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Abstract

The efficacy of pelvic radiation in the management of locally advanced stage
rectal cancer has come under scrutiny in the context of modern precision medicine
and systemic therapy as evidenced by recent clinical trials such as FOWARC (]
Clin Oncol 2019; 37: 3223-3233), NCT04165772 (N Engl ] Med 2022; 386: 2363-2376),
and PROSPECT (N Engl ] Med 2023; 389: 322-334). In this review, we compre-
hensively assess these pivotal trials and offer additional insights into the evolving
role of pelvic radiation in contemporary oncology.

Key Words: Radiotherapy; Locally advanced stage rectal cancer; Precision medicine;
Systemic therapy; Clinical trial
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Core Tip: Neoadjuvant systemic therapy alone without radiation represents a viable option for locally advanced rectal cancer
patients, particularly when organ preservation is not a priority. Nevertheless, it is crucial to engage in multidisciplinary
discussions, especially considering the limited long-term experience.

Citation: Ke TW, Liao YM, Chang SC, Lin CH, Chen WTL, Liang JA, Chien CR. Re-evaluating the role of pelvic radiation in the age
of modern precision medicine and systemic therapy. World J Clin Oncol 2024; 15(1): 1-4

URL: https://www.wjgnet.com/2218-4333/full/v15/il/1.htm

DOI: https://dx.doi.org/10.5306/wjco.v15.i1.1

INTRODUCTION

Pelvic radiation has traditionally played an essential role in neoadjuvant therapy for locally advanced rectal cancer
(LARC) in the past, either as neoadjuvant concurrent chemoradiotherapy (nCCRT) or neoadjuvant short course
radiotherapy (nSCRT)[1-3]. However, its efficacy has come under scrutiny in the context of modern precision medicine
and systemic therapy as evidenced by recent clinical trials[4-6] and a systematic review[7]. Consequently, the use of
neoadjuvant systemic therapy alone without radiation has emerged as one of the alternatives in contemporary guidelines
for patients with certain genetic mutations who achieved a complete clinical response after immunotherapy or patients
with a good response (> 20%) after chemotherapy[8]. In addition, patients with high-risk features such as threatened
mesorectal fascia, N2 stage, or extramural vascular invasion were not good candidates for the use of chemotherapy
without radiation[6,8].

MAIN BODY

In this editorial, we have summarized select relevant trials in Table 1[4-6,9,10], which provide the rationale for employing
neoadjuvant systemic therapy alone without radiation in specific LARC cases. However, we would like to highlight two
additional considerations regarding the omission of pelvic radiation for LARC.

Table 1 Key characteristic of trials investigating neoadjuvant systemic therapy alone without radiation in locally advanced rectal cancer

: Comparator Local
Study ID Design LARC Study group P mFU  pCR (%) 0 0S (%)
group(s) control (%)
FOWARC[4] NCT01211210 Phase3  Suitable for curative FOLFOX CCRT 452  6.5vs (14 or 3-year LRR 3-year 90.7 vs
resection 27.5); P 83wvs(B8or7); (91.3or89.1);
0.05 P=0.873 P=0.971
PROSPECT  NCT01515787 Phase3  T2N1, T3NO, T3N1 FOLFOX CCRT 58 219 vs 24.3; 5-year LR 5-year 89.5 vs
[6] Pvalue NA 1.8% vs1.6%; 90.2; P value
Pvalue >0.05 >0.05
GRECCAR4 NCT01333709 Phase2  T3d with predictive FOLFIRINOX CCRT 657 (100r13.5) NA 5-year (90 or
[9] RCT CRM 1mm vs (58 or 84.3) vs (93.3
20); P value or 86.1); P
NA value > 0.05
CONVERT NCT02288195 Phase 3 cT2N+ or ¢T3-4Nany  CAPOX CCRT NA 11vs13.8;, NA NA
[10] uninvolved P=0.33
mesorectal fascia
19-288[5] NCT04165772 Phase2  Mismatch Dostarlimab NA NA NA 100 100

repair-deficient

LARC: Locally advanced rectal cancer; LR: Local recurrence; LRR: Locoregional recurrence; mFU: Median follow up (in months); pCR: Pathological
complete response; OS: Overall survival; CCRT: Concurrent chemoradiotherapy; CRM: Circumferential resection margin; NA: Not available; RCT:

Randomized controlled trial.

First, it is imperative to await long-term follow-up results from the aforementioned studies. For instance, the initial
publication of the RAPIDO trial reported no statistically significant difference in locoregional failure between nSCRT
followed by chemotherapy and nCCRT (P = 0.12)[11]. However, the disparity in locoregional failure became more
pronounced with borderline statistical significance after extended follow-up (P = 0.07)[12]. This finding has led to nSCRT
being less favored by certain experts[13] and in the current guidelines[8]. It is worth noting that the biological equivalent
dose in radiotherapy of nCCRT is higher than that of nSCRT [EQD2(10) 50 Gy vs 37.5 Gy][14].
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Second, one of the potential objectives in modern LARC management is organ preservation, for which nCCRT in the
context of total neoadjuvant therapy has shown great promise[15,16]. Therefore, when sphincter or organ preservation is
the goal, concerns may arise about the suitability of neoadjuvant systemic therapy alone without radiation[13].

CONCLUSION

In summary, neoadjuvant systemic therapy alone without radiation represents a viable option for LARC patients, partic-
ularly when organ preservation is not a priority. Nevertheless, it is crucial to engage in multidisciplinary discussions,
especially considering the limited long-term experience. We eagerly anticipate the results of ongoing trials, such as
NCT04495088 and NCT04749108, which will provide further insights into this evolving treatment approach.
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Abstract

In this editorial we comment on the article by Chen et al published in the recent
issue of the World Journal of Clinical Oncology. Brain metastasis is one of the most
serious complications of breast cancer and causes high morbidity and mortality.
Brain metastases may involve the brain parenchyma and/or leptomeninges.
Symptomatic brain metastases develop in 10%-16% of newly recognized cases
each year, and this rate increases to 30% in autopsy series. Depending on the size
of the metastatic foci, it may be accompanied by extensive vasogenic edema or
may occur as small tumor foci. Since brain metastases are a significant cause of
morbidity and mortality, early diagnosis can have significant effects on survival
and quality of life. The risk of developing brain metastases emerges progressively
due to various patient and tumor characteristics. Patient variability may be partic-
ularly important in the susceptibility and distribution of brain metastases because
malignant blood must cross the brain barrier and move within the brain paren-
chyma. Some characteristics of the tumor, such as gene expression, may increase
the risk of brain metastasis. Clinical growth, tumor stage, tumor grade, growth
receptor positivity, HER2 positivity, molecular subtype (such as triple negative
status, luminal/nonluminal feature) increase the risk of developing breast cancer
metastasis. Factors related to survival due to breast cancer brain metastasis inc-
lude both tumor/patient characteristics and treatment characteristics, such as
patient age, lung metastasis, surgery for brain metastasis, and HER?2 positivity. If
cases with a high risk of developing brain metastasis can be identified with the
help of clinical procedures and artificial intelligence, survival and quality of life
can be increased with early diagnosis and treatment. At the same time, it is
important to predict the formation of this group in order to develop new treat-
ment methods in cases with low survival expectancy with brain metastases.

Key Words: Breast cancer; Brain metastasis; Prognosis; Artificial intelligence;
Clinicopathological features
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Core Tip: Breast cancer is still the most common cancer in women. Breast cancer is the second most common cancer causing
brain metastasis. In breast cancer, the first metastasis occurs to the brain with a rate of 12%. In recent years, the prognosis of
breast cancer-related brain metastases has improved, and survival and the patient's quality of life have increased, thanks to
both changes in medical treatments and technological advances in radiotherapy. For this reason, early diagnosis of cases is
very important. At the same time, survival is not the same in every case of brain metastasis. Identifying cases with low
survival seems to be very important in paving the way for studies to change treatment strategies.

Citation: Yakar M, Etiz D. Prognostic factors of breast cancer brain metastasis. World J Clin Oncol 2024; 15(1): 5-8
URL: https://www.wjgnet.com/2218-4333/full/v15/i1/5.htm
DOI: https://dx.doi.org/10.5306/wjco.v15.i1.5

INTRODUCTION

Breast cancer is the most common cancer in women regardless of race and ethnicity. 30% of newly diagnosed patients
have breast cancer, and 15% of cancer deaths are caused by breast cancer[1]. While symptomatic brain metastases develop
in 10%-16% of newly diagnosed breast cancer patients each year, this rate is 30% in autopsy series[2,3]. In cases diagnosed
with breast cancer that develop brain metastases, survival rates may be as low as 2-9 mo despite treatment. Surgical
resection, whole brain radiotherapy, stereotactic radiosurgery (SRS), stereotactic body radiotherapy (SBRT), chemo-
therapy and targeted therapies can improve outcomes in these patients[4,5]. Identifying prognostic factors associated
with breast cancer brain metastasis may help identify patients at risk. According to studies, some characteristics of the
patient and the tumor have been shown to increase the risk of breast cancer. In most breast cancers, brain metastases
occur 2-3 years after initial diagnosis, and only 20% of patients survive after 1 year[6]. After breast cancer develops, some
patient, tumor and treatment characteristics that affect the prognosis regarding survival have been determined in studies.
If the patient's prognosis can be predicted after developing breast cancer, different treatment options may come to the
fore in patients with good prognosis/bad prognosis.

In this editorial we comment on the article by Chen et al[7] published in the recent issue of the World Journal of Clinical
Oncology. Brain metastasis is one of the most serious complications of breast cancer and causes high morbidity and
mortality. Brain metastases may involve the brain parenchyma and/or leptomeninges. Symptomatic brain metastases
develop in 10%-16% of newly recognized cases each year, and this rate increases to 30% in autopsy series. Depending on
the size of the metastatic foci, it may be accompanied by extensive vasogenic edema or may occur as small tumor foci.
Since brain metastases are a significant cause of morbidity and mortality, early diagnosis can have significant effects on
survival and quality of life. The risk of developing brain metastases emerges progressively due to various patient and
tumor characteristics. Patient variability may be particularly important in the susceptibility and distribution of brain
metastases because malignant blood must cross the brain barrier and move within the brain parenchyma. Some character-
istics of the tumor, such as gene expression, may increase the risk of brain metastasis. Clinical growth, tumor stage, tumor
grade, growth receptor positivity, HER2 positivity, molecular subtype (such as triple negative status, luminal/
nonluminal feature) increase the risk of developing breast cancer metastasis. Factors related to survival due to breast
cancer brain metastasis include both tumor/ patient characteristics and treatment characteristics, such as patient age, lung
metastasis, surgery for brain metastasis, and HER?2 positivity. If cases with a high risk of developing brain metastasis can
be identified with the help of clinical procedures and artificial intelligence, survival and quality of life can be increased
with early diagnosis and treatment. At the same time, it is important to predict the formation of this group in order to
develop new treatment methods in cases with low survival expectancy with brain metastases.

PROGNOSTIC FEATURES IN BREAST CANCER BRAIN METASTASIS

When we look at the literature, many prognostic features in breast cancer have been investigated due to the high
incidence of breast cancer. If we look at the prognostic factors related to brain metastasis; We can examine it in two
groups: prognostic factors that increase the risk of developing brain metastasis and prognostic factors that affect survival
after the development of brain metastasis.

Unlike other metastasis sites, brain metastasis is usually observed after a latent period after diagnosis in breast cancer,
and this can be explained by the blood-brain barrier. The blood-brain barrier is a complex structure consisting of
endothelial cells, tight junctions, basement membrane, pericytes, astrocytes, microglia, enzymes and transporters. It
controls the permeability of the brain to macromolecules and is also involved in the transmission of signals and
maintenance of central nervous system homeostasis. For this reason, biological pathways and regulatory molecules
formed across the blood-brain barrier are also very important in preventing brain metastasis due to breast cancer[8]. In
addition to treating patients with brain metastases, preventing brain metastases due to the primary tumor is also an
important clinical goal. Such prevention would require detecting circulating brain-tropic cancer cells before extravasation.
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Liquid biopsy is a potential screening tool for the detection of such cells in circulation[9].

Local therapeutic approaches such as surgery and radiotherapy have proven effective for metastatic brain tumors.
Systemic treatments to control extracranial disease are developing. However, specific treatments targeting brain
metastases in breast cancer patients have not been established, and therefore the prognosis of such patients remains poor.
Identification of the cellular and molecular mechanisms underlying brain metastasis of breast cancer will likely provide a
basis for the prevention or treatment of such diseases. Breast cancer is divided into several subtypes based on the
expression status of human epidermal growth factor receptor 2 (HER2) and estrogen (ER) and progesterone (PR)
receptors by immunohistochemical staining or gene expression profiles. These breast cancer subtypes have been found to
have different gene signatures, rely on different signaling pathways for metastasis, and show different metastatic site
preferences. Patients with HER2-positive breast cancer or triple-negative (HER2—- ER- PR-) breast cancer (TNBC) have a
higher risk of brain metastasis compared with those with the luminal subtype of breast cancer (ER+ or PR+). Therefore,
the frequency of brain metastasis is as high as 20% to 30% in HER2-positive breast cancer and TNBC, but is less than 10%
in luminal breast cancer[10].

In a meta-analysis conducted by Hackshaw et al[11], 25 studies on this subject and 4097 HER-2 positive breast cancer
brain metastasis patients were evaluated. The time between breast cancer diagnosis and the development of brain
metastasis was found to be associated with early age, negative hormone receptors, large tumor size, high tumor grade,
and not receiving anti-HER-2 treatment. When looking at survival due to brain metastasis, having < 3 metastatic lesions
and receiving a local treatment for brain metastasis (SRS, SBRT or surgery) increased survival. At the same time, the
longest survival was observed in those treated with trastuzumab and lapatinib or trastuzumab and pertuzumab.

In a study conducted by Leone et al[12], prognostic factors were examined in 42 patients who developed brain
metastases due to breast cancer and underwent craniotomy. Median survival after brain metastasis develops is 1.33 years.
While the only factor affecting the time from breast cancer diagnosis to brain metastasis development is tumor stage, the
most important factor affecting survival after brain metastasis is age.

In a study conducted by Castanede et al[13] with 215 cases diagnosed with early stage breast cancer, prognostic factors
affecting survival due to brain metastasis were investigated. Prognostic factors were found to be nonluminal status,
presence of extracrainal metastasis, < 15 mo between breast cancer diagnosis and brain metastasis development, presence
of > 3 brain metastasis lesions, and high-grade tumor.

In the literature review by Rostami et al[14]; 106 articles and 14599 patients including breast cancer brain metastasis
cases were evaluated. Factors affecting prognosis are tumor grade and size, presence of multiple metastases, presence of
extracranial metastases, triple negative status, HER2 positivity and Karnofsky score.

Nie et al[15] made prognosis prediction with LASSO Cox regression analysis. According to this analysis, the presence
of lymph node metastasis, molecular subtype, tumor size, history of chemotherapy and radiotherapy, and the presence of
lung metastasis were found to be important variables related to the development of brain metastasis. Li et al[16] made
prognosis prediction in cases of breast cancer brain metastasis using machine learning method. Among the evaluated
algorithms, they reached the highest accuracy rate with the XGBoost model. According to the study, surgery increases
survival in HER2+ and triple-negative cases.

CONCLUSION

Breast cancer is the most common cancer in women, and when autopsy series are included, the rate of brain metastasis
increases up to 30%. If patients with a high risk of brain metastasis due to breast cancer can be identified, the risk of
developing brain metastasis can be reduced and survival can be increased, perhaps with prophylactic brain irradiation, as
in small cell lung cancer. Using artificial intelligence, the risky patient group can be predicted through studies with a
larger number of patients.

In cases with a high risk of developing brain metastasis and a poor prognosis after the diagnosis of brain metastasis,
more effective treatment strategies can be determined if the molecular and cellular mechanisms affecting this can be
revealed.

FOOTNOTES

Author contributions: Yakar M and Etiz D contributed to this paper; Yakar M designed the overall concept and outline of the manuscript;
Etiz D contributed to the discussion and design of the manuscript; Yakar M and Etiz D contributed to the writing, and editing the
manuscript, illustrations, and review of literature.

Conflict-of-interest statement: Authors declare no potential conflict of interests for this article.

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: Turkey

Buissidengs WICO | https:/ /www.wjgnet.com 7 January 24,2024 | Volume15 | Issuel |


https://creativecommons.org/Licenses/by-nc/4.0/

Yakar M et al. Prognostic factors of BC brain metastasis

ORCID number: Melek Yakar 0000-0002-9042-9489; Durmus Etiz 0000-0002-2225-0364.

S-Editor: Liu JH
L-Editor: A
P-Editor: Zhang XD

REFERENCES

10

Miller KD, Jemal A. Cancer statistics, 2020. CA Cancer J Clin 2020; 70: 7-30 [DOI: 10.3322/caac.21637]

Engel J, Eckel R, Aydemir U, Aydemir S, Kerr J, Schlesinger-Raab A, Dirschedl P, Holzel D. Determinants and prognoses of locoregional and
distant progression in breast cancer. /nt J Radiat Oncol Biol Phys 2003; 55: 1186-1195 [PMID: 12654426 DOI:
10.1016/S0360-3016(02)04476-0]

Lin NU, Bellon JR, Winer EP. CNS metastases in breast cancer. J Clin Oncol 2004; 22: 3608-3617 [PMID: 15337811 DOI:
10.1200/JC0O.2004.01.175]

Duchnowska R, Dziadziuszko R, Czartoryska-Artukowicz B, Radecka B, Szostakiewicz B, Sosinska-Mielcarek K, Karpinska A, Starostawska
E, Kubiatowski T, Szczylik C. Risk factors for brain relapse in HER2-positive metastatic breast cancer patients. Breast Cancer Res Treat 2009;
117: 297-303 [PMID: 19130219 DOI: 10.1007/s10549-008-0275-7]

Niwinska A, Pogoda K, Murawska M, Niwinski P. Factors influencing survival in patients with breast cancer and single or solitary brain
metastasis. Eur J Surg Oncol 2011; 37: 635-642 [PMID: 21664097 DOI: 10.1016/j.¢js0.2011.05.002]

Slimane K, Andre F, Delaloge S, Dunant A, Perez A, Grenier J, Massard C, Spielmann M. Risk factors for brain relapse in patients with
metastatic breast cancer. Ann Oncol 2004; 15: 1640-1644 [PMID: 15520065 DOI: 10.1093/annonc/mdh432]

Chen YR, Xu ZX, Jiang LX, Dong ZW, Yu PF, Zhang Z, Gu GL. Analysis of clinicopathological features and prognostic factors of breast
cancer brain metastasis. World J Clin Oncol 2023; 14: 445-458 [PMID: 38059189 DOI: 10.5306/wjco.v14.111.445]

Daneman R, Prat A. The blood-brain barrier. Cold Spring Harb Perspect Biol 2015; 7: a020412 [PMID: 25561720 DOI:
10.1101/cshperspect.a020412]

Boral D, Vishnoi M, Liu HN, Yin W, Sprouse ML, Scamardo A, Hong DS, Tan TZ, Thiery JP, Chang JC, Marchetti D. Molecular
characterization of breast cancer CTCs associated with brain metastasis. Nat Commun 2017; 8: 196 [PMID: 28775303 DOI:
10.1038/s41467-017-00196-1]

Kennecke H, Yerushalmi R, Woods R, Cheang MC, Voduc D, Speers CH, Nielsen TO, Gelmon K. Metastatic behavior of breast cancer
subtypes. J Clin Oncol 2010; 28: 3271-3277 [PMID: 20498394 DOI: 10.1200/JC0.2009.25.9820]

Hackshaw MD, Danysh HE, Henderson M, Wang E, Tu N, Islam Z, Ladner A, Ritchey ME, Salas M. Prognostic factors of brain metastasis
and survival among HER2-positive metastatic breast cancer patients: a systematic literature review. BMC Cancer 2021; 21: 967 [PMID:
34454469 DOLI: 10.1186/s12885-021-08708-5]

Leone JP, Lee AV, Brufsky AM. Prognostic factors and survival of patients with brain metastasis from breast cancer who underwent
craniotomy. Cancer Med 2015; 4: 989-994 [PMID: 25756607 DOI: 10.1002/cam4.439]

Castaneda CA, Flores R, Rojas KY, Castillo M, Dolores-Cerna K, Flores C, Belmar-Lopez C, Milla E, Gomez H. Prognostic factors for
patients with newly diagnosed brain metastasis from breast cancer. CNS Oncol 2015; 4: 137-145 [PMID: 25906174 DOI: 10.2217/cns.15.5]
Rostami R, Mittal S, Rostami P, Tavassoli F, Jabbari B. Brain metastasis in breast cancer: a comprehensive literature review. J Neurooncol
2016; 127: 407-414 [PMID: 26909695 DOI: 10.1007/s11060-016-2075-3]

Nie Y, Ying B, Lu Z, Sun T, Sun G. Predicting survival and prognosis of postoperative breast cancer brain metastasis: a population-based
retrospective analysis. Chin Med J (Engl) 2023; 136: 1699-1707 [PMID: 37257115 DOI: 10.1097/CM9.0000000000002674]

Li C, Liu M, Zhang Y, Wang Y, Li J, Sun S, Liu X, Wu H, Feng C, Yao P, Jia Y, Wei X, Wu F, Du C, Zhao X, Zhang S, Qu J. Novel models
by machine learning to predict prognosis of breast cancer brain metastases. J Trans! Med 2023; 21: 404 [PMID: 37344847 DOI:
10.1186/s12967-023-04277-2]

Buissidengs WICO | https:/ /www.wjgnet.com 8 January 24,2024 | Volume15 | Issuel |


http://orcid.org/0000-0002-9042-9489
http://orcid.org/0000-0002-9042-9489
http://orcid.org/0000-0002-2225-0364
http://orcid.org/0000-0002-2225-0364
https://dx.doi.org/10.3322/caac.21637
http://www.ncbi.nlm.nih.gov/pubmed/12654426
https://dx.doi.org/10.1016/S0360-3016(02)04476-0
http://www.ncbi.nlm.nih.gov/pubmed/15337811
https://dx.doi.org/10.1200/JCO.2004.01.175
http://www.ncbi.nlm.nih.gov/pubmed/19130219
https://dx.doi.org/10.1007/s10549-008-0275-z
http://www.ncbi.nlm.nih.gov/pubmed/21664097
https://dx.doi.org/10.1016/j.ejso.2011.05.002
http://www.ncbi.nlm.nih.gov/pubmed/15520065
https://dx.doi.org/10.1093/annonc/mdh432
http://www.ncbi.nlm.nih.gov/pubmed/38059189
https://dx.doi.org/10.5306/wjco.v14.i11.445
http://www.ncbi.nlm.nih.gov/pubmed/25561720
https://dx.doi.org/10.1101/cshperspect.a020412
http://www.ncbi.nlm.nih.gov/pubmed/28775303
https://dx.doi.org/10.1038/s41467-017-00196-1
http://www.ncbi.nlm.nih.gov/pubmed/20498394
https://dx.doi.org/10.1200/JCO.2009.25.9820
http://www.ncbi.nlm.nih.gov/pubmed/34454469
https://dx.doi.org/10.1186/s12885-021-08708-5
http://www.ncbi.nlm.nih.gov/pubmed/25756607
https://dx.doi.org/10.1002/cam4.439
http://www.ncbi.nlm.nih.gov/pubmed/25906174
https://dx.doi.org/10.2217/cns.15.5
http://www.ncbi.nlm.nih.gov/pubmed/26909695
https://dx.doi.org/10.1007/s11060-016-2075-3
http://www.ncbi.nlm.nih.gov/pubmed/37257115
https://dx.doi.org/10.1097/CM9.0000000000002674
http://www.ncbi.nlm.nih.gov/pubmed/37344847
https://dx.doi.org/10.1186/s12967-023-04277-2

700

Submit a Manuscript: https:/ /www.f6publishing.com

DOI: 10.5306/wijco.v15.i1.9

World Journal of
Clinical Oncology

World | Clin Oncol 2024 January 24; 15(1): 9-22

ISSN 2218-4333 (online)

REVIEW

Inflammatory response in gastrointestinal cancers: Overview of six
transmembrane epithelial antigens of the prostate in
pathophysiology and clinical implications

Ze-Xuan Fang, Wen-Jia Chen, Zheng Wu, Yan-Yu Hou, Yang-Zheng Lan, Hua-Tao Wu, Jing Liu

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): 0
Grade C (Good): C

Grade D (Fair): D

Grade E (Poor): E

P-Reviewer: Gutiérrez-Cuevas J,
Mexico; Tantau Al, Romania

Received: October 27, 2023
Peer-review started: October 27,
2023

First decision: November 11, 2023
Revised: November 24, 2023
Accepted: December 19, 2023
Article in press: December 19, 2023
Published online: January 24, 2024

Jaishideng

, WJCO | https://www.wjgnet.com 9

Ze-Xuan Fang, Wen-Jia Chen, Zheng Wu, Yan-Yu Hou, Yang-Zheng Lan, Jing Liu, The Breast
Center, Cancer Hospital of Shantou University Medical College, Shantou 515041, Guangdong
Province, China

Hua-Tao Wu, Department of General Surgery, First Affiliated Hospital of Shantou University
Medical College, Shantou 515041, Guangdong Province, China

Corresponding author: Jing Liu, MD, PhD, Academic Research, Associate Professor, Research
Scientist, Senior Scientist, The Breast Center, Cancer Hospital of Shantou University Medical
College, No. 22 Xinling Road, Shantou 515041, Guangdong Province, China.
jliul2@stu.edu.cn

Abstract

Chronic inflammation is known to increase the risk of gastrointestinal cancers
(GICs), the common solid tumors worldwide. Precancerous lesions, such as
chronic atrophic inflammation and ulcers, are related to inflammatory responses
in vivo and likely to occur in hyperplasia and tumorigenesis. Unfortunately, due to
the lack of effective therapeutic targets, the prognosis of patients with GICs is still
unsatisfactory. Interestingly, it is found that six transmembrane epithelial
antigens of the prostate (STEAPs), a group of metal reductases, are significantly
associated with the progression of malignancies, playing a crucial role in systemic
metabolic homeostasis and inflammatory responses. The structure and functions
of STEAPs suggest that they are closely related to intracellular oxidative stress,
responding to inflammatory reactions. Under the imbalance status of abnormal
oxidative stress, STEAP members are involved in cell transformation and the
development of GICs by inhibiting or activating inflammatory process. This
review focuses on STEAPs in GICs along with exploring their potential molecular
regulatory mechanisms, with an aim to provide a theoretical basis for diagnosis
and treatment strategies for patients suffering from these types of cancers.

Key Words: Six transmembrane epithelial antigens of the prostate; Gastrointestinal cancer;
Inflammation
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Core Tip: Six transmembrane epithelial antigens of the prostate (STEAPs), a group of metal reductases, are closely related to
intracellular oxidative stress, responding to an inflammatory reaction, while chronic inflammation is known to increase the
risk of gastrointestinal cancers (GICs). This review of STEAPs in GICs provides a theoretical basis for diagnosis and
treatment strategies for patients.
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INTRODUCTION

Gastrointestinal cancers (GICs), such as colorectal cancer (CRC), gastric cancer (GC), and hepatocellular carcinoma
(HCC), are one of the leading causes of cancer-related death worldwide, with many cases and wide lesions. Among them,
CRC is not only the fourth most common malignancy but also the third main cause of cancer-related death in the United
States[1]. GC is the fifth most common cancer and the third leading cause of cancer-related death worldwide[2], while
HCC accounts for 90% of liver cancer with 850000 new cases each year[3]. Although effective colonoscopy and upper
endoscopy screening can detect precancerous polyps and precancerous lesions in the gastrointestinal tract, many patients
have an advanced stage at their first diagnosis and a poor prognosis with current treatment methods[4].

The gastrointestinal tract is exposed to diverse foods and/or drugs daily, which may be related to various degrees of
inflammatory response and kinds of diseases. Chronic inflammation is a well-established risk factor for GICs, which is
also the molecular and pathophysiological basis of gastritis, inflammatory bowel disease (IBD), and upper and lower
GICs[5]. Chronic inflammation initiates tumorigenesis, and mechanisms by which tumor-induced and treatment-related
inflammatory processes interact with cancer cells support that inflammatory responses may be closely related to the
oncogenesis and/or development of GICs[6]. Inflammatory features involved in the development of CRCs include
inflammasome activation and noncanonical nuclear factor-kappaB (NF-«B) pathway activation mediating the production
of proinflammatory cytokines, both of which can be activated by changes in the mutant environment or stimulation by
microorganisms such as the gut microbiota[7,8]. And smoking, alcohol consumption, various infections, susceptibility
gene mutations, and epigenetic changes are associated with the occurrence of GICs[9-11]. Due to the high incidence rates
and poor prognosis associated with GICs globally, they represent a significant public health challenge[12].

Recently, the six transmembrane epithelial antigen of the prostate (STEAP) family, a group of key metal oxidore-
ductases, has been associated with the overexpression of a range of proinflammatory cytokines[13], which are considered
promising therapeutic targets for various cancers, especially prostate cancer, due to their role in regulating proinflam-
matory cytokines[14-16]. However, Gomes et al[17] also found that the localization of STEAPs on the cell membrane and
their differential expression in normal tissues and gastric, colorectal, and liver cancers make them promising potential
targets for the treatment of GICs. Therefore, this review aims to explore the role of STEAPs in inflammatory responses in
GICs and provide a new strategy for the prevention and early intervention of GICs.

STRUCTURAL CHARACTERISTICS OF STEAP FAMILY MEMBERS

The STEAP family is composed of four structurally similar members, namely, STEAP1, STEAP2, STEAP3, and STEAP4
[17], as cell-surface transmembrane proteins with six potential transmembrane regions, and intracellular amino and
carboxyl termini[18]. It is shown that, unlike STEAP1, the C-terminal and conserved N-terminal domains of STEAP2-4
proteins are similar to the structures of yeast FRE metalloreductase and homologous to the paleontological and bacteri-
ological F,,)H,:NADP+ oxidoreductase (FNO) binding protein domains, respectively[19]. Normally, STEAPs perform
physiological functions as oxidoreductases, involved in the uptake and reduction of iron and copper[19,20] (Figure 1).

STEAPI is the first reported STEAP family member with a molecular weight of 39.9 kDa (NP_036581.1) and an
intramembrane heme binding site[18,21]. Although STEAP1 is widely expressed and co-localizes with transferrin (Tf) and
Tf receptor 1 (TfR1), unlike other members, STEAP1 does not independently promote iron or copper reduction or uptake.
Although it lacks the FNO-like reductase domain, which is thought to be essential for metal oxidoreductase activity, it is
suggested that STEAP1 may play a role in iron or copper metabolism, which may be due to its interaction with the
NAPDH-binding FNO domain of STEAP2 or STEAP4[19,22,23]. STEAP1B is a newly discovered member that has an
extremely high (88%) identity with STEAP1. What distinguishes it from other proteins is that it only has four potential
transmembrane domains without NADPH oxidoreductase domain or heme binding site. Hence, it is not expected to have
oxidoreductase activity based on previous studies[15,24].

Besides STEAP1, STEAP2-4 are also composed of six transmembrane a-helices and intracellular hydrophilic N-and C-
terminal domains, with the N-terminus containing the intracellular NADPH-binding FNO domain and the C-terminus
containing bis-heme with the FRE domain. In vitro studies have found that STEAP2-4 perform Fe** and Cu* reductase
activities and increase intracellular iron and copper uptake[20].
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Figure 1 Schematic representation of protein structure of six transmembrane epithelial antigens of the prostate. Six transmembrane epithelial
antigens of the prostate (STEAPs) are similar in structure, with six transmembrane domains, an intracellular C-terminus, and an intracellular N-terminus containing
the intracellular heme group, while STEAP1 Lacks FNO-like domain to perform intrinsic metal reductase activity. STEAP2-4 are involved in cell proliferation, tumor
progression, and intercellular communication through their metalloreductase activity. FNO: F420H2:NADP+ oxidoreductase.

STEAP2 is known as STAMP1, which is composed of 490 amino acid residues. It is found that STEAP2 is highly
expressed in the androgen-reactive prostate cancer cell line LNCaP, but not in androgen receptor-negative prostate cancer
cell lines PC3 and DU145[25,26]. However, the expression of STEAP2 is not regulated by androgen receptors, but requires
the presence of an intact androgen receptor[25]. In addition, the characteristics of STEAP2 expression and localization in
human microvascular endothelial cells suggest that STEAP2 has a potential role in iron transport across the blood-brain
barrier[27], which is further supported by the co-localization of STEAP2 and Tf in primary hippocampal neurons[28].
However, further research is needed to confirm this effect.

STEAP3 was first identified in prostate tissue and proposed as a candidate for prostate cancer immunotherapy, which
is also known as tumor suppressor activating pathway 6[29]. STEAP3 co-localizes with Tf, TfR1, and divalent metal
transporter 1 (DMT1) to participate in iron-uptake mediated by Tf endosome in erythroid cells and is thus an important
component of the Tf-TfR1 cycle[20,30].

STEAP4 is also named STAMP2 because of its sequence similarity to STAMP1. STEAP2 and STEAP4 are highly
expressed in the Golgi complex, trans-Golgi network, and plasma membrane, and co-localizes with endosome antigen 1,
which is involved in the secretion-endocytosis pathway[25,26,31]. In addition to metal oxidoreductase activity, STEAP4
also plays a role in regulating inflammatory responses, fatty acid metabolism, and glucose metabolism[31-33]. To date,
the possible effects of STAMP2 on iron metabolism have not been reported, and more studies are needed to directly
evaluate the possible role of STAMP2 in human iron metabolism (Figure 2).

ROLE OF STEAPS IN INFLAMMATORY RESPONSE IN PHYSIOLOGICAL AND PATHOLOGICAL
PROCESSES

In mammals, iron and copper metabolism are related. Iron and copper, as important metal ions in vivo, are absorbed in
the small intestine via reduction-state-specific DMT1[34-36] and copper transporter 1[37], respectively. Iron and copper
often alternate between two oxidation states and participate in the redox process in vivo. Additionally, iron and copper
can be used as cofactors of several enzymes to participate in the transformation of substances[34,38,39]. Iron and copper
deficiencies are known to cause low-chromium microcell anemia in mammals, while excess iron or copper will lead to
organ poisoning, particularly in the liver and brain. More importantly, since tumor cells have stronger proliferative
ability than normal cells, their demand for iron and copper exceeds that of normal cells. The imbalance of iron and copper
homeostasis is also closely related to cancer progression.

Under physiological conditions, STEAPs are a class of metalloproteinases that play an essential role in iron and copper
homeostasis[19]. Iron and its homeostasis are closely related to inflammatory responses and provide a major protective
mechanism in human physiology. In the past decades, a series of studies confirmed that iron overload can aggravate
inflammatory responses and susceptibility to infection. Persons with hereditary hemochromatosis and iron overload are
more susceptible to pathogens, whereas iron deficiency confers relative resistance to infection[40-42]. STEAPs are known
to be a participant in iron-copper homeostasis, and their importance in protein functional activity, tissue expression
patterns, and subcellular localization in cancer progression has been demonstrated. In addition, STEAPs have also been

found to play a role in regulating cell proliferation and apoptosis, alleviating oxidative stress and mediating the Tf cycle
[22,43].
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Figure 2 Molecular structure diagram of six transmembrane epithelial antigens of the prostate 1-4. The six transmembrane epithelial antigens of
the prostate (STEAP) family is composed of a group of cell surface transmembrane proteins with six potential transmembrane domains, one intracellular amino
terminus, and a carboxyl terminus that exert physiological functions by acting as oxidoreductases. STEAP1-4 consist of 339, 490, 488, and 459 amino acid residues,
respectively. Except STEAP1, the N-terminus of the STEAP2-4 proteins contains the F420H2:NADP+ oxidoreductase binding protein domain. TM: Transmembrane
domain; STEAP: Six transmembrane epithelial antigen of the prostate.

Although inflammation is associated with an activated immune system (including immune cells and biological factors)
under certain conditions, inflammation is a natural defense response, which is fundamentally different from the immune
response[23]. Inflammation is a defense mechanism in vivo to remove invading foreign bodies such as bacteria, parasites,
and viruses. In the process of inflammatory reaction, excessive or uncontrolled production of inflammatory products will
lead to host cell damage, and even lead to chronic inflammation, chronic disease, and tumor transformation[44,45].

STEAP proteins are involved in the regulation of various physiological cellular functions, and plays a potentially
important role in various metabolic processes, such as iron uptake and conversion, inflammatory stress response, and
glucose metabolism in cells[15,43]. STEAPs have been suggested to play a role in iron metabolism in acute and chronic
diseases associated with inflammation, as well as in the oncogenesis and development of malignancies. Liang et al[46]
reported that STEAP1 and STEAP4 positively regulate the induction of proinflammatory, neutrophil-activated cytokines,
such as chemokine (C-X-C motif) ligand (CXCL)1 and interleukin (IL)-8, in pustular skin disorders. More complexly,
STEAP4 is found to be regulated by multiple cellular signaling pathways, revealing a positive association of STEAP1 and
STEAP4 with the in vivo proinflammatory cytokines IL-1, IL-36, CXCL1, and CXCLS in several neutrophil-driven diseases
in humans. In addition, significant changes in genes related to iron biology were observed in patients with pustular skin
disorders, suggesting that the inflammatory activity of STEAP has a causal relationship with its regulation of ion
metabolism. Timmermans et al[47] found that STEAP2 plays a role in pathways involved in a chronic low-grade inflam-
matory disease state, namely, obesity, and lipid metabolism. Zhang et al[13] showed that STEAP3, the only member of
this family that is highly expressed in macrophages that play a role in inflammatory immunity, regulates iron
homeostasis during inflammatory stress through the translocation-associated membrane protein-dependent pathway.
This study provides important insights into the function of STEAP3 as a coordinated regulator of iron homeostasis and
inflammation.

In addition to its role as a metal oxidoreductase, STEAP4 is significantly overexpressed in low-grade inflammatory
responses[48]. In a study by Gordon et al[49], STEAP4 was shown to play a protective role in the face of inflammatory
stress in models of metabolic disorders. It is in turn up-regulated by acute inflammation or islet-level cytokine exposure.
Even in septic patients, the expression of STEAP4 is elevated in the early stage of sepsis, which can be used to predict the
clinical outcome of these patients[50]. These findings point to the complex regulation of STEAP4 that makes its protective
role in inflammatory metabolic disorders. It is reported that iron and its homeostasis are closely related to the inflam-
matory response, which provides a major protective mechanism in human physiology, while iron overload worsens
inflammation and infection susceptibility[13].

