tissues lack any 
vascular network and rely on diffusion for nutrient supply. The integration of a vascular network, 
particularly for the liver, which has a complex vascular network, could prove particularly challenging. 
Potential solutions include embedding angiogenic growth factors into the bio-ink, direct bioprinting of 
the vasculature, and sacrificial templates for fabricating perfusable microchannel networks[160-163]. 
Another challenge of 3D bioprinting is cell availability. Expanding the current applications of 3D 
bioprinted models would require reliable sources of human cell lines[164]. Current sources include 
specimens from hepatic resections and transplantations and fetal liver cells from abortion; these cell 
sources are all in limited supply, which could restrain research progress[164]. A potential solution could 
be the use of liver stem cells, immortalized hepatic cell lines, and minimally invasive cell harvesting[42,
165,166]. Compared to stem cells, adult hepatocytes propagate poorly and lose functionality more 
rapidly in vitro[167]. In summary, further research is required to investigate how these 3D bioprinted 
models behave in vivo in terms of viability, stability, retaining functionality, compatibility, and 
degradation rate of the polymer hydrogels before they could be implanted in a clinical setting. Finally, 
the logistics of healthcare facilities maintaining production chains for patient-specific tissues, given the 
biomaterials’ environmental and time sensitivity, could prove impractical, creating the need for a 
centralized logistical model[159].

3D printing and mainly 3D bioprinting face regulatory, legal, and ethical challenges. 3D printable 
products should comply with existing control and manufacturing standards for medical devices and 
products. The Food and Drug Administration (FDA) published in 2017 the Technical Considerations for 
Additive Manufactured Medical Devices, which provides a framework for manufacturers and guidance 
regarding the main aspects of 3D printing, including hardware, software, validation procedures, and 
quality control[168]. As acknowledged by the guidelines, there is significant variability among the 
different types of additive manufacturing to the extent that each printing methodology requires 
different regulatory standards[168]. A genuine concern for 3D bioprintable organoids is safety. Even 
though “absolute” safety could not be guaranteed in any biomedical novelty, a comprehensive 
evaluation of benefits and risks is required to decide if it reaches a safety threshold[169]. However, 
bioprintable organoids significantly differ from novel drugs and could not be assessed by our current 
drug development evaluation processes. Due to the interindividual differences among patients, 
extrapolating on the safety of patient-tailored organoids is challenging. However, accumulated results 
and experience over a series of cases could serve as a basis to gain regulatory approval. The precau-
tionary principle dictates that in applying novel technologies where our knowledge is limited and the 
uncertainty is high, a higher and stricter standard should be adopted compared with known biomedical 
products[170]. Another concern is obtaining genuine informed consent. For the patients donating, 
before consenting, the patients’ autonomy and control over their biological condition should be 
established, and concerns regarding anonymity, data protection, future claims on their donated tissues, 
as well as these tissues intended short-term and long-term use should be addressed[169,171]. Similarly, 
before giving informed consent, transplanted patients’ concerns regarding safety, short-term and long-
term risks, the uncertainty involved, and potential unknown consequences should be addressed. Unlike 
with clinical trials where a drug is tested, the patient’s withdrawal is impeded due to the irreversible 
nature of transplantation[172].

3D bioprinting faces several ethical challenges. An ethical advantage of 3D bioprinted organoids 
could be used in pre-clinical drug testing and significantly minimize the need for animals in the 
laboratory. An ethical concern is the potential use of donated biomaterials in the development of 
embryonic cell lines. Donors should be informed of this perspective before providing informed consent
[169]. Generally, there are ethical concerns about whether all possible cell sources, including embryonic 
cell lines, pluripotent stem cells, or even animal cells, could be used for bioink fabrication[173]. Another 
ethically challenging point is the accessibility of 3D bioprinted materials. Since healthcare facilities may 
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be unable to be reimbursed for 3D bioprinted-related treatments, there is a justifiable concern that these 
treatments will be accessible only to those who can afford them[169]. To add to this concern, when 3D 
bioprinting is advanced enough to produce organs that are superior in certain aspects compared to 
human organs, 3D bioprinting technologies could be used for eugenic purposes[172]. With steadily 
decreasing prices and steadily increasing availability, there is an actual concern about unregulated 3D 
bioprinting research that could be used for malignant purposes, including bioterrorism[171]. Evidently, 
there is a need for a robust regulatory framework to address all these emerging concerns, which could 
be obtained by elaborating on our existing ethical and regulatory standards as encompassed in the 
Helsinki Declaration, the Oviedo Convention system, and UN’s Declaration on Human Rights. 
However, the real challenge will not be to develop these regulatory frameworks but to ensure that they 
evolve in conjunction with the evolution of these technologies and are not outpaced by them.

Challenges of AI application in HCC management
The application of AI in HCC management, and healthcare in general, faces a plethora of challenges that 
include intellectual property concerns, liability, intrinsic bias, data protection and cybersecurity threats, 
ethical concerns, and lack of transparency. Regarding intellectual property, the first step for regulation 
is determining whether an AI/ML-based model should be classified as a medical device, a service, or a 
product. Assessing the intended usage of the developed model is critical. Tools designed to assist in 
diagnosing and treating diseases could be considered as medical devices and therefore should adhere to 
the respective regulations[174]. FDA receives an increasingly high number of submissions with regard 
to the marketing of AI/ML-based software and has recently published the Artificial Intelligence/ 
Machine Learning (AI/ML) – Based Software as a Medical Device (SaMD) Action Plan[175-177]. The 
action plan regards AI/ML-based software classified as medical devices and sets five pillars to facilitate 
the innovation and advancement of AI/ML-based software[175]. A different point of concern is the 
significant divergence of the original licensed product years after the approval[178]. These concerns 
regard both intellectual property and the safety of the tool. What are the rights of developers over their 
evolving products? Are the original product and the deviated model two entirely different products? 
While the original product is clearly protected under copyright law, it is unclear if the healthcare facility 
could have intellectual property demands over the final product that now encompasses data generated 
in the clinical setting[179]. In addition, there are concerns over the product’s safety as it evolves and 
significantly deviates from its initial form. A regulatory framework should be established for AI/ML-
based software that monitors these models throughout their lifecycle[180]. When it comes to regulation, 
rigid regulation suppresses and strangles innovation and creativity, while little regulation could have 
devastating and unintended ramifications. Therefore, the real challenge is finding the optimal balance 
between the two.

A different concern regarding AI/ML-based software applications relates to liability issues. As 
AI/ML-based models advance, they will eventually perform specific tasks better than physicians. How 
could physicians then legally justify their decision to ignore the recommendations presented by AI 
models? Could the AI models’ recommendations become legally binding in the foreseeable future? And 
most importantly, who is liable, when during the AI-assisted management of a patient, an injury occurs? 
Currently, no legal precedent exists concerning the liability of AI-assisted case management, where a 
patient injury occurred[181]. In a recent legal analysis, the authors insightfully analyzed the various 
scenarios regarding liability when an AI model is involved in medical care. Based on the analysis, 
current law protects from liability when physicians follow the standard treatment care[181]. Unfortu-
nately, that could lead to AI/ML-based tools having an affirmative role in patient management and not 
actually contributing to a higher level of care.

Lack of accuracy due to intrinsic biases is another primary concern when AI/ML-based models are 
applied. A primary reason for the lack of accuracy is the unavailability of volume, high-quality, high-
variety, standardized datasets for the model’s training. A secondary reason is that weaknesses in the 
datasets, such as incorrectly labeled cases and discrepancies in the data collection process, are 
inadvertently integrated into the model, limiting its accuracy[182]. Two significant types of bias 
encountered in AI/ML-based models are overfitting and spectrum bias. During the training of the 
models’ algorithms, overfitting occurs when a model is customized for the training data (with 
outstanding evaluation metrics in the training data) but performs significantly poorer in the validation 
set[183]. CNNs, which, as demonstrated, are extensively used in the models for the management of 
HCC, are particularly vulnerable to overfitting[184]. On the other hand, spectrum bias occurs when the 
training dataset consists of samples not representative of the target population; thus, the model’s 
performance is significantly reduced when applied in the intended clinical setting[183]. Another 
limitation of actual accuracy is the in silico nature of most studies, which should lower the expectations 
of similar performances when these models are applied in actual clinical settings.

Several measures could be taken to alleviate the impact of biases on AI/ML models’ accuracy. First, a 
consistent way of reporting performance should be used to allow benchmarking and the drawing of 
meaningful comparisons among the plethora of studies[185]. Second, standardized data collection 
methods and evaluation systems for bias detection should be established to avoid the impact of low-
quality data on the models’ accuracy[186,187]. Finally, when these models are implemented in actual 
clinical settings, an approach similar to the clinical trial phases should be adopted[188].
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Integrating AI into the clinical setting requires an entirely digital tracking of healthcare records. That 
could pose a significant concern and a justified reason to resist AI integration into healthcare since it will 
expand the amount of sensitive data to massive disclosures[189]. An example of such disclosure was the 
transfer of healthcare data from 1.6 million patients in the United Kingdom, which was ruled illegal
[190]. Due to the nature of the data that it generates, the healthcare industry is particularly attractive as a 
potential target for cyberattacks. Steps have been taken under the Health Insurance Portability and 
Accountability Act to shield healthcare facilities from potential breaches of sensitive data[191]. 
However, AI introduces new dangers and vulnerabilities beyond traditional cybersecurity concerns. 
Cyberattacks could target AI models and introduce malignant data into the algorithms to manipulate 
the AI models’ output. These vulnerabilities could significantly undermine the trust in AI software. 
Further steps are required to strengthen the information technology infrastructure in order to ensure the 
integrity of AI systems before they could be integrated into the healthcare system.

Several ethical challenges emerge from the inclusion of AI models into the patient’s management. 
First, data sharing concerns could undermine the physician and the patient’s trust and lead patients to 
conceal information[192]. Second, AI software is incapable of understanding non-quantifiable aspects of 
physicians’ lives, such as understanding the patients’ needs, sympathizing with their beliefs, and 
respecting their wishes. Finally, there are fears that prejudices relating to racism, sexism, and 
socioeconomic inequality included in the training datasets would be mistakenly included in the AI 
model. An infamous example is the COMPAS algorithm, which erroneously flagged black people as 
usual re-offenders[193]. To make things worse, the developers argued that their algorithm was not open 
to scrutiny since it was protected by intellectual property law[193]. It is, therefore, no surprise that 
around two-thirds of the population oppose AI/ML-based models to perform tasks, which physicians 
typically perform[194].

Finally, a last but also significant concern of integrating AI/ML-based software in the healthcare 
system is the lack of transparency. AI models are often described as black-boxes since there are non-
interpretable, and their inner logic is hidden, which creates an intriguing ethical dilemma[195]. On the 
one hand, we could argue that applying technologies that we barely comprehend violates a fun-
damental tenet of medical ethics[196]. However, on the other hand, we could argue that withholding the 
application of AI models that could significantly benefit the patient’s well-being is unethical[194]. To 
overcome this conundrum, regulators, developers, and physicians should cooperate to create a robust 
regulatory framework that increases transparency and addresses biases. A trustworthy AI/ML-based 
model should be built around the principles of credibility, transparency, reliability, auditability, and 
recoverability[197].

LIMITATIONS
This review has several limitations. First, despite our efforts to follow a tight search strategy, as a 
narrative review, this study is prone to selection bias. Second, we did not systematically evaluate each 
study’s risk of bias using a risk assessment tool. Therefore, we advise the readers to keep in mind that 
each study has its own biases and limitations that are not elaborated in this review. Another point is that 
the majority of studies included were conducted in silico, and their models’ reported performance could 
substantially deviate when applied in an actual clinical setting. Finally, our review is prone to 
publication bias, similar to every narrative review, since studies that developed AI models with poor 
performance are less likely to be published.

CONCLUSION
In this review, we have comprehensively presented the applications of 3D printing and AI in the 
management of HCC and summarized the current obstacles that hinder the general use of these techno-
logies in the healthcare industry, and identified several means to overcome them. Several opportunities 
arise from the application of these technologies in the management of HCC. Particularly for 3D printing, 
these opportunities include educational purposes, both regarding the medical staff and the patients, 
preoperative planning, and the development of custom-made medical tools. Specifically, cheap patient-
specific 3D printed hepatic models developed from radiology images could be used to aid surgical 
residents in becoming familiar with the complex liver anatomy[19]. In addition, 3D models have been 
developed to familiarize surgical residents with laparoscopic operations[22,23]. The work of Yang et al
[20] demonstrated how 3D printed liver models could be used for patient education to reach a higher 
understanding of their disease, understand the potential risk of an operation, and facilitate obtaining 
informed consent.

3D printed models also facilitate the preoperative planning of patients operated for HCC. Several 
teams have demonstrated how 3D printed models could significantly improve the surgical outcome 
specifically for patients with rare variations of the abdominal blood vessels[31-33]. Optimizing 
preoperative planning could substantially reduce the operation time and improve surgical outcomes. In 
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Table 4 Artificial intelligence application in hepatocellular carcinoma prognosis

First author Parameters employed AI 
classifier

Sizes of the 
training/validation sets Outcomes Performance Ref.

1 Chaudhary 
K

DNA methylation, RNA, 
and microRNA profiling

Several 360 patients 
(training:validation = 6:4)

Overall survival 0.701,2, 0.66-0.701,3, 
0.67-0.821,4

[122]

2 Chicco D 50 laboratory and clinical 
parameters

Several 165 patients with HCC Overall survival RF: 77.21, 0.7665; Linear 
SVM: 77.15, 0.7631; 
MLP: 72.75, 0.6951; 
Radial SVM: 68.05, 
0.6631; DT: 65.95, 0.6501

[123]

3 Liu X Laboratory results, data 
from immunochemistry of 
peripheral blood 
mononuclear cells, tumor 
characteristics

GBA 
classifier

136/563/1054 Risk of HCC-related 
death

0.8441,2, 0.8271,3, 0.8061,
4

[124]

4 Shi HY Laboratory results, 
clinicopathological 
parameters, tumor charac-
teristics

ANN 22926 patients 5-yr survival following 
surgical resection

96.573,5, 0.8851,3, 97.434,

5, 0.8711,4, 74.234,6
[125]

5 Chiu HC Laboratory results, 
clinicopathological 
parameters, tumor charac-
teristics

ANN 434, 341, and 264 patients for 1-, 
3-, and 5-year 
survival(training:validation = 
8:2)

1-, 3-, and 5-yr overall 
survivalfollowing 
surgical resection

98.5-99.52,5, 0.980-
0.9931,2, 99.7-1002,6, 
96.2-99.22,7, 72.1-85.13,5, 
0.798-0.8751,3, 71.4-88.6
3,6, 50.0-82.13,7

[126]

6 Qiao G Laboratory results, 
clinicopathological 
parameters, tumor charac-
teristics

ANN 362/1813/1044 patients Survival following 
surgical resection

0.8551,2, 80.002,6, 73.402,

7, 0.8321,3, 78.673,6, 
75.703,7, 0.8291,4, 77.424,

6, 78.084,7

[127]

7 Guo L RNA sequencing RF 239/130 patients Overall survival 893,5 [128]

8 Saillard C Hematoxylin and eosin-
stained WSI

CNN 309/3424 WSIs Survival following 
surgical resection

0.75-0.781,2, 0.68-0.701,4 [129]

9 Zhong BY ALBI/CTP stage ANN 548/1154/1754 Survival of patients 
treated with chemoem-
bolization as 
monotherapy

ALBI-based: 0.7991,4, 
0.7001,4; CTP-based: 
0.7291,4, 0.8021,4

[130]

10 Zhong BY ALBI/CTP stage ANN 319/614/1244 Survival of patients 
treated with chemoem-
bolization and 
sorafenib

ALBI-based: 0.7161,4, 
0.8231,4; CTP-based: 
0.7791,4, 0.6931,4

[131]

11 Zhang L CT scans, clinical features CNN 120/813 patients Survival of patients 
treated with chemoem-
bolization and 
sorafenib

0.7171,2, 0.7141,3 [132]

12 Liu QP CT radiomics, clinical 
parameters

DNN-DAE 243 patients Overall survival 
following TACE

0.87-0.931,3 [108]

13 Mähringer-
Kunz A

Routine laboratory tests 
and clinicopathological 
parameters

ANN 125/57 patients 1-yr overall survival 
following TACE

0.771,2, 0.831,3, 77.83,6, 
81.03,7

[133]

14 Liu X Routine laboratory tests 
and clinicopathological 
parameters

ANN 1480/637 patients Progression-free 
survival. Overall 
survival

0.8661,2, 0.7301,3. 0.8771,

2, 0.8041,3
[134]

15 Ho WH Laboratory results, 
clinicopathological 
parameters, surgery 
parameters

ANN, DT 427, 354, and 297 patients for 1-, 
3-, and 5-yr survival 
(training:validation = 8:2)

1-, 3-, and 5-yr disease-
free survival following 
surgical resection

ANN: 0.963-0.9891,2, 
93.5-96.32,6, 91.6-97.92,7, 
0.774-0.8641,3, 70.0-78.7
3,6, 54.2-92.73,7. DT: 
0.675-0.8251,2, 19.6-94.8
2,6, 45.8-97.92,7, 0.561-
0.7181,3, 0-88.53,6, 37.5-
96.43,7

[135]

16 Bedon L DNA methylation 
profiling

RF-based 300/74 specimens 6-mo progression-free 
survival

67.1-80.62,5, 64.8-80.24,5 [136]

17 Schoenberg 
MB

Routine laboratory tests 
and clinicopathological 
parameters

RFS 127/53 patients Disease-free survival 
following resection

0.766-0.7881,3 [137]
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18 Wu CF Laboratory tests and 
clinicopathological 
parameters, treatment 
data

ANN 252 patients(training:validation 
= 8:2)

1-yr and 2-yr disease-
free survival following 
RFA

0.72-0.771,3, 56.3-63.63,6, 
70.0-71.83,7

[138]

19 Divya R Laboratory results, 
clinicopathological 
parameters, tumor charac-
teristics

APO, SVM, 
RF

152 patients Recurrence following 
RFA

95.53,5, 95.13,6, 95.83,7 [139]

20 Huang Y Demographics, laboratory 
tests, tumor characteristics

GBS 
classifier

5928/1483 patients Recurrence following 
surgical resection. 
Overall survival

0.7041,2, 0.697-0.7131,3. 
0.565-0.7361,2, 0.551-
0.7511,3

[140]

21 Shen J Disease-free related genes 
sequencing

DT, SVM 315 HCC patients Recurrence following 
surgical resection

DT: 74.195, 0.751, 70.414

,5. SVM: 80.655, 0.5951
[141]

22 Wang W CT radiomics, clinical data CNN, SVM, 
RF

167 patients Early recurrence 
following surgical 
resection

0.723-0.8251,3 [142]

23 Ji GW CT radiomics, laboratory 
results, clinicopatho-
logical parameters

Several 210/1073/1534 patients Recurrence time 
following surgical 
resection

Radiomics model: 
0.748-0.7521,2, 0.781-
0.8011,3, 0.733-0.7411,4. 
Clinical model: 0.716-
0.7271,2, 0.707-0.7391,3, 
0.696-0.7161,4

[143]

24 Xu D Routine laboratory tests 
and clinicopathological 
parameters, intra-
operative parameters

BN-based 995 patients Recurrence time 
following surgical 
resection

0.573,5, 0.573,6 [144]

25 Jianzhu B Several including 
immune, tumor, nutrition, 
and indicators

CS-SVM 776 liver cancer recurrences Recurrence time. 
Recurrence location

Mean square error = 
9.2101, 95.75, 0.951

[145]

26 Yamashita R Hematoxylin and eosin-
stained WSI

CNN 299/533/1984 WSIs Recurrence following 
surgical resection

0.7241,3, 0.6831,4 [77]

27 Liao H Hematoxylin and eosin-
stained WSI

RF 491 WSIs Overall survival 0.563-0.7061,3, 0.565-
0.6211,4

[146]

28 Saito A Hematoxylin and eosin-
stained WSI

SVM 69/894 Recurrence time 
following surgical 
resection

99.82,5, 68.1-80.64,5 [147]

29 Liang JD Laboratory results, 
clinicopathological 
parameters

SVM 83 patients Recurrence following 
RFA

73-823,5, 0.60-0.691,3, 77-
863,6, 73-823,7

[148]

30 An C MRI scans CNN 141 HCC lesions Local tumor 
progression following 
MWA

0.7281 [149]

31 Nam JY Routine laboratory tests 
and clinicopathological 
parameters

DNN 349/214 patients Post-transplant HCC 
recurrence

0.62-0.751,3, 0.63-0.763,6, 
0.46-0.623,7

[150]

32 Nam JY Laboratory results, 
clinicopathological 
parameters, tumor charac-
teristics

DNN 349/214 transplanted patients Post-transplant HCC 
recurrence

0.751,3, 763,6, 463,7 [150]

33 Rodriguez-
Luna H

Genotyping data from 
microsatellite 
mutations/deletions

ANN 19 transplanted patients Post-transplant HCC 
recurrence

89.53,5 [151]

34 Guo D Laboratory results, 
clinicopathological 
parameters CT radiomics

LASSO 93/40 transplanted patients Recurrence free-
survival following liver 
transplantation 

0.675-0.7851,2, 0.705-
0.7891,3

[152]

35 Lau L Laboratory results, 
clinicopathological 
parameters, donor charac-
teristics

ANN, RF 90/90 transplants Graft failure/primary 
nonfunction. 3-mo 
graft failure

ANN: 0.734-0.8351,3; 
RF: 0.787-0.8181,3. 
ANN: 0.5591,3, RF: 
0.7151,3

[153]

36 Briceño J Laboratory results, 
clinicopathological 
parameters, surgical 
parameters, donor charac-
teristics

ANN 1003 liver transplants 3-mo graft failure 0.806-0.8211,3 [154]
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37 Ershoff BD Laboratory results, 
clinicopathological 
parameters, donor charac-
teristics

DNN 46035/11509 90-d post-transplant 
survival

0.695-0.7081,3, 30.9-35.8
3,6, 88.1-90.83,7

[155]

1Area under the receiver operating curve or c-index.
2Training.
3Internal validation.
4External validation/testing.
5Accuracy (%).
6Sensitivity (%).
7Specificity (%).
ALBI: Albumin-bilirubin; ANN: Artificial neural network; APO: Artificial plant optimization; BN: Bayesian network; CNN: Convolutional neural network; 
CS: Cuckoo-search; CT: Computed tomography; CTP: Child-Turcotte-Pugh; DNN: Deep neural network; DAE: Deep auto-encoder; DT: Decision tree; GBS: 
Gradient boosting survival; HCC: Hepatocellular carcinoma; LASSO: Least absolute shrinkage and selection operator; MLP: Multi-layer perceptron neural 
network; MRI: Magnetic resonance imaging; MWA: Microwave ablation; RF: Random forest; RFA: Radiofrequency ablation; SVM: Support vector machine; 
TACE: Transarterial chemoembolization; US: Ultrasound; WSI: Whole-slide image.

liver transplantation, the work of Zein et al[25] demonstrated how 3D printed models of high anatomical 
precision could be used to optimize the recipient-donor matching in graft allocation by unveiling any 
unsuitable anatomy between the donor and the recipient. In recently published consensus recommend-
ations, it is strongly recommended that for complicated cases of HCC, 3D visualization is carried out to 
comprehend the course/variation of the portal vein and understand how it is related to the tumor[198]. 
In addition, 3D visualization is recommended as part of preoperative planning for centrally located 
HCC and/or complex vascular anatomy[198]. Finally, the works of Damiati et al[35] and Han et al[38] 
highlight the opportunity that arises from 3D printing in the fabrication of custom-made medical tools 
for the diagnosis and treatment of HCC.

3D printing is an evolving field in the medical disciplines, evident by the increasing number of 
publications each year[10]. It is pretty impressive that even though the majority of the studies regarding 
3D printing report a significant improvement of the investigated medical outcome, only 14% of those 
studies support their findings in a quantitative manner, rendering their conclusions rather subjective
[158]. This lack of consistency on how to report results precludes any meaningful comparison between 
studies. With the costs related to 3D printed models steadily decreasing, it is expected that 3D printing 
applications will significantly expand[199].

Bioprinting could potentially have a profound impact on liver surgery. Currently, the opportunities 
that arise from its application in HCC management include the development of 3D bioprinted hepatic 
scaffolds that could be used to develop antitumor drugs since 3D bioprinted models more precisely 
represent the microenvironment of HCC compared to other tissue engineering methods. Specifically, 
the work of Sun et al[45], who used HepG2, and the work of Xie et al[45], who used patient-derived 
HCC cells, demonstrate how 3D bioprinting could aid the individualized treatment of patients with 
HCC.

Liver transplantation is the only definitive treatment of liver failure. However, it is currently being 
restricted by the limited number of liver grafts. Promising results from animal studies demonstrate how 
3D bioprinted liver organoids could be transplanted to prolong the survival of mice with liver failure
[200]. These results raise the expectations that bioprintable liver grafts could be used in the future in 
regenerative medicine to ameliorate the burden of the liver graft shortage. However, despite a 
promising field, we should highlight that bioprinting is currently in its infancy.

The application of AI/ML-based models offers a plethora of opportunities in the management of 
HCC. First, in prevention, AI/ML models could be integrated into the healthcare system and analyze 
data directly from patients’ healthcare records in real-time to flag patients at high risk of developing 
HCC. Current efforts include predicting HCC development in patients with chronic HBV infection[48] 
and chronic HCV infection[51-54]. Other studies focusing on prevention have developed AI/ML models 
employing genetic and epigenetic markers such as long-coding RNAs to screen for HCC[47,49,50]. 
These models demonstrate how AI could facilitate tailoring individualized follow-up schedules and 
identifying patients at a greater need to achieve a SVR. Following prevention, early detection is 
equivalently crucial in the management of HCC. Current efforts for early detection include studies that 
employ biomarkers to develop AI/ML models to detect HCC development[55-59].

In diagnostics, AI/ML models could enhance diagnostic accuracy in different diagnostic modalities. 
Specifically, current efforts include CAD models for detecting HCC either among a plethora of focal 
hepatic lesions or between HCC and non-HCC lesions. These models employ different diagnostic 
modalities, including US imaging[60-62,80,81], CT imaging[64-66,90,91], MRI[69-73], and PET/CT 
imaging[92]. Other studies employed hematoxylin and eosin-stained WSI to detect HCC lesions and 
classify the level of differentiation[74-79].

Regarding treatment, AI/ML models provide several opportunities to reduce the morbidity and 
mortality associated with HCC. These opportunities include the development of frameworks for 
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individualized, evidence-based treatment allocation[99,101], the prediction of the presence of certain 
mutations as a base for appropriate drug selection[75,103,104], the prediction of MVI presence to 
facilitate the appropriate treatment selection[105-110], and finally the prediction of the response to 
treatment, and particularly TACE, as a tool to identify patients who would benefit more from treatment
[113-116].

Finally, regarding prognosis, AI/ML models could be used to predict patient outcomes. Such models 
could be used as the basis to counsel the patient and the patient’s family. Recent initiatives include the 
prediction of overall survival[123-127], the prediction of progression-free survival[134-138], the 
prediction of survival of non-operated patients treated with TACE[130-133], and HCC recurrence 
following therapeutic treatment[77,139-142]. In liver transplantation, current efforts include models to 
predict post-transplant HCC recurrence and individual liver graft survival as tools to optimize the graft 
allocation procedure[150-155].

As demonstrated by our findings, there is a lack of consistency regarding the validation strategies 
employed by each study and the different metrics used to assess the models’ performance. This lack of 
consistency significantly limits our ability to draw any meaningful comparisons among the models. A 
challenge for the future would be to develop a robust tool for presenting the performance of these 
models that would allow benchmarking.

Even though AI has been on the frontline for several decades, AI has not yet been integrated into the 
healthcare system. AI in medicine could be seen as a field that overpromises but invariably 
underdelivers. This is evident during AI winters, where the funding for AI research is halted due to the 
investors’ dissatisfaction that AI does not progress at a rate at which they are comfortable investing[14]. 
Overcoming the current challenges of AI applications is a vital part of integrating AI in the healthcare 
industry.

Physicians should keep in mind that AI/ML-based models are simply medical tools that, similar to all 
medical tools, have weaknesses, biases, and limitations. Overelining on AI could exclude non-quanti-
fiable information from decision-making, with unknown ramifications[194]. AI should not subsume out 
critical thinking and reasoning. The aim should therefore be an AI-assisted rather than an AI-driven 
clinical practice[201]. Furthermore, the integration of AI in healthcare must occur in conjunction with 
integrating sophisticated and robust evaluation tools that monitor the consequences of AI application in 
the clinical setting, and more importantly, the impact of these tools on patient outcomes[202]. A notable 
example is the Digital Health Innovation Action Plan supported by the FDA to facilitate the evaluation 
of developing medical software. It is based on the following five excellence criteria: Patient safety, 
product quality, proactive culture, cybersecurity responsibility, and clinical responsibility[203].

Finally, an intriguing challenge for the future is to combine emerging technologies, including 3D 
printing and 3D bioprinting, AI and ML, augmented reality, novel biomarkers, and robotics, into a 
unified, interrelated framework[204-208]. In this new, complex, and sophisticated clinical setting, 
physicians would reject oversimplifying an inherently complex field but rather embrace the complexity. 
Finally, are shown by our findings, AI and 3D printing applications in healthcare are steadily 
expanding; thus, these technologies will be integrated into the clinical setting sooner or later. Therefore, 
we believe that physicians need to become familiar with these technologies and prepare to engage with 
them constructively.
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Abstract
Esophageal cancer (EC) is a malignant cancer that still has a poor prognosis, 
although its prognosis has been improving with the development of multidiscip-
linary treatment modalities such as surgery, chemotherapy and radiotherapy. 
Therefore, identifying specific molecular markers that can be served as 
biomarkers for the prognosis and treatment response of EC is highly desirable to 
aid in the personalization and improvement of the precision of medical treatment. 
Sirtuins are a family of nicotinamide adenine dinucleotide (NAD+)-dependent 
proteins consisting of seven members (SIRT1-7). These proteins have been 
reported to be involved in the regulation of a variety of biological functions 
including apoptosis, metabolism, stress response, senescence, differentiation and 
cell cycle progression. Given the variety of functions of sirtuins, they are 
speculated to be associated in some manner with cancer progression. However, 
while the role of sirtuins in cancer progression has been investigated over the past 
few years, their precise role remains difficult to characterize, as they have both 
cancer-promoting and cancer-suppressing properties, depending on the type of 
cancer. These conflicting characteristics make research into the nature of sirtuins 
all the more fascinating. However, the role of sirtuins in EC remains unclear due 
to the limited number of reports concerning sirtuins in EC. We herein review the 
current findings and future prospects of sirtuins in EC.

Key Words: Esophageal cancer; Sirtuin; Esophageal squamous cell carcinoma; Esophageal 
adenocarcinoma; Biomarker; Treatment
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Core Tip: Although there have been several reports on the function of sirtuins in cancer progression, the 
biological roles and clinical implications of sirtuins in esophageal cancer (EC) remain controversial. This 
is the first review to focus on sirtuins in the field of EC. In this review, we will briefly summarize the role 
of sirtuins in cancer and discuss the current findings and future prospects of sirtuins in EC.
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INTRODUCTION
Esophageal cancer (EC) is the seventh leading cause of morbidity and the sixth leading cause of 
mortality worldwide[1], and the prognosis of advanced EC patients is extremely poor[2]. Therefore, 
identifying specific molecular markers that can be used as prognostic markers or therapeutic targets for 
EC is highly desirable to aid in the personalization and improvement of the precision of medical 
treatment, which can prevent side effects and extra expenses, thereby leading to a more effective 
multidisciplinary treatment.

Sirtuins are a highly conserved family of proteins that exist in a wide range of prokaryotic and 
eukaryotic organisms, and their functional activity is dependent on the cofactor nicotinamide adenine 
dinucleotide (NAD+)[3]. The mammalian sirtuin family is a homolog of the yeast silent information 
regulator 2 (Sir2) protein and consists of seven members: SIRT1-7. Sirtuins are distinguished by their 
subcellular localization: SIRT1, SIRT6 and SIRT7 are mainly found in the nucleus; SIRT3, SIRT4 and 
SIRT5 are mainly located in the mitochondria; and SIRT2 is mainly found in the cytoplasm. 
Furthermore, the SIRT family proteins have conserved domains in their core catalytic activities, with 
SIRT1, SIRT2 and SIRT3 designated as class I; SIRT4 designated as class II; SIRT5 designated as class III; 
and SIRT6 and SIRT7 designated as class IV (Figure 1)[4]. Sirtuins are involved in the regulation of 
various biological functions, such as apoptosis, metabolism, stress response, aging, differentiation and 
cell cycle progression[5]. However, while the role of sirtuins in cancer progression has been investigated 
over the past few years, their precise role remains difficult to characterize, as they have both cancer-
promoting and cancer-suppressing properties, depending on the type of cancer[6]. These conflicting 
characteristics make research into the nature of sirtuins all the more fascinating.

In EC, the clinical impact of sirtuins remains unclear due to the limited number of reports concerning 
sirtuins in EC. Therefore, this is the first review to focus on sirtuins in the field of EC. In this review, we 
will briefly summarize the role of sirtuins in cancer and discuss the current findings and future 
prospects of sirtuins in EC.

LITERATURE SEARCH
PubMed was searched to identify studies on sirtuins and cancer from inception until January 2022. The 
following search terms were applied: “Sirtuin” or “Silent mating type information regulation 2 
homolog” or “SIRT” and “carcinoma” or “cancer”. The reference lists of all related articles were 
screened for other potentially relevant studies.

SIRT1
The role of SIRT1 in cancer progression is contradictory. This is because SIRT1 can both promote and 
inhibit tumorigenesis (Table 1 and Figure 2)[7].

Several mechanisms that are responsible for the tumor-promoting nature of SIRT1 have been 
uncovered as follows: (1) SIRT1 contributes to cell proliferation by epigenetically suppressing the 
expression and activity of many tumor suppressor genes and proteins with DNA damage repair 
functions such as protein 53 (p53)[8], forkhead class O transcription factor (FOXO) family members[9], 
E2F transcription factor 1 (E2F1)[10], protein 73 (p73)[11], retinoblastoma protein (RB)[12], Ku70[13], 
secreted Frizzled-related protein 1(SFRP1), SFRP2, GATA4, GATA5 and mutL homolog 1 (MLH1)[14]; 
(2) SIRT1 acts as a regulator of apoptosis by deacetylating key apoptosis-related proteins and cell 
signaling molecules such as p53, nuclear factor kappa B subunit 1 (NF-κB), FOXO3, Ku70, protein kinase 
B (AKT), mitogen-activated protein kinase (MAPK), and nuclear factor erythroid 2-related factor 2 
(NRF2), in response to DNA damage and oxidative stress[6]; and (3) SIRT1 induces epithelial-

https://www.wjgnet.com/1948-5204/full/v14/i4/794.htm
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Table 1 Roles of sirtuins in cancer control

Role Effect Involved pathway or mechanism

Promote proliferation p53, FOXO family member, E2F1, p73, RB, 
Ku70, SFRP1, SFRP2, GATA4, GATA5, 
MLH1

Inhibit apoptosis p53, NF-κβ, FOXO3, Ku70, AKT, MAPK, 
NRF2

Promotor

Induce EMT, promote migration and 
metastasis

ZEB1

Inhibit tumor formation and prolif-
eration

β-catenin

Induce apoptosis survivin

SIRT1

Suppressor

Inhibit EMT SMAD4, TGF-β signaling on MMP7

Promote proliferation Mediating immune evasion, altering the 
alkaline environment

Inhibit apoptosis cMYC

Promotor

Promote invasion and migration Stimulating mitochondrial metabolism, 
mediating EMT

Inhibit proliferation Inhibiting fibroblast activity and tumor 
angiogenesis

SIRT2

Suppressor

Inhibit invasion and migration MMP9, E-cadherin

Inhibit apoptosis and promote prolif-
eration

p53, SHMT2, IDH2Promotor

Promote invasion and metastasis Reprogramming fatty acid metabolism

Induce cell arrest and apoptosis Bcl-2, p53, HIF1α, PDC, SOD2, GOT2

Inhibit EMT and migration FOXO3A, Wnt / β-catenin pathway

SIRT3

Suppressor

Inhibit tumorigenesis PDH

Promotor Promote proliferation PTEN

Inhibit glutamine metabolism and 
proliferation

mTORC1 pathway

Inhibit EMT, invasion and migration E-cadherin

SIRT4

Suppressor

Induce G1 cell cycle arrest Cyclin D, cyclin E

Promote proliferation GLUD1, SHMT2, NRF2, PKM2, SUN2

Inhibit mitochondrial apoptosis Cyt c

Promote autophagy AMPK–mTOR pathway

Promote invasion and migration E2F1

Promotor

Promote resistance to chemotherapy SDHA

Inhibit carcinoma development ACOX1

Inhibit proliferation SOD1

SIRT5

Suppressor

Represent protective mechanism for 
tumor cells

Inhibiting ammonia-induced autophagy

Promote proliferation and inhibit 
apoptosis

ERK1/2 pathway, AKT

Promote invasion and migration ERK1/2/MMP9 signaling

Promotor

Contribute to cancer development and 
progression

Regulating autophagy

Inhibit proliferation PCBP2, ERK1/2

Inhibit Warburg effect HIF-1α

Induce apoptosis NF-κβ, Bax, survivin

SIRT6

Suppressor
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Inhibit proliferation, invasion and 
migration

PKM2

Promote proliferation ERK1/2, H3K18ac

Inhibit apoptosis miR34a, NF-κβ family subunits, 
mTOR/IGF2 pathway

Promotor

Promote invasion Vimentin, fibronectin, E-cadherin, β-catenin

Inhibit proliferation and invasion SMAD4

SIRT7

Suppressor

Inhibit EMT TGF-β signaling

ACOX1: Acyl-CoA oxidase 1; AKT: Protein kinase B; Bax: BCL2 associated X; β-catenin: Catenin beta; Cyt c: Cytochrome C; E2F1: E2F transcription factor 1; 
E-cadherin: Cadherin 1; ERK1/2: Extracellular signal-regulated kinases 1/2; FOXO: Forkhead class O transcription factor; GLUD1: Glutamate 
dehydrogenase 1; GOT2: Glutamic-oxaloacetic transaminase 2; H3K18ac: Histone H3 lysine 18 acetylation; HIF1α: Hypoxia inducible factor 1 subunit 
alpha; IDH2: Isocitrate dehydrogenase 2; IGF2: Insulin like growth factor 2; MAPK: Mitogen-activated protein kinase; MLH1: MutL homolog 1; MMP7: 
Matrix metallopeptidase 7; MMP9: Matrix metallopeptidase 9; mTOR: Mammalian target of rapamycin; mTORC1: Mammalian target of rapamycin 
complex 1; NF-κB: Nuclear factor kappa B; NRF2: Nuclear factor erythroid 2-related factor 2; p53: Protein 53; p73: Protein 73; PCBP2: Poly(rC) binding 
protein 2; PDH: Pyruvate dehydrogenase; PKM2: Pyruvate kinase M2; PTEN: Phosphatase and tensin homolog; RB: Retinoblastoma protein; SDHA: 
Succinate dehydrogenase complex flavoprotein subunit A; SFRP: Secreted Frizzled-related protein; SHMT2: Serine hydroxymethyl transferase 2; SIRT: 
Sirtuin; SMAD4: SMAD family member 4; SOD1: Superoxide dismutase 1; SOD2: Superoxide dismutase 2; SUN2: Sad1 and UNC84 domain containing 2; 
TGF-β: Transforming growth factor beta; ZEB1: Zinc finger E-box binding homeobox 1.

Figure 1 Schematic representation of the subcellular localization of sirtuins. Catalyst domains reflecting sirtuin classes are shown in purple (Class I), 
green (Class II), blue (Class III) and red (Class IV). SIRT: Sirtuin.

mesenchymal transition (EMT) and promotes cell migration and metastasis by cooperating with EMT 
transcription factors such as zinc finger E-box binding homeobox 1 (ZEB1) in prostate cancer[15]. It has 
also been reported that the high expression of SIRT1 is associated with an advanced stage and poor 
prognosis in certain types of cancer such as gastric cancer[16], lung adenocarcinoma[17] and colorectal 
cancer[18].

However, SIRT1 has also been reported to function as a tumor suppressor through the following 
mechanisms: (1) SIRT1 inhibits tumor formation and proliferation by deacetylating catenin beta (β-
catenin) in colon cancer[19]; (2) SIRT1 induces apoptosis in breast cancer 1 (BRCA1)-related breast 
cancer by suppressing survivin, an inhibitor of apoptosis[20]; and (3) SIRT1 suppresses EMT in cancer 
by deacetylating SMAD family member 4 (SMAD4) and inhibiting the effect of transforming growth 
factor beta (TGF-β) signaling on matrix metallopeptidase 7 (MMP7), a target gene of SMAD4[21].
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Figure 2 Roles of sirtuins in cell proliferation, apoptosis, invasion and migration. E2F1: E2F transcription factor 1; E-cadherin: Cadherin 1; ERK1/2: 
Extracellular signal-regulated kinases 1/2; FOXO: Forkhead class O transcription factor; NF-κB: Nuclear factor kappa B; NRF2: Nuclear factor erythroid 2-related 
factor 2; IRT: Sirtuin; SMAD4: SMAD family member 4.

In EC, SIRT1 has been reported as a tumor-promoting factor (Table 2). Suppression of SIRT1 inhibits 
cell proliferation, cell migration and EMT in esophageal squamous cell carcinoma (ESCC) cell line[22,
23]. SIRT1 has been suggested to be useful as a biomarker in EC as follows: (1) It has been reported that 
SIRT1 expression is associated with a poor prognosis in both ESCC and esophageal adenocarcinoma 
(EAC)[23-28]; (2) SIRT1 has also been demonstrated to be related to chemotherapy and chemoradio-
therapy resistance in several ESCC studies[29-32]; and (3) SIRT1 has been described to be a useful 
biomarker for high-grade dysplasia and cancer of Barrett's esophagus[33]. Furthermore, we conducted a 
meta-analysis of these articles and demonstrated that a high expression of SIRT1 was correlated with a 
poor overall survival (OS), deeper tumors and a more advanced TNM stage in patients with ESCC[34]. 
In addition, recent studies have reported the potential utility of SIRT1 as a therapeutic target in EC. Liu 
et al[35] reported that rapamycin suppressed cell viability, migration, invasion and the phosphoinositide 
3-kinase (PI3K)/AKT/mammalian target of rapamycin (mTOR) signaling pathways in EC by negatively 
regulating SIRT1. Jiang et al[36] reported that sirtinol inhibited cell viability in EAC in a dose-dependent 
manner, affected proliferation in the long term and potentially suppressed resistant and recurrent 
tumors under hypoxic conditions. Taken together, these reports suggest that SIRT1 inhibition may play 
an important role in the therapeutic field of EC.

SIRT2
Similar to SIRT1, SIRT2 has been reported to have both tumor-promoting and tumor-suppressing effects 
depending on the cancer type (Table 1 and Figure 2).

SIRT2 has been reported to promote cell proliferation in hepatocellular carcinoma (HCC), pancreatic 
cancer and neuroblastoma[37,38]. SIRT2 also promotes cell growth by interacting with the tumor 
microenvironment, such as mediating immune evasion and altering the alkaline environment[39]. In 
cholangiocarcinoma, SIRT2 inhibits apoptosis via the peroxidation reaction through metabolic 
reprogramming by activating cMYC[40]. In addition, SIRT2 promotes invasion and migration in HCC 
by stimulating mitochondrial metabolism and mediating EMT[41,42].
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Table 2 Roles of sirtuins in esophageal cancer

Type Role Effect Ref.

Suppression of SIRT1 inhibits cell proliferation, cell migration, and EMT in ESCC cell line [22,23]

SIRT1 expression is associated with poor prognosis [23-27,
34]

SIRT1 enhances chemotherapy and chemoradiotherapy resistance [29-32]

ESCC

Rapamycin suppresses cell viability, migration, invasion by negatively regulating SIRT1 [35]

SIRT1 is associated with poor overall survival [28]

SIRT1 is a useful biomarker for high-grade dysplasia and cancer of Barrett's esophagus [33]

SIRT1

EAC

Promotor

Sirtinol, SIRT1 inhibitor, inhibits cell viability, affects proliferation in the long term, and potentially suppresses 
resistant and recurrent tumors under hypoxic conditions

[36]

ESCC Promotor SIRT2 expression was associated with tumor invasion, lymph node metastasis, advanced clinical stage, poor 
progression-free survival, and overall survival

[47]SIRT2

EAC Suppressor Dysregulation of SIRT2 is associated with poor prognosis [48,49]

Serum SIRT3 levels are higher in ESCC patients compared to those in the control subjects [63]

SIRT3 induces the proliferation inhibition and apoptosis [64]

ESCC Promotor

High SIRT3 expression is associated with poor survival outcome [65,66]

SIRT3

EAC No report

SIRT4 rescues the promoting effect of miR-424-5p on ESCC cell proliferation and migration [76]ESCC Suppressor

Low SIRT4 expression is associated with a high distant recurrence rate and poor prognosis, and in vitro, knockdown 
of SIRT4 promotes cell proliferation and migration

[77]

SIRT4

EAC No report

ESCCSIRT5

EAC

No report

ESCC Promotor SIRT 6 is overexpressed in ESCC tissues and that it also promotes cell proliferation and induces the expression of 
Bcl2, an important anti-apoptotic factor, and autophagy in ESCC cells

[102]SIRT6

EAC No report

ESCCSIRT7

EAC

No report

EAC: Esophageal adenocarcinoma; EMT: Epithelial-mesenchymal transition; ESCC: Esophageal squamous cell carcinoma; SIRT: Sirtuin.

Conversely, SIRT2 has been reported as a tumor suppressor that inhibits the growth of tumor cells 
through interaction with the tumor microenvironment, such as by inhibiting fibroblast activity and 
tumor angiogenesis[39]. In addition, the increased expression of matrix metalloproteinase 9 (MMP9) 
and decreased expression of cadherin 1 (E-cadherin) were shown to promote cell migration and 
invasion in SIRT2-deficient mouse embryonic fibroblasts[43]. In addition, a low expression of SIRT2 is 
reportedly associated with a poor prognosis in prostate cancer[44], cervical cancer[45] and colorectal 
cancer[46].

In EC, Yan et al[47] reported that SIRT2 expression was associated with tumor invasion, lymph node 
metastasis, advanced clinical stage, a poor progression-free survival and the OS in ESCC patients 
(Table 2). In contrast, SIRT2 has been reported to be a tumor suppressor in EAC. Ong et al[48] revealed 
that dysregulation of SIRT2 significantly increased the hazard ratio of death. Peters et al[49] also 
demonstrated that the dysregulation of SIRT2 was significantly associated with a poor prognosis in 
esophageal and junctional adenocarcinoma.

SIRT3
Whether SIRT3, a major mitochondrial deacetylase, functions as a tumor promoter or suppressor 
remains controversial (Table 1 and Figure 2).
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SIRT3 regulates deacetylation to a variety of substrates, including p53, serine hydroxymethyltrans-
ferase 2 (SHMT2) and isocitrate dehydrogenase 2 (IDH2), preventing apoptosis and promoting cell 
proliferation[50-52]. In addition, Li et al[53] showed that SIRT3 promotes infiltration and metastasis of 
cervical cancer cells by reprogramming fatty acid metabolism.

In contrast, many studies have suggested the role of SIRT3 as a tumor suppressor. It has been 
reported that SIRT3 induces tumor-suppressing effects such as cell arrest and apoptosis by controlling 
Bcl-2, p53, hypoxia inducible factor 1 subunit alpha (HIF1α), pyruvate dehydrogenase complex (PDC), 
superoxide dismutase 2 (SOD2) and glutamic-oxaloacetic transaminase 2 (GOT2)[54-59]. Regarding 
metastasis, Li et al[60] revealed that SIRT3 promoted FOXO3A expression by weakening the Wnt/β-
catenin pathway thereby inhibiting EMT and prostate cancer cell migration. Furthermore, Ozden et al
[61] reported that activation of pyruvate dehydrogenase (PDH) by SIRT3 increased oxidative 
phosphorylation and reactive oxygen species production and reduced glycolysis which contributed to 
reduced tumorigenesis in cancer cells.

The relationship between SIRT3 expression and the clinical prognosis reportedly differs depending 
on the type of cancer and no clear consensus has yet been reached[62].

Regarding EC, several reports showed SIRT3 was a tumor promotor in ESCC (Table 2). Cobanoğlu et 
al[63] reported that serum SIRT3 Levels were significantly higher in ESCC patients than in the control 
subjects. Yang et al[64] showed that downregulation of SIRT3 induced the proliferation inhibition and 
apoptosis in ESCC cells. In addition, two articles demonstrated that a high SIRT3 expression was 
significantly associated with a poor survival outcome[65,66]. There have been no reports yet on the 
relationship between EAC and SIRT3.

SIRT4
SIRT4 has been reported primarily as a tumor suppressor (Table 1 and Figure 2). Wang et al[67] revealed 
that SIRT4 was downregulated in 30 cancers according to an analysis using data from The Cancer 
Genome Atlas (TCGA) database. SIRT4 is an important component of the DNA damage response 
pathway that inhibits glutamine metabolism, arrests the cell cycle and suppresses tumors. When SIRT4 
is deficient, glutamine-dependent proliferation and stress-induced genomic instability increase resulting 
in a tumorigenic phenotype[68]. Csibi et al[69] also reported that the mammalian target of rapamycin 
complex 1 (mTORC1) pathway inhibited SIRT4 and stimulated glutamine metabolism and cell prolif-
eration. In addition, SIRT4 has been reported to enhance E-cadherin and inhibit EMT, thereby 
decreasing migration and the invasion ability in gastric and colorectal cancer cells[70,71]. Furthermore, 
Hu et al[72] showed that overexpression of SIRT4 induced G1 cell cycle arrest through the inhibition of 
the phosphorylated extracellular signal-regulated kinases cyclin D and cyclin E. In addition, several 
studies have revealed that a low SIRT4 expression was significantly correlated with a poor prognosis in 
patients with various cancers[73].

In contrast, a small number of studies have reported the function of SIRT4 as a tumor-promoting 
factor (Table 1). Jeong et al[74] demonstrated that the overexpression of SIRT4 protected cancer cells 
from DNA damage or endoplasmic reticulum stress, and conversely, the loss of SIRT4 sensitized cells 
after drug treatment. Furthermore, when cells are starved of nutrients, SIRT4 cooperates with insulin-
degrading enzymes to degrade phosphatase and tensin homolog (PTEN), a tumor-suppressing factor, 
and promote the survival of cancer cells[75].

In EC, SIRT4 has been reported as a tumor suppressor (Table 2). Cui et al[76] revealed that SRT4 was 
negatively regulated by miR-424-5p, and overexpression of SIRT4 strongly rescued the promoting effect 
of miR-424-5p on ESCC cell proliferation and migration capacity. In addition, Nakahara et al[77] 
reported that a low SIRT4 expression was significantly associated with a high distant recurrence rate 
and poor prognosis, and in vitro, knockdown of SIRT4 promoted glutamine dehydrogenase activity and 
stimulated cell proliferation and migration.

SIRT5
As with other sirtuins, the role of SIRT5 in cancer is highly controversial with some reports emphasizing 
the cancer-promoting function of SIRT5. (Table 1 and Figure 2). SIRT5 functionally activates glutamate 
dehydrogenase 1 (GLUD1), an important regulator of intracellular glutaminolysis, and is involved in 
cell proliferation[78]. In addition, Yang reported that SIRT5 mediated the desuccinylation of SHMT2 
and enhanced its activity, which in turn promotes serine metabolism in tumor cells thereby promoting 
cancer cell growth[79]. Furthermore, studies have shown that SIRT3 promotes cell proliferation by 
targeting NRF2, pyruvate kinase M2 (PKM2), and Sad1 and UNC84 domain containing 2 (SUN2)[80-
82]. Regarding apoptosis, SIRT5 has been reported to deacetylate cytochrome C (Cyt c) and induce 
mitochondrial apoptosis[83]. Gu et al[84] demonstrated that SIRT5 enhances autophagy and exerts 
tumor-promoting functions in gastric cancer cells. Moreover, SIRT5 promotes cancer cell invasion and 
migration by targeting E2F1[85]. Du et al[86] revealed that SIRT5 demalonylated and inactivated 
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succinate dehydrogenase complex flavoprotein subunit A (SDHA) and accumulated its metabolite 
succinate resulting in resistance to chemotherapy.

In contrast, SIRT5 has also been reported to have tumor-suppressive effects (Table 1). Chen et al[87] 
revealed that SIRT5-mediated desuccinylation inhibited the activity of acyl-CoA oxidase 1 (ACOX1) and 
played an important role in the suppression of oxidative stress, protection of the liver and inhibition of 
HCC development. SIRT5 has been suggested to have a tumor-suppressor function via desuccinylation 
of superoxide dismutase 1 (SOD1)[88]. Furthermore, Polletta et al[89] demonstrated that SIRT5 inhibited 
ammonia-induced autophagy which is regarded as a protective mechanism for tumor cells. Therefore, 
activation of SIRT5 is thought to reduce the survival of tumor cells in response to stresses, such as 
chemotherapy, hypoxia and nutrient starvation.

The relationship between the SIRT5 expression and clinical prognosis has also been reported to vary 
by cancer type[78,90].

In EC, there have been no reports on the role of SIRT5, and there is much room for further invest-
igation of the association between SIRT5 and EC.

SIRT6
SIRT6, like other sirtuins, functions as a double-edged sword in cancer (Table 1 and Figure 2). SIRT6 
inhibits tumor growth by targeting poly(rC) binding protein 2 (PCBP2) and extracellular signal-
regulated kinases 1/2 (ERK1/2)[91,92]. SIRT6 represses HIF-1α and regulates the expression of multiple 
glycolytic genes[93]. This indicates that SIRT6 plays a role in tumor suppression by inhibiting the 
Warburg effect. In addition, SIRT6 induces apoptosis in cancer cells by acting on NF-κB, BCL2 
associated X (Bax) and survivin[94,95]. Bhardwaj et al[96] found that SIRT6 inhibited the oncogenic 
activity of PKM2, which has a non-metabolic nuclear carcinogenic function, resulting in a reduced cell 
proliferation, migration ability and invasiveness. One meta-analysis revealed that a high SIRT6 
expression was associated with a longer OS in gastrointestinal cancers and a favorable TNM stage[97].

However, the role of SIRT6 as a tumor-promoting factor has also been reported. SIRT6 enhances HCC 
cell proliferation and inhibits apoptosis through the regulation of the ERK1/2 pathway[98]. In addition, 
Zhou et al[99] revealed that SIRT6 inhibited the acetylation of AKT and promoted its activation thereby 
preventing apoptosis and inducing cell proliferation. Bai et al[100] reported that the overexpression of 
SIRT6 in non-small-cell lung cancer cell lines promoted migration and invasion via ERK1/2/MMP9 
signaling. SIRT6 has also been reported to positively regulate autophagy in melanoma cells and to 
exhibit tumor-promoting effects[101].

In EC, SIRT6 has been reported as a tumor-promoting factor (Table 2). Huang et al[102] demonstrated 
that SIRT6 was markedly overexpressed in ESCC tissues and that it also promoted cell proliferation and 
induced the expression of Bcl2, an important anti-apoptotic factor and autophagy in ESCC cells.

SIRT7
Like other sirtuins, SIRT7 has also been reported to have both tumor-promoting and tumor-suppressing 
roles (Table 1 and Figure 2). SIRT7 promotes cell proliferation by regulating ERK1/2 and histone H3 
Lysine 18 acetylation (H3K18ac)[103,104]. In addition, SIRT7 induces apoptosis via miR34a, NF-κB 
family subunits and the mTOR/insulin like growth factor 2 (IGF2) pathway[105-107]. SIRT7 also 
influences the metastasis of cancer cells. Yu et al[103] showed that cells overexpressing SIRT7 had 
elevated levels of vimentin and fibronectin, which are markers of mesenchymal lineage, and decreased 
levels of E-cadherin and β-catenin, which are markers of epithelial lineage indicating enhanced invasion 
of colon cancer cells.

The role of SIRT7 as a tumor suppressor has been reported to include inhibition of growth and 
metastasis. Li et al[108] demonstrated that SIRT7 inhibited cell proliferation and invasion by 
deacetylating SMAD4 in oral squamous cell carcinoma. In addition, Tang et al[109] also revealed that 
loss of SIRT7 activated TGF-β signaling and promoted EMT.

Reports concerning the relationship between the SIRT7 expression and the prognosis are conflicting, 
with some citing a good prognosis while the others describe a poor prognosis[110].

In EC, there are no reports investigating the role of SIRT7, and whether it acts as a tumor-promoting 
factor or a tumor-suppressing factor remains unclear.

FUTURE PERSPECTIVES
As mentioned above, sirtuins have been investigated in a variety of cancer types and play a 
dichotomous role depending on the situation. This trend is also true in the field of EC. SIRT1, SIRT2, 
SIRT3 and SIRT6 have been reported as tumor-promoting factors in ESCC, along with SIRT1 in EAC, 
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while SIRT4 and SIRT2 have been reported as tumor suppressors in ESCC and EAC, respectively. SIRT5 
and SIRT7 are interesting targets of study since their roles in both ESCC and EAC have not yet been 
reported.

One of the future points to be explored concerning sirtuins in EC is expected to be their utility as 
biomarkers. In most previous studies, the degree of sirtuin expression was assessed by immunohisto-
chemistry. However, the cut-off values for sirtuin expression differed among studies, and this hetero-
geneity in assessment methods may have led to conflicting results among cancer types. Therefore, more 
accurate and less-invasive evaluations are anticipated in the future. Serum SIRT3 Levels have been 
reported to be a potentially useful biomarker, not only in EC[63] but also in lung cancer[111], suggesting 
that serum sirtuin levels merit exploration as a minimally invasive biomarker. Furthermore, in recent 
years, a wide variety of public databases, such as TCGA, have been used for analyses[67]. This is 
expected to make it possible to obtain more comprehensive and standardizable information in the 
future.

Since sirtuin enzymes play an important role in the regulation of various cellular events, there is 
strong interest in pursuing sirtuins as therapeutic targets. Although many reports related to the 
development of sirtuin inhibitors/activators have been found in electronic searches, only a very limited 
number of small-molecule compounds, such as reveratol and Ex-527, have been subjected to clinical 
trials[112]. In the field of EC, the effects of the SIRT1 inhibitors rapamycin and sirtinol have been 
reported in vitro and in vivo[35,36]. However, SIRT1, like other sirtuins, has been suggested to promote 
or inhibit cancer in a context-dependent manner so many comprehensive studies are needed to 
determine its clinical application. Although not yet presented, other sirtuin-targeted agents still have 
great therapeutic potential and advances in this area will contribute to the development of EC 
treatment.

In recent years, the breakthrough of immunotherapy has been considered an important topic in EC
[113]. The involvement of sirtuins in immunity has been widely studied since the early discovery that 
SIRT1 regulates NF-κB, a transcription factor known to control inflammation and immune cell prolif-
eration[114]. There have been no reports on the role of sirtuins in immunotherapy of esophageal cancer, 
although some reports have appeared in other cancer types. Zhang et al[115] showed that pharmaco-
logical inhibition of SIRT2 increased natural killer cell infiltration into the tumor and suppressed tumor 
growth in allograft melanoma. Furthermore, Xiang et al[116] demonstrated that SIRT7 suppressed 
myocyte enhancer factor 2D acetylation and programmed death ligand 1 expression and promoted HCC 
cell proliferation. Thus, the role of sirtuins in anti-tumor immunity in EC is an issue that deserves 
further attention and research.

CONCLUSION
In summary, sirtuins may be a key target for EC treatment in the future. However, much research is still 
needed to determine the clinical application as many aspects remain unresolved. We hope that this 
review will contribute to the development of this field.

FOOTNOTES
Author contributions: Otsuka R contributed to conception and design; All authors contributed to manuscript writing, 
figure preparation and review and approval of the article to be published.

Conflict-of-interest statement: The authors declare that they have no conflict of interest.

Open-Access: This article is an open-access article that was selected by an in-house editor and fully peer-reviewed by 
external reviewers. It is distributed in accordance with the Creative Commons Attribution NonCommercial (CC BY-
NC 4.0) license, which permits others to distribute, remix, adapt, build upon this work non-commercially, and license 
their derivative works on different terms, provided the original work is properly cited and the use is non-
commercial. See: https://creativecommons.org/Licenses/by-nc/4.0/

Country/Territory of origin: Japan

ORCID number: Ryota Otsuka 0000-0001-7360-9069; Koichi Hayano 0000-0003-4733-8220; Hisahiro Matsubara 0000-0002-
2335-4704.

S-Editor: Gong ZM 
L-Editor: Filipodia 
P-Editor: Gong ZM

https://creativecommons.org/Licenses/by-nc/4.0/
http://orcid.org/0000-0001-7360-9069
http://orcid.org/0000-0001-7360-9069
http://orcid.org/0000-0003-4733-8220
http://orcid.org/0000-0003-4733-8220
http://orcid.org/0000-0002-2335-4704
http://orcid.org/0000-0002-2335-4704
http://orcid.org/0000-0002-2335-4704


Otsuka R et al. Role of sirtuins in esophageal cancer

WJGO https://www.wjgnet.com 803 April 15, 2022 Volume 14 Issue 4

REFERENCES
Sung H, Ferlay J, Siegel RL, Laversanne M, Soerjomataram I, Jemal A, Bray F. Global Cancer Statistics 2020: 
GLOBOCAN Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA Cancer J Clin 2021; 
71: 209-249 [PMID: 33538338 DOI: 10.3322/caac.21660]

1     

Pennathur A, Gibson MK, Jobe BA, Luketich JD. Oesophageal carcinoma. Lancet 2013; 381: 400-412 [PMID: 23374478 
DOI: 10.1016/S0140-6736(12)60643-6]

2     

Michan S, Sinclair D. Sirtuins in mammals: insights into their biological function. Biochem J 2007; 404: 1-13 [PMID: 
17447894 DOI: 10.1042/bj20070140]

3     

Frye RA. Phylogenetic classification of prokaryotic and eukaryotic Sir2-like proteins. Biochem Biophys Res Commun 
2000; 273: 793-798 [PMID: 10873683 DOI: 10.1006/bbrc.2000.3000]

4     

Jaiswal A, Xudong Z, Zhenyu J, Saretzki G. Mitochondrial sirtuins in stem cells and cancer. FEBS J 2021 [PMID: 
33866670 DOI: 10.1111/febs.15879]

5     

Zhao E, Hou J, Ke X, Abbas MN, Kausar S, Zhang L, Cui H. The Roles of Sirtuin Family Proteins in Cancer Progression. 
Cancers (Basel) 2019; 11 [PMID: 31817470 DOI: 10.3390/cancers11121949]

6     

Li K, Luo J. The role of SIRT1 in tumorigenesis. N Am J Med Sci (Boston) 2011; 4: 104-106 [PMID: 22180829 DOI: 
10.7156/v4i2p104]

7     

Sasca D, Hähnel PS, Szybinski J, Khawaja K, Kriege O, Pante SV, Bullinger L, Strand S, Strand D, Theobald M, Kindler 
T. SIRT1 prevents genotoxic stress-induced p53 activation in acute myeloid leukemia. Blood 2014; 124: 121-133 [PMID: 
24855208 DOI: 10.1182/blood-2013-11-538819]

8     

Motta MC, Divecha N, Lemieux M, Kamel C, Chen D, Gu W, Bultsma Y, McBurney M, Guarente L. Mammalian SIRT1 
represses forkhead transcription factors. Cell 2004; 116: 551-563 [PMID: 14980222 DOI: 
10.1016/s0092-8674(04)00126-6]

9     

Wang C, Chen L, Hou X, Li Z, Kabra N, Ma Y, Nemoto S, Finkel T, Gu W, Cress WD, Chen J. Interactions between 
E2F1 and SirT1 regulate apoptotic response to DNA damage. Nat Cell Biol 2006; 8: 1025-1031 [PMID: 16892051 DOI: 
10.1038/ncb1468]

10     

Dai JM, Wang ZY, Sun DC, Lin RX, Wang SQ. SIRT1 interacts with p73 and suppresses p73-dependent transcriptional 
activity. J Cell Physiol 2007; 210: 161-166 [PMID: 16998810 DOI: 10.1002/jcp.20831]

11     

Wong S, Weber JD. Deacetylation of the retinoblastoma tumour suppressor protein by SIRT1. Biochem J 2007; 407: 451-
460 [PMID: 17620057 DOI: 10.1042/bj20070151]

12     

Cohen HY, Miller C, Bitterman KJ, Wall NR, Hekking B, Kessler B, Howitz KT, Gorospe M, de Cabo R, Sinclair DA. 
Calorie restriction promotes mammalian cell survival by inducing the SIRT1 deacetylase. Science 2004; 305: 390-392 
[PMID: 15205477 DOI: 10.1126/science.1099196]

13     

Pruitt K, Zinn RL, Ohm JE, McGarvey KM, Kang SH, Watkins DN, Herman JG, Baylin SB. Inhibition of SIRT1 
reactivates silenced cancer genes without loss of promoter DNA hypermethylation. PLoS Genet 2006; 2: e40 [PMID: 
16596166 DOI: 10.1371/journal.pgen.0020040]

14     

Byles V, Zhu L, Lovaas JD, Chmilewski LK, Wang J, Faller DV, Dai Y. SIRT1 induces EMT by cooperating with EMT 
transcription factors and enhances prostate cancer cell migration and metastasis. Oncogene 2012; 31: 4619-4629 [PMID: 
22249256 DOI: 10.1038/onc.2011.612]

15     

Noguchi A, Kikuchi K, Zheng H, Takahashi H, Miyagi Y, Aoki I, Takano Y. SIRT1 expression is associated with a poor 
prognosis, whereas DBC1 is associated with favorable outcomes in gastric cancer. Cancer Med 2014; 3: 1553-1561 
[PMID: 25146318 DOI: 10.1002/cam4.310]

16     

Li C, Wang L, Zheng L, Zhan X, Xu B, Jiang J, Wu C. SIRT1 expression is associated with poor prognosis of lung 
adenocarcinoma. Onco Targets Ther 2015; 8: 977-984 [PMID: 25995644 DOI: 10.2147/OTT.S82378]

17     

Zu G, Ji A, Zhou T, Che N. Clinicopathological significance of SIRT1 expression in colorectal cancer: A systematic 
review and meta analysis. Int J Surg 2016; 26: 32-37 [PMID: 26763348 DOI: 10.1016/j.ijsu.2016.01.002]

18     

Firestein R, Blander G, Michan S, Oberdoerffer P, Ogino S, Campbell J, Bhimavarapu A, Luikenhuis S, de Cabo R, 
Fuchs C, Hahn WC, Guarente LP, Sinclair DA. The SIRT1 deacetylase suppresses intestinal tumorigenesis and colon 
cancer growth. PLoS One 2008; 3: e2020 [PMID: 18414679 DOI: 10.1371/journal.pone.0002020]

19     

Wang RH, Zheng Y, Kim HS, Xu X, Cao L, Luhasen T, Lee MH, Xiao C, Vassilopoulos A, Chen W, Gardner K, Man 
YG, Hung MC, Finkel T, Deng CX. Interplay among BRCA1, SIRT1, and Survivin during BRCA1-associated 
tumorigenesis. Mol Cell 2008; 32: 11-20 [PMID: 18851829 DOI: 10.1016/j.molcel.2008.09.011]

20     

Simic P, Williams EO, Bell EL, Gong JJ, Bonkowski M, Guarente L. SIRT1 suppresses the epithelial-to-mesenchymal 
transition in cancer metastasis and organ fibrosis. Cell Rep 2013; 3: 1175-1186 [PMID: 23583181 DOI: 
10.1016/j.celrep.2013.03.019]

21     

Qin T, Liu W, Huo J, Li L, Zhang X, Shi X, Zhou J, Wang C. SIRT1 expression regulates the transformation of resistant 
esophageal cancer cells via the epithelial-mesenchymal transition. Biomed Pharmacother 2018; 103: 308-316 [PMID: 
29656187 DOI: 10.1016/j.biopha.2018.04.032]

22     

Ma MC, Chiu TJ, Lu HI, Huang WT, Lo CM, Tien WY, Lan YC, Chen YY, Chen CH, Li SH. SIRT1 overexpression is 
an independent prognosticator for patients with esophageal squamous cell carcinoma. J Cardiothorac Surg 2018; 13: 25 
[PMID: 29636061 DOI: 10.1186/s13019-018-0718-5]

23     

Chen GQ, Tian H, Yue WM, Li L, Li SH, Qi L, Gao C, Si LB, Lu M, Feng F. SIRT1 expression is associated with 
lymphangiogenesis, lymphovascular invasion and prognosis in pN0 esophageal squamous cell carcinoma. Cell Biosci 
2014; 4: 48 [PMID: 25922660 DOI: 10.1186/2045-3701-4-48]

24     

He Z, Yi J, Jin L, Pan B, Chen L, Song H. Overexpression of Sirtuin-1 is associated with poor clinical outcome in 
esophageal squamous cell carcinoma. Tumour Biol 2016; 37: 7139-7148 [PMID: 26662958 DOI: 
10.1007/s13277-015-4459-y]

25     

Han F, Zhang S, Liang J, Qiu W. Clinicopathological and predictive significance of SIRT1 and peroxisome proliferator-
activated receptor gamma in esophageal squamous cell carcinoma: The correlation with EGFR and Survivin. Pathol Res 

26     

http://www.ncbi.nlm.nih.gov/pubmed/33538338
https://dx.doi.org/10.3322/caac.21660
http://www.ncbi.nlm.nih.gov/pubmed/23374478
https://dx.doi.org/10.1016/S0140-6736(12)60643-6
http://www.ncbi.nlm.nih.gov/pubmed/17447894
https://dx.doi.org/10.1042/bj20070140
http://www.ncbi.nlm.nih.gov/pubmed/10873683
https://dx.doi.org/10.1006/bbrc.2000.3000
http://www.ncbi.nlm.nih.gov/pubmed/33866670
https://dx.doi.org/10.1111/febs.15879
http://www.ncbi.nlm.nih.gov/pubmed/31817470
https://dx.doi.org/10.3390/cancers11121949
http://www.ncbi.nlm.nih.gov/pubmed/22180829
https://dx.doi.org/10.7156/v4i2p104
http://www.ncbi.nlm.nih.gov/pubmed/24855208
https://dx.doi.org/10.1182/blood-2013-11-538819
http://www.ncbi.nlm.nih.gov/pubmed/14980222
https://dx.doi.org/10.1016/s0092-8674(04)00126-6
http://www.ncbi.nlm.nih.gov/pubmed/16892051
https://dx.doi.org/10.1038/ncb1468
http://www.ncbi.nlm.nih.gov/pubmed/16998810
https://dx.doi.org/10.1002/jcp.20831
http://www.ncbi.nlm.nih.gov/pubmed/17620057
https://dx.doi.org/10.1042/bj20070151
http://www.ncbi.nlm.nih.gov/pubmed/15205477
https://dx.doi.org/10.1126/science.1099196
http://www.ncbi.nlm.nih.gov/pubmed/16596166
https://dx.doi.org/10.1371/journal.pgen.0020040
http://www.ncbi.nlm.nih.gov/pubmed/22249256
https://dx.doi.org/10.1038/onc.2011.612
http://www.ncbi.nlm.nih.gov/pubmed/25146318
https://dx.doi.org/10.1002/cam4.310
http://www.ncbi.nlm.nih.gov/pubmed/25995644
https://dx.doi.org/10.2147/OTT.S82378
http://www.ncbi.nlm.nih.gov/pubmed/26763348
https://dx.doi.org/10.1016/j.ijsu.2016.01.002
http://www.ncbi.nlm.nih.gov/pubmed/18414679
https://dx.doi.org/10.1371/journal.pone.0002020
http://www.ncbi.nlm.nih.gov/pubmed/18851829
https://dx.doi.org/10.1016/j.molcel.2008.09.011
http://www.ncbi.nlm.nih.gov/pubmed/23583181
https://dx.doi.org/10.1016/j.celrep.2013.03.019
http://www.ncbi.nlm.nih.gov/pubmed/29656187
https://dx.doi.org/10.1016/j.biopha.2018.04.032
http://www.ncbi.nlm.nih.gov/pubmed/29636061
https://dx.doi.org/10.1186/s13019-018-0718-5
http://www.ncbi.nlm.nih.gov/pubmed/25922660
https://dx.doi.org/10.1186/2045-3701-4-48
http://www.ncbi.nlm.nih.gov/pubmed/26662958
https://dx.doi.org/10.1007/s13277-015-4459-y


Otsuka R et al. Role of sirtuins in esophageal cancer

WJGO https://www.wjgnet.com 804 April 15, 2022 Volume 14 Issue 4

Pract 2018; 214: 686-690 [PMID: 29625788 DOI: 10.1016/j.prp.2018.03.018]
Yan L, Zhao Q, Liu L, Jin N, Wang S, Zhan X. Expression of SIRT1 and survivin correlates with poor prognosis in 
esophageal squamous cell carcinoma. Medicine (Baltimore) 2020; 99: e21645 [PMID: 32846774 DOI: 
10.1097/MD.0000000000021645]

27     

Zhu L, Dong L, Feng M, Yang F, Jiang W, Huang Z, Liu F, Wang L, Wang G, Li Q. Profiles of autophagy-related genes 
in esophageal adenocarcinoma. BMC Cancer 2020; 20: 943 [PMID: 32998713 DOI: 10.1186/s12885-020-07416-w]

28     

Cao B, Shi Q, Wang W. Higher expression of SIRT1 induced resistance of esophageal squamous cell carcinoma cells to 
cisplatin. J Thorac Dis 2015; 7: 711-719 [PMID: 25973238 DOI: 10.3978/j.issn.2072-1439.2015.04.01]

29     

Chen Y, Xie T, Ye Z, Wang F, Long D, Jiang M, Fang J, Lin Q, Li K, Wang Z, Fu Z. ADC correlation with Sirtuin1 to 
assess early chemoradiotherapy response of locally advanced esophageal carcinoma patients. Radiat Oncol 2019; 14: 192 
[PMID: 31684999 DOI: 10.1186/s13014-019-1393-y]

30     

Kuo IY, Huang YL, Lin CY, Lin CH, Chang WL, Lai WW, Wang YC. SOX17 overexpression sensitizes chemoradiation 
response in esophageal cancer by transcriptional down-regulation of DNA repair and damage response genes. J Biomed 
Sci 2019; 26: 20 [PMID: 30777052 DOI: 10.1186/s12929-019-0510-4]

31     

Ye Z, Xie T, Yan F, Wang L, Fang J, Wang Z, Hu F, Wang F, Fu Z. MiR-34a reverses radiation resistance on ECA-109 
cells by inhibiting PI3K/AKT/mTOR signal pathway through downregulating the expression of SIRT1. Int J Radiat Biol 
2021; 97: 452-463 [PMID: 33507132 DOI: 10.1080/09553002.2021.1866225]

32     

Zhang S, Wang XI. SIRT1 is a useful biomarker for high-grade dysplasia and carcinoma in Barrett's esophagus. Ann Clin 
Lab Sci 2013; 43: 373-377 [PMID: 24247792]

33     

Otsuka R, Sakata H, Murakami K, Kano M, Endo S, Toyozumi T, Matsumoto Y, Suito H, Takahashi M, Sekino N, 
Hirasawa S, Kinoshita K, Sasaki T, Matsubara H. SIRT1 Expression Is a Promising Prognostic Biomarker in Esophageal 
Squamous Cell Carcinoma: A Systematic Review and Meta-Analysis. Canner Diagn Progn  2022; In press

34     

Liu T, Liang X, Sun Y, Yang S. Rapamycin suppresses the PI3K/AKT/mTOR signaling pathway by targeting SIRT1 in 
esophageal cancer. Exp Ther Med 2021; 22: 1190 [PMID: 34475980 DOI: 10.3892/etm.2021.10624]

35     

Jiang H, Patil K, Vashi A, Wang Y, Strickland E, Pai SB. Cellular molecular and proteomic profiling deciphers the 
SIRT1 controlled cell death pathways in esophageal adenocarcinoma cells. Cancer Treat Res Commun 2021; 26: 100271 
[PMID: 33341453 DOI: 10.1016/j.ctarc.2020.100271]

36     

Xie HJ, Jung KH, Nam SW. Overexpression of SIRT2 contributes tumor cell growth in hepatocellular carcinomas. Mol 
Cell Toxicol  2011; 7: 367-374 [DOI: 10.1007/s13273-011-0046-5]

37     

Liu PY, Xu N, Malyukova A, Scarlett CJ, Sun YT, Zhang XD, Ling D, Su SP, Nelson C, Chang DK, Koach J, Tee AE, 
Haber M, Norris MD, Toon C, Rooman I, Xue C, Cheung BB, Kumar S, Marshall GM, Biankin AV, Liu T. The histone 
deacetylase SIRT2 stabilizes Myc oncoproteins. Cell Death Differ 2013; 20: 503-514 [PMID: 23175188 DOI: 
10.1038/cdd.2012.147]

38     

Chen G, Huang P, Hu C. The role of SIRT2 in cancer: A novel therapeutic target. Int J Cancer 2020; 147: 3297-3304 
[PMID: 32449165 DOI: 10.1002/ijc.33118]

39     

Xu L, Wang L, Zhou L, Dorfman RG, Pan Y, Tang D, Wang Y, Yin Y, Jiang C, Zou X, Wu J, Zhang M. The 
SIRT2/cMYC Pathway Inhibits Peroxidation-Related Apoptosis In Cholangiocarcinoma Through Metabolic 
Reprogramming. Neoplasia 2019; 21: 429-441 [PMID: 30933885 DOI: 10.1016/j.neo.2019.03.002]

40     

Chen J, Chan AW, To KF, Chen W, Zhang Z, Ren J, Song C, Cheung YS, Lai PB, Cheng SH, Ng MH, Huang A, Ko BC. 
SIRT2 overexpression in hepatocellular carcinoma mediates epithelial to mesenchymal transition by protein kinase 
B/glycogen synthase kinase-3β/β-catenin signaling. Hepatology 2013; 57: 2287-2298 [PMID: 23348706 DOI: 
10.1002/hep.26278]

41     

Huang S, Zhao Z, Tang D, Zhou Q, Li Y, Zhou L, Yin Y, Wang Y, Pan Y, Dorfman RG, Ling T, Zhang M. 
Downregulation of SIRT2 Inhibits Invasion of Hepatocellular Carcinoma by Inhibiting Energy Metabolism. Transl Oncol 
2017; 10: 917-927 [PMID: 28992545 DOI: 10.1016/j.tranon.2017.09.006]

42     

Nguyen P, Lee S, Lorang-Leins D, Trepel J, Smart DK. SIRT2 interacts with β-catenin to inhibit Wnt signaling output in 
response to radiation-induced stress. Mol Cancer Res 2014; 12: 1244-1253 [PMID: 24866770 DOI: 
10.1158/1541-7786.MCR-14-0223-T]

43     

Damodaran S, Damaschke N, Gawdzik J, Yang B, Shi C, Allen GO, Huang W, Denu J, Jarrard D. Dysregulation of 
Sirtuin 2 (SIRT2) and histone H3K18 acetylation pathways associates with adverse prostate cancer outcomes. BMC 
Cancer 2017; 17: 874 [PMID: 29262808 DOI: 10.1186/s12885-017-3853-9]

44     

Yang LP, Feng HQ, Ma JC, Wu H, Liu CR, Hou JD. SIRT2 expression exhibits potential to serve as a biomarker for 
disease surveillance and prognosis in the management of cervical cancer patients. Medicine (Baltimore) 2020; 99: e18668 
[PMID: 32176025 DOI: 10.1097/MD.0000000000018668]

45     

Du F, Li Z, Zhang G, Shaoyan S, Geng D, Tao Z, Qiu K, Liu S, Zhou Y, Zhang Y, Gu J, Wang G, Li L, Wu W. SIRT2, a 
direct target of miR-212-5p, suppresses the proliferation and metastasis of colorectal cancer cells. J Cell Mol Med 2020; 
24: 9985-9998 [PMID: 32697380 DOI: 10.1111/jcmm.15603]

46     

Yan L, Zhan X, Jia Z, Liu L, Jin N. Sirtuin 2 (Sirt2) Expression Predicts Lymph Node Metastasis and Poor Overall 
Survival of Patients with Esophageal Squamous Cell Carcinoma. Clin Lab 2018; 64: 669-675 [PMID: 29739048 DOI: 
10.7754/Clin.Lab.2018.170905]

47     

Ong CA, Shapiro J, Nason KS, Davison JM, Liu X, Ross-Innes C, O'Donovan M, Dinjens WN, Biermann K, Shannon N, 
Worster S, Schulz LK, Luketich JD, Wijnhoven BP, Hardwick RH, Fitzgerald RC. Three-gene immunohistochemical 
panel adds to clinical staging algorithms to predict prognosis for patients with esophageal adenocarcinoma. J Clin Oncol 
2013; 31: 1576-1582 [PMID: 23509313 DOI: 10.1200/JCO.2012.45.9636]

48     

Peters CJ, Rees JR, Hardwick RH, Hardwick JS, Vowler SL, Ong CA, Zhang C, Save V, O'Donovan M, Rassl D, 
Alderson D, Caldas C, Fitzgerald RC; Oesophageal Cancer Clinical and Molecular Stratification (OCCAMS) Study 
Group. A 4-gene signature predicts survival of patients with resected adenocarcinoma of the esophagus, junction, and 
gastric cardia. Gastroenterology 2010; 139: 1995-2004.e15 [PMID: 20621683 DOI: 10.1053/j.gastro.2010.05.080]

49     

Li S, Banck M, Mujtaba S, Zhou MM, Sugrue MM, Walsh MJ. p53-induced growth arrest is regulated by the 50     

http://www.ncbi.nlm.nih.gov/pubmed/29625788
https://dx.doi.org/10.1016/j.prp.2018.03.018
http://www.ncbi.nlm.nih.gov/pubmed/32846774
https://dx.doi.org/10.1097/MD.0000000000021645
http://www.ncbi.nlm.nih.gov/pubmed/32998713
https://dx.doi.org/10.1186/s12885-020-07416-w
http://www.ncbi.nlm.nih.gov/pubmed/25973238
https://dx.doi.org/10.3978/j.issn.2072-1439.2015.04.01
http://www.ncbi.nlm.nih.gov/pubmed/31684999
https://dx.doi.org/10.1186/s13014-019-1393-y
http://www.ncbi.nlm.nih.gov/pubmed/30777052
https://dx.doi.org/10.1186/s12929-019-0510-4
http://www.ncbi.nlm.nih.gov/pubmed/33507132
https://dx.doi.org/10.1080/09553002.2021.1866225
http://www.ncbi.nlm.nih.gov/pubmed/24247792
http://www.ncbi.nlm.nih.gov/pubmed/34475980
https://dx.doi.org/10.3892/etm.2021.10624
http://www.ncbi.nlm.nih.gov/pubmed/33341453
https://dx.doi.org/10.1016/j.ctarc.2020.100271
https://dx.doi.org/10.1007/s13273-011-0046-5
http://www.ncbi.nlm.nih.gov/pubmed/23175188
https://dx.doi.org/10.1038/cdd.2012.147
http://www.ncbi.nlm.nih.gov/pubmed/32449165
https://dx.doi.org/10.1002/ijc.33118
http://www.ncbi.nlm.nih.gov/pubmed/30933885
https://dx.doi.org/10.1016/j.neo.2019.03.002
http://www.ncbi.nlm.nih.gov/pubmed/23348706
https://dx.doi.org/10.1002/hep.26278
http://www.ncbi.nlm.nih.gov/pubmed/28992545
https://dx.doi.org/10.1016/j.tranon.2017.09.006
http://www.ncbi.nlm.nih.gov/pubmed/24866770
https://dx.doi.org/10.1158/1541-7786.MCR-14-0223-T
http://www.ncbi.nlm.nih.gov/pubmed/29262808
https://dx.doi.org/10.1186/s12885-017-3853-9
http://www.ncbi.nlm.nih.gov/pubmed/32176025
https://dx.doi.org/10.1097/MD.0000000000018668
http://www.ncbi.nlm.nih.gov/pubmed/32697380
https://dx.doi.org/10.1111/jcmm.15603
http://www.ncbi.nlm.nih.gov/pubmed/29739048
https://dx.doi.org/10.7754/Clin.Lab.2018.170905
http://www.ncbi.nlm.nih.gov/pubmed/23509313
https://dx.doi.org/10.1200/JCO.2012.45.9636
http://www.ncbi.nlm.nih.gov/pubmed/20621683
https://dx.doi.org/10.1053/j.gastro.2010.05.080


Otsuka R et al. Role of sirtuins in esophageal cancer

WJGO https://www.wjgnet.com 805 April 15, 2022 Volume 14 Issue 4

mitochondrial SirT3 deacetylase. PLoS One 2010; 5: e10486 [PMID: 20463968 DOI: 10.1371/journal.pone.0010486]
Wei Z, Song J, Wang G, Cui X, Zheng J, Tang Y, Chen X, Li J, Cui L, Liu CY, Yu W. Deacetylation of serine 
hydroxymethyl-transferase 2 by SIRT3 promotes colorectal carcinogenesis. Nat Commun 2018; 9: 4468 [PMID: 30367038 
DOI: 10.1038/s41467-018-06812-y]

51     

Bergaggio E, Riganti C, Garaffo G, Vitale N, Mereu E, Bandini C, Pellegrino E, Pullano V, Omedè P, Todoerti K, 
Cascione L, Audrito V, Riccio A, Rossi A, Bertoni F, Deaglio S, Neri A, Palumbo A, Piva R. IDH2 inhibition enhances 
proteasome inhibitor responsiveness in hematological malignancies. Blood 2019; 133: 156-167 [PMID: 30455381 DOI: 
10.1182/blood-2018-05-850826]

52     

Xu LX, Hao LJ, Ma JQ, Liu JK, Hasim A. SIRT3 promotes the invasion and metastasis of cervical cancer cells by 
regulating fatty acid synthase. Mol Cell Biochem 2020; 464: 11-20 [PMID: 31677030 DOI: 10.1007/s11010-019-03644-2]

53     

Allison SJ, Milner J. SIRT3 is pro-apoptotic and participates in distinct basal apoptotic pathways. Cell Cycle 2007; 6: 
2669-2677 [PMID: 17957139 DOI: 10.4161/cc.6.21.4866]

54     

Finley LW, Carracedo A, Lee J, Souza A, Egia A, Zhang J, Teruya-Feldstein J, Moreira PI, Cardoso SM, Clish CB, 
Pandolfi PP, Haigis MC. SIRT3 opposes reprogramming of cancer cell metabolism through HIF1α destabilization. Cancer 
Cell 2011; 19: 416-428 [PMID: 21397863 DOI: 10.1016/j.ccr.2011.02.014]

55     

Xiao K, Jiang J, Wang W, Cao S, Zhu L, Zeng H, Ouyang R, Zhou R, Chen P. Sirt3 is a tumor suppressor in lung 
adenocarcinoma cells. Oncol Rep 2013; 30: 1323-1328 [PMID: 23842789 DOI: 10.3892/or.2013.2604]

56     

Fan J, Shan C, Kang HB, Elf S, Xie J, Tucker M, Gu TL, Aguiar M, Lonning S, Chen H, Mohammadi M, Britton LM, 
Garcia BA, Alečković M, Kang Y, Kaluz S, Devi N, Van Meir EG, Hitosugi T, Seo JH, Lonial S, Gaddh M, Arellano M, 
Khoury HJ, Khuri FR, Boggon TJ, Kang S, Chen J. Tyr phosphorylation of PDP1 toggles recruitment between ACAT1 
and SIRT3 to regulate the pyruvate dehydrogenase complex. Mol Cell 2014; 53: 534-548 [PMID: 24486017 DOI: 
10.1016/j.molcel.2013.12.026]

57     

Yang H, Zhou L, Shi Q, Zhao Y, Lin H, Zhang M, Zhao S, Yang Y, Ling ZQ, Guan KL, Xiong Y, Ye D. SIRT3-
dependent GOT2 acetylation status affects the malate-aspartate NADH shuttle activity and pancreatic tumor growth. 
EMBO J 2015; 34: 1110-1125 [PMID: 25755250 DOI: 10.15252/embj.201591041]

58     

Yu W, Denu RA, Krautkramer KA, Grindle KM, Yang DT, Asimakopoulos F, Hematti P, Denu JM. Loss of SIRT3 
Provides Growth Advantage for B Cell Malignancies. J Biol Chem 2016; 291: 3268-3279 [PMID: 26631723 DOI: 
10.1074/jbc.M115.702076]

59     

Li R, Quan Y, Xia W. SIRT3 inhibits prostate cancer metastasis through regulation of FOXO3A by suppressing Wnt/β-
catenin pathway. Exp Cell Res 2018; 364: 143-151 [PMID: 29421536 DOI: 10.1016/j.yexcr.2018.01.036]

60     

Ozden O, Park SH, Wagner BA, Song HY, Zhu Y, Vassilopoulos A, Jung B, Buettner GR, Gius D. SIRT3 deacetylates 
and increases pyruvate dehydrogenase activity in cancer cells. Free Radic Biol Med 2014; 76: 163-172 [PMID: 25152236 
DOI: 10.1016/j.freeradbiomed.2014.08.001]

61     

Torrens-Mas M, Oliver J, Roca P, Sastre-Serra J. SIRT3: Oncogene and Tumor Suppressor in Cancer. Cancers (Basel) 
2017; 9 [PMID: 28704962 DOI: 10.3390/cancers9070090]

62     

Cobanoğlu U, Dülger C, Kemik O, Celik S, Sayir F. A novel screening test for esophageal squamous cell carcinoma: 
sirtuin-3. Eur Rev Med Pharmacol Sci 2017; 21: 5399-5401 [PMID: 29243781 DOI: 10.26355/eurrev_201712_13926]

63     

Yang M, Yang C, Pei Y. Effects of downregulation of SIRT3 expression on proliferation and apoptosis in esophageal 
squamous cell carcinoma EC9706 cells and its molecular mechanisms. Biomed Mater Eng 2014; 24: 3883-3890 [PMID: 
25227106 DOI: 10.3233/BME-141219]

64     

Zhao Y, Yang H, Wang X, Zhang R, Wang C, Guo Z. Sirtuin-3 (SIRT3) expression is associated with overall survival in 
esophageal cancer. Ann Diagn Pathol 2013; 17: 483-485 [PMID: 23871415 DOI: 10.1016/j.anndiagpath.2013.06.001]

65     

Yan SM, Han X, Han PJ, Chen HM, Huang LY, Li Y. SIRT3 is a novel prognostic biomarker for esophageal squamous 
cell carcinoma. Med Oncol 2014; 31: 103 [PMID: 25005846 DOI: 10.1007/s12032-014-0103-8]

66     

Wang YS, Du L, Liang X, Meng P, Bi L, Wang YL, Wang C, Tang B. Sirtuin 4 Depletion Promotes Hepatocellular 
Carcinoma Tumorigenesis Through Regulating Adenosine-Monophosphate-Activated Protein Kinase Alpha/Mammalian 
Target of Rapamycin Axis in Mice. Hepatology 2019; 69: 1614-1631 [PMID: 30552782 DOI: 10.1002/hep.30421]

67     

Jeong SM, Xiao C, Finley LW, Lahusen T, Souza AL, Pierce K, Li YH, Wang X, Laurent G, German NJ, Xu X, Li C, 
Wang RH, Lee J, Csibi A, Cerione R, Blenis J, Clish CB, Kimmelman A, Deng CX, Haigis MC. SIRT4 has tumor-
suppressive activity and regulates the cellular metabolic response to DNA damage by inhibiting mitochondrial glutamine 
metabolism. Cancer Cell 2013; 23: 450-463 [PMID: 23562301 DOI: 10.1016/j.ccr.2013.02.024]

68     

Csibi A, Fendt SM, Li C, Poulogiannis G, Choo AY, Chapski DJ, Jeong SM, Dempsey JM, Parkhitko A, Morrison T, 
Henske EP, Haigis MC, Cantley LC, Stephanopoulos G, Yu J, Blenis J. The mTORC1 pathway stimulates glutamine 
metabolism and cell proliferation by repressing SIRT4. Cell 2021; 184: 2256 [PMID: 33861966 DOI: 
10.1016/j.cell.2021.03.059]

69     

Miyo M, Yamamoto H, Konno M, Colvin H, Nishida N, Koseki J, Kawamoto K, Ogawa H, Hamabe A, Uemura M, 
Nishimura J, Hata T, Takemasa I, Mizushima T, Doki Y, Mori M, Ishii H. Tumour-suppressive function of SIRT4 in 
human colorectal cancer. Br J Cancer 2015; 113: 492-499 [PMID: 26086877 DOI: 10.1038/bjc.2015.226]

70     

Sun H, Huang D, Liu G, Jian F, Zhu J, Zhang L. SIRT4 acts as a tumor suppressor in gastric cancer by inhibiting cell 
proliferation, migration, and invasion. Onco Targets Ther 2018; 11: 3959-3968 [PMID: 30022839 DOI: 
10.2147/OTT.S156143]

71     

Hu Y, Lin J, Lin Y, Chen X, Zhu G, Huang G. Overexpression of SIRT4 inhibits the proliferation of gastric cancer cells 
through cell cycle arrest. Oncol Lett 2019; 17: 2171-2176 [PMID: 30745932 DOI: 10.3892/ol.2018.9877]

72     

Wang C, Liu Y, Zhu Y, Kong C. Functions of mammalian SIRT4 in cellular metabolism and research progress in human 
cancer. Oncol Lett 2020; 20: 11 [PMID: 32774484 DOI: 10.3892/ol.2020.11872]

73     

Jeong SM, Hwang S, Seong RH. SIRT4 regulates cancer cell survival and growth after stress. Biochem Biophys Res 
Commun 2016; 470: 251-256 [PMID: 26775843 DOI: 10.1016/j.bbrc.2016.01.078]

74     

Liu M, Wang Z, Ren M, Yang X, Liu B, Qi H, Yu M, Song S, Chen S, Liu L, Zhang Y, Zou J, Zhu WG, Yin Y, Luo J. 
SIRT4 regulates PTEN stability through IDE in response to cellular stresses. FASEB J 2019; 33: 5535-5547 [PMID: 

75     

http://www.ncbi.nlm.nih.gov/pubmed/20463968
https://dx.doi.org/10.1371/journal.pone.0010486
http://www.ncbi.nlm.nih.gov/pubmed/30367038
https://dx.doi.org/10.1038/s41467-018-06812-y
http://www.ncbi.nlm.nih.gov/pubmed/30455381
https://dx.doi.org/10.1182/blood-2018-05-850826
http://www.ncbi.nlm.nih.gov/pubmed/31677030
https://dx.doi.org/10.1007/s11010-019-03644-2
http://www.ncbi.nlm.nih.gov/pubmed/17957139
https://dx.doi.org/10.4161/cc.6.21.4866
http://www.ncbi.nlm.nih.gov/pubmed/21397863
https://dx.doi.org/10.1016/j.ccr.2011.02.014
http://www.ncbi.nlm.nih.gov/pubmed/23842789
https://dx.doi.org/10.3892/or.2013.2604
http://www.ncbi.nlm.nih.gov/pubmed/24486017
https://dx.doi.org/10.1016/j.molcel.2013.12.026
http://www.ncbi.nlm.nih.gov/pubmed/25755250
https://dx.doi.org/10.15252/embj.201591041
http://www.ncbi.nlm.nih.gov/pubmed/26631723
https://dx.doi.org/10.1074/jbc.M115.702076
http://www.ncbi.nlm.nih.gov/pubmed/29421536
https://dx.doi.org/10.1016/j.yexcr.2018.01.036
http://www.ncbi.nlm.nih.gov/pubmed/25152236
https://dx.doi.org/10.1016/j.freeradbiomed.2014.08.001
http://www.ncbi.nlm.nih.gov/pubmed/28704962
https://dx.doi.org/10.3390/cancers9070090
http://www.ncbi.nlm.nih.gov/pubmed/29243781
https://dx.doi.org/10.26355/eurrev_201712_13926
http://www.ncbi.nlm.nih.gov/pubmed/25227106
https://dx.doi.org/10.3233/BME-141219
http://www.ncbi.nlm.nih.gov/pubmed/23871415
https://dx.doi.org/10.1016/j.anndiagpath.2013.06.001
http://www.ncbi.nlm.nih.gov/pubmed/25005846
https://dx.doi.org/10.1007/s12032-014-0103-8
http://www.ncbi.nlm.nih.gov/pubmed/30552782
https://dx.doi.org/10.1002/hep.30421
http://www.ncbi.nlm.nih.gov/pubmed/23562301
https://dx.doi.org/10.1016/j.ccr.2013.02.024
http://www.ncbi.nlm.nih.gov/pubmed/33861966
https://dx.doi.org/10.1016/j.cell.2021.03.059
http://www.ncbi.nlm.nih.gov/pubmed/26086877
https://dx.doi.org/10.1038/bjc.2015.226
http://www.ncbi.nlm.nih.gov/pubmed/30022839
https://dx.doi.org/10.2147/OTT.S156143
http://www.ncbi.nlm.nih.gov/pubmed/30745932
https://dx.doi.org/10.3892/ol.2018.9877
http://www.ncbi.nlm.nih.gov/pubmed/32774484
https://dx.doi.org/10.3892/ol.2020.11872
http://www.ncbi.nlm.nih.gov/pubmed/26775843
https://dx.doi.org/10.1016/j.bbrc.2016.01.078


Otsuka R et al. Role of sirtuins in esophageal cancer

WJGO https://www.wjgnet.com 806 April 15, 2022 Volume 14 Issue 4

30649986 DOI: 10.1096/fj.201801987R]
Cui Y, Yang J, Bai Y, Zhang Y, Yao Y, Zheng T, Liu C, Wu F. miR-424-5p regulates cell proliferation and migration of 
esophageal squamous cell carcinoma by targeting SIRT4. J Cancer 2020; 11: 6337-6347 [PMID: 33033517 DOI: 
10.7150/jca.50587]

76     

Nakahara Y, Yamasaki M, Sawada G, Miyazaki Y, Makino T, Takahashi T, Kurokawa Y, Nakajima K, Takiguchi S, 
Mimori K, Mori M, Doki Y. Downregulation of SIRT4 Expression Is Associated with Poor Prognosis in Esophageal 
Squamous Cell Carcinoma. Oncology 2016; 90: 347-355 [PMID: 27082627 DOI: 10.1159/000445323]

77     

Wang YQ, Wang HL, Xu J, Tan J, Fu LN, Wang JL, Zou TH, Sun DF, Gao QY, Chen YX, Fang JY. Sirtuin5 contributes 
to colorectal carcinogenesis by enhancing glutaminolysis in a deglutarylation-dependent manner. Nat Commun 2018; 9: 
545 [PMID: 29416026 DOI: 10.1038/s41467-018-02951-4]

78     

Yang X, Wang Z, Li X, Liu B, Liu M, Liu L, Chen S, Ren M, Wang Y, Yu M, Wang B, Zou J, Zhu WG, Yin Y, Gu W, 
Luo J. SHMT2 Desuccinylation by SIRT5 Drives Cancer Cell Proliferation. Cancer Res 2018; 78: 372-386 [PMID: 
29180469 DOI: 10.1158/0008-5472.CAN-17-1912]

79     

Lu W, Zuo Y, Feng Y, Zhang M. SIRT5 facilitates cancer cell growth and drug resistance in non-small cell lung cancer. 
Tumour Biol 2014; 35: 10699-10705 [PMID: 25070488 DOI: 10.1007/s13277-014-2372-4]

80     

Lv XB, Liu L, Cheng C, Yu B, Xiong L, Hu K, Tang J, Zeng L, Sang Y. SUN2 exerts tumor suppressor functions by 
suppressing the Warburg effect in lung cancer. Sci Rep 2015; 5: 17940 [PMID: 26658802 DOI: 10.1038/srep17940]

81     

Xiangyun Y, Xiaomin N, Linping G, Yunhua X, Ziming L, Yongfeng Y, Zhiwei C, Shun L. Desuccinylation of pyruvate 
kinase M2 by SIRT5 contributes to antioxidant response and tumor growth. Oncotarget 2017; 8: 6984-6993 [PMID: 
28036303 DOI: 10.18632/oncotarget.14346]

82     

Zhang R, Wang C, Tian Y, Yao Y, Mao J, Wang H, Li Z, Xu Y, Ye M, Wang L. SIRT5 Promotes Hepatocellular 
Carcinoma Progression by Regulating Mitochondrial Apoptosis. J Cancer 2019; 10: 3871-3882 [PMID: 31333804 DOI: 
10.7150/jca.31266]

83     

Gu W, Qian Q, Xu Y, Xu X, Zhang L, He S, Li D. SIRT5 regulates autophagy and apoptosis in gastric cancer cells. J Int 
Med Res 2021; 49: 300060520986355 [PMID: 33530803 DOI: 10.1177/0300060520986355]

84     

Chang L, Xi L, Liu Y, Liu R, Wu Z, Jian Z. SIRT5 promotes cell proliferation and invasion in hepatocellular carcinoma 
by targeting E2F1. Mol Med Rep 2018; 17: 342-349 [PMID: 29115436 DOI: 10.3892/mmr.2017.7875]

85     

Du Z, Liu X, Chen T, Gao W, Wu Z, Hu Z, Wei D, Gao C, Li Q. Targeting a Sirt5-Positive Subpopulation Overcomes 
Multidrug Resistance in Wild-Type Kras Colorectal Carcinomas. Cell Rep 2018; 22: 2677-2689 [PMID: 29514096 DOI: 
10.1016/j.celrep.2018.02.037]

86     

Chen XF, Tian MX, Sun RQ, Zhang ML, Zhou LS, Jin L, Chen LL, Zhou WJ, Duan KL, Chen YJ, Gao C, Cheng ZL, 
Wang F, Zhang JY, Sun YP, Yu HX, Zhao YZ, Yang Y, Liu WR, Shi YH, Xiong Y, Guan KL, Ye D. SIRT5 inhibits 
peroxisomal ACOX1 to prevent oxidative damage and is downregulated in liver cancer. EMBO Rep 2018; 19 [PMID: 
29491006 DOI: 10.15252/embr.201745124]

87     

Lin ZF, Xu HB, Wang JY, Lin Q, Ruan Z, Liu FB, Jin W, Huang HH, Chen X. SIRT5 desuccinylates and activates SOD1 
to eliminate ROS. Biochem Biophys Res Commun 2013; 441: 191-195 [PMID: 24140062 DOI: 
10.1016/j.bbrc.2013.10.033]

88     

Polletta L, Vernucci E, Carnevale I, Arcangeli T, Rotili D, Palmerio S, Steegborn C, Nowak T, Schutkowski M, 
Pellegrini L, Sansone L, Villanova L, Runci A, Pucci B, Morgante E, Fini M, Mai A, Russo MA, Tafani M. SIRT5 
regulation of ammonia-induced autophagy and mitophagy. Autophagy 2015; 11: 253-270 [PMID: 25700560 DOI: 
10.1080/15548627.2015.1009778]

89     

Chen X, Xu Z, Zeng S, Wang X, Liu W, Qian L, Wei J, Yang X, Shen Q, Gong Z, Yan Y. SIRT5 downregulation is 
associated with poor prognosis in glioblastoma. Cancer Biomark 2019; 24: 449-459 [PMID: 30909186 DOI: 
10.3233/CBM-182197]

90     

Chen X, Hao B, Liu Y, Dai D, Han G, Li Y, Wu X, Zhou X, Yue Z, Wang L, Cao Y, Liu J. The histone deacetylase 
SIRT6 suppresses the expression of the RNA-binding protein PCBP2 in glioma. Biochem Biophys Res Commun 2014; 
446: 364-369 [PMID: 24607900 DOI: 10.1016/j.bbrc.2014.02.116]

91     

Zhang ZG, Qin CY. Sirt6 suppresses hepatocellular carcinoma cell growth via inhibiting the extracellular signalregulated 
kinase signaling pathway. Mol Med Rep 2014; 9: 882-888 [PMID: 24366394 DOI: 10.3892/mmr.2013.1879]

92     

Zhong L, D'Urso A, Toiber D, Sebastian C, Henry RE, Vadysirisack DD, Guimaraes A, Marinelli B, Wikstrom JD, Nir T, 
Clish CB, Vaitheesvaran B, Iliopoulos O, Kurland I, Dor Y, Weissleder R, Shirihai OS, Ellisen LW, Espinosa JM, 
Mostoslavsky R. The histone deacetylase Sirt6 regulates glucose homeostasis via Hif1alpha. Cell 2010; 140: 280-293 
[PMID: 20141841 DOI: 10.1016/j.cell.2009.12.041]

93     

Fukuda T, Wada-Hiraike O, Oda K, Tanikawa M, Makii C, Inaba K, Miyasaka A, Miyamoto Y, Yano T, Maeda D, 
Sasaki T, Kawana K, Fukayama M, Osuga Y, Fujii T. Putative tumor suppression function of SIRT6 in endometrial 
cancer. FEBS Lett 2015; 589: 2274-2281 [PMID: 26183563 DOI: 10.1016/j.febslet.2015.06.043]

94     

Ouyang L, Yi L, Li J, Yi S, Li S, Liu P, Yang X. SIRT6 overexpression induces apoptosis of nasopharyngeal carcinoma 
by inhibiting NF-κB signaling. Onco Targets Ther 2018; 11: 7613-7624 [PMID: 30464510 DOI: 10.2147/OTT.S179866]

95     

Bhardwaj A, Das S. SIRT6 deacetylates PKM2 to suppress its nuclear localization and oncogenic functions. Proc Natl 
Acad Sci U S A 2016; 113: E538-E547 [PMID: 26787900 DOI: 10.1073/pnas.1520045113]

96     

Shi L, Wang Y, Oppong TB, Fu X, Yang H. Prognostic role of SIRT6 in gastrointestinal cancers: a meta-analysis. Open 
Med (Wars) 2020; 15: 358-365 [PMID: 33335996 DOI: 10.1515/med-2020-0403]

97     

Zhang C, Yu Y, Huang Q, Tang K. SIRT6 regulates the proliferation and apoptosis of hepatocellular carcinoma via the 
ERK1/2 signaling pathway. Mol Med Rep 2019; 20: 1575-1582 [PMID: 31257493 DOI: 10.3892/mmr.2019.10398]

98     

Zhou HZ, Zeng HQ, Yuan D, Ren JH, Cheng ST, Yu HB, Ren F, Wang Q, Qin YP, Huang AL, Chen J. NQO1 
potentiates apoptosis evasion and upregulates XIAP via inhibiting proteasome-mediated degradation SIRT6 in 
hepatocellular carcinoma. Cell Commun Signal 2019; 17: 168 [PMID: 31842909 DOI: 10.1186/s12964-019-0491-7]

99     

Bai L, Lin G, Sun L, Liu Y, Huang X, Cao C, Guo Y, Xie C. Upregulation of SIRT6 predicts poor prognosis and 
promotes metastasis of non-small cell lung cancer via the ERK1/2/MMP9 pathway. Oncotarget 2016; 7: 40377-40386 

100     

http://www.ncbi.nlm.nih.gov/pubmed/30649986
https://dx.doi.org/10.1096/fj.201801987R
http://www.ncbi.nlm.nih.gov/pubmed/33033517
https://dx.doi.org/10.7150/jca.50587
http://www.ncbi.nlm.nih.gov/pubmed/27082627
https://dx.doi.org/10.1159/000445323
http://www.ncbi.nlm.nih.gov/pubmed/29416026
https://dx.doi.org/10.1038/s41467-018-02951-4
http://www.ncbi.nlm.nih.gov/pubmed/29180469
https://dx.doi.org/10.1158/0008-5472.CAN-17-1912
http://www.ncbi.nlm.nih.gov/pubmed/25070488
https://dx.doi.org/10.1007/s13277-014-2372-4
http://www.ncbi.nlm.nih.gov/pubmed/26658802
https://dx.doi.org/10.1038/srep17940
http://www.ncbi.nlm.nih.gov/pubmed/28036303
https://dx.doi.org/10.18632/oncotarget.14346
http://www.ncbi.nlm.nih.gov/pubmed/31333804
https://dx.doi.org/10.7150/jca.31266
http://www.ncbi.nlm.nih.gov/pubmed/33530803
https://dx.doi.org/10.1177/0300060520986355
http://www.ncbi.nlm.nih.gov/pubmed/29115436
https://dx.doi.org/10.3892/mmr.2017.7875
http://www.ncbi.nlm.nih.gov/pubmed/29514096
https://dx.doi.org/10.1016/j.celrep.2018.02.037
http://www.ncbi.nlm.nih.gov/pubmed/29491006
https://dx.doi.org/10.15252/embr.201745124
http://www.ncbi.nlm.nih.gov/pubmed/24140062
https://dx.doi.org/10.1016/j.bbrc.2013.10.033
http://www.ncbi.nlm.nih.gov/pubmed/25700560
https://dx.doi.org/10.1080/15548627.2015.1009778
http://www.ncbi.nlm.nih.gov/pubmed/30909186
https://dx.doi.org/10.3233/CBM-182197
http://www.ncbi.nlm.nih.gov/pubmed/24607900
https://dx.doi.org/10.1016/j.bbrc.2014.02.116
http://www.ncbi.nlm.nih.gov/pubmed/24366394
https://dx.doi.org/10.3892/mmr.2013.1879
http://www.ncbi.nlm.nih.gov/pubmed/20141841
https://dx.doi.org/10.1016/j.cell.2009.12.041
http://www.ncbi.nlm.nih.gov/pubmed/26183563
https://dx.doi.org/10.1016/j.febslet.2015.06.043
http://www.ncbi.nlm.nih.gov/pubmed/30464510
https://dx.doi.org/10.2147/OTT.S179866
http://www.ncbi.nlm.nih.gov/pubmed/26787900
https://dx.doi.org/10.1073/pnas.1520045113
http://www.ncbi.nlm.nih.gov/pubmed/33335996
https://dx.doi.org/10.1515/med-2020-0403
http://www.ncbi.nlm.nih.gov/pubmed/31257493
https://dx.doi.org/10.3892/mmr.2019.10398
http://www.ncbi.nlm.nih.gov/pubmed/31842909
https://dx.doi.org/10.1186/s12964-019-0491-7


Otsuka R et al. Role of sirtuins in esophageal cancer

WJGO https://www.wjgnet.com 807 April 15, 2022 Volume 14 Issue 4

[PMID: 27777384 DOI: 10.18632/oncotarget.9750]
Garcia-Peterson LM, Ndiaye MA, Singh CK, Chhabra G, Huang W, Ahmad N. SIRT6 histone deacetylase functions as a 
potential oncogene in human melanoma. Genes Cancer 2017; 8: 701-712 [PMID: 29234488 DOI: 
10.18632/genesandcancer.153]

101     

Huang N, Liu Z, Zhu J, Cui Z, Li Y, Yu Y, Sun F, Pan Q, Yang Q. Sirtuin 6 plays an oncogenic role and induces cell 
autophagy in esophageal cancer cells. Tumour Biol 2017; 39: 1010428317708532 [PMID: 28653878 DOI: 
10.1177/1010428317708532]

102     

Yu H, Ye W, Wu J, Meng X, Liu RY, Ying X, Zhou Y, Wang H, Pan C, Huang W. Overexpression of sirt7 exhibits 
oncogenic property and serves as a prognostic factor in colorectal cancer. Clin Cancer Res 2014; 20: 3434-3445 [PMID: 
24771643 DOI: 10.1158/1078-0432.CCR-13-2952]

103     

Wei W, Jing ZX, Ke Z, Yi P. Sirtuin 7 plays an oncogenic role in human osteosarcoma via downregulating CDC4 
expression. Am J Cancer Res 2017; 7: 1788-1803 [PMID: 28979804]

104     

Wang HL, Lu RQ, Xie SH, Zheng H, Wen XM, Gao X, Guo L. SIRT7 Exhibits Oncogenic Potential in Human Ovarian 
Cancer Cells. Asian Pac J Cancer Prev 2015; 16: 3573-3577 [PMID: 25921180 DOI: 10.7314/apjcp.2015.16.8.3573]

105     

Zhang S, Chen P, Huang Z, Hu X, Chen M, Hu S, Hu Y, Cai T. Sirt7 promotes gastric cancer growth and inhibits 
apoptosis by epigenetically inhibiting miR-34a. Sci Rep 2015; 5: 9787 [PMID: 25860861 DOI: 10.1038/srep09787]

106     

Yu W, Cui X, Wan Z, Yu Y, Liu X, Jin L. Silencing forkhead box M1 promotes apoptosis and autophagy through 
SIRT7/mTOR/IGF2 pathway in gastric cancer cells. J Cell Biochem 2018; 119: 9090-9098 [PMID: 29953672 DOI: 
10.1002/jcb.27168]

107     

Li W, Zhu D, Qin S. SIRT7 suppresses the epithelial-to-mesenchymal transition in oral squamous cell carcinoma 
metastasis by promoting SMAD4 deacetylation. J Exp Clin Cancer Res 2018; 37: 148 [PMID: 30001742 DOI: 
10.1186/s13046-018-0819-y]

108     

Tang X, Shi L, Xie N, Liu Z, Qian M, Meng F, Xu Q, Zhou M, Cao X, Zhu WG, Liu B. SIRT7 antagonizes TGF-β 
signaling and inhibits breast cancer metastasis. Nat Commun 2017; 8: 318 [PMID: 28827661 DOI: 
10.1038/s41467-017-00396-9]

109     

Wu D, Li Y, Zhu KS, Wang H, Zhu WG. Advances in Cellular Characterization of the Sirtuin Isoform, SIRT7. Front 
Endocrinol (Lausanne) 2018; 9: 652 [PMID: 30510540 DOI: 10.3389/fendo.2018.00652]

110     

Tao F, Gu C, Li N, Ying Y, Feng Y, Ni D, Zhang Q, Xiao Q. SIRT3 acts as a novel biomarker for the diagnosis of lung 
cancer: A retrospective study. Medicine (Baltimore) 2021; 100: e26580 [PMID: 34232204 DOI: 
10.1097/MD.0000000000026580]

111     

Curry AM, White DS, Donu D, Cen Y. Human Sirtuin Regulators: The "Success" Stories. Front Physiol 2021; 12: 
752117 [PMID: 34744791 DOI: 10.3389/fphys.2021.752117]

112     

Puhr HC, Preusser M, Ilhan-Mutlu A. Immunotherapy for Esophageal Cancers: What Is Practice Changing in 2021? 
Cancers (Basel) 2021; 13 [PMID: 34572859 DOI: 10.3390/cancers13184632]

113     

Warren JL, MacIver NJ. Regulation of Adaptive Immune Cells by Sirtuins. Front Endocrinol (Lausanne) 2019; 10: 466 
[PMID: 31354630 DOI: 10.3389/fendo.2019.00466]

114     

Zhang M, Acklin S, Gillenwater J, Du W, Patra M, Yu H, Xu B, Yu J, Xia F. SIRT2 promotes murine melanoma 
progression through natural killer cell inhibition. Sci Rep 2021; 11: 12988 [PMID: 34155309 DOI: 
10.1038/s41598-021-92445-z]

115     

Xiang J, Zhang N, Sun H, Su L, Zhang C, Xu H, Feng J, Wang M, Chen J, Liu L, Shan J, Shen J, Yang Z, Wang G, Zhou 
H, Prieto J, Ávila MA, Liu C, Qian C. Disruption of SIRT7 Increases the Efficacy of Checkpoint Inhibitor via MEF2D 
Regulation of Programmed Cell Death 1 Ligand 1 in Hepatocellular Carcinoma Cells. Gastroenterology 2020; 158: 664-
678.e24 [PMID: 31678303 DOI: 10.1053/j.gastro.2019.10.025]

116     

http://www.ncbi.nlm.nih.gov/pubmed/27777384
https://dx.doi.org/10.18632/oncotarget.9750
http://www.ncbi.nlm.nih.gov/pubmed/29234488
https://dx.doi.org/10.18632/genesandcancer.153
http://www.ncbi.nlm.nih.gov/pubmed/28653878
https://dx.doi.org/10.1177/1010428317708532
http://www.ncbi.nlm.nih.gov/pubmed/24771643
https://dx.doi.org/10.1158/1078-0432.CCR-13-2952
http://www.ncbi.nlm.nih.gov/pubmed/28979804
http://www.ncbi.nlm.nih.gov/pubmed/25921180
https://dx.doi.org/10.7314/apjcp.2015.16.8.3573
http://www.ncbi.nlm.nih.gov/pubmed/25860861
https://dx.doi.org/10.1038/srep09787
http://www.ncbi.nlm.nih.gov/pubmed/29953672
https://dx.doi.org/10.1002/jcb.27168
http://www.ncbi.nlm.nih.gov/pubmed/30001742
https://dx.doi.org/10.1186/s13046-018-0819-y
http://www.ncbi.nlm.nih.gov/pubmed/28827661
https://dx.doi.org/10.1038/s41467-017-00396-9
http://www.ncbi.nlm.nih.gov/pubmed/30510540
https://dx.doi.org/10.3389/fendo.2018.00652
http://www.ncbi.nlm.nih.gov/pubmed/34232204
https://dx.doi.org/10.1097/MD.0000000000026580
http://www.ncbi.nlm.nih.gov/pubmed/34744791
https://dx.doi.org/10.3389/fphys.2021.752117
http://www.ncbi.nlm.nih.gov/pubmed/34572859
https://dx.doi.org/10.3390/cancers13184632
http://www.ncbi.nlm.nih.gov/pubmed/31354630
https://dx.doi.org/10.3389/fendo.2019.00466
http://www.ncbi.nlm.nih.gov/pubmed/34155309
https://dx.doi.org/10.1038/s41598-021-92445-z
http://www.ncbi.nlm.nih.gov/pubmed/31678303
https://dx.doi.org/10.1053/j.gastro.2019.10.025


WJGO https://www.wjgnet.com 808 April 15, 2022 Volume 14 Issue 4

World Journal of 

Gastrointestinal 
OncologyW J G O

Submit a Manuscript: https://www.f6publishing.com World J Gastrointest Oncol 2022 April 15; 14(4): 808-819

DOI: 10.4251/wjgo.v14.i4.808 ISSN 1948-5204 (online)

MINIREVIEWS

Vasoactive intestinal peptide secreting tumour: An overview

Esther Una Cidon

Specialty type: Oncology

Provenance and peer review: 
Invited article; Externally peer 
reviewed.