ROLE OF STEAPS IN INFLAMMATORY RESPONSE IN GICS

In recent years, a large amount of research data have revealed that inflammation is a key component of tumor
progression. The oncogenesis of GICs, such as GC, CRC, and HCC, is related to infection and chronic inflammatory
stimuli, and the tumor microenvironment, coordinated to a large extent by inflammatory cells, is to a large extent an
indispensable participant in tumor formation, promoting tumor cell proliferation, survival, and migration[44]. Clinical
studies have revealed that about 15%-20% of cancer patients have an infection, chronic inflammation, or autoimmune
disease in the same tissue or organ site before the cancer development[44,51]. This suggests that the pre-cancerous inflam-
matory response is present before tumor formation. The strongest association between inflammation and malignancy is
exemplified by CRC patients with IBD, including chronic ulcerative colitis and Crohn’s disease, predispositions to liver
cancer in patients with hepatitis, and chronic Helicobacter pylori (H. pylori) infection as a major cause of GC[52].
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Meanwhile, various environmental factors may induce and promote the development of cancer by inducing chronic
inflammation, which may accompany tumor development and increase the risk of many different cancers such as liver,
pancreatic, colon, and other malignancies[53,54]. So, how does the inflammatory response induce and promote tumori-
genesis? It is well known that one of the causes of cancer is the loss of tumor suppressor function, with the most common
mutation being the tumor suppressor p53. In the tumor microenvironment, loss of p53 function leads to increased
expression of NF-xB dependent inflammatory genes[55,56], which promotes CRC progression and metastasis[56-58]. In
addition, oncogene activation leading to excessive production of inflammatory cytokines and chemokines may be another
mechanism by which chronic inflammation triggers cancer occurrence[59,60]. Activation of the oncogene K-Ras leads to
increased secretion of cytokines and chemokines of “aging-associated secretory phenotypes”[60]. With increasing
research on human symbiotic microbiomes, researchers have found that symbiotic microbiomes may be involved in the
occurrence and development of many cancers, perhaps through microbial adhesion to cancer cells and translocation or
long-distance release of microbial metabolites[61].

As mentioned above, the localization of STEAP proteins on the cell membrane, their differential expression in normal
and cancer tissues, and their metal-oxidoreductase activity mechanism make them potential candidate targets for the
biomarkers of a variety of cancers, as well as potential targets for the alleviation or treatment of these cancers[62,63].
STEAP4 has been shown to play an important role in the inflammatory response and other physiological metabolic
processes[31-33]. Although the role of STEAP1, STEAP2, and STEAP3 in the inflammatory response is rarely reported, it
is tempting to speculate that STEAP1-3 may also have similar functions.

GC

GC is one of the most common GICs in humans, and chronic H. pylori infection is one of the main risk factors for GC
occurrence[64]. The latency of H. pylori leads to a variety of changes in the gastric mucosa, such as gastritis, atrophic
gastritis, intestinal metaplasia, dysplasia, and eventually GC[65]. Chronic infection with H. pylori in the gastric mucosa
can occur freely in mucus, by attaching to cells, or intracellularly, requiring iron for bacterial growth[66]. In an iron-
deficient medium, H. pylori can bind and extract iron from hemoglobin, Tf, and lactoferrin to support its growth, and
preferentially bind the iron-free forms of Tf and lactoferrin, limiting its ability to extract iron from normal serum[67].
Hamedi Asl et al[68] investigated the expression of genes involved in iron homeostasis and their role in the pathogenesis
of H. pylori infection. It is found that TfR and ferritin light chain were overexpressed in all H. pylori-positive tissues, while
increased iron regulatory protein 2 expression was associated with H. pylori-positive chronic gastritis and intestinal
metaplasia, confirming the role of iron acquisition-related genes in H. pylori attachment into the gastric mucosa. On the
other hand, the colonization of H. pylori induces a substantial production of reactive oxygen species (ROS) and develops
various strategies to quench the deleterious effects of ROS, resulting in persistent ROS production. However, excessive
ROS will incur chronic inflammation and cellular damage, as the major risk factor for gastric carcinogenesis[69]. These
investigations indicate the potential role of STEAPs in inflammatory responses for H. pylori-related GC.

The role of STEAP1 in GC was first reported by Wu et al[70], who defined the landscape of translationally regulated
gene products with differential expression between non-metastatic and metastatic GC cohorts. Interestingly, STEAP1 was
identified as the most translationally upregulated gene product, required for cell proliferation, migration/invasion,
tumorigenesis, and chemoresistance to docetaxel treatment[70]. To explore the regulatory mechanism, the same research
group focused on the potential regulators for STEAP1 expression[71]. They found that the RNA-binding protein poly r(C)
binding protein 1 and miR-3978 function as repressors of peritoneal metastasis of GC, partially by downregulating
STEAP1, while phosphorylated elF4E upregulates STEAP1 expression at the level of cap-dependent translation initiation
to facilitate the peritoneal metastasis of GC[71]. A similar result was found by Zhang et al[72], that STEAP1 performed an
oncogenic role in the occurrence and metastasis of GC via activating the AKT/FoxO1 pathway and epithelial-
mesenchymal transition process.

Besides STEAP1, STEAP4 was also found to be highly expressed in GC tissues, which is associated with advanced
clinical stage and poor prognosis of GC patients. Importantly, the expression of STEAP4 was found to be positively
correlated with the infiltration levels of B cells, CD4+ T cells, macrophages, neutrophils, and dendritic cells, indicating its
contribution to the regulation of the tumor microenvironment[73]. Although the current investigation of STEAPs in GCs
is limited, the potential role of STEAPs involved in immune response in GC is emerging and needs further exploration.

CRC

CRC is the third most common cause of cancer death in the United States and other developed countries[1]. It has been
well-accepted that chronic inflammation is one of the recognized risk factors for the development of CRC, especially in
colon cancer. The accumulation of immune cells and inflammatory factors in the intestinal mucosa constitute a complex
chronic inflammatory environment and cause oxidative stress or DNA damage on the epithelial cells[74]. In patients with
IBD, the risk for CRC is increased significantly, which is strongly associated with chronic inflammation, and such CRC
was named colitis-associated CRC[74]. On the other hand, the gastrointestinal tract is the primary site to absorb copper,
which is an essential micronutrient and critical enzyme cofactor for crucial copper-dependent enzymes. Elevated copper
concentrations can cause multifaceted responses of pathogenic bacteria when invading the host[75], while in the fish
model, Wang et al[76] found that copper exposure induced intestinal oxidative stress and inflammation, resulting in
enrichment of potentially pathogenic bacteria and reduction of probiotic bacteria. Miller et al[77] found a significant
difference in copper isotopic composition along with diverse bacterial populations, revealing a host-microbial interaction
involved in the regulation of copper transport.

After being identified as a new target for preventative and/or therapeutic vaccine construction and immune
monitoring in prostate cancer[78], STEAP1 was found to be highly expressed in CRC, predicting a poor overall survival in
CRC patients[79]. Mechanistically, Nakamura et al[80] found that silencing STEAP1 suppressed CRC cell growth and
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increased ROS production, associated with decreased expression of antioxidant molecules regulated by the transcription
factor nuclear erythroid 2-related factor. As an antigen present in various tumors, STEAP1 has the potential to stimulate
cytotoxic T lymphocytes (CTLs) involved in antitumor immunotherapy. To explore the specific STEAP1 sequence capable
of stimulating naive HLA-A2-restricted CTLs, Rodeberg et al[81] used MHC peptide binding algorithms to predict the
potential sequences and verified their abilities to induce antigen-specific CTLs to kill peptide-pulsed HLA-A2 target cells.
They provided strong evidence that STEAP1-292 peptide (MIAVFLPIV) is naturally processed by many types of tumors,
including CRC, and recognized by CTLs, and the modified STEAP1-292.2L peptide (MLAVFLPIV) is more immunogenic
to induce CTL recognition, serving as a potential antitumor peptide vaccine. Soon, Rodeberg et al[82] reported another
two peptides of STEAP1, which can be used for broad-spectrum-tumor immunotherapy.

As metalloreductases, STEAPs are involved in iron/copper homeostasis[21,83]. Among the copper homeostasis-related
genes, STEAP3 was found to be increased in CRC in oligonucleotide microarray analysis, related to copper accumulation
[83]. During the polarization of macrophages, the time-dependent change of intracellular Fe(II) during the inflammatory
activation was consistent with the expression shifts of TfR, STEAP3, and Fe(Il) exporter Slc40al, indicating the role of
Fe(Il) in inflammatory-activated macrophages[84]. Even in hypoferric conditions, STEAP3 overexpression increased iron
storage, causing resistance to iron deprivation-induced apoptosis[85]. In CRC cells, STEAP3 also facilitates exosomal
trafficking to increase the secretion of exosomes[86], which are important interactors between tumor cells and their
surroundings[87]. Interestingly, hypoxia-induced antisense long non-coding RNA STEAP3-AS1 increased the expression
of STEAP3 by competitively interacting with YTH domain-containing family protein 2 (YTHDEF2) and leading to the
disassociation of YTHDF2 with STEAP3 mRNA and upregulated STEAP3 mRNA stability in CRC. The enhanced STEAP3
expression increased intracellular Fe(II), which induced the phosphorylation and inactivation of glycogen synthase kinase
3B, releasing p-catenin translocated into the nucleus to activate the Wnt signal with promoted CRC progression[88].

Different from other STEAP family members, STEAP4 expression was found to be low in CRC tissues compared with
normal tissues, which is positively correlated with immune infiltration and immune-related biomarkers[89]. However, in
colitis animal models and IBD patients, STEAP4 was also highly induced in a hypoxia-dependent manner, leading to a
dysregulation in mitochondrial iron balance and enhanced ROS level. Using a colitis-associated colon cancer model, Xue
et al[90] found that the mitochondrial iron dysregulation related to high STEAP4 level is a key mechanism by which
inflammation impacts colon tumorigenesis, indicting STEAP4 as an important regulator of the inflammatory response. In
the colitis-associated tumorigenesis model, the copper metabolism can also be mobilized by the pro-inflammatory
cytokine IL-17, by inducing STEAP4-dependent cellular copper uptake, which is critical for colon tumor formation[91].

As mentioned above, STEAP1 and STEAP4 function as metalloreductases to regulate the iron/copper homeostasis
during the oncogenesis and development of CRC related to inflammation. Although there are no reports of STEAP2 nor
STEAP3 in CRC, the structural similarity of STEAP family proteins has prompted a further investigation of the potential
role of STEAP2 or STEAP3 in CRC.

HCC

HCC is the most common type of primary liver cancer, listed as the third leading cause of cancer-related death
worldwide[92]. The increased incidence of primary liver cancer in several developed countries will likely continue for
decades. Since primary liver cancer is mostly related to the infection with hepatitis B and C viruses (HBV and HCV), it is
the first human cancer enormously amendable to prevention with HBV vaccines[93,94]. Although serum copper concen-
tration is not a specific diagnostic biomarker for liver disease, serum copper isotope ratio has been proven to be an
assistant monitor for the diagnosis, prognosis, and follow-up of chronic liver diseases, as the imbalanced copper
homeostasis exists in liver diseases[95,96].

Interestingly, STEAP1 was considered as a targeted tumor antigen with the cytotoxic potency of chemotherapeutic
drugs for designing antibody-drug conjugates (ADCs). Boswell et al[97] constructed a humanized anti-STEAP1 antibody-
linked ADC, and evaluated its pharmacokinetics, tissue distribution, and/or potential organ toxicity in rats, finding a
general trend toward increased hepatic uptake and reduced levels in other highly vascularized organs. Another research
group constructed a radio-labeled anti-STEAP1-conjugated probe for positron emission tomography detection, and the
highest mean absorbed dose to the normal organ was found in the liver at 1.18 mGy/MBq[98]. The above results indicate
the ability of uptake for anti-STEAP1 ADCs in the liver, predicting the therapeutic potential for liver malignancies. Not
surprisingly, the expression of STEAP1 was found to be high in liver tumors and associated with poor clinical outcomes,
suggesting that STEAP1 is a druggable target in liver cancer[99].

Related to inflammatory responses, STEAP3 is a mediator and protector of hepatic ischemia-reperfusion injury through
TAKI1-dependent activation of the JNK/p38 pathways in hepatocytes[100]. Interestingly, after HCV infection, STEAP3
was found to be downregulated in HCC and associated with the progression to cirrhosis and HCC, and it thus can be
used as a potential monitoring biomarker for the development of HCC[101]. The decreased expression of STEAP3 in HCC
was also confirmed by Yi et al[102], which is associated with the abnormal expression of ferroptosis-related genes.
However, at the cellular level, Wang et al[101] found that nuclear STEAP3 was highly expressed in HCC, which was an
independent prognostic factor for HCC patients. Mechanically, increased nuclear STEAP3 expression significantly
promoted the stemness phenotype, cell cycle progression, and cellular proliferation of HCC cells, through RAC1-ERK-
STAT3 and RAC1-JNK-STAT6 signaling axes, while STEAP3 also upregulated the expression and nuclear trafficking of
epidermal growth factor receptor (EGFR) to promote EGFR-mediated STAT3 transcription activity in a positive feedback
manner[101]. As the matrix stiffness is a key factor impairing tumor immunity, Wang et al[103] analyzed the effect of
stiffness in HCV-infected cirrhotic HCC, finding that stiffer matrix decreased STEAP3 in the invasive front region of HCC
and the cirrhotic tissue, suppressing STEAP3-mediated immune infiltration of CD4+ and CD8+ T cells, macrophages,
neutrophils, and dendritic cells, along with decreased ferroptosis.
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As a plasma membrane metalloreductase, STEAP4 is controlled by inflammatory cytokines in the liver, such as IL-6,
which significantly induced the transcription activity of STEAP4 through STAT3 and CCAAT/enhancer-binding protein
alpha, playing a critical role in the response to nutritional and inflammatory stress[104]. Hepatic STEAP4 decreases the
stability of HBV X protein (HBx) by physically interacting with HBx, subsequentially suppressing HBx-mediated
transcription of lipogenic and adipogenic genes and protecting hepatocytes from HBV gene expression[105]. In a non-
alcoholic fatty liver disease (NAFLD) animal model, recombinant fibroblast growth factor 21 treatment ameliorated
hepatic steatosis and insulin resistance by increasing STEAP4-mediated hepatic iron overload and ferroportin expression,
indicating STEAP4 as a suitable therapeutic intervention for NAFLD patients[106]. However, in HCC tissues, genome-
wide DNA methylation analysis revealed significantly hypermethylated and downregulated STEAP4 compared to the
non-tumor liver tissues, which may be associated with the development of HCC[107], while STEAP4 methylation in
plasma DNA was not associated with HCC risk[108]. Not surprisingly, Zhou et al[83] reported that the methylation level
of the STEAP4 promoter was correlated with the downregulation of STEAP4, functioning as a tumor suppressor in HCC
by inhibiting the PI3K/AKT/mTOR pathway. The reduced STEAP4 expression is significantly associated with tumor
aggressiveness and poor prognosis in HCC patients, likely due to its link to various biological processes and induction of
HCC immune evasion[109].

As mentioned above, STEAPs, through iron/copper metabolism or different cytokines, participate in the inflammatory

process of the gastrointestinal tract, and then induce GIC occurrence and promote GIC development accordingly
(Table 1).

CLINICAL IMPLICATION OF STEAPS IN GICS

The strict maintenance of a specific microbial consortium in the gastrointestinal tract is critical for health, while gut
microbiota alteration and dysbiosis will cause inflammation and pathogenic intestinal conditions[110]. The connection
between inflammation and tumorigenesis has been well-established for decades based on genetic, pharmacological, and
epidemiological evidence. Even obstructive sleep apnea-induced hypertension is found to be associated with gut
dysbiosis, which may serve as the trigger for gut and neuroinflammation, and preventing or reversing gut dysbiosis may
reduce neuroinflammation and hypertension accordingly[111]. Therefore, monitoring microbiota alteration or inflam-
mation in the gastrointestinal tract is a research hotspot for the diagnosis or treatment of gastrointestinal inflammation-
related diseases, including GICs.

Gopalakrishnan et al[112] implemented a miniaturized smart capsule to monitor inflammatory lesions throughout the
gastrointestinal tract by detecting ROS level, a biomarker of inflammation, which provided a new milestone of smart
ingestible electronics for improving the diagnosis and treatment of digestive disease. The exosomes derived from human
placental mesenchymal stem cells used in the myocardial infarction model, notably modulated gut microbial community,
increased the gut microbiota metabolites short chain fatty acids (SCFAs), and decreased lipopolysaccharide[113]. By
sorting and sequencing of immunoglobulin (Ig) A-coated microbiota to define immune-reactive microbiota, Lima et al
[114] identified that transferable IgA-coated Odoribacter splanchnicus in responders to fecal microbiota transplantation for
patients with ulcerative colitis increases mucosal regulatory T cells, and induces the production of IL-10 and SCFAs,
resulting in the resolution of colitis. Such investigation provided potential strategies or vectors for the treatment of the
gastrointestinal tract, as well as inflammation-related GICs.

As a common oncogene in diverse malignancies, STEAP1 was considered a promising candidate therapeutic target,
with abundant expression in malignancies[17,18]. Importantly, STEAP1 is also found to be a transporter, participating in
intercellular communication[115,116]. Since the first prostate cancer-specific immunotherapy was licensed in 2010,
immunotherapy represents a promising approach to harness the host’s immune system with an anti-tumor effect[117,
118]. #¥Zr-DFO-MSTP2109A, a radiolabeled antibody targeting STEAP1, was well tolerated and showed good visual-
ization in the study, thus establishing its potential role as a potential biomarker for STEAP1 directed therapy and
confirming its diagnostic value[119]. Given STEAP1’s mechanism in cancers, therapeutic strategies targeting STEAP1,
such as monoclonal antibodies (mAbs), DNA vaccines, and ADCs, have been developed. Challita-Eid et al[115] identified
STEAP1 mediating the transfer of small molecules between adjacent cells and first generated two mAbs that bind to
STEAP1 epitopes at the cell surface, which significantly inhibited STEAP-1-induced intercellular communication in a
dose-dependent manner. Soon, an anti-STEAP4 mAD that binds to the extracellular domain of STEAP4 was also shown to
cause insulin resistance in adipocytes by disrupting cellular mitochondrial function, in addition to inducing apoptosis
and inhibiting preadipocyte proliferation and glucose uptake without affecting human preadipocyte differentiation[120],
while anti-STEAP1 based ADCs performed exciting anti-tumor function by regulating the immune response[97,121].

One of the goals of current tumor immunotherapy research is to design and validate multi-epitope/multi-antigen
vaccines that can induce multi-specific anti-tumor responses and reduce the risk of selection of antigen loss escape
variants in vivo[122,123]. The multivalent vaccine should be composed of a variety of epitopes of widely expressed tumor
antigens for the purpose of wide application. Recently, many of the same tumor antigens expressed in most human
tumors have been described, such as survivin[124], EphA2[125], pan-MAGE-A HLA-A* 0201-restricted epitopes, and
Hsp70[126,127]. STEAP1 protein was found to be overexpressed in prostate cancer, pancreatic cancer, CRC, HCC, breast
cancer, bladder cancer, ovarian cancer, acute lymphoblastic leukemia, and Ewing sarcoma[18]. This wide expression
pattern strongly suggests the utility of this tumor antigen in broad-spectrum antitumor immunotherapy. It has been
demonstrated that STEAP1 is a tumor antigen target of CD8+ T cells by identifying two HLA-A* 0201-restricted antigen
peptides, STEAP86-94 and STEAP262-270[82].
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Table 1 Functions/mechanisms of six transmembrane epithelial antigens of the prostate involved in gastrointestinal cancers

Protein Organ Function/mechanism Ref.

STEAP1 Stomach Promoting peritoneal metastasis of GC [113]

Regulated at the level of cap-dependent translation initiation  [114]
by phosphorylated eIF4E in GC

Increasing cell proliferation, migration, and invasion of GC, [72]
via the activation of AKT/FoxO1 pathway and epithelial-
mesenchymal transition

Colon/rectum Inducing cytotoxic T lymphocytes to recognize colon cancer ~ [81]
with STEAP1 by specific STEAP1 peptide

Reducing ROS and preventing apoptosis of CRC cells via [115]
NRE2 pathway
Liver Increased hepatic uptake of STEAP1 antibody-drug [116]

conjugates
Accelerating cell proliferation by targeting c-Myc in liver [100]
cancer cells

STEAP3 Colon/rectum Increased in CRC, along with CTR1 to induce copper accumu- [84]
lation
Facilitating iron uptake and resistance to iron deprivation- [86]

induced apoptosis under hypoferric condition

Time-dependent change of STEAP3 during inflammatory [85]
activation, along with specific accumulation of Fe (II) in
inflammatory-activated macrophages

Increasing exosome secretion in CRC, which can be cleaved [87]
by RHBDDI1 in a dose/activity dependent manner

Protected by hypoxia-induced IncRNA STEAP3-AS1 by [89]
preventing m®A-mediated degradation of STEAP3 mRNA

Liver Decreased expression in liver, associated with the transition [117]
from cirrhosis to HCC

Increased in HCC cell nucleus, promoting proliferation via [102]
RAC1-ERK-STAT3 and RACI-JNK-STAT6 signaling axes

Ferroptosis-related differential gene in HCV-infected cirrhotic [105]
HCC, impaired by matrix stiffness

STEAP4 Stomach Highly expressed in GC, associated with infiltration of [73]
immune cells

Colon/rectum Decreased in CRC and positively correlated with immune- [118]
related biomarkers

Highly induced in mouse models of colitis and inflammatory  [91]
bowel disease patients, increasing ROS production in a
hypoxia-dependent manner

Induced by the inflammatory cytokine IL-17 to drive copper  [119]
uptake, critical for colon tumor formation

Liver Lowly expressed in HCC, controlled by hypermethylationin  [109]
STEAP4 promoter region
Inhibiting proliferation and metastasis of HCC through [111]

PIBK/AKT/mTOR pathway inhibition

Low level in HCC, associated with advanced HCC stage, poor [112]
survival, and immunosuppressive microenvironment

Stimulated by the inflammatory cytokine IL-6, through [106]
STAT3 and CCAAT/enhancer-binding protein alpha in liver

Hepatic STEAP4 antagonizes HBx-mediated hepatocyte [107]
dysfunction by interacting with and decreasing the stability
of HBx

Therapeutic effect of recombinant FGF21 on NAFLD is [108]
performed by increasing hepatic STEAP4 to protect
hepatocytes
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STEAP: Six transmembrane epithelial antigen of the prostate; GICs: Gastrointestinal cancers; GC: Gastric cancer; eIF4E: Eukaryotic initiation factor 4E; ROS:
Reactive oxygen species; CRC: Colorectal cancer; NRF2: Nuclear erythroid 2-related factor; CTR1: Copper transporter 1, RHBDD1: Rhomboid domain
containing 1; HCV: Hepatitis C virus; IL-17: Interleukin-17; HCC: Hepatocellular carcinoma; STAT3: Signal transducer and activator of transcription 3;
PI3K: Phosphoinositide 3-kinase; mTOR: Mammalian target of rapamycin; JNK: c-Jun N-terminal kinase; ERK: Extracellular signal-regulated kinase; IL-6:
Interleukin-6; HBx: Hepatitis B virus x protein; FGF21: Fibroblast growth factor 21; NAFLD: Non-alcoholic fatty liver disease.

In addition, immunotherapy has proved to be an effective treatment for a variety of cancers, especially for patients
with tumors with overexpressed antigens that can be recognized by immune T/B cells. The use of STEAP peptides to
induce helper T cells in the context of multiple major histocompatibility complex class II alleles have been studied for T
cell immunotherapy against STEAP-expressing renal cell carcinoma and bladder cancer[128]. These studies confirm that
targeting STEAP family proteins in a variety of solid tumors is an attractive and promising effective approach. Although
current therapeutic strategies targeting STEAPs have not been applied in clinical practice, their molecular transport
mechanism and involvement in cancer progression make them promising targets for the treatment of patients with GICs.

CONCLUSION

STEAP family members share similar structural features and function as metal oxidoreductases involved in a variety of
cellular processes, such as copper/iron uptake, response to inflammation, fatty acid and glucose metabolism, and
oxidative stress regulation. STEAPs are irregularly expressed in different cancers, which are involved in the proliferation,
migration, invasion, and metastasis of cancer cells, and play a role in promoting or suppressing cancer. In addition, the
inflammatory response may be caused by necrosis of rapidly growing tumor cells due to hypoxia and lack of nutrients.
ROS and reactive nitrogen species produced by inflammatory cells can cause oxidative DNA damage in gastrointestinal
cells, leading to the activation of oncogenes and/or inactivation of tumor suppressor genes, as well as various epigenetic
changes that are conducive to the progression of GICs. Thus, molecules that affect cell survival or the subsequent inflam-
matory response are likely to have an impact on the course of GIC development. In conclusion, based on the increasing
use of STEAPs as cancer therapeutic targets, inflammatory therapeutic strategies in GICs will be more considered in the
future, most likely including STEAP family proteins.
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Abstract

Uveal melanoma (UM) is the most common primary intraocular cancer in adults.
The incidence in Europe and the United States is 6-7 per million population per
year. Although most primary UMs can be successfully treated and locally
controlled by irradiation therapy or local tumor resection, up to 50% of UM
patients develop metastases that usually involve the liver and are fatal within 1
year. To date, chemotherapy and targeted treatments only obtain minimal
responses in patients with metastatic UM, which is still characterized by poor
prognosis. No standard therapeutic approaches for its prevention or treatment
have been established. The application of immunotherapy agents, such as
immune checkpoint inhibitors that are effective in cutaneous melanoma, has
shown limited effects in the treatment of ocular disease. This is due to UM’s
distinct genetics, natural history, and complex interaction with the immune
system. Unlike cutaneous melanomas characterized mainly by BRAF or NRAS
mutations, UMs are usually triggered by a mutation in GNAQ or GNA11l. As a
result, more effective immunotherapeutic approaches, such as cancer vaccines,
adoptive cell transfer, and other new molecules are currently being studied. In
this review, we examine novel immunotherapeutic strategies in clinical and
preclinical studies and highlight the latest insight in immunotherapy and the
development of tailored treatment of UM.

Key Words: Uveal melanoma; Immunotherapy; Ocular oncology; Tumor; Metastatic
disease; Genetic mutations
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Core Tip: Our minireview will cover the latest studies about immunotherapy for uveal melanoma (UM) metastatic disease.
Driver genes and oncogenic mutations have been largely investigated. Up to half of affected patients develop metastases that
are the leading single cause of death after diagnosis of UM. Precise systemic therapy addressing metastatic UM and
significantly improving the surveillance is not available for each single case. However, identifying predictive factors,
achieving international consensus on surveillance protocols, aiming to inactivate micrometastases, and standardizing
outcomes would be crucial to be able to effectively cure metastatic UM.

Citation: Sorrentino FS, De Rosa F, Di Terlizzi P, Toneatto G, Gabai A, Finocchio L, Salati C, Spadea L, Zeppieri M. Uveal
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INTRODUCTION

Uveal melanoma (UM) is a rare ocular tumor regarded as the most common primary malignancy in the adult eye. The
annual incidence is approximately 6-7 per million in the United States, accounting for 3.7% of all melanomas[1]. UM
derives from the pigmented uveal zone, which comprises the choroid, ciliary body, and iris, and is featured by charac-
teristic cytogenetic changes, oncogenic mutations in GNAQ or GNA11, and tropism to aggressively metastasize to the
liver resulting in a poor prognosis[2,3]. At this time, UM has no established and effective treatments once metastases arise
or have been detected. Although several immunotherapies have demonstrated efficacy in metastatic melanoma of
cutaneous origin, these immune-based therapies have disappointing outcomes in UM[3,4]. Some authors have speculated
that ocular melanomas, arising from the uveal tract, might be regarded as an immunotherapy-resistant variant of ocular
melanomas|5].

Numerous studies in scientific medical literature continually show that tumor-associated cell therapy tends to be an
effective alternative and innovative method to fight metastasis. In the last decades, studies have shown that immuno-
therapies therapies can bring substantial benefits to patients suffering from a wide range of neoplasia and metastatic
disease[6,7]. For this reason, huge investments, resources, and important clinical trials have been performed for immuno-
therapy research and its potential benefit on UM metastatic disease.

Before undertaking this study, we searched PubMed (https://pubmed.ncbi.nlm.nih.gov) and Reference Citation
Analysis (RCA) (https:/ /www.referencecitationanalysis.com) for the terms “metastatic uveal melanoma” (1788 papers)
and “uveal melanoma immunotherapy” (367 papers) for articles published between January 1, 2000, to August 31, 2023.
We considered only studies in English, with abstracts and structured text, and those referring to humans, whereas we
excluded “case reports”, “case series”, “conference papers”, “letters” and “in vitro” studies. The reference lists of all
retrieved articles were scanned to detect further relevant papers.

Genetics and pathways involved in UM
Differently from cutaneous melanoma, which usually harbors an activating BRAF (52%) or NRAS (10%-25%) mutation or
inactivation of the NF1 gene, UMs, as well as uveal nevi, are commonly characterized by a mutation in GNAQ or GNA11
[8-10]. These genetic alterations, however, are not sufficient to drive the full malignant transformation to melanoma,
being rather an initiating event[11]. GNAQ/11 activates mitogen activating protein kinase (MAPK) pathway, present in
most UM, as well as PKC, AKT, and Yes-associated protein 1, associated with tumor growth in some UM models[12,13].
Another genetic pathway implicated in UM involve schromosome 3, specifically the BAP1 tumor suppressor gene. The
loss of one copy of chromosome 3 is indeed an established negative prognostic factor associated with metastasis and poor
clinical outcome, while BAP1 mutation leads to malignant transformation when associated with chromosome 3 mono-
somy, as the other gene copy is already lost[14,15].

Immune checkpoint inhibitors

Activation of T cells by antigen-presenting cells (dendritic cells) is the key point of an effective immune reaction against
cancer cell antigens. This process is enhanced by co-stimulatory molecules like CD28 and B-7, and hampered by immune
checkpoints like cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) and programmed cell death protein 1 (PD-1).
These molecules modulate the immune response, preventing inappropriate activation of T cells and controlling excessive
immune reaction[16]. CTLA-4, when expressed, binds B-7 with a higher affinity than CD28, thus way blocking CD28-
mediated co-stimulation; conversely, PD-1 interacts mainly with programmed death-ligand 1 (PD-L1) and mostly affects
the effector phase of the immune response[17].

Immune checkpoint inhibitors (ICIs) are antibodies suppressing the negative immunomodulatory activities of their
targets (i.e., CTLA-4 and PD-1). The consequent activation of T cell-mediated response can result in lysis and degradation
of cancer cells, ultimately leading to long-term tumor control. This practice-changing concept was first demonstrated by
the studies by James P Allison and Tasuku Honjo, awarded the Nobel Prize in Physiology or Medicine in 2018[18].
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Malignant melanoma was the first indication for which ipilimumab, an antibody targeting the CTLA-4, was approved
by the Food and Drug Administration (FDA) in 2011[19,20]. Few years later, the anti-PD-1 antibodies nivolumab and
pembrolizumab were also approved. ICIs have been subsequently tested in metastatic UM (mUM); however, robust
conclusions regarding their efficacy are difficult to draw given the many limitations of the available data[21-30].

Anti CTLA-4 antibodies

Ipilimumab, whose efficacy in mUM was evaluated in just a few studies, is a humanized monoclonal antibody blocking
the CTLA-4 receptor, enhancing T-cell activation, and amplifying T-cell-mediated immunity. Tremelimumab is an anti-
CTLA-4 antibody that has also been proposed for mUM][22]. A recent systematic review and meta-analysis of Pham et al
[31] showed that the objective response rate (ORR) was 4.1% for anti-CTLA4, with a median overall survival (OS) of 8.0
mo, and a 12-mo OS rate of 34.7%[31]. The progression-free survival (PFS) was longer in treatment-naive patients than in
pretreated patients, with a median value of 3.3 mo. The side effect profile was similar to studies of CTLA-4 inhibitors in
cutaneous melanoma, with an overall adverse event (AE) rate of 64.5% and a grade 3-4 AE rate of 17.5% (more commonly
hepatitis and diarrhea). No deaths secondary to AEs were reported[32]. Overall, CTLA-4 inhibitors appear to have
limited activity in mUM; consequently, their use is generally restricted to selected cases.

Anti PD-1 antibodies

After nivolumab and pembrolizumab were first approved by the FDA for melanoma in 2014, the number of agents acting
on the PD-1/PD-L1 axis and their indications across malignancies have been rapidly rising[33]. Concerning mUM,
pembrolizumab and nivolumab have been the most studied, but atezolizumab and avelumab have also been proposed
[34].

Pham et al[31] reported anORR of 7.1% for anti-PD-1 antibodies. Median OS was 11.7 mo, 12-mo OS probability was
48.9%, and PFS was 3.2 mo. These data, similar toanti-CTLA-4 antibodies, suggest that their activity is modest, with only
a few patients benefiting from them. Anyway, a better toxicity profile (AE rate of 50.2%; grade 3-4 AE rate of 13.2%)
favors them with respect to ipilimumab.

Combined therapies

The dramatic efficacy of the combination of iplimumab and nivolumab in metastatic cutaneous melanoma prompted
studies also in mUM: However, as already reported for monotherapies, efficacy was substantially lower[35]. Indeed, the
recent meta-analysis of Pham et al[31] showed an ORR dropped to 13.5%, with a median OS of 16.0 mo, a 12-mo OS rate
of 60.3%, and a median PFS of 3.2 mo. Although these data were slightly better, they are not sufficient to support a clear
benefit for mUM patients. Moreover, toxicity is also higher and can be substantial, as shown by an overall AE rate of
85.8% and a grade 3-4 AE rate of 33.9%.

The mechanisms determining a substantially reduced efficacy of ICIs in mUM vs metastatic cutaneous melanoma are
not completely understood. The studies have shown an immune privilege of UM inside the eye through multiple
strategies, including expression of PD-L1 and indoleamine dioxygenase-1: These are also allegedly active at metastatic
deposits, particularly in the liver, creating a microenvironment particularly resistant to immunotherapy. A low tumor
mutational burden has also been suggested to contribute[36,37].

ICIs in combination with liver-directed therapies

The liver is the most common site for UM metastases, and about 50% of the patients will have isolated liver metastases.
High lactate dehydrogenase and liver metastases are dominant predictors for ICI failure in cancer therapy since hepatic
disease in mUM is particularly resistant to immunotherapy[38]. Therefore, liver-directed therapies in combination with
ICIs have a strong rationale.

Treatment with ipilimumab/nivolumab in combination with percutaneous hepatic perfusion with melphalan has been
explored in a phase Ibtrialona small number of patients. The authors found 1 complete response, 5 partial responses, and
1 stable disease. Grade III/IV AEs were observed in 5/7 patients without dose-limiting toxicities or death[39].

Minor et al[40] conducted a pilot study on 26 patients with hepatic metastases of UM treated with two cycles of
selective internal radiation therapy (SIRT) with yttrium-90 (90Y) resin microspheres, one to each lobe of the liver,
followed in 2-4 wk by immunotherapy with ipilimumab/nivolumab every 3 wk for four doses, then maintenance
immunotherapy with nivolumab alone. Initial dosing of both 90Y and immunotherapy resulted in excessive toxicity but,
after decreasing the dosage of 90Y microspheres to limit the radiation dose to normal liver to 35 Gy and lowering the
ipilimumab dose to 1 mg/kg, the treatment was tolerable. Reported ORR was 20%, median OS 15 mo, and median PFS
5.5 mo[40].

Aedo-Lopez et al[41] conducted a retrospective study of 32 patients with mUM divided into two groups based on the
treatment received: SIRT with 90Y microspheres and ipilimumab/nivolumab before or after the SIRT (18 patients) vs SIRT
without combined immunotherapy (14 patients). Median OS was 49.6 and 13.6 mo in the two groups respectively. The
presence of extra hepatic-metastases at the time of SIRT, a liver lesion over 8 cm, and a high liver tumor volume
negatively impacted survival[41].

A case series of 8 patients treated with ipilimumab/nivolumab combination along with transarterial chemoembol-
ization (TACE), followed by nivolumab maintenance and monthly TACE procedures, demonstrated a median OS of 14.2
mo. Two/8 patients had partial response, 4/8 stable disease, 2/8 disease progression[42]. A phase Ib/II study was
conducted to assess the safety and efficacy of radiofrequency ablation (RFA) of one liver metastatic lesion plus
ipilimumab. Recommended phase II dose was ipilimumab 3 mg/kg + RFA. No confirmed objective responses were
observed. Median OS was 14.2 mo for the 10 mg/kg ipilimumab cohort vs 9.7 mo for the 3 mg/kg cohort. Median PFS
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was 3 mo comparable for both cohorts. Combining RFA with ipilimumab 3 mg/kg was well tolerated but showed very
limited clinical activity in UM[43].

An ongoing phase II trial (NCT03472586) studies ipilimumab and nivolumab in combination with immunoembol-
ization with lipiodol and granulocyte-macrophage colony-stimulating factor in patients with liver metastases from UM.
Similarly, a phase I randomized controlled multicenter trial (NCT04463368) is evaluating the effectiveness of isolated
hepatic perfusion with melphalan in combination with ipilimumab and nivolumab. The isolation of the liver from the
systemic circulation allows a high concentration of the chemotherapeutic agent to be delivered to the liver in conjunction
with hyperthermia, allowing a higher efficacy with minimal systemic exposure to the drug.

Other strategies

The phase Ib, open-label CLEVER study evaluated treatment with intravenous coxsackievirus A21 (V937) in combination
with ipilimumab in patients with mUM, based on the rationale that the combination of V937 and ipilimumab might result
in augmented T-cell responses with consequent improved clinical activity. However, the combination regimen did not
result in objective responses, although 3 patients obtained a stable disease[44].

Drugs targeting epigenetic regulators such as histone deacetylases (HDACs) show promise as cancer therapies by
reversing oncogene transcription and modifying the tumor microenvironment. A phase II trial was conducted to evaluate
if anti-PD-1 therapies and HDAC inhibitors (entinostat) could synergize. ORR was 14%, median OS was 13.4 mo and
median PFS was 2.1 mo, slightly higher than that of anti-PD-1 monotherapy[45]. Arginine deprivation with ADI PEG-20
with ipilimumab/nivolumab was also studied in a phase I trial; however, there were no objective responses, and the
median OS was only 8.6 mo[46].

Lymphocyte-activation gene 3 (LAG-3) is another immune checkpoint that negatively regulates T-cell proliferation and
effector T-cell function. LAG-3 and PD-1 are often co-expressed on tumor-infiltrating lymphocytes, thus contributing to
tumor-mediated T-cell exhaustion: Upon this rationale, the phase IIl RELATIVITY-047 trial validated LAG-3 blockade as
a relevant biological target and established it as the third clinically relevant immune checkpoint, demonstrating improved
antitumor activity for the combination of the anti-LAG-3 antibody relatlimab and nivolumab concerning nivolumab alone
[47]. After these results, the combination nivolumab/relatlimab (Opdualag) was approved for medical use in the United
States in March 2022 for the first-line therapy of patients with metastatic melanoma. Whether the combination is effective
also in rare melanoma subtypes remains to be elucidated: An ongoing trial (NCT04552223) aims to test it in mUM
patients. A study from a southern French patient cohort confirmed LAG-3 and PRAME (PReferentially expressed Antigen
in MElanoma) as potentially important immunotherapy targets in the treatment of UM patients while proposing V-
domain Ig suppressor of T-cell activation as a novel relevant immune checkpoint molecule in primary UM[48].

Immunotherapy has proven to be an interesting and viable option in UM metastatic disease, even though much has
still to be studied to have scientific and clinical effectiveness. Despite optimal management of primary tumors, about half
of patients will eventually develop distant metastatic disease. Differently from cutaneous melanoma, the liver is involved
in the vast majority of cases: This led to the employment of liver-directed therapies with encouraging results in carefully
selected patients[49]. However, a randomized trial comparing hepatic artery infusion vs systemic fotemustine was
stopped early for futility after failure to show improved OS despite improvement in PFS[50]. This observation, consi-
dering also that most patients either progress after or are not candidates for locoregional therapy, suggests that effective
systemic treatments may represent the therapeutic mainstay.

Historically, patients with ocular or UM were excluded from clinical trials on cutaneous melanoma because of the
biological and clinical differences: Therefore, there has been no widely accepted standard treatment, and patients were
generally managed with drugs and regimens approved for cutaneous melanoma (i.e., dacarbazine, temozolomide, or
fotemustine). However, despite some responses being observed, none of them was demonstrated to be effective[51].

The discovery of the presence of activating mutation in GNAQ/GNA11 in the majority of UM patients, resulting in
constitutional activation of MAPK pathways, led to the development of the MEK inhibitor selumetinib in this setting. A
first randomized, phase II clinical trial compared it with chemotherapy (dacarbazine or temozolomide); the primary
endpoint was PFS. Selumetinib improved PFS concerning the comparator, but the AE rate was high and OS was similar
between the two arms[52]. A subsequent randomized, placebo-controlled, phase III study evaluated its combination with
dacarbazine concerning dacarbazine monotherapy and failed to show any improvement in either PFS or OS[53].

The ICIs proved very effective in cutaneous melanoma and were subsequently tested in ocular melanoma; however,
the results were not as good as expected. Despite retrospective reports suggesting potential efficacy ipilimumab, an anti-
CTLA4 antibody, did not show any response in a phase II clinical trial; PFS and OS were comparable with historical
controls treated with chemotherapy[54].

The anti-PD1 agents nivolumab and pembrolizumab were also tested as monotherapies in phase II clinical trials. Both
agents showed clinical responses that were sometimes durable; however, PFS and OS were highly variable and, overall,
not so different from those obtained with chemotherapy[55]. Other two studies evaluated the combination of ipilimumab
and nivolumab, after the very good results observed in cutaneous melanoma. A first study on 55 patients showed a high
rate (51.9%) of disease stabilization; however, PFS and OS were still comparable to historical controls treated with
chemotherapy[56]. Data from the second one were more promising, observing a median PFS of 5.5 mo and OS of 19.1 mo,
but only 33 patients were evaluable for efficacy[57]. Overall, these data demonstrate that ICIs, and especially the
combination of ipilimumab and nivolumab, may achieve durable responses, but with a limited prognostic impact.

Tebentafusp

ImmTACGC, short for immune-mobilizing monoclonal T-cell receptors against cancer, represents a novel category of T-
cell-redirecting bispecific fusion proteins. These innovative molecules utilize an engineered high-affinity T-cell receptor
to effectively target any protein, including intracellular antigens, displayed as a peptide-HLA complex on the surface of
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Table 1 Drug therapies for metastatic uveal melanoma disease

Drug Target Action
Ipilimumab CTLA-4 Blocking the CTLA-4 receptor, enhancing T-cell activation, amplifying T-cell-
mediated immunity

Tremelimumab CTLA-4 Blocking the CTLA-4 receptor, amplifying T-cell-mediated immunity

Nivolumab PD-1 Activation of T cell-mediated response. Lysis and degradation of cancer cells

Pembrolizumab PD-1 Activation of T cell-mediated response. Lysis and degradation of cancer cells

Coxsackievirus A21 (V937) Augmented T-cell responses with consequent improved clinical activity

Lymphocyte-activation Negatively regulation T-cell proliferation and effector T-cell function

gene 3

Tebentafusp T-cell-redirecting bispecific fusion Enhancing HLA-A*0201-restricted T-cell receptor specifically recognizing the
proteins glycoprotein 100

CTLA-4: Cytotoxic T-lymphocyte-associated protein 4; PD-1: Programmed cell death protein 1.

the target cell[58]. Tebentafusp, previously known as IMCgp100, is an example of such a molecule, featuring a soluble,
enhanced HLA-A#*0201-restricted T-cell receptor specifically recognizing the glycoprotein 100 (gp100) peptide
YLEPGPVTA, that is highly express on UM cells. This receptor is fused with an anti-CD3 single-chain variable fragment.
When the ImmTAC binds to its designated peptide-HLA complexes on the surface of the target cell, it enlists and
stimulates polyclonal T cells via CD3, to kill these cells. In addition to its T cell cytotoxic effects, IMCgp100 stimulates T
cells to secrete a diverse array of cytokines and chemokines, such as interleukin-6 (IL-6), IL-2, and tumor necrosis factor-
alpha, thereby amplifying its potential as an anti-cancer immune agent[59,60]. The activation of T-cells by IMCgp100
occurs at a concentration of 1 pM, with the most significant reaction observed at 1 nM. Off-target effects are observable
solely at concentrations significantly exceeding 1 nM, highlighting the high specificity of the tumor antigen and a broad
therapeutic range, and IMCgp100 activity in vitro correlates with the cellular expression levels of gp100-HLA-A*01[61].

The drug was tested in a phase III randomized trial (2:1) against a comparator chosen by the investigator among
pembrolizumab, ipilimumab, or dacarbazine (Table 1). PFS was not significantly different among the two arms, but OS
was superior in the tebentafusp arm (21.7 vs 16 mo; hazard ratio = 0.51). The decoupling between PFS and OS was
explained by the observation that, while responding patients had similar outcomes in both arms, the prognosis of
unresponsive patients was better in the tebentafusp arm, suggesting that treatment-induced immune activation slows
disease progression even in the absence of an objective response. The toxicity observed is mild or moderate in most cases,
with the cytokine-release syndrome and cutaneous reaction being the most characteristic drug-related AEs[62].

Tebentafusp has undoubtedly marked a significant advancement in the treatment of metastatic UM, offering a survival
benefit over conventional therapies. Its preferential binding to HLA-A0201 has limited its applicability to patients with
this specific subtype, prompting a need for the development of alternative treatments for individuals with other HLA
subtypes. Although subgroup analyses in the phase III trial raised questions regarding its potential efficacy in certain
patient groups, including those with high tumor burden and poorer performance status, its overall benefit still positions
it as a preferred therapeutic option for most HLA-A0201-positive patients. Regarding the optimal duration of treatment,
current data suggest that continuing tebentafusp until confirmed radiological progression might be a reasonable
approach, given its manageable and predictable toxicities. However, more extensive studies are required to establish the
most suitable duration for treatment. Additionally, the challenge of evaluating treatment response necessitates the
exploration of alternative markers beyond traditional response measures. The correlation between rash appearance and
improved survival warrants further investigation, while circulating tumor DNA reduction holds promise as a potential
indicator of treatment benefit.

The investigation of tebentafusp in conjunction with liver-directed therapies is also a significant area of interest,
considering the potential benefit for patients with bulky disease. Furthermore, the exploration of other therapeutic
targets, such as PRAME, through alternative treatments like IMC-F106C, presents a promising direction for future
research efforts.

In this scenario, while certain limitations exist, tebentafusp represents a groundbreaking development in the field of
metastatic UM treatment. Unanswered questions regarding response monitoring and application in diverse treatment
settings warrant further exploration to optimize its therapeutic potential and expand its applicability to a broader patient
population. Future research objectives should include the determination of theoptimal treatment sequence between
tebentafusp and checkpoint blockade, as well as the potential benefits of combining these therapies. Ongoing studies
focusing on the combination of tebentafusp with other immunotherapies and the assessment of its role in the adjuvant
setting after primary disease therapy are critical in further delineating its therapeutic scope. Further research and a
comprehensive understanding of tebentafusp’s mechanisms will undoubtedly pave the way for improved treatment
strategies and outcomes in the management of metastatic UM.
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CONCLUSION

To conclude, research on immunotherapy for UM metastatic disease has vast supporting scientific and clinically
applicable literature but is just at the beginning of a new era for effective treatment to practically increase the surveillance
of affected patients. Predictive biomarkers, mechanisms of resistance, treatment duration and treatment beyond
progression, immune-related toxicities, and clinical trial design are key concepts in need of further consideration to
optimize the anticancer potential treatments. Future studies based on longer follow-up with homogenous criteria,
preferably on human subjects, can pave the way to tailoring immunotherapy for patients affected by ultraviolet
metastatic disease.
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Abstract

BACKGROUND

Glioma is one of the most common intracranial tumors, characterized by invasive
growth and poor prognosis. Actin cytoskeletal rearrangement is an essential event
of tumor cell migration. The actin dynamics-related protein scinderin (SCIN) has
been reported to be closely related to tumor cell migration and invasion in several
cancers.

AIM
To investigate the role and mechanism of SCIN in glioma.

METHODS

The expression and clinical significance of SCIN in glioma were analyzed based
on public databases. SCIN expression was examined using real-time quantitative
polymerase chain reaction and Western blotting. Gene silencing was performed
using short hairpin RNA transfection. Cell viability, migration, and invasion were
assessed using cell counting kit 8 assay, wound healing, and Matrigel invasion
assays, respectively. F-actin cytoskeleton organization was assessed using F-actin
staining.

RESULTS

SCIN expression was significantly elevated in glioma, and high levels of SCIN
were associated with advanced tumor grade and wild-type isocitrate dehydro-
genase. Furthermore, SCIN-deficient cells exhibited decreased proliferation,
migration, and invasion in U87 and U251 cells. Moreover, knockdown of SCIN
inhibited the RhoA/focal adhesion kinase (FAK) signaling to promote F-actin
depolymerization in U87 and U251 cells.

CONCLUSION
SCIN modulates the actin cytoskeleton via activating RhoA/FAK signaling,
thereby promoting the migration and invasion of glioma cells. This study
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identified the cancer-promoting effect of SCIN and provided a potential therapeutic target for the treatment of
glioma.

Key Words: Glioma; Scinderin; Actin cytoskeleton; RhoA/FAK signaling; Depolymerization
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Core Tip: Actin dynamics-related protein scinderin (SCIN) was found to be significantly upregulated in glioma, and high
SCIN expression was associated with advanced tumor grade and wild-type isocitrate dehydrogenase. Furthermore, silenced-
SCIN cells exhibited decreased proliferation, migration, and invasion. Besides, knockdown of SCIN inhibited RhoA/focal
adhesion kinase signaling to promote F-actin depolymerization in glioma cells.
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INTRODUCTION

Glioma is the most frequent and deadly tumor of the central nervous system, accounting for about 40%-60% of human
intracranial tumors[1]. Based on the histologic types and malignancy grades, gliomas are classified into low-grade
gliomas (LGGs) [World Health Organization (WHO) grade I-II] and high-grade gliomas (WHO III-IV grade)[2]. Low-
grade gliomas are well-differentiated, while high-grade gliomas are poorly differentiated. The incidence rate of glioma in
China ranged from 3 to 6 per 100000 people, most of which are grade III (anaplastic glioma) and IV gliomas [glioblastoma
multiforme (GBM)]. Despite remarkable advances in microsurgery, radiotherapy, chemotherapy, and biotherapy, the
prognosis of glioma patients remains unsatisfactory. Thus, exploring the molecular mechanism of glioma progression is
of great significance for developing new prognostic indicators and therapeutic targets.

Actin dynamics-related protein scinderin (SCIN) (also known as adseverin) belongs to the gelsolin superfamily and is
an important actin-severing protein[3]. SCIN regulates the reorganization of F-actin and participates in cell polarity, cell
secretion, cell differentiation, and cell motility[4-6]. SCIN has been demonstrated to play diverse roles in chronic inflam-
mation, coagulation processes, immune diseases, and tumors. The role of SCIN in tumors was first reported by Zunino in
2001[7]. They found that SCIN induced cell differentiation, maturation, and apoptosis by releasing platelet-like granules,
and inhibited tumor cell formation and proliferation in megakaryoblastic leukemia. Since then, a growing body of studies
have uncovered the biological roles of SCIN in various kinds of cancers[8-10]. For instance, in the cytotoxic lymphocyte-
resistant mutants of non-small cell lung cancer, upregulated SCIN reduces the killing effect of cytotoxic T lymphocytes on
tumor cells[11]. In a study of bladder cancer, SCIN was found to bind to mitochondrial voltage-dependent anion channel
(VDAC) oligomers, thereby preventing VADC-induced mitochondrial apoptosis pathways. Besides, SCIN promotes the
proliferation and metastasis of bladder, stomach, lung, and prostate cancers[12,13]. However, the biological role and
molecular mechanism of SCIN in glioma remain unclear.

In this study, we analyzed the expression and clinical significance of SCIN in glioma based on public databases. Then,
we utilized SCIN-specific short hairpin RNAs (shRNAs) to knock down SCIN expression in glioma cell lines and
observed the effects of SCIN silencing on the proliferative, migrative, and invasive abilities of glioma cells. Furthermore,
the effect of SCIN silencing on the cytoskeleton of glioma cells was also investigated. These experimental results will help
us to further explore the mechanism of SCIN in glioma and lay a solid experimental foundation for glioma treatment.

MATERIALS AND METHODS

Data collection

Based on the Gene Expression Profiling Interactive Analysis (GEPIA) database (http://gepia.cancer-pku.cn/), we
analyzed the difference in SCIN mRNA expression between 163 GBM samples or 518 LGG samples and 207 normal brain
tissue samples and analyzed the relationship between SCIN expression and overall survival of glioma patients[14]. Based
on the Chinese Glioma Genome Atlas (CGGA) database (http://www.cgga.org.cn/), we further analyzed the rela-
tionship between SCIN expression and the clinical features of gliomas[15]. RNA sequencing data of 325 patients
including 203 males and 122 females based on the CGGA database were analyzed. According to pathological features,
these patients included 4 normal, 103 WHO grade II, 79 WHO grade III, and 139 WHO grade IV gliomas. In total, 53.85 %
of patients (1 = 175) had IDH mutations and 45.85% (n = 149) had IDH wildtype. Only 20.62% of patients (n = 67) showed
a 1p19q co-deletion, whereas 76.92% (n = 250) did not have this genotype.
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Cell culture
U87 MG and U251 cell lines were provided by Procell (Wuhan, China). U87 MG cells were cultured in Minimum
Essential Medium. U251 cells were cultured in Dulbecco's modified Eagle medium. All culture medium was supple-

mented with 10% fetal bovine serum and 1% penicillin/streptomycin. Cells were maintained in an incubator containing
5% CO, at 37 °C.

Cell transfection

shRNAs targeting SCIN (sh-SCIN) were obtained from Shanghai Gene Pharmaceutical Co., LTD. (Shanghai, China). RNA
double-stranded random sequences were used as the negative control for shRNA (sh-NC). Lipofectamine® 2000
(ThermoFisher Scientific, Waltham, MA, United States) was used to transfect these plasmids into U87 MG and U251 cells
at a concentration of 50 nM. The transfected cells were screened with puromycin. The clones were then selected and
cultured for further experiments.

Western blot

Cells were lysed by RIPA buffer (Solarbio, Beijing, China). The protein concentration was determined by the BCA Protein
Assay Kit (Solarbio). Protein samples (20 ng) were loaded into 10% sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) gel and electrophoresis was performed at 100 V for 1-2 h. Then, the protein was transferred from
the gel to the polyvinylidene fluoride membrane (Whatman, Maidstone, United Kingdom). After sealing the membrane
with sealing buffer for 1 h, the membranes were incubated with primary antibody at 4 °C overnight. The membranes
were then incubated with HRP-IgG antibody (1: 5000; Proteintech, Wuhan, China). Image ] software was used to analyze
the data. Anti-SCIN, anti-RhoA, and anti-GAPDH antibodies were obtained from Proteintech. Focal adhesion kinase
(FAK), phospho-FAK, phospho-Cofilin (Ser3), Cofilin, and Talin antibodies were obtained from Cell Signaling
Technology (Boston, MA, United States).

Quantitative real-time polymerase chain reaction

TRIzol reagent (ThermoFisher) was used to isolate total RNAs from cells. The purity of total RNAs was detected by
agarose gel electrophoresis. The cDNA was synthesized using SuperScript® III Reverse Transcriptase (ThermoFisher).
Polymerase chain reaction (PCR) amplification kit (ThermoFisher) was used for PCR amplification. SCIN primers were
provided by Sangon Biotech (Shanghai, China), with sequences (forward primer, 5'-ACTGAGTGGCAGTTGCATTAT-3,
reverse primer, 5'-TGTGGGATGAATTGTTGGACCC-3').

Cell Counting Kit-8 assay
Cell proliferation was measured using Cell Counting Kit-8 Cell Proliferation and Cytotoxicity Assay Kit (Solarbio).

Colony formation assay

Cells were seeded into Petri dishes at 1 x 10° cells per well. After incubation at 37 °C and 5% CO,, the cells were saturated
with humidity for 14 d. Cells were rinsed twice with phosphate buffered saline buffer. Cells were incubated with
paraformaldehyde for 30 min, and stained with the crystal violet solution for 30 min. Finally, the clones were counted
under a microscope.

Wound-healing assay

The wound-healing experiment was carried out for migration ability. Glioma cells were plated on 6-well plates. Pipettes
(200 pL) were used to draw a straight wound. After incubation in a serum-free medium for 24 h or 48 h, cell images were
taken under a microscope.

Transwell invasion assay
Transwell chambers were precoated with Matrigel (Corning Costar, Cambridge, MA, United States). Transfected (1 x 10°)
cells in 100 pL serum-free medium were added to the upper Transwell chamber. The lower chamber was added with
medium of 10% fetal bovine serum. After incubation for 6 h, the invading cells that adhered to the lower surface of the
membrane were fixed and stained. Finally, the number of invading cells was counted under an inverted microscope
(Olympus, Tokyo, Japan).

F-actin labeling

F-actin staining was performed using an F-actin Staining Kit (Phalloidin-Green; Amy]Jet Scientific, Wuhan, China). Cells
were first inoculated on 96-well cover slides and grown to 70% confluence. Next, the cells were fixed with precooled 4%
paraformaldehyde on ice for 20 min and permeabilized with 0.1% Triton X-100 for 10 min at room temperature. Then,
after cells were incubated with 100 pL staining solution for 30 min, a 4’,6-diamidino-2-phenylindole solution (100 mL)
was applied to stain the nuclei. The immediate observation was carried out under a fluorescence microscope (200 cells
counted per field): excitation wavelength 488 nm, emission wavelength 530 nm (F-actin staining) or 350 nm excitation
wavelength, 460 nm emission wavelength (nuclear staining).

Statistical analysis
SPSS 22.0 (IBM Corp., Armonk, NY, United States) was applied for statistical analysis. Data were expressed as mean * SD.
Two-tailed Student t-test and one-way analysis of variance (ANOVA) were used to analyze the statistical difference. Each
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experiment was replicated at least three times independently. P < 0.05 was considered to be statistically significant.

RESULTS

SCIN is highly expressed in glioma

Based on the GEPIA database, we found that the SCIN abundance was remarkably higher in both LGG and GBM than
that of normal tissues (Figure 1A). Consistently, the Clinical Proteomic Tumor Analysis Consortium data showed higher
SCIN protein levels in primary GBM tissues than in normal tissues (Figure 1B). Furthermore, analysis results of the
overall survival curve showed that high levels of SCIN predicted poor prognosis of LGG patients (Figure 1C). However,
SCIN expression was not associated with the prognosis of patients with GBM (Figure 1D).

Relationship between SCIN expression and clinical features of glioma

Then, we analyzed SCIN expression in gliomas with different characteristics based on the CGGA dataset. As displayed in
Figure 2A, SCIN expression was higher in various types of gliomas than in normal tissues. Moreover, the expression of
SCIN increased with advanced tumor grades (Figure 2B). Furthermore, a significant decrease in SCIN expression was
observed in gliomas with IDH mutation and 1p/19q co-deletion (Figures 2C and D). Furthermore, we examined the
expression of SCIN in glioma by qRT-PCR and Immunohistochemical staining. As shown in Figure 2E, the expression
levels of SCIN mRNA were positively correlated with the tumor grades of glioma, and the highest expression was found
in grade IV glioma. In line with these results, Immunohistochemical staining showed strong staining of SCIN in grade IV
glioma tissues, whereas low and moderate staining was observed in grade I-III gliomas (Figure 2F).

Silenced SCIN inhibits malignant behaviors of glioma cells

We constructed three shRNAs targeting SCIN and found that sh-SCIN#3 showed the strongest inhibitory effect on SCIN
expression in both U87 and U251 cells (Supplementary Figure 1A and B). Furthermore, cell viability was most
significantly inhibited by sh-SCIN#3, compared to the other two shRNAs (Supplementary Figure 1C). Thus, sh-SCIN#3
was used in the further experiments. CCK8 assay indicated that cell proliferation was decreased after silencing
endogenous SCIN (Figure 3A), which was also confirmed by colony formation assay in U87 and U251 cells (Figure 3B).
Moreover, the wound-healing assay showed that the SCIN-deficient cells migrated into the scratching area at a
significantly slower rate than those in the sh-NC groups (Figure 3C). Besides, the knockdown of SCIN could inhibit cell
invasive ability (Figure 3D). Therefore, these results suggested that SCIN had a promoting effect on migration and
invasion in glioma cells.

Knockdown of SCIN promotes F-actin depolymerization and inhibits RhoA/FAK signaling in glioma cells

SCIN is an actin severing and capping protein and controls actin organization. Therefore, we investigated the effect of
SCIN on F-actin polymerization in glioma cells. Immunofluorescence with F-actin staining indicated the actin stress fibers
were clustered and arranged in the negative control cells, while the SCIN-deficient cells showed significant morpho-
logical changes, showing sparse disorder of actin stress fibers and less dendrite-like structures (Figure 4A), suggesting
that the mobility activity of the cells was weakened. Consistently, western blot results demonstrated that knockdown of
SCIN suppressed RhoA, Talin, and phosphorylated cofilin and FAK levels in U87 and U251 cells (Figure 4B), indicating
that silenced SCIN inhibited the activation of RhoA /FAK signaling pathway. Notably, the RhoA /FAK pathway is a well-
known F-actin polymerization-related signaling pathway, and its inactivation indicated the weakness of F-actin polymer-
ization[16]. This phenomenon indicates that SCIN regulates F-actin polymerization via RhoA /FAK signaling.

Inhibition of RhoA/FAK signaling reverses SCIN-mediated malignant behaviors in glioma cells

To shed light on the role of RhoA /FAK signaling in SCIN-mediated glioma cell migration and invasion, a selective FAK
inhibitor, PF-573228, and a RhoA inhibitor, CCG1423, were used in SCIN-overexpressed U87 and U251 cells. The wound
healing assays demonstrated that SCIN overexpression promoted the motility of the cells, which was inhibited after
treatment with PF-573228 or CCG1423 (Figure 5A). The Transwell assays revealed that either PF-573228 or CCG1423
treatment reversed the excessive cell invasion induced by SCIN overexpression (Figure 5B). These data indicated that
SCIN promotes malignant behaviors in glioma cells via RhoA /FAK signaling pathway.

DISCUSSION

Glioma is one of the most common brain tumors with rapid progression and dismal prognosis. The occurrence and
development of glioma is a complex process involving multiple factors, levels, and genes. In current study, we found that
SCIN expression was upregulated in glioma tissues and that high levels of SCIN were associated with high tumor grade
and poor prognosis. The depletion of SCIN inhibited the proliferation, invasion, and migration of glioma cells. Mechanist-
ically, SCIN affected cytoskeleton remodeling and inhibited the formation of lamellipodia via RhoA/FAK signaling
pathway. This study identifies the cancer-promoting role of SCIN and provides a potential therapeutic target of SCIN for
glioma treatment.
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Figure 1 Scinderin expression is upregulated in gliomas and associated with the prognosis of patients with lower-grade glioma. A: mRNA
expression of scinderin (SCIN) in lower-grade glioma (LGG), glioblastoma multiforme (GBM), and corresponding normal tissues, was demonstrated by the Gene
Expression Profiling Interactive Analysis database. 2P < 0.05; B: Protein expression of SCIN in GBM and normal tissues was revealed by the UALCAN database. °P <
0.001; C: Relationship between SCIN mRNA expression and overall survival of LGG patients; D: Relationship between SCIN mRNA expression and overall survival
of GBM patients.

Numerous studies revealed aberrant expression of SCIN in several human cancers[17]. It was reported that SCIN was
upregulated in gastric cancer tissues and increased SCIN expression was related to metastasis and poor overall survival
[18]. Overexpression of SCIN was an independent predictor of poor prognosis in colorectal cancer patients[8]. Consistent
with these findings, we found that the expression of SCIN was upregulated in LGG and GBM, and the overexpression of
SCIN correlated with a poor prognosis in LGG patients. Further analysis of data from the CGGA database showed that
higher levels of SCIN correlated with advanced tumor grade, while lower levels of SCIN were associated with IDH
mutation and 1p/19q co-deletion in glioma. Currently, IDH mutation and 1p/19q co-deletion are considered to be good
prognostic factors for patients with glioma[19]. Thus, these results support that SCIN is a potential prognostic biomarker
for glioma.

Further, SCIN has been reported to participate in a variety of cellular biological processes in human cancer cells. Some
studies have shown that SCIN promotes proliferation, inhibits apoptosis, and regulates the cell cycle in several cancers,
including prostate, breast, lung, and hepatocellular cancers[10,20,21]. For example, SCIN is identified as a functional
apoptosis regulator in hepatocellular carcinoma (HCC). Overexpression of SCIN inhibited apoptotic death and promoted
xenografted HCC cell growth, while SCIN knockdown enhanced the chemosensitivity of HCC cells and suppressed
tumor growth in vivo[22]. Other studies revealed the positive role of SCIN in cell migration, invasion, and metastasis[18,
23]. Herein, CCKS8 and colony-forming assays were used to verify that SCIN silencing suppressed cell proliferative ability
in glioma cells. Meanwhile, wound healing and Transwell invasion assays revealed that SCIN silencing repressed cell
migratory and invasive capabilities of glioma cells. These findings were consistent with previous reports, confirming the
carcinogenic activity of SCIN in glioma cells.
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Figure 2 Relationship between scinderin mRNA expression and clinical features of glioma. A: Expression of scinderin (SCIN) in various types of
gliomas; B: Expression of SCIN in World Health Organization I-IV gliomas; C: Expression of SCIN was reduced in gliomas with IDH mutation; D: Expression of SCIN
was reduced in gliomas with 1p/19q co-deletion; E: Quantitative real-time polymerase chain reaction analysis of the transcriptional levels of SCIN in clinical tissues of
Grade II-IV gliomas. °P < 0.01, °P < 0.001; F: Representative images of the SCIN protein expression in clinical tissues of Grade II-IV gliomas by immunohistochemical
staining. Scale bar: 100 ym.

Cytoskeleton constituents, including F-actin, maintain epithelial integrity and their disruption is a major cause of
cancer progression[24]. SCIN, as an important regulator of F-actin organization, regulates actin filament dynamics[6].
Previous studies showed that the dysfunction of SCIN promoted cytoskeleton remodeling, resulting in changes in cellular
behaviors. High levels of SCIN were observed in gastric cancer and silenced SCIN suppressed metastasis of gastric cancer
cells, and decreased filopodium formation[18]. SCIN is involved in subcortical actin remodeling and promotes the
formation of cell extensions and collagen degradation in MCF7 cells, thereby affecting matrix invasion and metastasis
[25]. In this study, aggregated and arranged actin stress fibers were observed in the glioma cells, while the knockdown of
SCIN caused the formation of sparse and disordered actin stress fibers. Accordingly, we suggest that SCIN may play a
key role in F-actin polymerization. The reduction of actin stress fibers indicates that cell migration is inhibited, which
explains the phenomenon of inhibited cell migration caused by SCIN loss at the subcellular levels.

FAK and RhoA have been shown to play critical roles in the F-actin reorganization, leading to tumor invasion[26]. The
role of RhoA in regulating actin-filament formation has been well described[27]. RhoA promotes F-actin formation in
various cancer cells[28,29]. FAK serves as a scaffolding protein for the binding sites of multiple oncogenic tyrosine
kinases and regulates diverse cellular processes, including adhesion, migration, invasion, and metastasis[30]. Our invest-
igation showed that SCIN silencing inhibited the expression levels of RhoA, p-cofilin, p-FAK, and Talin. To further clarify
whether the FAK/RhoA signaling axis may be involved in SCIN-mediated migration and invasive activity of glioma
cells, PF-573228 or CCG1423 was used to inhibit the FAK or RhoA activity in SCIN-overexpressed glioma cells.
Expectedly, PF-573228 or CCG1423 suppressed the migration and invasiveness of glioma cells. Collectively, SCIN has the
potential to promote malignant behaviors and F-actin polymerization in human glioma cells, and the underlying
mechanism is related to the activation of the RhoA/FAK signaling axis.
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Figure 3 Scinderin silencing inhibits glioma cell malignant behaviors. A: Cell proliferation was assessed using the Cell Counting Kit-8; B: U87 and
U251 cells were transfected with scinderin (SCIN) short hairpin RNAs (shRNAs) to determine cell proliferation by colony formation assay; C: Effect of downregulated
SCIN on the migration of U87 and U251 was evaluated by a wound-healing assay. Scale bar = 100 um; D: Transwell assay with Matrigel was performed to examine
the invasion property. °P < 0.01, °P < 0.001.
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Figure 4 Scinderin silencing promotes F-actin depolymerization and inhibits RhoA/focal adhesion kinase signaling of glioma cells. A: F-
actin cytoskeleton in glioma cells was visualized using Phalloidin staining (green). Scinderin (SCIN) led to a diminution of ruffles and pseudopods on the cell surface;
B: Knockdown of SCIN reduced the expression of p-cofilin, RhoA, p-focal adhesion kinase, and Talin, as demonstrated by western blotting. 2P < 0.05, °P < 0.01, °P <
0.001.
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Figure 5 Inhibition of RhoA-focal adhesion kinase signaling reverses scinderin -mediated malignant behaviors in glioma cells. A: Effects of
PF-573228 and Y-27632 on the migration of U87 and U251 cells, evaluated by wound healing assay; B: Transwell assay with Matrigel was performed to examine the
invasion property. 3P < 0.05, °P < 0.01, °P < 0.001 vs the Vector groups; P < 0.05, ®P < 0.01, P < 0.001 vs the SCIN_OE groups.

CONCLUSION

In summary, SCIN promotes cell proliferation, migration, and invasion of glioma cells through remodeling the actin
cytoskeleton. Our work illustrates a novel mechanism of SCIN-mediated glioma progression and suggests the possibility
that SCIN might be a potential therapeutic target for glioma treatment.
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ARTICLE HIGHLIGHTS

Research background

Glioma is one of the most common intracranial tumors, characterized by invasive growth and poor prognosis. Actin
cytoskeletal rearrangement is an essential event of tumor cell migration. The actin dynamics-related protein scinderin
(SCIN) has been reported to be closely related to tumor cell mobility and invasion in several cancers.

Research motivation
The biological role and molecular mechanism of SCIN in glioma remain unclear.

Research objectives
This study aims to investigate the role and mechanism of SCIN in glioma.

Research methods

The expression and clinical significance of SCIN were analyzed in glioma based on public databases. Then, we utilized
SCIN-specific short hairpin RNAs to knock down SCIN expression in glioma cell lines and observed the effects of SCIN
silencing on the proliferative, migrative, and invasive abilities of glioma cells. Furthermore, the effect of SCIN silencing
on the cytoskeleton of glioma cells was also investigated.

Research results

SCIN expression was significantly elevated in glioma, and high levels of SCIN were associated with advanced tumor
grade and wild-type dehydrogenase. SCIN-deficient cells exhibited repressed proliferation, migration, and invasion in
U87 and U251 cells. The knockdown of SCIN promotes F-actin depolymerization in U87 and U251 cells via inhibiting
RhoA/FAK signaling.

Research conclusions
Our work illustrates a novel mechanism of SCIN-mediated glioma progression and suggests the possibility that SCIN
might be a potential therapeutic target for glioma treatment.

Research perspectives
To explore SCIN as a biomarker for glioma diagnosis in more clinical samples. To investigate the potential anticancer
value of SCIN as an intervention target in vivo.
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Abstract

BACKGROUND

Heat shock protein A4 (HSPA4) belongs to molecular chaperone protein family
which plays important roles within variable cellular activities, including cancer
initiation and progression. However, the prognostic and immunological
significance of HSPA4 in lung adenocarcinoma (LUAD) has not been revealed yet.

AIM
To explore the prognostic and immunological roles of HSPA4 to identify a novel
prognostic biomarker and therapeutic target for LUAD.

METHODS

We assessed the prognostic and immunological significance of HSPA4 in LUAD
using data from The Cancer Genome Atlas database. The association between
HSPA4 expression and clinical-pathological features was assessed through
Kruskal-Wallis and Wilcoxon signed-rank test. Univariate/multivariate Cox
regression analyses and Kaplan-Meier curves were employed to evaluate
prognostic factors, including HSPA4, in LUAD. Gene set enrichment analysis
(GSEA) was conducted to identify the key signaling pathways associated with
HSPAA4. The correlation between HSPA4 expression and cancer immune infilt-
ration was evaluated using single-sample gene set enrichment analysis (ssGSEA).

RESULTS
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Overexpressing HSPA4 was significantly related to advanced pathologic TNM stage, advanced pathologic stage,
progression disease status of primary therapy outcome and female subgroups with LUAD. In addition, increased
HSPA4 expression was found to be related to worse disease-specific survival and overall survival. GSEA analysis
indicated a significant correlation between HSPA4 and cell cycle regulation and immune response, particularly
through diminishing the function of cytotoxicity cells and CD8 T cells. The ssGSEA algorithm showed a positive
correlation between HSPA4 expression and infiltrating levels of Th2 cells, while a negative correlation was
observed with cytotoxic cell infiltration levels.

CONCLUSION
Our findings indicate HSPA4 is related to prognosis and immune cell infiltrates and may act as a novel prognostic
biomarker and therapeutic target for LUAD.

Key Words: Heat shock protein A4; Lung adenocarcinoma; Tumor-infiltration; Prognosis; T helper cells

©The Author(s) 2024. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Overexpressing heat shock protein A4 (HSPA4) was significantly related to advanced pathologic TNM stage,
advanced pathologic stage, progression disease status of primary therapy outcome and female subgroups with lung adenocar-
cinoma. In addition, increased HSPA4 expression was also found to be related to worse disease-specific survival and overall
survival. Gene set enrichment analysis indicated a significant correlation between HSPA4 and cell cycle regulation and
immune response, particularly through diminishing the function of cytotoxicity cells and CD8 T cells. The single-sample
gene set enrichment analysis algorithm showed a positive correlation between HSPA4 expression and infiltrating levels of
Th2 cells, while a negative correlation was observed with cytotoxic cell infiltration levels.
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INTRODUCTION

Lung cancer remains a highly prevalent and deadly disease, causing the most cancer-related deaths globally. It is
estimated that there are 2 million new diagnosed cases and more than 1.7 million deaths from lung cancer each year[1].
Lung adenocarcinoma (LUAD), the most prevalent histological subtype of lung cancer, exhibits significant morphological
diversity and consists of tumor cells representing various histological subtypes[2]. The discovery of actionable oncogenic
mutations has revolutionized cancer treatment, leading to the development of targeted therapies that specifically inhibit
driver mutations. For instance, epidermal growth factor receptor (EGFR)-tyrosine kinase inhibitors have demonstrated
superior tumor response and longer progression-free survival in patients with EGFR-mutated LUAD compared to
traditional chemotherapy[3-5]. However, despite these advancements, advanced-stage LUAD remains largely incurable
due to the emergence of therapeutic resistance mechanisms[6-8]. Identifying new oncogenic driver genes, and
understanding their roles can assist us better comprehend the biological characteristics of the disease and provide new
targets for precision therapy[9]. Through analyzing large-scale tumor genomic data, the researchers can find new
oncogenic driver genes and further study their roles to promote the development of personalized treatments and make
therapies more precise and effective[10,11]. Additionally, the search for novel prognostic markers is also important
avenue to help predict the outcomes and disease progression, and make early predictions of treatment efficacy and
prognosis, thereby adjusting treatment strategies and developing personalized treatment plans[12]. Some prognostic
biomarkers, such as tumor staging and gene expression profiles, are already widely used in clinical practice[13].
However, due to the high heterogeneity of LUAD, existing prognostic biomarkers are not sufficient to accurately predict
disease progression and prognosis for every individual patient. Therefore, the search for novel prognostic biomarkers is
crucial for guiding treatment strategies and evaluating treatment efficacy in LUAD[14]. Elevated levels of structurally
unstable proteins contribute to the genetic instability and continuous proliferation observed in cancer cells[15].
Additionally, cancer cells experience heightened metabolism and protein synthesis, leading to a persistent state of cellular
stress that must be counterbalanced[16,17]. As a result, tumor cells heavily rely on the maintenance of protein
homeostasis through molecular chaperones. As we all know, the 70-kDa heat shock proteins (HSP70s), which are present
throughout the cell, play a vital role in the folding and remodeling of all cellular proteins[18,19]. In turn, the HSP70s
released by cancer cells can affect the malignant characteristics through receptor-mediated signaling pathways[20,21].
Several studies have demonstrated an upregulation of HSP70 expression in various human malignant tumors[22,23].
Heat shock protein A4 (HSPA4) is a heat shock protein that acts as a co-chaperone for HSP70. HSPA4 overexpression has
been associated with increased cell survival, enhanced metastatic potential, and resistance to apoptosis, and acts as
potential prognostic markers in various cancers[24-26]. HSPA4 has been found to regulate the function of many immune
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cells involved in the anti-tumor immune response, and modulates the activity of macrophages, dendritic cells, and
natural killer cells, among others, influencing their ability to recognize and eliminate cancer cells[26,27]. However, the
functional role of HSPA4 in LUAD has not been explored. Therefore, we conducted this comprehensive study to explore
the prognostic and immunological significance of HSPA4 and the potential molecular mechanisms involved in LUAD
development, in order to provide novel prognostic markers and potential therapeutic targets for this malignancy disease.