Peer-review model: Single blind

Peer-review report’s scientific 
quality classification
Grade A (Excellent): 0 
Grade B (Very good): B 
Grade C (Good): 0 
Grade D (Fair): 0 
Grade E (Poor): 0

P-Reviewer: Xiao Y, China

Received: March 17, 2021 
Peer-review started: March 17, 2021 
First decision: May 3, 2021 
Revised: May 15, 2021 
Accepted: March 25, 2022 
Article in press: March 25, 2022 
Published online: April 15, 2022

Esther Una Cidon, Department of Medical Oncology, University Hospitals Dorset, Bourne-
mouth BH7 7DW, Dorset, United Kingdom

Corresponding author: Esther Una Cidon, MD, MSc, PhD, Doctor, Department of Medical 
Oncology, University Hospitals Dorset, Medical Oncology Service, Royal Bournemouth 
Hospital, Castle Lane East, Bournemouth BH7 7DW, Dorset, United Kingdom. 
aunacid@hotmail.com

Abstract
Vasoactive intestinal peptide (VIP) secreting tumour (VIPoma) is a rare functional 
neuroendocrine tumour that typically arises from pancreatic islet cells. These 
present as sporadic, solitary pancreatic neoplasias with an estimated incidence of 
one in ten million individuals per year. Only around 5% of VIPomas are 
associated with multiple endocrine neoplasia type I syndrome. Excessive VIP 
secretion produces a clinical syndrome characterized by refractory watery 
diarrhoea, hypokalemia and metabolic acidosis. These coupled with elevated 
plasma levels of VIP are diagnostic. The majority of VIPomas are malignant and 
have already metastasized at the time of diagnosis (60%). Metastases occur most 
frequently in the liver, or regional lymph nodes, lungs, kidneys and bones. Some 
reports of skin metastases have been documented. Complete surgical resection 
continues to be the only potentially curative treatment. However, when the 
neoplasia cannot be excised completely, surgical debulking may provide 
palliative benefit. Other palliative options have included recently the peptide 
receptor radionuclide therapy which has shown to be effective and well-tolerated. 
This article will review all aspects of pancreatic VIPomas highlighting aspects 
such as clinical presentation, diagnosis and management.

Key Words: VIPoma; Octreotide; Secretory diarrhoea; Multiple endocrine neoplasia; 
Vasoactive intestinal peptide; Vermer-Morrison syndrome
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Core Tip: Vasoactive intestinal peptide (VIP) secreting tumour (VIPoma) is a rare functional neuroen-
docrine tumour that typically arises from pancreatic islet cells. It is usually sporadic but may present as 
part of the endocrine neoplasia type I syndrome in 5% of cases. Excessive VIP secretion produces a 
refractory secretory diarrhoea which left untreated will cause patient's death. The majority of VIPomas are 
malignant and have already metastasized at the time of diagnosis (60%), being the liver, or regional lymph 
nodes the most frequent site for metastases. Complete surgical resection is the only potentially curative 
treatment, however, surgical debulking may provide palliative benefit. Other palliative options include 
somatostatin analogues and recently the peptide receptor radionuclide therapy which has shown to be 
effective and well-tolerated.

Citation: Una Cidon E. Vasoactive intestinal peptide secreting tumour: An overview. World J Gastrointest Oncol 
2022; 14(4): 808-819
URL: https://www.wjgnet.com/1948-5204/full/v14/i4/808.htm
DOI: https://dx.doi.org/10.4251/wjgo.v14.i4.808

INTRODUCTION
Vasoactive intestinal peptide (VIP) secreting tumour (VIPoma) is a rare functional neuroendocrine 
tumour (NET) secreting VIP in an uncontrolled manner. It is a non-beta pancreatic islet cell tumour that 
comprises < 10% of all pancreatic NETs[1].

VIPomas were initially reported by Priest and Alexander in 1957. Verner and Morrison in 1958, 
described a syndrome called WDHA (watery diarrhoea, hypokalemia, achlorhydria) as a consequence 
of a pancreatic malignancy that caused death due to dehydration and shock[2]. These tumours are also 
called Verner-Morrison syndrome, pancreatic cholera and WDHA syndrome, in view of the most 
frequent symptoms[2]. Its estimated incidence is of 1/10000000 individuals per year[3], affecting more 
women (65%) than men (35%)[4] and it usually appears in the 4th decade[3].

These originate in amine precursor uptake and decarboxylation cells of the gastro-enteropancreatic 
endocrine system and in adrenal or extra-adrenal neurogenic locations[5]. VIPomas are sporadic in 90% 
of cases, generally presenting as solitary lesions greater than 3 cm[5], with only in 5% of the cases being 
multicentric[6]. Pancreatic VIPomas might also be part of multiple endocrine neoplasia (MEN) 1 
syndrome[6], which is an autosomal dominant syndrome that combines malignant lesions in the 
parathyroid glands, pancreatic islet cells, and the pituitary[7]. As well as its participation in familial 
MEN 1[5] and related disorders, the MEN1 locus has been involved in the development of MEN 1-type 
sporadic endocrine malignancies.

Pancreatic VIPomas are extremely rare in children, where it has been shown that VIP originates 
mainly from ganglioneuromas, ganglioneuroblastomas, neurofibromas, or most commonly from other 
neoplasias in the adrenal area[1,8]. Only a small number of neuroblastomas and ganglioneuroblastomas 
produce VIP, but this characteristic indicates a more favourable prognosis[8]. Patients with neurogenic 
neoplasias, usually show normal levels of gastrin, insulin, pancreatic polypeptide and somatostatin, as 
opposed to those with pancreatic VIPomas[8]. Most VIPomas are intrapancreatic, the majority of them 
in the body and tail while 25% are located in the head of the pancreas[9]. However, there are cases of 
extrapancreatic origin, mostly in adrenal glands (35%), followed by paraspinal retroperitoneal ganglia 
(30-35%), posterior mediastinum (20%), head and neck in 1%-5% and pelvis in 2%-3%; rare locations 
include the thymus, lung, kidney or anterior mediastinum[10,11].

PATHOPHYSIOLOGY
VIPomas most relevant symptoms are caused by the exaggerated, uncontrolled secretion of VIP. 
However, other products such as prostaglandin E2, may be secreted as well by this neoplasia[12].

VIP is generated as a precursor substance with a signal peptide of 22 amino acids, then cleaved to the 
active form of 28 amino acids[12,13]. This product encoding gene is in chromosome 6[14]. It works by 
attachment to receptors on intestinal epithelial cells and inducing activation of adenylate cyclase and 
adenosine 3’, 5’- cyclic phosphate (cAMP) production[11]. As such, it will control smooth muscle 
activity, blood flow in the gastrointestinal tract[15-17] and epithelial cell secretion. This will result in 
profuse refractory watery diarrhoea leading to water and electrolyte depletion, mainly hypokalemia[18-
20]. Some studies have shown that there is a local control of VIP gene expression, suggesting that there 
is a post transcriptional regulation which may be crucial for normal VIP secretion[21].

VIP also shows a vasodilator effect (with flushing), glucogenolytic effect on the liver (with subsequent 
hyperglycaemia) and diminish gastric acid secretion[22] leading to hypochlorhydria/achlorhydria[23]. 
Hyperglycemia and impaired glucose tolerance affect ≤ 50% of patients[24]. The reasons behind these 
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issues are in relation to direct glycogenolytic activity of the VIP on the liver and the inhibitory effect of 
hypokalemia on pancreatic islets cells insulin release. Hypercalcemia can also be seen without MEN1 
syndrome or raised parathyroid hormone levels. It is believed that elevated bone resorption can be 
involved, however, it is not clear. In addition, the dehydration, as a consequence of severe diarrhoea, 
might also aggravate the hypercalcemia. This is seen in 50% of patients[25]. Hypochlorhydria or 
achlorhydria is described in 75% of patients with VIPoma as a result of the inhibition of histamine and 
pentagastrin-stimulated gastric acid secretion[26].

DIAGNOSIS
Diagnosis requires demonstration of secretory diarrhoea. Then the laboratory assessment (elevated VIP 
serum levels are required) and imaging studies will complete the diagnostic tools. Typically, the 
diagnosis is often delayed and diarrhoea may persist for years before a VIPoma is confirmed[27].

Laboratory
VIPomas are diagnosed when watery diarrhoea, hypokalemia, and achlorhydria are observed in the 
context of raised serum VIP[1]. Stool volumes of less than 700 mL/d virtually rule out a VIPoma. 
Generally in this context, stool volumes exceed 3 L/d. Stool osmolality must be compatible with a 
secretory diarrhoea, that is stool osmotic gap of < 50[8]. VIP levels are determined by radioimmun-
oassay and these are generally 2-10 times the normal range (20-30 pmol/L) in patients with VIPoma[9]. 
Figures > 75 pg/mL are consistent with a VIPoma[10], although levels usually reach 160-250 pmol/L or 
higher.

These levels should be drawn after fasting and a protease inhibitor (such as aprotinin) must be added 
to the blood sample, otherwise, VIP is degraded rapidly. Moreover, the sample must be kept frozen at -
70 °C until it is processed. These levels should be determined when the patient is symptomatic (as VIP 
release from the tumour fluctuates and it is normal in between the episodes of diarrhoea) and should be 
repeated to verify the diagnosis. Hence, a normal figure may be a false negative[28].

Hypokalemia and non-anion gap acidosis are also frequently seen in VIPomas[1], same as hypochlo-
rhydria or achlorhydria that may be assessed by checking gastric pH or basal gastric acid output l[1]. 
Measuring the stool weight and levels of potassium, it could be confirmed the high gastrointestinal 
potassium losses. Renal function must be assessed by blood urea nitrogen and serum creatinine levels. 
Magnesium should be determined as well[11]. Stool weight with potassium measurements will confirm 
the high gastrointestinal potassium losses.

VIPomas may release also other hormones, such as neurotensin, calcitonin or pancreatic polypeptide. 
Moreover, 66% of the cases with VIPoma will also show raised levels of gastrin and insulin[29]. It has 
been published one case in the literature, where a patient with VIPoma had increased dopamine levels 
suggesting that neuroendocrine cells are able to secrete both catecholamines, as well as pancreatic 
peptides[30].

Imaging
Imaging studies will initially check the pancreas, as it is known that 90% of VIPomas will be found 
there. These techniques are crucial not only to localize the neoplasia, but also to determine its size and 
the stage at diagnosis to help establish the treatment pathway[31]. In most cases, finding the VIPoma is 
easy as most will be larger than 3cm at diagnosis. Computed tomography (CT), magnetic resonance 
imaging (MRI) and somatostatin receptor scintigraphy (SRS) are three imaging techniques that may be 
utilised to find the tumour. Some published articles have used 99mTc sestamibi[32] to locate the 
neoplasia. Unfortunately there are no staging criteria for VIPomas.

CT: Multiphasic CT is crucial in determining the size, location, as well as involvement of adjacent 
structures, vessels, lymph nodes and presence of calcification[9,15]. CT will search for neck, mediastinal, 
or retroperitoneal masses and will identify the primary neoplasia in the majority of the cases. It will also 
help detecting or excluding liver metastases[10]. Peng et al[33] examined 31 patients and reported that 
CT was able to identify correctly all VIPomas in the body and tail of the pancreas. However, only 71% of 
the tumours in pancreatic head were identified. This neoplasia shows as a hyperattenuating lesion on 
arterial phase followed by an obscure mass on venous depiction. Calcifications may be detected as well. 
These are hypervascularized tumours rich in cells and fibrous tissue which is poorly supplied and 
therefore the contrast agent is held within the lesion[11].

MRI: MRI is useful for assessment of spinal tumours[34] or if CT is contraindicated (e.g., patient is 
allergic to iodine contrast or in renal failure). VIPomas are best seen on T1-weighted, fat-suppressed 
images as these are low signal-intensity tumours. MRI has better sensitivity for liver metastases 
detection. These may be observed as intensive peripheral ring enhancement on immediate post-
gadolinium spoiled gradient-echo images[35]. This technique can detect tumours as small as 1 cm[36] 
and MRI should be performed in those cases with indeterminate lesions.
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SRS: 90% of pancreatic NETs have a high number of somatostatin receptors[8]. Therefore, using 
radionuclide-labelled octreotide or lanreotide may be useful for studying abnormalities found on a CT 
or for identification of hidden or distant metastases[6]. It might help after surgery as well, if 
postoperative changes diminish the accuracy of a CT. This technique’s sensitivity for all pancreatic 
NETs is 80-90%; 92% for neoplasias > 1 cm[6].

Endoscopic ultrasound: This will help determine the accurate extent of the disease and it allows a 
biopsy of the pancreatic lesion.

Single-photon emission CT: Research has suggested that the use of single-photon emission CT (SPECT) 
might improve the value of somatostatin receptor scintigraphy for the localization of NETs, including 
VIPomas[37]. Several different radiotracers can be bound to octreotide, and applied together with 
SPECT or positron emission tomography (PET) imaging to localize areas of enhanced uptake.

PET: 18F-deoxyglucose-PET imaging has also been used to diagnose NETs. However, it may not be as 
sensitive as somatostatin receptor scintigraphy[38]. The FDA approved the newer functional PET 
technique with 68-Ga DOTATATE injection as the radioactive diagnostic product for the identification 
of somatostatin receptor-positive NETs in adult and paediatric patients. PET-CT Gallium-68 dotatate is 
97% sensitive for the identification of VIPomas. Contrast enhanced CT and MRI sensitivities are 80 and 
85%, respectively[8,11]. Moreover, a recent publication has suggested a role of the high sensitivity Ga-
PET/CT not only in the identification of NETs but also in VIPomas prognostication and risk strati-
fication[30].

Immunohistochemically: VIPomas stain positively for VIP, somatostatin, neuronspecific enolase, 
chromogranin A, synaptophysin and cytokeratin[39,40].

Other techniques: Chest radiography may help with identification/Location of paravertebral masses
[41]. Endoscopic retrograde cholangiopancreatography might demonstrate blockage of the major 
pancreatic duct and perhaps some calcifications in the pancreatic body. Transabdominal ultrasono-
graphy help exclude liver metastases, which might show as hepatic calcifications. Electrocardiography 
can demonstrate QRS widening and T-wave flattening in cases with a very significant hypokalemia. 
Colonoscopy is another technique that might help with diferential diagnosis, to rule out a villous 
adenoma as another cause of potassium-losing diarrhoea.

DIFERENTIAL DIAGNOSIS
Other causes of secretory diarrhoea should be checked, mainly the laxative abuse. Patients with 
VIPomas should show high levels of VIP specially during a bout of diarrhoea. These will confirm the 
diagnosis. However, mild elevations may occur with short bowel syndrome and inflammatory diseases 
as well[42].

CLINICAL MANIFESTATIONS
The onset of VIPomas is subtle and its symptoms can bevague. In most case, these neoplasias have 
already metastasized at diagnosis. A Chinese study with 41 patients showed that the average time from 
the appearance of symptoms to the final diagnosis was > 15 mo, although patients experience a range of 
distinguishing signs[43].

The major symptom of VIPomas is long-standing profuse watery diarrhoea of approximately 10 
watery stools per day. This diarrhoea persists even after 72 h of fasting[44] as opposed as osmotic 
diarrhoea[44]. In actual fact, the majority of cases develop diarrhea (89%), weight loss (72%), and 
hypokalemia (67%)[29], as a consequence of VIP binding to intestinal epithelial cells, upregulating 
cAMP and leading to secretion of electrolytes into the bowel, causing profuse watery diarrhea[29]. 
These issues occur as a result of VIP binding to intestinal epithelial cells, thereby upregulating cAMP 
and leading to secretion of electrolytes into the bowel lumen, causing profuse watery diarrhea[2]. Stool 
volumes are during fasting at least 20 mL/kg/d but exceed 50 mL/kg/d in most cases. Non-fasting 
volumes exceed > 3000 mL/d. Faecal osmolality is accounted for by twice the sum of the sodium and 
potassium levels, evidencing the electrolyte loss. The stools are generally tea coloured and odourless 
without blood or mucus[1,2]. Initially diarrhoea may evolve in episodes, whereas it becomes constant as 
the neoplasm progresses. Unfortunately, the diarrhoea may be present for years before the diagnosis is 
made. As such, in around 33% of patients, the diarrhoea has been present for less than one year before 
the diagnosis, but 1/4 of patients have diarrhoea for a minimum of 5 years before the diagnosis is 
established. Faecal excretion of large amounts of potassium and bicarbonate will produce hypokalemia 
and non–anion gap acidosis. VIPomas will then lead to significant dehydration (45%-95%) and 
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electrolytes imbalance, most frequently hypokalemia (70%-100%), achlorhydria (35%-76%), hypomag-
nesemia, hypophosphatemia and metabolic acidosis, all with linked symptoms[45].

Other frequent symptoms include muscular weakness, sickness (nausea, vomiting), lethargy and 
abdominal painful cramps or bloating. In some cases, skin rash has been shown as well[10] . Flushing 
similar to that seen with carcinoid syndrome appears in around 33% of patients during the episode of 
diarrhoea[33]. This flushing is secondary to prostaglandin production by the neoplasm. Patients will be 
exhausted and suffer from noticeable weight losses and renal failure, unless able to replace the lost 
fluids and electrolytes and flushing (15%-30%)[24,27]. Finally, ischemic stroke attributed to high 
haematocrit due to diarrhoea has been mentioned in an extremely rare case report[46].

BIOCHEMICAL FINDINGS
Hypokalemia
This is very a very frequent electrolyte imbalance in patients with VIPoma-induced diarrhoea[27]. 
Moderate hypokalemia (2.5–3mmol) may produce confusion, disorientation, weakness, constipation, 
and muscles discomfort or cramps during exercise. Severe hypokalemia (levels under 2.5mmol) may 
result in extreme weakness and paralysis (flaccid paralysis). Sometimes it may produce respiratory 
distress and respiratory failure. Changes in ECG (flattened in T waves) can also be found and some 
cardiac arrythmias may be leading to cardiac arrest.

Bicarbonate alterations
VIPomas can cause a large amount of gasrointestinal loss and bicarbonate wasting through stool. This 
fact, will lead to metabolic acidosis, contributing as well in hypokalemia[47].

Hypochlorhydria or achlorhydria
This appear as secondary to the direct gastric acid inhibitory effect of VIP, which consequently result in 
a diminished gastric acid production. Hypochlorhydria appears in 20%-50% of patients with VIPomas
[25]. These changes will end up in malabsorption of several electrolytes and vitamins[26].

Other alterations
Hyperglycemia (20%-50%) due to a profound glycogenolytic effects of VIP on the liver that leads to 
reduced glucose intake by tissues[25]. Hypercalcemia occurs in 25%-50% of cases[25]. It is not clear why 
hypercalcemia might appear but it may be linked to dehydration, electrolyte disturbances, paraneo-
plastic syndrome or coincidental MEN-1 syndrome with hyperparathyroidism[15]. Hypomagnesemia 
may happen as well as a consequence of diarrhoea and lead to tetany in some patients. Other signs of 
VIPoma may comprise bloating, nausea, vomiting, cutaneous rash, lethargy and weight loss[48].

TREATMENT/MANAGEMENT
General management
The management of VIPomas includes medical and surgical treatment. Its mortality rate is closely 
linked to uncontrolled WDHA syndrome. This will lead to a sustained dehydration with significant 
electrolyte and acid-base disturbances, and consequently renal failure, cardiac arrhythmias, 
neuromuscular deficits, shock, cardiac arrest and eventually death[49]. Therefore, the initial therapy for 
a VIPoma aims at controlling the symptoms and correcting any volume depletion, electrolytes and acid-
base alterations. This entails a rapid replacement of fluids and electrolytes. The ideal fluid replacement 
should be with an isotonic electrolyte solution with adequate sodium, potassium and base if needed. In 
many cases, patients will need intravenous replacements and hospital admission[48]. In the absence of 
finding a neoplasia, symptomatic therapy is advised. This treatment in conjunction with octreotide, will 
improve preoperative electrolyte balance[30] if surgery is considered (Figure 1).

Somatostatin analogues
Somatostatin analogues (SSAs) inhibit VIP secretion and are used to control symptoms[15]. 
Somatostatin is a peptide that reduces the secretion of an ample set of hormones[50]. Various studies on 
functional NETs have shown that controlling hormone levels is crucial to reduce patients’ morbidity 
and mortality[51]. SSAs (octreotide, lanreotide and pasireotide) replicate the effect of somatostatin on G-
coupled receptors of cell membrane and will reduce VIP secretion. This will impact positively on 
diarrhoea control. SSAs will also inhibitit tumour growth[31] in more than 90% of patients[33]. The 
CLARINET trial (Controlled study of Lanreotide Antiproliferative Response in NETs) reported antipro-
liferative effects of lanreotide in NETs[52]. SSAs showed rates of tumour stabilization in 50%-60% of the 
pNETs[22]. Some authors have even suggested that that SSAs may produce a reduction in tumour size. 
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Figure 1 Management of vasoactive intestinal peptide secreting tumour.

Although this is still under debate, neoadjuvant therapy with octreotide has been applied in 69.2% of 
cases[45,53]. Overall, several studies have reported rates of diarrhoea control in more than 50% of the 
patients, while significant improvements are seen in 25%.

Unfortunately, there are some issues in relation to SSAs. One is the clearly documented resistance 
with long-term octreotide use, leading to the requirement of significantly high doses to achieve the 
wanted effect[54]. Another problem is the fact that the diarrhoea reappears when the SSAs is stopped. 
Thus, octreotide should carry on unless the tumour can be surgically completely removed. Octreotide is 
a synthetic longacting SSA that stops VIP secretion and is approved for treatment of VIPomas[55]. SSAs 
are generally well tolerated, although adverse events might occur. Indigestion, bloating, vomiting, 
bloating, diarrhoea with steatorrhea due to fat malabsorption, and mild glucose intolerance; However, 
these side effects tend to fade over time[52] (Figure 1).

Interferon
Interferon alfa is added to the treatment management when the highest tolerable dose of octreotide do 
not control symptoms. It may also cause a modest reduction in tumour size[56]. Interferon alpha (IFN-α) 
is approved for symptom control (3-5 million IU sc three times weekly) with similar results to SSAs. Due 
to its less favourable toxicity profile (fatigue, weight loss and, more rarely, depression), this is used in 
second-line as a supplemental therapy joined to SSA in cases with refractory syndrome[57] (Figure 1).

Steroids
Steroids may diminish symptoms in 50% of patients. This treatment may be used for those patients who 
did not show a good response to SSAs[58] (Figure 1).

Other agents
Before the availability of octreotide, some patients had shown responses with high dose of prednisone, 
clonidine, phenotiazine, indomethacin, lithium carbonate, etc[58]. Additional loperamide and opiates 
may be used as well[59] (Figure 1).

Chemotherapy
The activity of cytotoxic chemotherapy in metastatic VIPomas is difficult to assess as many series have 
published the results for all histologic subtypes of pNETs together. Overall response rate (ORR) is 
disappointing and as such, chemotherapy is not curative. Moertel et al[60] use a combination of strepto-
zotocin and doxorubicin as the standard therapy for progressive or symptomatic unresectable NETs, 
including VIPomas. This combination reduced diarrhoea and diminished tumour size in 69% (in 14% it 
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showed a complete regression). Further studies have reported that patients with advanced disease may 
respond to streptozocin-based chemotherapy, being doxorubicin/streptozotocin combination the gold 
standard with 5-fluorouracil replacing doxorubicin when the latter is contraindicated[10]. When the 
standard chemotherapy and SSAs lose effectiveness, 5-FU may be used in combination with interferon 
alfa.

Other chemotherapy drugs are dacarbazine and more recently capecitabine and temozolomide 
(CAPTEM). This last combination has shown efficacy from retrospective studies in pancreatic NETs 
where the number of VIPomas was very small. The study by Strosberg et al[61] showed that CAPTEM 
was able to normalise serum VIP level in one patient with VIPoma. They have only included two 
patients with thisdisease, the others had different NETs. Kouvaraki et al[62] reported that patients with 
locally advanced or metastatic pancreatic NETs that received 5-fluorouracil, doxorubicin, streptozozin 
showed a 40% of ORR, and showed longer progression free survival (PFS) and overall survival (OS). 
The extension of liver metastases seems to be the most important predictor of result. The median time to 
response was 4 mo. This study included only 2 cases of VIPoma and the authors’ data suggest that 
chromogranin A level after two to four cycles of this combination is a useful surrogate marker for the 
prediction of response. Temozolomide alone can also be recommended as an alternative chemotherapy 
in pancreatic NETs. There are no established second-line treatment, but regimens that can be used are 5-
FU/Leucovorin/irinotecan (FOLFIRI), 5-FU/Leucovorin/oxaliplatin (FOLFOX), CAPTEM bevacizu-
mab[63].

Chemotherapy may be considered as an alternative to hepatic-directed therapies such as resection, 
ablation or hepatic artery embolization, but it fails to control the hormonal syndrome[8]. It should be 
maintained at least for one or two cycles and it may show significant benefits at the end of the first mo. 
There is little experience with adjuvant chemotherapy after surgical resection in NET G1/G2. However, 
in aggressive NENs (NEC G3), adjuvant platinum-based chemotherapy can be used, although 
prospective clinical trials are advised[63]. Schizas et al[45] in their systematic review had reported that 
6.8% of patients received systemic adjuvant therapy. The number of cases is very small as to be able to 
draw general conclusions. A multicenter trial evaluated 80 cases with metastatic NETs who were 
randomised to receive lanreotide, interferon alpha, or both. The authors did not find any significant 
differences between the arms of the study. Partial response was reported in 4% to 7.1%, stable disease in 
17.9%-28% and progressive disease in 50%-56%[56]. Another study of 14 patients with metastatic NETs 
who received indium in-111 octreotide showed stable disease in 50 % of cases, partial response in 14%, 
and disease progression in 36%[64]. A quality-of-life study in 13 of these patients found a significant 
benefit in this[65,66].

European Neuroendocrine Tumour Society (ENETS) have published a position statement on peptide 
receptor radionuclide therapy (PRRT) for pancreatic neuroendocrine tumours (pNETS)[67]. The early 
findings with radioembolization with resin 90 Y-microspheres in liver metastases from a variety of 
NETs have been encouraging. Findings reported complete response in 2.7%, partial response in 60.5%, 
stabilisation in 22.7% and progressive disease in 4.9%. The median OS documented was 70 mo and no 
cases of radiation liver failure were reported[68]. Second-line therapy for VIPomas includes IFN-α as 
mentioned earlier in this article, everolimus and sunitinib[69-72]. ENETS 2016 guidelines approved 
everolimus and sunitinib as antiproliferative therapies in cases of progressive pNETs, after failure of 
SSA or chemotherapy.

Sunitinib
A randomized multicentric trial evaluating sunitinib (a tyrosine kinase inhibitor), included 171 
advanced well-differentiated NETs, including patients with VIPomas. The results showed an ORR of 
9.3% vs 0%, PFS 11.4 mo vs 5.5 mo in the sunitinib and placebo groups respectively. Nine deaths were 
reported with sunitinib (10%) vs 21 in the placebo group (25%). These results seem to be similar to those 
obtained with chemotherapy, but with a more favourable toxicity[69,70]. Sunitinib inhibits several 
receptor tyrosine kinase key to tumour growth, neoangiogenesis and dissemination[73].

Everolimus
mTOR is a serine-threonine kinase involved in cell growth control and cell apoptosis. Its effects are 
mediated through phosphoinositide 3-kinase/Akt pathway and stimulates downstream protein kinases 
crucial to cell cycle progression. mTOR inhibitors, alone or combined with octreotide have been studied 
in patients in pancreatic NETs. Everolimus is a selective mTOR inhibitor with antiangiogenic activity as 
well.

The RADIANT 1 is a multicentric single arm phase II trial that evaluates everolimus alone or in 
combination with octreotide in 160 cases of metastatic pNETs after chemotherapy failure[71]. The ORR 
was 9.6% in those patients not receiving octreotide, with a median PFS of 9.7 mo and OS 24.9 mo. A 
smaller group of 45 cases received everolimus and continued to receive octreotide. In these cases, the 
ORR was 4.4% with PFS of 16.7 mo and OS was not reached at the time of data cutoff.

The RADIANT 2 was a phase III trial randomising patients with NETs to everolimus[72] and SSA or 
to placebo and SSA. 429 patients were included, 6% pNETs. A PFS of 16.4 mo vs 11.3 favoured the 
combination.
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RADIANT -3 trial is a phase III study that has been recently reported[74]. It included 410 cases with 
radiologic disease progression. Patients were randomized to receive everolimus or usual treatment 
which could include SSA. Findings showed a median PFS of 11 vs 4.6 mo and 34% vs 9% were reported 
alive and free of progression at 18 mo with everolimus or usual treatment respectively. 24% of patients 
in this trial had somatostatinomas, gastrinomas, insulinomas, glucagonomas or VIPomas. This means 
that everolimus may be used across the spectrum of pNET subtypes. In addition, authors reported that 
the benefit of everolimus was found in different subgroups of sex, age, geographic regions, race, 
performance status and previous therapy applied (chemotherapy, radiation or octreotide). As there is a 
risk of pneumonitis with this therapy, perhaps sunitinib would be a better option in those patients with 
underlying severe lung disease (Figure 1).

The future
Well-designed randomized clinical trials have significantly improved our treatment options for patients 
with these tumours. However, we are still far away from an ideal situation and as such, further research 
is crucial, although difficult, specially taking into account that VIPomas comprise only < 10% of 
pancreatic NETs.

Several trials have been carried out testing different agents. Some of these trials have finished 
recruitment and are still awaiting results such as NCT01466036, a phase II study of cabozantinib in 
advanced pancreatic NETs and carcinoids[73]. It recruited 62 cases and the primary end point is ORR. 
The final data collection date was expected in March 2021. Another one is NCT02893930, a phase II with 
sapanisertib[75] in patients with metastatic or refractory pancreatic NETs that cannot be surgically 
removed. It has been last updated in May 2021 but not results posted yet. NCT00075439 is a phase II 
study evaluating gefitinib[76] in patients with progressive metastatic NETs which has finished 
recruitment as well but awaiting results. EPO906 has been assessed in phase II trial in metastatic 
carcinoids and other NETs, including VIPomas. It has completed recruitment in 2007 but not available 
results. Other trials have been withdrawn such as the phase 1 trial with Veliparib (ABT-888) in 
combination with capecitabine and temozolomide in advanced well-differentiated NETs (NCT02831179)
[77]. Another study with cabozantinib (a phase III) is still recruiting patients (NCT03375320). It will 
assess cabozantinib vs placebo in cases with advanced NETs or carcinoids[78].

Bevacizumab has also been investigated in a phase II study of everolimus and octreotide with or 
without bevacizumab in cases with advanced or metastatic pancreatic NETs that are not amenable for 
surgery. This has finished recruitment. PFS is the primary end point, being secondary end points ORR 
and OS. One hundred and fifty patients were recruited. At the most recent update (May 2021), the PFS 
results showed 14 m vs 16.7 m without and with bevacizumab respectively. OS is favouring as well the 
arm with bevacizumab with 34 m vs 37.6 m respectively. Although the study is not finished yet, results 
seem to favour the arm with bevacizumab. What we do not know yet is how many patients with 
VIPoma were included (NCT01229943)[79].

Data from other two clinical trials, SANET-p (NCT02589821) (NCT02588170)[80,81] have shown PFS 
benefit with surufatinib, with a tolerable safety[80] and SANET-ep pattern. Surufatinib is a new oral 
angio-immuno kinase inhibitor. It inhibits selectively the tyrosine kinase activity related to the vascular 
endothelial and fibroblast growth factor receptors, both inhibiting angiogenesis, and colony stimulating 
factor-1 receptor, which controls tumour-associated macrophages, stimulating an immune response 
against tumour cells. The FDA has conceded to surufatinib, an Orphan drug designation for pancreatic 
NET in 2019 and two Fast Track Designations for development in pancreatic and extra-pancreatic NETs 
in 2020.

In the SANET-p trial , 172 patients with pNETs were randomised to surufatinib or placebo. At a 
median follow-up of 19.3 mo in the experimental arm and 11.1 mo in the placebo arm, the investigator-
assessed PFS was 10.9 mo (95%CI, 7.5-13.8) vs 3.7 mo (95%CI, 2.8-5.6) for surufatinib and placebo 
respectively (HR, 0.49; 95%CI, 0.32-0.76; P = 0.0011), being the most frequent adverse event of grade 3 or 
higher with surufatinib vs placebo, hypertension (38% vs 7%), proteinuria (10% vs 2%), and hypertrigly-
ceridemia (7% vs 0%). Serious AE occurred in 22% of surufatinib arm vs 7% with placebo. Three patients 
died surufatinib, two of them due to AE and one due to disease progression. One died in the placebo 
arm due to disease progression.

We should continue to research further to identify actionable mutations or predictive factors for 
targeted therapy response to better select patients’ treatment. Also further efforts are needed to increase 
knowledge about the optimal sequential therapy that could impact positively in survival and also in 
quality of life.

CONCLUSION
VIPoma is a rare functional NET that typically presents as sporadic, solitary pancreatic neoplasia with 
only 5% of cases associated with MEN type I syndrome. It is characterised by a special clinical 
syndrome of refractory watery diarrhoea, electrolyte and acid-base imbalances related to the excessive 
VIP secretion.
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The only curative option of treatment would be a complete surgical removal. Unfortunately, the 
majority of VIPomas have have already metastasized at the time of diagnosis leaving only palliative 
options for these patients. However, surgical debulking for these patients could be considered as it will 
help control symptoms and prolong survival. Other options include SSA and the newer chemotherapy 
regimens such as temozolomide, or drugs such as sunitinib or everolimus. Moreover, recent 
incorporation of treatment with PRRT has shown significant benefits and it is a safe addition to surgery 
or as a palliative treatment for those cases of widespread metastatic disease or unresectable primary 
tumour. As a priority, and regardless of the treatment to follow, all patients should have the water 
depletion, electrolyte imbalance and acid-base profile corrected.

With all these facts in mind, the prognosis may improve but hopefully further multinational clinical 
trials enrolling more patients with VIPoma can be carried out to get further insight in this rare but 
challenging disease.
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Abstract
Colorectal cancer (CRC) is one of the most common causes of death from cancer. 
Lung seeding occurs in approximately 10% of patients surgically treated for 
primary CRC with radical intent: the lung is the most common site of metastases 
after the liver. While surgical treatment of liver metastases is widely accepted to 
affect long-term outcomes, more controversial and not standardized is the therapy 
for CRC patients developing lung metastases. Experience suggests the potential 
curative role of pulmonary metastasectomy, especially in oligometastatic disease. 
However, the optimal strategy of care and the definition of prognostic factors 
after treatment still need to be defined. This review focused on the uncommon 
scenario of single pulmonary metastases from CRC. We explored pertinent 
literature and provide an overview of the epidemiology, clinical characteristics 
and imaging of single pulmonary metastases from CRC. Additionally, we 
identified the best available evidence for overall management. In particular, we 
analyzed the role and results of locoregional approaches (surgery, radiotherapy or 
ablative procedures) and their integration with systemic therapy.

https://www.f6publishing.com
https://dx.doi.org/10.4251/wjgo.v14.i4.820
mailto:filippo.lococo@policlinicogemelli.it


Chiappetta M et al. Management of single pulmonary metastases from CRC

WJGO https://www.wjgnet.com 821 April 15, 2022 Volume 14 Issue 4

Key Words: Colorectal cancer; Pulmonary metastases; Oligometastases; Chemotherapy; Surgery; 
Radiotherapy

©The Author(s) 2022. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Single pulmonary metastasis from colorectal cancer is an uncommon scenario in which 
diagnostic pitfalls should be considered. Locoregional approaches (surgery more than radiotherapy or 
ablative procedures) might have a potential curative role with rewarding long-term results. However, since 
recurrences are common, the best long-term results might be expected by integrating loco-regional with 
systemic treatment. Moreover, despite limited evidence, different factors seem to influence prognosis in 
this subset of patients and should be considered when planning a tailored care strategy.
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INTRODUCTION
Colorectal cancer (CRC) is one of the three most common cancer types worldwide and is responsible for 
more than 10% of all cancer deaths in men and women, respectively[1]. Pulmonary metastases occur in 
15% of metastatic CRC (mCRC) patients, and the lung is the second site of metastases occurrence after 
the liver[2]. Many therapeutic options are available, ranging from target therapies to surgical resection. 
Pulmonary metastases surgery, when feasible, is the best treatment showing a 5-year overall survival 
(OS) between 25% and 35%[3]. In particular, lung metastasectomy has a long history, and since the 
1950s, specific indications were provided with the aim of identifying patient subsets who might benefit 
from surgical resection[3]. The management of mCRC patients with lung disease requires a multidiscip-
linary approach and the evaluation of several factors related to patient and tumor characteristics might 
affect prognosis. The lack of strong scientific evidence makes choosing the most appropriate strategy 
challenging. National and international guidelines recommend radical resection of lung metastases 
whenever possible and recommend perioperative or postoperative chemotherapy by evaluating 
prognostic factors on a case-by-case basis. One of the most considered parameters is the number of lung 
metastases to predict therapy type, which might be systemic in the case of multiple spreading or 
ablative in limited or oligo-metastatic disease. However, multiple ablative approaches are currently 
available and consist of surgical resection, stereotaxic radiotherapy, crio or radiofrequency ablation.

Prognostic factors in single lung metastasis are still undefined, and a better stratification could be 
fundamental in identifying the most appropriate diagnostic and therapeutic approach.

The aim of this review is to describe possible treatments and survival outcomes in patients with 
single lung metastases from CRC to support physicians’ decision-making on how best to manage these 
patients.

EPIDEMIOLOGY AND CLINICAL PRESENTATION
Incidence and demographic characteristics
CRC represents the second most common cancer in females and the third in males[4] and almost 700000 
people die every year due to CRC, making it the world's fourth most deadly cancer (after lung, liver and 
stomach cancer)[5]. In 2020, there were approximately 150000 new cases of CRC in the United States[6]. 
Despite these relevant numbers, the incidence of CRC decreased from 60 per 100000 people in the 1970s 
to 38 in 2016[7]. This evidence is substantially attributable to screening programs, early CRC detection 
and better treatment modalities. Although the implementation of screening allows early diagnosis of 
CRC, approximately 25% of CRC patients have distant metastases at diagnosis[8,9]. Among patients 
with mCRC, the lung is the most common extra-abdominal site of metastases[10]. In particular, lung 
metastases occur in about 10%-30% of all patients diagnosed with advanced disease[11], but only 10% 
are isolated without liver metastasis[12] .

In a 30-year population-based study, synchronous lung metastases were seen in approximately 10% 
of patients often associated with liver metastases, while synchronous isolated lung metastases were only 
seen in around 3% of patients and most often in rectal cancer patients[10].

https://www.wjgnet.com/1948-5204/full/v14/i4/820.htm
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In a systematic analysis performed by Parnaby et al[13], the incidence of pulmonary metastases from 
rectal cancer during initial staging ranged from 10%-18%. For colon cancer patients, the incidence of 
pulmonary metastases at the time of initial staging ranged from 5%-6%. Tan et al[12] analyzed data from 
a large cohort in Singapore (754 patients over 4 years) and estimated that isolated pulmonary metastases 
(no other evidence of metastases elsewhere) develop at any point in the follow-up period, not just at 
initial staging. The incidence of isolated pulmonary metastases in patients with rectal cancer vs colon 
cancer was 12% vs 6%.

Radiological presentation and diagnostic approach
Since the introduction of spiral computed tomography (CT) scanners, smaller lesions can be detected at 
the time of preoperative staging. The significance of indeterminate lung lesions is an open question as 
the presence of pulmonary metastases during staging CT could change the treatment pathway. Several 
studies concluded that only a small rate of indeterminate lung lesions are metastases[14]; in approx-
imately 20%-30% of CT scans for CRC staging, indeterminate lesions have been found, but only 10%-
20% were malignant[14,15].

Grossmann, in an observational cohort study[16], included preoperative staging CT of the chest and 
abdomen in 200 patients with CRC, 5 patients had pulmonary metastases and 50 (25%) had 
indeterminate nodules (8 metastases diagnosed as true at follow-up). Considering the low incidence of 
pulmonary metastases and the relative minimal impact on treatment plans, the authors concluded that 
routine staging based on chest CT in CRC patients is not recommended[16], and the presence of 
indeterminate lung nodules should not delay surgery for CRC[14].

Even if some radiological characteristics can suggest the metastatic nature (well-circumscribed 
nodules, smooth margins, subpleural or peripheral localization, cavitation or vascular sign), no 
pathognomonic radiographic features exist that discern metastasis from a primary lung cancer or from 
benign processes. When multiple nodules are present, the probability of metastatic disease increases 
significantly. High-resolution helical CT is better than conventional CT as it detects approximately 20%-
25% more nodules, as small as 2 to 3 mm[17]. Similarly, an isolated pulmonary nodule presenting as a 
subsolid lesion (so called ground-glass opacity) are highly suggestive of a primary lung tumor rather 
than metastatic lesion[18]. In addition, if a single pulmonary nodule is detected during oncological 
follow-up in a patient with previous CRC history, the probability of malignancy is higher. In a 
retrospective cohort study including 1104 patients resected at a single institution from 1989 to 1998, 63% 
of patients with a resected solitary nodule and without previous cancer, 82% with a history of lung 
cancer, and 79% with a history of extra-pulmonary cancer, had a malignant tumor[19].

In particular, the probability that a solitary pulmonary nodule was cancer ranged from 67% for 
nodules ≤ 1 cm to 91% for nodules > 3 cm in patients with prior malignancy. Lung cancer was more 
common than metastasis if the nodule was > 3 cm.

To clarify the significance of indeterminate nodules in patients with CRC discovered by traditional 
radiological imaging, fluorodeoxyglucose (FDG)-positron emission tomography (PET)-CT has a 
valuable role as it improves staging accuracy to select the appropriate treatment. A study by Jess et al
[20] demonstrated that the discovery of an indeterminate lung nodule during staging by means of a CT 
scan, was identified as a malignant nodule following a PET-CT scan three months after the previous CT 
scan. However, PET has limited sensitivity for lesions < 1 cm in size, with a sensitivity of 0.405 for 
metastases of 5-7 mm in diameter to 0.784 for lesions of 8-10 mm and to 0.935 for lesions measuring 11-
29 mm in diameter[21]. Moreover, an 18F-FDG PET-CT scan is not particularly effective in distin-
guishing primary lung tumors from solitary pulmonary metastases and CRC[22], considering that these 
diseases usually present with an increased metabolic uptake. On the contrary, a negative PET scan 
result should not be the only determinant when planning the strategy of care. Indeed, if a lung nodule 
grows, even if the PET scan is negative, surgical resection can be indicated for diagnostic and potentially 
therapeutic purposes.

The main value of PET is its high level of sensitivity in the detection of extra-thoracic disease. If on the 
one hand, resection for lung metastasis should not be performed, unless all known disease areas are 
being treated, on the other hand, positive extra-thoracic or mediastinal uptake is insufficient to exclude 
a patient from metastasectomy. All suspicious extra-thoracic sites should be investigated, if possible also 
with a biopsy, before surgery.

Further improvements in radiological differential diagnosis (primary lung tumor vs mCRC) could be 
obtained from radiomics and its application on chest CT-scan or PET-CT scan.

Finally, carcinoembryonic antigen (CEA) could be a useful marker to detect metastasis and 
recurrence, and current guidelines recommend following up serum CEA regularly to detect recurrent 
disease. An increased CEA level could be indicative of mCRC when a pulmonary nodule is detected. 
Moreover, baseline CEA could be a good prognostic factor after recurrence[23].
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THERAPY
Surgery
Colorectal neoplasms are the most common epithelial lesions for which pulmonary metastasectomy is 
indicated and they are the only type of primary metastatic cancer of the lungs in which the survival 
advantages of pulmonary metastasectomy were demonstrated in a randomized clinical trial, despite 
being limited by several pitfalls and controversies[24].

In current clinical practice, pulmonary metastasectomy, in the context of controlled primary tumor 
sites, is performed with curative intent, as favorable survival has been reported in CRC patients with 
complete resection of pulmonary metastases by several authors[25-28]. This seems to be particularly 
evident in single pulmonary metastases where complete resections are achievable. The surgeon's 
approach should be modulated considering various parameters pertaining to safety margins including 
local growth properties, size, spread and location of lung metastases. It clearly emerges that a strategy of 
care should be discussed on an individual, interdisciplinary basis to offer the best possible oncological 
and surgical results and to maximize long-term patient survival rates.

Oncologic principles and indication for surgery: As reported above, a limited subset of CRC patients 
may benefit from a potentially curative lung metastasectomy[29], provided some strict criteria are met:

Radicality: All pulmonary lesions are technically resectable. In single pulmonary metastases radicality 
is always achievable, despite the fact that it sometimes requires an anatomical resection instead of the 
most commonly performed non-anatomical wedge resection.

Feasibility: Patients might tolerate pulmonary resection following evaluation of pulmonary reserve.
Oncological control of disease: The primary CRC site is controlled and extra-thoracic lesions are 

undetectable (with the exception of resectable liver metastases). General disease control is imperative 
before performing lung resection and often re-staging imaging (whole body CT-scan or PET-CT scan) is 
recommended.

Despite that, the presence of solitary pulmonary metastases from CRC ideally represents the best 
scenario for surgery, and the patient’s oncological history needs to be carefully evaluated during a 
multidisciplinary tumor board encompassing the presence of a thoracic surgeon. In particular, the 
timing of lung metastases appearance (synchronous with primary CRC, after liver metastasis treatment, 
recurrence of lung metastases) should always be considered in the treatment plan.

Type of approach, type of resection and other technical aspects: For many decades, radical pulmonary 
resection via thoracotomy has been a standard treatment for metastatic lung tumors[30], even though 
mini-invasive approaches have been proposed in the last two decades[31,32], resulting in likely similar 
clinical survival outcomes. However, robust evidence-based data are lacking and no focused analysis 
has been conducted investigating only CRC patients with solitary pulmonary metastases. A recent meta-
analysis performed by Meng et al[32] compared the results of 8 studies and showed that no difference 
between video-assisted thoracic surgery (VATS) vs open thoracotomy metastasectomy were detected in 
terms of the OS rate (HR, 0.72; 95%CI: 0.50-1.04) or the recurrence-free survival rate (HR, 0.79; 95%CI: 
0.59-1.08). Nevertheless, as correctly remarked by the authors, further large prospective studies are 
needed to identify the indications for VATS in patients with pulmonary metastases. In addition, it is 
logical to assume that in solitary pulmonary lesions VATS procedures are more frequently feasible 
compared with multiple pulmonary lesions, as completeness of resection it is more easily achieved. 
Based on these assumptions, we can state that VATS pulmonary resection may be efficacious in most 
CRC patients with single pulmonary metastases, when two conditions substantially coexist: (1) 
experience with minimally invasive pulmonary resection; and (2) patient selection (especially 
anatomical location of the lesion); the interval from chest CT-scan and surgery should be limited to 
avoid occult pulmonary lesions during VATS procedures.

Concerning the extension of resection, a parenchymal-sparing approach is always recommended for 
the following reasons: (1) The extent of resection is not related to the survival outcome; (2) Wedge 
resection seems to be associated with a better short-term outcome compared to segmentectomy/ 
lobectomy[32,33]; and (3) Sparing lung parenchyma is pivotal for eventual re-do surgery. However, 
segmentectomy seems to be associated with lower relapse rates compared to wedge resection, due to a 
lower resection-margin recurrence[33]. Therefore, when technically feasible, wedge resection or 
segmentectomy should be preferred to lobar resection and surgeons should attempt this strategy as 
much as possible.

With regard to the surgical technique for nodule resection, the standard method consists of stapler 
use; however, laser-assisted lung resection has emerged as an alternative option. Regardless of the laser 
type adopted, this technique demonstrated similar early and long-term results after pulmonary 
metastasectomy[34], and is also associated to a lower local recurrence rate in some studies compared 
with stapler resection[35]. Moreover, laser resection may avoid the need to perform a lobectomy in 
selected cases[36] and, owing to recent technological improvements, laser-assisted lung resection may 
be feasible (especially in single pulmonary metastases) even via uniportal VATS (the least invasive 
approach available today)[37].
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Radiotherapy and other loco-regional approaches 
Approximately 70% of CRC metastases are unresectable and radiotherapy represents a very promising 
and rapidly evolving non-invasive treatment modality, particularly stereotactic body radiation therapy 
(SBRT)[1]. In fact, SBRT can potentially be equally effective and less toxic than surgery, especially in 
elderly patients and those with important comorbidities[38]. In detail, SBRT is a treatment technique 
with very sharp radiation dose gradients, which allows the delivery of high doses per fraction in a few 
days (less than or equal to 8), corresponding to consistently higher biologically equivalent doses in 
comparison with standard radiotherapy resulting in highly targeted treatment, with good surrounding 
healthy organ sparing, relative non-invasiveness and good tolerance.

On the other hand, the radiation dose and fractionation schedule are chosen based on several factors, 
such as tumor size, tumor location and neighboring organs at risk of dose constraints. In most of the 
clinical trials, SBRT was delivered in a few fractions (3-10), while single fraction SBRT has been less 
investigated and, in general, the dose administered is between 24 and 65 Gy in total. Moreover, the low 
number of treatment fractions may also play a role in the activation of an anti-tumor immune response 
because, in addition to damaging and killing cancer cells, radiation can destroy the adjacent tumor 
protective stromal microenvironment[39,40].

Four-dimensional (4D)-CT delineates the internal target volume contouring a gross tumor volume, 
which includes the tumor position in all respiratory cycles and is then expanded with a 3 mm isotropic 
margin to create the planning treatment volume (PTV); finally, a volumetric modulated arch therapy is 
planned with a specific treatment planning system. Stereotactic radiotherapy is delivered using a linear 
accelerator with an energy ranging from 6 to 10 MV photons. During each treatment session, cone-beam 
CT are performed to verify correct positioning of the patient and the correspondence of the PTV with 
the target volume identified during the simulation and planning phases[41].

Treatment accuracy can be implemented with respiratory gating techniques, with the benefit of 
reducing the mean radiation dose received by the lungs to avoid pulmonary acute toxicity, but also 
pulmonary, cardiac, and esophageal late toxicities[42,43]. In addition, magnetic resonance guidance 
provides excellent visualization of non-bony structures during radiotherapy.

In terms of results, Filippi et al[40] demonstrated similar OS outcomes between SBRT and surgery 
(89% vs 96% at 1 year and 77% vs 82% at 2 years, P = 0.134) in 142 patients with lung metastases, 
including 78 (55%) with single metastases. Moreover, a higher rate of local and distant recurrences 
occurred in the SBRT cohort, whereas a similar death rate was demonstrated. This retrospective study 
also showed a worse prognosis in terms of progression-free survival (PFS) in the SBRT cohort, but it 
cannot be excluded that this was influenced by different follow-up protocols and different sample sizes.

Kobiela et al[39] performed a systematic review of oligometastatic patients (average number of lesions 
per patients = 1.5) and showed that SBRT offers high local control rates (up to 90%) and satisfactory OS 
rates (up to 70% at 2 years) with a PFS of 9 to 34.4 mo and a relatively low toxicity burden. These data 
are similar to those obtained by Franzese et al[44], who showed a local control rate of 95% at 1 year and 
73% at 3 years in 270 patients with a maximum of 5 lung metastases, 59% of the patients had a single 
disease location. However, disease progression outside the irradiation field still remains the main issue 
in metastatic CRC patients treated with SBRT. In the oligometastatic setting, SBRT can potentially ablate 
the whole burden of disease, but more careful selection of patients must be performed[45]. In fact, SBRT 
is often offered to patients who are usually not eligible for other treatment modalities[1,2,37].

Another retrospective analysis showed excellent promising results in a cohort of 40 patients including 
26 with single lung metastases (65%), especially in terms of OS (88% at 1 year, 73% at 2 years), while PFS 
was 53% at 1 year and 28% at 2 years. Failure at the irradiation site was 7.5% (3 of 56 patients) and the 
time to progression after SBRT was similar to the surgical series; the typical pattern of failure was 
intrathoracic progression[41].

Thus, SBRT for CRC oligometastases may be a very good tool for maintaining high local control and 
good OS rates, especially if the radiation dose is escalated. Previous studies have demonstrated that a 
higher biologically equivalent dose seems to correlate with higher local control. On the other hand, a 
higher number of lesions may correlate with lower local control and OS. Comito et al[46] demonstrated a 
correlation between OS and cumulative tumor volume greater than 3 cm.

However, SBRT can result in toxicities. In particular, pulmonary SBRT has a safety profile expressed 
as moderate acute effects and a characteristic late toxicity pattern, appearing more than 6 mo after the 
end of treatment, which can be radiologic, secondary to radiation-induced fibrotic changes, and clinical, 
especially cutaneous erythema and chest wall toxicity (more frequently in terms of chronic neuropathic 
pain, more rarely as rib fractures). However, various retrospective data have shown that toxicity above 
grade 3 is extremely rare (mostly G1-G2). In conclusion, stereotactic radiation therapy appears to be a 
safe and efficient way to treat lung metastases, with very high local control rates, low toxicity and 
promising PFS in selected oligometastatic patients not suitable for surgical resection.

Systemic therapy 
General principles: National and international guidelines (AIOM[47], ESMO[1], and NCCN[48]) agree 
that radical surgery represents the only potentially curative treatment for lung metastases, and these 
recommendations are based on retrospective data only. However, guidelines do not clearly define the 
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role of chemotherapy in this setting. In particular, there is no unanimous consensus on the best timing 
or on the preferred drug regimen.

Based on the literature and clinical experience, the choice of chemotherapy treatment can be assessed 
using several variables: patient (performance status, age, comorbidities) and tumor characteristics 
(RAS/BRAF status, site of the primary tumor right vs left, synchronous vs metachronous disease), and 
resectability status of metastases (resectable vs potentially resectable vs unresectable)[49,50]. In the 
scenario of single pulmonary metastases from CRC, the multidisciplinary team, composed of 
oncologists, thoracic surgeons, radiologists, and radiotherapists, plays a crucial role in outlining 
adequate personalized treatment planning.

In the context of single resectable pulmonary metastases, the “perfect” timing of the surgical 
approach is debated. “Oncological” prognostic criteria and “technical” surgical criteria should define 
the adequate strategy (upfront surgery eventually followed by postoperative chemotherapy or periop-
erative chemotherapy)[51,52]. Based on such results, patients with unfavorable prognostic factors could 
be considered for perioperative or postoperative chemotherapy to improve their outcome. In contrast, 
the presence of positive prognostic factors can allow upfront surgery.

The role of perioperative chemotherapy for single resectable pulmonary metastases is controversial 
due to the absence of prospective randomized trials. Perioperative therapy aims to increase the R0 
metastasectomy rate and decrease the possibility of postoperative relapse, with a subsequent 
improvement in OS. A meta-analysis of eight retrospective studies investigated the role of perioperative 
chemotherapy in mCRC patients with radically resected lung metastases. Out of 1936 patients with 
colorectal lung metastases, 926 underwent surgery alone, while 1010 patients also received periop-
erative chemotherapy. This meta-analysis demonstrated the benefit of perioperative treatment both in 
terms of OS (HR 0.83, 95%CI: 0.75-0.92, P < 0.05) and PFS/recurrence-free survival (RFS)/disease-free 
survival (DFS) (HR 0.67, 95%CI: 0.53-0.86, P < 0.05) compared with surgery alone. Multivariate analysis 
also confirmed these results (OS: HR 0.56, 95%CI: 0.36–0.86, P < 0.05; PFS/RFS/DFS: HR 0.64, 95%CI: 
0.46–0.87, P < 0.05)[53].