MATERIALS AND METHODS

Data collection and preparation

RNA-Seq profile and related clinical information of 539 LUAD samples and 59 adjacent normal tissues were obtained
from The Cancer Genome Atlas (TCGA) database (https://portal.gdc.cancer.gov/). Then, the RNA-seq data in FPKM
format was transformed to TPM format. Our analysis strictly adhered to the publication guidelines provided by the
TCGA database.

Differentially expressed gene analysis

The LUAD samples included in this study were assigned into two groups according to the median value of HSPA4
expression. Subsequently, we performed further analysis using the student’s t-test through the DESeq2 R package
(version 3.6.3) to identify genes that showed differential expression between these two groups. To determine significant
differential expression, we applied a threshold of adjusted P value < 0.05 and |log2-fold change (FC)| > 1.5. Genes that
met the criteria were considered as the differentially expressed genes (DEGs).

Enrichment analysis

To explore the functional implications of DEGs between the above high HSPA4 expression group and the low HSPA4
expression group, we conducted gene ontology (GO) and gene set enrichment analysis (GSEA) functional enrichment
analyses. These analyses were conducted using the ClusterProfiler package in R (version 3.6.3). For GO analysis, which
encompasses cellular component, molecular function, and biological process, we identified significantly enriched GO
terms associated with these DEGs. GSEA, on the other hand, is a computational method that assesses whether a defined
gene set shows concordant differences and statistically significant between two biological states. In our study, we utilized
GSEA to identify signaling pathways and gene sets that were enriched in each phenotype. To sort the enriched pathways,
we employed the normalized enrichment score and adjusted p-value. In both GO analysis and GSEA, we considered gene
sets with an adjusted P value < 0.05 and a false discovery rate (FDR) < 0.25 as significantly enriched, indicating their
potential relevance to the phenotypic differences observed.

Immune infiltration analysis

To examine the association between HSPA4 and the hub genes of 24 different types of the immune cells, we employed
single-sample gene set enrichment analysis (ssGSEA) within the R GSVA package. This approach allowed us to assess the
correlation between HSPA4 expression status and immune cell signatures. Additionally, we systematically analyzed the
published literature to investigate the immune infiltrates associated with HSPA4. To compare the immune cell infiltrates
between the HSPA4 high and low expression groups, we utilized two statistical methods. Firstly, we conducted the
Spearman correlation analysis to evaluate the relationship between HSPA4 expression and the abundance of
immunocytes. Secondly, we applied the Wilcoxon rank-sum test to determine any significant differences in immune cell
infiltrates between the two expression groups of HSPA4. By employing these methods, we aimed to gain insights into the
potential role of HSPA4 in modulating immune cell infiltrates and its implications in the context of the published
literature.

Protein—protein interaction network

To explore the protein-protein interactions (PPIs) among co-regulated DEGs, we utilized the Search Tool for the Retrieval
of Interacting Genes (STRING) database (http://string-db.org). The PPI network was constructed based on the functional
interactions between the proteins encoded by these DEGs. In our study, we set a combined score threshold of 0.7 to
determine the reliability of the protein interactions. The STRING database provides a comprehensive score for each
protein pair relationship, ranging from 0 to 1. The higher total score always indicates the more reliable PPI networks. To
visualize and analyze the PPI network, we utilized the STRING database interface, which offers interactive visualizations
and various tools for exploring the functional associations among proteins. By employing the STRING database, we
aimed to gain insights into the protein interactions and functional associations among the co-regulated DEGs in our
study.

Validation analysis
We evaluated the prognostic value of HSPA4 expressions in three independent datasets (GSE31210, GSE13213, and
HARVARD-LC).

Statistical analysis
We performed the analyses in this study by R 3.6.3. First, Wilcoxon rank-sum test and Wilcoxon signed-rank test were
performed to evaluate HSPA4 expression between LUAD tissues and the adjacent normal lung tissues. The correlation
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Table 1 Demographic and clinicopathological parameters of high and low HSPA4 expression group patients in The Cancer Genome

Atlas - lung adenocarcinoma, n (%)

Characteristics Low expression of HSPA4 High expression of HSPA4 Pvalue
n 269 270

Pathologic T stage 0.141
T1 99 (18.5) 77 (14.4)

T2 137 (25.6) 155 (28.9)

T3 & T4 33 (6.2) 35 (6.5)

Pathologic N stage 0.028
NO 189 (36.1) 161 (30.8)

N1 41 (7.8) 56 (10.7)

N2 & N3 31(5.9) 45 (8.6)

Pathologic stage 0.012
Stage [ 163 (30.7) 133 (25)

Stage II 58 (10.9) 67 (12.6)

Stage III & Stage IV 43 (8.1) 67 (12.6)

Gender 0.410
Female 149 (27.6) 140 (26)

Male 120 (22.3) 130 (24.1)

Primary therapy outcome <0.001
PD 22 (4.9) 49 (10.9)

SD & PR 22 (4.9) 22 (4.9)

CR 186 (41.4) 148 (33)

OS event 0.002
Alive 190 (35.3) 157 (29.1)

Dead 79 (14.7) 113 (21)

CR: Complete response; PD: Progressive disease; SD: Stable disease; PR: Partial response; OS: Overall survival.

between clinicopathological factors and HSPA4 expression was assessed by Welch one-way ANOVA. Univariate logistic
regression analysis was conducted to evaluate the effect of clinicopathological features on HSPA4 expression. Moreover,
univariate and multivariate Cox regression analyses in this study were used to evaluate the prognostic significance of
clinicopathological features and HSPA4 expression on survival of LUAD patients. The prognostic significance of HSPA4
was estimated by the Kaplan-Meier curves. Two-tailed P < 0.05 was considered as the statistical significance.

RESULTS

Baseline characteristics

The clinical information, including the age, gender, T stage, pathologic stage, primary therapy outcome, and overall
survival (OS) event, of 539 LUAD samples was shown in Table 1. After excluding the samples without complete
information, a total of 539 samples were analyzed in this study. The result of Fisher’s exact test revealed that HSPA4 was
significantly associated with the OS event of LUAD patients (P = 0.02). And the result of chi-square test showed that
HSPAA4 significantly correlated with N stage (P = 0.028), pathologic stage (P = 0.012), and primary therapy outcome (P <
0.001). However, no significant correlation was observed between HSPA4 expression and other clinicopathological
variables.

Differential expression analysis of HSPA4 in LUAD

Based on the HTSeq-Counts data of HSPA4-related genes obtained from TCGA, we conducted a differential expression
analysis to identify DEGs using a cut-off criterion of |logFC| > 1.5 and adjusted P value < 0.05. A total of 150 DEGs were
detected, with 40 genes upregulated and 110 genes downregulated. To visually represent the expression patterns of these
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Figure 1 The results of differentially expressed genes analysis. A: The volcano plot of differentially expressed RNAs; B and C: The different expressions

of HSPA4 between lung adenocarcinoma and adjacent normal tissues; D: Heatmap of the 25 genes correlated to HSPA4. Statistical significance is expressed as °P <
0.0001.

DEGs, we created a volcano plot (Figure 1A). Further analyses were conducted to explore the expression of HSPA4
specifically. Both unpaired and paired differential expression analyses were conducted to compare HSPA4 expression
between the normal and LUAD groups. The results indicated that HSPA4 was significantly upregulated in tumor
samples compared with normal tissues (Figure 1B and C). To investigate the correlation between HSPA4 and other genes,
we generated a heatmap depicting the expression levels of HSPA4 along with 25 selected genes (Figure 1D). This
heatmap provides a visual representation of the relationship between HSPA4 and these genes.

In addition, we also evaluated the protein level of HSPA4 between LUAD samples and adjacent normal tissues based
on the UALCAN database which provides protein expression analysis option using data from CPTAC and ICPC datasets.
The results showed that both the total- and phosphor-protein levels of HSPA4 were significantly increased in LUAD
tissues than those in adjacent normal tissues (Supplementary Figure 1).
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Figure 2 Enrichment analysis of HSPA4 in lung adenocarcinoma. A: Biological process enrichment related to HSPA4-related genes; B: A network of
HSPA4 and its 10 potential co-interaction proteins; C and D: The results of enrichment analysis from gene set enrichment analysis.

Functional enrichment analysis of DEGs

GO analysis suggested that the DEG-related HSPA4 had important regulation on neutrophil extracellular trap formation,
alcoholism, systemic lupus erythematosus, olfactory receptor activity, protein-DNA complex, DNA packaging complex,
nucleosome, protein-DNA complex assembly, nucleosome organization, nucleosome assembly, protein heterodimer-
ization activity, and bitter taste receptor activity (Figure 2A). And, the PPI network of HSPA4 and the potential co-
expression genes in HSPA4-related DEGs were exhibited in Figure 2B.

To further explore the underlying biological function of HSPA4, GSEA analysis between the low and the high HSPA4
expression groups were executed to identify the GO terms and KEGG pathways related to HSPA4. A total of 425
pathways were significantly different in the enrichment of GO terms and KEGG signaling pathways within the high
HSPAA4 expression samples (FDR < 0.25 and adjusted P < 0.05). The GSEA analysis revealed that retinoblastoma gene in
cancer, mitotic spindle checkpoint, ATR pathway, PLK1 pathway, and cell cycle were positively associated with high
expression levels of HSPA4 (Figure 2C). HDACS deacetylate histones, DNA methylation, ERCC6 CSB and EHMT2 G9A
positively regulate RRNA expression, activated PKN1 stimulates transcription of AR androgen receptor regulated genes
KLK2 AND KLK3, SIRT1 negatively regulates RRNA expression were negatively associated with high expression levels
of HSPA4 (Figure 2D). These results showed that the signaling pathways that regulated the immunoglobulin complex,
DNA methylation, and cell cycle control were strongly related to HSPA4 expression.
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Table 2 The COX regression analysis about clinicopathological characteristics associated with the survival of lung adenocarcinoma

patients

Univariate analysis Multivariate analysis
Characteristics Total (N)
Hazard ratio (95%Cl) P value Hazard ratio (95%Cl) Pvalue
Pathologic T stage 527
T1 176 Reference Reference
T2 285 1.507 (1.059-2.146) 0.023 1.086 (0.726-1.624) 0.687
T3 & T4 66 3.095 (1.967-4.868) <0.001 1.571 (0.827-2.984) 0.168
Pathologic N stage 514
NO 345 Reference Reference
N1 96 2.293 (1.632-3.221) <0.001 1.293 (0.653-2.560) 0.461
N2 & N3 73 2.993 (2.057-4.354) <0.001 1.774 (0.906-3.471) 0.094
Pathologic stage 522
Stage I 292 Reference Reference
Stage II & stage III & stage IV 230 2.889 (2.141-3.897) <0.001 1.587 (0.789-3.193) 0.195
Age 520
<65 257 Reference
> 65 263 1.216 (0.910-1.625) 0.186
Gender 530
Female 283 Reference
Male 247 1.087 (0.816-1.448) 0.569
Number pack years smoked 363
<40 183 Reference
240 180 1.073 (0.753-1.528) 0.697
HSPA4 530
Low 266 Reference Reference
High 264 1.476 (1.104-1.972) 0.009 1.356 (0.967-1.901) 0.078

Correlation between HSPA4 expression and immune cell infiltration

The correlation between the HSPA4 expression and the immune cell infiltrates quantified as the ssGSEA score was
evaluated by Spearman correlation analysis. Both the infiltration levels of T cells and CD8 T cells display a significantly
negative correlation with HSPA4 expression (P = 0.001) (Figure 3A and B). The infiltration levels of B cells and cytotoxic
cells also display a significantly negative correlation with HSPA4 expression (P < 0.001) (Figure 3C and D). On the other
hand, the infiltration levels of Th2 cells and T helper cells showed a significantly positive correlation with HSPA4
expression (P < 0.05) (Figure 3E and F). Th2 cells, Tem, T helper cells, dendritic cell (DC), aDC, neutrophils, macrophages,
and eosinophils, have also shown a positive relation with HSPA4. Treg, natural killer (NK) CD56dim cells, NK cells, Tgd,
mast cells, Tem, Th1 cells, iDC, Th17 cells, CD8 T cells, T cells, NK CD56bright cells, cytotoxic cells, TFH, pDC, and B cells
were negatively related to HSPA4 expression (Figure 3G). These above results showed the significant value of HSPA4 in
immune cell infiltration of LUAD tissues. A heatmap was used to evaluate and visualize the varying degrees of
correlation between 24 subtypes of tumor-infiltrating immune cells (Figure 3H).

Correlation between HSPA4 expression and clinicopathological variables
The result of Welch one-way ANOVA with Bonferroni correction analysis demonstrated that increased HSPA4
expression was significantly associated with advanced pathologic TNM stages (Figure 4A-C). And, the t-test also showed
that high HSPA4 expression indicated advanced pathologic stage, and PD of primary therapy outcome (Figure 4D and E).
Thus, increased HSPA4 expression indicated advanced tumor stage and poor primary therapy outcome. In addition, the
female patients with LUAD had increased HSPA4 expression levels compared with male patients with LUAD (Figure 4F).
In this Cox regression analysis model, the univariate Cox regression analysis revealed that the TN stage, pathologic
stage, and HSPA4 expression significantly correlated with poor survival of patients with LUAD (P < 0.05) (Table 2).

Buisnidenge VVICO | hittps:/ /www.wijgnet.com 51 January 24,2024 | Volume15 | Issuel |



Wu X et al. HSPA4 in lung adenocarcinoma

A . B C .
o0, ™ ©
L] 2 é)
o & 065 & 057
] = 8
(5] © m
= Q w= 0.4
%S O [} -
= ‘G 0.60 4 <
[ € [
£ 3 £ 031
'S £ © ~e
£ S 0.55- & 8
w ® © 7, © spearman £ ® . Spearman %02 o o
R=-0.139 w . R=-0.138 o o "deR=-0.281
0.2 1 . P=0.001 L P =0.001 o . P<0.001
T T T T T T T T T T T T
5 6 7 8 5 6 7 8 5 6 7 8
The expression of HSPA4 The expression of HSPA4 The expression of HSPA4
Log, (TPM+1) Log, (TPM+1) Log, (TPM+1)
D E F °
o} » ° @
@ 050 1 3 3
8 2 g 0.70 4
o~ ] o
£ 0451 g £ °
s 9) b
S 0401 S 2
g = S 0.65
< Q £
S € b <
E 0.35 1 . 8 oe 5 ® A ke PO o
w o 9 o‘b Spearman £ 034 % ~ Spearman c 0 ® ‘% Spearman
o°oo R=0.265 w coe R=-0171 w o ® e R=0.120
0.30 - o, P<0001 ¢ e, P<0001 0.60 - o® P=0.005
5 6 7 8 5 6 7 8 5 6 7 8
The expression of HSPA4 The expression of HSPA4 The expression of HSPA4
Log, (TPM+1) Log, (TPM+1) Log, (TPM+1)
G HSPA4
Th2 cells ———— @ |Rr=0.265"
Tem —@ R=0.161"
T helper cells —0 R=0.120"
DC - -0 R =0.026"
aDC A -0 R =0.026"
Neutrophils - o R =0.013"
Macrophages - > R =0.005"
Eosinophils - b R =0.002"
TReg 1 o R =-0.017"
NK CD56dim cells o R =-0.018"
NK cells o R =-0.027"™
Tgd - - R =-0.032"
Mast cells o R =-0.039"
Tem + o R =-0.042"
Th1 cells 4 o R =-0.043"
iDC A o— R =-0.049"
Th17 cells o— R =-0.052"
CDB8 T cells - — R=-0.138"
T cells - o— R =-0.139"
NK CDS56bright cells — R =-0.140"
Cytotoxic cells - @ —— R=-0171
TFH A o0— R=-0.180"
pDC - o R=-0.201"
Beells {(————— R=-0.281°
Ll T T L

1
-03 -02 -01 00 01 0.2
Correlation

Gwishidenge VVICO | https://www.wignet.com 52 January 24,2024 | Volume15 | Issuel |



Wu X et al. HSPA4 in lung adenocarcinoma

H HSPA4 * * * * * * * * * *
aDC * | * Pl I S D I D I D * * | * *
Bce"s * * * * * * * * * * %* * * * * * * * *
CDSTce"S * * * * * * * * * * * * * * * * * w * * *
Cytotoxic cells | * * x| x [ x| x| 2] . * % * | x| x [ x| x * |« [P
DC * * * * * * * * * * * * * * * * *
EOSinOphiIS * * * * * * %* %* * * * * * * %* * %* * * *
iDC * | x| x| * R O e * | * * | x| x| *
Macrophages * * [ ] * * * %* * * * * * * * * *
Mast cells * | % | % | % [ * * | * * | % | * * | % | * * | % | % |
Neutrophils | x| x| %[ %] %] % * M D w | x| % [ * | % | spco0s
NK CDSSbrlght cells * * * * * * * * * * * * * * * * * Cor
P
NK CD56dim cells * | * | % i * * * * * * * * | % | * * * * | * * * 05
NK cells * | k| % | % | k| x| x| x| x| x| x| * | x| * * | * * * | * 0.0
-0.5
de [ [ o [ x| de [ae ] n [ w [ w | x| ] x| x] % * * | * * | * *
pDC =0
TCG"S * * * * * * * * * * * * * * * * .
T helpel’ cells * * * * * * * * * * * * * * * * * * *
Tem | * * * * * | * * | * * * | %
Tem * * * * * v * o * * v * * * * * * W *
TRH | * | * P S0 S D e R e R I I D e e e * N S I I
ng * * * * * e * *
_— TEFFFECE PR .
Th17 cells | % [ %] %] % * * * * * * | *
Th2 cells * * L) * L) * * e * * * * * L * W * *
TReg * * * * * * B * * * * * * * * * * *
X O @ @ @ OO 2 O &2 9@ 2 @ @ 2 O @ O @ @ ©
& PP FE P PP PP PSS @ P
L QAT o .S SIS SN A9 & ANUat e
® &5 K& &S & NP
00 P 2y 7 N I ¢S & &
< N
N o°°§°+°
SN

DOI: 10.5306/wjco.v15.i1.45 Copyright ©The Author(s) 2024.

Figure 3 The results of analysis between HSPA4 expression and immune infiltration. A: The negative correlation between HSPA4 expression and T
cells; B: CD8 T cells; C: B cells; D: Cytotoxic cells; E: The negative correlation between HSPA4 expression and Th2 cells; F: T helper cells; G: Correlation between
HSPA4 expression level and the relative abundances of 24 immune cells; H: Heatmap of 24 immune infiltration cells in lung adenocarcinoma.

Multivariate Cox regression analysis indicated that T, N stage, pathologic stage and HSPA4 expression were
independent factors for the survival of LUAD patients (P < 0.05) (Figure 5A).

Additionally, we evaluated the association between survival status and distribution of HSPA4 expression, and
expression profile among LUAD samples. The plot features blue dots to depict surviving samples, while red dots
represent dead samples. The upper line signifies the median risk score, with the left side denoting low-risk group charac-
terized by less HSPA4 expression (Figure 5B). Conversely, right side of dotted line indicates high-risk samples, displaying
higher levels of HSPA4 expression. As the risk score increases, there is a gradual rise in the number of orange dots,
indicating an increase in deceased LUAD patients. This observation suggests that individuals categorized in the high-risk
group face inferior survival outcomes and a heightened risk of mortality.

Furthermore, to assess the potential clinical use of HSPA4 expression, we developed a nomogram with the HSPA4
expression and traditional clinical prognostic factors, including TN stage, pathologic stage, and age, to predict the
survival status in patients with LUAD (Figure 5C).

The Kaplan-Meier survival curve was drawn to assess the prognostic value of HSPA4 in patients with LUAD by R
package survminer. LUAD samples were subsequently assigned into low and high HSPA4 expression groups based on
the median expression value. The increased HSPA4 expression group tend to be significantly related to poor overall
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Figure 4 Correlation between the HSPA4 expression and different clinicopathologic characteristics. A: Correlation between the HSPA4

expression and the pathologic T stage; B: N stage; C: M stage; D: Pathologic stage; E: Primary therapy outcome; F: Gender. Statistical significance is expressed as ®
P <0.05,°P <0.01, °P < 0.0001.

survival (HR =1.51, P = 0.056) and disease specific survival (HR =1.40, P = 0.071) (Figure 6A and B).
The increased HSPA4expression of was also related to worse survival in the T2 subgroup of T stage (P = 0.038), M0

subgroup of M stage (P = 0.006), age > 65 subgroup (P = 0.003), female subgroup (P = 0.021), smoker subgroup (P = 0.03),
and stage III subgroup of pathologic stage (P = 0.061) (Figure 6C-H).

Data validation

In all three independent datasets, Kaplan-Meier survival curves showed that high HSPA4 mRNA expression group
exhibited a significantly poor survival compared to the low HSPA4 mRNA expression group (P < 0.05) (Figure 7).

HSPA4 methylation in patients with LUAD

The MethSurv tool was utilized to examine the association between DNA methylation levels of HSPA4 and the
prognostic value of individual CpG sites. The analysis identified 13 methylation CpG sites, with c¢g05996250 and
cg07474441 displaying the highest levels of DNA methylation (Figure 8). Among these CpG sites, seven of them, namely
cg02067788, cg23946014, cg05996250, and cg07474441, exhibited a significant correlation with prognosis (P < 0.05)
(Figure 8). Patients with decreased methylation levels of these CpG sites in HSPA4 experienced poorer overall survival
compared to those with elevated HSPA4 methylation levels. Since increased methylation level means low expression of

HSPA4, which indicates that patients with elevated expression of HSPA4 have a poor prognosis, which is consistent with
the results in Figures 6 and 7.

DISCUSSION

LUAD is a common malignant tumor with prognosis influenced by various factors. Treatment options for patients with
LUAD are limited, especially for those without actionable drug targets. However, some immunotherapy approaches,
including immune checkpoint inhibitors (ICIs), and adoptive cellular therapy, have been shown effective for some
LUADs. Nevertheless, there are also many challenges, including the lack of initial response and resistance overtime to
ICIs in certain subgroups of cancers, that need to be addressed in order to broaden the application[28]. Therefore, it is
necessary to study the molecular mechanisms underlying ICIs resistance to develop strategies to enhance Immuno-
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Figure 5 The prognostic value of HSPA4 in lung adenocarcinoma. A: Multivariate Cox regression visualized in the forest plot; B: HSPA4 expression
distribution and survival status. 0: dead, 1: alive; C: Nomogram with the HSPA4 expression and traditional clinical prognostic factors.
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Figure 6 The prognostic value of HSPA4 in the different subgroups. A and B: The prognostic value of HSPA4 in overall survival and disease specific
survival of lung adenocarcinoma patients; C-H: High expression of HSPA4 was associated with worse overall survival in different subgroups.

therapy response.

In this study, we found that LUAD patients with high HSPA4 expression had worse overall survival and disease-
specific survival, which is consistent with previous research evidences, supporting HSPA4 as a potential biomarker for
evaluating the prognosis of LUAD patients. Previous evidences have shown that abnormal expression of HSPA4 is
related to the occurrence and development of various tumors[23,29].

In addition, further subgroup analysis showed a positive correlation between high HSPA4 expression and worse
survival in the T2 stage, MO stage, age > 65 years, female, smoker, and pathological stage III subgroups. This indicates
that HSPA4 may have promising predictive value in these specific subgroups and provide important information for
individualized treatment decisions. For example, more aggressive treatment strategies may be needed for those with
higher pathological stages in response to the malignant biological behavior represented by high HSPA4 expression.

When it comes to immune regulation in LUAD, the functional enrichment analysis demonstrated that HSPA4 plays
crucial roles in the antigen presentation process, which is essential for the activation of T cells and the initiation of an
immune response against cancer cells. It assists in the proper folding and assembly of antigens, facilitating their
presentation on major histocompatibility complex molecules. This process enables immune cells to recognize and target
cancer cells more effectively[30]. Furthermore, in our study, HSPA4 has been found to regulate the function of various
immune cells involved in the anti-tumor immune response. It modulates the activity of dendritic cells, macrophages, and
natural killer cells, among others, influencing their ability to recognize and eliminate cancer cells. HSPA4 can promote
antigen cross-presentation by DCs and enhance the cytotoxicity of natural killer cells, thus improving the immune
response against cancer. HSPA4 expression in the tumor microenvironment can influence immune cell infiltration. It has
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Figure 7 The prognostic value of HSPA4 in three independent datasets. A: The prognostic value of HSPA4 in GSE31210 database; B: GSE13213
database; C: HARVARD-LC database.

been observed that high levels of HSPA4 are associated with decreased infiltration of immune cells, such as cytotoxic T
cells and CD 8 T cells, into tumors. This infiltration is linked to improved prognosis in certain cancers[31].

Overall, HSPA4 plays a multifaceted role in immune regulation in LUAD. It facilitates antigen presentation, promotes
immunogenic cell death, modulates immune cell function, and influences the tumor microenvironment. Further research
is still needed to fully understand the molecular mechanisms underlying the correlation between HSPA4 and immune
regulation in LUAD.

Subsequently, we developed a Nomogram model that combines HSPA4 expression with traditional clinical prognostic
factors such as TNM stage, pathological stage, and age. This Nomogram model provides clinicians with an intuitive tool
to more accurately assess the prognosis of LUAD patients and tailor individualized treatment strategies. The compre-
hensive predictive model integrating clinical and molecular biology information allows for a more comprehensive
evaluation of patient prognostic risk and provides robust support for clinical decision-making. The HSPA4 expression
and the combined nomogram model were of great significance in prognostic prediction for LUAD patients. The increased
HSPA4 expression had been shown to indicate an immunosuppressive microenvironment, which maybe contribute to the
immunotherapy resistance in the treatment of LUAD patients. The HSPA4 inhibitor addition may enhance the
therapeutic response to immune checkpoint blockade, thereby optimizing treating strategies and drug application.

Although this study provides preliminary exploration of the potential of HSPA4 as a prognostic biomarker for LUAD
patients, there are still some limitations. Firstly, our study is based on retrospective analysis and may have selection bias.
Further prospective and multicenter validation studies will help better define the prognostic value of HSPA4. Moreover,
this study only focused on the expression level of the HSPA4 gene and did not investigate its regulatory mechanisms and
functions. Future research can delve into the biological characteristics of HSPA4 to reveal the specific role in the initiation
and progression of LUAD.

CONCLUSION

Above all, this study suggests that HSPA4 is a potential prognostic indicator, with high expression correlating with worse
prognosis in LUAD patients. The expression level of HSPA4 may have differential predictive value in different subgroups
and can be used in combination with traditional clinical prognostic factors through the Nomogram model. The findings
provide new clues for better evaluating prognostic risk and devising individualized treatment strategies for LUAD
patients and serve as useful references for relevant clinical practice and research. Future studies should explore the
biological functions and regulatory mechanisms of HSPA4 and validate its clinical applicability as a prognostic
biomarker.
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Figure 8 Visualization between the methylation level and HSPA4 expression.

ARTICLE HIGHLIGHTS

Research background

Heat shock 70 kDa protein 4 (HSPA4) is a member of the HSP110 family. Previous studies showed HSPAA4 is significantly
associated with prognosis and immune regulation in different cancer types. However, the role of HSPA4 in lung
adenocarcinoma (LUAD) has not been revealed yet.

Research motivation

We tried to explore the prognostic and immunological roles of HSPA4 in the Bio informatics methods based on the public
databases. We confirmed the role of HSPA4 in LUAD prognosis and verified the correlation between HSPA4 and
immune regulation. This study can assist us better comprehend the biological characteristics of the disease and provide
new therapeutic target for precision therapy.

Research objectives
We aim to comprehensively analyzed the correlation between HSPA4 expression and the clinical characteristic, prognosis
and immunology based on the RNA-seq data from the public database. We showed HSPAA4 is significantly associated
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with prognosis and immune regulation and is a potential prognostic and new therapeutic target in LUAD.

Research methods

The primary research method used in my study was bioinformatics. This technique is an advanced technology used in
recent years to study genetics and genomics. It is widely used due to its ability to analyze large datasets and identify
patterns and relationships that might be difficult to detect using other methods. The novelty of bioinformatics lies in its
ability to integrate multiple technologies and methodologies, such as computer science, statistics, and molecular biology,
to provide a comprehensive understanding of biological systems. In my study, I applied various bioinformatics tools and
algorithms to analyze genomic data and identify potential genetic targets for further investigation.

Research results

The study found that overexpression of HSPA4 was significantly associated with advanced disease stage, progression
disease status, and worse survival outcomes in LUAD. Additionally, HSPA4 expression was correlated with alterations in
cell cycle regulation, immune response, and the balance of infiltrating immune cells within the tumor microenvironment.
These findings suggest that HSPA4 may play a role in tumor progression and immune evasion in LUAD. However, this
study only focused on the expression level of the HSPA4 gene and did not investigate its regulatory mechanisms and
functions. Future research can delve into the biological characteristics of HSPA4 to reveal the specific role in the initiation
and progression of LUAD.

Research conclusions

This study proposed that HSPA4 may play a role in tumor progression and immune evasion in LUAD. This study
comprehensively analyzed the correlation between HSPA4 expression and the clinical characteristic, prognosis and
immunology in bioinformatics method based on the RNA-seq data from the public database.

Research perspectives
The regulatory mechanisms and functions of HSPA4 and the specific role in the initiation and progression of LUAD are
direction of the future research.
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Abstract

BACKGROUND

Transcatheter arterial embolisation (TACE) is the primary treatment for
intermediate-stage hepatocellular carcinoma (HCC) patients while some HCC
cases have shown resistance to TACE.

AIM

To investigate the key genes and potential mechanisms correlated with TACE
refractoriness in HCC.

METHODS

The microarray datasets of TACE-treated HCC tissues, HCC and non-HCC tissues
were collected by searching multiple public databases. The respective differen-
tially expressed genes (DEGs) were attained via limma R package. Weighted gene
co-expression network analysis was employed for identifying the significant
modules related to TACE non-response. TACE refractoriness-related genes were
obtained by intersecting up-regulated TACE-associated and HCC-associated
DEGs together with the genes in significant modules related to TACE non-
response. The key genes expression in the above two pairs of samples was
compared respectively via Wilcoxon tests and standard mean differences model.
The prognostic value of the key genes was evaluated by Kaplan-Meier curve.
Multivariate analysis was utilised to investigate the independent prognostic factor
in key genes. Single-cell RNA (scRNA) sequencing analysis was conducted to
explore the cell types in HCC. TACE refractoriness-related genes activity was
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calculated via AUCell packages. The CellChat R package was used for the investigation of the cell-cell
communication between the identified cell types.

RESULTS

HCC tissues of TACE non-responders (n = 66) and TACE responders (n = 81), HCC (n = 3941) and non-HCC (n =
3443) tissues were obtained. The five key genes, DLG associated protein 5 (DLGAP5), Kinesin family member 20A
(KIF20A), Assembly factor for spindle microtubules (ASPM), Kinesin family member 11 (KIF11) and TPX2
microtubule nucleation factor (TPX2) in TACE refractoriness-related genes, were identified. The five key genes
were all up-regulated in the TACE non-responders group and the HCC group. High expression of the five key
genes predicted poor prognosis in HCC. Among the key genes, TPX2 was an independent prognostic factor. Four
cell types, hepatocytes, embryonic stem cells, T cells and B cells, were identified in the HCC tissues. The TACE
refractoriness-related genes expressed primarily in hepatocytes and embryonic stem cells. Hepatocytes, as the
providers of ligands, had the strongest interaction with embryonic stem cells that provided receptors.

CONCLUSION
Five key genes (DLGAPS5, KIF20A, ASPM, KIF11 and TPX2) were identified as promoting refractory TACE.
Hepatocytes and embryonic stem cells were likely to boost TACE refractoriness.

Key Words: Hepatocellular carcinoma; Transcatheter arterial embolisation refractoriness; Weighted gene co-expression
network analysis; Single-cell RNA sequencing; AUCell; CellChat

©The Author(s) 2024. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: This is a study that explored the key genes and mechanisms related to transcatheter arterial chemoembolisation
(TACE) refractoriness in hepatocellular carcinoma. Through the combination of tissue microarrays and RNA-seq with
single-cell RNA sequencing, the TACE refractoriness-related genes were identified and five key genes (DLGAPS, KIF20A,
ASPM, KIF11 and TPX2) associated with TACE refractoriness were revealed. The TACE refractoriness-related genes were
found to mainly express in hepatocytes and embryonic stem cells. Hepatocytes providing ligands had the strongest
interaction with embryonic stem cells as receptors providers.

Citation: Huang JZ, Li JD, Chen G, He RQ. Identification of the key genes and mechanisms associated with transcatheter arterial
chemoembolisation refractoriness in hepatocellular carcinoma. World J Clin Oncol 2024; 15(1): 62-88

URL: https://www.wjgnet.com/2218-4333/full/v15/i1/62.htm

DOI: https://dx.doi.org/10.5306/wjco.v15.11.62

INTRODUCTION

Hepatocellular carcinoma (HCC) is a major primary liver tumour, accounting for more than 90% of primary liver tumour
cases[1]. HCC is currently the fifth most common cancer worldwide and the second leading cause of cancer death in men,
with the five-year survival rate of 18% second only to pancreatic cancer[1]. The complex pathogenesis of HCC and its
various risk factors like chronic hepatitis B virus infection and alcohol abuse lead to the increasing incidence of HCC[2,3].
A retrospective study showed that the incidence of HCC increased markedly in America from 1975 to 2016[4]. It is worth
noting that HCC is generally diagnosed in its advance stage[5]. The appearance of symptoms stage means the rapid
progress of HCC with the poor therapeutic effect and slim survival[6].

Transcatheter arterial embolisation (TACE) is a strategy in which catheters, with the support of various embolisation
drugs, are placed in the large arteries, typically the femoral arteries, to block the tumour’s blood supply[7,8]. The selection
of the treatment is based on the Barcelona Clinic Liver Cancer staging system, which was created according to the
number size of the HCC and the performance of the patient[9]. TACE is a standard therapy for intermediate-stage HCC
patients[10]. Currently, surgical treatment, liver transplantation and ablation are available for early-HCC patients and
contribute to a high survival rate[8,11]. However, metastatic disease may be a barrier to surgical therapy[12]. Local
ablation is regarded as a safer alternative to surgery, but it is also not suitable for patients who have tumours in the
subcapsular or domed position or near the main bile duct, large blood vessels or the intestine[13]. Patients who cannot
benefit from the above treatments despite the early stage of the disease may be candidates for TACE[14]. Chemotherapy
is universally considered the first choice for advanced HCC when there is a low pharmaceutical response or the
formation of portal vein tumour thrombosis[15]. In clinical practice, multiple combinations of liver-directed therapies
(LDT) pave the way for the curative treatment[16], and TACE is still the most widely used as an LDT for locally advanced
HCC patients[17]. Therefore, TACE is an important method for treating HCC at all stages.

Unfortunately, some investigations have shown that a load of HCC patients did not respond to TACE, which reduces
the efficacy of the systematic therapy significantly[18]. One recent study employed a cohort of HCC patients after TACE
treatment, and a series of vitro experiments revealed that pyruvate kinase M1/2 was highly expressed, which may
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Microarray datasets collection
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Figure 1 The flow chart of the present study. HCC: Hepatocellular carcinoma; DEGs: Differentially expressed genes; TACE: Transcatheter arterial
chemoembolisation; WGCNA analysis: Weighted gene co-expression network analysis.

promote HCC tolerance to TACE through glycolysis dysregulation[19], and was associated with a low survival rate in
TACE non-response HCC patients. Additionally, another study found that the low expression of miRNA-125b induced
an HCC tolerance to TACE through a transcriptome analysis of 680 HCC patients[20]. However, HCC is featured in the
high heterogeneity of genetic drivers leading to therapeutic susceptibility[21]. Therefore, individual genes heterogeneity
requires the exploration of other potential factors through systematic measures.

In this study, we aimed to identify the key genes of TACE refractoriness in HCC. Additionally, the potential
mechanisms of TACE refractoriness in HCC were explored. Finally, potential therapeutic drugs against TACE refract-
oriness in HCC were discovered. The flow chart of this study is shown in Figure 1.

MATERIALS AND METHODS

Data collection and processing

We retrieved the datasets including TACE non-responders and TACE responders from the Cancer Genome Atlas
(TCGA), Gene Expression Omnibus (GEO), International Cancer Genome Consortium and ArrayExpress databases, with
the query formulation 'Hepatocellular carcinoma AND Transcatheter arterial embolisation'. The datasets included were
required to belong to Homo sapiens and contained HCC tissues from TACE non-responders and TACE responders who
had not received any prior treatment. Simultaneously, we collected HCC and its control samples from the TCGA, GEO,
Genotype-tissue Expression (GTEx) and ArrayExpress databases with keywords “hepatocellular carcinoma” based on the
following criteria: (1) The matrix must be Homo sapiens; (2) the data sets should include HCC and normal liver tissues or
one of the above groups and can be merged; and (3) the collected samples should not be influenced by any chemicals or
physical treatment. Subsequently, the profiles of all of the screened datasets downloaded from the above database were
annotated according to the platform annotation files and then conducted by log,(x+1) conversion. To integrate the
expression matrix from the same platforms or append the lack of normal liver tissue samples in some matrices, the R
software (Version 3.6.2) was used to merge and normalise datasets with different sequencing and background through
limma and surrogate variable analysis (sva) packages.

The screening of differentially expressed genes
The limma package was applied to identify the differentially expressed genes (DEGs). The DEGs between TACE non-
responders and TACE responders (TACE-associated DEGs) had to meet the requirement of P value < 0.05 and |log,
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(Foldchange) | > 0.5. The DEGs between HCC and non-HCC tissues (HCC-associated DEGs) from the datasets were
integrated by calculating the standardised mean difference (SMD). DEGs with P < 0.05 and |SMD | > 0 were recorded as
the DEGs in HCC.

Weighted gene co-expression network analysis

Weighted gene co-expression network analysis (WGCNA) is a systematic biological method for calculating the correlation
among genes for finding gene clusters (modules) and connecting gene modules with external sample traits using
eigengene network methodology[22]. In this study, we utilised WGCNA analysis to identify more reliable hub genes
associated with TACE refractoriness in HCC.

The co-expression network construction

WGCNA R package was utilised to construct the co-expression network using the expression profile of the TACE-
associated DEGs in GSE104580. Firstly, Pearson's correlation matrix and average linkage methods were both used for all
pair-wise genes. Secondly, an adjacency matrix was established to calculate the correlation value. The soft threshold was
used to emphasise the correlation between two genes and eliminate weak correlations. Thirdly, adjacency was trans-
formed into a topological overlap matrix (TOM) to measure the similarity of the nodes by comparing the weighted
correlation between each of the nodes. At the same time, the corresponding dissimilarity (1-TOM) was calculated.

Identification of the clinically significant modules

Module eigengene was the first principal component of the module and was defined as the expression file of the whole
genes in the module. The correlation coefficient between module eigengene and the clinical trait, namely the reactivity to
TACE, was calculated to identify the clinically significant module. Module membership was regarded as the correlation
between the genes and the module eigengene and was used to evaluate whether the genes belonged to the module or not.
Additionally, gene significance was defined as the mediated P in the linear regression between expression and clinical
traits. In addition, module significance was the average absolute gene significance of whole genes in the module. Finally,
the modules with the top-two correlation coefficients between module eigengene and clinical status TACE non-
responders were selected as the clinically significant modules for further analysis.

The screening of key genes in the protein—protein interaction network

The up-regulated genes in TACE-associated DEGs, up-regulated HCC-associated DEGs and the genes in the clinically
significant modules were intersected and their shared genes were considered as TACE refractoriness-related genes. TACE
refractoriness-related genes were utilised for protein-protein interaction (PPI) network construction via STRING
database. Then, the key genes were identified using the Maximal Clique Centrality (MCC) method of cytoHubba plugin
in Cytoscape software (Version 3.7.2). MCC algorithm is a method of scoring each protein in the PPI network. A higher
score means the protein is associated with more proteins in the network.

The validation of the key genes in expression and prognosis

The mRNA expression level of the key genes between TACE non-responders and TACE responders was compared
through Wilcoxon tests. Then, to verify that the key genes were differentially expressed in HCC, SMD model and a 95%
confidence interval (95%CI) were carried out using Meta R packages and STATA 12.0 by integrating the datasets
containing HCC and non-HCC tissues. A random-effect model or fixed-effect model was selected in the light of the I* test
and Chi-square test. The random-effect model was chosen when there was high heterogeneity (I > 50% or P < 0.05).
Otherwise, the fixed-effect model was chosen. Sensibility analysis was conducted to detect the high heterogeneous
datasets. The protein expression of key genes in HCC tissues was compared to that in non-HCC tissues by browsing The
Human Protein Atlas (THPA) database. We then gathered the clinical information of the HCC tissues in the datasets. The
clinical information was required to include survival status and survival time, and only the clinical information in TCGA
datasets was eligible. To identify the independent prognostic factors in the key genes, multivariate analysis was used. For
survival analysis, the optimum cut-off for division into high expression and low expression group was determined by
running Survminer and Survival packages and the hazard ratio (HR) was calculated by Cox-proportional hazards
regression model. Finally, the Kaplan-Meier was visualised using the Survival package.

Gene sets enrichment analysis

TACE refractoriness-related genes were utilised in gene ontology (GO) annotation analysis, Kyoto Encyclopaedia of
Genes and Genomes (KEGG) pathway using the clusterProfiler R package and Reactome pathway using Reactome
pathway database. The terms with P < 0.05 and FDR < 0.25 were considered statistically significant. The top-five GO
terms in respect to biological process (BP), cellular component (CC) and molecular function (MF) were investigated.
Finally, the KEGG pathways and the top-ten Reactome pathways were visualised.

Single-cell RNA sequencing data pre-processing and cell type identification

To further explore the cell types involved in TACE refractoriness, single-cell RNA sequencing (scRNA-seq) analysis was
adopted. The scRNA-seq data were obtained from the GEO database with the search strategy 'SCRNA OR Single Cell
AND Hepatocellular Carcinoma'. The samples in the scRNA-seq data had to be HCC samples that were not treated using
any chemical or physical factors. The quality control process of the scRNA-seq data was performed with the Seurat R
package. Cells with < 500 genes, > 6000 genes or > 20% mitochondrial genes were filtered out. Then, the gene expression
matrix was normalised and scaled. Subsequently, the Harmony R package was employed for eliminating batch effect. A
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uniform manifold approximation and projection (UMAP) analysis was performed for dimensional reduction. The
FindClusters function was able to classify the cells into different clusters with a resolution of 0.5, and the annotation of the
cell clusters depended on the SingleR package. The activity of TACE refractoriness-related genes in each cell line was
determined using the AUCell R package. Cells expressing more TACE refractoriness-related genes had higher area
under-the-curve (AUC) values. The “AUCell_exploreThresholds’ function was used to determine the threshold for
identifying TACE refractoriness-related genes’ active cells. The AUC score of each cell was then mapped to the UMAP
plot embedding using the ggplot2 R package to visualise the active clusters.

Cell-cell communication analysis

CellChat, an open R package, was utilised for the analysis of intercellular communications using scRNA-seq data[23].
After identifying the cell types in the HCC tissues, the CellChat R package (Version 1.1.3) was employed to investigate
the number of interactions, the communication strength and the over-expressed ligands and receptors between each
identified cell type. The discovery of overexpressed ligand-receptor pairs was based on the data of ligand-receptor pairs
related to ‘Secreted Signalling’ in datasets CellChatDB. The communication probability was calculated by means of the
function ‘computeCommunProb’ in the CellChat R package. Subsequently, the cell-cell communication was predicted
and aggregated. The number of interactions was visualised to show integrated communication.

Immune infiltration analysis

To elucidate the correlation between the TACE resistance and tumour microenvironment in the HCC, we conducted
immune infiltration analysis based on CIBERSORT and xCell algorithm. The CIBERSORT algorithm is a deconvolution
method used, in this case, to process marker gene expression values to estimate the proportion of various types of
immune cells[24]. The xCell algorithm was performed for cell-type enrichment analysis from gene expression data of 64
immune and stroma cell types[25]. In this study, the CIBERSORT algorithm assessed the proportions of 22 kinds of
immune cells between TACE non-responders and TACE responders. Meanwhile, the relationship between the expression
of the five key genes and the 22 kinds of immune cells’ infiltration in the HCC samples from TACE non-responders was
explored. The xCell algorithm evaluated the immune score, stromal score, microenvironment score and proportions of the
cell types of the scRNA-seq analysis. Statistical significance required P < 0.05.

The exploration of potential therapeutic drugs

The pRRophetic R package was adopted to predict the half maximal inhibitory concentration (IC50) of chemotherapeutic
agents antagonising HCC in the Genomics of Drug Sensitivity in Cancer database. IC,, represented the effectiveness of
each kind of chemotherapeutic agent inhibiting specific biological or biochemical functions. The comparison of the IC;;s
of the TACE non-responders group and the TACE responders group was tested by Wilcoxon signed-rank test.

RESULTS

Data collection and differentially expressed gene screening

The gene expression matrix GSE104580 including HCC samples of 66 TACE non-responders and 81 TACE- responders
was obtained from the GEO database. The screening procedure can be seen in Figure 2. Additionally, a total of 3941 HCC
and 3443 non-HCC samples were obtained from the TCGA, GEO, GTEx and ArrayExpress databases. The 85 studies that
included HCC and non-HCC tissues were collected according to the procedure in Figure 3. The detailed information of
the 84 datasets (datasets from TCGA and GTEx databases have been merged as one dataset) are listed in Supple-
mentary Table 1. A total of 619 up-regulated and 648 down-regulated TACE-associated DEGs were screened and
visualised (Figure 4A). The expression levels of the 30 top up-regulated and down-regulated DEGs were respectively
performed (Figure 4B). In addition, 8676 up-regulated and 7125 down-regulated HCC-associated DEGs were obtained
after integrating DEGs from 85 studies.

Constructing the co-expression modules

The expression file of 1267 TACE-associated DEGs and the clinical traits in GSE104580 were used for the WGCNA
analysis. The soft-threshold g = 7 with the highest scan-free topology model fit (R? = 0.88) and the mean connectivity
lower than 100 was set to construct a scan-free network (Figure 5A and B). Subsequently, the adjacency matrix was built
and turned into a TOM to establish a gene-clustering dendrogram (Figure 5C). As shown in Figure 5C, each colour in the
merge-dynamic row corresponds to a gene module after they were merged based on the cut line 0.25, and, finally, a total
of five modules were identified.

The identification of clinically significant modules and the key genes

The clinical traits, namely reactivity to TACE in GSE104580, were combined with the five identified modules to screen for
the clinically significant module(s) (Figure 5D). Finally, the blue and grey modules were identified as the clinically
significant modules due to having the highest correlation coefficient with the clinical trait TACE non-responders. A total
of 195 genes were in the blue and grey modules. After intersecting 619 up-regulated TACE-associated DEGs, 8676 up-
regulated HCC-associated DEGs and 195 genes in the clinically significant modules, a total of 112 shared genes were
identified as TACE refractoriness-related genes for further analysis (Figure 5E). According to the scoring results from the
MCC algorithm, the top-five genes had relatively high scores, while the rest had extremely low scores. To ensure
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Figure 2 Flow chart showing the collection of the transcatheter arterial embolisation-treated hepatocellular carcinoma samples. Finally,
one study was included. HCC: Hepatocellular carcinoma; TACE: Transcatheter arterial chemoembolization.
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Figure 3 Flow chart of the acquisition of hepatocellular carcinoma and non- hepatocellular carcinoma samples via database. The
information from 85 studies is displayed in Supplementary Table 1. HCC: Hepatocellular carcinoma.

reliability and accuracy, we selected the top-five genes as the key genes among the TACE refractoriness-related genes.
The five key genes, DLG associated protein 5 (DLGAPS5), Kinesin family member 20A (KIF20A), Assembly factor for
spindle microtubules (ASPM), Kinesin family member 11 (KIF11) and TPX2 microtubule nucleation factor (TPX2), were
identified using the MCC methods in the CytoHubb plugin contained in Cytoscape software (Figure 6A).

The expression validation of key genes in TACE-treated HCC samples
To ascertain the key genes’ differential expression in the HCC samples of the TACE non-responders and TACE
responders, the mRNA expression of DLGAPS5, KIF20A, ASPM, KIF11 and TPX2 was analysed. The results showed that
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Figure 4 Differentially expressed genes screening. A: The screening of differentially expressed genes (DEGs) between transcatheter arterial embolisation
(TACE) non-responders and TACE responders (TACE-associated DEGs) in GSE104580. B: The expression level of the top-30 up-regulated and down-regulated
TACE-associated DEGs.

the five key genes were all more highly expressed in the TACE non-responders group compared with TACE responders
group (Figure 6B).

The expression validation of key genes in HCC via integrated data

After integrating all enrolled data including HCC and non-HCC tissues, we found that the SMD and 95%ClI of the five
key genes under random effects were as follows: DLGAP5 (SMD: 1.54, 95%ClI: 1.38-1.90), KIF20A (SMD: 1.88, 95%CI:
1.63-2.13), ASPM (SMD: 2.00, 95%CI: 1.74-2.25), KIF11 (SMD: 1.45, 95%Cl: 1.20-1.70) and TPX2 (SMD: 1.64, 95%ClI:
1.43-1.85) (Figure 7). These indicated that the expression level of the five key genes was remarkably higher in the HCC
than in the non-HCC tissues. The protein expression of key genes DLGAP5, KIF20A, KIF11 and TPX2 in the HCC tissues
was higher than in the non-HCC tissues (Figure 8). The IHC resource for protein expression of ASPM was lack in THPA
database.

The prognostic value of key genes

TPX2 was considered an independent prognostic factor in HCC via multivariate analysis (Figure 9A). The results showed
that a high expression of the key genes was correlated with a low overall survival. To verify the key genes participating in
HCC poor prognosis, the survival curves are shown in Figure 9B-F. In addition, HR was as follows: DLGAP5 (HR: 2.197,
P <0.0001), KIF20A (HR: 3.940, P < 0.0001), ASPM (HR: 2.702, P = 0.0011), KIF11 (HR: 4.021, P < 0.0001) and TPX2 (HR:
3.287, P < 0.0001).

GO enrichment and pathway analysis

For BP, the 112 TACE refractoriness-related genes were mainly enriched in nuclear division, organelle fission, mitotic
nuclear division, chromosome segregation and mitotic sister chromatid segregation. CC involved spindle, chromosomal
region, chromosome, centromeric region, microtubule and midbody. As for MF, these TACE refractoriness-related genes
were associated with microtubule binding, tubulin binding, microtubule motor activity, cytoskeletal motor activity and
peptidase regulator activity (Figure 10A). With regards to the pathways, these TACE refractoriness-related genes were
mainly active in cell cycle pathways in the KEGG pathway enrichment analysis, and the relevant reactome pathways are
shown in Figure 10B.
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Figure 5 Weighted gene co-expression network analysis and identification of transcatheter arterial embolisation refractoriness-related
genes. A: The scale-free index for various soft-threshold powers; B: Analysis of the mean connectivity for various soft-threshold powers; C: Gene clustering
dendrogram, with dissimilarity based on topological overlap, together with assigned module colours; D: Module-trait association. Blue and grey modules were

Boishideng® WJCO | https://www.wjgnet.com

69

January 24,2024 | Volume15 | Issuel |



Huang JZ et al. Key genes associated with TACE refractoriness

identified as the clinically significant modules due to their highest coefficient correlations; E: The identification of 112 TACE refractoriness-associated genes. TACE:
Transcatheter arterial embolisation.
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Figure 6 The identification and mRNA expression of five key genes in transcatheter arterial embolisation treated hepatocellular
carcinoma. A: Five key genes were identified using Maximal Clique Centrality method of the cytoHubba plugin. B: The mRNA expression level of the five key genes
in hepatocellular carcinoma samples of transcatheter arterial embolisation (TACE) non-responders and TACE responders. DLGAPS5: DLG-associated protein 5;
KIF20A: Kinesin family member 20A; ASPM: Assembly factor for spindle microtubules; KIF11: Kinesin family member 11; TPX2: TPX2 microtubule nucleation factor.
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GPL14951 93 83111921 18 7.13 1.1734 : 0.99 [0.46; 1.51] 3.0%
GPL16043 25 1.67 1.7806 25 1.52 2.0684 0.08 [-0.48; 0.63] 3.0%
GPL16791 79 453 1.1789 78  2.49 1.0339 : 1.82 [1.45; 2.20] 3.2%
GPL21047 10 27402943 10 1.87 0.2621 — 296 [1.61; 4.31] 1.7%
GPL5175 48 294 0.1607 48 2.45 0.0721 D 3.91 [3.21; 4.60] 2.8%
GPL570 844 4.05 0.6247 528 2.96 0.3707 2.01 [1.88; 2.14] 3.5%
GPL571 96 254 0.2028 131 2.41 0.0576 0.96 [0.68; 1.24] 3.3%
GPL6244 66 3.24 0.3009 75 2.84 0.1271 : 1.76 [1.37; 2.15] 3.2%
GPL6480 83 2.84 0.2959 82 2.43 0.2332 : 1.56 [1.21; 1.91] 3.3%
GPL6947 104 3.17 0.1656 97 2.79 0.1667 : 2.29 [1.93; 2.65] 3.3%
GPL9052 60 232 1.0384 60 -1.48 0.7494 g 4.17 [3.53; 4.82] 2.8%
GSE114783_GPL15491 10 7.24 1.5549 26  7.78 1.8149 = -0.30 [-1.03; 0.43] 2.7%
GSE115018_GPL20115 12 1.46 0.7086 12 -1.24 10917 — 2.83 [1.64; 4.02] 2.0%
GSE124535_GPL20795 35 1.67 1.0251 35 0.30 0.4322 : 1.72 [1.16; 2.27] 3.0%
GSE125469_GPL20301 3 3.8205284 3 0.49 0.4521 —————— 5.40 [-0.05; 10.86] 0.2%
GSE14520_GPL3921 225 2,61 0.2385 220 2.17 0.0789 249 [2.24; 2.73] 3.4%
GSE166163_GPL23126 3 299 1.8453 3 3.28 2.2205 ——i -0.11 [-1.72; 1.49] 1.4%
GSE20140_GPL18461 35 8.310.7503 34 7.09 0.3843 : 2.00 [1.42; 2.59] 2.9%
GSE22058_GPL6793 100 8.78 1.1359 97 5.53 0.8417 3.22 [2.80; 3.65] 3.2%
GSE22405_GPL10553 24 281 0.1119 24 2.66 0.0534 = 1.62 [0.96; 2.28] 2.8%
GSE25097_GPL10687 268 240 0.2021 289 2.14 0.0318 1.82 [1.62; 2.01] 3.4%
GSE33294_GPL10999 3 30508352 3 0.350.2366 o 3.53 [-0.24; 7.29] 0.4%
GSE46408_GPL4133 6 87609293 6 5.38 0.6323 —— 3.93 [1.70; 6.15] 0.9%
GSE46444_GPL13369 88 6.76 1.1866 48  7.43 1.8005 -0.46 [-0.82; -0.11] 3.3%
GSE50579_GPL14550 67 28203742 10 1.96 0.3729 = 2.27 [1.51; 3.03] 2.6%
GSE54238_GPL16955 26 7.90 1.0602 30 6.27 0.4120 2.06 [1.40; 2.71] 2.8%
GSE55048_GPL9115 4 24108107 4 0.17 0.0969 —_— 3.37 [0.67; 6.07] 0.7%
GSE56545_GPL15433 21 3.060.2282 21 256 0.1783 = 2.39 [1.58; 3.20] 2.6%
GSE57555_GPL16699 5 -0.17 0.0214 5 -0.15 0.0356 i -0.69 [-1.99; 0.61] 1.8%
Corooso GPio6 18 820 La789 18 448 08967 = 244 1106 382) 170
E60502_GPL! .20 1. .48 0. i . 0
GSE63898_GPL13667 228 5.61 0.9739 168 4.33 0.2214 : f;g Ef'igf ‘1"55;3’} 341102
GSE67764_GPL17077 3 -0.22 13234 6 -2.27 0.3698 —— : oo .
GSE76311_GPL17586 62 2.630.1527 59 2.38 0.0318 : 2.36 [0.35 4.37] 1.1%
TCGA_GTEX_liver 371 2,59 1.1018 276 0.51 0.6734 . 2.18 [1.73; 2.64] 3.1%
: 2.20 [2.00; 2.40] 3.4%
Random effects model 3857 3132 | : & : ] 1.88 [ 1.63; 2.13] 100.0%

Heterogeneity: 12 = 93%, = 0.4711, P< 0.01
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C

Study

E_MTAB_4171
E_MTAB_8887
GPL10558

GPL11154

GPL14951

GPL16043

GPL16791

GPL21047

GPL5175

GPL570

GPL571

GPL6244

GPL6480
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GPL9052
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GSE22405_GPL10553
GSE25097_GPL10687
GSE33294_GPL10999
GSE46408_GPL4133
GSE46444_GPL13369
GSE50579_GPL14550
GSE55048_GPL9115
GSE56545_GPL15433
GSE57555_GPL16699
GSE59259_GPL18451
GSE60502_GPL9%
GSE63898_GPL13667
GSE67764_GPL17077
GSE76311_GPL17586
TCGA_GTEx_liver

Total

15
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523
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93
25
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10
48
844
%
66
83
104
60
12
35
3
4
225
3
35
100
24
268
3
6
88
67
4
21
5
8
18
228
3
62
371

Random effects model 3825

Experimental

Mean SD Total

11.20 1.1813 15
3.71 0.7203 17
6.39 0.5341 403
1.60 1.1896 140
7.48 0.8437 18
1.54 2,1034 25
5.41 1.7966 78
3.14 0.3182 10
2.82 0.2001 48
3.86 0.5731 528
2.59 0.3866 131
3.38 0.3254 75
3.11 0.2840 82
3.14 0.2034 97
3.00 1.1682 60

-0.67 0.9087 12
1.85 0.9419 35

6.13 1.6736 3
5.77 1.0369 4
2.94 0.2756 220
5.30 1.8712 3

8.16 0.7399 34
8.36 1.1661 97
2.72 0.2650 24

2.32 0.1944 289
4.11 05499 3
10.52 0.8575 6

7.22 1.1769 48
3.21 0.2931 10
1.97 0.6096 4
3.25 0.2292 21
-0.13 00395 5
8.92 16839 8
9.43 0.8899 18
6.52 1.1866 168
0.11 14111 6
2.81 0.2582 59
2.21 0.9933 276
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Heterogeneity: 12 = 93%, T = 0.4793, P < 0.01

D
Study

E_MTAB_4171
E_MTAB_8887
GPL10558

GPL11154

GPL14951
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GPL21047

GPL5175

GPL570

GPL571

GPL6244

GPL6480

GPL6947

GPL9052
GSE10143_GPL5474
GSE114783_GPL15491
GSE115018_GPL20115
GSE124535_GPL20795
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GSE20140_GPL18461
GSE22058_GPL6793
GSE22405_GPL10553
GSE25097_GPL10687
GSE33294_GPL10999
GSE46408_GPL4133
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GSE50579_GPL14550
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GSE56545_GPL15433
GSE57555_GPL16699
GSE59259_GPL18451
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GSE63898_GPL13667
GSE67764_GPL17077
GSE76311_GPL17586
TCGA_GTEx_liver

Random effects model

Total

15
23
523
163
93
25
10
48
844
96
66
83
104
60
80
10
12
35
3
4
225
3
35
100
24
268
3
6
88
67
4
21
5
8
18
228
3
62
371

3836

Experimental
Mean SD Total

8.48 0.8570 15
3.68 0.7774 17
5.16 0.2469 403
1.11 0.7271 140
7.24 0.6953 18
1.42 0.9520 25
2.60 0.3531 10
2.56 0.2012 48
3.46 0.6503 528
2.37 0.1487 131
3.09 0.2558 75
2.69 0.2079 82
2.64 0.1995 97
1.59 0.8383 60
10.99 0.5571 307
7.00 0.9955 26
0.03 0.8619 12
1.23 0.7787 35

4.69 1.1976 3
4.81 0.8515 4
2.38 0.2172 220
4.00 1.5910 3

7.29 0.3119 34
8.70 0.9390 97
2.48 0.0875 24
2.44 0.1550 289
2.89 0.3500 3
8.32 0.8750 6
6.23 0.8834 48
2.89 0.2171 10
1.44 04793 4
3.00 0.2135 21
-0.17 0.0174 5
8.51 0.9570 8
7.44 0.9276 18
4.82 0.5511 168
-0.11 1.1602 6
2.53 0.2480 59
2.24 0.8376 276

3335

Heterogeneity: I? = 94%, 1% = 0.4684, P < 0.01

ASPM

Control
Mean SD

7.41 0.9139
3.22 0.8479
5.46 0.2855
0.53 0.6435
6.67 0.3989
1.30 2.4125
3.29 1.2488
2.59 0.1292
2.25 0.0844
2.81 0.3901
2.29 0.0919
2.91 0.1396
2.75 0.2221
2.89 0.1068
-0.51 0.8876
-2.30 0.3025
0.33 0.3106
1.82 0.2768
2.81 0.7829
2.24 0.1406
5.15 2.0559
7.10 0.3052
4.95 0.7607
2.39 0.0571
2.05 0.0274
0.43 0.2595
5.43 1.4916
7.01 1.2000
2.52 0.2038
0.15 0.0672
2.48 0.2708
-0.15 0.0342
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4.53 0.3621
-1.67 0.3701
2.17 0.0704
0.43 0.4502
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Mean SD
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2.61 0.3617
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2.81 0.1147
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9.19 0.8525
7.14 0.9872
-1.25 0.3305
0.34 0.2243
1.81 0.2803
2.73 0.4154
2.11 0.0755
3.47 2.4617
6.90 0.1040
6.52 0.6235
2.38 0.0272
2.24 0.0438
0.47 0.2874
5.62 0.7440
6.49 0.8110
2.46 0.3416
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2.48 0.2099
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0.11
1.36
2.18
3.67
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1.13
1.92
1.41
1.55
3.37
2.32
2.15
2.88
2.80
3.17
0.06
1.85
3.43
1.69
1.98
6.85
3.86
0.18
2.39
3.66
3.03
0.45
1.85
2.82
2.14
1.94
3.31
2.20

2.00

SMD

1.64
0.33
1.30
0.94
0.28
0.05
1.69
2.95
1.52
0.82
1.43
1.42
-0.29
3.19
2.25
-0.14
1.90
1.53
2.65
2.69
1.66
0.20
1.65
2.71
1.50
1.76
6.04
3.07
-0.30
1.82
2.68
2.41
-0.75
1.93
1.95
1.35
2.11
2.04
2.12
1.45

95%CI Weight

[2.31; 4.68] 2.1%
[-0.02; 1.26] 3.0%
[1.92; 2.24] 3.6%
[0.85; 1.33] 3.5%
[0.49; 1.54] 3.2%
[-0.45; 0.66] 3.1%
[1.02; 1.71] 3.4%
[1.03; 3.34] 2.1%
[3.01; 433] 2.9%
[1.92; 2.18] 3.6%
[0.84; 1.41] 3.5%
[1.52; 2.32] 3.3%
[1.07; 1.76] 3.4%
[1.24; 1.87] 3.4%
[ 2.80; 3.93] 3.1%
[1.25; 3.40] 2.2%
[ 1.56; 2.75] 3.0%
[-0.33; 6.08] 0.6%
[0.43; 5.17] 0.9%
[ 2.89; 3.45] 3.5%
[-1.54; 1.66] 1.5%
[1.28; 2.42] 3.1%
[2.99; 3.88] 3.3%
[1.02; 2.35] 2.9%
[1.78; 2.19] 3.5%
[ 0.04; 13.65] 0.1%
[1.66; 6.06] 1.0%
[-0.17; 0.53] 3.4%
[1.62; 3.16] 2.7%
[0.79; 6.53] 0.7%
[2.12; 3.94] 2.5%
[-0.81; 1.72] 1.9%
[0.63; 3.08] 2.0%
[1.87; 3.77] 2.4%
[1.89; 2.39] 3.5%
[0.11; 3.76] 1.3%
[2.76; 3.87] 3.1%
[2.01; 2.40] 3.6%

[ 1.74; 2.25] 100.0%

95%CI Weight

2.5%
2.8%
3.4%
3.3%
3.0%
2.9%
2.1%
2.9%
3.4%
3.3%

[0.80; 2.49]
[-0.30; 0.97]
[ 1.16; 1.44]
[0.71; 1.18]
[-0.22; 0.79]
[-0.51; 0.60]
[0.63; 2.74]
[2.36; 3.53]
[1.39; 1.64]
[0.55; 1.09]
[1.06; 1.81] 3.2%
[1.07; 1.76] 3.2%
[-0.57; -0.01] 3.3%
[265 3.74] 3.0%
[1.96; 2.55] 3.3%
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[0.91; 2.89] 22%
[1.00; 207] 3.0%
[-0.37; 5.67] 0.6%
[0.38; 5.00] 0.9%
[1.45 1.88] 3.4%
[-1.41; 1.82] 1.4%
[1.10; 2.20] 3.0%
[2.32; 3.10] 3.2%
[0.86; 2.15] 2.8%
[1.56; 1.95] 3.4%
[-0.01; 12.09] 0.2%
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[-0.65; 0.06] 3.2%
[1.09; 2.55] 2.7%
[0.37; 498] 0.9%
[1.60; 3.23] 2.5%
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[0.68; 3.17] 1.9%
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[ 1.60; 2.48] 3.1%
[1.93; 231] 3.4%

[ 1.20; 1.70] 100.0%
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E TPX2
Experimental Control Standardised
Study Total Mean SD Total Mean SD Mean difference SMD 9500CcI Weight
E_MTAB_4171 15 10.26 1.0168 15 8.41 0.7803 > 1.99 [ 1.09; 2.88] 2.2%
E_MTAB_8887 23 53915233 17 3.89 0.8831 - 1.14 [0.46; 1.82] 2.7%
GPL11154 163 2.28 1.0821 140 1.19 0.6241 3 1.21 [0.97; 1.46] 3.6%
GPL14951 93 8.81 09911 18 7.84 0.9351 : 0.98 [0.46; 1.50] 3.0%
GPL16043 25 1.44 1.49%66 25 1.26 1.8764 : 0.10 [-0.45; 0.66] 3.0%
GPL16791 79 5.450.9661 78 3.89 0.5981 1.94 [ 1.56; 2.32] 3.3%
GPL21047 10 3.50 0.1612 10  3.18 0.1390 — 2.03 [0.90; 3.15] 1.8%
GPL5175 48 3.3 0.1365 48 2.73 0.1127 3.16 [ 2.55; 3.76] 2.8%
GPL570 844 4.44 0.5684 528 3.68 0.3988 1.50 [1.37; 1.62] 3.7%
GPL571 96 267 0.2371 131 2.57 0.1021 0.58 [0.32; 0.85] 3.5%
GPL6244 66 3.46 0.2807 75 3.11 0.1468 1.59 [1.21; 1.97] 3.3%
GPL6480 83 3.130.2020 82 2.95 0.1400 ) 1.05 [0.72; 1.37] 3.4%
GPL6947 104 3.10 0.1574 97  2.90 0.0668 + 1.63 [1.31; 1.95] 3.5%
GPL9052 60 3.351.0233 60 0.51 0.7903 3.08 [2.55; 3.62] 3.0%
GSE10143_GPL5474 80 12.90 0.2943 307 11.01 1.1416 1.84 [ 1.56; 2.11] 3.5%
GSE115018_GPL20115 12 13706863 12 0.04 0.6861 - 1.86 [0.87; 2.85] 2.0%
GSE124535_GPL20795 35 26712325 35 1.11 0.5733 - 1.61 [1.07; 2.16] 3.0%
GSE125469_GPL20301 3 63608238 3 265 0.9015 — 3.44 [-0.25; 7.13] 0.3%
GSE128274_GPL18573 4 5721.1068 4  2.82 0.2946 = 3.12 [0.56; 5.67] 0.6%
GSE14520_GPL3921 225 2.84 0.2184 220 2.48 0.0815 2.21 [1.98; 2.45] 3.6%
GSE166163_GPL23126 3 46921003 3  4.48 2.2287 — 0.08 [-1.53; 1.68] 1.2%
GSE20140_GPL18461 35 79207116 34 6.99 0.2617 . 1.70 [ 1.14; 2.25] 3.0%
GSE22058_GPL6793 100 9.63 1.0158 97 7.67 0.5869 [ 2.34 [1.98; 2.70] 3.4%
GSE22405_GPL10553 24 3,00 0.1083 24 2.90 0.0536 : 1.05 [0.44; 1.66] 2.8%
GSE25097_GPL10687 268 2.70 0.2530 289 2.37 0.0556 1.83 [1.63; 2.02] 3.6%
GSE33294_GPL10999 3 46504397 3 0.97 0.3486 ——————— 7.43 [ 0.08; 14.78] 0.1%
GSE46408_GPL4133 6 9.34089%4 6 6.87 0.6726 o 2.88 [ 1.08; 4.69] 1.0%
GSE46444_GPL13369 88 7.411.3515 48 7.25 1.6778 0.10 [-0.25; 0.45] 3.4%
GSE50579_GPL14550 67 3.150.2460 10 2.73 0.1623 : 1.74 [1.02; 2.46] 2.6%
GSE54238_GPL16955 26 9.44 1.1970 30 6.76 1.0613 - 2.35 [ 1.66; 3.04] 2.7%
GSE55048_GPL9115 4 27309787 4 0.76 0.2108 —— 242 [0.25; 4.58] 0.7%
GSE56545_GPL15433 21 3.250.1940 21 3.00 0.1356 1.48 [0.79; 2.17] 2.7%
GSE57555_GPL16699 5 -0.130.0797 5 -0.14 0.0290 S 0.15[-1.09; 1.40] 1.6%
GSE59259_GPL18451 8 10.44 1.1815 8  8.83 1.0890 - 1.34 [0.23; 2.46] 1.8%
GSE60502_GPL96 18 9.41 0.9929 18 7.18 0.8902 & 2.30 [1.44; 3.17] 23%
GSE63898_GPL13667 228 6.25 1.1067 168 4.95 0.3327 1.50 [1.27; 1.72] 3.6%
GSE67764_GPL17077 3 0081352t 6 -1920.3722 = 2.26 [0.29; 4.22] 0.9%
GSE76311_GPL17586 62 298 0.1768 59 2.68 0.0633 - 2.28 [1.82; 2.74] 3.2%
TCGA_GTEX_liver 371 4.04 1.2066 276 1.91 0.8761 k 1.98 [1.79; 2.17] 3.6%
Random effects model 3408 3014 [] 1.64[ 1.43; 1.85] 100.0%
| e e
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Figure 7 The expression of five key genes in hepatocellular carcinoma. A-E: The expression level of the five key genes in hepatocellular carcinoma
(HCC) samples via the integration of all of the included HCC samples. DLGAP5: DLG associated protein 5; KIF20A: Kinesin family member 20A; ASPM: Assembly
factor for spindle microtubules; KIF11: Kinesin family member 11; TPX2: TPX2 microtubule nucleation factor; SD: Standard deviation; SMD: Standard mean
difference; Cl: Confidence interval.

ScRNA analysis and AUCell

The dataset GSE103867 satisfied our requirements and was obtained for scRNA analysis. After quality control, a total of
3363 cells from HCC samples were identified. Four cell types were identified: hepatocytes, embryonic stem cells, T cells
and B cells (Figure 11A). The expression level of five key genes in the four cell types is shown in Figures 11B and C. The
AUCell R package was used for determining the TACE refractoriness-related activity in each cell line (Figure 11D). TACE
refractoriness-related genes were mainly active in hepatocytes and embryonic stem cells (Figure 11E).

Prediction of cell-cell communication

As shown in Figure 12A-F, hepatocytes as providers of ligands and embryonic stem cells as the providers of receptors
had the highest interaction strength. When hepatocytes expressed ligands and embryonic stem cells provided the corres-
ponding receptors, some ligand-receptor pairs like MDK-SDC2 and MDK-NCL had the greatest communication
probability of accomplishing cell-cell communication (Figure 12G).

Immune landscape exploration for refractory TACE-treated HCC

TACE non-responders had a higher level of infiltration of follicular helper T cells, macrophages M0 and active mast cells
than TACE responders. While TACE non-responders were associated with a lower level of infiltration of active memory
CD4" T cells, macrophages M1 and M2 macrophages (Figure 13A). The analysis of the connection between the expression
of key genes and the infiltration of 22 kinds of immune cell in CIBERSORT algorithm was performed (Figure 13B-F). The
correlation among hepatocytes, phenotypes of T cells and phenotypes of B cells was computed using the xCell algorithm
(Figure 14A). TACE non-responders were calculated as having lower stroma and microenvironment scores (Figure 14B).

The potential therapeutic drugs discovery

There were 27 kinds of drugs used in the treatment of HCC in the pRRophetic R package. The IC;, values of the 27
chemotherapeutics were compared between TACE non-responders and TACE responders. Five chemotherapeutics
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Figure 8 The protein expression of the key genes in non-hepatocellular carcinoma and hepatocellular carcinoma tissues via immuno-
histochemistry derived from The Human Protein Atlas database. The immunohistochemistry for protein expression of key-gene assembly factor for
spindle microtubules was deficient in THPA database. DLGAP5: DLG associated protein 5; KIF20A: Kinesin family member 20A; KIF11: Kinesin family member 11;
TPX2: TPX2 microtubule nucleation factor.

(CCT007093, Dasatinib, Erlotinib, Bortezomib and Lapatinib) had the potential for reversing TACE non-response
(Figure 15).

DISCUSSION

In this study, we have achieved the following targets: (1) Five key genes (DLGAP5, KIF20A, ASPM, KIF11 and TPX2)
were identified among TACE refractoriness-related genes and all overexpressed in the TACE non-responders group and
the HCC group; (2) a higher expression of five key genes predicted a worse overall survival (OS) probability in HCC, and
TPX2 was considered to be an independent prognostic factor in HCC; (3) cell cycle pathway was likely to play a role in

3ﬁs® WJCO | https://www.wjgnet.com 74 January 24,2024 | Volume15 | Issuel |



Huang JZ et al. Key genes associated with TACE refractoriness

A P value Hazard ratio (95%CI)
DLGAPS 0.078 A— 1.01(1.00-1.02)
KIF20A 0.382 b 1.01(0.99-1.03)
ASPM <0.001 ot 0.96(0.95-0.98)
KIF11 0.951 1.00(0.97-1.03)
X2 0.01 v S — 11.03(1.01-1.06)

095 096 097 098 099 1.00 1.01 1.02 1.03 1.04 1.05 1.06
Hazard ratio (95%(CI)

B DLGAP5 C KIF20A
Strata == var=high == var=low Strata == var=high == var=low
P < 0.0001
< 0.
P < 0.0001 1.00 HR= 3.940 95%CI(2.191-7.082)
HR=2.197 95%CI(1.514-3.187) >
g‘ 1.00 g 0.75
e}
P 1 [
_g 0.75 S50
S 0.50 S
[ 2
0.25
£ 0.25 B a
=1 ey
? 000f_ . ' . ' 0.00
0 1000 2000 3000 4000 0 1000 2000 3000 4000
Time Time
Number at risk
Number at risk
m‘/al':mgh 37 15 6 2 0
@ var=high{ 66 11 3 1 0 ®
® n
&a var=lowd 356 110 39 8 0 var=low4 140 63 26 5 0
0 1000 2000 3000 4000 0 1000 2000 3000 4000
Time Time
D E KIF11
Strata == var=high ==+ var=low
ASPM
1.00
Strata == var=high == var=low 2
5 .75
Z 100 §
E 0.75 2— 0.50
[}
e >
S 050 S o
% 025 P=0.0011 3" fr 9{%%2195%1(2 073-7.800)
=49. 0 . =/
& o00] HR=2.19795%CI(1.451, 5.030) ' 000 ' ' . '
0 1000 2000 3000 4000 0 1000 2000 3000 4000
Time Time
Number at risk
Number at risk @ var=highy 76 31 12 3 0
©
[ var=highy 77 33 12 3 0 &
© var=low{ 101 47 20 4 0
n var=lowq 100 45 20 4
0 1000 2000 3000 4000 0 1000 2000 3000 4000
Time Time
75 January 24,2024 | Volume15 | Issuel

Boishideng® WJCO | https://www.wjgnet.com



Huang JZ et al. Key genes associated with TACE refractoriness

F TPX2
Strata var=high == var=low
1.004
2
S .75
Q
=
2 0.504
[
2
E 0.251
%) P < 0.0001
o.00] HR=3-287 95%CI(1.781-6.064)
0 1000 2000 3000 4000
Time

Number at risk

© 61 27 11 3 0
8
©
-
(V7]
var=lowd 116 51 21 4 0
0 1000 2000 3000 4000
Time

DOI: 10.5306/wjco.v15.i1.62 Copyright ©The Author(s) 2024.