The role of postoperative therapy is also debated as no randomized study has compared 
postoperative therapy after lung metastasectomy vs surgery alone. A meta-analysis of 18 cohort studies 
involving 3885 patients with colorectal lung metastases evaluated the role of postoperative 
chemotherapy after radical lung resection compared to surgery alone. Postoperative treatment did not 
improve OS (HR 0.78; 95%CI: 0.60-1.03, P = 0.077) and DFS (HR 0.91; 95%CI: 0.74-1.11, P = 0.339) in 
comparison to surgery alone. However, it is necessary to underline the important limits of this meta-
analysis, mainly the retrospective nature of the studies and the high heterogeneity, which may have 
negatively affected these results[54].

Despite the lack of randomized prospective trials and limited evidence, perioperative or 
postoperative chemotherapy to treat patients with resectable lung metastases is generally used in 
clinical practice, particularly for those with unfavorable prognostic factors. The most commonly 
adopted regimen is monotherapy with fluoropyrimidine or the combination with oxaliplatin 
(FOLFOX/XELOX). Such recommendations are mainly derived from data on mCRC patients with liver-
only disease[55].

In the case of potentially resectable lung metastases, induction chemotherapy has, as the main 
objective, maximal tumor shrinkage to achieve radical resection. In this setting, the preferred treatment 
regimen corresponds to the most effective first-line therapy for mCRC, which is established based on 
patient and tumor characteristics. Patients should be re-evaluated regularly every 8-12 wk during 
therapy and discussed at multidisciplinary meetings to identify the best response and the most 
appropriate timing of surgery.

In the setting of oligometastatic disease, mainly involving lung and liver, a surgical approach can be 
considered, especially when the pulmonary parenchyma is minimally involved. Analysis of the liver in 
a survey registry evaluated 9619 mCRC patients divided into three groups: group 1 (9185 patients with 
liver-only disease, radically resected), group 2 (149 patients with liver and lung disease, both radically 
resected), and group 3 (285 patients with liver and lung disease, only liver resected). The 5-year OS was 
similar for patients in group 1 and 2 (51.5% and 44.5%, respectively) and worse for patients in group 3 
(14.3%) (P = 0.001)[56]. Thus, these findings confirm the importance of radical surgery of both liver and 
lung metastases, when achievable.

Adjuvant therapies in single metastases: As described in the previous paragraph, the role of adjuvant 
therapies after lung metastasectomy is a debated and interesting issue, but presents discordant data and 
remarkable bias in patient selection. Indeed, some studies are in favor of adjuvant therapy (AT) 
administration[57,58], and others report disadvantages after AT administration[59,60].

The focal point is that it is difficult to consider a homogeneous population, considering the primitive 
tumor site, number of lung or extra-pulmonary surgically treated metastases and previous administered 
treatments. Moreover, the lack of clear prognostic factors may lead to a case-by-case decision on AT in 
advanced stage patients, and its role remains debated and requires clarification in appropriate 
prospective studies.

Regarding its potential use in patients with operated single metastases, very few data are present in 
the literature. Rapicetta et al[61] did not report any survival advantage when AT was administered, 
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while Guerrera et al[62] reported a better outcome when adjuvant chemotherapy was performed in 
patients with multiple metastases suggesting that no robust data on single metastases are available. The 
authors confirmed their theories in a recent best evidence topic which showed that AT may improve the 
prognosis in specific patients with advanced disease or a particular molecular pattern[63].

Based on these reports, clear evidence of AT benefits in patients who underwent lung metastas-
ectomy for single localization is not present, suggesting this therapy especially in patients with multiple 
metastases. However, further planned research is needed for a better definition of this issue.

OUTCOMES
Prognostic factors and long-term survival
Different prognostic factors have been analyzed in patients with lung metastases from CRC, including 
factors linked to primitive tumors but also patients’ oncological history. The main considered prognostic 
factors are reported in Table 1, even if detailed analyses in patients with single metastasis are very rare.

The CEA levels are routinely analyzed during follow-up in CRC patients, and it is interesting to note 
that they may also have a prognostic role in patients with lung metastases, by determining the worse 
prognosis in patients with CEA levels > 4-5 ng/mL (Table 1). The primitive tumor site does not seem to 
be associated with prognosis, with only the study by Cavallaro et al[64] reporting a better survival rate 
in the case of right sided tumors vs left sided rectal neoplasms. Conversely, the primitive CRC stage 
resulted in an important prognostic factor, with a poor prognosis in the case of advanced T-stage, 
presence of neighboring organ invasion or metastases to the loco-regional lymph nodes (Table 1).

It is interesting to note that lymph node spreading seems to be a significant prognostic factor in the 
case of mediastinal involvement, with various authors reporting that thoracic nodal involvement could 
be an important prognostic factor for worse long-term outcome[47,65]. Welter and co-workers[66] 
reported significantly poorer median survival for patients with nodal involvement than for patients 
without (≈ 30 mo vs 86 mo). This may also be a factor in the decision-making process to decide whether 
a patient is suitable for a surgical intervention or not[67], although the same authors caution that even 
some patients with intra-thoracic lymph node metastases have a longer OS with surgery than with 
chemotherapy alone[66].

On the other hand, mediastinal lymphadenectomy during lung metastasectomy is infrequently 
performed, and is one of the most common missing analyzed variable[68].

Despite no robust evidence being available on this topic to date, hilo/mediastinal lymph node 
sampling (at least) is advisable during pulmonary metastasectomy from CRC, especially when enlarged 
lymph nodes (at CT-scan) or uptake (at 18F-FDG PET-CT scan) by lymph nodes are detectable. There 
are no articles specifically focused on single pulmonary metastases, but oncological principles and 
indications are also applicable and valid in this scenario.

Tumor dimension, with a cut-off of 2 cm, is another well analyzed parameter in these patients, valid 
in the presence of single but also multiple metastases[61].

Another interesting argument is the outcome considering the patient’s oncological history, which 
may be extremely various considering the timing of lung metastases appearance, concomitant liver 
involvement and disease-free intervals after CRC treatment. As we reported in previous paragraphs, 
multidisciplinary evaluation is fundamental, especially in the case of multi-organ involvement. In 
particular, patients with a history of extra-thoracic metastases[61,68-70] had a worse prognosis similar to 
patients with synchronous or bilateral lung involvement[71].

Finally, the DNA fragmentation index (DFI) between CRC treatment and lung metastases appearance 
is another validated prognostic factor, even if a universal cut-off is not present in the literature. Indeed, 
a better prognosis stratification is present when the DFI is evaluated at > 6[72], > 12[61,73], or 36 mo[67,
74,75] confirming that a long DFI is an important factor when considering treatment for lung metastases 
from CRC.

A promising factor may be the metabolic activity of the nodule which was found to be a significant 
prognostic factor in the study by Rapicetta et al[61] and Davini et al[76]. In detail, Davini et al[76] 
reported that PET negativity was a protective factor for OS (HR 0.46; P = 0.001; 95%CI: 0.29–0.72) and for 
DFI after lung metastasectomy, while Rapicetta et al[61] reported that PET positivity in single CRC 
metastases (RR: 2.702, 95%CI: 1.041-7.013, P = 0.041) was a negative independent prognostic factor only 
for DFI.

With regard to long-term outcome, 5-year OS after single metastasis resection ranged between 32% 
and 62%[61,71,77], but it is interesting to note that the best survival rates (around 60% at 5 years) were 
reported in recent studies[61,71] suggesting a progressive improvement in terms of therapeutic 
strategies, but also regarding more accurate patient selection. The presence of a single metastases was 
one of the most important prognostic factors in surgically treated patients (Table 1), which was also 
confirmed in a meta-analysis by Gonzalez et al[78], who demonstrated a favorable prognostic role for 
the number of resected metastases, which was a significant favorable factor associated with CEA levels, 
DFI, and presence of lymph node involvement. In detail, the authors reported a significantly increased 
mortality risk in the case of multiple metastases: HR 2.04, 95%CI: 1.72-2.41. On the other hand, very few 
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Table 1 Main prognostic factors in patients with lung metastases from colorectal cancer

Overall survival Disease-free survival
Prognostic factor

Favorable Negative Favorable Negative

Number of metastases[23,68,
71,76-78,86-90]

Single Multiple 

Preoperative CEA level[61,69,
86,87]

< 4-5 ng/mL > 4-5 ng/mL

pStage of CRC[71,79,86,87] Local disease, low Tstage, 
absence of nodal 
involvement

Advanced p and T stage, nodal 
Involvement

Lung metastases appearance
[23,61,69-71,87,91]

Metachronous lung 
metastases

Bilateral lung synchronous 
metastasis, past history of extra 
thoracic metastasis

Long DFI between CRC and 
first detection of pulmonary 
metastasis

Synchronous 
pulmonary metastasis 
and CRC

Pulmonary metastasis 
derivation from primary site 
of CRC[64]

Right colon Left colon or rectum Not investigated Not investigated

Lung metastasis size (cm)[61,
69,78,79]

< 2 cm > 2 cm Not investigated Not investigated

Mediastinal lymph node 
metastasis[23,69,89]

Negative Positive Not investigated Not investigated

Metabolic characteristics[61,
79]

Lung metastasis PET 
negative

Lung metastasis PET positive Lung metastasis PET negative Lung metastasis PET 
positive

Distance between lesion and 
resection margin (cm)[79]

> 2 cm < 2 cm Not investigated Not Investigated

CRC: Colorectal cancer; CEA: Carcinoembryonic antigen; DFI: DNA fragmentation index; PET: Positron emission tomography.

data are available regarding prognostic factors in this class of patients with single metastases.
Metastasis dimension seems to be significantly related with survival in these patients, with survival 

improvement in patients with a metastasis dimension less than 2 cm. In particular, Nanji et al[79] 
reported an unadjusted 5-year CSS and OS of 57% and 55%, respectively, for single lesions smaller than 
2 cm, and 33% for a single lesion exceeding 2 cm, in agreement with previously published results[61].

Only Rapicetta et al[61] performed a more accurate survival analysis in these patients and 
demonstrated that advanced age and elevated pre-thoracotomy CEA levels were also associated with 
poor survival. Moreover, the authors analyzed prognostic factors for DFS after metastasectomy and 
showed that a short DFI between colorectal resection and lung resection (cut-off 12 mo) increased PET 
uptake and the presence of synchronous lung metastasis were predictive of a short DFS. A long DFS 
was also found to be a protective factor by Davini et al[76], but also included multiple metastases.

The goal of CRC metastasectomy is to obtain a R0 resection[1,2], and there is little evidence regarding 
the prognostic role of the resection margin distance. Indeed, only Davini et al[76] reported a significant 
difference in survival when comparing a free resection margin > vs > 2 cm, while in other studies it was 
not investigated or did not show statistical significance[61,62]. However, considering the integrated 
treatments that may follow surgical resection, it is possible that the resection distance did not influence 
survival when a complete resection was performed.

Finally, Cavallaro et al[64] reported a significantly better survival rate when lung metastases were not 
associated with liver metastases.

Based on these reported studies, CEA pre-thoracotomy levels and short DFI may be evaluated when 
treating these patients, considering that the prognosis may be poor and a careful advantages/ 
disadvantages analysis should consider the patient’s general condition and surgical risks.

Incidence of recurrence and its management 
Recurrence after lung metastasectomy is common, ranging between 32.9% and 72%[62,70,73,80] with 
lung involvement present in about 50% of cases[81] and with a redo surgery rate of about 50%[73].

When technically feasible and in patients able to tolerate a repeated lung resection, the surgical 
approach seems to ensure interesting results in terms of survival, with 5-year OS ranging between 49% 
and 76.3%[62,69,78].

In 26 patients with recurrence, Fukada et al[69] reported a 5-year OS of 76.9%, while Menna et al[82] 
did not report a survival difference when comparing patients who underwent single or repeated lung 
metastasectomy. Ogata reported a significantly better survival in patients who underwent repeated 
resection in the case of single metastases without extra-thoracic disease[80]; however, CEA level, 
number of pulmonary metastases, mediastinal lymph node metastasis, and DFI also seem to be related 
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to survival after repeat pulmonary metastasectomy[80,83-85].
However, this excellent survival outcome might be linked to careful patient selection indicating that 

the surgical approach in patients with limited lung involvement and good performance status may 
reduce the risks of redo-surgery in these patients. Conversely, repeated surgery may be carefully 
considered in patients with nodal or extra-thoracic metastases and sub-optimal clinical conditions.

CONCLUSION
Single pulmonary metastasis from CRC is an uncommon scenario with diagnostic pitfalls to be 
considered. Loco-regional approaches (surgery more than radiotherapy or ablative procedures) may 
have a potential curative role with rewarding long-term results. However, the absence of randomized 
prospective trials and limited data availability does not permit definitive conclusions. Chemotherapy, 
including timing and drug regimen, should be evaluated on a case-by-case basis by the multidiscip-
linary team by considering both tumor and patient characteristics.

The best long-term results may be expected when integrating loco-regional with systemic treatment. 
Despite evidence being limited, different factors seem to influence prognosis in this subset of patients 
and should be considered when planning a tailored care strategy.
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Abstract
Incidence of colorectal cancer (CRC) is on rise. While approximately 70% of all 
CRC cases are sporadic in nature, 20%-25% have familial aggregation and only < 
5% is hereditary in origin. Identification of individuals with hereditary predi-
lection for CRC is critical, as it has an impact on their overall surgical mana-
gement including surgical timing, approach & technique and determines the role 
of prophylactic surgery and outcome. This review highlights the concept of 
hereditary CRC, provides insight into its molecular basis, possibility of its 
application into clinical practice and emphasizes the current treatment strategies 
with surgical management, based on the available international guidelines.

Key Words: Colorectal cancer; Lynch syndrome; Familial adenomatosis polyposis; 
Immunohistochemistry; Metachronous colon cancer
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Core Tip: Hereditary colorectal cancer, although contributes to only a small number of 
cases compared to sporadic cases, is significant due to its potential of carriage and also 
due to complexity in its management, considering possible involvement of cancers of 
other organs. We aim to look at the available evidence-based guidelines across the globe 
and attempt to summarize them together for readers to apply with simplicity.
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INTRODUCTION
Colorectal cancer (CRC) with a hereditary predisposition includes the most common form Lynch 
syndrome (LS) or hereditary non-polyposis colorectal cancer (HNPCC) and familial adenomatous 
polyposis (FAP) with its two phenotypes (classic & attenuated)[1]. For each cancer case in the family, 
information on age at diagnosis, type of primary cancer, results of any cancer predisposition testing in 
any relative and family history should be updated periodically[2].

The diagnosis and accurate treatment of individuals with a hereditary component of CRC warrants a 
detailed knowledge of the primary syndrome and tumor genetics[2]. Immunohistochemistry (IHC) 
provides more information regarding the disease. The key concept of bowel cancer resection has to be 
obeyed in all CRC cases, irrespective of the type of mutation. Prime focus is on the oncological and 
functional outcome. The decision regarding the extended surgery should be based on the mutational 
status, gene, gender and the estimated individual risk. Minimal invasive surgery is the preferred 
surgical approach and post-operative quality of life should be the primary surgical outcome[3].

Guidelines from Association of Coloproctology of Great Britain & Ireland (ACPGBI) (2019), European 
Society for Medical Oncology (ESMO) along with the American Society of Clinical Oncology (ASCO) 
(2015) & Japanese Society for Cancer of the Colon and Rectum (JSCCR) (2020) for surveillance and 
management of both LS and FAP are complementary to each other[4-6] and elaborated further in this 
review.

HEREDITARY NON-POLYPOSIS CRC/LS
LS is characterized by autosomal dominant clustering of CRC and other extra-colonic cancers. It 
accounts for approximately 3%-5% of all CRC’s and in the general population, approximately 1 out of 
279 individuals has a pathogenetic mismatch repair (MMR) gene mutation[7].

HNPCC is also the most common predisposing hereditary cause of uterine cancer and is associated 
with the cancer of the stomach, ovaries and urinary tract (ureter, renal pelvis). The risk of development 
of LS associated tumors depends on multiple factors such as causative gene, type of mutation, environ-
mental factors etc.[6]. HNPCC represents the clinical colorectal manifestation following the familial 
pattern of inheritance and LS is due to a germline mutation in one of the DNA genes MMR - mutL 
homolog 1 (MLH1), mutS homolog (MSH)2, MSH6 & PMS2. A change in one of these genes causes an 
accumulation of multiple errors in DNA repetitive sequences (microsatellites) along the genome[3]. This 
finding is known as microsatellite instability (MSI), and is frequent but not exclusive in LS. LS is usually 
associated with a high level of microsatellite instability, which carry a 50% risk of inheritance[8].

In order to identify LS patient, a detailed family history is necessary to confirm the fulfilment of the 
Amsterdam II and/or the revised Bethesda criteria[9]. Subsequent testing using IHC for MMR proteins, 
BRAF testing (a gene that encodes a cytoplasmic serine/threonine-protein kinase B-raf) for MLH1 loss 
of expression and MSI, is used to detect tumors lacking DNA MMR and plan comprehensive sequential 
testing[4]. Genetic counselling and genetic testing in a DNA sample in a normal tissue is crucial in every 
individual with a background of considerable family history and/or in those lacking MMR in the tumor 
specimen obtained during colonoscopy; and must be performed following consent[3].

Colon cancer in LS
Surgical management of LS patients should be individualized. Various factors play an important role 
when considering a surgical procedure; such as age at diagnosis, pre-existing co-morbidities, stage of 
the tumor, risks of metachronous colon cancer (MCC), surgical expertise, functional consequences of 
surgery and patient’s wishes. LS patients have a considerable risk for development of metachronous 
CRC in any residual colorectum left behind, unlike patients with sporadic CRC. In some studies, the risk 
of metachronous CRC during follow-up is as high as 16% at 10 years[9]. Thus, expert opinion 
recommends extended resection - total abdominal colectomy (TAC) with ileo-rectal anastomosis (IRA). 
Life expectancy is increased by 2.3 years, when the procedure is performed in early years of life (before 
the age of 47), according to de Vos tot Nederveen Cappel et al[10]. Following an extended colectomy, 
decrease in the metachronous cancer risk must be balanced against the bowel functional expectations
[11].

For LS patients, CRC risk varies according to the underlying genetic etiology. The lifetime risk is 30%-
74% for MLH1, MSH2, and PMS2 mutation carriers, as compared to 10%-22% in MSH6 carriers[12]. In 
addition, from oncological point of view, there is insufficient evidence for LS patients with MSH6 or 
PMS2 mutations for advantage of extended colectomy over segmental resection[4]. On the other hand, 
despite yearly coloscopies, LS patients having MLH1 & MSH2 have a pronounced likelihood for 
developing metachronous CRC. Hence, in such cases a more extended surgery should be considered at 
the time of diagnosis.

Retrospective studies have shown the risk of developing a MCC after partial colectomy ranging from 
11% to 45% over 8 to 13 years[13-15]. However, no prospective trials have been conducted to demon-
strate a true survival benefit of TAC vs segmental resection[16]. Total abdominal hysterectomy and 
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bilateral salpingo-oophorectomy is recommended at the same time in LS patients, who have completed 
childbearing or are postmenopausal, to prevent the occurrence of endometrial/ovarian cancer[6].

A systematic review and meta-analysis by Malik et al[17] evaluated the risk of MCC and mortality in 
LS following segmental vs extensive colectomy. In this study, 1119 patients underwent segmental 
colectomies with an absolute risk of MCC in this group of 22.4% at the end of follow-up and 270 patients 
who had extensive colectomies had a MCC absolute risk of 4.7%. Segmental colectomy was significantly 
associated with an increased relative risk (RR) of MCC. RR after a segmental colectomy was 8.56 [95% 
confidence interval (CI): 3.37-21.73], as compared to 3.04 (95%CI: 1.46-6.34) in an extended colectomy in 
patients with a confirmed LS germline mutation and patients with LS diagnosis using the Amsterdam 
criteria. This study concluded five times greater risk of MCC after a segmental colectomy vs extensive 
colectomy in LS.

Rectal cancer in LS
Roughly 20% to 30% of LS patients will develop rectal cancer, with 15% to 24% of those with rectal 
cancer as their first presentation. Surgical options include a low anterior resection or abdomino-perineal 
resection, depending on sphincter involvement; or an extended resection with removal of all at-risk 
colorectum, via either a total proctocolectomy with an end ileostomy (TPC-EI) or more commonly a 
restorative ileal pouch-anal anastomosis (IPAA)[18,19].

The surgeon must consider various risk factors including possibility of metachronous colon cancer, 
bowel function, quality of life and co-morbidities of an individual, when determining the extent of 
bowel resection. A multidisciplinary team discussion including colorectal surgeons, gastroenterologists 
and pathologists is warranted to decide the best management plan for the patient, at the time of 
diagnosis of a colorectal primary[20].

International surveillance guidelines for LS
International surveillance guidelines for LS by ACPGBI United Kingdom[4], ESMO with ASCO[5], 
JSCCR[6] are summarized into pre-operative and post-operative as below.

Pre-operative: Starting age for surveillance colonoscopy should be based on the LS-associated gene[4].
Colonoscopic surveillance is recommended at a 2-yearly interval for all LS patients, starting from 25 

years of age for MLH1 & MSH2 mutation carriers and 35 years for MSH6 & PMS2 mutation carriers[4].
Full germline genetic testing for LS should include DNA sequencing and large rearrangement 

analysis. Analysis of BRAF V600E mutation/ methylation of the MLH1 promoter should be carried out 
first to rule out a sporadic case, if loss of MLH1/PMS2 protein expression is observed in the tumor[5].

Germline mutation testing is indicated if tumor is MMR deficient and somatic BRAF mutation is not 
detected or MLH1 promoter methylation is not identified[5].

LS possibility should be individually evaluated in patients with suspicion of LS who have not yet 
diagnosed by genetic testing[6].

Surveillance of LS-associated tumors (in particular gynaecological, urological & gastrointestinal 
cancers) should be organized depending on the clinical and biochemical results (MSI/IHC). In LS 
patients with CRC, screening is suggested prior to elective colectomy[6].

Follow-up recommendations in mutation carriers include gynaecological examination on a yearly 
basis, in addition to the colonoscopy, starting from 30-35 years of age with 6 mo to 1 year interval. 
Surveillance methods include endometrial cytology & biopsy, CA 125 level and transvaginal ultrasono-
graphy[5,6].

In female LS carriers, risk reducing surgery with prophylactic hysterectomy and bilateral salpingo-
oophorectomy can be considered as options, who have completed their childbearing for primary 
prevention of gynecologic cancer from age 35 onwards[5,6].

Upper gastrointestinal and urinary tract surveillance (urinalysis & cytology) should start at 30-35 
years of age, at every 1-2 yearly interval.

Post-operative: Following surgery in LS patients with CRC, life-long surveillance with regular 
colonoscopy is recommended, due to the risk of possible development of MCC in the remaining 
colorectum[4,6].

Surveillance for recurrence of CRC following resection should be managed in a similar fashion to 
sporadic CRC[6].

Colorectal adenomas, when detected should be removed early, as they may progress to CRC in future
[6].

Prophylaxis & chemoprevention: Prophylactic colectomy in LS patients (those with MMR mutation, 
but not developed CRC) is not currently recommended, partly due to the incomplete penetrance of the 
disease phenotype; as not all patients with a known gene mutation develop CRC[15]. Engel et al[21] 
stated that affected individuals have a 30% to 60% lifetime risk for developing CRC, depending on the 
underlying gene defect. Møller et al[22] conducted a multicentre study in patients with LS associated 
mutations affecting MLH1, MSH2, MSH6 or PMS2, which showed that collectively incidence of any 
cancer at 70 years is greater for all MMR gene mutation carriers, with a female predominance at 75% vs 
males at 58%. In MLH1 & MSH2 mutation carriers, malignancy was found from age 25 onwards as 
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compared to age 40 in MSH6 & PMS2 carriers. CRC cumulative incidence was high in MLH1 & MSH2 
mutation carriers at 46% and 35% respectively; and lower in MSH6 & PMS2 mutation carriers at 20% 
and 10% respectively.

Indigo-carmine chromoendoscopy (CE) is recommended for the screening of LS patients, as 
compared to the white light endoscopy (WLE) by using optimal preparation, complete examination, and 
use of CE to reduce the cancer incidence. Various studies by Perrod et al[23], Lecomte et al[24], 
Hüneburg et al[25] and Hurlstone et al[26] reported a WLE adenoma miss-rate ranging between 52%-
74%, thus demonstrating superiority of CE over WLE. Patient adherence to endoscopic follow-up 
programs can be improved by conducting dedicated educational workshops and creating support 
groups for LS to build motivation to join the program[27].

Recently conducted randomized trials did not characterize any protective effect of aspirin on CRC in 
a specific population. The CAPP2 trial did not show any aspirin protective effect on colorectal adenoma 
or cancer incidence after a mean of 29 mo, but a significant reduction in cancer incidence was observed 
at a mean of 56 mo[28]. Soualy et al[29] designed the AAS-Lynch trial to investigate whether the daily 
use of aspirin, at a dose of 100 or 300 mg, in LS patients under 75 years of age, would decrease the 
occurrence or recurrence of colorectal adenomas, compared with placebo. This is a prospective, 
multicentric, double-blind, placebo-controlled, randomized clinical trial and is estimated to be 
completed by year 2025.

FAP
The main characteristic feature of FAP is the development of hundreds to thousands of adenomas in the 
colorectum during second decade of life[30,31]. It is an autosomal dominant disease and accounts for 
less than 1% of all CRCs. It is caused by germline mutations in the tumor suppressor gene - defect in 
adenomatous polyposis coli (APC) on chromosome 22q21-22[32]. The expression of the disease may 
vary according to genotype and differ even within patients who share the same mutation due to 
modifying factors, such as gender[33].

Polyposis syndromes should typically be considered in patients with greater than 20 lifetime 
adenomas, patients with a personal history of desmoid tumor or other extra-colonic manifestations of 
FAP, or family members of individuals with known FAP, attenuated FAP (aFAP), or MYH-associated 
polyposis. Surgical management of FAP is complex and requires both accurate clinical judgment and 
technical skills. Treatment should include detailed counselling about the nature of the syndrome, its 
natural history, extra-colonic manifestations and the need for compliance with recommendations for 
management and surveillance[34].

The cornerstone of the management in FAP is prophylactic colorectal surgery due to 100% risk of 
CRC by 40 years of age if not treated early. Surgical decision-making, with regards to the timing of 
prophylactic surgery, extent of bowel resection and types of reconstruction, is influenced by both 
patient factors and disease characteristics[35].

The three main surgical options for FAP patients include subtotal colectomy with IRA, total procto-
colectomy with/without mucosectomy & IPAA and TPC-EI. Table 1 describes indications, benefits and 
pitfalls of each of the surgical procedure. High ligation of the main blood supply to the bowel with 
removal of its mesentery form the principal basis of an oncologic bowel resection technique[31,36,37].

The follow-up strategy depends on the surgical procedure performed. Endoscopy should be done 
every 2-5 years when a pouch is constructed; whereas the interval should be 6 mo with total colectomy. 
In cases of pouch, a temporary diverting ileostomy may be fashioned to prevent anastomotic leakage[38,
39]. Severity of polyposis determines the surgical decision of IRA vs IPAA - the more severe the 
polyposis, the greater the risk of metachronous rectal polyposis and/or rectal neoplasm.

aFAP: It represents a subset of patients who have germline APC mutation, with a diminished or 
“attenuated” colorectal phenotype. They possess < 100 synchronous colorectal adenomas and are not 
associated with complete penetrance of CRC. It is characterized by a later onset of colonic polyposis and 
later development of CRC (after 10-20 years) as compared to classical FAP. Most aFAP patients often 
undergo colectomy and IRA[42,43].

Minimal invasive surgical approach should be preferred for both forms of FAP. Currently, the 
standard surgical techniques for treatment of FAP include laparoscopic colectomy and proctocolectomy.

International surveillance guidelines for FAP
International surveillance guidelines for FAP by ACPGBI United Kingdom[4], ESMO with ASCO[5], 
JSCCR[6] are summarized into pre-operative and post-operative as below.

Pre-operative: Colonoscopic surveillance should usually start from 12-14 years of age in individuals 
genetically confirmed with a diagnosis of FAP. It is especially in at-risk individuals who have a first-
degree relative with a clinical FAP, but absent APC mutation; which should be continued for 5 years, 
until a clinical diagnosis is reached and they are treated as FAP, or they can enrol in national bowel 
cancer screening programme when they reach the age[4].



Kudchadkar S et al. Hereditary colorectal cancer guidelines

WJGO https://www.wjgnet.com 837 April 15, 2022 Volume 14 Issue 4

Table 1 Comparing the three main surgical options in familial adenomatosis polyposis[6,30,39-41]

Surgical 
procedure Indications Benefits Pitfalls

Ileo-rectal 
anastomosis

< 20 rectal, adenomas; < 
1000 colonic, adenomas

Controls colonic polyposis. Better bowel 
function & good quality of life. Reduced risk 
of desmoid disease. Avoids stoma. Quicker 
recovery, especially useful in active 
teenagers

Risk of rectal cancer. Annual surveillance with 
proctoscopy & flexible sigmoidoscopy is required

Ileal pouch-anal 
anastomosis

< 20 rectal, adenomas; < 
1000 colonic, adenomas

Removes nearly all polyps in colon & 
rectum. No need of permanent ileostomy. 
Quality of life is satisfactory

Increased complications. Unpredictable bowel 
function. Unpredictable quality of life. Possible need 
for ileostomy. Pouch complications: (1) Risk of pouch 
polyposis; and (2) Risk of cancer in anal transition 
zone. Surveillance is difficult

Proctocolectomy & 
end ileostomy

Low rectal cancer. When 
Ileal pouch-anal 
anastomosis is not indicated. 
Poor anal sphincter. 
Function

Complete removal of cancer risk in lower 
gastrointestinal tract

Permanent ileostomy. Sexual and fertility 
consequences such as dyspareunia, decrease in 
fertility, vaginal discharge in females and reduced 
libido, sexual satisfaction in males

Surveillance colonoscopy intervals may be individualized based on the colonic phenotype every 1-3 
years[4]. An interval of 1-2 years is strongly recommended for patients with typical FAP and 2-3 years 
for patients with aFAP[6].

Germline genetic testing of APC and/or MUTYH should be considered for individuals with multiple 
colorectal adenomas (> 10). Full germline genetic testing of APC should include DNA sequencing and 
large rearrangement analysis[5].

The decision on the type of colorectal surgery in FAP patients depends on various factors including 
severity of rectal polyposis, risk of developing desmoids, mutation site in the APC gene and patient’s 
age & wishes[5].

Search for extracolonic manifestations (gastroduodenal polyposis, thyroid cancer, desmoid tumors) in 
both variants (FAP and aFAP) is recommended, when colorectal polyposis is diagnosed or at the age of 
25-30 years, whichever comes first[5].

Upper GI tract examination and monitoring should start at 25 years of age, every 6 mo to 5 years 
depending on the polyp burden[4].

Annual neck examination with ultrasound assessment for thyroid gland may be considered, starting 
at 25-30 years of age[5,6].

Counselling about the risk of formation of post-operative desmoid disease should be done for all FAP 
patients[4].

Annual abdominal examination and abdominal & pelvic computed tomography or magnetic 
resonance imaging every 3 yearly is recommended for patients with a family history of desmoid tumors
[6].

Ophthalmology opinion and referral is needed in patients with a diagnosis of congenital hypertrophy 
retinal pigmentation epithelium (CHRPE). FAP screening, genetic testing and colonoscopy is advised in 
individuals with bilateral and multiple CHRPE lesions[4].

Colonoscopy should be carried out at every 2 yearly intervals, in families with aFAP, starting at the 
age of 18 to 20 years and continued lifelong in mutation carriers[5].

Post-operative: The cardinal factors influencing the timing of prophylactic proctocolectomy in 
candidates with FAP are as follows: (1) Total prevalence of colorectal malignancy; (2) Size, morphology 
& density of the adenomas; (3) Age at cancer occurence & death and presence/absence of desmoid 
tumors in family members; (4) Germline variant site in the APC gene; (5) Professional factors 
(educational, work & other environments of the patient); (6) Personal factors (fertility and 
presence/absence of male sexual dysfunction after IPAA); (7) Presence/absence of gastrointestinal 
symptoms; and (8) Histopathology of the tumor[6].

The definitive treatment of colorectal adenomas is proctocolectomy (prophylactic proctocolectomy) 
prior to the development of CRC[6].

Surveillance of the rectum should be carried out every 6 to 12 mo in cases with residual rectum and 
every 6 mo to 5 years in cases with ileo-anal pouch, depending on the polyp burden[5].

In FAP patients with locally advanced CRC, routine treatment for locally advanced CRC should be 
performed. The surgical procedure should be selected according to the condition of the FAP patients, if 
curative resection is possible[6].

Chemotherapy for CRC associated with FAP is similar to that used in sporadic cases[6].
In metastatic disease, treatment similar to that for metastases from sporadic CRC should be used, for 

curative resection group[6].
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In FAP patients undergoing surgery for CRC, post-operative surveillance similar to that in sporadic 
CRC patients should be planned/performed[6].

Prophylaxis & chemoprevention: The most effective way of cancer prevention is to remove the colon 
and thus, the timing of prophylactic surgery should be considered, once the diagnosis is established. 
Severity of the polyposis decides the timing of surgery for patients diagnosed in their teenage years. 
Correct choice of the surgical procedure is the fundamental factor in reducing cancer risk, overall 
complications and sustaining a reasonable quality of life.

FAP patients undergoing prophylactic restorative proctocolectomy with IPAA are usually young and 
active. The frequency of bowel movements and faecal continence is of utmost importance, to have better 
quality of life. The continent function depends on the stool consistency, quality of sphincter muscles and 
pelvic nerves[3]. Transanal Total Mesorectal Excision is now a well-recognised surgical procedure in the 
treatment of mid and low rectal cancer, which involves a “bottom-top dissection” with improved visual-
ization of the pelvic nerves and a rendezvous-approach[44].

Sulindac, a nonsteroidal anti-inflammatory agent, which inhibits cyclooxygenase enzyme (COX)-1 & 
2, is the most tested drug in chemoprevention[45]. Lastly, care of FAP patients and their families is best 
given by centres of experience and excellence[46].

CONCLUSION
5%-10% of CRC cases are due to germline mutations, most of which are autosomal dominant with high 
penetrance. With accurate treatment, affected patients can benefit greatly when detected early in life. 
Thorough knowledge of the at-risk genetic mutations forms the cornerstone in formulating a precise 
treatment plan for patients with hereditary CRC. Syndromes with a 100% penetrance will require 
prophylactic surgery. In the treatment of every CRC, the basic concept of oncologic surgical procedure 
needs to be followed. Patient should be actively involved in the surgical decision-making. Lifelong 
follow-up is the predominant feature of the surgical treatment plan and every patient should be 
informed of the same well in advance. Improved patient adherence to the screening program is pivotal 
in surveillance.
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Abstract
BACKGROUND 
Gastric cancer is the third deadliest cancer in the world and ranks second in 
incidence and mortality of cancers in China. Despite advances in prevention, 
diagnosis, and therapy, the absolute number of cases is increasing every year due 
to aging and the growth of high-risk populations, and gastric cancer is still a 
leading cause of cancer-related death. Gastric cancer is a consequence of the 
complex interaction of microbial agents, with environmental and host factors, 
resulting in the dysregulation of multiple oncogenic and tumor-suppressing 
signaling pathways. Global efforts have been made to investigate in detail the 
genomic and epigenomic heterogeneity of this disease, resulting in the identi-
fication of new specific and sensitive predictive and prognostic biomarkers. 
Trastuzumab, a monoclonal antibody against the HER2 receptor, is approved in 
the first-line treatment of patients with HER2+ tumors, which accounts for 13%-
23% of the gastric cancer population. Ramucirumab, a monoclonal antibody 
against VEGFR2, is currently recommended in patients progressing after first-line 
treatment. Several clinical trials have also tested novel agents for advanced gastric 
cancer but mostly with dis-appointing results, such as anti-EGFR and anti-MET 
monoclonal antibodies. Therefore, it is still of great significance to screen specific 
molecular targets for gastric cancer and drugs directed against the molecular 
targets.

AIM 
To investigate the effect and mechanism of berberine against tumor growth in 
gastric cancer xenograft models and to explore the role of hepatocyte nuclear 
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factor 4α (HNF4α)-WNT5a/β-catenin pathways played in the antitumor effects of berberine.

METHODS 
MGC803 and SGC7901 subcutaneous xenograft models were established. The control group was 
intragastrically administrated with normal saline, and the berberine group was administrated 
intragastrically with 100 mg/kg/d berberine. The body weight of nude mice during the 
experiment was measured to assess whether berberine has any adverse reaction. The volume of 
subcutaneous tumors during this experiment was recorded to evaluate the inhibitory effect of 
berberine on the growth of MGC803 and SGC7901 subcutaneous transplantation tumors. 
Polymerase chain reaction assays were conducted to evaluate the alteration of transcriptional 
expression of HNF4α, WNT5a and β-catenin in tumor tissues and liver tissues from the MGC803 
and SGC7901 xenograft models. Western blotting and IHC were performed to assess the protein 
expression of HNF4α, WNT5a and β-catenin in tumor tissues and liver tissues from the MGC803 
and SGC7901 xenograft models.

RESULTS 
In the both MGC803 and SGC7901 xenograft tumor models, berberine significantly reduced tumor 
volume and weight and thus retarded the growth rate of tumors. In the SGC7901 and MGC803 
subcutaneously transplanted tumor models, berberine down-regulated the expression of HNF4α, 
WNT5a and β-catenin in tumor tissues from both transcription and protein levels. Besides, 
berberine also suppressed the protein expression of HNF4α, WNT5a and β-catenin in liver tissues.

CONCLUSION 
Berberine retarded the growth of MGC803 and SGC7901 xenograft model tumors, and the 
mechanism behind these anti-growth effects might be the downregulation of the expression of 
HNF4α-WNT5a/β-catenin signaling pathways both in tumor tissues and liver tissues of the 
xenograft models.

Key Words: Berberine; Gastric cancer; Xenograft models; Hepatocyte nuclear factor 4α; WNT5a

©The Author(s) 2022. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Hepatocyte nuclear factor 4α (HNF4α) is a member of the nuclear receptor transcription factor 
family, which is at the center of a complex transcriptional regulatory network and regulates the biological 
effects of different pathways via transcriptional regulation of differential target genes. The role of HNF4α 
in gastric cancer is poorly understood, so the study of the berberine targeting HNF4α in gastric cancer cell 
xenograft models is of great significance. In this study, we showed that the inhibition of HNF4α 
genes/proteins by berberine was correlated with the tumor inhibition in gastric cancer xenografts. Further 
experiments also indicated that berberine downregulated HNF4a to exert its antineoplastic activity in vivo.

Citation: Li LL, Peng Z, Hu Q, Xu LJ, Zou X, Huang DM, Yi P. Berberine retarded the growth of gastric cancer 
xenograft tumors by targeting hepatocyte nuclear factor 4α. World J Gastrointest Oncol 2022; 14(4): 842-857
URL: https://www.wjgnet.com/1948-5204/full/v14/i4/842.htm
DOI: https://dx.doi.org/10.4251/wjgo.v14.i4.842

INTRODUCTION
Gastric cancer is the third deadliest cancer in the world and ranks second in the incidence and mortality 
of cancers in China[1,2]. Despite advances in prevention, diagnosis, and therapy, the absolute number of 
cases is increasing every year due to aging and the growth of high-risk populations, and gastric cancer is 
still a leading cause of cancer-related death[1,3]. Gastric cancer is a consequence of the complex 
interaction of microbial agents, with environmental and host factors, resulting in the dysregulation of 
multiple oncogenic and tumor-suppressing signaling pathways[1]. Global efforts have been made to 
investigate in detail the genomic and epigenomic heterogeneity of this disease, resulting in the identi-
fication of new specific and sensitive predictive and prognostic biomarkers[4]. Trastuzumab, a 
monoclonal antibody against the HER2 receptor, is approved in the first-line treatment of patients with 
HER2+ tumors, which accounts for 13%-23% of the gastric cancer population[5]. Ramucirumab, a 
monoclonal antibody against VEGFR2, is currently recommended in patients progressing after first-line 
treatment[6]. Several clinical trials have also tested novel agents, such as anti-EGFR and anti-MET 
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monoclonal antibodies, to treat advanced gastric cancer but mostly with disappointing results[3]. 
Therefore, it is still of great significance to screen specific molecular targets for gastric cancer and drugs 
directed against the molecular targets.

Several epidemiological studies have found that diabetes is linked with an increased risk of gastric 
cancer and can increase the risk of death in patients with gastric cancer, resulting in a worse prognosis
[7,8]. Recently, many studies have focused on diabetes and its causal relation with neoplasms[9]. The 
emergence of cancer-related properties was likely a change in biological characteristics caused by the 
hyperglycemic environment created by diabetes, which provides the opportunity to trigger abnormal 
expression of the healthy genome and promote changes in biological characteristics[10]. It was 
demonstrated that glucose increased ATP levels to inhibit AMPK and induce the increased expression 
of hepatocyte nuclear factor 4α (HNF4α)[11]. Hepatocyte nuclear factor 4α is a member of the nuclear 
receptor transcription factor family, which has a conserved DNA-binding domain and a ligand-binding 
domain[12]. HNF4α is at the center of a complex transcriptional regulatory network and regulates the 
biological effects of different pathways via transcriptional regulation of differential target genes[13]. 
HNF4α is involved in a variety of human diseases. HNF4α plays an important role in the development 
and treatment of diabetes. Neonatal patients with diabetes or young adults with diabetes with 
mutations in the HNF4α gene usually respond better to oral treatment with sulfonylureas[14]. 
Furthermore, many studies also suggest that HNF4α might be related to the occurrence and 
development of tumors. HNF4α was found to be highly expressed in various tumor tissues, such as lung 
cancers and liver cancers[15,16]. Compared with normal gastric mucosa, the protein and transcript 
levels of HNF4α in gastric cancer tissues and gastric cancer cell lines are also at higher levels[17]. The 
role of HNF4α in gastric cancer has gradually received attention. HNF4α can promote the intestinal 
metaplasia of the gastric mucosa[18]. HNF4α can also be used as a gold standard marker to distinguish 
gastric metastasis from primary gastric cancer and breast cancer. Studies showed that HNF4α was 
positively expressed in all patients diagnosed with primary gastric adenocarcinoma and negatively 
expressed in all cases of primary breast cancer[19,20].

The hyperglycemic environment created by diabetes provides the opportunity to trigger abnormal 
expression of the healthy genome and promote changes in biological characteristics[10]. The 
hyperglycemic state observed in the diabetic milieu is predicted to enhance the gastric cancer risk in 
prediabetic and diabetic individuals[9]. Studies have shown that some diabetes treatment drugs can 
effectively reduce the risk of cancer and improve prognosis, which is of great significance for 
understanding the relationship between diabetes and tumorigenesis and provides a new idea for the 
research of cancer prevention and treatment[21]. Berberine, an extract from the Chinese herbal medicine 
Coptis, has been widely used in clinical treatment and has shown excellent efficacy in the treatment of 
intestinal infections. Multiple studies have displayed the potential therapeutic effect of berberine on 
diabetes[22]. Berberine can target HNF4α to inhibit gluconeogenesis in the treatment of type 2 diabetes 
and its complications[23]. Berberine improvs insulin resistance associated not only with gut microbiota 
alteration in branched-chain amino acid biosynthesis, but also with branched-chain amino acid 
catabolism in liver and adipose tissues[24]. Berberine alleviates tau hyperphosphorylation and 
axonopathy-associated with diabetic encephalopathy by restoring the PI3K/Akt/GSK3β pathway[25]. 
Meanwhile, several studies have also showned the potential therapeutic effects of berberine against 
tumor growth[26-28]. Berberine exerts an inhibitory effect on cell growth and induces apoptosis by 
inhibiting the activation of EFGR signaling[27]. Berberine can also suppress the growth and induce 
apoptosis of colorectal cancer cell lines through regulation of the Long Non-Coding RNA (lncRNA) 
Cancer Susceptibility Candidate 2 (CASC2)/AU-Binding Factor 1 (AUF1)/B-Cell CLL/Lymphoma 2 
(Bcl-2) Axis[28]. The structural interaction of berberine with Aldo-keto reductase family 1 member C3 is 
attributed to the suppression of Aldo-keto reductase family 1 member C3 enzyme activity and the 
inhibition of 22Rv1 prostate cancer cell growth by decreasing the intracellular androgen synthesis[29]. 
Berberine could effectively affect both tumor outgrowth and spontaneous metastasis in triple-negative 
breast cancer, which was associated with the inhibition of NLRP3 inflammasome pathway[30].

Whether HNF4α, which plays an important role in regulating the progression of diabetes and tumors, 
is just the right target for berberine to exert anti-gastric cancer effects remains to be elucidated. Our 
previous experiments demonstrated that berberine could induce cycle arrest of gastric cancer cells by 
targeting AMPK/HNF4α/WNT5a pathways in vitro[31]. In this study, berberine was administrated 
intragastrically to MGC803 and SGC7901 subcutaneous gastric cancer xenograft models. We invest-
igated the effects of berberine against tumor growth and the role of HNF4α-WNT5a/β-catenin pathways 
involved in the antitumor effects of berberine.

MATERIALS AND METHODS
Chemicals and materials
Berberine chloride with a purity of 98% was purchased from the Sigma-Aldrich, United States. 
Antibodies against β-catenin were purchased from Cell Signaling Technologies (Boston, MA, United 
States), WNT5a was purchased from Abgent and HNF4a was purchased from Santa Cruz Biotechnology 
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(Santa Cruz, CA, United States).

Cell lines and cell culture
The gastric cancer cell lines MGC803 and SGC7901 were supplied by Hubei Biossci Biological Co., Ltd. 
Both cell lines were routinely cultured in RPMI1640(HyClone, China), supplemented with 10% fetal 
bovine serum (FBS) (SiJiQing, China), and 1% penicillin-streptomycin solution at 37 ℃ in a 5% CO2 
humidified atmosphere. All experiments were performed when cells were in a logarithmic phase.

In vivo tumor xenograft model
Female BALB/c nude mice approximately 4 weeks old (13 g-17 g) were purchased from Hunan Slake 
Jingda Experimental Co., Ltd. (Hunan, China). Upon arrival, these animals were maintained under 
specific-pathogen-free conditions (23 ± 2 ℃ and 55 ± 5% humidity) with an automatically controlled 12h 
light/dark cycle and with a free access to sterilized flood and autoclaved water. After mice were 
acclimatized for about seven day, MGC803 or SGC7901 gastric cancer cells (107 cells per mouse) were 
subcutaneously injected into the right flank of mice. Animals bearing tumors were randomly divided 
into two groups, and treatment was initiated after injection for 72 h when a mass of more than 6 mm in 
maximal diameter was identified in each mouse with daily intragastric administration of normal saline 
(control group) and 100 mg/kg berberine (BBR group). All animals were sacrificed on Day 18 after 
treatment and blood as well as tissues from all animals were collected. Tumor xenograft length (L) and 
width (W) were measured at two-day intervals with Vernier calipers, and tumor volume (V) was 
calculated using the Formula (V = W2 × L/2). Mouse body weight was monitored every two d. Animal 
experiments were performed according to the institutional guidelines and regulations approved by the 
Huazhong University of Science and Technology Institutional Animal Care and Use Committee.

Immunohistochemistry staining assay
The tumor tissues removed from mice were fixed with 4% formaldehyde and then embedded in 
paraffin, and then 4μm thick tissue sections were made. After heating in an oven at 60 ℃ for 1 h, the 
sections was dewaxed in a dewaxing agent and rehydrated by a concentration-gradient of alcohol 
(100%, 95%, 85%, 75%). Tissue sections were boiled in 10 mmol/L sodium citrate buffer (pH 6.0) at high 
temperature to recover the antigen and incubated with 3% hydrogen peroxide for 10 minutes to block 
endogenous peroxidase activity. Sections were incubated with primary antibodies against HNF4a (1: 
200), WNT5a (1: 80) and β-catenin (1: 100) at 4 ℃ overnight. Then the tissue was incubated with a 
secondary antibody and observed under a microscope.

Total RNA Extraction and real-time polymerase chain reaction
Total RNA was extracted using the TRIzol Reagent (Magent, Wuhan) according to the manufacturer’s 
instructions, and then cDNA was synthesized from 2 µg of total RNA using the 5X All-In-One RT 
MasterMix (ABP) at 25 ℃ for 10 min, 42 ℃ for 15 min and 85 ℃ for 5 min. Real-time polymerase chain 
reaction (PCR) was used to detect the mRNA expression levels of HNF4α, WNT5a and β-catenin. PCR 
reactions were performed using LightCycler 480 (Roche Applied Science) in a total volume of 20 µL, 
including 10 µL of 2X SYBR Green qPCR Master Mix (ABP) at 95 ℃ for 10 min, 95 ℃ for 15 s and 60 ℃ 
for 60 s, 40 cycles according to the manufacturer’s instructions. The relative gene expression was 
calculated with normalization to an endogenous reference (GAPDH).

The primers were as follows: GENE; Forward Primer (5’-3’); Reverse Primer (5’-3’); HNF4α; 
ATGCGACTCTCTAAAACCCTTG; ACCTTCAGATGGGGACGTGT; WNT5a; CAACTGGCAG-
GACTTTCTCAA; CCTTCTCCAATGTACTGCATGTG; β-catenin; ATGGAGCCGGACAGAAAAGC; 
TGGGAGGTGTCAACATCTTCTT; GAPDH; TGGCCTTCCGTGTTCCTAC; GAGTTGCTGT-
TGAAGTCGCA.

Western blotting
Total protein was extracted from the tumor tissues and liver tissues, and its concentration was 
determined by the BCA assay. Then, equal amounts of proteins (30ug/Lane) were loaded for electro-
phoresis, seperated by SDS-polyacrylamide electrophoresis gel (SDS–PAGE) and subsequently 
transferred to nitrocellulose membranes (NC membrane) ( Millipore, United States). After blocking with 
5% nonfat milk at room teamperature for 1h, the NC membranes were incubated with the primary 
antibodies overnight with gentle agitation at 4 ℃. After washing with TBST for three times, the NC 
membranes were incubated with the secondary antibodies for 1h at room temperature, followed by 
visualization with a near-infrared double color laser imaging system (Odyssey, Lincoln, NE, United 
States).

Statistical analysis
All experiments were repeated at least three times. All data are expressed as the mean ± standard 
deviation. All data were plotted by GraphPad Prism 6 software. Statistical analysis was performed 
using SPSS (version 20.0) software. A t test was also performed to determine differences between 
groups. P < 0.05 was considered statistically significant.
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RESULTS
Berberine inhibited the growth of MGC803 and SGC7901 gastric cancer xenograft tumors
To explore the effect of berberine on gastric cancer xenograft models, we established MGC803 and 
SGC7901 xenograft tumor models. As shown in Figure 1A, intragastric administration of berberine 
significantly reduced the tumor weight of MGC803 and SGC7901 subcutaneously transplanted tumors, 
and the reduction rates were approximately 50.0% and 60.9% of the control group respectively (P < 
0.05). In addition, as shown in Figure 1B, berberine led to 48.6% inhibition of tumor size in MGC803 
xenograft models and 51.3% inhibition of tumor volume in SGC7901 xenograft models when compared 
to the control group. Berberine significantly inhibited the growth rate of MGC803 and SGC7901 
xenograft tumors. Moreover, berberine did not affect the body weight of MGC803 and SGC7901 
xenograft models in this experiment (Figure 1C, P > 0.05). These results indicated that berberine could 
significantly retard the growth of MGC803 and SGC7901 xenograft tumors, which was coordinated with 
the experimental results of Yi et al[32].

Berberine inhibited HNF4α expression in tumor and liver tissues in both MGC803 and SGC7901 
xenograft tumor models.
HNF4α is at the center of a complex transcriptional regulatory network and is implicated in the 
initiation and progression of gastric cancer. To investigate the role of HNF4α in the growth of gastric 
cancer and the underlying mechanism, we examined the effect of berberine on the expression of HNF4α 
in tumor tissues and liver tissues of MGC803 and SGC7901 xenograft tumor models. Immunohisto-
chemical staining showed that berberine downregulated the expression of HNF4α in tumor tissues from 
MGC803 and SGC7901 xenograft tumor models. Besides, in the tumor tissues from the MGC803 and 
SGC7901 xenograft tumor models, berberine significantly reduced both the transcriptional expression 
and protein expression of HNF4α compared with the control group. Moreover, berberine inhibited the 
mRNA level of HNF4α in the liver tissues from the MGC803 and SGC7901 xenograft models. 
Furthermore, berberine also reduced the protein expression of HNF4α in liver tissue from the MGC803 
and SGC7901 xenograft models. Therefore, berberine inhibited the expression of HNF4α in MGC803 and 
SGC7901 xenograft models at both the transcriptional and posttranscriptional levels, and the reduction 
of HNF4α significantly inhibited the growth of tumor cells (Figure 2).

Berberine inhibited WNT5a expression in tumor and liver tissues in both MGC803 and SGC7901 
xenograft tumor models.
WNT5a has been proven to be involved in the development and progression of gastric cancers. WNT5a 
was the downstream of HNF4α and HNF4α regulated WNT signaling through its target gene WNT5a, a 
potential prognostic marker of diffuse-type gastric tumours[33]. Therefore, we examined the alteration 
of the expression levels of WNT5a in tumor tissues and liver tissues from xenograft tumor models. 
Immunohistochemical staining results showed that compared with the control group, the expression 
level of WNT5a in tumor tissues from both the MGC803 and SGC7901 xenograft tumor models in the 
berberine group was significantly down-regulated. Furthermore, berberine also significantly reduced 
the mRNA and protein levels of WNT5a in the tumor tissues from both the MGC803 and SGC7901 
xenograft models compared to the control group. Whereas, in the liver tissues from xenograft models, 
berberine reduced the mRNA level of WNT5a in MGC803 xenograft models, but did not affect the 
transcription level of WNT5a in SGC7901 xenograft models. However, berberine reduced the protein 
expression of WNT5a in the liver tissues from MGC803 as well as SGC7901 xenograft model. Therefore, 
berberine inhibited WNT5a protein expression in MGC803 and SGC7901 xenograft models, and the 
downregulation of WNT5a protein expression was associated with the retardation of the tumor growth 
rate (Figure 3).

Berberine inhibited β-catenin expression in tumor and liver tissues in both MGC803 and SGC7901 
xenograft tumor models.
However, as an extracellular ligand, WNT5a activates different intracellular signaling cascades: β-
catenin-dependent and β-catenin-independent pathways[34]. In the classical WNT pathway, β-catenin 
acts as a major mediator and functions as a protein organizer by interacting with numerous partners at 
the membrane, in the cytosol, and in the nucleus[35,36]. To further illustrate the mechanism of the 
antitumor effects of berberine, we also detected the expression level of β-catenin in tumor tissues and 
liver sections upon treatment with berberine. Immunohistochemical staining results showed that in the 
SGC7901 and MGC803 xenograft models, berberine significantly reduced the expression of β-catenin in 
tumor tissues. In addition, in both the MGC803 and SGC7901 xenograft tumor models, both the 
transcriptional and the protein levels of β-catenin in tumor tissue in the berberine group were 
significantly reduced. Besides, berberine reduced the mRNA level of β-catenin in the liver tissues from 
SGC7901 xenograft tumor models but did not affect the transcription level of β-catenin in MGC803 
xenograft tumor models. Simultaneously, berberine also downregulated the protein expression of β-
catenin in the liver tissues of MGC803 xenograft tumor models and SGC7901 xenograft tumor models. 
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Figure 1 Berberine inhibited the growth of MGC803 and SGC7901 xenograft tumors. A: After 18 d of drug treatment, tumors were removed from the 
mice and weighed; B: Changes in tumor size of mice during the experiment; C: Changes in body weight of mice during the experiment. aP < 0.05. Ctrl: The control 
group; BBR: The berberine group.

Therefore, berberine downregulated the protein expression of β-catenin in both MGC803 and SGC7901 
xenograft models, and berberine targeted the WNT5a/β-catenin signaling pathways to exert its growth 
inhibition effects to MGC803 and SGC7901 xenograft model tumors (Figure 4).

DISCUSSION
Berberine is a benzyl tetraisoquinoline alkaloid extracted from Chinese herbal medicines such as Coptis, 
Phellodendron chinense and Hydrastis canadensis. Berberine has been used clinically for many years 
and is effective in counteracting numerous diseases such as gastroenteritis, abdominal pain and 
diarrhea, with antimicrobial and anti-inflammatory properties[37]. Over the past decades, growing 
evidence clearly indicates that berberine can improve insulin-resistance and the levels of plasma lipids 
and glucose in type 2 diabetes animal models and humans[38-40]. Berberine could modulate the 
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Figure 2 Berberine inhibited hepatocyte nuclear factor 4α expression in MGC803 and SGC7901 xenograft tumor models. A: Immuno-
histochemistry showed that berberine reduced the expression of hepatocyte nuclear factor 4α (HNF4α) in tumor tissues of MGC803 and SGC7901 xenograft tumor 
models; B: The quantification of immunohistochemistry of the expression of HNF4α in tumor tissues of MGC803 and SGC7901 xenograft tumor models; C: The effect 
of berberine on HNF4α mRNA expression in tumor tissues of MGC803 and SGC7901 xenograft tumor models; D: The effect of berberine on HNF4α protein 
expression in tumor tissues of MGC803 and SGC7901 xenograft tumor models; E: The effect of berberine on HNF4α mRNA level in liver tissues of MGC803 and 
SGC7901 xenografts; F: The effect of berberine on HNF4α protein expression in liver tissues of MGC803 and SGC7901 xenografts. aP < 0.05, bP < 0.01, dP < 
0.0001. Ctrl: The control group; BBR: The berberine group.

composition of the gut microbiome and reduce body weight, blood glucose levels, and intestinal inflam-
mation in diabetic mice, which demonstrates its effectiveness in the reduction of diabetic complications 
in this model[38]. Berberine also attenuated intestinal mucosal barrier dysfunction and immune barrier 
damage in type 2 diabetic rats[39]. Berberine stimulated insulin secretion in impaired glucose tolerance 
rats[40]. Recently, berberine has shown potential therapeutic effects in treating cancers[26]. Berberine 
inhibited the proliferation of SGC-7901 cells and induced apoptosis[41]. Berberine also inhibited EGFR 
signaling and enhanced the antitumor effects of EGFR inhibitors in gastric cancer[27]. Berberine could 
also inactivate MAPK signaling pathways to exert growth inhibition effects on MGC803 cells[42]. In this 
experiment, berberine was discovered to induce a 48.6% inhibition of tumor growth in MGC803 
xenograft models and 51.3% retardation of tumor growth in SGC7901 xenograft models without any 
influence on body weight[42]. Therefore, berberine might be an effective and safe drug candidate for 
treating gastric cancer. However, whether there exists a shared molecular target which is responsible for 
the antitumor effects and the antidiabetic effects of berberine remains unclear?

HNF4α is a transcription factor with important roles in liver and gastrointestinal tract development, 
hepatocyte differentiation, and lipid and glucose metabolism[43]. HNF4α is at the center of a complex 
transcriptional regulatory network where its disruption is directly linked to glucose metabolism and 
lipid metabolism[44]. The activation of HNF4α may represent a novel single agent for the treatment of 
insulin resistance[44]. The activation of HNF4α stimulates glucose metabolism in acute myeloid 
leukemia cells[45]. What’s more, the regulation of HNF4α expression and activity is highly complex, 
reflecting on the downstream transcriptional networks with diverse functional roles including drug 
metabolism, lipid homeostasis, gluconeogenesis, cell adhesion, proliferation, and apoptosis[46]. Our 
previous studies found that HNF4α was involved in the glucose metabolism of DM[47]. Recently, one 
further study illustrated that inhibition of HNF4α expression could induce cell cycle arrest and 
apoptosis in gastric cancer cells, thereby exerting antitumor growth effects[31], corresponding to the 
experiments in which inhibitory RNA and pharmacological inhibition of HNF4α demonstrated antineo-
plastic activity in vitro and in vivo via downregulation of cyclins, cell cycle arrest and apoptosis in gastric 
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Figure 3 Berberine inhibited WNT5a expression in MGC803 and SGC7901 xenograft tumor models. A: Immunohistochemistry showed that 
berberine reduced the expression of WNT5a in tumor tissues of MGC803 and SGC7901 xenograft tumor models; B: The quantification of immunohistochemistry of 
the expression of WNT5a in tumor tissues of MGC803 and SGC7901 xenograft tumor models; C: The effect of berberine on WNT5a mRNA level in tumor tissues of 
MGC803 and SGC7901 xenograft tumor models; D: The effect of berberine on WNT5a protein expression in tumor tissues of MGC803 and SGC7901 xenograft 
tumor models; E: The effect of berberine on WNT5a mRNA expression in liver tissues of MGC803 and SGC7901 xenografts; F: The effect of berberine on WNT5a 
protein expression in liver tissues of MGC803 and SGC7901 xenografts. aP < 0.05, bP < 0.01, cP < 0.001, dP < 0.0001. Ctrl: The control group; BBR: The berberine 
group.

cancer[33]. HNF4α downregulation could promote tumor migration and invasion in renal cell 
carcinoma[48]. HNF4α promotes the malignant phenotype of acute myeloid leukemia cells[45]. In this 
study, berberine could suppressed the expression of HNF4α in tumor tissues and liver tissues from 
MGC803 and SGC7901 gastric cancer xenograft tumor models. More importantly, the reduced 
expression of HNF4α might to be associated with the growth retardation of tumors from gastric cancer 
xenograft models. Therefore, berberine might target HNF4α to inhibit tumor growth in MGC803 and 
SGC7901 xenograft models.

Studies have shown that WNT5a contains several highly conserved HNF4α binding sites in its 
promoter region[49]. The expression level of WNT5a decreases after HNF4α gene knockout, which 
further inhibits cellular glucose uptake and cell proliferation, and also induces apoptosis[33,45]. WNT5a 
is a member of the WNT family and can activate classical WNT (β-catenin-dependent) signaling 
pathways[50]. The WNT/β-catenin signaling pathway has been recognized as a potentially therapeutic 
target for cancers[51]. In the classical WNT pathway, β-catenin acts as a major mediator, facilitates signal 
transduction, and participates in embryogenesis, cell differentiation, and proliferation processes. When 
the WNT pathway is on, the cytoplasmic concentration of β-catenin increases, and then it translocates 
into the nucleus, which activates more than one hundred target genes of the WNT pathway, while when 
the WNT pathway is off, β-catenin is degraded by the proteasome[52]. In this experiment, we found that 
the protein expression of WNT5a and β-catenin was both downregulated by berberine, indicating that 
inactivation of the WNT/β-catenin pathway resulted from berberine. The WNT/β-catenin pathway is 
involved in the process of tumorigenesis, invasion and metastasis. The role of WNT5a in the occurrence 
and progression of gastric cancer has gradually been elucidated. It was confirmed that downregulation 
of WNT5a expression in gastric cancer cells could inhibit EMT onset and increased WNT5a expression 
could also result in poor differentiation in GC[53,54]. By activating the WNT5a signaling pathway, 
gastric cancer cell growth was promoted and G1-S cell cycle transition was induced[55]. Overexpression 
of WNT5a is also associated with enhanced tumor aggressiveness[56,57]. WNT5a was also a potential 
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Figure 4 Berberine inhibited β-catenin expression in MGC803 and SGC7901 xenograft tumor models. A: Immunohistochemistry showed that 
berberine reduced the expression of β-catenin in tumor tissues of MGC803 and SGC7901 xenograft tumor models; B: The quantification of immunohistochemistry of 
the expression of β-catenin in tumor tissues of MGC803 and SGC7901 xenograft tumor models; C: The effect of berberine on β-catenin mRNA alteration in tumor 
tissues of MGC803 and SGC7901 xenograft tumor models; D: The effect of berberine on β-catenin protein expression in tumor tissues of MGC803 and SGC7901 
xenograft tumor models; E: The effect of berberine on β-catenin mRNA in liver tissues of MGC803 and SGC7901 xenografts; F: The effect of berberine on β-catenin 
protein expression in liver tissues of MGC803 and SGC7901 xenografts. aP < 0.05; bP < 0.01; cP < 0.001; dP < 0.0001. Ctrl: The control group; BBR: The berberine 
group.

suppressor of EMT and downregulation of WNT5a mRNA and protein by EGF is necessary for EGF-
induced EMT in gastric cancer SGC-7901 cells[58]. The role of WNT5a in the development of gastric 
cancer is controversial. Recently the role of β-catenin in promoting the migration and invasion of gastric 
cancer has also been elucidated. CD44, which interacts with IL-13Rα2, promotes gastric cancer 
development and metastasis through regulation of the β-catenin signaling pathways[59]. HOXA11-AS 
not only promotes gastric cancer cell migration and invasion in vitro, but also promotes gastric cancer 
cell metastasis in vivo, at least in part, by regulating β-catenin[60]. Studies have also shown that the 
berberine combined drug HMQ1611 negatively regulates the WNT5a signaling pathway by upregu-
lating axin and inhibiting nuclear transport of β-catenin, thereby inhibiting cancer cell proliferation and 
metastasis[61]. This experiment demonstrated that the reduction in the expression of WNT5a/β-catenin 
signaling pathway is associated with tumor growth suppression in MGC803 and SGC7901 xenograft 
tumor models. This experiment displayed that berberine could downregulate the expression of 
WNT5a/β-catenin in tumor tissues and liver tissues of MGC803 and SGC7901 gastric cancer xenograft 
tumor models at the protein level, and thereby inhibiting the growth of MGC803 and SGC7901 gastric 
cancer xenograft tumors.

CONCLUSION
In conclusion, we found that berberine could exert growth retardation effects on both MGC803 and 
SGC7901 xenograft tumors, the mechanism behind which might associate with the simultaneous 
reduction of both the HNF4α and WNT5a/β-catenin from the tumor tissues and liver tissues in the 
MGC803 and SGC7901 xenograft models. Therefore HNF4α might be a potential target through which 
berberine exerts the effects of countering against gastric cancers.



Li LL et al. Berberine retarded GC growth targeting HNF4α

WJGO https://www.wjgnet.com 854 April 15, 2022 Volume 14 Issue 4

ARTICLE HIGHLIGHTS
Research background
Gastric cancer is the third deadliest cancer in the world and ranks second in incidence and mortality of 
cancers in China. Despite advances in prevention, diagnosis, and therapy, the absolute number of cases 
is increasing every year due to aging and the growth of high-risk populations, and gastric cancer is still 
a leading cause of cancer-related death. Gastric cancer is a consequence of the complex interaction of 
microbial agents with environmental and host factors, resulting in the dysregulation of multiple 
oncogenic and tumor-suppressing signaling pathways. Global efforts have been undertaken to 
investigate in detail the genomic and epigenomic heterogeneity of this disease, resulting in the identi-
fication of new specific and sensitive predictive and prognostic biomarkers. Trastuzumab, a monoclonal 
antibody against the HER2 receptor, is approved in the first-line treatment of patients with HER2+ 
tumors, which accounts for 13%-23% of the gastric cancer population. Ramucirumab, a monoclonal 
antibody against VEGFR2, is currently recommended in patients progressing after first-line treatment. 
Several clinical trials have also tested novel agents, such as the anti-EGFR and the anti-MET monoclonal 
antibodies, for advanced gastric cancer but mostly with disappointing results. Therefore, screening 
specific molecular targets for gastric cancer and drugs directed against the molecular targets is still 
urgently needed.

Research motivation
To screen specific molecular targets for gastric cancer and drugs directed against the molecular targets is 
still urgently needed.

Research objectives
To investigate the effect and mechanism of berberine against tumor growth in gastric cancer xenograft 
models and to explore the role of hepatocyte nuclear factor 4α (HNF4α)-WNT5a/β-catenin pathway 
played in the antitumor effects of berberine.

Research methods
MGC803 and SGC7901 subcutaneous xenograft models were established. The control group was 
intragastrically administrated with normal saline, and the berberine group was administrated intragast-
rically with 100mg/kg/d berberine. The body weight of nude mice during the experiment was 
measured to assess whether berberine has any adverse reaction. The volume of subcutaneous tumors 
during this experiment was recorded to evaluate the inhibitory effect of berberine on the growth of 
MGC803 and SGC7901 subcutaneous transplantation tumors. Polymerase chain reaction assays were 
conducted to evaluate the alteration of transcriptional expression of HNF4α, WNT5a and β-catenin in 
tumor tissues and liver tissues from the MGC803 and SGC7901 xenograft models. Western blotting and 
IHC were performed to assess the protein expression of HNF4α, WNT5a and β-catenin in tumor tissues 
and liver tissues from the MGC803 and SGC7901 xenograft models.

Research results
In both MGC803 and SGC7901 xenograft tumor models, berberine significantly reduced tumor volume 
and weight and retarded the growth rate of tumors. In the SGC7901 and MGC803 subcutaneously 
transplanted tumor models, berberine downregulated the expression of HNF4α, WNT5a and β-catenin 
in tumor tissues from both transcription and protein levels. Besides, berberine also suppressed the 
protein expression of HNF4α, WNT5a and β-catenin in liver tissues.

Research conclusions
Berberine retarded the growth of MGC803 and SGC7901 xenograft model tumors, and the mechanism 
behind this antigrowth effects might be the downregulation of the expression of HNF4α-WNT5a/β-
catenin signaling pathways both in tumor tissues and liver tissues of the xenograft models.

Research perspectives
HNF4α might be a potential target through which berberine exerts effects of both improving diabetes 
and countering gastric cancers.
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Abstract
BACKGROUND 
Hepatocellular carcinoma (HCC) is the second leading cause of cancer-related 
mortality. HCC-targeted magnetic resonance imaging (MRI) is an effective 
noninvasive diagnostic method that involves targeting clinically-related HCC 
biomarkers, such as alpha-fetoprotein (AFP) or glypican-3 (GPC3), with iron oxide 
nanoparticles. However, in vivo studies of HCC-targeted MRI utilize single-target 
iron oxide nanoprobes as negative (T2) contrast agents, which might weaken their 
future clinical applications due to tumor heterogeneity and negative MRI contrast. 
Ultra-small superparamagnetic iron oxide (USPIO) nanoparticles (approximately 
5 nm) are potential optimal positive (T1) contrast agents. We previously verified 
the efficiency of AFP/GPC3-double-antibody-labeled iron oxide MR molecular 
probe in vitro.

AIM 
To validate the effectiveness of a bi-specific probe in vivo for enhancing T1-
weighted positive contrast to diagnose the early-stage HCC.

METHODS 
The single- and double-antibody-conjugated 5-nm USPIO probes, including anti-
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AFP-USPIO (UA), anti-GPC3-USPIO (UG), and anti-AFP-USPIO-anti-GPC3 (UAG), were 
synthesized. T1- and T2-weighted MRI were performed on day 10 after establishment of the 
orthotopic HCC mouse model. Following intravenous injection of U, UA, UG, and UAG probes, 
T1- and T2-weighted images were obtained at 12, 12, and 32 h post-injection. At the end of 
scanning, mice were euthanized, and a histologic analysis was performed on tumor samples.

RESULTS 
T1- and T2-weighted MRI showed that absolute tumor-to-background ratios in UAG-treated HCC 
mice peaked at 24 h post-injection, with the T1- and T2-weighted signals increasing by 46.7% and 
decreasing by 11.1%, respectively, relative to pre-injection levels. Additionally, T1-weighted 
contrast in the UAG-treated group at 24 h post-injection was enhanced 1.52-, 2.64-, and 4.38-fold 
compared to those observed for single-targeted anti-GPC3-USPIO, anti-AFP-USPIO, and non-
targeted USPIO probes, respectively. Comparison of U-, UA-, UG-, and UAG-treated tumor 
sections revealed that UAG-treated mice exhibited increased stained regions compared to those 
observed in UG- or UA-treated mice.

CONCLUSION 
The bi-specific T1-positive contrast-enhanced MRI probe (UAG) for HCC demonstrated increased 
specificity and sensitivity to diagnose early-stage HCC irrespective of tumor size and/or hetero-
geneity.

Key Words: Hepatocellular carcinoma; Molecular imaging; Magnetic resonance imaging; Positive contrast 
agent; Alpha-fetoprotein; Glypican-3

©The Author(s) 2022. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Use of single biomarkers might hinder the detection efficiency of existing hepatocellular 
carcinoma (HCC) molecular probes due to tumor heterogeneity, while negative (T2) contrast agents could 
result in inaccurate diagnoses. Therefore, we developed double-antigen-targeting magnetic resonance 
imaging (MRI) probes for hepatic tumors by conjugating alpha-fetoprotein or glypican-3 antibodies 
simultaneously to a 5-nm ultra-small superparamagnetic iron oxide (USPIO) and investigated its 
performance in orthotopic HCC mouse model. The bi-specific T1-positive contrast-enhanced MRI probe 
for HCC demonstrated increased specificity and sensitivity to diagnose early-stage HCC irrespective of 
tumor size and/or heterogeneity. Moreover, the in vivo enhancement of imaging by the USPIO probes 
appeared dose-dependent and requires further investigation.

Citation: Ma XH, Chen K, Wang S, Liu SY, Li DF, Mi YT, Wu ZY, Qu CF, Zhao XM. Bi-specific T1 positive-
contrast-enhanced magnetic resonance imaging molecular probe for hepatocellular carcinoma in an orthotopic 
mouse model. World J Gastrointest Oncol 2022; 14(4): 858-871
URL: https://www.wjgnet.com/1948-5204/full/v14/i4/858.htm
DOI: https://dx.doi.org/10.4251/wjgo.v14.i4.858

INTRODUCTION
Hepatocellular carcinoma (HCC) is a human malignancy with a high incidence rate, affecting 
populations worldwide[1,2]. Non-invasive magnetic resonance imaging (MRI) is one of the most 
accessible and effective methods for clinical HCC screening, diagnosis, and prognosis. Additionally, 
MRI represents a comprehensive imaging technique which is uninfluenced by ionized radiation and is 
capable of both morphological and functional imaging. Multiple MRI techniques have been developed 
including diffusion-weighted imaging[3], perfusion-weighted imaging[4], iron quantification[5], and 
contrast-agent-based imaging, which use gadolinium hepatobiliary contrast agents or superpara-
magnetic iron oxide nanoparticles[6,7] for early-stage HCC identification. Functional MRI is of adequate 
sensitivity and accuracy to diagnose typical HCC with a tumor diameter > 1 cm; however, it remains 
challenging to identify benign and malignant tumors < 1 cm or micro-hepatocellular carcinoma 
(MHCC) due to undetectable changes in blood supply or a lack of specificity from imaging contrast 
agents[8,9].

Molecular MRI has led to the development of new strategies to enhance specificity and contrast for 
early detection of small cancerous tumors[10-12]. The latter has been used by binding early-stage cancer 
biomarkers with superparamagnetic iron nanoparticles in order to enable active cancer-cell targeting
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https://dx.doi.org/10.4251/wjgo.v14.i4.858


Ma XH et al. Bi-specific T1-positive contrast-enhanced MRI probe for HCC

WJGO https://www.wjgnet.com 860 April 15, 2022 Volume 14 Issue 4

[13]. The sensitivity and specificity of this technique is dependent on the expression levels of the target 
molecules, the magnetic relaxivity of the nanoparticles, and the imaging scheme is unlimited by changes 
in blood supply. Additionally, the active targeting strategy and use of nanoparticles allow for increased 
specificity and sensitivity than hepatobiliary contrast agents, which are based on hypointense signals 
associated with cancer foci against normal hepatic parenchyma and solid benign lesions that uptake the 
agents differently[14,15].

HCC-targeted MRI systems have demonstrated their preclinical effectiveness in vitro and in vivo. 
These methods involve binding HCC biomarkers (antibodies, aptamers, or peptide ligands) to iron 
oxide nanoparticles in order to target clinical HCC-related overexpressed antigens, such as alpha-
fetoprotein (AFP) or glypican-3 (GPC3)[16-20]. AFP is a widely used HCC serum biomarker with a 
specificity and sensitivity of up to 96% and 65%, respectively, and false-positive and false-negative 
detection rates of approximately 40%[21]. GPC3 is a promising early HCC tissue biomarker expressed 
on the cell membrane. The biomarker is highly specific for HCC tumors (84.6%) but rare in normal liver 
parenchyma or benign lesions[22-24]. There are certain limitations of HCC MRI molecular probes. First, 
single biomarkers might hinder detection efficiency of existing HCC molecular probes due to tumor 
heterogeneity. Additionally, iron oxide nanoparticles used in the majority of current HCC imaging 
studies are utilized as negative (T2) contrast agents, which could result in inaccurate diagnosis[25,26]. 
However, opportunities to improve these probes also exist.

Nanoparticles exhibit size-dependent magnetic properties. Ultra-small superparamagnetic iron oxide 
(USPIO) nanoparticles of a small core size (approximately 5 nm) are suggested as optimal positive (T1) 
contrast agents that enhance T1 and suppress T2 signals induced by reductions in volume of magnetic 
anisotropy, surface spin disorder, and exposure of iron ions with unpaired electrons[26-30]. 
Additionally, slow phagocytosis of USPIO nanoparticles by macrophages makes them ideal for liver-
tumor MRI[31-33]. However, there have been controversial results concerning the T1-specific effects of 
targeted USPIO probes in vivo, mainly concerning whether probe clustering suppresses T1-related 
effects[26].

Therefore, in this study, we developed double-antigen-targeting MRI probes for HCC tumors by 
conjugating the AFP and GPC3 antibodies simultaneously to a 5-nm USPIO probe. Our previous study 
demonstrated that compared with single-target probes, bi-specific probes enhanced the T2-weighted 
contrast in Hepa1-6 cells expressing AFP and GPC3[34]. The aim of the present study was to provide an 
in vivo validation of the effectiveness of a bi-specific probe for enhancing T1-weighted positive contrast 
to overcome tumor-heterogeneity limitations in early-stage HCC diagnosis. To this end, we established 
an orthotopic HCC mouse model and injected double-antigen-targeting MRI probes to investigate probe 
specificity, sensitivity, and T1/T2 MRI properties using a 3.0 Tesla clinical MR scanner and histologic 
analysis, relative to observations using single-antibody-labeled and unlabeled USPIO probes.

MATERIALS AND METHODS
Reagents, antibodies, and animals
N-succinimidyl ester-functionalized 5-nm USPIO probes were purchased from Sigma-Aldrich (747440; 
St. Louis, MO, United States). The alpha fetoprotein antibodies were obtained from Abcam (rabbit 
monoclonal, ab213328; mouse monoclonal, ab212325; Cambridge, United Kingdom). GPC3 antibodies 
were obtained from Abcam (rabbit polyclonal, ab66596) and R&D Systems (mouse monoclonal, 
MAB2119; Minneapolis, MN, United States). Other chemical agents were purchased from Sigma-Aldrich 
and of analytical grade.

Male C57BL/6J (C57) mice (8–12 weeks old) were purchased from Vital River Laboratory Animal 
Technology (Beijing, China). The study protocols (NCC2015A011) were approved by the Animal Care 
and Use Committee of Cancer Hospital, Chinese Academy of Medical Sciences (CH-CAMS). All the 
mice were maintained under specific pathogen-free conditions at the Laboratory Animal Services Center 
of CH-CAMS. The animal protocol was designed to minimize pain or discomfort to the animals. The 
animals were acclimatized to laboratory conditions (23 °C, 12 h/12 h light/dark, 50% humidity, ad 
libitumaccess to food and water) for 2 wk prior to establishment of HCC model.

Preparation and physical characterization of antibody conjugated USPIO probes
The synthesis of single- and double-antibody-conjugated USPIO probes, including anti-AFP-USPIO 
(UA), anti-GPC3-USPIO (UG), and anti-AFP-USPIO-anti-GPC3 (UAG), was performed according to our 
previously described protocol[34]. Briefly, 18 mg/mL N-succinimidyl ester-functionalized 5-nm USPIO 
(abbreviated as U) were reacted separately or simultaneously with AFP (ab212325) and GPC3 
(MAB2119) antibodies (400 μg/mL each) in phosphate-buffered solution (pH 7.4) at a final volume of 1 
mL with gentle stirring for 3 h at room temperature approximately 23 °C to form the final probes.

The morphology and size distribution of the USPIO core were characterized by transmission electron 
microscopy (TEM; FEI Tecnai G2 F30; FEI, Hillsboro, OR, United States) using an acceleration voltage of 
300 kV. The hydrodynamic diameters of the U, UA, UG, and UAG probes were measured by dynamic 
light scattering (DLS; Zetasizer Nano ZS90, Malvern Instruments, Malvern, United Kingdom) using a 
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non-invasive back scatter mode with a detected scattering angle of 173° at 25 °C.

USPIO phantom imaging and quantitative analysis
To investigate the MRI characteristics of USPIO, the phantom was constructed using USPIO water 
solutions with gradient concentrations, which were transferred to individual wells (300 μL) of a 96-well 
plate (iron concentrations of each USPIO solution: 5, 2, 1.5, 1, 0.75, 0.5, 0.25, 0.1 0.05, and 0.01 mM).

Phantom MRI was performed using a 3.0 Tesla clinical MR scanner (750W; GE Healthcare, Pittsburgh, 
PA, United States) with an 8-channel head coil. The T1-relaxation times were measured by IR sequence 
with a fixed echo time (TE) of 7 ms, repetition time (TR) of 2000 ms, and multiple inversion times (TI; 
1800, 1500, 1100, 800, 500, 300, 200, and 100 ms). T2 images were acquired using spin echo (SE) sequence 
with different TE (10–170 ms). The parameters were set as follows: TR (2000 ms), TE (10, 20, 30, 40, 50, 
70, 90, 110, 130, 150, and 170 ms), matrix (256 × 256), field of view (FOV; 20 × 20 mm), slice 
thickness/separation (3 mm/3.3 mm), and number of excitations (NEX; 2.0).

During data analysis, the two slices in the center at axial view of MRI images for cylinder samples in 
the 96-well plate were chosen for further analysis. T1- and T2-relaxation times were analyzed in a voxel-
based manner by fitting measured T1-signal intensity versus TI according to Eq. (1) and T2-signal 
intensity versus TE according to Eq. (2), respectively. The proton relaxivities (r1: Longitudinal relaxivity; 
and r2: Transverse relaxivity) were obtained from linear regression according to Eq. (3)[35,36]. (1/Ti)w 

and (1/Ti)wo represent water-proton relaxation rates (the inverse values of the T1- and T2-relaxation 
times) in the presence and absence of USPIO.

In vivo experimental procedure
In vivo experiments were performed as illustrated in Figure 1. First, orthotopic HCC models were 
established using C57 mice. The tumors were allowed to develop for 9 d after inoculation, and mice 
were prepared for in vivo MRI on day ten. Before each USPIO probe injection, the HCC mice were 
scanned for pre-injection (0 h; baseline) T1- and T2-weighted image collection. Following intravenous 
probe injection of U, UA, UG, and UAG, T1- and T2-weighted images were collected at 12, 12, and 32 h 
post-injection. At the end of scanning, mice were euthanized, and histological analyses were performed 
on tumor samples.

Orthotopic HCC mouse model 
Hepa1-6 murine hepatoma cells were purchased from ATCC (CRL-1830; Manassas, VA, United States). 
GPC3-expressing Hepa1-6 cells (Hepa1-6/GPC3) were established in our laboratory, as previously 
reported[37], and maintained using standard protocols on media supplemented with 1 mg/mL G418 
(Invitrogen, Carlsbad, CA, United States). Hepa1-6/GPC3 cells at the proliferation phase were then 
cultured in the absence of G418 overnight to generate orthotopic HCC in 8-week-old C57BL/6J mice 
with weight of 18-20 g. The mice were anesthetized with tribromoethanol (Avertin) at a dosage of 400 
mg/kg body weight via intraperitoneal injection. The abdominal cavity below the sternum was opened, 
and the liver was exposed under sterile conditions. A total of 106 Hepa1-6/GPC3 cells in 20 μL RPMI-
1640 were injected under the liver capsule using a precise micro-syringe (Becton, Dickinson and 
Company, New Jersey, United States). The tumors were developed after inoculation and were suitable 
for in vivo MRI on day 10.

In vivo MRI assessment
In vivo MRI studies were performed on the 3.0 Tesla MR device (GE Healthcare) with a 4-channel animal 
coil. During scanning, the abdominal region of the mouse was placed at the center of the coil, with the 
liver as the target.

Mice were anesthetized using tribromoethanol (Avertin) at a dosage of 400 mg/kg body weight via 
intraperitoneal injection. The anesthesia normally took effect at 3- to 5-min post-injection and was 
sustained for approximately 30 to 45 min. The anesthetic was kept on ice during the experiment. 
Solutions of the U, UA, UG, and UAG probes were transferred into medical-grade physiological saline 
(0.9% sodium chloride; pH = 7.5) with a final usage volume of 200 μL.

Prior to the USPIO probe injection, 12 HCC model mice were anaesthetized. T1- and T2-weighted 
imaging was conducted successively on all mice in order to select a minimum of eight with observable 
or obvious tumors. The eight mice were then divided into four groups, each of which was treated with 
either of the U, UA, UG, or UAG probes, respectively, prior to further MRI experiments. Pre-injection 
images were recorded as 0 h data, followed by administration of the U, UA, UG and UAG probe 
solution via tail-vein injection at a dose of 0.8 mg Fe/kg (or 1.6 mg Fe/kg) over 5 s when the mice were 
awake. Mice underwent in vivo MRI at 12, 12, and 32 h post-injection. The U-treated animal group was 
used as the control for comparison with the UA-, UG-, and UAG-treated groups.
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Figure 1 Experiment workflow. Probe treatment and T1- and T2-weighted magnetic resonance imaging were performed on day 10 after establishment of the 
orthotopic hepatocellular carcinoma mouse model. MRI: Magnetic resonance imaging; HCC: hepatocellular carcinoma; UA: Anti-AFP-USPIO; UG: Anti-GPC3-USPIO; 
UAG: Anti-AFP-USPIO-anti-GPC3.

Anesthesia was administered at each time point (12, 24, and 32 h) post-injection; however, the 
subsequent dosage was reduced by 50% compared to the first dosage at 0 h in order to protect the mice 
and reduce drug resistance.

T1- and T2-weighted images for each USPIO probe were acquired after administering anesthesia 
using the same MRI sequence used for pre-injection scanning: (1) Axial T1-weighted image/FSE with 
TR/TE = 475/10 ms, FOV = 60 mm × 60 mm, matrix = 512 × 512, resolution = 0.1172 mm × 0.1172 mm, 
slice thickness/slice separation = 0.8 mm/1.6 mm, and NEX = 4.0; and (2) Axial T2-weighted image/fast 
SE with TR/TE = 1500/92 ms, FOV = 60 mm × 60 mm, matrix = 512 × 512, resolution = 0.1172 mm × 
0.1172 mm, and slice thickness/slice separation = 0.8 mm/1.6 mm.

T1- and T2-signal enhancement in the tumor respective to the background was analyzed by manually 
drawing a region of interest (ROI) around the tumor and normal liver parenchyma. To assess tumor 
intensity, the largest cross section of the tumor was delineated along the outer margin on the T1-
weighted or T2-weighted images and the mean intensities were recorded. Considering that the tumor 
might not be recognized on the T1-weighted images at the pre-injection time point, the tumor was 
delineated on the pre-injection T2-weighted images and copied to the T1-weighted images for intensity 
calculation. For liver parenchyma intensity, a ROI with an approximately 3 mm2 area on the liver lobes 
next to the tumor was drawn 2-3 times at different positions. The average of the mean intensity in these 
ROIs were then taken as the final background liver intensity. Next, the mean intensity of the tumor was 
divided by the averaged liver background intensity to obtain the tumor-to-background (T/B) ratio. The 
T/B ratio of mean intensity for the two ROIs was calculated to describe the signal enhancement 
resulting from each USPIO probe, and the ratio values were averaged for two mice from UAG-, UG-, 
UA-, and U-treated groups (0.8 mg Fe/kg dosage) respectively if the image quality was acceptable at 
each time point. The increase of T/B ratios at 12, 12, and 32 h post-injection relative to that at 0 h (pre-
injection) were used to describe the binding effect of the probe to the tumor site.

Histologic analysis
Mice were euthanized after MR scanning, and the livers were harvested for histological analysis. Fresh 
tissues were fixed with 10% paraformaldehyde and embedded in paraffin, after which they were cut 
into 5-μm thick serial sections. The sections were immunochemically stained according to manufacturer 
instructions with monoclonal rabbit anti-mouse anti-AFP (ab213328; Abcam) or polyclonal rabbit anti-
mouse anti-GPC3 (ab66596; Abcam). Adjacent slices were used for hematoxylin and eosin (H&E) and 
Prussian Blue staining, respectively. All stained sections were examined under a light microscope at 4 ×, 
10 ×, and 20 × magnification. The expression level of AFP or GPC3 and concentrated USPIO were 
further analyzed by quantifying the ratio of three 3’-diaminobenzidine (DAB-) or Prussian-blue-stained 
pixels from the tumor region using Image J (Wayne Rasband and contributors, National Institutes of 
Health, United States. http://imagej.nih.gov/ij).

RESULTS
Physical characterization of antibody conjugated USPIO probes
As previously reported[34], the USPIO probes were uniformly dispersed and exhibited a core diameter 
of 4.88 ± 0.16 nm and an average hydrodynamic diameter of 40.46 ± 0.53 nm. After antibody binding to 
the USPIO surface, the average hydrodynamic size of UA, UG, and UAG increased to 56.48 ± 0.52 nm, 
54.76 ± 1.02 nm, and 59.60 ± 1.87 nm, respectively. The zeta potentials of UA, UG, and UAG were -12.74 
mV, -11.22 mV, and -10.23 mV, respectively, varying from the zeta potential of unlabeled USPIO (-26.13 
mV).

http://imagej.nih.gov/ij
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USPIO phantom MRI and quantitative analysis
The core diameter (4.88 ± 0.16 nm) of USPIO suggests that it has a good potential as a positive contrast 
agent[26,28,38]. In the present study, we collected the T1- and T2-weighted images of the phantom 
(Figure 2A and B) and observed positive enhancement (brighter images at higher USPIO concentrations) 
of the T1-weighted signal and negative enhancement (darker images at higher USPIO concentrations) of 
the T2-weighted signal according to USPIO concentration. However, the enhancement of the T1-
weighted signal was reversed and began decreasing in the absence of iron at a concentration of 0.75 
mM.

The T1 and T2 maps calculated for each USPIO concentration were illustrated in Figure 2C. The 
longitudinal and transversal relaxation times for the T1 and T2 signals, respectively, were calculated 
from mean values from the T1 and T2 maps for each USPIO concentration. By using the linear fitting, 
the proton-relaxation rates (R1 = 1/T1; and R2 = 1/T2) with respect to the iron ion concentrations 
according to Eq. (3), we obtained molar relaxivities (r1 and r2) of 0.698 ± 0.017 mM-1·s−1 and 41.017 ± 1.484 
mM-1·s−1, respectively (Figure 2D and E).

In vivo MRI 
T1- and T2-weighted MRIs were performed before and after intravenous injection of the U, UA, UG, and 
UAG probes into HCC models, respectively (Figures 3 and 4). The T/B ratios of the enhanced T1- and 
T2-weighted signal intensity enhancement (or increasing rates relative to pre-injection signals) at each 
time point were calculated and plotted (Figure 5).

We found that the T1- and T2-weighted images showed the tumor site in both dark and bright 
contrast prior to the administration of each USPIO probe, respectively, which agreed with clinical HCC-
diagnosis guidance. For the T1-weighted MRI, we observed a non-homogeneous, brightened signal at 
HCC foci in mice receiving UAG or UG probes at 24 h post-injection. The T1-weighted T/B signal ratio 
(TBSR) for UAG-treated mice increased by 46.7% relative to baseline (0 h) and was higher than that of 
the other probes at approximately 24 h post-injection, which decreased over time. This indicated that the 
UAG exhibited a higher binding efficiency with the tumor site. UG-treated and UA-treated livers 
showed a similar trend in signal intensity as those treated with UAG probes, with a 30.7% and 17.7% 
increase in T1-weighted TBSR at 24 h post-injection relative to baseline, respectively, which was higher 
than the intensities observed in mice injected with the U probes. However, the intensity contrast trend 
over time for mice receiving U probes was unclear. It showed a weak signal peak at approximately 12 h 
post-injection, with a 12.1% increase in intensity relative to pre-injection levels, while some fluctuations 
also existed after 12 h time point.

For the T2-weighted MRI, the tumor site showed an initially bright image that darkened after the 
administration of the targeted USPIO probes. Compared to the pre-injection levels, the TBSR for UAG-
treated mice decreased by 11.1% at 24 h post-injection and then increased again over time. Additionally, 
the ratios in UG- and UA-treated mice increased until 12 h, which subsequently decreased. The ratio in 
UG-treated mice decreased to its minimum level at 24 h post-injection, with an approximately 1.3% 
increase in ratio compared with pre-injection. The ratio in UA-treated mice decreased at 24 h post-
injection and subsequently decreased by 32.8% at 32 h post-injection with an unknown trend due to 
measurement suspension. Moreover, the ratio in U-treated mice showed a weak decreasing trend after 
probe injection until reaching a 9.4% decrease at 24 h compared with pre-injection, which subsequently 
increased.

Figure 6 illustrated the T1- and T2-weighted images of HCC-mouse livers treated with higher 
dosages of the UAG probe (1.6 mg Fe/kg body weight), revealing T1-hyperintense and T2-hypointense 
shrinkage of the tumor at 24 h post-injection of the probes.

Histological analysis
Histological analysis and Prussian Blue staining were used to detect iron uptake and were analyzed 
qualitatively to evaluate the establishment of the HCC model and in vivo MRI results (Figure 7). H&E 
staining results for U-, UA-, UG-, and UAG-treated livers showed that the tumor cells in the HCC 
tissues were irregular, with imbalanced nucleus: Cytoplasm ratios and were mostly distributed in 
lumps. Immunochemical staining verified that the AFP and GPC3 antigens were primarily expressed in 
the HCC tissue, whereas few were observed in hepatic parenchyma of the same liver.

Uptake of different USPIO probes by the HCC tissue was evaluated by iron Prussian Blue staining 
(Figure 7). We observed an increase of stained areas distributed in HCC tissues relative to normal liver 
tissues. A comparison of the U-, UA-, UG-, and UAG-treated tumor sections revealed that UAG-treated 
mice exhibited a higher accumulation of stained regions relative to those observed in UG- or UA-treated 
mice. The semi-quantitative results summarized in Supplementary Table 1 might also indicate that 
UAG-treated mice had higher iron concentrations and targeting specificity in the tumor under similar 
expression levels for AFP or GPC3. Additionally, all of the targeted USPIO probes exhibited a higher 
uptake rate for the HCC tissues when compared to the non-targeted USPIO probes. These results 
indicated that the double-antigen-targeted UAG probe targeted the HCC tissues more effectively than 
the single-targeted or non-targeted USPIO probes.

https://f6publishing.blob.core.windows.net/76c9c310-de83-4a51-bd41-9995f1bc3a70/WJGO-14-858-supplementary-material.pdf
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Figure 2 Magnetic resonance imaging properties of ultra-small superparamagnetic iron oxide phantoms. A: T1- and T2-weighted images of a 
series of 0.9% saline water solutions containing different concentrations of the ultra-small superparamagnetic iron oxide probes as indicated by iron concentration; B: 
Changes in the T1- and T2-weighted signal intensities according to iron concentration, with standard deviation also illustrated; C: T1 and T2 map illustrated in pseudo 
color under different iron concentration; D: Linear regression fitting of the longitudinal relaxation-rate (1/T1); E: transversal relaxation-rate (1/T2) data vs different iron 
concentrations (with standard deviation also illustrated) for extracting the longitudinal relaxivity (r1) and transverse relaxivity (r2), respectively.

DISCUSSION
The diagnosis of early-stage HCC is crucial for the establishment of a treatment strategy and for 
improving prognosis. To this end, molecular probes with high specificity and sensitivity are highly 
efficacious for HCC imaging. The present study has provided preliminary data supporting the in vivo 
efficacy of USPIO (5-nm core size)-conjugated AFP and GPC3 antibodies for use as a double-antigen-
targeted MR molecular probe for HCC. Thereby supporting our hypothesis that it would demonstrate 
improved targeting efficiency relative to USPIO labeled with a single-antibody or non-targeted USPIOs 
and functions as a positive contrast agent. We propose that the double-antibody strategy might increase 
cancer-cell selection and enable tumor-specific diagnosis, regardless of tumor heterogeneity.

We chose the AFP and GPC3 antibodies as biomarkers for HCC targeting. Although several studies 
demonstrated the feasibility of peptide ligands as biomarkers for binding GPC3[20], we used 
monoclonal antibodies in the present study to ensure their homogeneity, purity, and avidity.

The histological results demonstrated the preference of the GPC3- and AFP-conjugated USPIO probes 
(UA, UG, and UAG) for antigen-expressing tumor sites, without any pronounced deposition of the 
probes in the liver parenchyma. In vivo MRI (Figures 3 and 4) provided evidence of the increased tumor-
targeting efficiency of the UAG, compared to that observed in single-antibody UG or UA probes, with 
all of the targeted probes displaying improved specificity than the non-targeted USPIO probe. 
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Figure 3 T1-weighted images of hepatocellular carcinoma-model mice administered with ultra-small superparamagnetic iron oxide 
probes at various time points. Columns represent livers treated with different probes, and the first row shows pre-injection (0 h) T2-weighted images as 
references for the tumor location indicated by yellow arrowhead. UA: Anti-AFP-USPIO; UG: Anti-GPC3-USPIO; UAG: Anti-AFP-USPIO-anti-GPC3.

Additionally, T1- and T2- weighted MRIs showed that the absolute TBSRs in UAG-treated mice were 
higher than those in UG-, UA-, and U-treated mice at 24 h post-injection. These results were congruent 
with those of in vitro MRI experiments, showing that UAG-treated Hepa1-6 cells displayed the best T2-
weighted contrast[37]. Based on these results, the higher degree of specificity in the binding of UAG to 
HCC tumors in vivo at 24 h post-injection represented the optimal imaging time point for HCC tumors.

Moreover, UG-treated livers showed a similar signal trend to that of UAG-treated livers, with 
maximal enhancement of the T1-weighted TBSR at 24 h post-injection and higher ratios than that of UA 
and U probes. This might imply a predominant targeting function by the GPC3 antibody on the part of 
the UAG probes. Furthermore, the maximum T1-weighted TBSR in UAG-treated mice at 24 h and the 
1.24-fold enhancement in the ratio for UA-treated livers compared with U-treated livers at 12 h post-
injection might suggest that the AFP antibody was involved in enhancing probe targeting efficiency. 
However, the signal trend for UA-treated livers was not as significantly distinguishable as those treated 
with UAG- or UG-, when they were compared with livers signal treated with non-targeted USPIO 
probes. GPC3 expressed on the cell membrane differed from AFP, which is an antigen secreted into the 
cytoplasm. We chose AFP as a target based on the tumor site to likely be harboring concentrated 
amounts of AFP antigens that could be secreted into the serum. Although adding biomarkers for 
cytoplasmic targeting might help enhance the specificity of double-marker-labeled probes, the 
optimization of single-target probes specific for cytoplasmic sites might require further consideration.

Iron oxide nanoparticles are widely used for molecular MRI imaging because of their relevant 
advantages including superparamagnetism, chemical modification, and biosafety[39,40]. The surface 
modification and hydrodynamic size of iron oxide nanoparticles are essential for optimizing delivery 
efficiency to their cellular targets[41,42]. Additionally, the core size of the iron oxide nanoparticles 
significantly influenced their magnetic properties and the MRI effect[27,29,38]. In the present study, N-
succinimidyl ester-functionalized USPIO with a core size < 5 nm was purchased and conjugated with 
AFP and GPC3 antibodies for evaluation as double-antigen-targeting molecular MRI probes for HCC. 
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Figure 4 T2-weighted images of hepatocellular carcinoma-model mice administered ultra-small superparamagnetic iron oxide probes at 
various time points. Columns represent livers treated with different probes. (Yellow arrowhead: tumor location). UA: Anti-AFP-USPIO; UG: Anti-GPC3-USPIO; 
UAG: Anti-AFP-USPIO-anti-GPC3.

DLS measurements of the U, UA, UG, and UAG probes showed that the hydrodynamic sizes of both 
double- and single-antibody labeled USPIO probes remained within a range of 50–60 nm. This has the 
potential to promote applications to determine tumor-vessel permeability and retention effects while 
avoiding phagocytosis by macrophages rich in normal liver tissue or quick renal clearance[31,41-44]. 
Moreover, the negative zeta potentials of each of the probes allowed for deeper penetration into tissues
[43].

To evaluate the MRI-specific properties of the USPIO probes, we performed both phantom and in vivo 
studies. Phantom results showed that the USPIO probes either positively or negatively enhanced the T1- 
and T2-weighted signal and shortened the T1- and T2-relaxation times (r1 = 0.698 mM-1·s-1; r2 = 41.017 
mM-1·s-1). However, the shortening of r1 was dose-dependent, and the overdose effect that weakened 
enhancement of the T1 signal was attributed to the increased T2-relaxation rate observed at higher iron 
concentrations, which was consistent with previous studies[26]. Therefore, we found that a moderate 
dosage of 0.8 mg Fe/kg body weight was adequate for the in vivo experiments and allowed the determ-
ination of T1- and T2-weighted TBSRs for UAG-treated mice at different time points before and after 
probe injection, up to 24 h post-injection. This differed from a previous report as the aggregation of 
USPIO probes at the target might have diminished their T1 performance[26]. It is possible that the 
feasibility of targeted USPIO probes as positive contrast agents is dosage-dependent, as reflected in the 
T1-hyperintense signal observed at an increased UAG dosage of 1.6 mg Fe/kg body weight (Figure 6). 
For T2-weighted MRI, only the TBSR in UAG-treated mice showed the best negative enhancement, with 
an 11.1% decrease until 24 h post-injection relative to the pre-injection TBSR, which was similar to that 
observed from T1-weighted imaging. The other probes, (UA, UG, and U) did not show significant T2 
enhancement or showed a relatively weaker enhancement compared with UAG-treated samples during 
the first 24 h after probe injection. This might suggest that the double-conjugated antibodies on the UAG 
probe helped accelerate target recognition during circulation and competed with signal decreases 
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Figure 5 Time-dependent increasing rates of T1- and T2-weighted T/B signal ratios. Increasing rates of T1- and T2-weighted T/B signal ratio at 
different time points (12, 24, and 32 h) post-injection as compared with pre-injection (0 h) of the U, anti-alpha-fetoprotein (AFP)-ultra-small superparamagnetic iron 
oxide (USPIO), anti-glypican-3 (GPC3)-USPIO, and anti-AFP-USPIO-anti-GPC3 probes. Data points represent averaged rates from two mice if the image quality was 
acceptable. A: T1-weighted T/B signal ratios; B: T2-weighted T/B signal ratios. UA: Anti-AFP-USPIO; UG: Anti-GPC3-USPIO; UAG: Anti-AFP-USPIO-anti-GPC3.

Figure 6 T1- and T2-weighted images of hepatocellular carcinoma-model mice treated with the anti-alpha-fetoprotein-ultra-small 
superparamagnetic iron oxide-anti-glypican-3 probe (1.6 mg Fe/kg body weight). Top (T1WI) and bottom (T2WI) rows, from left to right: T1- and T2-
weighted images, respectively, at 0 h (pre-injection) and 12-, 24-, and 32-h (post-injection). (Yellow arrowhead: Tumor location).

resulting from normal liver uptake.
Clinical hepatobiliary contrast agents primarily bind to organic anion-transporting polypeptides 

(OATPs) expressed in normal hepatocytes in order to distinguish HCC lesions exhibiting low-level 
OATP expression. The success of OATP-based agents is highly dependent upon liver function and 
might lead to confusion for other diseases also exhibiting low-level OATP expression, such as liver 
metastasis without knowledge of the primary tumor[20,45]. Additionally, the advantages of OATP-
based probes are fewer for MHCC exhibiting tumor sizes of < 1 cm[8,20,46]. The double-antibody 
labeled MRI probes used in the present study allowed for the direct recognition of multiple tumor 
biomarkers to enhance detection specificity and sensitivity, and has the potential to improve the 
diagnostic performance for HCC. Specifically, the positive contrast enhancement renders such targeted 
probes as efficacious for clinical study, although the optimal dosage and imaging time points require 
further investigation.

This study had several limitations. Firstly, the conjugation of two antibodies might increase the 
effective molecular weight of the probe and influence its circulation or infiltration rate. We found that 
the optimal imaging time was approximately 24 h post-injection of the probe, which might be clinically 
taxing. However, based on the double-labeling strategy described here, it might be possible to utilize 
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Figure 7 Histological results of hepatocellular carcinoma tumors treated with U, anti-alpha-fetoprotein-ultra-small superparamagnetic 
iron oxide, anti-glypican-3-ultra-small superparamagnetic iron oxide, and anti-alpha-fetoprotein-ultra-small superparamagnetic iron 
oxide-anti-glypican-3 probes. UA: Anti-AFP-USPIO; UG: Anti-GPC3-USPIO; UAG: Anti-AFP-USPIO-anti-GPC3; USPIO: Ultra-small superparamagnetic iron 
oxide; AFP: Alpha-fetoprotein; GPC3: Glypican-3.

peptides or other ligands with small molecular weights for lesion targeting. Secondly, this study lacked 
detailed experiments to determine changes in imaging properties according to changes in probe dosage. 
This preliminary study mainly validated the feasibility of targeted USPIO probes as positive contrast 
agents; therefore, further dose-related studies are required to explore the unusual T2 effects we 
observed and to optimize the dosage for improved positive contrast enhancement. Thirdly, the N-
succinimidyl ester-functionalized USPIO probe might promote cross-linking with other N-containing 
molecules, as we observed non-specific binding of the non-targeting USPIO probe with the tumor site. 
Therefore, a more specific surface modification might be considered in order to optimize the probe 
design. Lastly, as limited by the experimental conditions, the mice were anesthetized by tribromo-
ethanol (Avertin) via intraperitoneal injection, which might increase the difficulty of dosage control 
among multiple time-point scanning and might limit extended observations with high-imaging quality. 
In the future studies, gas anesthesia should be adopted to improve the accuracy of dosage control and 
alleviate potential animal suffering.

CONCLUSION
In this study, we prepared double-antigen-targeting MRI probes for HCC tumors by conjugating AFP 
and GPC3 antibodies to a USPIO probe < 5 nm in size. In vitro phantom experiments revealed that 
USPIO probes of this size could shorten the longitudinal relaxation time, T1, and transversal relaxation 
time, T2, making them candidate positive and negative MRI contrast agents. Our in vivo MRI results 
using an orthotopic HCC mouse model demonstrated the efficacy of the UAG probe and its potential for 
use as a targeted positive contrast agent for HCC based on its increased specificity and sensitivity 
relative to single-antibody and non-targeted USPIO probes. Moreover, we found that the in vivo 
enhancement of imaging by the USPIO probes was likely dose-dependent and requires further invest-
igation. These findings represent preliminary experimental data to promote the development of 
optimized molecular MRI systems capable of diagnosing early-stage HCC, regardless of tumor hetero-
geneity and size.
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ARTICLE HIGHLIGHTS
Research background
Hepatocellular carcinoma (HCC) threated the human heavily. It is urgent to find an effective method to 
detect and diagnose the HCC early. Our previous study has already verified the efficiency of alpha-
fetoprotein (AFP)/glypican-3 (GPC3)-double-antibody-labeled iron oxide magnetic resonance imaging 
(MRI) molecular probe in vitro.

Research motivation
We validated the effectiveness of a bi-specific probe for enhancing T1-weighted positive contrast to 
detect and diagnose the early-stage HCC in an orthotopic mouse model. It will provide the evidence for 
the human application.

Research objectives
To in vivo validate the effectiveness of a bi-specific probe for early detection and diagnosis of the early-
stage HCC.

Research methods
We synthesized the single- and double-antibody-conjugated 5-nm ultra-small superparamagnetic iron 
oxide (USPIO) probes respectively. T1- and T2-weighted MRI were performed on the mouse model 
injection of the different probes at 12-, 24-, and 32-h. All the tumor samples were histologically 
analyzed.

Research results
The bi-specific probe was the most effective kind of the probes in our experiment.

Research conclusions
The bi-specific T1-positive contrast-enhanced MRI probe for HCC demonstrated increased specificity 
and sensitivity to diagnose early-stage HCC.

Research perspectives
The in vivo enhancement in imaging by the USPIO probes was likely dose-dependent and requires 
further investigation.
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(PI3K/Akt/mTOR) signalling pathway is crucial for cell survival, differentiation, apoptosis and 
metabolism. Xihuang pills (XHP) are a traditional Chinese preparation with antitumour 
properties. They inhibit the growth of breast cancer, glioma, and other tumours by regulating the 
PI3K/Akt/mTOR signalling pathway. However, the effects and mechanisms of action of XHP in 
hepatocellular carcinoma (HCC) remain unclear. Regulation of the PI3K/Akt/mTOR signalling 
pathway effectively inhibits the progression of HCC. However, no study has focused on the XHP-
associated PI3K/Akt/mTOR signalling pathway. Therefore, we hypothesized that XHP might 
play a role in inhibiting HCC through the PI3K/Akt/mTOR signalling pathway.

AIM 
To confirm the effect of XHP on HCC and the possible mechanisms involved.

METHODS 
The chemical constituents and active components of XHP were analysed using ultra-performance 
liquid chromatography-quadrupole time of flight mass spectrometry (UPLC-Q-TOF-MS). Cell-
based experiments and in vivo xenograft tumour experiments were utilized to evaluate the effect of 
XHP on HCC tumorigenesis. First, SMMC-7721 cells were incubated with different concentrations 
of XHP (0, 0.3125, 0.625, 1.25, and 2.5 mg/mL) for 12 h, 24 h and 48 h. Cell viability was assessed 
using the CCK-8 assay, followed by an assessment of cell migration using a wound healing assay. 
Second, the effect of XHP on the apoptosis of SMMC-7721 cells was evaluated. SMMC-7721 cells 
were stained with fluorescein isothiocyanate and annexin V/propidium iodide. The number of 
apoptotic cells and cell cycle distribution were measured using flow cytometry. The cleaved 
protein and mRNA expression levels of caspase-3 and caspase-9 were detected using Western 
blotting and quantitative reverse-transcription polymerase chain reaction (RT-qPCR), respectively. 
Third, Western blotting and RT–qPCR were performed to confirm the effects of XHP on the 
protein and mRNA expression of components of the PI3K/Akt/mTOR signalling pathway. 
Finally, the effects of XHP on the tumorigenesis of subcutaneous hepatocellular tumours in nude 
mice were assessed.

RESULTS 
The following 12 compounds were identified in XHP using high-resolution mass spectrometry: 
Valine, 4-gingerol, myrrhone, ricinoleic acid, glycocholic acid, curzerenone, 11-keto-β-boswellic 
acid, oleic acid, germacrone, 3-acetyl-9,11-dehydro-β-boswellic acid, 5β-androstane-3,17-dione, and 
3-acetyl-11-keto-β-boswellic acid. The cell viability assay results showed that treatment with 0.625 
mg/mL XHP extract decreased HCC cell viability after 12 h, and the effects were dose- and time-
dependent. The results of the cell scratch assay showed that the migration of HCC cells was 
significantly inhibited in a time-dependent manner by the administration of XHP extract (0.625 
mg/mL). Moreover, XHP significantly inhibited cell migration and resulted in cell cycle arrest and 
apoptosis. Furthermore, XHP downregulated the PI3K/Akt/mTOR signalling pathway, which 
activated apoptosis executioner proteins (e.g., caspase-9 and caspase-3). The inhibitory effects of 
XHP on HCC cell growth were determined in vivo by analysing the tumour xenograft volumes and 
weights.

CONCLUSION 
XHP inhibited HCC cell growth and migration by stimulating apoptosis via the downregulation of 
the PI3K/Akt/mTOR signalling pathway, followed by the activation of caspase-9 and caspase-3. 
Our findings clarified that the antitumour effects of XHP on HCC cells are mediated by the 
PI3K/Akt/mTOR signalling pathway, revealing that XHP may be a potential complementary 
therapy for HCC.

Key Words: Hepatocellular carcinoma; Xihuang pills; Apoptosis; Antitumour; Phosphoinositide 3-
kinase/protein kinase-B/mechanistic target of rapamycin pathway

©The Author(s) 2022. Published by Baishideng Publishing Group Inc. All rights reserved.
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Core Tip: The study revealed that Xihuang pills (XHP) increases caspase-9 and caspase-3 activities by 
inhibiting the phosphoinositide 3-kinase/protein kinase-B/mechanistic target of rapamycin signalling 
pathway and induces apoptosis and cell cycle arrest. Consequently, our study indicated that XHP inhibits 
the growth, migration, and proliferation of hepatocellular carcinoma (HCC) cells. Our study provides a 
better understanding of the antitumour effects of XHP and reveals the underlying mechanism. The 
findings of this study suggest that XHP might serve as a supplementary medicine in HCC treatment.

Citation: Teng YJ, Deng Z, Ouyang ZG, Zhou Q, Mei S, Fan XX, Wu YR, Long HP, Fang LY, Yin DL, Zhang 
BY, Guo YM, Zhu WH, Huang Z, Zheng P, Ning DM, Tian XF. Xihuang pills induce apoptosis in hepatocellular 
carcinoma by suppressing phosphoinositide 3-kinase/protein kinase-B/mechanistic target of rapamycin pathway. 
World J Gastrointest Oncol 2022; 14(4): 872-886
URL: https://www.wjgnet.com/1948-5204/full/v14/i4/872.htm
DOI: https://dx.doi.org/10.4251/wjgo.v14.i4.872

INTRODUCTION
Hepatocellular carcinoma (HCC) is a primary liver cancer with a poor prognosis, and limited treatments 
are available for patients with advanced HCC[1]. The absence of specific clinical signs and symptoms 
makes the early diagnosis of HCC even more difficult[2]. Although diagnostic and therapeutic methods 
have improved in recent years, the efficacy of HCC treatments is only 30%–40%[3]. In addition, the 
toxicity and side effects associated with conventional treatments remain a clinical challenge that 
demands a prompt solution. Therefore, the development of effective antitumour drugs with reduced 
toxicity is needed. The carcinogenesis of HCC is regulated by several signalling pathways, and the 
phosphoinositide 3-kinase/protein kinase-B/mechanistic target of rapamycin (PI3K/Akt/mTOR) 
pathway is one of the most important pathways[4].

The PI3K/Akt/mTOR signalling pathway is crucial for cell survival, differentiation, apoptosis and 
metabolism[5-7]. PI3K is a member of the lipid kinase family[8], and its activation initiates the 
expression of the second messenger phosphatidylinositol 3,4,5-triphosphate (PIP3). PIP3 induces the 
activation of multiple protein kinases, such as Akt. Activated Akt then facilitates cell differentiation, 
proliferation, metabolism, apoptosis and angiogenesis via the upregulation of several downstream 
effectors, including mTOR, B-cell lymphoma 2 (Bcl-2) family proteins, glycogen synthase kinase 3, S6 
protein kinase, and caspase-9[3]. Activated caspase-9 induces the function of caspase-3 zymogen and 
induces apoptosis through proteolysis[9]. As a highly conserved mechanism of programmed cell death, 
apoptosis maintains tissue homeostasis. A reduction in apoptosis can induce the occurrence of tumours 
and promote their development[10]. PI3K/Akt/mTOR signalling, an apoptosis-related pathway[11], is 
often abnormally activated in HCC[4]. Therefore, apoptosis may be induced by suppressing the 
PI3K/Akt/mTOR pathway, which inhibits the proliferation of HCC cells.