Figure 9 The Kaplan-Meier curve analysis. A: The multivariate analysis of five key genes; B-F: Survival curves for the five key genes. DLGAP5: DLG
associated protein 5; KIF20A: kinesin family member 20A; ASPM: Assembly factor for spindle microtubules; KIF11: Kinesin family member 11; TPX2: TPX2
microtubule nucleation factor; HR: Hazard ratio; Cl: Confidence interval.

resisting TACE therapy with enrichment analysis using TACE refractoriness-related genes; (4) four cell types,
hepatocytes, embryonic stem cells, T cells and B cells, were identified in HCC samples via scRNA sequencing analysis,
and hepatocytes and embryonic stem cells were seen as possibly promoting TACE refractoriness via AUCell and CellChat
analysis; (5) the immune environment landscapes of the TACE non-response group and the TACE response group were
revealed; (6) some compounds, like CCT007093, Dasatinib, Erlotinib, Bortezomib and Lapatinib, might be effective for the
TACE non-response group according to drug-sensitivity analysis.

Some advanced imaging techniques have been reported as predicting the therapeutic response of TACE in HCC
through the detection of liver hemodynamics, water molecule diffusion capacity, metabolic changes and blood-oxygen
level[26]. One study found that the blood-oxygen level significantly decreased in the cancerous region of 30 HCC patients
after receiving TACE but saw no notable changes in 30 healthy volunteers[27]. TACE creates a hypoxic microenvironment
due to arterial embolisation, which contributes to a surge in the vascular endothelial growth factor, p53, which enlarges
tumour size and decreases the survival rate[28,29]. Cheng et al[30] found that TPX2, as one of the hypoxia-related genes,
was obviously and clearly expressed in a high-risk HCC group and participated in TACE refractoriness. Our study has
identified TPX2 as a key gene for possibly inducing TACE refractoriness.

On the basis of some studies, autophagy may be a significant mechanism mediating the therapeutic efficacy of TACE in
HCC. Autophagy protects the cancer cells from abominable conditions such as hypoxia, starvation and cell apoptosis
induced by chemotherapy and enhances the cancer cells’ resistance to hypoxic and chemotherapy[27]. Mao et al[29]
demonstrated that apoptosis-stimulating p53 protein 2 (ASPP2) was low-expression in recurrent HCC patients after
TACE treatment and confirmed that ASPP2, as a co-expression factor of the cancer suppressor p53, was responsible for
decreasing the autophagy maker Beclin-1. Gao et al[31] concluded that TACE in combination with the autophagic
inhibitor chloroquine shown to be more efficient at curing tumours in rabbit liver than TACE alone.

Further investigation of research showed that MicroRNA (miRNA) also has a substantial effect on the low therapeutic
efficacy of TACE in HCC. Wei et al[20] found that down-regulated miR-125b was related to the recurrence of HCC after
TACE treatment. They concluded that the low miR-125b expression attenuated the HIFla translation to activate the HIF1
a/pAKT loop and block the autocrine HIFla/ platelet-derived growth factor p (PDGFp)/pAKT/HIFla loop of HIFla
translation by targeting PDGFf. Tumour-initiating cells (T-ICs) or cancer stem cells (CSCs) are a phenotype of cancer cells
with a self-renewal and tumorigenesis faculty[32]. T-ICs and CSCs are connected to cancer proliferation and anti-cancer
therapy resistance[33]. Clinical cohort analysis indicates that HCC patients with high miR-186 expression benefit from
TACE[34]. Yao et al[34] found that a miR-186 knockdown led to the expansion of CSCs while a high expression of miR-
186 inhibited the process. Additionally, other miRNA, like miR-26a, miR-107 and miR-106, were differentially expressed
between TACE non-responders and TACE responders, and their differential expression was correlated with OS and
progression-free survival[35].

Consistent with the description above, the engagement of T-IC and CSCs is another critical mechanism in the resistance
of TACE in HCC. Zeng et al[36] stated that the CSC makers like epithelial cell adhesion molecule had a higher expression
in TACE-treated specimens than non-TACE specimens, which indicated that HCC with abundant CSCs phenotype had a
high risk of recurrence after TACE treatment. Subsequently, Xiang et al[37] explained that a low expression of Src-
homology 2 domain-containing phosphatase 2 (Shp2) was favourable for a high therapeutic effect from TACE. As for the
mechanism, they found that Shp2 appeared in sorted epithelial cell adhesion molecule-positive or clusters of differen-
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Figure 10 Enrichment analysis. A: Gene Ontology analysis of transcatheter arterial chemoembolisation (TACE) refractoriness-related genes. The top-five
biological processes, the top-five cellular components, and the top-five molecular functions are shown; B: The Kyoto Encyclopaedia of Genes and Genomes and
Reactome pathways of TACE refractoriness-related genes.

tiation 133-positive liver CSCs and in CSC-enriched hepatoma spheroids from patients, and that a high expression of
Shp2 promoted the proliferation of liver CSCs by enhancing an accumulation of B-catenin[37]. Some transcription factors
of embryonic stem cells had the ability to regulate the CSCs in pancreatic cancer[38]. Zhou et al[39] identified some
potential methylation-related genes that become enriched in the embryonic stem cell pathway to characterise HCC, which
indicated embryonic stem cells might play a role in HCC progression. The derivatives of embryonic stem cells were able
to generate hepatocytes[40]. Hepatocytes were found to create a profound metabolic rewiring when preparing to
proliferate in HCC[41]. However, there was little evidence to show the function of hepatocytes and embryonic stem cells
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Figure 11 Single-cell RNA sequencing analysis and AUCell. A: Uniform manifold approximation and projection (UMAP) plot showing four cell types in
hepatocellular carcinoma samples; B: Violin plots showing the expression level of five key genes in four cell types. C: Expression level of five key genes in four cell
types were drawn on UMAP; D: AUCell score distribution curves of 112 transcatheter arterial chemoembolisation (TACE) refractoriness-related genes; E: Scatter plot
showing the distribution of AUCell scores in 112 TACE refractoriness-related genes. DLGAPS: DLG associated protein 5; KIF20A: Kinesin family member 20A;
ASPM: Assembly factor for spindle microtubules; KIF11: Kinesin family member 11; TPX2: TPX2 microtubule nucleation factor; AUC: Area under the curve.
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Figure 12 Cell-cell communication. A and B: The aggregated intercellular communication between any two cell groups. The colours of the periphery circle
referred to one cell group and the vertex of periphery circle represented the numbers of cells. The cells in the starting site of edge expressed ligand and the cells the
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arrow pointed in expressed receptor. The thickness of the line signified the numbers of ligand-receptor pairs, and the thicker the line meant more ligand-receptor
pairs; B: The thickness of edge represented the interaction strength of any two cell groups. The thicker the edge was, the bigger the interaction strength; C-F: The
intercellular communication of each cell group. Hepatocytes providing ligands had strongest communication with embryonic stem cells that expressed receptors; G:

The identification of ligand-receptor pairs between hepatocytes and embryonic stem cells. (Ligands provider)—(receptors provider).
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Figure 13 Immune infiltration analysis. A: The immune landscape of 22 kinds of immune cells between transcatheter arterial chemoembolisation (TACE) non-
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responders and TACE responders using CIBERSORT algorithm. (%P < 0.05, °P < 0.01, °P < 0.001, %P < 0.0001); B-F: The relationship between expression of five key
genes and the infiltration of 22 kinds of immune cells in TACE non-responders group. DLGAPS: DLG associated protein 5; KIF20A: Kinesin family member 20A;
ASPM: Assembly factor for spindle microtubules; KIF11: Kinesin family member 11; TPX2: TPX2 microtubule nucleation factor; AUC: Area under the curve.
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Figure 14 xCell immune infiltration analysis. A: The correlation between hepatocytes, phenotypes of T cells and phenotypes of B cells by xCell algorithm; B:
The comparison of immune, stromal and microenvironment score between transcatheter arterial chemoembolisation (TACE) non-responders and TACE responders
by xCell algorithm.
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Figure 15 The prediction of potential drugs for refractory transcatheter arterial chemoembolisation treated hepatocellular carcinoma.
ICs,: Half maximal inhibitory concentration.

in TACE refractoriness.

The metabolic process is considered to play a part in the occurrence of TACE refractoriness in HCC. Aberrant
glutamine metabolism (GM) is involved in tumorigenesis and poor prognosis[42,43]. Ying et al[43] employed 41 GM-
associated genes to construct a transcriptome-based approach named ‘GM score” and validated it using two independent
HCC cohorts. The results showed that a high GM score had a positive correlation with a slim OS of HCC patients after
TACE treatment. Therefore, it is plausible that the metabolic process and immune infiltration level may be connected to
TACE refractoriness in HCC.

In this study, five key genes have been identified as being highly correlated with TACE refractoriness in HCC, and its
potential mechanisms have been discussed. However, some limitations exist in this study. Firstly, although the five key
genes (DLGAPS5, KIF20A, ASPM, KIF11 and TPX2) were verified as being associated with TACE refractoriness, the
clinical applicability of these genes requires more cases as confirmation due to the limited number of TACE-treated
patients in this study and the heterogeneity in the diagnosis. Secondly, due to insufficient samples of HCC cells and
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stroma treated by TACE, we have no scope for the further validation of the five key genes. Thirdly, the results of the
AUCell analysis that TACE refractoriness-related genes were mainly active in hepatocytes and embryonic stem cells
require further verification due to only one cell reaching the AUC threshold of TACE refractoriness-related genes list.
Lastly, the potential mechanisms identified also need further proof through additional vivo and vitro experiments.

CONCLUSION

Five key genes (DLGAP5, KIF20A, ASPM, KIF11 and TPX2) were all up-regulated to facilitate TACE refractoriness.
Hepatocytes and embryonic stem cells had intimate intercellular communication and were likely to boost TACE refract-
oriness. CCT007093, Dasatinib, Erlotinib, Bortezomib and Lapatinib possibly played a curable role in TACE non-
responders.

ARTICLE HIGHLIGHTS

Research background

Transcatheter arterial embolisation (TACE) is a primary therapeutic strategy for hepatocellular carcinoma (HCC) patients
in the intermediate and advanced stages. In China, TACE refractoriness is defined as the intrahepatic target lesion that
remains in a disease progression state after receiving standardised and refined TACE treatment for three or more times
consecutively.

Research motivation
It is essential to identify biomarkers for predicting TACE refractoriness and to explore the potential mechanisms of TACE
refractoriness.

Research objectives
The purpose of our study is to identify the key genes associated with TACE refractoriness and investigate the potential
mechanisms of TACE refractoriness.

Research methods

The gene expression profile was obtained from the public databases. Weighted gene co-expression network analysis and
the cytoHubba plugin were utilised to identify the key genes in TACE refractoriness. Multivariate Cox regression and
Kaplan-Meier were employed. ScCRNA analysis was used for exploring the potential mechanisms of TACE refractoriness.

Research results

Five key genes (DLGAP5, KIF20A, ASPM, KIF11, and TPX2) were all up-regulated in TACE non-responders, which
predicted poor prognosis. TPX2 is recognised as an independent prognostic factor. TACE refractoriness-related genes
were mainly active in hepatocytes and embryonic stem cells. Hepatocytes and embryonic stem cells showed strong
cellular interactions in HCC.

Research conclusions
Five key genes (DLGAP5, KIF20A, ASPM, KIF11, and TPX2) were identified as being associated with TACE refract-
oriness. Hepatocytes and embryonic stem cells probably promoted TACE refractoriness.

Research perspectives
More vivo and vitro experiments are essential to elaborate and verify the significance of the key genes and the potential
mechanisms involved in TACE refractoriness.
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Abstract

BACKGROUND

A recently hypothesized cause of cell death called disulfidptosis has been linked
to the expansion, emigration, and vascular rebuilding of cancer cells. Cancer can
be treated by targeting the pathways that trigger cell death.

AIM

To discover the long non-coding RNA of the disulfidaptosis-related IncRNAs
(DRLs), prognosis clinical survival, and treat patients with colorectal cancer with
medications.

METHODS

Initially, we queried the Cancer Genome Atlas database to collect transcriptome,
clinical, and genetic mutation data for colorectal cancer (CRC). Training and
testing sets for CRC patient transcriptome data were generated randomly. Key
long non-coding RNAs (IncRNAs) related to DRLs were then identified and
evaluated using a least absolute shrinkage and selection operator procedure, as
well as univariate and multivariate Cox regression models. A prognostic model
was then created after risk scoring. Also, Immune infiltration analysis, immune
checkpoint analysis, and medication susceptibility analysis were used to inves-
tigate the causes of the different prognoses between high and low risk groups.
Finally, we validated the differential expression and biomarker potential of risk-
predictive IncRNAs through induction using both NCM460 and HT-29 cell lines,
as well as a disulfidptosis model.

RESULTS

In this work, eight significant IncRNAs linked to disulfidptosis were found. Gene
ontology and Kyoto Encyclopedia of Genes and Genomes pathway enrichment
analyses of differentially expressed genes between high- and low-risk groups
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from the prognostic model showed a close relationship with the immune response as well as significant enrichment
in neutrophil extracellular trap formation and the IL-17 signaling pathway. Furthermore, significant immune cell
variations between the high-risk and low-risk groups were seen, as well as a higher incidence of immunological
escape risk in the high-risk group. Finally, Epirubicin, bortezomib, teniposide, and BMS-754807 were shown to
have the lowest sensitivity among the four immunotherapy drugs.

CONCLUSION

Our findings emphasizes the role of disulfidptosis in regulating tumor development, therapeutic response, and
patient survival in CRC patients. For the clinical treatment of CRC, these important LncRNAs could serve as viable
therapeutic targets.

Key Words: Colorectal cancer; Clinical outcomes; Disulfidptosis; Drug sensitivity; Immunotherapy

©The Author(s) 2024. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Disulfidoptosis is a recently identified form of programmed cell death that is being intensely studied in the fields of
tumor formation and therapy. Various studies have demonstrated the crucial predictive accuracy of biomarkers linked to
disulfidoptosis for the diagnosis and management of cancer. In the mean time, there is increasing confirmation that IncRNA
regulates the growth and progression of colorectal cancer (CRC). This study scrutinized out IncRNA closely correlated with
disulfidoptosis and assessed its prognostic significance in CRC patients via integrating bioinformatics technology with a
clinical patient database.

Citation: Wang KL, Chen KD, Tang WW, Chen ZP, Wang YJ, Shi GP, Chen YG. Predicting colorectal cancer prognosis based on
long noncoding RNAs of disulfidptosis genes. World J Clin Oncol 2024; 15(1): 89-114

URL: https://www.wjgnet.com/2218-4333/full/v15/i11/89.htm
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INTRODUCTION

Colorectal cancer (CRC), the third most prevalent cancer in the world, accounting for over 1.8 million new cases and
881000 fatalities per year[1]. Via the use of auxiliary diagnostic procedures such as biochemical testing, digital rectal
examination, sigmoidoscopy, and colonoscopy, the detection and survival rates of CRC have gradually improved[2,3].
However, among people under 50, the incidence and metastatic rates have been steadily increasing[4,5], with the
incidence of CRC among adults under 50 years old increasing annually between 2012 to 2016 at a rate of 2.2%[6].
Nevertheless, CRC is also a heterogeneous disease[7], and challenges like microsatellite instability and chromosomal
instability brought on by gene mutations, as well as multidrug resistance caused by tumor heterogeneity can affect
treatment outcomes[8]. Thus, to choose the best chemotherapeutic treatments, identify sensitive groups, diagnose early
stages of the disease, and increase the efficacy of diagnosis and treatment, it is desirable to investigate new biomarkers[9].

Recently, a process of cellular death known as, which is associated with the buildup of intracellular disulfide
compounds, was postulated. This may therefore signify a change in how tumors are treated. Solute Carrier Family 7
Member 11 (SLC7A11) is overexpressed in the tumor microenvironment, where it speeds up the transport of cysteine into
cells. In addition, injured immune cells and tumor cells have high metabolic rates and eat large amounts of glucose,
which therefore causes a shortage of the reducing agent nicotinamide adenine dinucleotide phosphate (NADPH) and
triggers glucose deprivation[10]. The reduction of cysteine to cystine is impacted by enhanced cysteine transport and the
absence of NADPH, and in turn causes an accumulation of intracellular disulfide compounds. This accumulation then
causes cell death following alteration of the cytoskeletal protein shape[11]. When cells overexpressing SLC7A11 are
starved of glucose, Liu et al[12] found that supplementing culture media with 2-mercaptoethanol —a chemical that breaks
disulfide bonds —can prevent defects induced by oxidative stress and therefore prevent cell death. Overall, disulfidptosis
is a novel target for tumor therapy because it disturbs the integrity of the tumor microenvironment[13].

Noncoding RNAs longer than 200 nucleotides are known as long noncoding RNAs (IncRNAs). They are known to
control the proliferation, differentiation, invasion, and metastasis of cancer cells by interacting with DNA, RNA, proteins,
or lipids[14,15]. In addition, IncRNAs can control how metabolically relevant proteins undergo post-translational changes
and support cancer energy metabolism[16]. Moreover, it has been widely documented that IncRNAs and CRC have a
regulatory link. LncRNAs function as signaling molecules in pathways relevant to CRC or as competitive endogenous
RNAs (ceRNAs) by competitively binding to common microRNA (miRNA) binding sites. This sequesters miRNAs and
changes the expression of downstream target genes[17]. For example, by controlling the focal adhesion signaling
pathway, the IncRNA ITGB8-AS1 functions as a ceRNA to enhance CRC cell proliferation and tumor formation[18].
Moreover, CRC can be efficiently inhibited by targeting ITGB8-AS]1. In addition, studies have shown that IncRNAs play a
role in many stages of CRC, including intestinal polyps and distant metastases, making them attractive prospective
targets for treatment[19].
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At present, there is no published data regarding the regulatory connection between disulfidaptosis-related IncRNAs
(DRLs) and CRC. Consequently, the objective of this study is to determine whether DRLs can be used as a tumor
biomarker for CRC to forecast patients prognoses and responses to treatment. Our study therefore offers a novel
approach for forecasting how cancer patients respond to treatment and how they may fare clinically.

MATERIALS AND METHODS

Data sources

First, we obtained transcriptomic data for the Cancer Genome Atlas (TCGA)-COAD and TCGA-READ, including 564
CRC tumor samples and 44 normal tissue samples. Next, we ran Perl version 5.30.0 to extract RNA information from
transcriptomic data and matched them with clinical datasets containing variables such as sex, age, stage, and survival
time[20].

Screening for IncRNAs co-expressed with disulfidptosis genes

First, we searched for “disulfidptosis” in PubMed (https://pubmed.ncbi.nlm.nih.gov/?db=pubmed) and identified
several genes connected to this molecular function. Next, we used the R packages “BiocManager” and “limma” as
implemented in R version 4.2.0[21] to obtain an LncRNA expression matrix for disulfidptosis. | Pearson R| > 0.5 and P <
0.001 were used as filter conditions to produce an expression matrix for DRLs. We then used the “ggplot2” and
“ggalluvial” R packages to create a Sankey association between genes related to disulfidptosis and DRLs[22].

Building and validating a risk prognosis model

Next, we combined clinical survival data with the LncRNA expression matrix, and omitted patients with missing
information. CRC patients were then randomly allocated to training and testing groups. The testing group and the full
dataset were used to validate the accuracy of the prognostic model, while the training group was used to construct the
prognostic model. Next, to test the DRLs of the prognostic model, we used least absolute shrinkage and selection operator
(LASSO) and univariate Cox regression analysis, followed by multivariate Cox regression analysis, at a significance
threshold of P < 0.05. Eight DRLs were obtained. Relevant risk curves and heatmaps were then plotted using the
“survival,” “glmnet,” “survminer,” and “timeROC” R packages[23,24]. The following equation was then used to obtain
the risk score[25]: Risk score = Zi = InCoef (i) x Expr (i). The risk expression (Expr(i)) and risk coefficient (Coef(i))
functions represent the corresponding risk coefficient and risk expression. The samples in the training and testing groups
were split into high-risk and low-risk groups based on the median values of the risk ratings assigned to each patient in
the training group. The R packages “survival,” “replot,” and “rms” were used to create receiver operating characteristic
(ROC) curves, c-index plots, column line plots, and calibration plots to evaluate the independence and accuracy of the
prognostic model[26].

Gene ontology, Kyoto encyclopedia of genes and genomes, and gene set enrichment analysis pathway enrichment

analysis

Next, we performed gene ontology (GO) functional enrichment analysis, Kyoto encyclopedia of genes and genomes
(KEGG) pathway enrichment analysis, and gene set enrichment analysis (GSEA) enrichment analysis on the identified
differentially expressed genes (DEGs) in the high-risk and low-risk groups, respectively. These analyses used a P value
cutoff of 0.05 and a g-value cutoff of 0.05, and was implemented using the R software packages colorspace, stringi, DOSE,
clusterProfiler, and enrichplot.

Tumor mutational burden and immune dysfunction and exclusion analyses

The tumor mutational burden (TMB) for each patient was determined using Perl scripts to analyze CRC mutation data.
We carried out differential analysis using the R software packages “ggpubr,” “limma,” “survival,” and “survminer.” The
“ggpubr” and “limma” packages. Next, the tumor immune dysfunction and exclusion (TIDE) score file was acquired
from the TIDE website (http://tide.dfci.harvard.edu), and violin plots were created to compare the immune escape
capabilities of high- and low-risk groups with respect to CRC TIDE[27].

Analysis of differences in the tumor microenvironment

We then used the “reshape2” and “ggpubr” packages to compare the immunological characteristics of the high- and low-
risk cluster groups, and used box plots to illustrate the abundances of 22 tumor-infiltrating immune cells. We also used
the “limma,” “reshape2,” “tidyverse,” “ggplot2,” “ggpubr,” and “ggExtra” R packages to create a correlation heatmap for
risk score, immune cell infiltration, and immune checkpoint analysis.

"o

Analyses of drug susceptibility

The Genomics of Drug Sensitivity in Cancer (GDSC) website (https:/ /www.cancerrxgene.org) was used to extract drug
sensitivity and expression data for targeted therapies. OncoPredict software was used to forecast how responsive patients
in the high- and low-risk groups would be to therapeutic medications[28,29].
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Cell lines and cell culture

Human colorectal adenocarcinoma cells (HT-29) and normal colonic epithelial cells (NCM460) were procured from the
Cell Repository at the Shanghai Institute of Cell Research (Shanghai, China). Both cell lines were authenticated using
short tandem repeat analysis, and mycoplasma testing results were negative. NCM460 cells were cultured in RPMI-1640
medium (Gibco, California, United States), while HT29 cells were grown in Dulbecco's Modified Eagle Medium (DMEM)
(Gibco, United States). Both culture media were supplemented with 10% fetal bovine serum (FBS, Sangon Biotech, China),
as well as 100 U/mL penicillin and streptomycin (PS, Gibco, Shanghai, China). Additionally, both cell lines were
maintained in a humidified incubator at 37 -C with 5% CO2.

Disulfidoptosis cell model establishment and cell proliferation assay

The experimental procedure was based on previously established protocols. 2-fluoro-6- (m-hydroxybenzoyloxy) phenyl
m-hydroxybenzoate (WZB117) is a glucose transporter 1 (Glutl) inhibitor, effectively suppressing glucose uptake. In
cancer cells with overexpression or underexpression of SLC7A11, WZB117 treatment creates a glucose-deficient
intracellular environment, significantly reducing the production of NADPH in the pentose phosphate pathway.
Insufficient NADPH impairs the ability to reduce accumulated intracellular cysteine, inducing disulfide stress and
leading to cell death[12]. Therefore, WZB117 can mimic the intracellular conditions of glucose starvation, making it an
inducer of disulfidoptosis.

Cell proliferation was assessed using the cell counting kit-8 (CCKS8) assay kit (Bio-Rad Laboratories, Inc.) according to
the manufacturer's instructions[30]. HT-29 cells were seeded at a density of 5-6 x 10° cells per well in a 96-well plate and
cultured at 37°C for 24 h. After removing the culture medium, different concentrations of WZB117 (0, 1, 3, 10, 15, 30, 50,
100, 300 pmol/L) were added, and the cells were incubated for an additional 24 h. Subsequently, the culture medium was
removed, and 100 pL of basal culture medium and 10 pL of CCK8 reagent were added to each well. The cells were then
cultured for 4 h, and the absorbance at 450 nanometers was measured to assess cell viability under various drug concen-
trations.

Quantitative real-time polymerase chain reaction analysis

NCM460 cells and HT29 cells were seeded in 6-well plates (1-2 x 10° cells per well). HT-29 cells were treated with
WZB117 (0 and 300 pmol/L) for 24 h. After 24 h, the culture medium was removed, and cells were washed 2-3 times with
PBS at 4°C, harvested, and lysed. Total RNA from NCM460 and HT-29 cells was extracted using the RNA isolator
(Vazyme, Nanjing, China). Complementary DNA (cDNA) was synthesized from 1 ng of total RNA using the NovoScript
Plus All-in-one 1st Strand cDNA Synthesis SuperMix Kit, which contains genomic DNA (gDNA) removal (Jiangsu
Novogene Bioinformatics Technology Co., Ltd.). Real-time quantitative polymerase chain reaction (qPCR) was performed
using the QuantStudio 5 Real-Time PCR System (Applied Biosystems, United States) with the Hieff qPCR SYBR Green
Master Mix (Shanghai Yisen Biological Technology Co., Ltd.). The primers listed in Table 1 were synthesized by Sangon
Biotechnology (Shanghai) Co., Ltd.

RESULTS

Expression of LncRNA associated with co-expression of the disulfidptosis gene in CRC

A total of 571 CRC expression sequences and normal sample expression sequences were discovered using the TCGA
transcriptome data. In addition, a literature search identified ten disulfidptosis genes (Supplementary Table 1). We then
identified 564 differentially regulated IncRNAs following a correlation analysis between the disulfidptosis genes and
CRC LncRNA dataset (| Pearson’s R| > 0.5 and P < 0.001; Supplementary Table 2). Subsequent patients with incomplete
data were then eliminated and the CRC LncRNA expression matrix was combined with clinical survival data, so we then
obtained a total of 542 CRC patients in an expression matrix who satisfied all criteria. We found no significant variation in
the clinical characteristics of the two groups between the 542 CRC patients randomly between the training group (n = 271)
and the testing group (n = 271; Table 2). The relationship between DRLs and disulfide death genes was depicted using a
Sankey diagram (Figure 1A). Next, using LASSO and univariate Cox regression analyses, 12 DRLs associated with CRC
prognosis were identified, including five protective DRLs (i.e., SNHG16, AC093157.1, AC005034.5, TNFRSF10A-AS1, and
AC011815.1) and seven DRLs with a hazard ratio (HR) > 1, which indicate adverse prognostic factors (Figure 1B-D).
Finally, eight DRLs were discovered that were related to overall survival (OS) in the TCGA-COAD and TCGA-READ
cohorts based on multivariate Cox regression analysis (Supplementary Table 3). A correlation heatmap was then created
to show the co-expression patterns of these eight DRLs (i.e., AC005034.5, AC006213.7, AC011815.1, AC013652.1,
AC093157.1, AL354993.2, AL683813.1, and TNFRSF10A-AS1), which were thought to have the most significant impact on
CRC prognosis (Figure 1E).

Building a risk prediction model to predict OS in CRC patients

Subsequently, the risk score formula was utilized to calculate each score to generate the risk curve. The patient sample,
ranked from low risk to high risk, is the abscissa in Figure 2A-C, while the ordinate represents the risk score value. 542
CRC patients were categorized as high risk or low risk based on the training group risk score's median risk score value.
The survival time of the patients in the training group, test group, and all sets were subsequently analyzed (Figure 2D-F).
That was discovered that the number of dead patients increased as the risk of the abscissa increased, and that the survival
life of the deceased patients, represented by the red circle chart, was more brief than that of the surviving patients,
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LncRNA/Gene Forward primer Reverse primer

AC005034.5 TGCAAGGTGTCATCTGTAAGG TGACAGTTCCAACAGGGCTA
AC011815.1 GGCCAGCGACAGATCCTTT TGGCCCACTGTTGCCATCAA
AC013652.1 AGGGCATCAGACTGCATTTCA GACAAGCAGAAAATGGGGCA
AC093157.1 GAGATGGGCAAGCCTACACC TGGGTCCAGAAAGAAGTTGC
AL354993.2 TGCATTCCAGAGGGAGGAGA CCACTCCTTGGAAGCTGTCT
AL683813.1 GCGGCTGAGTTTCTGACTCT GTTTGGGATACAGGAGGCCG

TNFRSF10A-AS1
TCAP

NNAT

CHGB

COL2A1

B-actin

TCAGTGATAGCAACAGAAAACAG

GAGTTCCCAAAGGGAGGGTG

AATCAAAACACCGCACCAGC

GGTCCTCTCAAGGAGGGAGT

GCTCCCAGAACATCACCTACC

CGCGAGAAGATGCCCAGATC

ACTGCACCTAGCCAAGATGTC

TTTTCCTGGATCAGGGCCAC

ACCACCCTCCTTCCTCAACT

AGTGGGTTGAATGGTGGTCC

CGATAACAGTCTTGCCCCAC

TCACCGGAGTCCATCACGA

Table 2 Clinical characteristics of colorectal cancer patients in the training and testing groups, n (%)

Covariates Type Total Test Train P value
Age <70 312 (57.56) 160 (59.04) 152 (56.09) 0.543
Age >70 230 (42.44) 111 (40.96) 119 (43.91) -
Gender FEMALE 255 (47.05) 137 (50.55) 118 (43.54) 0.1214
Gender MALE 287 (52.95) 134 (49.45) 153 (56.46) -
Stage Stagel 93 (17.16) 43 (15.87) 50 (18.45) 0.3949
Stage Stagell 208 (38.38) 100 (36.9) 108 (39.85) -
Stage Stagelll 148 (27.31) 82 (30.26) 66 (24.35) -
Stage StagelV 78 (14.39) 36 (13.28) 42 (15.5) -
Stage Unknow 15 (2.77) 10 (3.69) 5 (1.85) -

T T1 15 (2.77) 6 (2.21) 9 (3.32) 0.8475
T T2 93 (17.16) 45 (16.61) 48 (17.71) -

T T3 370 (68.27) 188 (69.37) 182 (67.16) -

T T4 63 (11.62) 32 (11.81) 31 (11.44) -

T Unknow 1(0.18) 0(0) 1(0.37) -

M MO 402 (74.17) 205 (75.65) 197 (72.69) 0.4435
M M1 77 (14.21) 35 (12.92) 42 (15.5) -

M Unknow 63 (11.62) 31 (11.44) 32 (11.81) -

N NO 318(58.67) 154 (56.83) 164 (60.52) 0.5238
N N1 129 (23.8) 70 (25.83) 59 (21.77) -

N N2 94 (17.34) 46 (16.97) 48 (17.71) -

N Unknow 1(0.18) 1(0.37) 0(0) -

represented by the blue circle chart. In the test group, low risk patients tended to have higher OS than high risk patients,
but the distinction was not statistically significant (P = 0.089; Figure 2K), possibly caused by the small sample size.
Following that, the survival analysis of the three groups revealed that the low risk patients exceeded the OS in the
training and all sets (P < 0.001; Figure 2] and L). The aforementioned findings demonstrate how well the risk score model
predicts patient survival. The concentrations of AL354993.2, AC006213.7, AC013652.1, and AL683813.1 were more
abundant in the high-risk group, according to an analysis of the risk score heatmap of the two groups. This suggested that
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Figure 1 Prognostic features of disulfidaptosis-related IncRNAs in colorectal cancer. A: Sankey diagram showing the relationship between
disulfidaptosis-related genes and disulfidaptosis-related IncRNAs (DRLs); B: Forest plot of prognostic genes associated with DRLs; C: The least absolute shrinkage
and selection operator (LASSO) coefficients of DRLs obtained via LASSO analysis; D: Cross-validation of DRLs in LASSO regression; E: Multivariable Cox
regression analysis and correlation between disulfidaptosis genes and DRLs. 2P < 0.05; °P < 0.01; °P < 0.001.

these four DRLs may act as biomarkers for poor CRC prognosis. Comparing the high-risk group to the low-risk group
revealed that AC093157.1, AC005034.5, TNFRSF10A-AS1, and AC011815.1 were less abundant, suggesting that these four
DRLs may be valuable prognostic indicators for CRC (Figure 2G-I). All patients were also subjected to a progression-free
survival analysis, with the results demonstrating that the low-risk group had a longer period of high-quality survival
(Figure 2M). This observation is consistent with the finding that the low-risk group had a higher OS than the high-risk
group. In addition, based on clinical factors such age, gender, and stage, we then compared the chance of survival and
clinical traits of CRC patients. These findings demonstrated that high-risk patients had shorter OS than low-risk patients
regardless of clinical characteristics, with the exception of stage I-II (Figure 3). We also note that inconsistency in results
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Figure 2 Establishment of a risk prediction model for predicting overall survival in colorectal cancer patients. A-C: Distribution of patients in
the training, testing, and combined sets with increasing risk scores; D-F: Survival time and risk scores of patients in the three groups; G-I: Risk score heatmaps for
eight key disulfidaptosis-related INcRNAs in the three groups; J-L: Kaplan—Meier survival analysis of overall survival in the three groups of colorectal cancer patients;
M: Progression-free survival analysis of the combined dataset.

may be due to the small patient population within this group and the poor prognosis associated with advanced CRC,
both of which may impact the accuracy of results for stage I-stage II patients. In conclusion, the clinical outcomes of CRC
patients can be predicted using a prognostic model developed using on DRLs risk assessment. Patients” DRLs risk scores
were negatively associated with OS, with greater risk scores being accompanied by shorter OS and a poorer outlook.

DRLs risk prognosis model is a robust determinant of clinical outcomes of CRC patients

Patient age, gender, cancer stage, and risk score were subjected to single- and multi-factor Cox regression analyses. We
discovered that both methods indicated risk scores that were statistically significant (P < 0.001), indicating that risk score
is an independent prognostic factor for CRC apart from other clinical variables (Figure 4A and B). The areas under the
curve (AUCs) for the 1-, 3-, and 5-year ROCs curves were also plotted (Figure 4C) indicates the high accuracy of the DRLs
risk prognostic model for predicting the OS of patients. Furthermore, the AUC of the risk score was 0.665 (Figure 4D),
which shows that the model’s predictive power is greater than the additional clinical variables besides staging. Consistent
with these findings, the C-index curve (Figure 4E) also revealed that the risk model had a higher concordance index than
all clinical factors other than staging. A calibration plot was then created to compute OS via risk score and patient clinical
parameters. According to these findings, patients had survival rates of 0.933, 0.803, and 0.722 after one, three, and five
years, respectively (Figure 4F). A calibration curve (Figure 4CG) verified the accuracy of the calibration plot. The DRLs risk
prognostic model, in conclusion, reliably predicts the CRC patient survival and functions as an exceptional predictive
indicator that is independent of other clinical characteristics.

GO, KEGG, and GSEA

DEGs were identified using the average gene expression levels of samples from the high- and low-risk group samples
(Padj < 0.05, |log2 (fold change) |1, Supplementary Table 4). We used the “Bioconductor” R package in R software to
perform GO enrichment analysis and KEGG pathway analysis to investigate the biological roles of DEGs. The biological
processes (BP) that DEGs were found to be involved in included “chromatin remodeling,” “protein-DNA complex
subunit organization,” “nucleosome organization,” and “positive regulation of secretion,” among others. We also
observed significant increases in the expression of DEGs annotated as “DNA packaging complex,” “protein-DNA
complex,” “nucleosome,” and “endoplasmic reticulum lumen” have been noted in cellular components (CC). DEGs have
been correlated to "signaling receptor activator activity,” “receptor ligand activity,” “peptidase regulator activity,” and
“peptidase inhibitor activity,” among other molecular functions (MF; Figure 5A and 5B, Supplementary Table 5). These
findings suggest that DEGs significantly participate in the control of the immunological response. In addition, KEGG
pathway analysis showed that DEGs were primarily involved in “Neutrophil extracellular trap formation,” “IL-17
signaling pathway,” and “PPAR signaling pathway” (Figure 5C). The biological pathways “skeletal system development”
and “Cell surface receptor signaling pathway involved in cell-cell signaling” were also discovered to be activated in the
high-risk group by GSEA enrichment analysis. In terms of CC, enrichment was observed in the “Collagen-containing
extracellular matrix” and "Endoplasmic reticulum lumen” terms. The biological functions “Nucleosome assembly” and
“Nucleosome organization" were higher in the low-risk population, as well as the biological elements “DNA packaging
complex” and “Nucleosome” (Figure 5D and E).

s

Analysis of the tumor immune microenvironment for high- and low-risk CRC patients

The tumor immune microenvironment controls immune-related tumors in CRC. Immunological cell subsets in CRC have
many roles, and may exert either immunosuppressive or antitumor immunological effects to accelerate tumor growth
[31]. The percentages of immune cells that infiltrate tumors were then calculated for the high- and low-risk groups
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Figure 3 Kaplan-Meier survival analysis of high- and low-risk patients based on different clinical variables. A and B: Age; C and D: Stage; E
and F: Gender.

(Supplementary Table 6). We discovered that the high-risk group had a lower percentage of inactive T cells with CD4
memory, inactive dendritic cells, active dendritic cells, and active eosinophils relative to the low-risk group. Moreover,
compared to the high-risk group, the low-risk group had lower percentages of regulatory T cells (Tregs), dormant NK
cells, and MO macrophages (Figure 6A). Gene Set Variation Analysis (GSVA) is a gene set enrichment method that
evaluates differences between different samples by performing pathway-centric analysis of gene sets. Next, using GSVA,
we then examined variation in immune-related activities between high- and low-risk groups. According to these findings,
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Figure 4 Independent prognostic ability and predictability of clinical outcomes of the disulfidaptosis-related IncRNA risk scoring model.
A: Univariate Cox regression analysis of clinical variables and risk scores; B: Multivariate Cox regression analysis of clinical variables and risk scores; C: Prediction of
1-, 3, and 5-year overall survival (OS) for all enrolled colorectal cancer (CRC) patients; D: Comparison of risk scoring model and clinical variables in predicting OS in
CRC patients; E: C-index ROC curve of the risk model; F: Column chart of risk and clinical variable features predicting 1, 3, and 5-year OS in CRC patients; G:
Calibration curves demonstrate the accuracy of the risk model in predicting 1, 3, and 5-year OS in CRC patients.

the low-risk group was more substantially connected with cytolytic activity, MHC class I, and neutrophils (Figure 6B).
Moreover, a correlational study between the quantity of tumor-infiltrating immune cells and the eight important DRLs
revealed a positive link between plasma cells, CD8 T cells, regulatory T cells (Tregs), and the eight critical DRLs
(Figure 6C). In addition, we conducted a correlational analysis between immunological checkpoints and risk scores. This
revealed a positive association between cancer associated fibroblast (CAF) and M2-like tumor-associated macrophage
(TAM M2), a negative correlation between interferon gamma (IFNG) and CD274, and no significant correlation between
these correlations (Figure 6D). Taken together, these findings imply that the tumor immunological milieu in the high- and
low-risk groups differs significantly. Due to its strong immune surveillance position, the low-risk group displays a higher
abundance of resting immune cells. Moreover, T cells, NK cells, and other immune cells, which are linked to tumor
invasion, metastasis, and CRC development, are present in higher amounts in the high-risk group.