Xihuang pills (XHP), a traditional Chinese antitumour prescription, are composed of four Chinese 
herbs, namely, Bos taurus domesticus Gmelin, Boswellia carteri Birdwood, Moschus berezovskii Flerov and 
Commiphora myrrha (Nees) Engl[12]. XHP exerts antitumour effects, reduces side effects, and improves 
the quality of life and survival rate of patients receiving tumour therapy[12]. Clinical studies have 
shown that XHP combined with chemotherapy effectively enhances the tumour response in patients 
with breast cancer, and reduces the toxicity and side effects of chemotherapy[13]. Several studies have 
confirmed that the antitumour activity of XHP depends on the PI3K-Akt-mTOR signalling pathway. Li 
et al[14] reported that XHP promotes apoptosis of Treg cells through the PI3K/Akt/AP-1 signalling 
pathway, improves the immunosuppressive state of the tumour microenvironment, and inhibits tumour 
growth. Fu et al[15] reported that XHP enhances the antitumour effect of temozolomide on 
glioblastoma-transplanted tumours through the Akt/mTOR pathway. According to Shao et al[16], XHP 
regulates the apoptosis of U-8MG glioblastoma cells through the ROS-mediated Akt/mTOR/FOXO1 
pathway.

Collectively, the antitumour effect of XHP is associated with suppression of the PI3K/Akt/mTOR 
signalling pathway. Regulation of the PI3K/Akt/mTOR signalling pathway effectively inhibits the 
progression of HCC[4]. A growing number of studies have documented the antitumour effects of XHP 
on breast cancer, lung cancer, colon cancer, glioma, etc. However, few studies have been performed on 
HCC. No research has focused on the XHP-associated PI3K/Akt/mTOR signalling pathway. Therefore, 
we hypothesized that XHP might play a role in inhibiting HCC through the PI3K/Akt/mTOR 
signalling pathway. Our results confirm that XHP induces apoptosis and inhibits proliferation, both in 
vivo and in vitro. Moreover, this inhibitory effect depends on the PI3K/Akt/mTOR signalling pathway. 
Thus, this research revealed a potential antitumour effect of XHP on HCC cells.
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MATERIALS AND METHODS
Chemicals
XHP was purchased from Tong Ren Tang Technologies Co., Ltd. (Beijing, China, Lot number: 17043278). 
All study parameters fulfilled the requirements of standard quality. For extraction, XHP was soaked in 6 
mL of double distilled water for 24 h, followed by ultrasonic dissolution. The precipitates were collected 
via centrifugation at 3000 rpm for 5 min and resuspended in 6 mL of dimethyl sulfoxide (DMSO; 
Sigma–Aldrich, Shanghai, China) using an ultrasonic dissolver. Another centrifugation step was 
performed, and the precipitates were collected. An XHP extract was then prepared using the obtained 
precipitates and stored at 4 °C for future use. According to the pharmacological dosage regulations of 
XHP, the daily dose of XHP for adults is 6 g/d, and the body weight of each mice is about 20 g. The 
dose of XHP was determined by dose extrapolation based on dose-body surface area normalization, this 
dosage was converted to 78 mg/kg[17].

The study of XHP using high resolution mass spectrometry
The compounds present in XHP were analysed using high-resolution mass spectrometry (MS). XHP (3 
g) was ground into a powder and extracted with 10 mL of 100% methanol, followed by ultrasonic 
extraction for 45 min. The supernatant was collected by centrifugation at 8000 rpm for 5 min and then 
filtered with a 0.22 μm microporous filter membrane. The filtrate was collected and measured using a 
UPLC-Q-TOF-MS (1290 UPLC-6540, Agilent Technologies Inc., United States) system. An Agilent 
ZORBAX Eclipse Plus C18 column (100 mm × 3.0 mm, 1.8 μm) was utilized for chromatographic 
separation. The mobile phase consisted of acetonitrile (A) and 0.1% formic acid, which were prepared as 
solutions with different gradients: 0–10 min containing 5%–15% A; 10–15 min containing 15%–20% A; 
15–25 min containing 25%–45% A; and 25–40 min containing 45%–80% A. The flow rate of the mobile 
phase was 0.4 mL/min, and the injection volume was 1 μL/sample. Parameters for the MS system were 
fixed according to the manufacturer’s recommendation. In detail, the ionization mode, electrospray 
ionization and accurate mass data correction were performed using electrospray ionization-L Low 
Concentration Tuning Mix (G1969-85000). Positive and negative ion switching and the MRE scan model 
were used, and the mass range was set from 100 m/z to 1700 m/z. The electrospray capillary voltage 
was 4.0 kV. The sheath gas temperature and drying gas temperature were set to 350 °C. The drying gas 
(nitrogen) flow rate was 6.8 L/min. After the first mass analysis in full scan mode, a secondary MS scan 
was conducted in data-dependent mode, and collision-induced dissociation (CID) was used to fragment 
the first three strong peaks. Subsequently, the secondary scan data were obtained from 50 to 1000 m/z 
with fragmentation voltages of 10, 20, and 30 kV.

Cell culture and treatment
The SMMC-7721 HCC cell line was purchased from the Beinac Biotechnology Research Institute 
(Beijing, China) and was not contaminated, as determined by short tandem repeat (STR) identification. 
SMMC-7721 cells were cultured in Dulbecco’s modified Eagle’s medium (Gibco, New York, United 
States) supplemented with 10% heat-inactivated foetal bovine serum (Gibco, New York, United States) 
and 1% (v/v) penicillin–streptomycin (Gibco, New York, United States). Cells were cultured in a 
humidified atmosphere containing 5% CO2 at 37 °C. When cells reached 80% confluence, they were 
treated with different concentrations of the XHP extract (0, 0.3125, 0.625, 1.25, and 2.5 mg/mL) for 
various durations (0 h, 6 h, 12 h, 24 h, and 48 h).

Cell viability assay
Cell Counting Kit-8 (CCK-8, Gibco, New York, United States) was used to measure cell viability. Briefly, 
100 μL of suspended SMMC-7721 cells (1 × 105 cells/mL) in logarithmic growth phase were inoculated 
in 96-well plates. Subsequently, cells were treated with different concentrations of XHP extract (0, 0.625, 
1.25, and 2.5 mg/mL) for different durations. Cells treated with the same volume of 0.1% DMSO and 
cultured for the same time were considered the control group. After an incubation for 0 h, 6 h, 12 h, 24 h, 
or 48 h, the absorbance was measured using a microplate reader (Awareness Stat Fax ®2600, Qingdao, 
China) at 450 nm. Cell viability was determined by comparing treated cells to controls. All assays were 
repeated at least three times.

Wound healing assay
SMMC-7721 cells were inoculated into 12-well plates after digestion. After spreading cells over the 
bottom of the plate, a pipette tip (1 mL) was used to create scratch wounds in the cell layer, ensuring 
that all wounds had a consistent width. The cell culture media were then aspirated, and cell debris 
created by the scratch were removed by rinsing the plate three times with phosphate-buffered saline 
(PBS). Then, serum-free culture medium was added to the plate, and an inverted fluorescence 
microscope (Olympus, type IX71) was used for imaging. The culture plate was placed in a cell incubator 
(Thermo) for 48 h to allow cell migration. The plate was removed from the incubator every 12 h for 
imaging. The assay results were analysed according to the collected imaging data.
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Apoptosis analysis
Apoptosis was detected using the Annexin V-APC Apoptosis Detection Kit (KeyGEN, Nanjing, Jiangsu, 
China) according to the manufacturer’s instructions. Briefly, cells were digested with 0.25% trypsin 
(Beyotime Biotechnology Co., Ltd., Shanghai, China) after washes with PBS, followed by centrifugation 
at 3000 rpm for 5 min. The collected cells were washed with PBS twice and suspended in 500 μL of 
binding buffer. Then, 5 μL of fluorescein isothiocyanate-labelled annexin V-APC were added and evenly 
mixed with 5 μL of propidium iodide (PI) at room temperature for 15 min in the dark. Subsequently, a 
flow cytometer (Beckman Coulter, Brea, CA, United States) was used to quantify the apoptotic cells.

Analysis of cell cycle arrest 
The DNA content and cell cycle distribution were measured using a FACSCalibur flow cytometer 
(Beckman Coulter, Brea, CA, United States). SMMC-7721 cells were inoculated in 6-well plates at a 
density of 5 × 105 cells/well. After a 24 h incubation, cells were treated with or without XHP extract for 
48 h. Subsequently, the cells were fixed with 75% ethanol at 4 °C overnight, followed by washes with 
PBS. The cells were incubated at room temperature for 15–30 min in the dark and then analysed using 
flow cytometry.

Western blotting
Mouse tumour tissue specimens were obtained and lysed in RIPA lysis buffer (20 mmol/L HEPES, 1 
mmol/L EDTA, 1% Triton X-100, 2 mmol/L EGTA, 150 mmol/L NaCl, 20 mmol/L phosphoglycerol, 
and 10% protease glycerol). The suspension was then homogenized and subsequently centrifuged at 
12000 rpm for 15 min at 4 °C. A BCA detection kit (Beyotime, Shanghai, China) was used to determine 
the protein concentration. Polyacrylamide gel electrophoresis was used for protein separation Then, the 
proteins were transferred to a polyvinylidene fluoride membrane with a transfer device in cold buffer. 
A freshly prepared 5% skim milk solution was utilized for blocking at room temperature for 2 h. 
Afterwards, specific primary antibodies were incubated with the membrane at 4 °C overnight. The 
membrane was then washed with Tris-buffered saline supplemented with 0.1% Tween-20 (TBST) and 
incubated with peroxidase-conjugated secondary antibodies. Visualization was performed using the 
Super Sight West Pico Blotting kit (Pierce, Massachusetts, United States). The following primary 
antibodies were used: Cleaved caspase-3 (1:4000), cleaved caspase-9 (1:2000), Akt (1:2000), mTOR 
(1:2000), P-PI3K (1:1000), P-AKT (1:2000), and P-mTOR (1:2000), which were obtained from Abcam plc. 
(Cambridge, England). Antibodies against PI3K (1:5000) and β-actin (1:5000) were obtained from 
Proteintech Group, Inc. (Chicago, United States). Trypsin and PBS were purchased from HyClone 
Company (Logan, Utah, United States), and DMSO was obtained from Sigma (Germany).

Quantitative reverse-transcription polymerase chain reaction
Total RNA was extracted from SMMC7721 cells using TRIzol reagent (Takara) according to the 
manufacturer’s instructions. Reverse transcription was then performed using reverse transcriptase to 
produce cDNA templates. The quantitative reverse-transcription polymerase chain reaction (RT–qPCR) 
conditions were set up as follows: 95 °C for 3 min, followed by 40 cycles of 95 °C for 15 s and 60 °C for 
30 s. The following primers were used: F-TGGCAACAGAATTTGAGTCCT and R-ACCATCTTCT-
CACTTGGCAT for caspase 3, F-AAGCCAACCCTAGAAAACCTTACCC and R-AGCACCGACAT-
CACCAAATCCTC for caspase-9, F-TGCGTCTACTAAAATGCATGG and R-AACTGAAGGTTAAT-
GGGTCA for PI3K, F-AGCCCTGGACTACCTGCACTCG, R-CTGTGATCTTAATGTGCCCGTCCT for 
AKT, and F-CCAAAGGCAACAAGCGATCCCGAA and R-CTCCAAGTTCCACACCGTCCA for 
mTOR.

Animal and tumour xenograft experiments
All laboratory animals were carefully monitored, and the animal experiments were reviewed and 
approved by the Ethical Review Committee of Experimental Animal Welfare at Central South 
University. Additionally, experiments were performed according to the European Community 
guidelines for laboratory animal use and care. All animals were housed under specific pathogen-free 
conditions. Subcutaneous xenograft tumours were established by subcutaneously injecting SMMC7721 
cells (1 × 107 cells/mouse) (Shanghai SLAC Laboratory Animal Co., Ltd., Shanghai, China) into 5-week-
old male BALB/c nude mice. Mouse weights and tumour volumes were measured every other day 
using the formula for an ellipsoid (length × width2 × 0.5). When the tumour volume reached approx-
imately 100 mm3, mice were randomly classified into two groups (n = 5 mice per group). Mice in the 
control group received oral administration of distilled water daily, whereas mice in the XHP group 
received XHP extract (78 mg/kg body weight/day) by oral gavage. After 2 wk, mice were sacrificed to 
investigate the effect of XHP on subcutaneous xenograft tumours.

Statistical analysis
All statistical calculations were performed using GraphPad Prism 7 software (GraphPad Software 
Company, United States). Data are presented as the means ± SD. One-way analysis of variance 
(ANOVA) followed by the least significant difference test were conducted to analyse the differences 
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Table 1 Analysis information of 12 compounds in Xihuang pills

Number RT (min) Mass Molecular formula Name

1 1.088 117.0778 C5H11NO2 Valine

2 16.110 267.1588 C15H22O4 4-Gingerol

3 19.579 228.1131 C15H16O2 Myrrhone

4 20.357 321.2403 C18H34O3 Ricinoleic acid 

5 23.486 465.3060 C26H43NO6 Glycocholic acid

6 32.635 231.1366 C15H18O2 Curzerenone

7 33.057 470.3377 C30H46O4 11-keto-β-boswellic acid

8 33.977 282.4610 C18H34O2 Oleic acid

9 35.078 218.1674 C15H22O Germacrone

10 36.543 496.3517 C32H48O4 3-Acetyl-9,11-dehydro-β-boswellic Acid 

11 38.816 288.2084 C19H28O2 5β-androstane-3,17-dione

12 39.500 512.3485 C32H48O5 3-Acetyl-11-keto-β-boswellic acid

between two groups. A P < 0.05 was considered statistically significant.

RESULTS
Components of XHP
The main components of XHP responsible for its inhibitory effects on HCC were analysed using high-
resolution MS. Ion flow diagrams were extracted, and the molecular formulas of the compounds were 
compared with the information in the literature and database for identification (Figure 1). The following 
12 compounds were identified: Valine, 4-gingerol, myrrhone, ricinoleic acid, glycocholic acid, 
curzerenone, 11-keto-β-boswellic acid, oleic acid, germacrone, 3-acetyl-9,11-dehydro-β-boswellic acid, 5β
-androstane-3,17-dione, and 3-acetyl-11-keto-β-boswellic acid (Table 1).

The inhibitory effects of XHP extract on HCC cell viability and migration
The effects of XHP extract on HCC cell viability were investigated. Cells were separated into five groups 
and treated with different concentrations of the XHP extract according to their human equivalent doses 
(0, 0.3125, 0.625, 1.25, and 2.5 mg/mL), and cell viability was determined using the CCK-8 assay at 12, 
24, and 48 h posttreatment. The lowest concentration at which the XHP extract exerted an antitumour 
effect was 0.625 mg/mL (Figure 2A) at 12 h post-treatment (Figure 2B). The XHP extract inhibited 
SMMC-7721 cell viability in a dose- and time-dependent manner (Figure 2A and B). Treatment with the 
effective XHP extract dose, i.e., 0.625 mg/mL, significantly inhibited the migration of SMMC-7721 cells 
in a time-dependent manner (Figure 2C), as determined using a cell scratch assay.

XHP extract promotes HCC cell apoptosis in a dose-dependent manner
Apoptosis plays an important role in anti-tumour therapy. Therefore, annexin V and PI staining were 
performed to confirm the apoptosis-inducing effect of the XHP extract on SMMC-7721 cells. As shown 
in Figure 3A, the proportion of apoptotic cells among XHP-treated SMMC-7721 cells was significantly 
increased, ranging from 11.87% to 82.42%. Moreover, flow cytometry showed that the proportion of 
SMMC-7721 cells in G2/M phase was substantially increased, from 18.83% to 42.66% (Figure 3B), 
indicating cell cycle arrest in SMMC-7721 cells after XHP extract treatment. Subsequently, the 
expression levels of apoptosis-related proteins caspase-3 and caspase-9 were determined. Similar to the 
results of the flow cytometry analysis, in vivo experiments revealed that the protein expression levels of 
cleaved caspase-3 and cleaved caspase-9 were significantly increased in the subcutaneous xenograft 
tumours from nude mice. The mRNA expression levels of caspase-3 and caspase-9 also showed similar 
trends. (Figure 3C). These results were confirmed by in vitro experiments. After treatment with different 
concentrations of the XHP extract, mRNA expression, as well as protein levels of caspase-3 and caspase-
9, were increased in SMMC-7721 cells in a dose-dependent manner (Figure 3D). These results were 
consistent with the data obtained from the cell viability and migration assays. Collectively, our results 
indicated that XHP extract promotes HCC cell apoptosis in a dose-dependent manner.
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Figure 1 Components of Xihuang Pills. The fingerprint of the Xihuang pill was determined using high-resolution mass spectrometry. A: The 12 compounds 
were labelled according to chromatographic retention times, and their molecular structures were analysed; B: The chemical formulae of 12 compounds. The chemical 
structures of 12 compounds and chemical formulae obtained from chemsrc (https://m.chemsrc.com/mip/), according to the compound numbering scheme in Table 1.

The inhibitory effects of XHP extract on the expression of components of the PI3K/Akt/mTOR 
signalling pathway in HCC cells
The PI3K/Akt/mTOR signalling pathway plays significant roles in regulating the cell cycle, apoptosis, 
and proliferation of HCC. The protein and mRNA expression levels of PI3K, Akt and mTOR were 
detected to clarify the mechanism involving the PI3K/Akt/mTOR signalling pathway in XHP-induced 
apoptosis and migration. In vivo experiments showed that the ratios of phosphorylated PI3K, Akt, and 
mTOR to the total protein were noticeably reduced after treatment with the proper concentration of 
XHP (i.e., 78 mg/kg) (Figure 4A) in the subcutaneous xenograft HCC mouse model. RT–qPCR analysis 
further confirmed the inhibitory effects of XHP on PI3K, Akt, and mTOR mRNA expression levels 
(Figure 4B). Moreover, in vitro cell experiments showed that XHP extract inhibited the phosphorylation 
and mRNA expression levels of components of the PI3K/Akt/mTOR signalling pathway in a dose-
dependent manner (Figure 4C and D). The data described above indicate that XHP extract inhibits the 
PI3K/Akt/mTOR signalling pathway in a dose-dependent manner.

Inhibitory effects of XHP on the growth of subcutaneous xenograft tumours in HCC mice
A xenograft tumour model was established using male BALB/c nude mice to confirm the antitumour 
effect of XHP in vivo. As shown in Figure 5A, the subcutaneous xenograft tumours were significantly 
reduced after XHP treatment compared to the control group. This result was further confirmed by 
calculating the volume (Figure 5B) and weight (Figure 5C). However, the overall body weight of the 

https://m.chemsrc.com/mip/


Teng YJ et al. Xihuang pills induce apoptosis in HCC

WJGO https://www.wjgnet.com 879 April 15, 2022 Volume 14 Issue 4

Figure 2 Xihuang pills extract inhibits the growth and migration of SMMC7721 cells. Cells were treated with different concentrations of the Xihuang 
pills (XHP) extract (0, 0.3125, 0.625, 1.25, and 2.5 mg/mL) for 12 h, 24 h, and 48 h. Cell viability was measured using Cell Counting Kit-8. A: A representative graph 
showing the effects of treatment with various concentrations of the XHP extract for 12 h; B: A representative graph showing that treatment with 0.625 mg/mL XHP 
extract induces a decrease in cell viability after 12 h; C: The migration of SMMC-7721 cells was measured using a cell scratch assay with or without the 
administration of 0.625 mg/mL XHP for 48 h. Data are presented as the means ± SD. aP < 0.05 and bP < 0.01 compared with the control group.

nude mice did not decrease. A significant difference in body weight was not observed between the two 
groups (Figure 5D). The in vivo experiment revealed the protective effect of XHP on preventing the 
progression of HCC tumorigenesis in the established mouse model.

DISCUSSION
HCC is an aggressive tumour characterized by a high degree of proliferation and invasion. Considering 
the limitations of current treatment methods, more effective treatments with reduced toxicity must be 
established. Notably, traditional Chinese medicine and its prepared compounds may serve as supple-
mentary treatments for HCC[16]. XHP is an effective antitumour drug included in the traditional 
Chinese medicine system. Studies have shown that XHP inhibits the proliferation and metastasis of 
tumour cells[12]. However, the specific effects and mechanisms of XHP in HCC progression have not 
been discussed. In this study, we showed that XHP exerts an inhibitory effect on HCC cells by in vivo 
and in vitro experiments. Moreover, we identified that XHP reduces the viability and migration of 
tumour cells via the PI3K/Akt/mTOR signalling pathway. This pathway is involved in tumour cell 
apoptosis of HCC. Thus, the results of our study confirmed the antitumour properties of XHP in HCC, 
as well as the potential mechanism.

Abnormal activation of the PI3K/Akt/mTOR signalling pathway is a crucial factor promoting HCC 
development. It induces HCC cell proliferation and cell cycle arrest by inhibiting apoptosis[18-20]. The 
combination of growth factors and receptors in tumour cells activates PI3K, increasing cell viability, 
proliferation, and migration[21,22]. PI3K increases the viability of tumour cells in HCC by regulating 
apoptosis[23-25]. Moreover, Akt serves as a downstream target and mediates the antiapoptotic effects of 
PI3K, with Akt regulating the sequential steps of apoptotic signalling[26]. Akt activates many 
downstream proteins, including mTOR, Bcl-2-associated agonist of cell death (Bad), and GSK3[27,28]. In 
terms of cell cycle regulation, Akt expression suppresses the activity of GSK3β, reduces the expression 
of cyclin D1 and promotes the expression of Rb, thereby promoting cell cycle progression[29]. Caspase-3 
is the primary executioner of apoptosis. It specifically lyses poly (ADP-ribose) polymerase and other 
substrates, leading to DNA fragmentation and eventual apoptosis[30]. Thus, this mechanism plays an 
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Figure 3 SMMC-7721 cell apoptosis is induced by Xihuang pills extract. SMMC-7721 cells were stained with annexin V/propidium iodide and 
fluorescein isothiocyanate after treatment with or without 0.625 mg/mL Xihuang pills (XHP) extract for 12 h. A and B: Flow cytometry was used to detect the number 
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of apoptotic cells (A) and the cell cycle distribution (B); C: Cleaved caspase-3 and cleaved caspase-9 protein expression levels were detected by Western blotting, 
and caspase-3 and caspase-9 mRNA expression levels were detected by reverse-transcription polymerase chain reaction (RT–qPCR); D: After treating SMMC-7721 
cells with different concentrations of the XHP extract, cleaved caspase-3 and cleaved caspase-9 protein expression levels were determined using Western blotting, 
whereas caspase-3 and caspase-9 mRNA expression levels were determined using RT–qPCR. The experiment was repeated three times, and the data are 
presented as the means ± SD. aP < 0.05 and bP < 0.01 compared with the control group; cP < 0.05 and dP < 0.01 compared with the XHP 0.625 group; eP < 0.05 and f
P < 0.01 compared with the XHP 1.25 group.

important role in the inhibition of cancer cell invasion and metastasis[31]. The caspase-3 zymogen is 
regulated by caspase-9[19]. Activation of PI3K may inhibit caspase 3 activity and DNA fragmentation in 
several cell types. Therefore, PI3K is essential for maintaining cell viability. Furthermore, Bcl-2 has an 
important role in caspase-3-mediated apoptosis[32]. mTOR, a downstream target of Akt, phosphorylates 
Bad (an apoptotic molecule) and induces the expression of antiapoptotic Bcl-2 family proteins. 
Moreover, it inhibits the release of cytochrome c from the mitochondria, thereby inhibiting the 
activation of caspase-9 and caspase-3 and increasing cell viability[19,23,33]. Thus, the PI3K/Akt/mTOR 
signalling pathway regulates apoptosis by modulating caspase-9 and caspase-3 activity.

In this study, the high resolution MS was used to analyze the compound composition of XHP. Twelve 
compounds in XHP were identified, which were valine, 4-gingerol, myrrhone, ricinoleic acid, 
glycocholic acid, curzerenone, 11-keto-β-boswellic acid, oleic acid, germacrone, 3-acetyl-9,11-dehydro-β-
boswellic acid, 5β-androstane-3,17-dione, and 3-acetyl-11-keto-β-boswellic acid. Among them, 
Curcuzederone, 11-keto-α-Boswellic Acid, Oleic Acid and 3-acetyl-11-keto-beta-Boswellic Acid have 
been reported to have good anticancer activity. They inhibit tumor growth by promoting apoptosis of 
cancer cells[34-38]. We speculate that the anti-tumor effect of XHP may be through these active 
ingredients, and we will further clarify the role of the active ingredients in future studies.

Activation of apoptosis is one of the crucial strategies for anti-tumour therapy[10,39-41]. The results 
of this study revealed that XHP effectively suppressed the growth of HCC cells at a concentration of 
0.625 mg/mL in a dose- and time-dependent manner. The scratch assay revealed that XHP treatment 
also inhibited HCC cell migration in a time-dependent manner. Apoptosis experiments further 
confirmed that XHP treatment arrested the cell cycle in G2/M phase, facilitating the apoptosis of HCC 
cells. Based on these results, XHP exerts an inhibitory effect on the growth and migration of tumour 
cells by inducing apoptosis.

We further investigated the effects of XHP on the PI3K/Akt/mTOR pathway. XHP treatment 
inhibited the PI3K/Akt/mTOR pathway both in vivo and in vitro in a dose-dependent manner. 
Moreover, the activities of cleaved caspase-9 and cleaved caspase-3 were increased in response to XHP 
treatment. Therefore, we hypothesized that XHP may cause cell cycle arrest via the PI3K/Akt/mTOR 
signalling pathway and regulates the expression of the apoptosis executioner proteins cleaved caspase-9 
and cleaved caspase-3, thereby promoting apoptosis in HCC and inhibiting the growth and migration of 
tumour cells. In addition, an in vivo experiment in nude mice further confirmed the inhibitory effects of 
XHP on HCC cells, as evidenced by decreases in tumour volume and weight. However, the effect of 
XHP on the mitochondrial apoptotic pathway, such as autophagy, was not detected in this study. The 
exact step that XHP modulated in the PI3K/Akt/mTOR pathway is unclear. Therefore, further research 
is needed to obtain a comprehensive interpretation of the XHP-regulated antitumour effect.

CONCLUSION
In conclusion, XHP increases cleaved caspase-9 and cleaved caspase-3 activities by inhibiting the 
PI3K/Akt/mTOR signalling pathway and induces apoptosis and cell cycle arrest. Consequently, XHP 
inhibits the growth, migration, and proliferation of HCC cells. Our study provides a better 
understanding of the antitumour effects of XHP and reveals the underlying mechanism. The findings of 
this study suggest that XHP may serve as a supplementary medicine in HCC treatment.
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Figure 4 Inhibitory effects of Xihuang pills extract on the expression of components of the phosphoinositide 3-kinase/protein kinase-
B/mechanistic target of rapamycin signalling pathway both in vivo and in vitro. A: The protein expression levels and ratios of phosphoinositide 3-
kinase/protein kinase-B/mechanistic target of rapamycin (PI3K/Akt/mTOR) and p-PI3K/p-Akt/p-mTOR in SMMC-7721 cells were detected using Western blotting; B: 
PI3K/Akt/mTOR mRNA expression levels in SMMC-7721 cells, as determined using reverse-transcription polymerase chain reaction (RT-qPCR); C: PI3K/Akt/mTOR 
mRNA expression levels in SMMC-7721 cells after treatment with different concentrations of Xihuang pills (XHP), as measured using RT–qPCR; D: Levels of the 
PI3K/Akt/mTOR and p-PI3K/p-Akt/p-mTOR proteins in SMMC-7721 cells treated with different concentrations of the XHP extract were detected using Western 
blotting. Relative protein and mRNA expression levels are shown in representative histograms. The experiment was repeated three times, and the data are presented 
as the means ± SD. aP < 0.05 and bP < 0.01 compared with the control group; cP < 0.05 and dP < 0.01 compared with the XHP 0.625 group; eP < 0.05 and fP < 0.01 
compared with the XHP 1.25 group.
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Figure 5 Xihuang pills treatment inhibits tumour growth in vivo. SMMC7721 cells were injected subcutaneously into the lower right side of 5-week-old 
BALB/c male nude mice. After a model of subcutaneous xenograft tumours was successfully established in nude mice, animals were randomly divided into two 
groups. Each group was then treated with either 0.2 mL of distilled water (control) or 78 mg/kg of body weight Xihuang pills. A: Representative images of 
subcutaneous xenograft tumours at the end of treatment; B: Subcutaneous tumour weights measured at the end of the treatment; C: Average subcutaneous tumour 
volume measured every 2 d; D: Average mouse body weight measured every 2 d. The experiment was repeated three times, and the data are presented as the 
means ± SD. The results were analysed using one-way analysis of variance, followed by the least significant difference test. aP < 0.05 and bP < 0.01 compared with 
the control group. XHP: Xihuang pills.

ARTICLE HIGHLIGHTS
Research background
Xihuang pills (XHP) are a traditional Chinese preparation with antitumour properties. They inhibit the 
growth of breast cancer, glioma, and other tumours by regulating the phosphoinositide 3-
kinase/protein kinase-B/mechanistic target of rapamycin (PI3K/Akt/mTOR) signalling pathway. 
However, the effects and mechanisms of action of XHP in hepatocellular carcinoma (HCC) remain 
unclear. Regulation of the PI3K/Akt/mTOR signalling pathway effectively inhibits the progression of 
HCC.

Research motivation
We hypothesized that XHP might play a role in inhibiting HCC through the PI3K/Akt/mTOR 
signalling pathway.

Research objectives
To confirm the effect of XHP on HCC and the possible mechanisms involved.

Research methods
The chemical constituents and active components of XHP were analysed using ultra-performance liquid 
chromatography-quadrupole time of flight mass spectrometry (MS) (UPLC-Q-TOF-MS). First, cell-based 
experiments and in vivo xenograft tumour experiments were utilized to evaluate the effect of XHP on 
HCC tumorigenesis. Cell viability was assessed using the CCK-8 assay, followed by an assessment of 
cell migration using a wound healing assay. Second, the effect of XHP on the apoptosis of SMMC-7721 
cells was evaluated. Third, Western blotting and reverse-transcription polymerase chain reaction were 
performed to confirm the effects of XHP on the protein and mRNA expression of components of the 
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PI3K/Akt/mTOR signalling pathway. Finally, the effects of XHP on the tumorigenesis of subcutaneous 
hepatocellular tumours in nude mice were assessed.

Research results
The 12 compounds were identified in XHP by high-resolution MS. The cell viability assay results 
showed that treatment with 0.625 mg/mL XHP extract decreased HCC cell viability after 12 h. 
Moreover, XHP significantly inhibited cell migration and resulted in cell cycle arrest and apoptosis. 
Furthermore, XHP downregulated the PI3K/Akt/mTOR signalling pathway, which activated apoptosis 
executioner proteins (e.g., caspase-9 and caspase-3). The inhibitory effects of XHP on HCC cell growth 
were determined in vivo by analysing the tumour xenograft volumes and weights.

Research conclusions
XHP inhibited HCC cell growth and migration by stimulating apoptosis via the downregulation of the 
PI3K/Akt/mTOR signalling pathway, followed by the activation of caspase-9 and caspase-3. Our 
findings clarified that the antitumour effects of XHP on HCC cells are mediated by the 
PI3K/Akt/mTOR signalling pathway.

Research perspectives
Our findings revealed that XHP may be a potential complementary therapy for HCC.
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Abstract
BACKGROUND 
Hilar cholangiocarcinoma (HC) is a good adaptation certificate of hepatic 
arterectomy, and hepatic arterectomy is conductive to the radical resection of 
cholangiocarcinoma, which simplifies the operation and helps with a combined 
resection of the peripheral portal tissue. With continuous development of surgical 
techniques, especially microsurgical technique, vascular invasion is no longer a 
contraindication to surgery in the past 10 years. However, hepatic artery 
reconstruction after hepatic arterectomy has been performed to treat liver tumor 
in many centers with better results, but it is rarely applied in advanced HC.

AIM 
To determine the prognosis of patients with advanced HC after hepatic artery 
resection and reconstruction.

METHODS 
A total of 98 patients with HC who underwent radical operation in our hospital 
were selected for this retrospective analysis. According to whether the patients 
underwent hepatic artery resection and reconstruction or not, they were divided 
into reconstruction (n = 40) and control (n = 58) groups. The traumatic indices, 
surgical resection margin, liver function tests before and after the operation, and 
surgical complications were compared between the two groups.

RESULTS 
Operation time, blood loss, hospital stay, and gastrointestinal function recovery 
time were higher in the reconstruction group than in the control group (P < 0.05); 
The R0 resection rates were 90.00% and 72.41% in the reconstruction and control 
groups, respectively (P < 0.05). Serum alanine aminotransferase was lower in the 
reconstruction group on day one and three postoperatively, whereas serum 
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aspartate aminotransferase was lower on the third day (P < 0.05). Preoperatively, the Karnofsky 
performance status scores were similar between the groups (P > 0.05), but was higher in the 
reconstruction group (P < 0.05) two weeks postoperatively. There was no difference in the 
complication rate between the two groups (27.50% vs 32.67%, P > 0.05). Two-year survival rate 
(42.50% vs 39.66%) and two-year survival time (22.0 mo vs 23.0 mo) were similar between the 
groups (P > 0.05).

CONCLUSION 
Radical surgery combined with reconstruction after hepatic artery resection improves R0 resection 
rate and reduces postoperative liver injury in advanced HC. However, the operation is difficult 
and the effect on survival time is not clear.

Key Words: Advanced stage; Hilar cholangiocarcinoma; Hepatic artery resection; Reconstruction; Radical 
surgery

©The Author(s) 2022. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Through retrospective analysis of 98 patients with hilar cholangiocarcinoma, we confirmed that 
radical surgery combined with reconstruction after hepatic artery resection can increase the R0 resection 
rate of advanced hilar cholangiocarcinoma and reduce postoperative liver injury. However, this operation 
is more difficult, and the impact on survival time is still unclear, and further follow-up studies are still 
needed.

Citation: Li YM, Bie ZX, Guo RQ, Li B, Wang CE, Yan F. Effect of hepatic artery resection and reconstruction on 
the prognosis of patients with advanced hilar cholangiocarcinoma. World J Gastrointest Oncol 2022; 14(4): 887-
896
URL: https://www.wjgnet.com/1948-5204/full/v14/i4/887.htm
DOI: https://dx.doi.org/10.4251/wjgo.v14.i4.887

INTRODUCTION
Hilar cholangiocarcinoma (HC) is the most common type of cholangiocarcinoma, arising from the 
epithelium of the bile duct mucosa above the cystic duct opening[1-4]. Operation is the only measure to 
improve prognosis[5]. However, the procedure can be extremely challenging due to the anatomic parts 
involved and important adjacent structures[6,7]. Invasion of the hepatic artery corresponds to advanced 
disease, limiting radical resection and increasing the incidence of postoperative complications, such as 
abdominal bleeding, infection, and liver failure[8]. In some cases, compromise of the hepatic artery may 
not be due to true invasion, but due to compression of the artery by the enlarging tumor. Combined 
vascular resection in advanced HC is proposed by many authors, with notable rates of successful 
surgical outcomes[9]. How to effectively reduce the incidence of postoperative complications and 
improve radical cure has become a topic of intense clinical interest. Currently, there is a paucity of 
research about the impact of hepatic artery resection and reconstruction for advanced HC. If the hepatic 
artery is invaded, radical excision cannot be performed, and only palliative surgery is offered with the 
goal of symptom relief and definitive treatment[10,11]. Resection and reconstruction of the affected 
hepatic artery and portal vein can be combined with resection of the affected lateral liver, to improve 
surgical outcomes. Our study aimed to determine the effect of hepatic artery resection and 
reconstruction in patients with advanced HC, and to provide some clinical guidance.

MATERIALS AND METHODS
Data
A total of 98 patients with HC who underwent radical operation in our hospital from February 2015 to 
June 2018 were selected for this retrospective analysis. According to whether the patients underwent 
hepatic artery resection and reconstruction or not, they were divided into reconstruction (n = 40) and 
control (n = 58) groups. Inclusion criteria were as follows: (1) Age: 19-75 years; (2) American Society of 
Anesthesiologists Classification grade I-III; (3) HC diagnosed through abdominal computed 
tomography, magnetic resonance imaging, or endoscopic retrograde cholangiopancreatography; (4) 
Bismuth-Corlette type I-IV; (5) Follow up data for at least two years; and (6) Study plan that does not 

https://www.wjgnet.com/1948-5204/full/v14/i4/887.htm
https://dx.doi.org/10.4251/wjgo.v14.i4.887


Li YM et al. Effect of hepatic artery resection and reconstruction

WJGO https://www.wjgnet.com 889 April 15, 2022 Volume 14 Issue 4

violate the requirements of relevant medical ethics. Exclusion criteria include: (1) Presence of concurrent 
extrahepatic malignancy; (2) Previous history of hepatobiliary surgery due to other reasons; (3) Serious 
comorbidities (cerebrovascular accident, acute myocardial infarction, etc.); and (4) Lack of data. The two 
groups were comparable in their baseline characteristics as shown in Table 1.

Surgical method
The control group underwent routine radical surgery. After general anesthesia, a reverse "L"-shaped 
incision was made below the right costal margin to explore the tumor, then the hepatic artery and portal 
vein under the duodenal ligament were separated. The common bile duct was cut open, and the 
gallbladder was dissociated and pulled upward together with the common bile duct. Nerves and lymph 
nodes were removed from top down to expose and skeletonize the hepatic artery and portal vein. The 
location and state of the tumor were evaluated, and invasion of the confluence of the hepatic and bile 
ducts was carefully determined. Liver lobectomy was performed, the contralateral bile duct was cut 
open at 0.5 cm of the tumor margin, and the hepatic artery and portal vein on the affected side were 
resected together with the lesion. Prophylactic antibiotics and hydration were administered as per 
postoperative protocol.

The reconstruction group underwent combined hepatectomy and hepatic artery reconstruction under 
general anesthesia. A reverse "L"-shaped incision was made below the right costal margin to explore the 
tumor, then the hepatic artery and portal vein under the duodenal ligament were separated. Sixteen 
groups of lymph nodes were examined after the abdominal resection, in order to determine whether 
there was metastasis to the peritoneum and liver. The bile duct was cut off behind the duodenum, the 
tumor was dissociated toward the head direction, and the lymph nodes and connective tissue of the 
hepatic duodenal ligament were completely removed. If the bile duct margin was negative, the 
dissected portal vein was resected and ligated. The liver was then cut through by a phacoemulsification 
suction knife. The opposite lateral bile duct was resected and biliary drainage tubes were inserted and 
fixed. The tumor and affected artery were resected together, and 70 Prolene sutures were used to 
reconstruct the hepatic artery through interrupted anastomosis. The reconstruction method was based 
on arterial invasion length, and included reconstruction using a great saphenous vein graft and in situ 
reconstruction after resection of the involved artery. If there was no evidence of bleeding within 24 h, 
4000 IU of low-molecular-weight heparin sodium was administered subcutaneously once daily for 3-5 
d. Antiplatelet therapy with clopidogrel was initiated after initiation of oral intake.

Monitoring parameters
The operation time, operation blood loss, length of hospital stay, postoperative gastrointestinal function 
recovery time, R0 resection rate, serum alanine aminotransferase (ALT), aspartate aminotransferase 
(AST), total bilirubin (TBIL), Karnofsky performance status (KPS) score, surgical complications, two-
year survival rate and survival time between the two groups were statistically analyzed.

Morning fasting venous blood samples (3 mL) were collected from all the participants and 
centrifuged at 3000 r/min at room temperature for 5 min to separate the serum. Hitachi 7170 automatic 
biochemical analyzer was used to measure the serum ALT, AST, and TBIL levels. Alanine aminotrans-
ferase was > 40 U/L, AST > 35 U/L, and TBIL > 22 μmol/L, which were considered abnormal[12,13].

The incidence of postoperative complications (including biliary fistula, liver failure, incision infection, 
urinary tract infection, pulmonary infection, etc.) was recorded in both groups.

Statistical analysis
Statistical analysis was carried out using SPSS 21.0. Measurement of data, such as operation time, 
operation blood loss, and length of hospital stay in the two groups were expressed as mean ± SD; t test 
was used for comparison between the two groups; χ2 test was used to compare categorical variables 
between the groups. The Kaplan-Meier method was used for survival analysis. P < 0.05 was considered 
statistically significant.

RESULTS
Comparison of surgical trauma indices between the two groups
The operation time, operation blood loss, length of hospital stay, and postoperative gastrointestinal 
function recovery time in the reconstruction group were higher than those of the control group (P < 
0.05, Table 2).

Comparison of operational resection margin between the two groups
The R0 resection was achieved in 90.00% of the reconstruction group and 72.41% of the control group, 
with a statistically significant difference (P < 0.05, Table 3).
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Table 1 Comparison of baseline data between the two groups, n (%)

Normal information Reconstruction group (n = 40) Regular group (n = 58) t/χ2 value P value

Age (yr) 58.6 ± 7.0 59.0 ± 6.6 -0.2877 0.77422

Body mass index (kg/m2) 22.6 ± 1.9 22.8 ± 2.3 -0.4533 0.65132

Sex 1.319 0.251

Male 28 (70) 34 (58.62)

Female 12 (30) 24 (41.38)

Surgical approach 1.227 0.746

Cholangiocarcinoma resection 11 (27.5) 22 (37.93)

Left liver + Caudate lobe 13 (32.5) 15 (25.86)

Right liver + Caudate lobe 12 (30) 16 (27.59)

Other types 4 (10) 5 (8.62)

Bismuth-Corlette type 1.179 0.758

I type 14 (35) 25 (43.1)

II type 16 (40) 21 (36.21)

III type 8 (20) 8 (13.79)

IV type 2 (5) 4 (6.9)

Regional lymph node metastasis 0.764 0.382

Yes 18 (45) 21 (36.21)

No 22 (55) 37 (63.79)

Adjuvant chemotherapy 1.696 0.193

Yes 35 (87.5) 55 (94.83)

No 5 (12.5) 3 (5.17)

Table 2 Comparison of surgical trauma indexes between the two groups (mean ± SD)

Group n Operation time (min) Surgical bleeding (mL) Gastrointestinal function recovery time (h) Hospital stay (d)

Reconstruction group 40 11.36 ± 1.03 906.8 ± 155.3 73.6 ± 13.0 21.61 ± 3.9

Regular group 58 9.71 ± 0.81 720.3 ± 160.1 64.8 ± 11.0 19.3 ± 3.2

t value 8.863 5.737 3.612 3.210

P value 0.000 0.000 0.000 0.002

Table 3 Comparison of the effect of operational resection between the two groups, n (%)

Group n R0 excision Non-R0 resection

Reconstruction group 40 36 (90.00) 4 (10.00)

Regular group 58 42 (72.41) 16 (27.59)

χ2 4.507

P value 0.034

Comparison of the KPS scores between the two groups before and after operation
Before the operation, there was no significant difference in the KPS scores between groups (P > 0.05). 
Two weeks after the surgery, the KPS score of the reconstruction group was significantly higher than 
that of the control group (P < 0.05), as shown in Table 4 and Figure 1.
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Table 4 Comparison of Karnofsky performance status scores between the two groups of patients before and after operation (mean ± 
SD, scores)

Group n Preoperative 2 wk after surgery 8 wk after surgery

Reconstruction group 40 75.1 ± 4.2 66.9 ± 5.0 76.7 ± 4.8

Regular group 58 73.7 ± 3.5 64.0 ± 5.7 75.4 ± 5.0

χ2 1.793 2.600 1.286

P value 0.076 0.011 0.202

Figure 1 Line chart of changes in Karnofsky performance status scores before and after surgery in the two groups. The mean ± SD are 
depicted for each time point. KPS: Karnofsky performance status.

Comparison of liver function indices between the two groups
The liver function indices of the two groups were compared before and after the operation. The results 
showed that the serum ALT on day one and three postoperatively, was lower in the reconstruction 
group than in the control group. The same was true for the serum AST three days postoperatively. The 
differences were statistically significant (P < 0.05), as shown in Table 5.

Complication rate in the two groups
There was no significant difference in the rate of surgical complications between the reconstruction 
(27.50%) and control (32.67%) groups (P > 0.05, Table 6).

Survival analysis
There was no significant difference between the two-year survival rate of 42.50% in the reconstruction 
group and 39.66% in the control group (P > 0.05), as shown in Table 7.

There was no significant difference in the two-year survival time between the reconstruction group 
(22.0 mo) and the control group (23.0 mo) (P > 0.05), as shown in Figure 2.

DISCUSSION
According to our study, the R0 resection rate in the reconstruction group was higher than in the control 
group. Hilar cholangiocarcinoma has a higher vascular invasion rate, especially involving the hepatic 
artery. However, reconstruction after hepatic artery resection can improve the operational resection rate 
and achieve R0 resection. The combination of portal vein resection and remodeling does not increase the 
incidence of postoperative complications in HC. The compromise of hepatic artery patency due to 
tumor invasion, leads to progressive and chronic arterial hypoperfusion of the liver, causing a shift from 
the normal dual portal vein- and hepatic artery-dependent blood and oxygen supply to single portal 
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Table 5 Comparison of liver function indexes between two groups of patients (mean ± SD)

Index Preoperative 1 d after operation 3 d after operation

ALT (U/L)

Reconstruction group 78.9 ± 19.6 451.2 ± 88.1 357.1 ± 93.0

Regular group 83.0 ± 20.1 489.8 ± 94.7 401.2 ± 85.0

t value -1.003 -2.040 -2.429

P value 0.319 0.044 0.017

AST (U/L)

Reconstruction group 83.5 ± 28.0 438.1 ± 93.0 395.8 ± 81.7

Regular group 80.0 ± 24.6 470.7 ± 87.2 441.5 ± 96.1

t value 0.654 -1.770 -2.456

P value 0.515 0.080 0.016

TBIL (μmol/L)

Reconstruction group 144.3 ± 35.1 122.2 ± 28.0 44.1 ± 13.0

Regular group 138.5 ± 37.3 118.0 ± 26.9 40.0 ± 12.5

t value 0.775 0.747 1.570

P value 0.440 0.457 0.120

ALT: alanine aminotransferase; AST: aspartate aminotransferase; TBIL: total bilirubin.

Table 6 Observation of complication rate

Group n Biliary fistula Liver failure Incision infection Urinary tract infection Lung infection Complication rate, n (%)

Reconstruction group 40 1 1 2 4 3 11 (27.50)

Regular group 58 3 2 3 5 6 19 (32.76)

χ2 0.308

P value 0.579

Table 7 Two-year survival rate observation, n (%)

Group n Survive Death

Reconstruction group 40 17 (42.50) 23 (57.50)

Regular group 58 23 (39.66) 35 (60.34)

χ2 0.079

P value 0.778

vein-dependent supply. After the hepatic artery reconstruction, hepatic arterial blood supply can be 
fully restored; thus, preventing complications and possibly improving prognosis. Therefore, R0 
resection of the tumor is key to a successful negative operational margin.

At present, the hilar vascular structure is relatively complicated, and the biological characteristic of 
HC is invasive growth. There are still controversies within the academic circles about radical operation 
of HC combined with hepatic artery resection and reconstruction. By the time HC patients are 
diagnosed, the liver tissues around the vascular and bile ducts are often invaded. Radical tumor 
resection is a common method for the treatment of HC. However, the invasion of the hilar blood vessels 
is a contraindication to surgical resection, making the rate of radical HC resection lower. In recent years, 
as the vascular anastomosis technology has matured, hilar vascular resection and reconstruction has 
been applied in the treatment of HC, which has expanded the surgical indications. In this type of 
surgery, studies have found [11-13] that the degree of tumor differentiation, whether there is lymph 
node metastasis, and whether there is peripheral nerve invasion are factors that affect the prognosis of 
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Figure 2 Kaplan-Meier survival curves for the two groups of patients.

HC patients. In addition to the above factors, this study also gives supplementary discussion. Our 
research results showed that the perioperative indicators of the reconstruction group are better than 
those of the conventional group, and the recovery of gastrointestinal function after surgery is also better. 
After the hepatic artery reconstruction, the blood and oxygen supply of the liver cells can be 
significantly improved. At the same time, it can effectively ensure the normal blood supply of the 
gastrointestinal tract, and play an important role in the recovery and regeneration of hepatocyte 
function after surgery, and the prevention and treatment of abnormal gastrointestinal function. Hepatic 
artery reconstruction is increasingly showing a trend of "precision". In this study, 70 prolene sutures 
were used to reconstruct the hepatic artery with intermittent anastomosis. The reconstruction method 
depends on the length of the patient's arterial invasion. Combined with perfect surgical management, 
surgical safety is well guaranteed. Postoperative complications are mainly related to operation time and 
surgical trauma. This study found that the reconstruction group’s plan was safe and feasible. Two 
weeks after the operation, the KPS score in the reconstruction group was higher than in the control 
group. A higher operational complication rate in the reconstruction group may be due to the advanced 
stage of the portal cholangiocarcinoma, as indicated by the involvement of the hepatic artery, which 
limits long-term efficacy of any treatment. The operational treatment of HC is very challenging, 
especially in advanced cases of vascular invasion[17]. Removal of the portal vein and hepatic artery 
requires higher surgical skill, relatively longer operation time, and increased blood loss. However, the 
hepatic artery is a large diameter muscular artery, which provides a good substrate for anastomosis, 
especially after the branches around the hepatic aorta have already been severed. Anatomic and 
physiologic variants of the artery need to be taken under consideration prior to determining 
anastomosis capability. In the right candidates, radical HC resection, combined with hepatic artery 
resection and reconstruction, can restore the dual blood supply to the liver, as early as possible, can 
reduce residual cancer tissue, improve resection and cure rate of advanced HC, as well as improve 
patients’ self-care ability.

Alanine amino transferase and AST can be used to evaluate the extent of hepatocellular injury, with 
the elevation of ALT being roughly parallel to the degree of cellular injury[18,19]. The vast majority of 
TBIL in the human body comes from aging red blood cells, which are metabolized by the liver. The TBIL 
is excreted by the bile ducts and enters the bile ducts at all levels, so it can be elevated upon hepatic or 
biliary tract injury[10,20]. This study found that postoperatively, the levels of ALT and AST in the 
reconstruction group were improved compared with those in the control group, and the liver damage in 
the reconstruction group was less. When patients with hilar cholangiocarcinoma undergo combined 
hepatic arterial resection, the blood supply of the liver will be affected because most patients with 
advanced HC have severe jaundice, and the jaundice further affects the blood supply of the Liver’s 
portal vein. The restoration of liver function is meaningful. The reasons for analyzing the results of this 
study include liver damage caused by advanced HC patients is different from liver cirrhosis. After the 
biliary obstruction is relieved, the liver function of advanced HC patients can gradually recover because 
in the radical operation of HC, the hepatic hilum is used as the cleaning target. Most of the branch 
connections between the arteries have also been severed. Free hepatoduodenal ligament can affect the 
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hepatic artery collateral circulation in the hilar of the liver. After cutting off, the establishment of 
collateral circulation becomes difficult, and the hepatic artery becomes ischemic. Prolonged severe liver 
damage, postoperative liver function indicators (such as ALT and AST) increase, and hepatic artery 
blood supply are of great significance to the recovery of liver function in patients after radical surgery. 
The hepatic artery reconstruction implemented in the reconstruction group can increase the blood and 
oxygen supply of the hepatocytes, while ensuring the blood supply of the bile duct, which has less 
impact on liver function. Additionally, the reconstruction group first completed arterial resection and 
reconstruction, opened the blood flow of the hepatic artery, then blocked the portal vein, and completed 
the portal vein resection and reconstruction to reduce liver ischemic damage.

The application of hepatic artery resection in HC is still controversial. Studies have reported that 
unfavorable clinicopathological factors in patients with combined hepatic artery resection and 
reconstruction lead to a higher five-year mortality rate in patients after surgery. Whether reconstruction 
is necessary is also a dispute. Based on the results of this study, we believe that postoperative 
reconstruction should be a routine. The following points should be addressed upon reconstruction after 
hepatic artery resection: (1) The reserved hepatic blood vessels tend to adhere to the tumor. If the tumor 
cannot be completely removed, vascular reconstruction is required; (2) After resection of the two ends of 
the blood vessels, the reconstruction tension should be moderate; (3) Portal vein wedge resection and 
reconstruction can be tried, or alternatively, plastic reconstruction using other vascular branches near 
the hepatic artery can be attempted; and (4) If blood vessel invasion is detected, but the blood vessel 
cannot be removed successfully during the operation, it is recommended that the blood vessel be 
reserved. Because of our short follow up period, the long-term survival after radical operation combined 
with reconstruction after the hepatic arterectomy was not determined; therefore, more extended follow 
up is needed in future studies.

CONCLUSION
In conclusion, radical resection combined with hepatic artery reconstruction for advanced HC can lead 
to improved R0 resection rate and decrease liver injury, postoperatively. However, the procedure is 
more difficult, and the effect on survival time remains unclear. Further studies with larger sample sizes 
and prolonged observation times are needed.

ARTICLE HIGHLIGHTS
Research background
Hilar cholangiocarcinoma (HC) is a good indication for hepatic artery resection, and hepatic artery 
resection is conducive to radical resection of cholangiocarcinoma. With the continuous development of 
surgical techniques, especially microsurgery techniques, vascular invasion is no longer a contrain-
dication to surgery. Hepatic artery reconstruction after hepatic artery resection has been used in many 
centers to treat liver tumors, but it is rarely used in advanced HC.

Research motivation
This study provided treatment strategies for patients with advanced HC.

Research objectives
This study aimed to determine the prognosis of patients with advanced HC after hepatic artery 
resection and reconstruction.

Research methods
A total of 98 patients with HC who underwent radical operation in our hospital were selected for 
retrospective analysis.

Research results
The operation time, blood loss, hospitalization time and gastrointestinal function recovery time of the 
reconstruction group were higher than those of the control group. The R0 resection rates of the 
reconstruction group and the control group were 90.00% and 72.41%, respectively. In the reconstruction 
group, serum alanine aminotransferase was lower on the 1st and 3rd day after operation, and serum 
aspartate aminotransferase was lower on the 3rd day. Although the preoperative Karnovsky performance 
status score was similar between the groups, it was higher in the reconstruction group 2 wk after the 
operation. There was no difference in the incidence of complications between the two groups. The 2-
year survival rate and 2-year survival time were similar between the groups.
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Research conclusions
Radical surgery combined with reconstruction after hepatic artery resection improves R0 resection rate 
and reduces postoperative liver injury in advanced HC. However, the operation is difficult and the 
effect on survival time is not clear.

Research perspectives
Hepatic artery resection may be more widely used in advanced HC.

FOOTNOTES
Author contributions: Li YM and Bie ZX design the study; Guo RQ drafted the work, Li B and Wang CE collected the 
data; Yan F analysed and interpreted data; Li YM wrote the manuscript; and all the authors reviewed and approved 
the final version to be published.

Institutional review board statement: This study was approved by the Ethics Committee of Beijing Hospital.

Informed consent statement: All study participants, or their legal guardian, provided informed written consent prior 
to study enrollment.

Conflict-of-interest statement: The authors declared that there is no conflict of interest between them.

Data sharing statement: No additional data are available.

Open-Access: This article is an open-access article that was selected by an in-house editor and fully peer-reviewed by 
external reviewers. It is distributed in accordance with the Creative Commons Attribution NonCommercial (CC BY-
NC 4.0) license, which permits others to distribute, remix, adapt, build upon this work non-commercially, and license 
their derivative works on different terms, provided the original work is properly cited and the use is non-
commercial. See: https://creativecommons.org/Licenses/by-nc/4.0/

Country/Territory of origin: China

ORCID number: Yuan-Ming Li 0000-0003-4680-1711; Zhi-Xin Bie 0000-0003-3365-0694; Run-Qi Guo 0000-0001-7026-
6937; Bin Li 0000-0003-0045-8639; Cheng-En Wang 0000-0002-8728-4995; Fei Yan 0000-0001-5735-9645.