CRC mutation landscape, differential analysis of TMB, and TIDE

Next, we retrieved somatic mutation data from the TCGA database and generated waterfall plots to conduct intergroup
comparisons using the maftools R package. This analysis was performed to investigate genetic alterations in patients from
the high- and low-risk CRC groups. These plots revealed the existence of 15 highly altered genes, including APC, TP53,
TTN, KRAS, MUC16, SYNE1, PIK3CA, FAT4, RYR2, ZFHX4, OBSCN, DNAHS5, LRP1B, and CSMD3. APC, TP53, and
TTN were found to have higher mutation frequencies in the high-risk population compared to the low-risk population,
whereas MUC16, SYNE1, LRP1B, CSMD3, and CSMD1 showed higher mutation rates in the low-risk population
(Figure 7A and B). The immunotherapy response has been linked to TMB[32], and here the low-risk group showed a
larger mutation burden according to differential analysis of TMB (Figure 7C). The term TIDE describes a tumor cell’s
capacity to elude immune monitoring and suppress an immunological response; this can happen via a variety of methods.
In contrast to the low-risk group, the high-risk group showed a higher TIDE score, as shown in Figure 7D. These findings
demonstrate that immune evasion and tumor cell mutations are more common in the low-risk group of CRC patients,
suggesting that there is a substantial therapeutic potential for immune checkpoint inhibitors for the management of low-
risk CRC.

Identification of potential drugs for CRC

GDSC project is a database that focuses on the molecular indicators of therapeutic response and drug sensitivity in cancer
cells. It is used to find novel therapeutic cancer biomarkers[33]. Here, an analysis using the oncoPredict identified four
medicines i.e., epirubicin, bortezomib, teniposide, and BMS-754807 that showed limited sensitivity toward CRC
(Figure 8A-D). Of these, Forkhead box protein p3 (Foxp3) modulates epirubicin and has been identified as a suppressor of
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Figure 5 Enrichment analysis using the gene ontology, Kyoto encyclopedia of genes and genomes, and gene sets using gene set
enrichment analysis frameworks. A and B: Gene ontology analysis reveals the diversity of molecular biology processes, cellular components, and molecular
functions; C: Kyoto encyclopedia of genes and genomes pathway analysis identifies significantly enriched pathways; D and E: The top five pathways enriched
between high and low-risk populations as identified by gene set enrichment analysisanalysis.

Treg cell function[34]. Moreover, the proteasome inhibitor bortezomib prevents CRC cells from forming spheres and
thereby from self-renewing by inhibiting the fundamental transcription factor CTNNB1[35]. Teniposide, a topoisomerase
II inhibitor, also strongly affects CRC gene expression[36]. Finally, the insulin-like growth factor 1 receptor (IGF-1R)
inhibitor BMS-754807 has been found to have an impact on the growth and survival of tumor cells[37]. Drug sensitivity
(also known as the half-maximal inhibitory concentration, or IC;, is the degree to which an organism responds to a
particular drug, and the potency of the medicine decreases as the IC;, value rises. Epirubicin, Bortezomib, and teniposide
all demonstrated greater sensitivity in the high-risk group, which suggests that the low-risk group may benefit from
greater efficacy. The high-risk group, however, benefited the most from BMS-754807.

Validation of disulfidoptosis-related features in NCM460 and HT-29 cells

In this study, through multifactorial Cox regression analysis, we identified eight Disulfidoptosis-related IncRNAs that
exhibited differential expression in CRC prognosis within the TCGA-COAD and TCGA-READ datasets. These IncRNAs
include AL354993.2, AC006213.7, AC013652.1, AL683813.1, AC093157.1, AC005034.5, TNFRSF10A-AS1, and AC011815.1.
Among these, the first four showed higher expression in the high-risk group associated with poor prognosis, while the
latter four displayed an inverse trend. To validate the expression of these eight prognosis-related IncRNAs, we conducted
qPCR experiments in two cell lines: normal colonic epithelial cells NCM460 and colorectal tumor cells HT-29. Our
experiments revealed that AL354993.2, AL683813.1, AC093157.1, AC005034.5, and AC011815.1 exhibited significant
differences in expression levels between HT-29 and NCM460 cells, with the former displaying higher expression levels.
AC013652.1 and TNFRSF10A-AS1 exhibited a trending pattern but did not demonstrate significant differences (Figure 9).
AC006213.7 was not found in the IncRNA database, and therefore, we do not discuss its expression levels at this time.
TCAP, NNAT, CHGB, and COL2A1 were among the top four differentially expressed genes between the high and low-
risk groups, with higher abundance in the high-risk group. Using qPCR technology, we also assessed the mRNA levels of
these four genes and found that their expression was higher in HT-29 cells compared to NCM460 cells.

Induction of the disulfidoptosis cell model and in vitro validation of the risk prediction model

We constructed a disulfidoptosis cell model to investigate changes in the mRNA expression levels of LncRNAs in the
CRC risk prediction model. Different concentrations of WZB117 (0, 1, 3, 10, 15, 30, 50, 100, 300 pmol/L) were applied to
HT-29 cells to assess cell viability. As shown in Figure 10, cell viability was significantly inhibited at WZB117 concen-
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Figure 6 Analysis of the tumor immune microenvironment for high- and low-risk patient groups. A: Shown are (A) Violin plots of the proportions of
22 tumor-infiltrating immune cells; B: Differential analysis of immune-related functions between high- and low-risk groups; C: Correlation analysis between infiltrating
immune cells and eight key disulfidaptosis-related IncRNAs (disease risk factors); D: Correlation analysis between immune checkpoints and risk scores. 2P < 0.05; °P
<0.01;°P < 0.001.

trations of 50 umol, 100 pmol, and 300 umol. Therefore, we selected 300 pmol as the effective induction concentration for
Disulfidoptosis. Q-PCR results indicated that after WZB117 induction at 300 pmol, AL354993.2, AC013652.1, and
AL683813.1 were upregulated in HT-29 cells, while AC005034.5, TNFRSF10A-AS1, and AC011815.1 were downregulated.
The expression of TCAP, NNAT, CHGB, and COL2A1 was upregulated (Figure 11). Surprisingly, AC093157.1 increased
after WZB117 induction, which was contrary to the risk model trend, possibly due to cell line-specific factors.

In summary, Disulfidoptosis can influence the expression of LncRNAs and differential genes in the risk prediction
model. Therefore, these key LncRNAs and differential genes have the potential to serve as diagnostic markers for CRC,
aiding in the treatment and prediction of the degree of CRC disease risk.
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Figure 7 Differential analysis of tumor mutation burden and tumor immune dysfunction and exclusion. A and B: Waterfall plots depicting 15
highly mutated genes in the high- and low-risk colorectal cancer (CRC) groups; C: Differential analysis of TMB in patients from the high- and low-risk CRC groups; D:
Tumor immune dysfunction and exclusion analysis in patients from the high and low-risk groups. 2P < 0.05; °P < 0.01; °P < 0.001.
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DISCUSSION

CRC tumors have unique characteristics, including a high incidence, a high rate of metastasis, and a high fatality rate.
Moreover, both the aberrant expression and regulation of multiple genes are involved in its onset and development.
IncRNAs, which participate in vital BP such cell proliferation, apoptosis, invasion, and metastasis, have been
demonstrated to play significant roles in CRC. For instance, the overexpression of LncRNA LINC00460 triggers the
epithelial-mesenchymal transition and aids in the development of cancer. In CRC, LINC00460 interacts with the ATP-
dependent RNA helicase A (DHX9) and insulin-like growth factor 2 mRNA-binding protein 2 (IGF2BP2) to recognize the
high mobility group AT-hook 1 (HMGAT1) and control its m6A modification. This in turn controls HMGA1 expression,
improves mRNA stability, and aids tumor metastasis[38]. This suggests that IncRNAs may be useful therapeutic targets
for CRC. Moreover, a novel type of cell death called disulfidptosis is known to take place under conditions of glucose
starvation. Related to this process, SLC7A11 is upregulated in CRC, which speeds up the loss of cytoplasmic NADPH,
thereby causing disulfide linkages to form in protein molecules and instigating the collapse of the actin network and
cytoskeleton, finally resulting in cell death[39]. This study therefore analyzes the roles and regulatory mechanisms of
IncRNAs connected to disulfidptosis in CRC, and offers new targets and methods for determining CRC prognosis.

Through bioinformatics analyses, we discovered eight key DRLs: AC005034.5, AC006213.7, AC011815.1, AC013652.1,
AC093157.1, AL354993.2, AL683813.1, and TNFRSF10A-AS1. Previous reports suggested that the osteosarcoma protective
factor AC005034.5 is downregulated in cases of increased disease risk[40]. Moreover, the elevated abundance of
AC013652.1, a key prognostic marker for colorectal and stomach malignancy, predicts a poor prognosis for the patient[41,
42]. By facilitating cell apoptosis and controlling immune cell infiltration via the overexpression of zinc finger protein 268
[43], AC093157.1 has been shown to slow the development of clear cell renal cell carcinoma. In addition, the ability of
gastric cancer cells to proliferate, advance through the cell cycle, and invade other tissues has been found to be strongly
enhanced by TNFRSF10A-AS1[44]. Here, we created a risk prognosis model that divides patients into high- and low-risk
groups based on these eight key DRLs. Using column plots, ROC curve analysis, c-indexes, calibration curves, and
univariate and multivariate Cox regression analyses, we then validated the robustness and independence of the model
(Figure 4). Next, we used the model’s risk scores to contrast the survival rates of high- and low-risk groups. We observed
that increased risk scores were associated with higher mortality in CRC patients (Figure 2D-F). This result shows that the
risk score can be used as a reliable measure to predict patient survival. To enhance the reliability of the risk prediction
model, we assessed the mRNA expression levels of the 8 Disulfidoptosis-Related LncRNAs (DRLs) in two cell lines,
NCM460 and HT-29. Subsequently, induction of the Disulfidoptosis cell model using the Glutl inhibitor WZB117
demonstrated that the accumulation of disulfides leads to increased cell death and alters the expression levels of DRLs.

Next, GO enrichment analysis of DEGs from the high- and low-risk groups revealed that DEGs were primarily
engaged in the immune response. DRLs were strongly enriched in KEGG annotation terms for “Neutrophil extracellular
trap formation (NET),” “IL-17 signaling pathway,” and “PPAR signaling pathway.” According to GSEA, the BP “Cell
surface receptor signaling pathway involved in cell-cell signaling” and “skeletal system development” were active in the
high-risk group (Figure 5). Releasing chromatin DNA threads encircling granule proteins, neutrophils release NET to
capture microorganisms. Research points to a connection between NET growth and cancer pathogenesis. Vascular NETs
can increase vascular permeability, which makes it easier for cancer cells to enter organs from vessels. Via its
transmembrane receptor, the transmembrane protein CCDC25, NET-DNA performs as a chemoattractant for cancer cells.
Through activating the ILK-B-parvin pathway, this interaction improves the motility of tumor cells[45]. The IL-17
signaling pathway is hazardous for the occurrence of cancer and strongly related to the advancement of inflammation.
Adenomatous polyposis coli (Apc)-carrying intestinal epithelial cells proliferate in response to IL-17 signaling in the
intestine, which facilitates the production of adenomas[46]. Intestinal barrier function is compromised by adenomas,
which additionally increase IL-17 responses in tumors and hence accelerate tumor growth[47]. The ligand-activated
nuclear receptor PPAR influences energy homeostasis and lipid metabolism[48]. Findings indicates that CRC tumor cells
have abnormal activation of the PPAR signaling system. When PPARYy inhibitors are administered for blocking this
pathway, tumor epithelial cell proliferation is dramatically suppressed and apoptosis is increased[49]. Here, the low-risk
group exhibited a larger mutational load and a lower TIDE score during the study of differences in TMB (Figure 7). This
suggests that the low-risk group may respond better to immune checkpoint inhibitor medication and has a lower chance
of immunological escape. Furthermore, relative to the high-risk group, the expression levels of the immunological
checkpoints CD274 (PD-L1) and IFNG were higher in the low-risk group. Conversely, the high-risk group exhibited
higher levels of CAF and TAM M2 expression. However, additional experimental validation is necessary to ascertain
whether these checkpoint inhibitors can be used as antitumor medications for CRC. Previous research has shown that
solid CRC tumors typically exhibit disruptions in the IFNG-JAK-STAT-TET signaling pathway, which facilitates anti-PD-
L1/PD-1 immunotherapy. Furthermore, IFNG is an important antiangiogenic mediator of tumor immunity. As a result,
CD274 and IFNG may serve as promising targets for the therapy of CRC[50]. Finally, we showed that epirubicin,
Bortezomib, teniposide, and BMS-754807 represent four possible CRC therapy medicines. Drug sensitivity results
revealed that the first three medications showed greater efficacy in the low-risk group, while BMS-754807 was better
suited to treat the high-risk group (Figure 8). Although teniposide has not yet undergone clinical trials for colorectal
cancer, a check of the ClinicalTrials.gov database (https:/ /clinicaltrials.gov) indicated that epirubicin, Bortezomib, and
BMS-754807 are currently involved in several CRC-related clinical trials. We anticipate clinical study results for these four
medications in the hope that they will show beneficial therapeutic benefits for the treatment of CRC.

As a result, the findings of the research we conducted highlight the complex role that disulfidptosis plays in the onset
and course of colorectal cancer. We created a prognostic risk assessment feature by utilizing DRLs. This model illustrates
the processes behind cellular disulfidptosis and predicts CRC patients' prognosis with consistency. Relevant pathways
correlated to CRC immunity and prognosis were found by our analysis of genes that are DEGs in high- and low-risk
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Figure 8 Identification of potential drugs for the treatment of colorectal cancer. A: Epirubicin; B: Borte zomib; C: TeniposideD: BMS-754807.
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Figure 9 Validation of the relationship between IncRNAs/Genes and cell death induced by disulfidoptosis. The expression of INcRNAs/Genes in
NCM460 and HT-29 cells was measured by quantitative real-time polymerase chain reaction (n = 3). 2P < 0.05; °P < 0.01; °P < 0.001.
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Figure 10 Cell viability assessment of HT-29 cells treated with WZB117 at different concentrations for 24 h.
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Figure 11 Validation of the relationship between IncRNAs/Genes and cell death induced by disulfidoptosis. The expression of InNcRNAs/Genes
in HT-29 cells was measured by quantitative real-time polymerase chain reaction (n = 3) after treatment with 300 umol/L WZB117 for 24 h. 2P < 0.05; °P < 0.01; °P <
0.001.

sample groups." This the discovery holds significant therapeutic implications for both the prevention and the treatment of
CRGC, as it is the first in the history of CRC research to combine disulfidptosis, LncRNA, and immunotherapy. However,
there are limitations related to our database selection and analysis. Firstly, the sample size was small in our study. A
study using a bigger sample size should be conducted in the future. Secondly, all data sources were derived from the
TCGA database, which lacks significant experimental and clinical data to evaluate the accuracy of our results. Finally to
confirm the functional properties of DEGs and the anticancer mechanisms of immunological checkpoints, we must refine
the experimental design in future studies.

CONCLUSION

In conclusion, this is the first attempt to apply bioinformatics methods to examine the immune cell infiltration and the
expression patterns of LncRNAs associated with the disulfidptosis genes in high- and low-risk groups of colorectal cancer
patients. It is stressed the significance of LncRNAs in the diagnosis and treatment of colorectal cancer. Disulfidptosis is
the name given to the accumulation of intracellular disulfide compounds that leads to the breakdown of cytoskeletal
proteins, which may affect host homeostasis and promote tumor growth. The eight significant LncRNAs that have been
discovered are closely associated to the disulfidptosis genes, which can be used as prognostic indicators to predict the
clinical course of colorectal cancer patient. Furthermore, they have the capacity to act as regulators to restrain the
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development, differentiation, invasion, and metastasis of cancer cells, providing fresh approaches for the focused
treatment of colorectal cancer.

ARTICLE HIGHLIGHTS

Research background

Colorectal cancer (CRC) is an extremely fatal disease that is the third fastest-growing cause of cancer-related death
globally. Disulfidptosis is one particular type of cell death that has been associated to the growth, escape, and
regeneration of cancer cells. With disulfidptosis, colorectal cancer treatments and survival predictions could be altered.

Research motivation
A large number of clinical studies incorporate statistical significance to present their results. However, to be able to assess
a therapy's adaptability and relevance in routine clinical practice, clinical measurements of significance are necessary.

Research objectives

The main goal of this work is to construct a stable biological biomarker that utilizes long non-coding RNA (LncRNA)
linked to disulfidptosis-induced cell death. This may provide innovative viewpoints on the assessment of immuno-
therapy response and prognosis in patients suffering from CRC.

Research methods

The Cancer Genome Atlas (TCGA) database offered transcriptome, clinical, and genetic mutation data relating to CRC.
The minimal absolute shrinkage and selection operator approach and univariate and multivariate Cox regression models
were applied to discover and assess critical LncRNA correlated with disulfidptosis. Ultimately, the critical LncRNA
served as the foundation for the prognostic model.

Research results

Through multivariate analysis, we succeeded to identify eight critical long non-coding RNAs linked to disulfidptosis.
These LncRNAs had significant accuracy for the consequences of CRCs. Compared to the high-risk group, patients in the
low-risk group had a higher rate of overall survival. As a result, the nomogram prediction model we created exhibits
good predictive validity and incorporates clinical characteristics and risk scores.

Research conclusions

As a way to predict the prognosis of patients with colorectal cancer, we constructed a prediction model of disulfidptosis-
related LncRNAs based on the TCGA-COAD and TCGA-READ cohort using bioinformatics technology and clinical
patient data. The application of this model in clinical practice makes it much simpler to classify CRC patients precisely,
pinpoint subgroups that are more likely to benefit from immunotherapy and radiation therapy, and provide evidence-
based, targeted therapies for CRC patients.

Research perspectives
In subsequent research, we must enhance the animal and cell experiments in order to validate the functional character-
istics of disulfidaptosis-related IncRNA and the immune checkpoints' anticancer mechanisms.
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Abstract

BACKGROUND

Multiple myeloma (MM) is a terminal differentiated B-cell tumor disease charac-
terized by clonal proliferation of malignant plasma cells and excessive levels of
monoclonal immunoglobulins in the bone marrow. The translocation, (t)(4;14),
results in high-risk MM with limited treatment alternatives. Thus, there is an
urgent need for identification and validation of potential treatments for this MM
subtype. Microarray data and sequencing information from public databases
could offer opportunities for the discovery of new diagnostic or therapeutic
targets.

AIM
To elucidate the molecular basis and search for potential effective drugs of t(4;14)
MM subtype by employing a comprehensive approach.

METHODS

The transcriptional signature of t(4;14) MM was sourced from the Gene
Expression Omnibus. Two datasets, GSE16558 and GSE116294, which included 17
and 15 t(4;14) MM bone marrow samples, and five and four normal bone marrow
samples, respectively. After the differentially expressed genes were identified, the
Cytohubba tool was used to screen for hub genes. Then, the hub genes were
analyzed using Gene Ontology and Kyoto Encyclopedia of Genes and Genomes
analysis. Using the STRING database and Cytoscape, protein-protein interaction
networks and core targets were identified. Potential small-molecule drugs were
identified and validated using the Connectivity Map database and molecular
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docking analysis, respectively.

RESULTS

In this study, a total of 258 differentially expressed genes with enriched functions in cancer pathways, namely
cytokine receptor interactions, nuclear factor (NF)-kB signaling pathway, lipid metabolism, atherosclerosis, and
Hippo signaling pathway, were identified. Ten hub genes (cd45, vcam1, ccl3, cd56, app, cd48, btk, ccr2, cybb, and
cxcl12) were identified. Nine drugs, including ivermectin, deforolimus, and isoliquiritigenin, were predicted by the
Connectivity Map database to have potential therapeutic effects on t (4;,14) MM. In molecular docking, ivermectin
showed strong binding affinity to all 10 identified targets, especially cd45 and cybb. Ivermectin inhibited t(4;,14) MM
cell growth via the NF-xB pathway and induced MM cell apoptosis in vitro. Furthermore, ivermectin increased
reactive oxygen species accumulation and altered the mitochondrial membrane potential in t(4;14) MM cells.

CONCLUSION
Collectively, the findings offer valuable molecular insights for biomarker validation and potential drug deve-
lopment in t(4;14) MM diagnosis and treatment, with ivermectin emerging as a potential therapeutic alternative.

Key Words: Multiple myeloma; Functional enrichment analysis; Molecular docking simulation; Gene expression profiling;
Therapeutic target; Ivermectin

©The Author(s) 2024. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Multiple myeloma is a hematological malignancy with a significant impact on public health, and the t(4;14)
subtype is particularly aggressive and resistant to existing treatments. Our study addresses the urgent need for new
therapeutic approaches by employing a comprehensive approach that includes bioinformatics analysis, molecular docking,
and experimental validation. We identified ten key genes associated with t(4;14) multiple myeloma (MM), shedding light on
the molecular basis of this subtype. We explored the potential of ivermectin to assess whether it may be “repurposed” as a
therapeutic agent for t(4;14) MM. Our findings indicate that ivermectin not only inhibits MM cell growth but also induces
apoptosis via the nuclear factor-kB signaling pathway.

Citation: Song Y, Zhang HJ, Song X, Geng J, Li HY, Zhang LZ, Yang B, Lu XC. Gene signatures to therapeutics: Assessing the
potential of ivermectin against t(4;14) multiple myeloma. World J Clin Oncol 2024; 15(1): 115-129

URL: https://www.wjgnet.com/2218-4333/full/v15/i1/115.htm
DOI: https://dx.doi.org/10.5306/wjco.v15.i1.115
INTRODUCTION

Multiple myeloma (MM) represents a severe hematological malignancy, affecting 176404 individuals and resulting
in117077 fatalities annually[1]. MM is characterized by uncontrolled plasma cell proliferation in the bone marrow, leading
to severe complications, such as bone and kidney damage, anemia, and hypercalcemia[2]. Of particular concern is the
t(4;14) subtype, comprising up to 15% of new MM cases, with notably low survival rates and strong resistance to existing
therapies[3]. Thus, effectively addressing this subtype remains an important medical challenge. Although the seminal
research of Foltz et al[4] and Ashby et al[5] have provided insights into the pivotal facets of t(4;14) MM (Supple-
mentary Table 1),which have advanced our understanding of this malignancy, certain aspects remain elusive.

Translational medicine is increasingly considering drug repurposing as a potential strategy to develop efficient, safe,
cost-effective, and readily available anticancer treatments[6]. Advances in high-throughput sequencing technology have
expanded biomedical and computational resources, facilitating a deeper understanding of cancer etiology and drug-
target interactions, thus enabling drug repurposing[7]. Notably, the Connectivity Map (CMap) tool, housing a compre-
hensive dataset of 7000 microarrays from various cancer cells treated with 1309 molecular compounds, has been instru-
mental in identifying potential treatments for various cancers[8]. Notably, Shi et al[9] used CMap to identify eugenol as a
potential treatment for triple-negative breast cancer, and Qiu et al[10] computationally identified small-molecule drugs
with the potential to treat cervical cancer.

There is an urgent need for identification and validation of potential treatments for this MM subtype, therefore, we aim
to elucidate the molecular basis and search for potential effective drugs by employing a comprehensive approach. We
hope to contribute to advancing early MM diagnosis and tailoring its treatment.
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MATERIALS AND METHODS

Differential expression analysis

The Gene Expression Omnibus (GEO) database (https://www.ncbi.nlm.nih.gov/gds) is a key public repository housing
high-throughput gene expression data, microarray data, and gene chip information. For this study, we sourced the t(4;14)
MM-related expression dataset from GEO. Our search parameters were tailored to t(4;,14) MM across all fields, combined
with filters for "Homo sapiens" as the organism and "dataset." Two datasets, GSE16558 and GSE116294, which included
17 and 15 t(4;,14) MM bone marrow samples, and five and four normal bone marrow samples, respectively
(Supplementary Table 2), were further considered for our analysis. To identify DEGs between the t(4;14) MM samples
and normal samples, we used the "limma" package in R software [version 4.2.2, (http://www.R-project.org/)]. Our
selection criteria were a P value < 0.05 and absolute log?2 fold change (FC) > 1.

PPI network analysis

To construct a functional PPI network for the identified DEGs, we used the STRING online database tool (https:/ /string-
db.org/)[11]. Our selected threshold required a credibility score of > 0.4 for inclusion within the network. The Cytoscape
software [version 3.10.1, (https://cytoscape.org/)] was used to visually map the PP, offering a clear understanding of
protein interactions.

Hub gene mapping

Using Cytoscape, the molecular complex detection (MCODE) plugin was activated to highlight prominent clusters,
abiding by criteria, such as an MCODE score > 6 and a node count > 4. The CytoHubba plugin[12] within Cytoscape,
paired with the Maximal Clique Centrality (MCC) method, was used to filter and identify the top-ranking genes. A
combination of results drawn from the MCODE, MCC, and degree scores led to the identification of 10 key hub genes.

Functional enrichment analysis

The enrichment analysis was performed using the “GSEApy” package within Python (v.3.11.4, [https:/ /www.python.or-
g]), using the Kyoto Encyclopedia of Genes and Genomes (KEGG) and Gene Ontology. Subsequently, statistical
significance was evaluated using the p-value, whereas the visualization of data was achieved using the “ggplot2”
package in R. Gene Set Enrichment Analysis (GSEA) was performed using its dedicated software, sourcing gene sets from
the Molecular Signature Database (http:/ /software.broadinstitute.org/gsea/index.jsp).

Drug screening using CMap
The CMap database (https://clue.io)[13], a key tool in systems biology, was used to identify potential therapeutic
candidates. Our criteria were rigorous, with a cutoff score of < —80.

Molecular docking

For our molecular docking investigations, 3D structural models of the proteins encoded by target genes were retrieved
from UniProt[14] and Protein Data Bank databases and augmented with AlphaFold data. Focusing on structures
determined via X-ray diffraction with a co-crystal resolution < 2.5 A, we downloaded the 2D structural model of
ivermectin from PubChem[15] and converted it into a 3D structure using the LigPrep module in Maestro. AutoDockTools
were used to preprocess the ligands. Optimization included water removal, hydrogenation, charge determination, and
torsion centers and bond selection, yielding a pdbqt file suitable for docking studies. Macromolecular docking
calculations were performed using Vina software [version 1.1.2, (http://vina.scripps.edu/)]. To illustrate the post-
docking ligand-receptor interactions, we used Ligplot+[16] for 2D mapping and PyMOL[17] for in-depth 3D analysis.

Reagents and antibodies

Ivermectin was purchased from Aladdin Biological Technology (Shanghai, China). The following primary antibodies
were purchased from CST (Danvers, MA, United States): Anti- poly (ADP-ribose) polymerase (PARP) (9532; 1:1000), anti-
cleaved PARP (5625; 1:1000), anti-cleaved caspase 3 (9661; 1:500), anti-cleaved caspase 9 (20750; 1:1000), and B-actin (3700;
1:1000). The following primary antibodies were purchased from Abcam (Cambridge, United Kingdom): Anti-B-cell
lymphoma 2 (Bcl2; ab182858; 1:1000), anti-Bcl-2-associated X protein (Bax; ab32503; 1:1000), anti-NF-«xB p65 (ab32536;
1:1000), anti-NF-xB p65 (phospho S536) (ab86299; 1:1000), anti-inhibitor of NF-kB (IxB) alpha (ab32518; 1:1000), and anti-
IxB alpha (phospho-S36) (ab133462; 1:1000). The following secondary antibodies were purchased from Beyotime Biotech-
nology (Shanghai, China): anti-rabbit IgG (A0208; 1:5000) and anti-mouse IgG (A0216; 1:5000).

Cell culture

NCI-H929, a t(4;14) MM cell line, was obtained from the Cell Bank of the Type Culture Collection of the Chinese
Academy of Sciences (Shanghai, China). The cells were cultured in RPMI-1640 medium (Gibco, Billings, MO, United
States) with 10% fetal bovine serum (Gibco) and 1% penicillin/streptomycin (Gibco) at 37 °C with 5% CO,. Preliminary
tests confirmed that the cell lines were Mycoplasma-free.

Cytotoxic activity assay
To assess cytotoxic activity, 5000 cells were seeded per well into a 96-well plate and exposed to ivermectin concentrations
ranging from 0-20 pmol/L for 24-48 h. After incubation, cell viability was evaluated using Cell Counting Kit-8 (CCKS8)
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(DojinDo, Shanghai, China), which required an additional 2-h incubation with 10 pL of CCKS8 solution at 37 °C. The
absorbance of the reaction mixture was measured at 450 nm using a microplate reader (Thermo Fisher Scientific,
California, United States). The inhibitory concentration 50% (IC;,) of ivermectin for each cell type was determined from
the viability data using GraphPad Prism v.10 and the following equation:

[(As—AD)/(Ac-Ab)] x 100%, where “As,” “Ac,” and “Ab” are the absorbance values in the experimental, control, and
blank wells, respectively.

Apoptosis assay

Cells were seeded into 6-well plates and treated with ivermectin for 24 h. After treatment, the cells were collected by
centrifugation. They were then stained using the fluorescein isothiocyanate (FITC) Annexin V Apoptosis Detection Kit
with 7-aminoactinomycin D (7-AAD; 640922; BioLegend, San Diego, CA, United States) by adding 5 puL of FITC
conjugated with annexin V and 5 pL of 7-AAD solution. This was followed by 15 min incubation in the dark at 25 °C.
Subsequently, the stained cells were analyzed using a flow cytometer (LSRFortessa; BD, Franklin Lakes, NJ, United
States), and the data obtained were processed and interpreted using Flow]Jo software (v.10.4).

Reactive oxygen species assay

The cells were cultured in 6-well plates overnight. Fresh RPMI-1640 medium containing the indicated concentrations of
ivermectin was added, and the cells were cultured for 24 h. A reactive oxygen species (ROS) assay kit (S0033S; Beyotime)
was used to detect intracellular ROS levels using the following protocol: treated cells were incubated with 2’,7’-
dichlorodihydrofluorescein diacetate for 20 min at 37 °C. Cells were washed thrice with serum-free medium, and images
were acquired using a fluorescent inverted microscope (Olympus, Tokyo, Japan).

Mitochondrial membrane potential assay

Cells were first allowed to settle in 6-well plates, after which they were treated with ivermectin for 24 h. A JC-1 assay kit
(M34152; Thermo Fisher Scientific) was used to evaluate the mitochondrial membrane potential within these cells. The
assessment was performed in strict accordance with the manufacturer’s guidelines. Readings from this assessment were
captured using a flow cytometer (LSRFortessa; BD).

Western blot analysis

After 48 h of ivermectin treatment, the cells were harvested and lysed using Cell Lysis Buffer (P0013; Beyotime), which
included a protease inhibitor. The subsequent lysate was subjected to a 30-min ice bath before centrifugation at 12000 rpm
for 20 min at 4 °C. Proteins were quantified using a BCA assay kit (P0010; Beyotime), separated by sodium dodecyl-
sulfate polyacrylamide gel electrophoresis, and transferred onto polyvinylidene fluoride membranes. Subsequently, these
membranes were blocked with 5% skim milk for 2 h and incubated with primary antibodies overnight at 4 °C. After
thorough washing, the membranes were incubated with horseradish peroxidase-conjugated secondary antibodies for 1 h
at 25 °C. The proteins were visualized using an electrochemiluminescence kit (NCM Biotech, Suzhou, China).

Statistical analysis

All statistical evaluations were performed using both the R package and GraphPad Prism v.9.0 (GraphPad Software Inc.,
San Diego, CA, United States). Student’s ¢-test was used to compare the means between two groups. Comparisons across
multiple groups were conducted using one- and two-way ANOVA. All results are presented as the mean + SD. Statistical
significance was set at P levels < 0.05.

RESULTS

Identification of DEGs

We identified 1,100 DEGs (270 upregulated and 830 downregulated) and 1746 DEGs (808 upregulated and 938 downreg-
ulated) in the GSE16558 and GSE116294 datasets, respectively. These microarray findings have been presented using heat
maps and volcano graphs, applying a threshold of P < 0.05, logFC<1 for downregulated genes, and logFC>1 for
upregulated genes (Supplementary Figure 1).

Potential targets involved in t(4;,14) MM and PPI network: To better understand the therapeutic pathways involved in
t(4;,14) MM, we constructed a Venn diagram and identified 258 probable targets related to t(4;,14) MM (Figure 1A).
Subsequently, a PPI network containing these targets was constructed to elucidate the target interrelations. The PPI
network comprised 175 nodes and 697 edges (Figure 1B). Three targets that lacked interactions with other targets were
excluded from the assessment. The top five identified nodes were cd45, btk, ccl3, cdhl, and cxcl12, highlighting their
pivotal roles in the network.

Identification of clusters and hub targets in the PPl network

Using the Cytoscape MCODE plugin, we identified two clusters with scores > 6 (Figure 1C). The first group, with 57
nodes and 343 edges, was centered on the seed gene, CD45, and was predominantly related to altered transcriptional
regulation in cancer. The second smaller cluster, which included 15 nodes and 66 edges, had TLR1 as its seed gene and
was primarily related to the negative regulation of apoptosis and signal transduction. Subsequently, the CytoHubba score
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Figure 1 Identification of hub targets and the Kyoto Encyclopedia of Genes and Genomes pathways. A: Venn diagram illustrating overlap of
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targets between GSE16558 and GSE116294 datasets; B: Target protein—protein interaction (PPI) network; C: Top 15 hub genes identified using CytoHubba plugin;
D: Two primary clusters of PPI scored using themolecular complex detection plugin; E: Ranking of top 10 hub genes within PPI network; F: The Kyoto Encyclopedia
of Genes and Genomes pathway enrichment analysis; G: Gene Set Enrichment Analysis of nuclear factor -kB signaling pathway. NK: Nuclear factor.

was used to identify the top 15 genes (Figure 1D). Each of these 15 genes had a degree score >15, indicating compre-
hensive interactions among them. Combining insights from MCODE, MCC, and degree scores, we identified 10 central
hub genes: cd45, vcam1, ccl3, cd56, app, cd48, btk, ccr2, cybb, and cxcl12 (Figure 1E).

Functional enrichment analysis

To better understand the potential therapeutic targets of t(4;,14) MM, we performed functional enrichment analysis of the
255 shared targets. Using the KEGG database, we identified 232 enriched signal pathway terms through enrichment
analysis. With an adjusted P value of < 0.05, the top 20 pathways, including those related to cancer, cytokine-cytokine
receptor interaction, NF-kB signaling, and the Hippo signaling pathway, were identified (Figure 1F). The GSEA for the
NF-xB signaling pathway is illustrated in Figure 1G. Based on these findings, we focused on the NF-kB signaling
pathway to elucidate the potential mechanisms related to t(4;14) MM.

Ivermectin identified as a potential drug using CMap

We used 258 DEGs as potential drug targets for t(4; 14) MM and assessed the CMap database to identify small
compounds that could serve as prospective drugs. Table 1 lists the top nine small-molecule drugs believed to hold
therapeutic potential in countering the gene expression pattern of t(4;14) MM (with a cut-off score of < —80). Notably,
ivermectin, which was listed among the identified small molecules, was considered for further investigation, as it is a
high-ranking approved non-chemotherapeutic drug. Thus, we evaluated the potential inhibitory effects of ivermectin on
t(4;,14) MM cells.

Table 1 Potential drugs identified using the Connectivity Map database

ID Name Score Mechanism of action
BRD-K29733039 Deforolimus -92.69 mTOR inhibitor

BRD-A48570745 Ivermectin -91.74 GABA receptor regulator
BRD-K33583600 Isoliquiritigenin -91.69 Guanylate cyclase activator
BRD-K59456551 Methotrexate -90.69 Dihydrofolate reductase inhibitor
BRD-A43150328 Penicillic acid -87.56 Another antibiotic

BRD-A64479082 Quinidine —85.76 Sodium channel blocker
BRD-K35377380 I-OMe-AG-538 -83.43 IGF-1 inhibitor

BRD-K59570838 Homoveratrylamine -82.67 Dopamine analog

BRD-A50675702 Fipronil -80.55 GABA gated chloride channel blocker

mTOR: Mammalian target of rapamycin; GABA: Gamma-aminobutyric acid; IGF-1: Insulin-like growth factor-1.

Molecular docking

Molecular docking is a pivotal technique for the design of structure-based drugs. It facilitates the assessment of molecular
interactions by determining the most favorable conformation between small-molecule targets and compounds. The 2D
structure of ivermectin is shown in Figure 2A. In molecular docking simulations, ivermectin displayed strong binding
affinity to all 10 identified targets, with docking energy scores below =7 kcal/mol (Figure 2B). Notably, CD45 and CYBB
demonstrated the most potent binding, with binding energies of —10.2 kcal/mol and —9.9 kcal/mol, respectively. The 3D
structural analysis revealedfavorable binding sites for ivermectin in both CD45 (Figure 2E) and CYBB (Figure 2F).
Additionally, 2D interaction diagrams indicated hydrogen bond formation between ivermectin and specific amino acid
residues in CD45 (Glu1030 and Glu1003) and CYBB (Art73), along with hydrophobic interactions in CD45 (Figure 2C) and
water-mediated interactions in CYBB (Figure 2D). These findings shed light on the binding mechanisms underlying the
strong affinity between ivermectin and its targets, providing valuable insights for future drug design.