S-Editor: Wang JL 
L-Editor: A 
P-Editor: Wang JL

REFERENCES
Giuliante F, Ardito F, Vellone M, Nuzzo G. Liver resections for hilar cholangiocarcinoma. Eur Rev Med Pharmacol Sci 
2010; 14: 368-370 [PMID: 20496550]

1     

Nagino M, Nimura Y, Kamiya J, Kanai M, Uesaka K, Hayakawa N, Yamamoto H, Kondo S, Nishio H. Segmental liver 
resections for hilar cholangiocarcinoma. Hepatogastroenterology 1998; 45: 7-13 [PMID: 9496478]

2     

Shimizu H, Kimura F, Yoshidome H, Ohtsuka M, Kato A, Yoshitomi H, Furukawa K, Miyazaki M. Aggressive surgical 
resection for hilar cholangiocarcinoma of the left-side predominance: radicality and safety of left-sided hepatectomy. Ann 
Surg 2010; 251: 281-286 [PMID: 20054275 DOI: 10.1097/SLA.0b013e3181be0085]

3     

Li B, Xiong XZ, Zhou Y, Wu SJ, You Z, Lu J, Cheng NS. Prognostic value of lymphovascular invasion in Bismuth-
Corlette type IV hilar cholangiocarcinoma. World J Gastroenterol 2017; 23: 6685-6693 [PMID: 29085213 DOI: 
10.3748/wjg.v23.i36.6685]

4     

Rassam F, Roos E, van Lienden KP, van Hooft JE, Klümpen HJ, van Tienhoven G, Bennink RJ, Engelbrecht MR, 
Schoorlemmer A, Beuers UHW, Verheij J, Besselink MG, Busch OR, van Gulik TM. Modern work-up and extended 
resection in perihilar cholangiocarcinoma: the AMC experience. Langenbecks Arch Surg 2018; 403: 289-307 [PMID: 
29350267 DOI: 10.1007/s00423-018-1649-2]

5     

Obulkasim H, Shi X, Wang J, Li J, Dai B, Wu P, Wang S, Wang X, Ding Y. Podoplanin is an important stromal 
prognostic marker in perihilar cholangiocarcinoma. Oncol Lett 2018; 15: 137-146 [PMID: 29391878 DOI: 
10.3892/ol.2017.7335]

6     

Bird NTE, McKenna A, Dodd J, Poston G, Jones R, Malik H. Meta-analysis of prognostic factors for overall survival in 
patients with resected hilar cholangiocarcinoma. Br J Surg 2018; 105: 1408-1416 [PMID: 29999515 DOI: 
10.1002/bjs.10921]

7     

Komaya K, Ebata T, Yokoyama Y, Igami T, Sugawara G, Mizuno T, Yamaguchi J, Nagino M. Recurrence after curative-
intent resection of perihilar cholangiocarcinoma: analysis of a large cohort with a close postoperative follow-up approach. 
Surgery 2018; 163: 732-738 [PMID: 29336813 DOI: 10.1016/j.surg.2017.08.011]

8     

Matsumoto T, Kubota K, Aoki T, Shimizu T, Mori S, Kato M, Asato H. A Novel Approach for Hepatic Arterial 9     

https://creativecommons.org/Licenses/by-nc/4.0/
http://orcid.org/0000-0003-4680-1711
http://orcid.org/0000-0003-4680-1711
http://orcid.org/0000-0003-3365-0694
http://orcid.org/0000-0003-3365-0694
http://orcid.org/0000-0001-7026-6937
http://orcid.org/0000-0001-7026-6937
http://orcid.org/0000-0003-0045-8639
http://orcid.org/0000-0003-0045-8639
http://orcid.org/0000-0002-8728-4995
http://orcid.org/0000-0002-8728-4995
http://orcid.org/0000-0001-5735-9645
http://orcid.org/0000-0001-5735-9645
http://www.ncbi.nlm.nih.gov/pubmed/20496550
http://www.ncbi.nlm.nih.gov/pubmed/9496478
http://www.ncbi.nlm.nih.gov/pubmed/20054275
https://dx.doi.org/10.1097/SLA.0b013e3181be0085
http://www.ncbi.nlm.nih.gov/pubmed/29085213
https://dx.doi.org/10.3748/wjg.v23.i36.6685
http://www.ncbi.nlm.nih.gov/pubmed/29350267
https://dx.doi.org/10.1007/s00423-018-1649-2
http://www.ncbi.nlm.nih.gov/pubmed/29391878
https://dx.doi.org/10.3892/ol.2017.7335
http://www.ncbi.nlm.nih.gov/pubmed/29999515
https://dx.doi.org/10.1002/bjs.10921
http://www.ncbi.nlm.nih.gov/pubmed/29336813
https://dx.doi.org/10.1016/j.surg.2017.08.011


Li YM et al. Effect of hepatic artery resection and reconstruction

WJGO https://www.wjgnet.com 896 April 15, 2022 Volume 14 Issue 4

Reconstruction after Total Pancreatectomy with Common Hepatic Artery Resection Using Inferior Phrenic Artery. Dig 
Surg 2019; 36: 99-103 [PMID: 29414805 DOI: 10.1159/000486630]
Sugiura T, Okamura Y, Ito T, Yamamoto Y, Ashida R, Ohgi K, Nakagawa M, Uesaka K. Left Hepatectomy with 
Combined Resection and Reconstruction of Right Hepatic Artery for Bismuth Type I and II Perihilar Cholangiocarcinoma. 
World J Surg 2019; 43: 894-901 [PMID: 30377720 DOI: 10.1007/s00268-018-4833-1]

10     

Harada N, Yoshizumi T, Uchiyama H, Ikegami T, Itoh S, Takeishi K, Toshima T, Nagao Y, Yoshiya S, Mori M. Impact of 
middle hepatic artery reconstruction after living donor liver transplantation using the left lobe. Clin Transplant 2020; 34: 
e13850 [PMID: 32150767 DOI: 10.1111/ctr.13850]

11     

Tsai CY, Watanabe N, Ebata T, Mizuno T, Kamei Y, Nagino M. Right hepatectomy for a detoured left hepatic artery in 
hilar cholangiocarcinoma-report of a rare but rational resection. World J Surg Oncol 2016; 14: 288 [PMID: 27852277 DOI: 
10.1186/s12957-016-1045-8]

12     

Dai HS, Bie P, Wang SG, He Y, Li DJ, Tian F, Zhao X, Chen ZY. [Clinical application of combined hepatic artery 
resection and reconstruction in surgical treatment for hilar cholangiocarcinoma]. Zhonghua Wai Ke Za Zhi 2018; 56: 41-46 
[PMID: 29325352 DOI: 10.3760/cma.j.issn.0529-5815.2018.01.010]

13     

De Lu C, Huang J, Wu SD, Hua YF, Javed AA, Fang JZ, Wang CN, Ye S. Total Hilar En Bloc Resection with Left 
Hemihepatectomy and Caudate Lobectomy: a Novel Approach for Treatment of Left-Sided Perihilar Cholangiocarcinoma 
(with Video). J Gastrointest Surg 2017; 21: 1906-1914 [PMID: 28875398 DOI: 10.1007/s11605-017-3561-4]

14     

Rhu J, Kim JM, Choi GS, David Kwon CH, Joh JW. Impact of Extra-anatomical Hepatic Artery Reconstruction During 
Living Donor Liver Transplantation on Biliary Complications and Graft and Patient Survival. Transplantation 2019; 103: 
1893-1902 [PMID: 30747851 DOI: 10.1097/TP.0000000000002601]

15     

Pitt HA, Nakeeb A, Abrams RA, Coleman J, Piantadosi S, Yeo CJ, Lillemore KD, Cameron JL. Perihilar 
cholangiocarcinoma. Postoperative radiotherapy does not improve survival. Ann Surg 1995; 221: 788-97; discussion 797 
[PMID: 7794082 DOI: 10.1097/00000658-199506000-00017]

16     

Mizuno T, Ebata T, Yokoyama Y, Igami T, Yamaguchi J, Onoe S, Watanabe N, Kamei Y, Nagino M. Combined Vascular 
Resection for Locally Advanced Perihilar Cholangiocarcinoma. Ann Surg 2022; 275: 382-390 [PMID: 32976284 DOI: 
10.1097/SLA.0000000000004322]

17     

Nanashima A, Imamura N, Hiyoshi M, Yano K, Hamada T, Chiyotanda T, Nagatomo K, Hamada R, Ito H. A successfully 
resected case of left trisectionectomy with arterio-portal combined resection for advanced cholangiocarcinoma. Int J Surg 
Case Rep 2018; 53: 90-95 [PMID: 30390491 DOI: 10.1016/j.ijscr.2018.10.036]

18     

Li O, Yi W, Yang P, Guo C, Peng C. Relationship between serum MMP-9 level and prognosis after radical resection for 
Hilar cholangiocarcinoma patients. Acta Cir Bras 2019; 34: e201900409 [PMID: 31038586 DOI: 
10.1590/s0102-865020190040000009]

19     

Yoshikawa J, Kato Y, Shirakata Y, Sugioka A, Uyama I. Transpositional celiac artery graft: Novel graft selection for huge 
right hepatic artery reconstruction in left-sided hepatectomy for perihilar cholangiocarcinoma. Asian J Surg 2021; 44: 562 
[PMID: 33349553 DOI: 10.1016/j.asjsur.2020.12.007]

20     

http://www.ncbi.nlm.nih.gov/pubmed/29414805
https://dx.doi.org/10.1159/000486630
http://www.ncbi.nlm.nih.gov/pubmed/30377720
https://dx.doi.org/10.1007/s00268-018-4833-1
http://www.ncbi.nlm.nih.gov/pubmed/32150767
https://dx.doi.org/10.1111/ctr.13850
http://www.ncbi.nlm.nih.gov/pubmed/27852277
https://dx.doi.org/10.1186/s12957-016-1045-8
http://www.ncbi.nlm.nih.gov/pubmed/29325352
https://dx.doi.org/10.3760/cma.j.issn.0529-5815.2018.01.010
http://www.ncbi.nlm.nih.gov/pubmed/28875398
https://dx.doi.org/10.1007/s11605-017-3561-4
http://www.ncbi.nlm.nih.gov/pubmed/30747851
https://dx.doi.org/10.1097/TP.0000000000002601
http://www.ncbi.nlm.nih.gov/pubmed/7794082
https://dx.doi.org/10.1097/00000658-199506000-00017
http://www.ncbi.nlm.nih.gov/pubmed/32976284
https://dx.doi.org/10.1097/SLA.0000000000004322
http://www.ncbi.nlm.nih.gov/pubmed/30390491
https://dx.doi.org/10.1016/j.ijscr.2018.10.036
http://www.ncbi.nlm.nih.gov/pubmed/31038586
https://dx.doi.org/10.1590/s0102-865020190040000009
http://www.ncbi.nlm.nih.gov/pubmed/33349553
https://dx.doi.org/10.1016/j.asjsur.2020.12.007


WJGO https://www.wjgnet.com 897 April 15, 2022 Volume 14 Issue 4

World Journal of 

Gastrointestinal 
OncologyW J G O

Submit a Manuscript: https://www.f6publishing.com World J Gastrointest Oncol 2022 April 15; 14(4): 897-919

DOI: 10.4251/wjgo.v14.i4.897 ISSN 1948-5204 (online)

ORIGINAL ARTICLE

Retrospective Study

Prognostic significance of serum inflammation indices for different 
tumor infiltrative pattern types of gastric cancer

Yu-Fei Wang, Xin Yin, Tian-Yi Fang, Yi-Min Wang, Lei Zhang, Xing-Hai Zhang, Dao-Xu Zhang, Yao Zhang, Xi-
Bo Wang, Hao Wang, Ying-Wei Xue

Specialty type: Oncology

Provenance and peer review: 
Unsolicited article; Externally peer 
reviewed.

Peer-review model: Single blind

Peer-review report’s scientific 
quality classification
Grade A (Excellent): 0 
Grade B (Very good): B 
Grade C (Good): 0 
Grade D (Fair): 0 
Grade E (Poor): 0

P-Reviewer: Nakai Y

Received: August 7, 2021 
Peer-review started: August 7, 2021 
First decision: October 3, 2021 
Revised: October 8, 2021 
Accepted: February 22, 2022 
Article in press: February 22, 2022 
Published online: April 15, 2022

Yu-Fei Wang, Xin Yin, Tian-Yi Fang, Yi-Min Wang, Dao-Xu Zhang, Yao Zhang, Xi-Bo Wang, Hao 
Wang, Ying-Wei Xue, Department of Gastroenterological Surgery, Harbin Medical University 
Cancer Hospital, Harbin 150081, Heilongjiang Province, China

Lei Zhang, Xing-Hai Zhang, Department of Pathology, Harbin Medical University Cancer 
Hospital, Harbin 150081, Heilongjiang Province, China

Corresponding author: Ying-Wei Xue, PhD, Chief Doctor, Professor, Department of 
Gastroenterological Surgery, Harbin Medical University Cancer Hospital, No. 150 Haping 
Road, Harbin 150081, Heilongjiang Province, China. xueyingwei@hrbmu.edu.cn

Abstract
BACKGROUND 
Inflammatory indices are considered to be potential prognostic biomarkers for 
patients with gastric cancer (GC). However, there is no evidence defining the 
prognostic significance of inflammatory indices for GC with different tumor infilt-
rative pattern (INF) types.

AIM 
To evaluate the significance of inflammatory indices and INF types in predicting 
the prognosis of patients with GC.

METHODS 
A total of 962 patients who underwent radical gastrectomy were retrospectively 
selected for this study. Patients were categorized into the expansive growth type 
(INFa), the intermediate type (INFb), and the infiltrative growth type (INFc) 
groups. The cutoff values of inflammatory indices were analyzed by receiver 
operating characteristic curves. The Kaplan–Meier method and log-rank test were 
used to analyze overall survival (OS). The chi-square test was used to analyze the 
association between inflammatory indices and clinical characteristics. The 
independent risk factors for prognosis in each group were analyzed by univariate 
and multivariate analyses based on logistic regression. Nomogram models were 
constructed by R studio.

RESULTS 
The INFc group had the worst OS (P < 0.001). The systemic immune-inflammation 
index (P = 0.039) and metastatic lymph node ratio (mLNR) (P = 0.003) were 
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independent risk factors for prognosis in the INFa group. The platelet-lymphocyte ratio (PLR) (P = 
0.018), age (P = 0.026), body mass index (P = 0.003), and postsurgical tumor node metastasis 
(pTNM) stage (P < 0.001) were independent risk factors for prognosis in the INFb group. The PLR 
(P = 0.021), pTNM stage (P = 0.028), age (P = 0.021), and mLNR (P = 0.002) were independent risk 
factors for prognosis in the INFc group. The area under the curve of the nomogram model for 
predicting 5-year survival in the INFa group, INFb group, and INFc group was 0.787, 0.823, and 
0.781, respectively.

CONCLUSION 
The outcome of different INF types GC patients could be assessed by nomograms based on 
different inflammatory indices and clinicopathologic features.

Key Words: Gastric cancer; Tumor infiltrative pattern; Systemic immune-inflammation index; Platelet-
lymphocyte ratio; Prognosis; Nomogram

©The Author(s) 2022. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: This is a retrospective study to analyze the relationship between peripheral circulating immune 
cells, inflammatory indices and the tumor infiltrative pattern (INF) types and to verify their ability to 
evaluate the outcome of gastric cancer (GC) patients. Our results showed that the systemic immune-
inflammation index and platelet–lymphocyte ratio were independent prognostic factors for the expansive 
growth type, the intermediate type, and the infiltrative growth type groups. Based on different inflam-
matory indicators and clinicopathologic features, the nomogram models can predict the prognosis of 
different INF types GC patients, which deserve further testing and extension in clinical practice.

Citation: Wang YF, Yin X, Fang TY, Wang YM, Zhang L, Zhang XH, Zhang DX, Zhang Y, Wang XB, Wang H, 
Xue YW. Prognostic significance of serum inflammation indices for different tumor infiltrative pattern types of 
gastric cancer. World J Gastrointest Oncol 2022; 14(4): 897-919
URL: https://www.wjgnet.com/1948-5204/full/v14/i4/897.htm
DOI: https://dx.doi.org/10.4251/wjgo.v14.i4.897

INTRODUCTION
Gastric cancer (GC) is the sixth most common cancer and the third leading cause of cancer-related 
death, with more than 865000 deaths every year[1]. To better predict the individual prognosis of GC 
patients according to tumor biological characteristics, physicians had proposed a variety of classific-
ations[2,3], including the tumor infiltrative pattern (INF) proposed in 1977[4]. The INF types are defined 
in the Japanese Classification of Gastric Carcinoma[5], which categorizes GC as the expansive growth 
type (INFa), the intermediate type (INFb), and the infiltrative growth type (INFc). Previous studies have 
shown that different INF types differ in clinicopathological features and prognosis and can be used as 
predictors of postoperative recurrence and prognosis in GC patients[6-9]. However, GC is a highly 
heterogeneous malignant tumor, and the prognosis of patients with the same INF may also show 
significant differences. Therefore, it is worth further exploring the prognosis of GC patients with 
different INF types to guide clinical treatment.

With the popularization and development of immunotherapy, the significant role of tumor immunity 
in malignant tumors has gradually attracted the attention of clinical experts[10]. From 2014 to 2018, the 
postsurgical tumor node metastasis-immunology (pTNM-I) stage proposed by Galon et al[11] and Pagès 
et al[12] was well applied in colon cancer patients. It suggests that the traditional pTNM staging 
combined with tumor immunity can give more serviceable prognostic and treatment information. 
Nevertheless, tumor heterogeneity will lead to the restriction of immunohistochemical detection of GC 
by site selection. As a part of tumor immunity, the peripheral blood immune system also has a 
significant effect on tumor progression. Our previous studies have confirmed that the inflammatory 
index plays an important role in the early diagnosis of GC and the evaluation of the outcome of GC 
patients with different Lauren classification[13,14]. In addition, in liver metastases, different tumor 
growth pattern subtypes have different levels of lymphocyte infiltration, indicating that they have 
different immune states in the tumor microenvironment[15]. However, no study has analyzed the 
relationship between INF and the peripheral blood immune inflammatory response in GC. Therefore, 
whether the immune difference and prognosis of GC patients with different INF types can be evaluated 
by peripheral blood inflammatory indices deserves further exploration.

https://www.wjgnet.com/1948-5204/full/v14/i4/897.htm
https://dx.doi.org/10.4251/wjgo.v14.i4.897
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Table 1 Baseline characteristics of the patients

Characteristics INFa (n = 183) INFb (n = 331) INFc (n = 448)

Sex

Male 133 (72.7) 248 (74.9) 308 (68.8)

Female 50 (27.3) 83 (25.1) 140 (31.2)

Age (yr) 58.81 ± 9.59 59.30 ± 9.73 57.06 ± 10.55

Borrmann type

0-1 31 (16.9) 51 (15.4) 21 (4.7)

2 62 (33.9) 105 (31.7) 104 (23.2)

3 74 (40.4) 138 (41.7) 242 (54.0)

4-5 16 (8.8) 37 (11.2) 81 (18.1)

Tumor location

Lower third 156 (85.2) 227 (68.6) 329 (73.4)

Middle third 21 (11.5) 64 (19.3) 75 (16.8)

Upper third 4 (2.2) 33 (10.0) 31 (6.9)

Entire stomach 2 (1.1) 7 (2.1) 13 (2.9)

Tumor size (mm) 44.40 ± 24.85 53.06 ± 25.78 56.31 ± 27.38

pTNM stage

I 72 (39.3) 70 (21.1) 36 (8.0)

II 60 (32.8) 127 (38.4) 137 (30.6)

III 51 (27.9) 134 (40.5) 275 (61.4)

Histological type

Well and medium differentiation 112 (61.2) 149 (45.0) 126 (28.1)

Poor differentiation 46 (25.1) 88 (26.6) 207 (46.2)

Others 25 (13.7) 94 (28.4) 115 (25.7)

mLNR 0.09 ± 0.16 0.12 ± 0.17 0.19 ± 0.22

Vascular infiltration

No 137 (74.9) 231 (69.8) 317 (70.8)

Yes 46 (25.1) 100 (30.2) 131 (29.2)

Nerve infiltration

No 123 (67.2) 198 (59.8) 251 (56.0)

Yes 60 (32.8) 133 (40.2) 197 (44.0)

Postoperative chemotherapy

Yes 58 (31.7) 90 (27.2) 167 (37.3)

No 125 (68.3) 241 (72.8) 281 (62.7)

Tumor infiltrative pattern, tumor location, postsurgical tumor node metastasis stage, histological type, mLNR, vascular infiltration and nerve infiltration 
were according to the postoperative pathology report. INF: Tumor infiltrative pattern; INFa: Expansive growth type; INFb: Intermediate type; INFc: 
Infiltrative growth type; mLNR: Metastatic lymph node ratio; pTNM: Postsurgical tumor node metastasis.

From September 2012 and July 2015, 962 patients at Harbin Medical University Cancer Hospital were 
included in the study. The clinical applicability of different inflammatory indices, including the 
neutrophil-lymphocyte ratio (NLR), platelet-lymphocyte ratio (PLR), and systemic immune-inflam-
mation index (SII), was evaluated. At the same time, the difference of peripheral blood immune cells in 
different INF types was further analyzed. Finally, we constructed predictive models by combining 
inflammatory indices with the clinicopathological features of patients based on INF types.
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Table 2 Chi-square test analysis of the associations between the inflammation index and clinicopathological features

INFa INFb INFc

Characteristics SII ≤ 523.01 
(119)

SII > 523.01 
(64) P value

PLR ≤ 
134.02 
(195)

PLR > 
134.02 
(136)

P value
PLR ≤ 
134.02 
(273)

PLR > 
134.02 
(175)

P value

Sex 0.443 0.979 0.489

Male 84 (70.6) 49 (76.6) 146 (74.9) 102 (75.0) 191 (70.0) 117 (66.9)

Female 35 (29.4) 15 (23.4) 49 (25.1) 34 (25.0) 82 (30.0) 58 (33.1)

Age (yr) 0.126 0.878 < 0.001

≤ 60 68 (57.1) 29 (45.3) 103 (52.8) 73 (53.7) 191 (70.0) 86 (49.1)

> 60 51 (42.9) 35 (54.7) 92 (47.2) 63 (46.3) 82 (30.0) 89 (50.9)

BMI 0.105 0.038 0.592

≤ 22.49 52 (43.7) 36 (56.3) 85 (43.6) 75 (55.1) 138 (50.5) 93 (53.1)

> 22.49 67 (56.3) 28 (43.7) 110 (56.4) 61 (44.9) 135 (49.5) 82 (46.9)

CEA 0.064 0.608 0.782

≤ 5 ng/mL 108 (90.8) 52 (81.2) 162 (83.1) 110 (80.9) 235 (86.1) 149 (85.1)

> 5 ng/mL 11 (9.2) 12 (18.8) 33 (16.9) 26 (19.1) 38 (13.9) 26 (14.9)

CA19-9 0.014 0.198 0.156

≤ 37 U/mL 112 (94.1) 53 (82.8) 168 (86.2) 110 (83.7) 246 (90.1) 150 (85.7)

> 37 U/mL 7 (5.9) 11 (17.2) 27 (13.8) 26 (16.3) 27 (9.9) 25 (14.3)

Borrmann type 0.005 0.051 0.454

0-2 71 (59.7) 22 (34.4) 84 (43.1) 72 (53.0) 80 (29.3) 45 (25.7)

3 40 (33.6) 34 (53.1) 92 (47.2) 46 (33.8) 141 (51.6) 101 (57.7)

4 8 (6.7) 8 (12.5) 19 (9.7) 18 (13.2) 52 (19.1) 29 (16.6)

Tumor diameter (mm) < 0.001 < 0.001 < 0.001

≤ 50 95 (79.8) 31 (48.4) 131 (67.2) 63 (46.3) 172 (63.0) 75 (42.9)

> 50 24 (20.2) 33 (51.6) 64 (32.8) 73 (53.7) 101 (37.0) 100 (57.1)

Tumor location 0.992 0.051 0.423

Middle and upper 
third

16 (13.4) 9 (14.0) 57 (29.2) 40 (29.4) 62 (22.7) 44 (25.1)

Lower third 102 (85.7) 54 (84.4) 137 (70.3) 90 (66.2) 205 (75.1) 124 (70.9)

Entire stomach 1 (0.9) 1 (1.6) 1 (0.5) 6 (4.4) 6 (2.2) 7 (4.0)

Histological type < 0.001 0.041 < 0.001

Well and medium 
differentiation

74 (62.2) 38 (59.4) 99 (50.8) 50 (36.8) 78 (28.6) 48 (27.4)

Poor differentiation 2 (1.7) 19 (30.0) 47 (24.1) 41 (30.1) 120 (43.9) 87 (49.7)

Others 18 (15.1) 7 (10.9) 49 (25.1) 45 (33.1) 75 (27.5) 40 (22.9)

pTNM stage < 0.001 0.022 < 0.001

I 61 (51.3) 11 (17.2) 51 (26.2) 19 (14.0) 29 (10.6) 7 (4.0)

II 36 (30.2) 24 (37.5) 73 (37.4) 54 (39.7) 96 (35.2) 41 (23.4)

III 22 (18.5) 29 (45.3) 71 (36.4) 63 (46.3) 148 (54.2) 127 (72.6)

mLNR 0.019 0.290 0.001

≤ 0.07 84 (70.6) 34 (53.1) 109 (55.9) 68 (50.0) 131 (48.0) 56 (32.0)

> 0.07 35 (29.4) 30 (46.9) 86 (44.1) 68 (50.0) 142 (52.0) 119 (68.0)
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Vascular infiltration 0.494 0.030 0.146

No 91 (76.5) 46 (71.9) 145 (74.4) 86 (63.2) 200 (73.3) 117 (66.9)

Yes 28 (23.5) 18 (28.1) 50 (25.6) 50 (36.8) 73 (26.7) 58 (33.1)

Nerve infiltration 0.098 0.592 0.238

No 85 (71.4) 38 (59.4) 119 (61.0) 79 (58.1) 159 (58.2) 92 (52.6)

Yes 34 (28.6) 26 (40.6) 76 (39.0) 57 (41.9) 114 (41.8) 83 (47.4)

Carcino-embryonic antigen and carbohydrate antigen 19-9 were according to the tumor marker examination. Tumor infiltrative pattern, tumor location, 
postsurgical tumor node metastasis stage, histological type, mLNR, vascular infiltration and nerve infiltration were according to the postoperative 
pathology report. Statistically significant P values are in bold (P < 0.05). INF: Tumor infiltrative pattern; INFa: Expansive growth type; INFb: Intermediate 
type; INFc: Infiltrative growth type; BMI: body mass index; CEA: Carcino-embryonic antigen; CA19-9: Carbohydrate antigen 19-9; mLNR: Metastatic 
lymph node ratio; pTNM: Postsurgical tumor node metastasis.

MATERIALS AND METHODS
Patients
All GC patients underwent radical gastrectomy according to their respective conditions[16]. GC was 
diagnosed by tissue specimens obtained during gastroscopy and confirmed by pathologists examining 
tissue samples after surgery. The patients underwent routine pre-operative auxiliary examinations, 
including abdominal ultrasound, gastric computed tomography (CT)/magnetic resonance imaging, 
chest X-ray, tumor markers examination, hematology examination, and electrocardiogram during 
hospitalization. If necessary, patients underwent positron emission tomography (PET)/CT. Patients 
were followed up until the date of death or for 5 years, whichever came first.

The exclusion criteria were as follows: (1) preoperative neoadjuvant therapy; (2) platelet therapy was 
performed within 3 mo before surgery; (3) severe heart disease; (4) active hemorrhage; (5) intravascular 
coagulation; (6) severe infection; (7) hematological malignancies; and (8) steroid drug treatment.

Formulation of postoperative chemotherapy regimens were according to the National Compre-
hensive Cancer Network Clinical Practice Guidelines in Oncology[17]. For GC patients with stage II or 
III, oxaliplatin + capecitabine  and oxaliplatin + S-1 were the main treatment options. A total of 315 
patients who underwent complete postoperative chemotherapy were included in our study.

Clinicopathological data
Clinicopathological data of patients were saved in the Gastric Cancer Information Management System 
v1.2 of Harbin Medical University Cancer Hospital (Copyright No. 2013SR087424, http://www.
sgihmu.com), including age, gender, body mass index (BMI), Borrmann type, tumor location, tumor 
diameter, histological type, metastatic lymph node ratio (mLNR), nerve infiltration, vascular infiltration, 
resection, pTNM stage, postoperative chemotherapy and laboratory examination. pTNM stage is 
consistent with the eighth edition of the American Joint Commission on Cancer. Other auxiliary examin-
ations (CT, ultrasound, and gastroscopy) or tumor markers were performed on all patients every 3-6 mo 
postoperatively. In addition, PET/CT examinations are performed as needed.

Definition of INF types
The pathological INF types were diagnosed by two institutional pathologists, which using paraffin 
sections stained with hematoxylin and eosin. GC tissue specimens were classified as INFa (tumor grows 
expansively and has an obvious boundary with the surrounding tissue), INFb (tumor shows an 
intermediate type between the expansive growth type and the infiltrative growth type), and INFc 
(tumor grows infiltratively and has no obvious boundary with the surrounding tissue), according to the 
Japanese Classification of Gastric Carcinoma[5] (Figure 1).

Blood sample
Blood samples were taken on an empty stomach the day after admission. Venous blood was collected 
from the cubital vein. Then, it was sent to the blood laboratory to separate the serum and calculate the 
corresponding inflammatory index. NLR = neutrophil count (N)/lymphocyte count (L), PLR = platelet 
count (P)/L, SII = N × P/L.

Statistical analysis
Overall survival (OS) was defined as the time from surgery to death or the last surviving follow-up 
visit. OS is shown as the mean and 95%CI. Receiver operating characteristic curve (ROC) analysis and 
the area under the curve (AUC) were used to compare the diagnostic significance of each inflammatory 
index. The Youden index was used to analyzed the optimal cutoff value of each inflammatory index, 
which was calculated by the equation: sensitivity-(1-specificity). The optimal cutoff value of each 

http://www.sgihmu.com
http://www.sgihmu.com
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Table 3 Prognostic factors of patients with gastric cancer by univariate and multivariate analyses based on logistic regression analysis 
in the expansive growth type group

INFa

Univariate analysis Multivariate analysisCharacteristics

HR (95%CI) P value HR (95%CI) P value

Sex 0.584

Male 1

Female 1.261 (0.550-2.894)

Age (yr) 1.019 (0.979-1.061) 0.349

BMI 0.880 (0.772-1.003) 0.055

SII 1.002 (1.001-1.003) 0.001 1.001 (1.000-1.003) 0.039

ALT 0.988 (0.954-1.023) 0.491

Total protein 0.968 (0.916-1.023) 0.251

CEA 1.030 (0.996-1.065) 0.087

CA19-9 1.002 (0.998-1.006) 0.278

Borrmann type 0.007 0.272

0-1 1 1

2 3.818 (0.448-32.517) 0.220 5.312 (0.450-62.711) 0.185

3 8.947 (1.135-70.530) 0.038 5.450 (0.496-59.870) 0.166

4-5 23.333 (2.525-215.647) 0.005 14.134 (0.944-211.701) 0.055

Tumor location 0.691

Lower third 1

Middle third 1.176 (0.366-3.782) 0.785

Upper third 1.667 (0.167-16.657) 0.664

Entire stomach 5.000 (0.303-82.520) 0.261

Tumor size (mm) 1.032 (1.016-1.049) < 0.001 1.012 (0.989-1.034) 0.310

pTNM stage < 0.001 0.796

I 1 1

II 2.615 (0.747-9.159) 0.133 0.660 (0.154-2.830) 0.576

III 10.968 (3.457-34.794) < 0.001 0.532 (0.080-3.525) 0.513

Histological type 0.160

Well and medium differentiation 1

Poor differentiation 2.282 (0.972-5.360) 0.058

Others 1.617 (0.527-4.959) 0.401

mLNR 438.799 (38.101-5053.535) < 0.001 471.355 (8.218-27035.275) 0.003

Vascular infiltration 0.080

No 1

Yes 2.065 (0.917-4.647)

Nerve infiltration 0.025 0.621

No 1 1

Yes 2.432 (1.118-5.288) 1.286 (0.474-3.490)

Postoperative chemotherapy 0.720

Yes 1
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No 1.159 (0.517-2.597)

Carcinoembryonic antigen and carbohydrate antigen 19-9 were according to the tumor marker examination. Tumor infiltrative pattern, tumor location, 
postsurgical tumor node metastasis stage, histological type, metastatic lymph node ratio, vascular infiltration and nerve infiltration were according to the 
postoperative pathology report. Statistically significant P values are in bold (P < 0.05). INF: Tumor infiltrative pattern; INFa: Expansive growth type; INFb: 
Intermediate type; INFc: Infiltrative growth type; HR: Hazard ratio; BMI: Body mass index; SII: Systemic immune-inflammation index; ALT: Alanine 
transaminase; CEA: Carcinoembryonic antigen; CA19-9: Carbohydrate antigen 19-9; mLNR: Metastatic lymph node ratio; pTNM: Postsurgical tumor node 
metastasis.

Figure 1 Representative hematoxylin and eosin staining patterns of samples of each tumor infiltrative pattern type. A: The expansive growth 
type; B: The intermediate type; C: The infiltrative growth type. INFa: The expansive growth type; INFb: The intermediate type; INFc: The infiltrative growth type.

inflammatory index was determined by the maximum value of the Youden index. The chi-square test 
was used to analyze the association between the inflammatory indices and clinicopathological factors. 
Survival curves for different INF types were analyzed by the log-rank test and Kaplan–Meier method. 
Based on logistic regression, univariate and multivariate analyses were used to analyze the independent 
prognostic factors for different INF types. Hazard ratios (HRs) and 95%CIs of each factor were shown. 
Boxplots and scatterplots were drawn by GraphPad Prism 8. The nomogram models were drawn 
through R studio by the “SvyNom” and “rms” packages. SPSS version 25.0 (SPSS Inc., Chicago, IL, 
United States) was used for analysis, and P < 0.05 was considered statistically significant.

RESULTS
Clinicopathological characteristics and survival based on INF
In the INFa group, the age range was 33-87 years (median 55 years), and the ratio of male to female was 
133:50. In the INFb group, the age range was 30-79 years (median 60 years), and the ratio of male to 
female was 248:83. In the INFc group, the age range was 24-85 years (median 57 years), and the ratio of 
male to female was 308:140. Table 1 shows the clinicopathological features of the three groups.

There were statistically significant differences in OS among the INFa, INFb and INFc groups (P < 
0.001). The OS of patients with INFc was worse than the OS of patients with INFa and INFb (Figure 2A). 
In the three groups, the OS of patients with stage I, II, and III GC was significantly different (all P < 
0.001) (Figure 2B-D). These results are shown in the supplementary materials (Supplementary Table 1).

NLR, PLR and SII scores
The NLR, PLR, and SII scores of 1.99, 126.90, and 529.24, respectively, were calculated as the most 
appropriate cutoff thresholds by the Youden index of the ROC for all patients based on preoperative 
hematology. The AUCs were 0.591 (95%CI: 0.553-0.630), 0.620 (95%CI: 0.583-0.658), and 0.594 (95%CI: 
0.555-0.632), respectively (Figure 2E). The AUCs of NLR, PLR, and SII for the INFa, INFb and INFc 
groups are shown in the Supplementary Table 2 (Figure 2F-H).

Inflammatory indices and patient survival
In patients with INFa, a significant difference in OS was found between patients with SII > 523.01 and 
those with SII ≤ 523.01 (OS: 56.55 mo vs 44.98 mo, P < 0.001; HR: 4.502, 95%CI: 2.166-9.355). According to 
the pTNM stage, for stages I and II, the difference in OS between patients with SII > 523.01 and those 
with SII ≤ 523.01 was not significant (P = 0.450 and P = 0.146). For stage III, patients with SII ≤ 523.01 
had better survival (P = 0.003) (Figure 3A-D). The SII score was significantly associated with 
carbohydrate antigen 19-9 (CA19-9), Borrmann type, tumor diameter, histological type, pTNM stage, 
and mLNR, as determined by the chi-square test of clinicopathologic features (all P < 0.05) (Table 2).

https://f6publishing.blob.core.windows.net/d1577179-c4ec-4b82-8fce-1c2ddb53e47d/WJGO-14-897-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/d1577179-c4ec-4b82-8fce-1c2ddb53e47d/WJGO-14-897-supplementary-material.pdf
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Figure 2 Survival curve analyses for patients and receiver operating characteristic curves of inflammatory indices. A: Survival curves of all 
patients; B-D: Survival curves of patients with the expansive growth type (INFa), the intermediate type (INFb), and the infiltrative growth type (INFc); E-H: Receiver 
operating characteristic curve of neutrophil-lymphocyte ratio, platelet-lymphocyte ratio, and systemic immune-inflammation index in all patients, INFa group, INFb 
group, and INFc group. INFa: The expansive growth type; INFb: The intermediate type; INFc: The infiltrative growth type; ROC: Receiver operating characteristic; 
NLR: Neutrophil-lymphocyte ratio; PLR: Platelet-lymphocyte ratio; SII: Systemic immune-inflammation index.
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Figure 3 Survival curve analyses based on the systemic immune-inflammation index and platelet-lymphocyte ratio. A-D: Survival curves of 
patients with the expansive growth type based on the systemic immune-inflammation index in all stages, stage Ⅰ, stage Ⅱ, and stage Ⅲ; E–H: Survival curves of 
patients with the intermediate type based on the platelet-lymphocyte ratio (PLR) in all stages, stage Ⅰ, stage Ⅱ, and stage Ⅲ; I–L: Survival curves of patients with the 
infiltrative growth type based on the PLR in all stages, stage Ⅰ, stage Ⅱ, and stage Ⅲ. INFa: The expansive growth type; INFb: The intermediate type; INFc: The 
infiltrative growth type; PLR: Platelet-lymphocyte ratio; SII: Systemic immune-inflammation index.

In patients with INFb, a significant difference in OS was found between patients with PLR > 134.02 
and those with PLR ≤ 134.02 (OS: 52.47 mo vs 44.37 mo, P < 0.001; HR: 2.191, 95%CI: 1.444-3.323). 
According to the pTNM stage, for stages I and II, the difference in OS between patients with PLR > 
134.02 and those with PLR ≤ 134.02 was not significant (P = 0.118 and P = 0.171). For stage III, the OS of 
patients with PLR ≤ 134.02 was better (P = 0.018) (Figure 3E-H). The PLR score was significantly 
associated with BMI, tumor diameter, histological type, pTNM stage, and mLNR, as determined by the 
chi-square test of clinicopathologic features (all P < 0.05) (Table 2).

In patients with INFc, a significant difference in OS was found between patients with PLR > 134.02 
and those with PLR > 134.02 (OS: 46.53 mo vs 37.97 mo, P < 0.001; HR: 1.956, 95%CI: 1.467-2.307). 
According to the pTNM stage, for stages I, II, and III, patients with PLR ≤ 134.02 had better survival (P = 
0.010, P = 0.018 and P = 0.031) (Figure 3I-L). The PLR score was significantly associated with age, tumor 
diameter, histological type, pTNM stage, and mLNR, as determined by the chi-square test of 
clinicopathologic features (all P < 0.05) (Table 2).

Inflammatory indices and postoperative chemotherapy
For INFa and INFb GC, there were no statistically significant differences in OS between patients with 
and without postoperative chemotherapy (all P > 0.05) (Figure 4A-F). For INFc GC, in the PLR ≤ 134.02 
group, the OS of patients with postoperative chemotherapy was significantly better than that of patients 
without postoperative chemotherapy (OS: 50.22 mo vs 43.90 mo, P = 0.030) (Figure 4H). However, in the 
overall group and the PLR > 134.02 group, there were no statistically significant differences in OS 
between patients with and without postoperative chemotherapy (P = 0.057 and P = 0.770) (Figure 4G 
and I).

Immune cells and INF
According to pTNM stage, peripheral circulating immune cell parameters, including neutrophil 
percentage, lymphocyte percentage and platelet count were analyzed. For I-III stage GC patients, the 
percentages of neutrophils and lymphocytes were not significantly different among the three groups (P 
> 0.05) (Figure 5A-F). For patients with stage I GC, the platelet count of INFc group was significantly 
higher than that of INFa group (P < 0.05) (Figure 5G). For patients with stage II GC, the platelet count of 
INFc group was significantly lower than that of INFb group (P < 0.05) (Figure 5H). For patients with 
stage III GC, the platelet count of INFc group was significantly lower than that of INFa and INFb group 
(P < 0.05) (Figure 5I).

Univariate and multivariate regression analyses in the three groups
To identify the independent risk factors for prognosis in the three groups, univariate and multivariate 
analyses based on the logistic risk regression model were implemented. In the INFa group, univariate 
analysis and multivariate analysis showed that SII (P = 0.039) and mLNR (P = 0.003) were independent 
prognostic factors for INFa GC (Table 3). In the INFb group, univariate analysis and multivariate 
analysis showed that age (P = 0.026), BMI (P = 0.003), PLR (P = 0.018) and pTNM stage (P < 0.001) were 
independent risk factors for the prognosis of INFb GC (Table 4). In the INFc group, univariate analysis 
and multivariate analysis showed that age (P = 0.021), PLR (P = 0.021), pTNM stage (P = 0.028) and 
mLNR (P = 0.002) were independent prognostic factors for INFc GC (Table 5).
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Table 4 Prognostic factors of patients with gastric cancer by univariate and multivariate analyses based on logistic regression analysis 
in the intermediate type group

INFb

Univariate analysis Multivariate analysisCharacteristics

HR (95%CI) P value HR (95%CI) P value

Sex 0.115

Male 1

Female 0.617 (0.339-1.124)

Age (yr) 1.033 (1.007-1.061) 0.014 1.036 (1.004-1.069) 0.026

BMI 0.814 (0.746-0.888) < 0.001 0.861 (0.781-0.950) 0.003

PLR 1.008 (1.003-1.012) < 0.001 1.006 (1.001-1.012) 0.018

ALT 0.976 (0.949-1.004) 0.094

Total protein 0.975 (0.946-1.004) 0.092

CEA 1.004 (0.995-1.014) 0.338

CA19-9 1.003 (1.001-1.006) 0.012 1.000 (0.998-1.003) 0.650

Borrmann type 0.005 0.226

0-1 1 1

2 1.031 (0.430-2.473) 0.945 0.715 (0.246-2.079) 0.538

3 2.410 (1.081-5.372) 0.031 1.530 (0.554-4.223) 0.412

4-5 3.182 (1.201-8.429) 0.020 1.339 (0.374-4.797) 0.654

Tumor location 0.088 - -

Lower third 1

Middle third 1.195 (0.641-2.228) 0.575

Upper third 1.527 (0.697-3.345) 0.290

Entire stomach 7.634 (1.441-40.446) 0.017

Tumor size (mm) 1.021 (1.012-1.032) < 0.001 1.007 (0.994-1.021) 0.302

pTNM stage < 0.001 < 0.001

I 1 1

II 3.929 (1.120-13.785) 0.033 2.036 (0.528-7.856) 0.302

III 23.010 (6.895-76.795) < 0.001 8.306 (2.053-33.597) 0.003

Histological types 0.739

Well and medium differentiation 1

Poor differentiation 1.105 (0.617-1.977) 0.738

Others 0.853 (0.472-1.542) 0.599

mLNR 87.343 (18.612-409.881) < 0.001 2.267 (0.291-17.641) 0.434

Vascular infiltration < 0.001 0.149

No 1 1

Yes 3.160 (1.897-5.263) 1.585 (0.848-2.963)

Nerve infiltration 0.003 0.859

No 1 1

Yes 2.097 (1.283-3.428) 1.057 (0.573-1.951)

Postoperative chemotherapy 0.493

Yes 1



Wang YF et al. Inflammation indices for INF of GC

WJGO https://www.wjgnet.com 908 April 15, 2022 Volume 14 Issue 4

No 0.823 (0.472-1.436)

Carcinoembryonic antigen and carbohydrate antigen 19-9 were according to the tumor marker examination. Tumor infiltrative pattern, tumor location, 
postsurgical tumor node metastasis stage, histological type, metastatic lymph node ratio, vascular infiltration and nerve infiltration were according to the 
postoperative pathology report. Statistically significant P values are in bold (P < 0.05). INF: Tumor infiltrative pattern; INFa: Expansive growth type; INFb: 
Intermediate type; INFc: Infiltrative growth type; HR: Hazard ratio; BMI: Body mass index; PLR: Platelet–lymphocyte ratio; ALT: Alanine transaminase; 
CEA: Carcinoembryonic antigen; CA19-9: Carbohydrate antigen 19-9; mLNR: Metastatic lymph node ratio; pTNM: Postsurgical tumor node metastasis.

Nomogram
We combined independent prognostic risk factors to construct nomogram models to evaluate the 
prognosis of patients in different INF groups (Figure 6A, D and G). For predicting the survival of 
patients with INFa, INFb and INFc GC within 3 and 5 years after radical resection, ROC analysis 
showed that the AUCs of the nomogram models were both greater than those of pTNM stage alone 
(Figure 6B, C, E, F, H and I). The results of the nomogram models are shown in the Supplemen-
tary Table 3.

DISCUSSION
In East Asia, INF has gradually become a clinicopathological feature for routine evaluation in surgical 
specimens[7]. Hematoxylin eosin staining is easy to determine it, which is convenient for clinical 
application. Recent retrospective studies have further demonstrated that INF can be an ideal predictor 
of recurrence and metastasis patterns after radical gastrectomy. INFc is an independent risk factor for 
peritoneal metastasis and is more prone to lymph node metastasis, while the liver metastasis rate of 
INFa/b is significantly higher than that of INFc[6,8,9]. Our study also confirmed that the prognosis of 
patients with INFa and INFb GC was better than that of patients with INFc GC. This evidence shows 
that INF can effectively help clinical experts predict the recurrence pattern and prognosis of GC 
patients. In addition, with the great achievements of tumor immunotherapy, it has been found that the 
tumor microenvironment and immune inflammatory response in peripheral blood can effectively 
reduce the impact of GC heterogeneity, providing more comprehensive information for the person-
alized treatment of patients[14,18]. This study was aimed at investigating the peripheral blood immune 
response is great value to different INF types GC patients in evaluating prognosis and individualized 
chemotherapy.

As the significant role of the systemic immune inflammatory response in gastrointestinal tumors has 
gradually become widely recognized by clinical experts, inflammatory indices, such as NLR, PLR and 
LMR, have been indicated to be prognostic markers of GC, esophageal cancer or colorectal cancer[19,
20]. These indices can also evaluate the possible benefits and prospects of immunotherapy according to 
their baseline levels to support personalized immunotherapy[21]. As a part of systemic immunity, 
peripheral blood immunity also plays a significant role in the process of tumor metastasis. The prolif-
eration of tumor cells causes them to break through mechanical pressure, escape immune monitoring, 
enter peripheral veins and form circulating tumor cells (CTCs)[22]. In this process, the close relationship 
between neutrophils and CTCs promotes the cell cycle process of CTCs and expands the metastatic 
potential of CTCs[23]. In addition, cytokines, such as tumor necrosis factor α released by CTC-associated 
neutrophils, play a key role in promoting tumor cell proliferation[23]. Lymphocytes can restrain the 
migration and proliferation of CTCs by secreting cytokines such as perforin/granzyme[24]. In addition, 
platelets can form aggregates with CTCs to escape host immune monitoring and release transforming 
growth factor β (TGF-β), inducing epithelial-mesenchymal transformation to promote distant metastasis
[25]. The current research results showed that the higher the levels of the inflammatory indices SII and 
PLR are, the greater the possibility of early distant metastasis and the worse the prognosis. The AUC of 
the SII was higher in patients with INFa GC in ROC analysis, and the SII was an independent prognostic 
factor. This finding also showed that the pivotal role of neutrophils, lymphocytes and platelets for 
patients with INFa GC in the external circulation immunity. Besides, PLR also was a key predictor of the 
prognosis of patients with INFb and INFc GC. This finding further suggests that in peripheral 
circulating immunity of different INF types, the subsets of immune cells that play a major part are 
different.

In this study, we found that there was no significant difference in the percentages of neutrophils and 
lymphocytes among the three groups. In patients with stage II and III GC, the platelet count of INFc 
group was significantly lower than that of INFa and INFb group, which seems to contradict the 
conclusion that the prognosis of patients with INFc GC was poor. The reason for this may be that 
different INF groups differ greatly in their sensitivity to peripheral immune cells. Due to the influence 
of GC heterogeneity, the immune microenvironment of different subtypes of GC patients is greatly 
different[26]. Because of the unique biological characteristics of infiltrative growth with no distinct 
border with the surrounding tissue, tumor cells in patients with INFc GC may be more likely to enter 

https://f6publishing.blob.core.windows.net/d1577179-c4ec-4b82-8fce-1c2ddb53e47d/WJGO-14-897-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/d1577179-c4ec-4b82-8fce-1c2ddb53e47d/WJGO-14-897-supplementary-material.pdf
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Table 5 Prognostic factors of patients with gastric cancer by univariate and multivariate analyses based on logistic regression analysis 
in the infiltrative growth type group

INFc

Univariate analysis Multivariate analysisCharacteristics

HR (95%CI) P value HR (95%CI) P value

Sex 0.570

Male 1

Female 0.889 (0.592-1.335)

Age (yr) 1.028 (1.009-1.047) 0.003 1.026 (1.004-1.049) 0.021

BMI 0.965 (0.915-1.017) 0.184

PLR 1.007 (1.004-1.010) < 0.001 1.004 (1.001-1.008) 0.021

ALT 0.984 (0.966-1.003) 0.096

Total protein 0.995 (0.973-1.018) 0.683

CEA 1.006 (0.998-1.014) 0.161

CA19-9 1.000 (1.000-1.006) 0.020 1.001 (0.999-1.004) 0.387

Borrmann type < 0.001 0.055

0-1 1 1

2 2.104 (0.574-7.708) 0.262 1.193 (0.290-4.903) 0.807

3 4.298 (1.233-14.981) 0.022 1.781 (0.460-6.891) 0.403

4-5 14.250 (3.837-52.919) < 0.001 3.735 (0.835-16.696) 0.085

Tumor location < 0.001 0.059

Lower third 1 1

Middle third 2.791 (1.669-4.670) < 0.001 1.952 (1.052-3.622) 0.034

Upper third 1.985 (0.947-4.160) 0.069 1.955 (0.820-4.658) 0.130

Entire stomach 22.330 (2.867-173.902) 0.003 4.687 (0.523-41.965) 0.167

Tumor size (mm) 1.028 (1.020-1.037) < 0.001 1.004 (0.993-1.016) 0.433

pTNM stage < 0.001 0.028

I 1 1

II 10.667 (1.405-80.956) 0.022 8.549 (1.073-68.125) 0.043

III 45.208 (6.106-334.716) < 0.001 13.795 (1.693-112.382) 0.014

Histological types 0.643

Well and medium differentiation 1

Poor differentiation 1.026 (0.656-1.604) 0.912

Others 0.826 (0.493-1.384) 0.468

mLNR 93.645 (30.921-283.603) < 0.001 11.042 (2.407-50.664) 0.002

Vascular infiltration < 0.001 0.783

No 1 1

Yes 2.899 (1.905-4.411) 1.080 (0.623-1.874)

Nerve infiltration 0.029 0.471

No 1 1

Yes 1.524 (1.044-2.226) 1.187 (0.745-1.892)

Postoperative chemotherapy 0.315

Yes 1
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No 0.891 (0.554-1.209)

Carcinoembryonic antigen and carbohydrate antigen 19-9 were according to the tumor marker examination. Tumor infiltrative pattern, tumor location, 
postsurgical tumor node metastasis stage, histological type, metastatic lymph node ratio, vascular infiltration and nerve infiltration were according to the 
postoperative pathology report. Statistically significant P values are in bold (P < 0.05). INF: Tumor infiltrative pattern; INFa: Expansive growth type; INFb: 
Intermediate type; INFc: Infiltrative growth type; HR: Hazard ratio; BMI: Body mass index; PLR: Platelet–lymphocyte ratio; ALT: Alanine transaminase; 
CEA: Carcinoembryonic antigen; CA19-9: Carbohydrate antigen 19-9; mLNR: Metastatic lymph node ratio; pTNM: Postsurgical tumor node metastasis.

the peripheral circulation to form CTCs. This results in that even if the platelets of patients with INFc 
GC being lower than those of patients with INFa and INFb GC in the same period, their peripheral 
circulating platelets are more likely to form aggregates with CTCs in patients with INFc GC, thus 
avoiding host immune monitoring and causing distant metastasis. In addition, we found that the 
platelet count of patients with INFc GC did not increase with increasing pTNM stage. The platelet count 
of patients with stage I disease was higher than that of patients with stage II and III disease. This may be 
related to the small number of INFc patients with stage I disease included in our study. Therefore, our 
next research direction is to explore the distribution and function of immune cell subsets according to 
INF.

We found that for the INFc group, patients with a low PLR were more sensitive to postoperative 
chemotherapy. The therapeutic effect of chemotherapy on different individuals depends not only on the 
sensitivity of cancer cells to chemotherapeutic drugs, but also on the immune status of tumor microen-
vironment. Ohe et al[27] also found that GC patients with a low PLR were more sensitive to 
chemotherapy. Platelets in peripheral blood are released from damaged endothelial cells by cisplatin-
based chemotherapy, adhere to and accumulate on the vascular wall through von Willebrand factor
[28]. Coalescented and activated platelets secrete multifarious cytokines, such as TGF-β and vascular 
endothelial growth factor A (VEGF-A). They induce the up regulation of cancer cell metastasis and drug 
resistance by acting on epithelial-mesenchymal transformation[29,30]. In addition, peripheral blood 
lymphocytes continually enter and exit lymph nodes, which leads to the initiation and activation of 
antigen-presenting dendritic cells (DCs). DCs can recognize the neoantigens of tumor cells induced by 
chemotherapy immunogenicity and make tumor cells sensitive to T cell-mediated killing[31]. This 
evidence suggests that patients with a low PLR GC are more sensitive to chemotherapy than other 
patients due to fewer platelets and more lymphocytes in their peripheral circulation. Our study also 
found that chemotherapy had better efficacy in the INFc group than in the other two groups. Wang et al
[32] found that the survival rate of patients with early neutropenia after postoperative chemotherapy 
was higher. In addition, neutrophils and platelets in peripheral blood can inhibit natural killer cells by 
releasing chemical mediators, such as interleukin-1 and VEGF-A, and advance the immune resistance 
and escape of CTCs to chemotherapy drugs[33-36]. Our results showed that the percentages of 
neutrophils and platelets in INFc were lower than those in INFa and INFb in stage II and III GC 
patients, which may be why INFc is more sensitive to chemotherapy. Therefore, it is necessary to further 
investigate whether targeted therapy can improve postoperative survival in patients with INFa and 
INFb GC.

Clinically, some clinicians have realized that pTNM stage depends on postoperative pathology can 
provide efficacious but imperfect information for individual treatment.  The same stage patients show 
significant individual differences in prognosis. Many studies have suggested that tumor immunity can 
bring into play an efficacious supplementary role[37,38]. Analyzing the proportion of immune cells in 
body fluids can effectively evaluate the prognosis of metastatic GC patients and provide them with 
more personalized treatment[39]. Li et al[20] constructed a nomogram based on inflammation and 
nutritional markers to predict the prognosis of GC patients receiving neoadjuvant chemotherapy and 
D2 Lymph node dissection. As a result, this type of prediction model constructed by combining inflam-
matory markers with clinicopathological features has the advantages of more accurate and individu-
alized evaluation of patient prognosis and reducing the differences caused by heterogeneity. Based on 
the logistic risk regression model, our study found that the SII and mLNR were independent risk factors 
related to the prognosis of INFa GC patients. PLR, age, BMI and pTNM stage are independent risk 
factors related to the prognosis of INFb GC patients. PLR, age, pTNM stage and mLNR are independent 
risk factors related to the prognosis of INFc GC patients. Then, the nomogram models were constructed 
to predict the prognosis of patients with different INF types. We found that the nomogram models were 
better than the conventional pTNM stage alone in predicting the prognosis of patients with different 
INF types of GC within 3 years and 5 years after radical resection. The prediction models for evaluating 
the prognosis of different INF types patients combining inflammatory biomarkers and clinicopatho-
logical features were effective, which deserve further testing and extension in clinical practice.

There were some limitations in this study. First, the existence of internal bias and heterogeneity were 
inevitable as it was a retrospective study. Second, this was a single-center study, focusing only on Asian 
populations. Whether these results are widely applicable to other populations needs to be further 
studied by enlarging the sample size and source.
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Figure 4 Survival curve analyses based on postoperative chemotherapy. A-C: Survival curves with and without postoperative chemotherapy in all the 
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expansive growth type (INFa) gastric cancer (GC) patients, INFa GC patients with systemic immune-inflammation index (SII) ≤ 523.01, and INFa GC patients with SII 
> 523.01; D-F: Survival curves with and without postoperative chemotherapy in all the intermediate type (INFb), GC patients, INFb GC patients with platelet-
lymphocyte ratio (PLR) ≤ 134.02, and INFb GC patients with PLR > 134.02; G–I: Survival curves with and without postoperative chemotherapy in all the infiltrative 
growth type (INFc) GC patients, INFc GC patients with PLR ≤ 134.02, and INFc GC patients with PLR > 134.02. INFa: The expansive growth type; INFb: The 
intermediate type; INFc: The infiltrative growth type; PLR: Platelet-lymphocyte ratio; SII: Systemic immune-inflammation index.

Figure 5 The relationship between peripheral circulating immune cells and different tumor infiltrative pattern types. A-C: Boxplot combined 
with scatterplot of neutrophil percentage based on tumor infiltrative pattern (INF) types in stage Ⅰ, stage Ⅱ, and stage Ⅲ; D-F: Boxplot combined with scatterplot of 
lymphocyte percentage based on INF types in stage Ⅰ, stage Ⅱ, and stage Ⅲ; G–I: Boxplot combined with scatterplot of platelet count based on INF types in stage Ⅰ, 
stage Ⅱ, and stage Ⅲ. INFa: The expansive growth type; INFb: The intermediate type; INFc: The infiltrative growth type; PLT: Platelet.

CONCLUSION
The SII and PLR were independent risk factors for the prognosis of patients with GC in the INFa, INFb 
and INFc groups. The nomogram based on these two inflammatory biomarkers combined with 
clinicopathologic features can evaluate the prognosis of GC patients with different INF types, and its 
predictive ability is better than that of the traditional pTNM stage alone.
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Figure 6 Nomogram models predicting the survival of patients with different tumor infiltrative pattern types. A, D and G: Nomogram models 
predicting the 3-year and 5-year survival of patients with the expansive growth type (INFa), the intermediate type (INFb), and the infiltrative growth type (INFc) gastric 
cancer (GC); B and C: Receiver operating characteristic (ROC) of the nomogram model and postsurgical tumor node metastasis (pTNM) stage predicting the 3-year 
and 5-year survival of patients with INFa GC; E and F: ROC of the nomogram model and pTNM stage predicting the 3-year and 5-year survival of patients with INFb 
GC; H and I: ROC curve of the nomogram model and pTNM stage predicting the 3-year and 5-year survival of patients with INFc GC. INFa: The expansive growth 
type; INFb: The intermediate type; INFc: The infiltrative growth type; ROC: Receiver operating characteristic curve; mLNR: Metastatic lymph node ratio; BMI: Body 
mass index; PLR: Platelet-lymphocyte ratio; SII: Systemic immune-inflammation index.

ARTICLE HIGHLIGHTS
Research background
Gastric cancer (GC) is an important public health burden worldwide. In East Asia, the tumor infiltrative 
pattern (INF) has gradually become a clinicopathologic feature routinely evaluated in surgically 
resected specimens. The INF type categorizes GC as the expansive growth type (INFa), the intermediate 
type (INFb), and the infiltrative growth type (INFc). Different INF types differ in clinicopathological 
features and prognosis and can be used as predictors of postoperative recurrence and prognosis in GC 
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patients. Many studies have shown that inflammatory indices are potential prognostic indices for GC 
patients. However, there is no evidence defining the prognostic significance of immune inflammatory 
indices for GC with different INF types.

Research motivation
Evaluating whether inflammatory indices have prognostic significance for GC with different INF types 
will provide a basis for clinicians to treat and predict the prognosis of these patients in the future.

Research objectives
To analyze the relationships among peripheral circulating immune cells, inflammatory indices and INF 
types and to evaluate their ability to evaluate the outcome of patients with GC.

Research methods
This retrospective study analyzed the clinicopathological characteristics and long-term survival data of 
962 patients who underwent radical gastrectomy. Patients were categorized into the INFa, INFb, and 
INFc groups. The differences of  clinicopathological features between the three groups were analyzed by 
chi-square test. The cutoff values of inflammatory indices were analyzed by receiver operating charac-
teristic curves. The Kaplan–Meier and log-rank tests were used to analyze overall survival (OS). The 
independent risk factors for patients prognosis were analyzed by univariate and multivariate analyses 
based on the logistic regression. The nomogram models were constructed by R studio.

Research results
Based on the postoperative pathology report, there were 183, 331 and 448 patients in the INFa, INFb, 
and INFc groups, respectively. The OS of the INFc group was significantly lower than that of the other 
two groups (P < 0.001). The systemic immune-inflammation index (P = 0.039) and metastatic lymph 
node ratio (mLNR) (P = 0.003) were independent risk factors for prognosis in the INFa group. The 
platelet–lymphocyte ratio (PLR) (P = 0.018), age (P = 0.026), body mass index (P = 0.003), and 
postsurgical tumor node metastasis (pTNM) stage (P < 0.001) were independent risk factors for 
prognosis in the INFb group. The PLR (P = 0.021), age (P = 0.021), pTNM stage (P = 0.028), and mLNR (
P = 0.002) were independent risk factors for prognosis in the INFc group. The area under the curve of 
the nomogram model for predicting 5-year survival in the INFa group, INFb group, and INFc group 
was 0.787, 0.823, and 0.781, respectively.

Research conclusions
The nomogram model based on different inflammatory indices and clinicopathological features can be 
used to evaluate the prognosis of different INF types GC patients.

Research perspectives
Further multicentric studies are needed to expansion of the sample size and external validation of 
nomogram model was performed to determine its predictive ability.
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Abstract
BACKGROUND 
The effectiveness of regorafenib plus programmed cell death-1 (PD-1) inhibitor in 
treating microsatellite stable (MSS) metastatic colorectal cancer (mCRC) remains 
controversial.

AIM 
To investigate the benefits of regorafenib combined with PD-1 inhibitor in treating 
MSS mCRC and explore indicators predicting response.

METHODS 
This retrospective study included a total of 30 patients with microsatellite stable 
metastatic colorectal cancer treated with regorafenib combined with programmed 
cell death-1 inhibitor at Henan Provincial People’s Hospital between December 
2018 and December 2020. During a 4-wk treatment cycle, regorafenib was 
performed for 3 continuous weeks. PD-1 inhibitor was intravenously injected 
starting on the first day of the oral intake of regorafenib. We reviewed tumor 
response, progression-free survival (PFS), overall survival, and treatment-related 
adverse events (TRAEs) and evaluated association between platelet-to-
lymphocyte ratio (PLR) and outcomes in this retrospective study.
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RESULTS 
Stable disease and progressive disease were found in 18 (60.0%) and 12 (40.0%) patients, 
respectively. The disease control rate was 60.0%. The median follow-up time was 12.0 mo, and 
median PFS was 3.4 mo [95% confidence interval (CI): 2.2-4.6 mo]. Of the 12 patients with 
progressive disease, 10 (83.3%) had liver metastasis before starting the combined treatment. 
Among the 18 patients with SD, 10 (55.6%) did not have liver metastases. One patient without liver 
metastases at baseline was found with a substantially prolonged PFS of 11.2 mo. The liver 
metastasis, the choice of programmed cell death-1 inhibitor other than nivolumab or pembrol-
izumab and previous exposure to regorafenib was’t associated with treatment outcome. The 
median PFS in the low-PLR group was 4.2 mo (95%CI: 3.5-4.9 mo), compared with 2.8 mo (95%CI: 
1.4-4.2 mo) in the high-PLR group (P = 0.005). The major TRAEs included hand-foot syndrome 
(33.3%), hypertension (23.3%), malaise (20.0%), and gastrointestinal reaction (16.7%). The incidence 
of grade 3 TRAEs was 13.3% (4/30), which comprised abnormal capillary proliferation (n = 1), 
transaminase elevation (n = 1), and hand-foot syndrome (n = 2). No grade 4 or higher toxicity was 
observed.

CONCLUSION 
Regorafenib combined with PD-1 inhibitor could lead to a longer PFS in some patients with MSS 
mCRC. The PLR might be a prediction of the patient response to this therapy.

Key Words: Colorectal neoplasms; Microsatellite stable; Programmed cell death-1 inhibitor; Platelet-to-
lymphocyte ratio; Regorafenib; Progression-free survival

©The Author(s) 2022. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: The use of regorafenib combined with programmed cell death-1 inhibitor in the treatment of 
refractory microsatellite stable colorectal cancer has contradictory results in some small-scale studies. The 
purpose of this paper is to analyze the real-world data of our center in the past 2 years so as to provide 
more treatment experience and reference for treatment selection. The progression-free survival and overall 
survival of patients with refractory microsatellite stable colorectal cancer treated with regorafenib 
combined with programmed cell death-1 inhibitor were analyzed retrospectively, and the safety and 
adverse reactions under different doses were reviewed. The platelet-to-lymphocyte ratio was found as a 
potential screening index for patients with prolonged progression-free survival.

Citation: Xu YJ, Zhang P, Hu JL, Liang H, Zhu YY, Cui Y, Niu P, Xu M, Liu MY. Regorafenib combined with 
programmed cell death-1 inhibitor against refractory colorectal cancer and the platelet-to-lymphocyte ratio’s 
prediction on effectiveness. World J Gastrointest Oncol 2022; 14(4): 920-934
URL: https://www.wjgnet.com/1948-5204/full/v14/i4/920.htm
DOI: https://dx.doi.org/10.4251/wjgo.v14.i4.920

INTRODUCTION
Colorectal cancer (CRC) is one of the most common malignant tumors worldwide. More than 1.8 million 
new patients with CRC were reported in 2018, of which 881000 died of CRC[1,2]. In China, CRC is the 
fifth leading cause of cancer-related death. The number of CRC-related deaths was about 191000 in 2015
[3]. A variety of patients are diagnosed with advanced CRC, accompanied by distant metastases in 
addition to the primary tumor[4]. Despite multidisciplinary management based on surgery, systemic 
therapy, and radiotherapy[5-7], the prognosis of patients with advanced CRC is still poor, with 5-year 
survival rates of 71% and 14% for regional and distant disease, respectively[8].

The Guidelines of the Chinese Society of Clinical Oncology (CSCO) recommend chemotherapy with 
or without targeted therapy (such as cetuximab and bevacizumab) for the first- and second-line 
therapies of advanced CRC[9]. Although the CSCO guidelines also recommended later-line therapy for 
CRC after progression, the treatment efficacy is generally limited[9]. Regorafenib is an oral, small-
molecular multi-target kinase inhibitor that can exert anti-tumor effects through inhibiting several key 
processes, such as tumor cell proliferation, metastasis, angiogenesis, and immune escape[10,11]. The 
international CORRECT trial promoted regorafenib as the standard drug for treating metastatic CRC 
(mCRC)[12].

https://www.wjgnet.com/1948-5204/full/v14/i4/920.htm
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The emergence of immunotherapy in recent years has brought long-term survival benefits for many 
patients. Still, to date, only patients with microsatellite instablility-high mCRC could benefit from 
immunotherapy using a single drug[13]. Considering that the efficacy of single targeted drug was 
suboptimal, combination therapy could bring new hopes for patients. The preliminary findings from the 
REGONIVO study reported the efficacy of regorafenib combined with nivolumab. The objective 
response rate (ORR) was 33% in 24 Asian patients with proficient mismatch repair (MMR)/ 
microsatellite stable (MSS) refractory mCRC, and the median progression-free survival (PFS) was 
prolonged by more than 6 mo. Therefore, the findings possibly provided new chances for patients with 
repeated failures after third- or further-line therapies to prolong the survival time and improve the 
quality of life[14]. The combination of regorafenib with programmed cell death-1 (PD-1) for patients 
with refractory CRC after multi-line standard therapies is now used by many medical centers 
worldwide. A retrospective study in 18 patients with refractory MSS mCRC, including five Asian 
patients, performed by the National Cancer Institute in the United States recently failed to show the 
effectiveness of regorafenib combined with nivolumab or pembrolizumab but suggested that patients 
without liver metastases could benefit from the treatment[15]. A study conducted in 23 Chinese patients 
with MSS advanced CRC also did not demonstrate the effectiveness of this combination[16]. These two 
studies[15,16] were inconsistent with the REGONIVO study[14]. Hence, additional clinical studies are 
needed to investigate the benefits and adverse events of regorafenib combined with PD-1 inhibitors.

The effects of specific treatments among different patients and different studies vary greatly. Thus, 
identifying factors that could predict the prognosis of patients treated with regorafenib combined with 
PD-1 inhibitors is clinically relevant. Carcinoembryonic antigen (CEA) is commonly used in clinical 
practice to monitor treatment efficacy in patients with CRC[17,18]. Other indicators are also related to 
the prognosis of patients with cancer[19-23], such as neutrophil-to-lymphocyte ratio (NLR) and platelet-
to-lymphocyte ratio (PLR).

Despite the emergence of new drugs and the changes in the combination of targeted therapy, the 
effectiveness of mCRC treatment is still suboptimal, especially the treatments after third-line therapy, 
with a 5-year survival rate of only 11%[24]. Therefore, this retrospective study investigated patients with 
MSS mCRC treated with regorafenib combined with a PD-1 inhibitor in the last 2 years. This study may 
suggest a novel therapeutic approach that could be tried in a clinical trial.

MATERIALS AND METHODS
Study design and patients
This retrospective study included patients with MSS mCRC treated with regorafenib combined with 
PD-1 inhibitor at Henan Provincial People’s Hospital between December 2018 and December 2020. This 
study was approved by the ethics committee of People’s Hospital of Zhengzhou University (Henan 
Province, China) and performed in accordance with the Declaration of Helsinki. The requirement for 
informed consent was waived by the committee because of the retrospective nature of the study.

The inclusion criteria were: (1) Histologically or cytologically proven with MSS mCRC; (2) Treated 
with more than two lines of standard chemotherapy regimens (including fluorouracil, oxaliplatin, and 
irinotecan, with or without biological agents such as bevacizumab and cetuximab); (3) Treated with 
regorafenib combined with PD-1 inhibitor (due to the accessibility of drugs and financial burden of 
patients, other low-cost PD-1 inhibitors approved in China, such as camrelizumab, sintilimab, 
toripalimab, and tislelizumab, could also be used in addition to nivolumab and pembrolizumab); (4) 
With evaluable lesions and with detailed clinical data and follow-up results; and (5) Downregulation of 
the expression of four MMR enzymes (MutL homolog 1/MutS homolog 2/MutS homolog 6/PMS1 
homolog 2) assessed by immunohistochemistry, or the MMR/MSI status was evaluated by the 2B3D 
method.

Treatment regimen
During a 4 wk treatment cycle, oral drug administration was performed for 3 continuous weeks. 
Regorafenib was orally administered at 80, 120, or 160 mg once per day. Dose reduction or temporary 
discontinuation of regorafenib was performed for the patients with treatment-related toxicities. PD-1 
inhibitor was intravenously injected starting on the 1st day of the oral intake of regorafenib, including 
240 mg every 3 wk for toripalimab, 200 mg every 2 or 3 wk for camrelizumab, 240 mg every 2 wk for 
nivolumab, 200 mg every 3 wk for pembrolizumab and sintilimab, or 200 mg every 3 wk for tislel-
izumab.

Data collection
Collected data included age, sex, Eastern Cooperative Oncology Group (ECOG) performance status 
(PS), site of the primary tumor, site of the metastases, MSI/MMR, gene status, lines of treatment, and 
previous treatments. The blood routine examination and CEA results before treatment and after three 
and five cycles of combination therapy were longitudinally analyzed. CEA was detected by microarray 
chemiluminescence immunoassay (Sunlant Biological SLXP-001, Wuxi, Jiangsu Province, China). The 
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platelet and lymphocyte counts were measured using a Hessian-Meikang XN-9000 automatic modular 
blood and body fluid analyzer. The PLR was calculated as the absolute platelet count divided by the 
absolute lymphocyte count in full blood.

According to the Response Evaluation Criteria in Solid Tumors (RECIST) version 1.1, tumor 
responses were evaluated every two or three cycles of immunotherapy. If signs of rapid disease 
progression were noted, the evaluation was performed at earlier time points. ORR included complete 
response (CR) and partial response (PR). Disease control rate (DCR) was defined as the sum of the ORR 
and stable disease (SD) rate. PFS was defined as the time from the start of treatment to disease 
progression or death. Overall survival (OS) referred to the time from the start of treatment to death. 
Toxicity was evaluated according to the Common Toxicity Criteria for Adverse Events Version 5.0 
(CTCAE 5.0) and the 2019 CSCO immune checkpoint inhibitor-related toxicity management guideline
[25]. Follow-up was censored on April 15, 2021.

Statistical analysis
SPSS 26.0 (IBM, Armonk, NY, United States) was used for statistical analysis. Continuous data with a 
normal distribution (according to the Shapiro-Wilk test) were described using means ± SD, while 
continuous data without a normal distribution were described as medians and interquartile range (Q1, 
Q3). The t-test was used for comparing continuous data with a normal distribution, and the rank-sum 
test was used for comparing continuous data without a normal distribution. Categorical data were 
presented as n (%) and tested using the χ2 test. The receiver operating characteristic (ROC) curve was 
used to estimate the best cutoff value of NLR and PLR before treatment. The patients were divided into 
the low-NLR, high-NLR, low-PLR, and high-PLR groups according to the cut-off value of ROC curve. 
The Kaplan-Meier method was used for univariable survival analysis. The log-rank test was used to 
analyze the differences in PFS and OS among different influencing factors. Two-sided P values < 0.05 
were considered statistically significant.

RESULTS
Characteristics of the patients
Between December 2018 and December 2020, a total of 30 patients with MSS mCRC were included. 
Table 1 and Supplementary Table 1 present the characteristics of the patients. The patients were treated 
with regorafenib combined with PD-1 inhibitor as the third- (46.7%) or further-line therapy (53.3%). Of 
these patients, 12 (40.0%) were ≥ 60 years and 18 (60.0%) < 60 years. Fourteen (46.7%) and sixteen 
(53.3%) were males and females, respectively. Twenty-one (70.0%) and 9 (30.0%) patients had an ECOG 
PS of 0-1 and ≥ 2, respectively. The primary lesion was on the left side (including the left colon, sigmoid 
colon, and rectum) in 24 patients (80.0%) and on the right side (including the ascending colon and liver 
curvature of the transverse colon) in 6 patients (20.0%). Eighteen (60.0%) patients had liver metastases, 
11 (36.7%) had lung metastases, 6 (20.0%) had peritoneal metastases, and 18 patients (60.0%) had 
multiple metastases in ≥ two sites (Table 1). All patients were proven with MSS (proficient MMR) type 
CRC using immunohistochemistry or polymerase chain reaction, and 1 (3.3%) patient had been treated 
with PD-1 inhibitor before. The genetic test showed that 7 (36.7%) and 12 (60.0%) patients had RAS 
mutation and wild-type RAS, respectively, while 11 patients did not have a genetic mutation test. No 
patient had BRAF mutation.

Characteristics of the treatments
Nineteen (63.3%) patients were treated with regorafenib for a median treatment duration of 4.3 mo [95% 
confidence interval (CI): 2.0-6.7 mo] before the combination therapy in this study. During the 
combination therapy, the initial dose of regorafenib was 80, 120, and 160 mg in 18, 8, and 4 patients, 
respectively. Of the 30 patients receiving combination therapy, 9 were treated with sintilimab, 8 with 
toripalimab, 5 with camrelizumab, 4 with tislelizumab, 3 with nivolumab, and 1 with pembrolizumab 
(Table 1 and Supplementary Table 1).

Clinical response
According to RECIST 1.1, 18 (60.0%) of the 30 patients who received combination therapy achieved SD, 
and 12 (40.0%) had progressive disease (PD); no PR or CR was found. The DCR was 60.0% (Table 2 and 
Supplementary Table 1). Of the 12 patients with PD, 10 (83.3%) had liver metastases at baseline. Among 
the 18 patients with SD, 10 (55.6%) had no liver metastases.

Survival
Up to April 15, 2021, the median follow-up time was 12.0 mo. The median PFS of the patients was 3.4 
mo (95%CI: 2.2-4.6 mo) (Figure 1A and B). One patient without liver metastases at baseline was found 
with a substantially prolonged PFS of 11.2 mo. Still, of the patients with liver metastases at baseline, no 
prolonged PFS was observed in 2 patients even after the combination therapy using local hepatectomy 

https://f6publishing.blob.core.windows.net/bf616a7c-557f-46e7-af17-beb37e332efd/WJGO-14-920-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/bf616a7c-557f-46e7-af17-beb37e332efd/WJGO-14-920-supplementary-material.pdf
https://f6publishing.blob.core.windows.net/bf616a7c-557f-46e7-af17-beb37e332efd/WJGO-14-920-supplementary-material.pdf


Xu YJ et al. Regorafenib plus anti-PD-1 in MSS mCRC

WJGO https://www.wjgnet.com 924 April 15, 2022 Volume 14 Issue 4

Table 1 Characteristics of the individual patients

No. Age 
(yr) Sex ECOG 

PS Primary tumor Site of 
metastases

Liver 
metastases

RAS and BRAF 
mutation

Lines of 
treatment

Prior 
5-Fu

Prior 
platinum

Prior 
irinotecan

Prior 
bevacizumab

Prior 
cetuximab

Prior 
regorafenib

Prior 
PD-1

1 56 Female 1 Sigmoid colon Abdominal 
metastases

No Wild-type 3 Yes Yes Yes Yes Yes No No

2 62 Female 3 Ascending colon Multiple 
metastases

Yes Not tested 4 Yes Yes Yes Yes No Yes No

3 51 Female 0 Rectum Multiple 
metastases

Yes Not tested 3 Yes Yes Yes Yes No No No

4 52 Female 1 Sigmoid colon Multiple 
metastases

No KRAS mutation 3 Yes Yes Yes Yes No No No

5 66 Female 1 Ascending colon Multiple 
metastases

Yes Not tested 4 Yes Yes Yes Yes No Yes No

6 57 Female 2 Sigmoid colon Multiple 
metastases

No Wild-type 3 Yes Yes Yes Yes Yes No No

7 48 Female 3 Liver curvature of the 
transverse colon

Multiple 
metastases

Yes Not tested 3 Yes Yes Yes Yes No No No

8 61 Female 2 Rectum Pelvic 
metastases

No KRAS mutation 3 Yes Yes Yes Yes No No No

9 65 Female 1 Rectum Ovary 
metastases

No Wild-type 4 Yes Yes Yes Yes Yes Yes No

10 65 Female 0 Ascending colon Lung metastases No Not tested 3 Yes Yes Yes Yes No No No

11 56 Female 2 Left half of the colon Ovary 
metastases

No Wild-type 3 Yes Yes Yes Yes Yes No No

12 27 Male 0 Sigmoid colon Pelvic 
metastases

No Wild-type 4 Yes Yes Yes Yes Yes Yes Yes

13 58 Male 1 Sigmoid colon Liver metastases Yes Not tested 3 Yes Yes Yes Yes No No No

14 70 Female 1 Rectum Lung metastases No Not tested 4 Yes Yes Yes Yes No No No

15 54 Male 1 Ascending colon Multiple 
metastases

Yes KRAS mutation 3 Yes Yes Yes Yes No No No

16 55 Male 1 Rectum Multiple 
metastases

Yes NRAS mutation 4 Yes Yes Yes Yes No Yes No

17 48 Female 0 Rectum Multiple 
metastases

Yes Wild-type 3 Yes Yes Yes Yes Yes No No

Multiple 18 55 Male 1 Rectum Yes Wild-type 3 Yes Yes Yes Yes Yes No No
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metastases

19 64 Male 2 Rectum Multiple 
metastases

Yes KRAS mutation 3 Yes Yes Yes Yes No No No

20 58 Female 0 Ascending colon Multiple 
metastases

Yes Wild-type 3 Yes Yes Yes Yes Yes No No

21 44 Female 2 Sigmoid colon Multiple 
metastases

Yes Wild-type 3 Yes Yes Yes Yes Yes No No

22 51 Male 1 Rectum Multiple 
metastases

Yes Not tested 4 Yes Yes Yes Yes No Yes No

23 56 Male 1 Rectum Lung metastases No Not tested 4 Yes Yes Yes Yes No No No

24 61 Male 2 Rectum Multiple 
metastases

Yes Not tested 4 Yes Yes Yes Yes No No No

25 73 Male 0 Rectum Multiple 
metastases

Yes (radiofre-
quency)

Wild-type 3 Yes Yes Yes Yes Yes No No

26 61 Male 1 Rectum Multiple 
metastases

Yes Wild-type 4 Yes Yes Yes Yes Yes Yes No

27 58 Male 2 Sigmoid colon Multiple 
metastases

No KRAS mutation 3 Yes Yes Yes Yes No No No

28 57 Female 1 Sigmoid colon Liver metastases Yes 
(hepatectomy)

KRAS mutation 3 Yes Yes Yes Yes No No No

29 67 Male 2 Rectum Liver metastases Yes Not tested 3 Yes Yes Yes Yes No No No

30 61 Male 1 Sigmoid colon Peritoneal 
metastasis

No Wide-type 3 Yes Yes Yes Yes Yes No No

ECOG PS: Eastern Cooperative Oncology Group performance status.

and radiofrequency ablation. The median PFS was 2.8 mo (95%CI: 0.8-4.7 mo) for the 18 patients with 
liver metastases and 3.5 mo (95%CI: 3.0-4.0 mo) for the 12 patients without liver metastases, with no 
significant difference (P = 0.17) (Figure 1C). The median PFS of the 19 patients treated with previous 
regorafenib treatment was 2.8 mo (95%CI: 1.0-4.6 mo), while the median PFS of the 11 patients naïve to 
regorafenib was 3.4 mo (95%CI: 2.8-4.0 mo); the difference was not statistically significant (P = 0.55) 
(Figure 1D). The median PFS was not significantly different between the patients with or without RAS 
mutation (P = 0.37). The 4 patients with imported PD-1 inhibitor (nivolumab or pembrolizumab) and 26 
patients with domestic PD-1 inhibitor (sintilimab, toripalimab, camrelizumab, or tislelizumab) did not 
differ in median PFS (P = 0.31). At the time of April 15, 2021, the data for OS were still not mature. 
Detailed PFS and OS data can be found in Table 2.
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Table 2 Treatments and outcomes

No. Initial dose of 
regorafenib (mg)

Dose adjustment 
(mg)

PD-1 inhibitor used in 
combination

Number of treatment 
cycles

Best 
response

PFS 
(mo) OS (mo)

1 120 Camrelizumab 16 SD 11.2 12.0

2 80 Tislelizumab 7 SD 5.0 7.0

3 160 160→80 Nivolumab 4 PD 3.4 Not 
reached

4 80 Camrelizumab 4 PD 3.4 4.0

5 80 Tislelizumab 3 SD 2.0 5.0

6 80 Toripalimab 5 SD 3.5 Not 
reached

7 80 Tislelizumab 7 SD 5.0 9.0

8 80 Pembrolizumab 5 PD 3.5 Not 
reached

9 120 Sintilimab 4 SD 2.8 Not 
reached

10 160 160→80 Toripalimab 8 SD 5.6 Not 
reached

11 80 Tislelizumab 2 SD 1.4 Not 
reached

12 160 Toripalimab 4 SD 2.8 Not 
reached

13 120 Nivolumab 6 SD 4.2 Not 
reached

14 80 Toripalimab 5 SD 3.5 Not 
reached

15 120 Sintilimab 6 SD 3.5 Not 
reached

16 80 Nivolumab 15 SD 10.5 Not 
reached

17 160 160→80 Sintilimab 4 PD 2.8 Not 
reached

18 80 Camrelizumab 5 PD 3.5 Not 
reached

19 80 Toripalimab 2 SD 1.4 Not 
reached

20 120 Camrelizumab 4 PD 3.4 7.0

21 80 Toripalimab 2 PD 1.4 Not 
reached

22 120 Camrelizumab 1 SD 0.7 12.0

23 80 Sintilimab 2 PD 1.4 10.0

24 80 Toripalimab 9 SD 6.3 11.0

25 120 120→80 Sintilimab 2 PD 1.4 Not 
reached

26 80 Sintilimab 3 SD 2.1 10.0

27 80 Toripalimab 6 SD 4.2 Not 
reached

28 120 Sintilimab 2 PD 1.4 Not 
reached

29 80 Sintilimab 1 PD 0.7 not 
reached

Not 30 80 Sintilimab 2 PD 1.4
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reached

OS: Overall survival; PD: Progressive disease; PFS: Progression-free survival; SD: Stable disease; PD-1: Programmed cell death-1.

Figure 1 Kaplan-Meier survival curves. A: Progression-free survival (PFS) of 30 patients; B: Overall survival of the whole cohort; C: PFS according to the 
patients with or without liver metastasis (P > 0.05); D: PFS according to previous exposure to regorafenib or not (P > 0.05). PFS: Progression-free survival; OS: 
Overall survival.

Safety profile
Of the 30 patients, treatment-related adverse events (TRAEs) occurred in 17 patients (56.7%). The major 
TRAEs included hand-foot syndrome (33.3%), hypertension (23.3%), malaise (20.0%), and 
gastrointestinal reaction (16.7%). The other TRAEs included transaminase elevation (13.3%), diarrhea 
(10.0%), abnormal capillary proliferation (6.7%), thrombocytopenia (6.7%), hypothyroidism (6.7%), 
proteinuria (6.7%), rash (6.7%), anemia (3.3%), myocardial enzyme elevation (3.3%), and oral mucositis 
(3.3%). The incidence of grade 3 TRAEs was 13.3% (4/30), which comprised abnormal capillary prolif-
eration (n = 1), transaminase elevation (n = 1), and hand-foot syndrome (n = 2). No grade 4 or higher 
toxicity was observed. For patients treated with different initial doses of regorafenib, more grade 3 
TRAEs were observed in the 160 mg group. Specifically, 3 of the 4 patients treated with an initial dose of 
regorafenib of 160 mg had grade 3 TRAEs, including grade 3 hand-foot syndrome in 2 patients and 
grade 3 abnormal capillary proliferation in 1 patient. For all 3 patients, the dose of regorafenib was 
reduced to 80 mg. In the 8 patients treated with an initial dose of regorafenib of 120 mg, 1 patient had 
grade 3 transaminase elevation. For this patient, regorafenib and PD-1 inhibitor were discontinued until 
the transaminase levels returned to normal. Subsequently, the regorafenib dose was reduced to 80 mg to 
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treat the patient combined with a PD-1 inhibitor. All 18 patients in the 80 mg group had good tolerance; 
they could tolerate the therapy after symptomatic treatment until PD. Table 3 lists the details of the 
TRAEs.

Relationship between PLR and treatment response
The NLR and PLR of the 30 patients were calculated, and the ROC curves were plotted. The area under 
the ROC curve (AUC) of NLR was 0.533, which could not effectively predict the treatment efficacy 
(Figure 2A). The AUC of PLR was 0.774, the maximum Youden index was 0.549, the corresponding 
cutoff value of PLR was 118, and the sensitivity and specificity were 85.7% and 69.2%, respectively 
(Figure 2B).

The median PLR was 151.1 (96.0-211.8). The PLR values differed significantly between the SD and PD 
groups (P = 0.047) (Figure 3A). Subsequently, the patients were divided into the PLR < 118 group (low-
PLR group, n = 11) and PLR ≥ 118 group (high-PLR group, n = 19) according to the cutoff value. The 
median PFS in the low-PLR group was 4.2 mo (95%CI: 3.5-4.9 mo), compared with 2.8 mo (95%CI: 1.4-
4.2 mo) in the high-PLR group (P = 0.005) (Figure 3B). The PLR may be an indicator to predict patient 
response and selected those who with longer PFS to regorafenib combined with PD-1 inhibitor. For the 
12 patients with PD, the CEA increased after one and two cycles of treatment (Figure 4A). For the 18 
patients in the SD group, the CEA in 1 patient increased transiently with a low amplitude after the first 
treatment cycle (higher than the normal range). In contrast, after the second treatment cycle, the CEA in 
all the patients was stable or decreased compared with before treatment (Figure 4B). The PLR in 3 
patients decreased slightly after the first treatment cycle, while the PLR in 11 patients increased after 
two treatment cycles (Figure 4C). Still, the PLR level in 5 patients increased slightly after the first 
treatment cycle (higher than the cutoff value). The PLR in 1 patient still increased after the second 
treatment cycle (Figure 4D). The sensitivity of PLR was slightly lower than that of CEA for predicting 
treatment response.

DISCUSSION
This study aimed to investigate the benefits of regorafenib combined with a PD-1 inhibitor in treating 
MSS mCRC and explore indicators predicting treatment response and prognosis. Treatment using 
regorafenib combined with PD-1 inhibitor could lead to a longer PFS in some patients with MSS mCRC 
with failure to standard treatment. Our study also analyzed and compared the PLR of the patients in 
different treatment cycles with the corresponding CEA levels and explored the possible predictive value 
of PLR for predicting the response to treatment.

Recently, many studies on combination therapy with immunotherapy were performed to improve the 
immune responses and clinical efficacies on malignant tumors[26,27]. Still, studies on immunotherapy 
combined with vascular endothelial growth factor (VEGF) inhibitors have not shown significant 
improvements in PFS or OS[28,29]. Combination therapy using regorafenib and PD-1 inhibitors has 
already shown synergistic effects in mouse models[15,30]. In addition, the REGONIVO trial in Japan 
reported that the response rate was 36%, and the median PFS was 7.9 mo in 25 patients with mCRC 
(including one with microsatellite instablility-high mCRC) treated with regorafenib plus nivolumab
[14]. On the other hand, a retrospective study in the United States did not replicate the findings of the 
REGONIVO study[15]. Specifically, the clinical responses of the patients were relatively poor; the rate of 
disease progression was as high as 69%, and the rate of SD was only 31%, without PR or CR[15]. A 
retrospective study in Shandong, China analyzed the data of 23 patients; SD was found in 18 patients, 
and the DCR was 78.3%; PD was found in 5 patients, and the PD rate was 21.7%[16]. In the present 
study, the data of 30 patients were retrospectively analyzed, making it the largest study to date. Of these 
patients, 18 had SD during the treatment, and the DCR was 60.0%, which was substantially higher than 
the 31% reported by the American study[15]. The median PFS was 3.4 mo in this study, which was not 
as outstanding as in the REGONIVO study (7.9 mo) but was longer than the 2.0 mo reported by the 
American study and comparable with the 3.1 mo reported by the Shandong study. The PFS in 2 patients 
was longer than 10 mo and was 11.2 mo for the patient with the longest PFS.

The differences between the findings of this study and those of the American study could be due to 
the following reasons. First, 77.8% of the patients included in the American study had baseline liver 
metastases. Second, only 4 Asian patients were included in the American study, and patients of different 
ethnicities could respond differently to the treatment. Liver metastasis was considered an important 
factor influencing the study results. As an immune-tolerant organ, the liver is related to high 
percentages of immune suppressor cells[31]. The immune tolerance of the liver is used by primary 
hepatocellular carcinoma and liver metastases to inhibit the anti-tumor immune responses and decrease 
the efficacy of treatments using immune checkpoint inhibitors[32]. In addition, several studies 
demonstrated that liver metastases could also exert systemic immunosuppression effects in patients 
with cancer, which consequently inhibited the intra- and extrahepatic immune responses[33,34]. A 
promising method to overcome the inherent immune escape of liver tumors is the combination therapy 
of liver cancer using anti-VEGF drugs and immune checkpoint inhibitors, as the anti-VEGF drugs could 
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Table 3 Treatment-related adverse event

Adverse event Number of patients (n = 30), n (%)

Any grade Grade 1-2 Grade 3

Any event 17 (56.7) 13 (43.3) 4 (13.3)

Hand-foot syndrome 10 (33.3) 8 (26.7) 2 (6.7)

Hypertension 7 (23.3) 7 (23.3) 0

Malaise 6 (20.0) 6 (20.0) 0

Gastrointestinal reaction 5 (16.7) 5 (16.7) 0

Transaminase elevation 4 (13.3) 3 (10.0) 1 (3.3)

Diarrhea 3 (10.0) 3 (10.0) 0

Abnormal capillary proliferation 2 (6.7) 1 (3.3) 1 (3.3)

Hypothyroidism 2 (6.7) 2 (6.7) 0

Proteinuria 2 (6.7) 2 (6.7) 0

Rash 2 (6.7) 2 (6.7) 0

Thrombocytopenia 2 (6.7) 2 (6.7) 0

Anemia 1 (3.3) 1 (3.3) 0

Myocardial enzyme elevation 1 (3.3) 1 (3.3) 0

Oral mucositis 1 (3.3) 1 (3.3) 0

Leukopenia/neutropenia 0 0 0

Figure 2 Receiver operating characteristics curves. A: The receiver operating characteristics curves of neutrophil-to-lymphocyte ratio; B: The receiver 
operating characteristics curves of platelet-to-lymphocyte ratio. NLR: Platelet -to-lymphocyte ratio; PLR: Neutrophil-to-lymphocyte ratio; ROC: Receiver operating 
characteristics.

reverse the VEGF-mediated immune suppression, promote T-cell infiltration of tumor microenvir-
onment, and consequently enhance the treatment effects of ICIs[35]. The multicenter study in Shandong
[25] and the REGONIVO study[14] included 56.5% and 52.0% of patients with liver metastases, 
respectively, while this frequency was 77.8% in the American study. The present study included 60% of 
patients with liver metastases. The relatively encouraging findings of the REGONIVO study could be 
related to the good ECOG PS of the patients, while the failure of the American study could be directly 
related to the high percentage of patients with liver metastases. In the present study, the ECOG PS and 
the percentage of liver metastases were more evenly distributed. Moreover, the number of patients with 
each domestic PD-1 inhibitor was limited in our study. Due to the national conditions and patients’ 
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Figure 3 Relationship between platelet-to-lymphocyte ratio and treatment response. A: Difference in platelet-to-lymphocyte ratio according to stable 
disease and progressive disease; B: Progression-free survival according to the platelet-to-lymphocyte ratio (P < 0.05). PLR: Platelet-to-lymphocyte ratio; PFS: 
Progression-free survival; SD: Stable disease; PD: Progressive disease.

financial burden, the number of patients who received nivolumab (n = 3) or pembrolizumab (n = 1) was 
also very low. Thus, we analyzed the difference in PFS between patients with imported PD-1 inhibitor 
(nivolumab or pembrolizumab) and those with domestic anti-PD-1 inhibitor (sintilimab, toripalimab, 
camrelizumab, or tislelizumab), which showed no statistical significance. This comforting result was 
also supported by previous clinical trials of domestic PD-1 inhibitors. Thus, the study could provide 
more objective evidence for evaluating the clinical efficacy of this treatment regimen.

In the present study, the doses of regorafenib included 160, 120, and 80 mg. The dose of regorafenib 
in all 4 patients treated with 160 mg was reduced to 80 mg due to grade 3 TRAE, and the regorafenib 
dose in some patients treated with 120 mg was also reduced to 80 mg due to abnormal transaminase 
levels. Regorafenib treatment could be continued at this dose for all patients, suggesting that 80 mg 
could be used as the best dose in the combination therapy for further investigation. Besides nivolumab 
and pembrolizumab used worldwide, four other PD-1 inhibitors common in China were included in 
this study because many patients cannot afford nivolumab and pembrolizumab.

Since the cost of the combination treatment is relatively high, discovering predictive markers for 
treatment efficacy is important to identify the patients who could best benefit from the treatment. The 
findings showed that the specificity of PLR was slightly lower than that of CEA (the PLR of one patient 
with SD still increased slightly after two treatment cycles), while the sensitivity was comparable (the 
trend of changes in most patients conformed to the treatment efficacy after the first treatment cycle). The 
PFS was significantly different between the PLR-low and -high groups, indicating that the PLR was 
negatively correlated to PFS. The findings suggested that the PLR could be used as a reference to predict 
the treatment efficacy and PFS of patients when selecting the combination therapy. An Italian study 
demonstrated that PLR was an independent factor influencing the outcomes of CRC[36]. Moreover, 
patients with high PLR also showed a high expression level of programmed cell death-ligand 1 in 
circulating tumor cells, suggesting that PLR may also be a predictive marker of change in tumor 
immune microenvironment[36]. This may explain why PLR can predict the effectiveness of PD-1 
inhibitor combination therapy but NLR cannot.

This study has limitations. Although we retrospectively included all the patients, only 30 were 
included in this study. The treatment responses of this treatment regimen need to be verified through 
prospective studies with large sample sizes. No multivariable Cox regression model could be 
established due to the relatively small sample size of this study, and the predict value of PLR should be 
further validated.

CONCLUSION
In conclusion, treatment using regorafenib combined with PD-1 inhibitor could lead to a longer PFS in 
some patients with MSS mCRC with failure to standard treatment. The PLR should be examined further 
for its ability to predict response to regorafenib combined with a PD-1 inhibitor. These results could 
help the design of a prospective trial in patients with refractory MSS mCRC.
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Figure 4 Dynamic changes in carcinoembryonic antigen (μg/mL) and platelet-to-lymphocyte ratio after one and two treatment cycles. A: 
Carcinoembryonic antigen (μg/mL) in time in patients with stable disease; B: Carcinoembryonic antigen (μg/mL) in time in patients with progressive disease; C: 
Platelet-to-lymphocyte in time in patients with stable disease; D: Platelet-to-lymphocyte in time in patients with progressive disease. PLR: Platelet-to-lymphocyte ratio; 
SD: Stable disease; PD: Progressive disease.

ARTICLE HIGHLIGHTS
Research background
The effectiveness of the combination therapy using regorafenib and programmed cell death-1 (PD-1) 
inhibitors in treating metastatic colorectal cancer (mCRC) in the REGONIVO trial in Japan and a 
retrospective study in the United States are inconsistent.

Research motivation
As the effectiveness of the combination therapy remains controversial, we evaluated the situation and 
data of the combination therapy including the efficacy and safety in our medical centre in order to 
provide more clinical evidence for this treatment.

Research objectives
The objectives of this study were to investigate the tumor response, progression-free survival, overall 
survival, and treatment-related adverse events of the treatment and explore a potential indicators 
predicting response and prognosis.
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Research methods
We identified patients with microsatellite stable (MSS) mCRC treated with regorafenib combined with 
PD-1 inhibitor at Henan Provincial People’s Hospital between December 2018 and December 2020. 
Collected data included age, sex, Eastern Cooperative Oncology Group (ECOG) performance status 
(PS), site of the primary tumor, site of the metastases, MSI/MMR, gene status, lines of treatment, and 
previous treatments. The blood routine examination and CEA results before treatment and after three 
and five cycles of combination therapy were longitudinally analyzed.

Research results
We included 30 patients with MSS mCRC treated with regorafenib combined with PD-1 inhibitor. The 
disease control rate was 60.0%. The median follow-up time was 12.0 mo, and median PFS was 3.4 mo 
[95% confidence interval (CI): 2.2-4.6 mo]. The median PFS in the low-PLR group was 4.2 mo (95%CI: 
3.5-4.9 mo), compared with 2.8 mo (95%CI: 1.4-4.2 mo) in the high-PLR group (P = 0.005). Four (13.3%) 
patients experienced grade 3 TRAE.

Research conclusions
We find that some patients can benefit from the combination therapy even after multi-line therapy and 
adverse events are generally tolerable. The PLR might be a potential indicator to predict patient 
response to this combination therapy.

Research perspectives
This study provides experiences and could help to design a prospective trial for patients with MSS 
mCRC those who failure to standard therapy.
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Abstract
BACKGROUND 
DNA methylation is a part of epigenetic modification, that is closely related to the 
growth and development of colorectal cancer (CRC). Specific methylated genes 
and methylated diagnostic models of tumors have become current research 
focuses. The methylation status of circulating DNA in plasma might serve as a 
potential biomarker for CRC.

AIM 
To investigate genome-wide methylation pattern in early CRC using the Illumina 
Infinium Human Methylation 850K BeadChip.

METHODS 
The 850K Methylation BeadChip was used to analyze the genome-wide 
methylation status of early CRC patients (n = 5) and colorectal adenoma patients (
n = 5). Gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes 
(KEGG) pathways enrichment analyses were performed on the selected differen-
tially methylated sites to further discover candidate methylation biomarkers in 
plasma.

RESULTS 
A total of 1865 methylated CpG sites with significant differences were detected, 
including 676 hypermethylated sites and 1189 hypomethylated sites. The distri-

https://www.f6publishing.com
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bution of these sites covered from the 1st to 22nd chromosomes and are mainly distributed on the 
gene body and gene promoter region. GO and KEGG enrichment analysis showed that the 
functions of these genes were related to biological regulation, molecular binding, transcription 
factor activity and signal transduction pathway.

CONCLUSION 
The study demonstrated that the Illumina Infinium Human Methylation 850K BeadChip can be 
used to investigate genome-wide methylation status of plasma DNA in early CRC and colorectal 
adenoma patients.

Key Words: Colorectal cancer; DNA methylation; 850K Methylation BeadChip; Plasma; colorectal adenoma

©The Author(s) 2022. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: DNA methylation is associated with the growth and development of colorectal cancer (CRC). 
CRC usually develops from its precancerous lesion, colorectal adenoma. The study demonstrated that the 
Illumina Infinium Human Methylation 850K BeadChip can be used to investigate genome-wide 
methylation status of plasma DNA in early CRC and colorectal adenoma patients.

Citation: Wu YL, Jiang T, Huang W, Wu XY, Zhang PJ, Tian YP. Genome-wide methylation profiling of early 
colorectal cancer using an Illumina Infinium Methylation EPIC BeadChip. World J Gastrointest Oncol 2022; 
14(4): 935-946
URL: https://www.wjgnet.com/1948-5204/full/v14/i4/935.htm
DOI: https://dx.doi.org/10.4251/wjgo.v14.i4.935

INTRODUCTION
Colorectal cancer (CRC) is a common malignancy with high morbidity and mortality. Tumors are highly 
associated with aberrant DNA methylation alterations, which are involved in the regulation of genomic 
function[1]. DNA methylation in promoter regions leads to gene silencing, which plays an important 
role in the development and progression of CRC. The incidence of CRC is insidious, and its early 
manifestation is not obvious, thus, early effective screening is of great significance to reduce morbidity 
and mortality[2]. CRC usually develops from its precancerous lesion, colorectal adenoma. The evolution 
from colorectal adenoma to CRC is associated with hypermethylation of tumor-related genes and 
genome-wide hypomethylation of CpG sites[3,4]. Various histological subtypes of colorectal adenoma 
also have different methylation patterns[5]. Genome-wide methylation profiling of early CRC and 
colorectal adenoma will contribute to the discovery of tumor biomarkers, thus improving the early 
screening rate of CRC.

Circulating tumor DNA (ctDNA), a free DNA released by tumor cells, was found in plasma. The 
genetic alterations between ctDNA and tumor cell DNA were consistent. A variety of tumor-specific 
alterations could be detected through ctDNA, including abnormal methylation[6]. Therefore, the 
detection of ctDNA methylation in plasma can facilitate the cancer diagnosis. Some research had 
studied genomic methylation of CRC in plasma or serum[7-10], but few focused on the ctDNA 
methylation differences between early CRC and colorectal adenoma. The Illumina Infinium Human 
Methylation 850K BeadChip has technical superiority in high-throughput detection for genomic 
methylation status. The 850K chip contains 91% of the 450K chip and 413745 additional sites (a total of 
866895 CpG sites), covering gene promoter regions, gene coding regions, CpG islands and enhancers in 
the ENCODE and FANTOM5 programs[11-13]. The research efficiency has been greatly improved.

In the present study, an Illumina Infinium Human Methylation 850K BeadChip was used to detect 
methylation differences of plasma DNA between CRC patients and colorectal adenoma patients, gene 
ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analyses 
was also performed to investigate the biological functions of differentially methylated sites (DMSs). This 
study aimed to investigate the different methylation pattern in plasma DNA between early CRC and 
colorectal adenoma using the Human Methylation 850K BeadChip.

https://www.wjgnet.com/1948-5204/full/v14/i4/935.htm
https://dx.doi.org/10.4251/wjgo.v14.i4.935
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Table 1 Patient characteristics

Gender Age Group TNM stage

C1 Male 52 CRC (I) I

C2 Male 62 CRC (I) I

C3 Female 62 CRC (I) I

C4 Male 64 CRC (I) I

C5 Female 79 CRC (I) I

A1 Female 69 Adenoma

A2 Male 69 Adenoma

A3 Male 69 Adenoma

A4 Male 49 Adenoma

A5 Male 74 Adenoma

CRC: Colorectal cancer; TNM: Tumor-node-metastasis.

MATERIALS AND METHODS
Patients
In this study, the Human Methylation 850K BeadChip assay included early CRC patients (n = 5) and 
colorectal adenoma patients (n = 5) hospitalized in the Chinese PLA General Hospital from January 2018 
to January 2020 (Table 1). Their ages ranged from 52 to 79 years old, with an average age of 63 years old. 
Inclusion criteria: None of the patients had received any treatment when their peripheral blood samples 
were taken, including surgical resection, radiotherapy, chemotherapy, and targeted therapy; all patients 
who underwent colonoscopy and endoscopic biopsy, which were confirmed as colorectal adenoma 
(without cancerization) by pathology, were included in the adenoma group, which were confirmed as 
CRC by pathology and at stage I according to the American Joint Committee on Cancer tumor-node-
metastasis staging system for CRC, were included in the tumor group; all patients had no other 
malignant tumors or serious diseases. Later clinical follow-up was required for all patients. If the 
postoperative pathological results of the tumor tissue were inconsistent with those of endoscopic 
biopsy, postoperative histopathology prevailed, and cases that did not meet the inclusion criteria were 
excluded. All participants signed written informed consent for the collection of samples and subsequent 
analyses before inclusion.

DNA isolation and bisulfite conversion
Peripheral blood was collected from the veins of patients and centrifuged within 30 min (4℃, 3000 rpm, 
10 min). The plasma was collected and stored at 4℃ for DNA extraction within 3 days, according to the 
instructions of the QIAamp MinElute ccfDNA Mini Kit (QIAGEN, Germany, 55204). The DNA was 
treated with bisulfite to convert cytosine to uracil according to the instructions of the EZ DNA 
Methylation-Gold Kit (Zymo Research, USA, D5001/D5003). Subsequently Qubit ssDNA HS Assay Kit 
(Invitrogen, USA, Q32854) as well as Qubit 3.0 fluorescence quantizer (Thermo Fisher, USA) were used 
for DNA quantitative analysis after bisulfite conversion. The bisulfite-converted DNA was stored at -20
℃ until use.

850K methylation assay and bioinformatic analysis
Genome-wide methylation profiling was perfrormed by Illumina Infinium Human Methylation 850K 
BeadChip (Sinotech Genomics, China), in accordance with Illumina's standard protocol. Bisulfite-
converted DNA was used for alkali denaturation and genomic amplification. Then, the amplified DNA 
was used for hybridization, washing, fluorescent staining, single-base extension and scanning on an 
850K BeadChip. An IScan software analysis system (Illumina, USA) was used for signal acquisition and 
analysis. The data (IDAT files) were mainly analyzed using the ChAMP package in R. We used β values 
(range, 0-1) to represent the DNA methylation level, wAhich were calculated from the intensity ratio of 
the methylated signals to the total (methylated and unmethylated) signals for each site. Then we 
compared the β values of each probe site in the samples between the CRC group and adenoma group, 
calculating the average β value of each site and the difference in β values between groups (Δβ). For 
plasma samples, a CpG site with |Δβ| > 0.1 and a P value < 0.01 was considered as a DMS (Δβ > 0.1 
was considered a hypermethylated site, and Δβ < -0.1 was considered a hypomethylated site). The 
Benjamini and Hochberg method was applied to reduce the false-positive rate[14].
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Table 2 The distribution of differentially methylated sites, (n)

Chromosome DMSs Hypermethylated Hypomethylated

chr1 162 62 100

chr2 158 53 105

chr3 104 35 69

chr4 83 22 61

chr5 112 35 77

chr6 112 25 87

chr7 115 55 60

chr8 89 27 62

chr9 79 33 46

chr10 91 29 62

chr11 104 42 62

chr12 105 41 64

chr13 53 18 35

chr14 50 22 28

chr15 58 22 36

chr16 72 34 38

chr17 76 35 41

chr18 38 13 25

chr19 88 33 55

chr20 60 22 38

chr21 25 7 18

chr22 31 11 20

DMSs: Differentially methylated sites.

We also conducted GO and KEGG enrichment analyses for DMSs using the R package. In the 
functional enrichment analysis, the P values represented the likelihood that the gene associated with the 
GO term would be enriched in the input gene list, and a P value less than 0.05 was considered 
significant.

RESULTS
Genome-wide detection of methylation in CRC plasma by the 850K methylation BeadChip
The 850K methylation BeadChip included a total of 866895 CpG sites, screening out 1865 differentially 
methylated CpG sites between CRC and adenoma plasma samples (|Δβ| > 0.1, P < 0.01), including 676 
hypermethylation sites and 1189 hypomethylation sites (Figure 1). These DMSs were widely distributed 
on all chromosomes, among which, chromosomes 1 and 2 had the most sites and chromosomes 21 and 
22 had the least sites (Table 2). Figure 2A and B shows the distribution of DMSs on the chromosomes of 
the genome. There were also differences in the distribution of the gene structure elements, mainly in the 
gene body (64.1%) and gene promoter region (32.7%, including TSS1500, TSS200, 5'UTR, and 1stExon). 
The distribution of DMSs in and around CpG islands was also different, mainly in the CpG Shore 
(53.7%) and CpG Island regions (20.3%) (Figure 3A and B).

GO enrichment analysis
GO enrichment analysis including the biological process, cellular component, and molecular function 
categories, was performed. A P value of < 0.05 was considered statistically significant. After GO 
enrichment analysis of the selected DMSs, 783 GO functional annotations were obtained, including 571 
terms of biological processes, 107 terms of cell components and 105 terms of molecular functions. These 
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Figure 1 The heatmap and volcano of the differentially methylated sites. A: Adenoma group; B: Delta β data. Ca: Cancer group.

GO functional terms indicated that DMSs in CRC cover a variety of functional communities. In terms of 
biological process, differentially expressed genes were mainly enriched in biological regulation, cellular 
process, metabolic process, regulation of biological process, and single organism process. The cell 
component analysis showed that molecules distributed in the extracellular region, cell membrane, 
organelle and synapse were significantly enriched. At the molecular level, functional enrichment 
annotation showed that the highly enriched genes were associated with molecular binding, catalytic 
activity and signaling pathways (Figure 4A). The bubble diagram in Figure 4B shows the top 30 GO 
terms with the most significant enrichment effect. Significantly enriched biological processes included 
gamma−aminobutyric acid depletion and transport and cerebellar Purkinje cell layer development. 
Significantly enriched cellular components included the filopodium tip and apical cortex. Significantly 
enriched molecular functions included microfilament motor activity, ephrin receptor activity and 
phosphatidylinositol phospholipase C and sphingolipid binding (Figure 4B).

KEGG pathway enrichment analysis
KEGG pathways were divided into cellular processes, environmental information processing, genetic 
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Figure 2 The distribution of differentially methylated sites. A: Examples of the distribution of differentially methylated sites (DMSs) on chromosome 1, 2, 
and 3. The orange and blue dots represent the CpGs which are Δβ > 0 and Δβ < 0 respectively, the green peak represents the density of probes; B: Schematic 
map of the genomic DMSs, where red and blue represent the CpGs which are Δβ > 0 and Δβ < 0 respectively.

information processing, human disease metabolism, metabolism, and organismal systems. KEGG 
annotation results of DMSs were classified according to the above six pathways (Figure 5A). A total of 
26 KEGG signaling pathways were significantly enriched, which are shown in the bubble diagram 
(Figure 5B). KEGG analysis showed that DMSs were involved in various cellular pathways in CRC. 
Significantly enriched pathways included long-term depression, calcium signaling pathway, synapse 
related pathway, Rap1 signaling pathway, PI3K-Akt signaling pathway and MAPK signaling pathway.
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Figure 3 Distribution of differentially methylated sites. A: Distribution of differentially methylated sites (DMSs) in gene structural elements; B: Distribution 
of DMSs in and around CpG island.

DISCUSSION
Cancer is associated with a series of abnormal alterations in genetics and epigenetics. Mutations or 
epigenetic alterations in key pathways involved in cell growth and division may induce the occurrence 
of tumors[15]. Aberrant methylation modifications in the colon can be observed in early premalignant 
lesions such as adenoma and normal mucosa of para-carcinoma tissue[16]. And DNA methylation is an 
important epigenetic alteration that leads to silencing of the expression of tumor-related genes, and 
many abnormal methylations have been found in the genomic DNA of tumor cells, which are also 
reflected in plasma ctDNA. Therefore, the detection of ctDNA in plasma is becoming a new method of 
cancer diagnosis and monitoring[9]. Current ctDNA detection techniques based on gene mutations 
mainly rely on the number of tumor-derived DNA molecules in the sample, the number of mutated 
cancer cells, the concentration fraction of ctDNA and the sensitivity of analysis[17]. Using methylation 
patterns to detect ctDNA in plasma has advantages over mutation-based tests. Epigenetic modifications 
are more consistent in tumor cells than genetic mutations[18]. Therefore, early CRC can be diagnosed by 
detecting the methylation pattern of ctDNA.

The detecting DNA for 850K Methylation BeadChip is first treated with bisulfite to convert 
methylation differences into differences in bases. The Illumina Infinium Human Methylation 850K 
BeadChip has two detection methods (Infinium I and Infinium II). Infinium I has two specific probes for 
the bisulfite-converted DNA sequence. The M-type magnetic beads match the methylated sites, and the 
U-type magnetic beads match the unmethylated sites. Infinium II had only one probe, and only one base 
is added for single nucleotide extension after pairing. Different bases are added for methylated and 
unmethylated sequences, producing different fluorescence signals, and the level of methylation is 
calculated according to the signal ratio[11,19].

This study used an Illumina Infinium Human Methylation 850K BeadChip to detect and analyze the 
genome-wide methylation status of 5 early CRC patients and 5 cases of adenoma. According to the 
research findings, there were 1865 DMSs, including 676 hypermethylated sites and 1189 hypome-
thylated sites. The distribution of these methylated sites in the chromosomes, gene structural elements, 
CpG islands and their surrounding regions were all different. Then GO and KEGG enrichment analyses 
were performed on the differentially methylated genes. GO and KEGG functional annotation indicated 
that differentially methylated genes in CRC cover a variety of different functional aspects and 
participate in multiple biological pathways. Examples are Calcium signaling pathway, Rap1 signaling 
pathway, PI3K-Akt signaling pathway, MAPK signaling pathway, cell adhesion pathway and metabolic 
pathway, are all important biological pathways in tumor research[20-23]. These results indicated that 
multiple signaling pathways might be simultaneously regulated by DNA methylation in the 
progression of colorectal adenoma to early CRC. The limitation of this study is the small sample size 
due to the high cost. Due to the low content of plasma DNA, there was basically no residual after the 
chip detection, so we had not conducted other studies for verification. This project used an 850K 
Methylation chip to detect more than 850000 sites with low initial detecting DNA content, suitable for 
the methylation screening of trace DNA. Compared with other methylation chips, its detection flux had 
a qualitative improvement. And compared with the next generation whole-genome methylation 
sequencing technology, it solved the contradiction that the initial DNA content of sequencing 
technology is high (3-5 μg) while the plasma DNA content is very low[24]. Previously, the 850K 
methylation chip detection for CRC mostly used tissue or mucosal samples[25], so the sampling method 
is invasive and might cause tumor heterogeneity due to sampling deviation. In this study, plasma 
samples from patients with CRC and adenoma were used for genome-wide methylation analysis to 
screen for differentially methylated sites. Non-invasive samples were obtained from peripheral blood of 
patients. Therefore, this novel technology can be used as an effective tool for screening plasma DNA 
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Figure 4 Gene ontology analysis. A: Gene ontology (GO) function distribution of differentially methylated sites; B: Bubble diagram of GO enrichment results. 
GO: Gene ontology; BP: Biological process; CC: Cellular component; MF: Molecular function.

methylation sites.

CONCLUSION
This study showed that the Illumina Infinium Human Methylation 850K BeadChip can be used to 
investigate genome-wide methylation pattern of plasma DNA in tumors for the discovery of 
biomarkers. The limitations of this study are the sample size and the deficiency of verification. Further 
researches are needed on how to reduce the amount of initial DNA for the chip, and how to apply the 
selected biomarkers to cancer diagnosis.
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Figure 5 Kyoto Encyclopedia of Genes and Genomes analysis. A: Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway classification map; B: 
Bubble diagram of KEGG enrichment pathways. KEGG: Kyoto Encyclopedia of Genes and Genomes.
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ARTICLE HIGHLIGHTS
Research background
DNA methylation is closely related to the growth and development of colorectal cancer (CRC). 
Circulating tumor DNA (ctDNA) in plasma also has tumor-specific methylation patterns, the 
methylation status of ctDNA might serve as a potential biomarker.

Research motivation
In this study, we investigated the different methylation pattern between early CRC and colorectal 
adenoma.

Research objectives
This study aimed to analyze the genomic methylation status of CRC and discover potential methylated 
biomarkers for CRC diagnosis by Illumina Infinium Human Methylation 850K BeadChip.

Research methods
We used 850K Methylation BeadChip and enrichment analysis to select the differentially methylated 
sites of early CRC patients (n = 5) and colorectal adenoma patients (n = 5). Then, the gene ontology (GO) 
and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis was performed.

Research results
We found 1865 methylated sites with significant differences (676 hypermethylated sites and 1189 
hypomethylated sites). The distribution of these sites covered from the 1st to 22nd chromosomes and are 
mainly distributed on the gene body and gene promoter region. GO and KEGG enrichment analysis 
identified that the functions of these genes were related to biological regulation, molecular binding, 
transcription factor activity and signal transduction pathway.

Research conclusions
The Illumina Infinium Human Methylation 850K BeadChip can be used to investigate genome-wide 
methylation status of plasma DNA to select potential methylated biomarkers for CRC diagnosis.

Research perspectives
Genome-wide methylation analysis of early CRC and screening of biomarkers by 850K Methylation 
BeadChip provided a new possibility for early diagnosis of CRC.
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