Ivermectin inhibits the proliferation of t(4,14) MM cells

We evaluated the impact of ivermectin on t(4;14) MM cell proliferation by subjecting cells to varying concentrations (0, 4,
6, 8, 10, and 20 pmol/L) of ivermectin and time intervals (24 and 48 h) of exposure. Cell viability, determined using
CCKS8, demonstrated a significant, concentration- and time-dependent decrease in cancer cell viability (Figure 3A and B).
The half-maximum inhibitory concentration (IC;,) of ivermectin was approximately 9.4 pmol/L in NCI-H929 cells.
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Figure 2 Molecular docking analysis of ivermectin with hub target genes. A: Chemical structure of ivermectin; B: Binding affinity of ivermectin with the
top 10 hub- target genes. A longer bar indicates a lower binding affinity; C: 2D interaction diagrams of ivermectin with CYBB; D: 2D interaction diagrams of ivermectin
with CD45; E: 3D docking structures and interactions of ivermectin with CD45; F: 3D docking structures and interactions of ivermectin with CYBB.

Ivermectin induces apoptosis in t(4;14) MM cells

Drug-induced apoptosis is the primary mechanism underlying cancer cell death[18]. To assess this, we analyzed the
expression of the pro- and anti-apoptotic proteins BAX and BCL2, respectively, after treatment and further inspected the
BAX/BCL2 ratio. We observed that ivermectin induced apoptosis in t(4;,14) MM cells, as evidenced by the upregulation of
pro-apoptotic protein BAX and a decrease in anti-apoptotic protein BCL2 levels (Figure 3C). The BAX/BCL2 ratio
significantly increased (Figure 3D), and the intrinsic mitochondrial apoptotic pathway was activated, as indicated by
elevated caspase-9, caspase-3, downstream effector caspase-3, and PARP expression levels (Figure 3E and F). Annexin V-
FITC/propidium iodide staining revealed a substantial increase in the proportion of apoptotic t(4;14) MM cells after
ivermectin treatment compared with that of the control (Figure 3G and H), highlighting that the suppressive effect of
ivermectin on t(4; 14) MM cells was associated with apoptosis.

Ivermectin increases ROS accumulation and alters the mitochondrial membrane potential in t(4;14) MM cells
Mitochondria are widely known to be the intracellular source of ROS. These species can trigger oxidative damage,
leading to a series of mitochondria-related events, including apoptosis[19]. We detected a significant accumulation of
ROS in t(4;,14) MM cells treated with ivermectin compared with that in untreated controls (Figure 4A). We also observed a
notable reduction in the mitochondrial membrane potential (Figure 4B and C), suggesting that ivermectin-induced
apoptosis in t(4;14) MM cells was related to mitochondrial function. Collectively, these findings suggest a relationship
between ivermectin-induced apoptosis in t(4;,14) MM cells and altered mitochondrial dynamics.
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Figure 3 Ivermectin inhibits proliferation and promotes apoptosis in t(4; 14) multiple myeloma cells. A: CCK-8 analysis of cell viability in cells
treated with ivermectin for 24 h; B: CCK-8 analysis of cell viability in cells treated with ivermectin for 48 h; C: Western blot analysis revealing Bax and Bcl-2 protein
expression levels in cells treated with ivermectin; D: The relative Bax protein expression levels to Bcl-2 protein expression levels are presented as the means + SD of
three independent experiments; E: Western blot analysis displaying protein expression levels of caspase cascade (including cleaved-caspase 9, cleaved-caspase 3,
PARP, and cleaved PARP); F: The data are shown as the means + SD of three independent experiments. G: Apoptosis in t(4;14) multiple myeloma cells post-
ivermectin treatment using 7-AAD/Annexin-V flow cytometry assay. H: The data are shown as the means + SD of three independent experiments. 2P < 0.05, °P <
0.01, and °P < 0.001 compared with the control group.

Ivermectin triggers apoptosis in t(4;14) MM cells via NF-kB signaling pathway

The NF-kB signaling pathway plays a crucial role in the onset and progression of the disease in t(4;,14) MM, often
exhibiting overactivation in these cells and promoting their survival[20]. Our results revealed that ivermectin treatment
substantially reduced both the protein expression and phosphorylation levels of NF-xB p65 in a dose-dependent manner
(Figure 4D and E). Furthermore, the protein expression and phosphorylation levels of IkBa, a regulator upstream of NF-
kB, were also suppressed in t(4;14) MM cells post-ivermectin treatment.
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Figure 4 Ivermectin induces apoptosis in t(4;14) multiple myeloma cells via mitochondrial and nuclear factor-kB signaling pathway. A:
Visualization of intracellular reactive oxygen species (ROS) in t(4;14) multiple myeloma (MM) cells after treatment with ivermectin using 2',7'-
dichlorodihydrofluorescein (DCF) diacetate staining. ROS is represented by the green DCF fluorescence viewed under a fluorescence microscope at 200x
magnification. Scale bar: 50 um. B: Mitochondrial membrane potential in t(4;14) MM cells post-ivermectin treatment assessed using JC-1 staining; C: The data are
shown as the means + SD of three independent experiments; D: Expression patterns of p65, p-p65, p-IkBa, and IkBa in t(4;14) MM cells after exposure to ivermectin,
analyzed by western blotting; E: The data are shown as the means + SD of three independent experiments. 2P < 0.05, ®P < 0.01, and °P < 0.001 compared with the
control group.

DISCUSSION

MM is a multifaceted and incurable disease that displays vast heterogeneity in its clinical manifestations, genetic changes,
therapeutic responses, and overall prognosis[2]. Guidelines from bodies, such as the International Myeloma Working
Group, recognize t(4;,14) MM as a high-risk cytogenetic abnormality[21]. The t(4;,14) MM subtype continues to present a
challenging prognosis despite advances in drug therapies[22]. Therefore, there is an urgent need to develop new
therapeutic drugs to treat t(4;,14) MM. Recent studies have highlighted the potential of identifying molecular targets and
therapeutic drugs for MM through expression profiling and functional enrichment analyses. Di Meo et al[23] identified
ILT3 as an immunotherapeutic target for MM, whereas Mereu et al[24] revealed that UNC0642 increasedcarfilzomib
sensitivity and counteracted drug resistance in MM cell lines. In this study, we identified the key genes and prospective
therapeutic agents for t(4;14) MM using gene expression profile analysis.

The regulation of the immune response is fundamental for the development and progression of MM[25]. We identified
CD45, CD48, and CD56 as the key genes in t(4;,14) MM. Compared with healthy bone marrow controls, patients with
t(4;,14) MM exhibited decreased CD45 expression levels, whereas CD48 and CD56 levels were notably increased. CD45,
also known as protein tyrosine phosphatase receptor type C, was previously called the common leukocyte antigen. This
protein is essential for modulating antigen receptor signaling, which is crucial for lymphocyte development, survival, and
function[26]. However, the role of CD45 in MM remains elusive. Evidence suggests thatCD45 expression decreases
during MM progression[27]. As mature MM cells are predominantly CD45-negative and have inactive SRC family
kinases, they remain unaffected by elotuzumab[28]. Moreover, MM cells in high-risk genetic categories tend to express
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Figure 5 lllustrated overview of ivermectin promoting apoptosis in t(4;14) multiple myeloma cells. [kBo: Anti-inhibitor of NF-kB; IKKSs: Inhibitors of
kappa B kinase; ROS: Reactive oxygen species.

reduced CD45 levels[29]. CD48[30], a member of the signaling lymphocytic activation molecule family, plays a role in
immune cell adhesion and activation. Although it is present in almost all MM plasma cells, it is absent from non-
hematopoietic tissues. Van Acker et al[31] identified CD48 as a promising molecular target for the therapy of MM
antibody therapy. CD56, a neural cell adhesion molecule, is a glycoprotein present in neural and muscle tissues, as well as
in myeloma cells. Cottini et al[32] observed its high expression levels in the t(4;14) MM cell line NCI-H929. CD56 boosts
MM cell growth and influences adhesion to stromal cells. Collectively, these findings highlight the potential for a deeper
evaluation of immune phenotypes for both diagnosis and treatment of t(4;14) MM.

In this study, we also utilized the CMap database to identify potential small-molecule drugs targeting t(4;,14) MM. Our
primary focus was on molecular docking and subsequent experimental validation of the predicted drug, ivermectin.
Traditionally, ivermectin is a macrocyclic lactone antibiotic used to treat parasitic diseases[33]. Recent studies have
revealed its potential antitumor capabilities in various cancers, including breast[34] and pancreatic[35] cancer. Emerging
evidence also suggests its synergistic lethal effects on MM cells when combined with proteasome inhibitors[36].
However, a comprehensive understanding of the specific action mechanisms of ivermectin against MM, especially the
t(4;14) subtype, remains elusive. Our findings demonstrate that ivermectin suppresses the growth of t(4;14) MM cells, as
well as triggers apoptosis.

The NF-«B signaling pathway is crucial for driving cancer progression, angiogenesis, and shaping the tumor microen-
vironment[37]. It orchestrates the production of pro-inflammatory cytokines, inflammatory mediators, and cell adhesion
molecules, creating a favorable microenvironment for MM initiation and progression[38]. Consequently, many leading
anti-MM drugs indirectly target the NF-xB signaling pathway[39]. Bortezomib hinders the proteasomal degradation of
NF-xB and IxB proteins, inhibiting gene transcription activation[40]. Our findings revealed a pronounced suppression of
the NF-«B signaling pathway in ivermectin-treated t(4;14) MM cells (Figure 5). This suggests that ivermectin, by acting as
an external signaling agent, inhibits the activation of this pathway, reducing anti-apoptotic effects and thereby enhancing
cell apoptosis.

Mitochondria are essential for cell survival, functioning as the primary source of ROS and producing adenosine
triphosphate (ATP) through oxidative phosphorylation[41]. In a pathological state, mitochondrial dysfunction results
inATP depletion[42]. In the current study, treatment of t(4,14) MM with ivermectin led to elevated ROS levels and
decreased cell membrane potential. These findings, along with previous reports, suggest that ivermectin exposure can
induce oxidative stress and disrupt the mitochondrial balance, facilitating the apoptosis of t(4;14) MM cells.

There are also some limitations of the present study. Firstly, the sample size may be insufficient, potentially leading to
selection bias. Secondly, regarding the experiments on ivermectin against t(4;,14) MM, this study has only completed a
portion of the in vitro experiments, and further validation of its effectiveness and safety is still required in in vivo
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experiments. Furthermore, additional genetic and experimental studies are needed to elucidate the mechanisms and
functions of these key genes in the occurrence and development of t(4;14) translocated multiple myeloma.

CONCLUSION

In conclusion, we utilized bioinformatics tools, molecular docking, and experimental validation to identify key genes and
potential treatments for t(4;14) MM. Notably, we confirmed that ivermectin induced apoptosis in t(4;14) MM cells via the
NF-kB signaling pathway. However, these insights require additional exploration and robust validation in further
studies.

ARTICLE HIGHLIGHTS

Research background
Multiple myeloma (MM) is a terminally differentiated B-cell tumor disease with a challenging prognosis. Specifically, the
t(4;,14) MM is categorized as a high-risk subtype within MM.

Research motivation
The t(4;,14) MM tends to relapse, and currently, there is a lack of effective clinical treatment strategies.

Research objectives
This study aimed to elucidate the molecular basis of the t(4;,14) MM and search for potential effective drugs through a
comprehensive approach.

Research methods

The transcriptional characteristics of t(4;,14) multiple myeloma were obtained from the Gene Expression Omnibus and
subjected to gene ontology and pathway enrichment analysis. Utilizing the STRING database and Cytoscape, a protein-
protein interaction network was constructed, and core targets were identified. Connectivity Map identified potential
small-molecule drugs, and these findings were validated through molecular docking analysis. One of these drugs,
ivermectin, was further tested for its effects on t(4;14) multiple myeloma cells.

Research results

We identified 258 differentially expressed genes with enriched functions in cancer pathways, cytokine receptor
interactions, the nuclear factor (NF)-kappa B signaling pathway. Ten key genes were pinpointed. Ivermectin emerged as a
potential treatment. In vitro, ivermectin inhibited t(4;,14) MM cell growth via the NF-kappa B pathway and induced t(4;14)
MM cell apoptosis.

Research conclusions
Ivermectin induced apoptosis in t(4;14) MM cells via the NF-xB signaling pathway.

Research perspectives
Our study offers valuable molecular insights for biomarker validation and potential drug development in t(4;14) MM
diagnosis and treatment.
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Abstract

BACKGROUND

Hepatocellular carcinoma (HCC) is an aggressive subtype of liver cancer and is
one of the most common cancers with high mortality worldwide. Reprogrammed
lipid metabolism plays crucial roles in HCC cancer cell survival, growth, and
evolution. Emerging evidence suggests the importance of fatty acid binding
proteins (FABPs) in contribution to cancer progression and metastasis; however,
how these FABPs are dysregulated in cancer cells, especially in HCC, and the
roles of FABPs in cancer progression have not been well defined.

AIM

To understand the genetic alterations and expression of FABPs and their
associated cancer hallmarks and oncogenes in contributing to cancer mali-
gnancies.

METHODS

We used The Cancer Genome Atlas datasets of pan cancer and liver hepato-
cellular carcinoma (LIHC) as well as patient cohorts with other cancer types in
this study. We investigated genetic alterations of FABPs in various cancer types.
mRNA expression was used to determine if FABPs are abnormally expressed in
tumor tissues compared to non-tumor controls and to investigate whether their
expression correlates with patient clinical outcome, enriched cancer hallmarks and
oncogenes previously reported for patients with HCC. We determined the protein
levels of FABP5 and its correlated genes in two HCC cell lines and assessed the
potential of FABP5 inhibition in treating HCC cells.

RESULTS
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We discovered that a gene cluster including five FABP family members (FABP4, FABP5, FABP8, FABP9 and
FABP12) is frequently co-amplified in cancer. Amplification, in fact, is the most common genetic alteration for
FABPs, leading to overexpression of FABPs. FABP5 showed the greatest differential mRNA expression comparing
tumor with non-tumor tissues. High FABP5 expression correlates well with worse patient outcomes (P < 0.05).
FABP5 expression highly correlates with enrichment of G2M checkpoint (r = 0.33, P = 1.1e-10), TP53 signaling
pathway (r = 0.22, P = 1.7e-5) and many genes in the gene sets such as CDK1 (r = 0.56, P = 0), CDK4 (r = 0.49, P = 0),
and TP53 (r = 0.22, P = 1.6e-5). Furthermore, FABP5 also correlates well with two co-expressed oncogenes PLK1 and
BIRCS in pan cancer especially in LIHC patients (v = 0.58, P = 0; r = 0.58, P = 0; respectively). FABP5"s" Huh7 cells
also expressed higher protein levels of p53, BIRC5, CDK1, CDK2, and CDK4 than FABP5“* HepG2 cells. FABP5
inhibition more potently inhibited the tumor cell growth in Huh? cells than in HepG2 cells.

CONCLUSION

We discovered that FABP5 gene is frequently amplified in cancer, especially in HCC, leading to its significant
elevated expression in HCC. Its high expression correlates well with worse patient outcome, enriched cancer
hallmarks and oncogenes in HCC. FABP5 inhibition impaired the cell viability of FABP5"s» Huh7 cells. All these
support that FABPS5 is a novel therapeutic target for treating FABP5"s" HCC.

Key Words: Hepatocellular carcinoma; Fatty acid binding protein; Novel target; Amplification; Correlated expression
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Core Tip: Several recent studies reported that fatty acid binding proteins (FABPs) contribute to reprogrammed lipid
metabolism and cancer progression; however, how these FABPs are dysregulated in cancer, especially in hepatocellular
carcinoma (HCC), has not been carefully addressed. We discovered that a FABP gene cluster including FABPS are
frequently amplified in cancer. FABPS is significantly upregulated in HCC and its high expression correlates well with
worse patient outcomes, enrichment of top enriched cancer hallmarks involved in cell cycle progression, and two oncogenes
PLKI and BIRCS in HCC. FABPS5 inhibition impaired the cell viability of FABP5"s" HCC cells. Our data supported that
FABPS is a novel therapeutic target for treating HCC.
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INTRODUCTION

Cancer cells are heavily dependent on cellular metabolism pathways for their disease malignancy and progression. Lipid
metabolism has been increasingly recognized to be reprogrammed and plays crucial roles in cancer cell survival, growth,
and evolution[1].

There is emerging evidence suggesting the critical roles of fatty acid binding proteins (FABPs) in contribution to cancer
progression and metastasis[2,3]. FABPs are a family of chaperone proteins that bind to long-chain fatty acids, retinoids,
and other hydrophobic molecules[3]. There are ten FABP genes identified in the human genome, each with restricted
tissue distribution in healthy individuals. Some of the family members including FABP4, FABP5, and FABP7 are
abnormally expressed in cancer cells beyond tissue expression restriction and play important roles in cancer malignancy
and progression[2,3]. FABP4 is normally expressed in adipocytes at high levels and its expression is controlled by
peroxisome proliferator-activated receptor gamma (PPARY)[4]. Accumulating evidence shows that FABP4 plays
important roles in cancer progression in multiple cancer types, including breast cancer[5], ovarian cancer[6], and colon
cancer[7]. In contrast, loss of FABP1 expression in colorectal cancer is associated with poor patient outcome[8]. FABP5 is
normally expressed in cells of epidermal origin and emerging evidence shows that it functions to regulate fatty acid
trafficking, lipid metabolism and cell growth[9]. FABP5 was found to be upregulated in many cancer types[10]. However,
the mechanism leading to abnormal FABP expression in cancer is not clear and the roles of these FABPs in contributing to
cancer progression have not been well defined. In this study, we aimed to investigate the genetic alterations leading to
abnormal expression of FABPs in cancer and the missing links of abnormal FABP expression to cancer gene signatures
and patient survival.
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MATERIALS AND METHODS

Cells and reagents

Hepatocellular carcinoma (HCC) cell lines HepG2 and Huh?7 were obtained from our laboratory for long-term storage
and cultured in high glucose Dulbecco’s modified Eagle medium containing 10% fetal bovine serum and 1% penicillin/
streptomycin. SBFI-26 (S9957) was purchased from Selleck Chemicals (Houston, TX, United States). The antibodies
against FABP5 (39926), p53 (9282), BIRC5 (2808), CDK1 (77055), CDK2 (2546), CDK4 (12790), MCL-1 (94296) and GAPDH
(2118) were purchased from Cell Signaling Technology (Danvers, MA, United States). A CellTiter-Glo 2.0 cell viability
assay kit (G9241) was purchased from Promega (Madison, WI, United States).

Collection of datasets and bioinformation analysis platforms

We performed data analysis for The Cancer Genome Atlas (TCGA) pan-cancer and liver hepatocellular carcinoma (LIHC)
patient cohort through cBioPortal (https:/ /www.cbioportal.org/) and a well-established web bioinformatic platform
Gene Expression Profiling Interactive Analysis 2 (GEPIA2, http://gepia2.cancer-pku.cn/#index), developed by Zhang
Lab, Peking University[11]. GEPIA2 collected RNA sequencing data of 9,736 tumors and 8,587 non-tumor samples from
the TCGA and the Genotype-Tissue Expression projects.

Identification of genetic alterations of FABP family members

To find out the genetic alterations of FABPs (FABP1, FABP2, FABP3, FABP4, FABP5, FABP6, FABP7, PMP2, FABP9 and
FABP12) in cancer cells, we used cBioPortal tools. We checked the frequencies of each genetic alteration using TCGA pan-
cancer (70655 samples from 217 non-redundant studies) and LIHC cohort (1829 samples from eleven studies) and their
correlation with FABP5 mRNA expression and HCC cancer stages.

Expression of FABPS5 in tumor and non-tumor cells and its correlation with patient survival

We compared mRNA expression of FABPs in tumor vs non-tumor tissues using TCGA pan-cancer (9664 tumor tissue
samples and 711 non-tumor tissue samples) and LIHC cohort (360 tumor tissue samples and 50 non-tumor tissue
samples) and checked if high expression correlates with poor patient outcomes using the GEAIP2 platform.

Correlation of FABP5 expression with cancer hallmarks and oncogenes in HCC cells
We assessed correlation of FABP5 expression with cancer hallmarks enriched in HCC cells (G2M checkpoint and TP53
signaling) and highlighted genes within the gene sets using the GEAIP2 platform.

Cell viability assay

The cell viability assay was performed as described in our earlier study[12]. Briefly, 2000 HepG2 or Huh? cells per well
were pre-seeded into white 96-well plates overnight. The cells were then treated with a 2-fold serial dilution of SBFI-26 (0-
100 pmol/L). The cell viability was measured using a VICTOR Nivo Multimode Microplate Reader (PerkinElmer Health
Sciences Inc, Shelton, CT, United States) at 72 h post treatment by using CellTiter-Glo 2.0 Reagent.

Statistical and computational analysis

We performed Pearson's or Spearman's correlation test to determine whether there was a significant link between the two
variables. The log-rank test was used to determine the statistical significance of gene expression in correlation with
patient outcome. *P < 0.05; *P < 0.01; <P < 0.001; ¢P < 0.0001.

RESULTS

FABP4, FABP5, FABP8, FABP9 and FABP12 are frequently co-amplified in cancer

We discovered that a cluster of FABP genes FABP4, FABP5, FABPS, FABP9 and FABP12 at the adjacent loci of
chromosome 8, but not other FABPs located at different chromosomes, showed high frequencies of genetic alteration (3%)
in the pan-cancer cohort (Figure 1A). The frequency of genetic alterations of these FABPs reaches 5%-6% in the LIHC
cohort (Figure 1B). The prevalent type of alteration is amplification and co-occurrence of amplification of these genes
FABP4, FABP5, FABPS, FABP9 and FABP12 is highly significant (P < 0.001) (Figure 1C). Other genetic alterations such as
mutations, structural variants and homo-deletion also occur but at much lower frequencies (Figure 1A and B).

FABP5 and FABP4 amplifications occur at the highest frequencies in patients with prostate adenocarcinoma or HCC

Interestingly, when we checked genetic alterations of FABPs in different cancer types, we discovered that patients with
prostate adenocarcinoma (PRAD) or HCC have the highest genetic alteration frequencies among others and again with
genetic amplification as the prevalent type. FABP4 showed the highest frequency in PRAD (7.9%) followed by HCC
(7.8%) using TCGA pan cancer cohort, while FABP5 showed the highest frequency in HCC (8.1%) followed by prostate
PRAD (Figure 2A and C). Consistent with these, when we checked their genetic status in various liver cancer cohorts, we
observed high FABP4 alteration frequencies up to 12.5% and FABP5 up to 12.2% in the aggressive subtype HCC
(Figure 2B and D). Importantly, FABP5 mRNA expression is much higher in the patients with FABP5 amplification than
those with FABP5 gain, diploid, or deletion (P < 0.0001) (Figure 2E). Moreover, HCC cases at stage II-IV showed higher
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Figure 1 Genetic alternation of FABP family members in various cancer types. A-B: Genetic alternation of each FABP family member (FABP1, FABP2
, FABP3, FABP4, FABPS, FABP6, FABP7, PMP2, FABP9 and FABP12) in pan-cancer types (70655 samples from 217 non-redundant studies) (A) and in various liver
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cancer subtypes (1829 samples from eleven studies) (B) using The Cancer Genome Atlas datasets. The mutation frequency for each FABP gene was shown next to
the gene name; C: Co-occurrence of genetic alternation of the gene loci of FABP family members in liver cancer.

expression of FABP5 (P = 0.071), but not FABP4 (P = 0.179) (Figure 2F).

FABP5 and FABP4 are expressed at much higher levels in tumor tissues compared to non-tumor counterparts in HCC

To find out whether amplification and resulting high expression of FABP family members has clinical significance in
cancer, we compared their expression in tumor tissues and non-tumor controls for various cancer types (Figure 3A).
Among all family members, FABP3, FABP4, and FABP5 are expressed ubiquitously across various cancer types
(Figure 3A), while FABP1, FABP6, FABP7, and FABPS8 are expressed selectively in restricted cancer types. In contrast,
FABP2, FABPY, and FABPI2 are expressed at extremely low levels, if any (Figure 3A). FABP1, FABP3, FABP4, and FABPS5,
but not other family members, are selectively expressed in LIHC patients (Figure 3A and Supplementary Figure 1A),
while FABP3, FABP4 and FABP5 are also selectively expressed in PRAD patients (Figure 3A and Supple-
Smentary Figure 1A). When we checked the expression of FABPs in tumor tissues compared to non-tumor controls, we
found that FABPS5 is significantly upregulated in adrenocortical carcinoma (ACC), glioblastoma multiforme (GBM),
kidney renal clear cell carcinoma (KIRC), brain lower-grade glioma (LGG), liver hepatocellular carcinoma (LIHC), lung
adenocarcinoma (LUAD), skin cutaneous melanoma (SKCM), and uveal melanoma (UVM), while FABP4 is significantly
upregulated only in colon adenocarcinoma (COAD), lung squamous cell carcinoma and stomach adenocarcinoma
(Figure 3B). In patients with LIHC, among the selectively expressed FABPs, only FABP5 and FABP4 showed significant
upregulation of mRNA expression in tumor tissues compared to non-tumor controls. Other FABPs, such as FABP1
(restricted expression in normal liver), did not show differential expression in tumor and non-tumor tissues, even though
it is expressed at prominent levels in patients with LIHC (Figure 3C and Supplementary Figure 1A-C). More importantly,
high FABP5 expression significantly correlates with overall patient survival (P = 6.6e-5) and disease-free survival (P =
6.6e-5) (Figure 3D-E). We found that high FABP5 expression significantly correlates with overall survival not only in
LIHC but also in other cancer types including ACC, GBM, KIRC, LGG, LUAD, SKCM, and UVM, where FABP5 is found
to be upregulated in tumor tissues compared to non-tumor control (Figure 3B and Supplementary Figure 1D). In contrast,
high FABP4 expression showed less significant correlation with poor overall survival (P = 0.047) (Figure 3E). In addition,
expression of other FABPs (FABP1 and FABP3) expressed in LIHC, does not significantly correlate with overall survival
(P =10.21 and 0.091, respectively) (Supplementary Figure 1E-G). Together, these data indicate that FABP5, among other
FABPs, is selectively upregulated in tumor tissues and its expression correlates well with poor clinical outcomes in
patients with HCC.

High FABP5 expression selectively associated with enrichment of cancer hallmarks G2M checkpoint and TP53
signaling

E2F targets, G2M checkpoint and DNA repair have been identified to be the top three cancer hallmarks enriched in HCC
tumor cells compared to non-tumor controls[13], which supported that cell cycle and DNA repair signaling networks are
critical for HCC cancer malignancies and progression. Therefore, we are interested in checking if FABP5 overexpression
correlates with enrichment of these important cancer hallmarks in HCC. We found that FABP5 expression correlates well
with G2M checkpoint gene signature (r = 0.33, P = 1.1e-10) (Figure 4A and B), and most of the genes in the dataset,
including ATR (r = 0.35, P = 3.9e-12)[13], BRCA1 (r = 0.23, P = 8.1e-6), CCNB1 (r = 0.61, P = 0), CDK1 (r = 0.56, P = 0),
CDKN2D (r = 0.37, P = 121e-13), CHEK1 (r = 0.46, P = 0), CHEK2 (r = 0.17, P = 0.001), PI4KA (r = 0.29, P = 9.3e-9), PRKDC
(r=0.43, P = 1.4e-11), RPS6K1 (r = 0.3, P = 3.6e-9), and YWHAH (r = 0.38, P = 5.7e-14) (Figure 4C). Among these,
expressions of CCNB1 and CDK1 showed the highest correlation with FABP5 expression (Figure 4C). The strong CCNB1-
FABP5 correlation is observed in LIHC but also in many other cell types including COAD (r = 0.43, P = 6.5e-14), DLBCL (r
=0.54, P = 6.5e-14), KICH (r = 0.8, P = 6.7e-16), KIRC (r = 0.46, P = 0), READ (r = 0.36, P = 0.00043), tenosynovial giant cell
tumor (r = 0.43, P = 1.3e-7), and UVM (r = 0.75, P = 1.3e-15) (Supplementary Figure 2A and B).

In an independent analysis using cBioportal platform, we found that most genes involved in cell cycle network are
dysregulated with TP53 as the top gene (Figure 4D). Therefore, we checked if FABP5 expression is associated with
expression of TP53 and p53 signaling gene signature. We found that FABP5 expression correlates well with TP53
expression (r = 0.22, P = 1.6e-5), its signaling gene signature (r = 0.33, P = 1.1e-10) (Figure 5A and B), and almost half of
the genes in the dataset, including BCL2 (r = 0.15, P = 0.0044), CDK2 (r = 0.28, P = 6.6e-8), CDK4 (r = 0.49, P = 0), E2F1 (r =
0.15, P = 0029), PCNA (r = 0.31, P = 2.2e-9), and RB1 (r = 0.21, P = 5.2e-5) (Figure 5C). In an independent analysis using
cBioportal platform, we found that most genes involved in TP53 signaling network are dysregulated with TP53 as the top
gene (Figure 5D).

High FABP5 expression correlated well with PLK1 and BIRC5 expression

In our previous study, we demonstrated that that PLKI, a master regulator of cell cycle, and BIRC5, a multifunctional
gene only expressed at G2M phase, are two important oncogenes that are highly co-expressed in HCC and the co-
targeting of PLK1 and BIRCS5 synergistically inhibited tumor growth of HCC preclinical models in vitro and in vivo[12]. To
investigate the relationship between FABP5 expression and PLKI-BIRC5 co-expression in cancer, we first checked
expression of selected FABPs together with CCNB1, TP53, BIRC5 and PLK1 (Figure 6A). Expression of FABP5, but not
other FABPs including FABP1, FABP3, FABP4 and FABP6 appeared to be well-correlated with expression of PLKI and
BIRC5 across cancer types, in addition to CCNB1 and TP53 (Figure 6A). Consistent with our previous findings[12],
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Figure 2 Frequencies of genetic alternations and expression of FABP4 and FABPS5 in various cancer types. A-B: Frequencies of genetic
alternations of FABP4 in major cancer types using The Cancer Genome Atlas (TCGA) datasets via cBioportal (A) and in various liver cancer subtypes (B) using
TCGA datasets via cBioportal; C-D: Frequencies of genetic alternations of FABP5 in pan-cancer types (C) and in various liver cancer subtypes (D) using TCGA
datasets via cBioportal; E: FABP5 expression in liver cancer with different FABP5 genetic alteration types using TCGA datasets via cBioportal; F: Expression of

Buissidengs WICO | https:/ /www.wjgnet.com 135 January 24,2024 | Volume15 | Issuel |



LiY et al. FABP5: A novel HCC therapeutic target

FABPS5 (left panel) and FABP4 (right panel) in liver cancer at stage I-IV using TCGA datasets via GEPIA2 portal. °P < 0.0001; NS: Not significant.
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Figure 3 Expression of FABP family members in tumor tissues and non-tumor tissue control in various cancer types. A-B: Expression of
each FABP family member (FABP1, FABP2, FABP3, FABP4, FABP5, FABPS, FABP7, PMP2, FABP9 and FABP12) in tumor tissues and non-tumor tissue control in
various cancer types (A) and statistical significance when comparing their expression in tumor tissues with non-tumor tissue control (B) using GEPIA2 portal; C:
Higher expression of FABP4 and FABPS, but not FABP1, was observed in liver tumor tissues comparing to non-tumor tissue control; D-E: High expression levels of
FABPS, but not FABP1 or FABP4, in liver cancer correlate with overall patient survival (D) and disease-free survival (E). 2P < 0.05.
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Figure 4 Expression of FABP5 correlates with cancer hallmark G2M checkpoint and genes within. A: FABPS5 positively correlated with enrichment
of cancer hallmark G2M checkpoint in patients with liver hepatocellular carcinoma (LIHC); B: Gene list included in the cancer hallmark G2M checkpoint. The genes
that showed positive correlation with FABPS5 are highlighted in red (P < 0.01); C: Highlighted genes in the G2M checkpoint gene set positively correlate with FABP5
expression in patients with LIHC. P values show the statistical significance of the correlation; R values indicate the correlation coefficient; D: Altered expression of
individual genes in the G2M checkpoint gene set showed in the context of signaling network. Pink bars show upregulation of gene expression.

expression of PLK1 and BIRC5 showed remarkable correlation in pan cancer (r = 0.73, P = 0) and even higher in LIHC (r =
0.83, P = 0) (Figure 6B and C). Expression of FABP5 also showed some correlation with PLK1 (r = 0.19, P = 0) or BIRC5 (r =
0.15, P = 0) in cancer and much better correlation in LIHC patient cohort (r = 0.58, P = 0; r = 0.58, P = 0, respectively)
(Figure 6D-G and Supplementary Figure 3A and B). These data demonstrate that FABP5 is highly correlated to the
expression of PLK1-BIRC5 co-expression, which is selectively in patients with HCC.

HCC cells with high FABP5 expression are sensitive to FABPS5 inhibition

The stabilizing TP53 mutation Y220C in Huh7 cells resulted in overexpression of p53, which is much higher than that in
HepG2 cells harboring wild type TP53 gene. Interestingly, FABP5 protein expression is also expressed at a much higher
level in Huh? cells than HepG2 cells (Figure 7A). BIRC5, CDK1, CDK2, and CDK4, but not MCL-1, are also expressed at
much higher levels in FABP5"s" Huh?7 cells than FABP5"" HepG2 cells (Figure 7A). Huh7 cells are more sensitive to
FABP5 inhibition by SBFI-26, a specific inhibitor of FABP5, than in HepG2 cells (ICy, = 89 and 145 pmol/L) at 6 d upon
treatment (Figure 7B and C). Long treatment for 6 d led to further inhibition of cell viability of Huh? cells than shorter
treatment for 3 d (IC;, = 89 and 749 pmol/L, respectively) (Figure 7D and E). This demonstrated that like many other
compounds targeting regulators of cellular mechanism, the anti-tumor effect of FABP5 inhibitor SBFI-26 is a slow process,
which requires time to show the anti-tumor effect. Together, these data indicate that HCC cells with high FABP5
expression are sensitive to FABP5 inhibition.

DISCUSSION

In this study, we discovered the FABP5 gene is frequently amplified together with other adjacent family members FABP4,
FABPS8, FABP9 and FABP12 as a gene cluster. However, only FABP5 and FABP4 are highly expressed in HCC patients
and are significantly upregulated in tumor cells compared to non-tumor controls. Compared to FABP4, FABP5 is
expressed at higher levels in cancer including LIHC and more differentially expressed in tumor cells compared to non-
tumor controls. Consistent with our data, Ohata et al[14] performed immunohistochemical staining of FABP5 for 243
paired HCC and adjacent non-tumor liver tissue samples. The study confirmed that all normal liver cells were stained
negatively, while liver tumor cells can be divided into two groups, FABP5 positive (57.2%) and FABP5 negative (42.8%).
Therefore, this data supports that FABP5 is overexpressed in 57.2% of patients with liver tumors. Our data of FABP5
expression in HepG2 and Huh? cells is consistent with published data in this study as well. This study showed a positive
correlation of high FABP5 expression with distant metastasis and invasion. However, Huh7 and HepG2 are both
considered to be low metastatic. Our data showed that high expression of FABP5 mRNA correlated well with G2M
checkpoint (P = 1.1e-10, r = 0.33) and TP53 signaling in liver cancer cells (P = 1.7e-5, r = 0.22) (Figures 4 and 5). We
confirmed some of these gene expression differences involved in these two signaling networks including CDK1, CDK2,
CDK4, and BIRC5 by western blotting in FABP5 low expressing HepG2 cells and FABP5-high expressing Huh7 cells
(Figure 7A). The hotspot mutation Y220C of TP53 gene results in its decreased DNA binding and reduced p53 tumor
suppressor function, leading to cancer progression[15-17]. This may explain that Huh7 cells carrying TP53 Y220C
mutation grow much faster than hepG2 cells with wild type TP53 (cell doubling time, 24 and 48 h, respectively).
Therefore, it is possible that the TP53 genetic status affects the cell proliferation and expression of FABP5, which requires
further validation.
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Figure 5 Expression of FABPS correlates with cancer hallmark TP53 signaling and genes within. A: FABP5 positively correlated with enrichment
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of cancer hallmark TP53 signaling in patients with liver hepatocellular carcinoma; B: Gene list included in TP53 signaling. The genes that showed positive correlation
with FABP5 are highlighted in red; C: Highlighted genes in the TP53 signaling gene set positively correlate with FABP5 expression. P values show the statistical
significance of the correlation; R values show the correlation coefficient; D: Altered expression of individual genes in the TP53 signaling gene set shown in the context
of signaling network. Pink bars show upregulation of gene expression.
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Figure 6 Expression of FABPS correlates with PLK1 and BIRC5 expression in pan cancer and liver cancer. A: Expression of FABP5 and other
FABP family members as well as several highlighted genes CCNB1, TP53, BIRC5 and PLK1 in each cancer type using GEPIA2 portal; B and C: FABP5 expression
positively correlated with expression of BIRC5 at pan cancer (B) and liver cancer (C); D and E: FABP5 expression positively correlated with expression of PLKT at
pan cancer (D) and liver cancer (E); F and G: BIRC5 expression positively correlated with expression of PLK1 at pan cancer (F) and liver cancer (G). P values show
the statistical significance of the correlation; R values show the correlation coefficient.
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Figure 7 Huh7 cells are sensitive to FABP5 inhibition by SFBI-26. A: Western blot shows the expression of FABPS5, p53, and other proteins in Huh7 and
HepG2 cells; B: 3-dose (0, 50 and 100 pmol/L) cell viability assay shows SBFI-26 inhibited the cell viability of hepatocellular carcinoma (HCC) cell lines Huh7 and
HepG2 cells post treatment for 6 d; C: 8-dose (2-fold serial doses up to 100 umol/L) cell viability assay showed SBFI-26 inhibited the cell viability of HCC cell lines
post treatment for 6 d; D: 3-dose (0, 50 and 100 pumol/L) cell viability assay shows SBFI-26 inhibited the cell viability of Huh7 cells in time-dependent manner; E: 8-
dose cell viability assay showed SBFI-26 inhibited the cell viability of Huh7 cells at 3- and 6-d post treatment; NS: Not significant.

Furthermore, the correlation of FABP5 expression with poor patient survival is more significant than that of FABP4
expression. These data suggest FABPS5 is the predominant gene across FABPs that are dysregulated in cancer, and it is the
most important member that contributes significantly to cancer malignancy and progression, especially in patients with
HCC. It is interesting to find out that high FABP5 expression correlates well with top cancer hallmarks and two
oncogenes PLK1 and BIRC5 that were identified in HCC patients in our and other studies earlier[12,13]. These data
strongly suggest that FABP5 is a novel therapeutic target for treating HCC and provides valuable insights for potential
therapeutic development in treating patients with HCC.

Small molecule inhibitors targeting FABP proteins, especially FABP4, are currently under development by multiple
efforts. Early preclinical data provide evidence that targeting FABP4 by BMS309403 is promising in treating cancer for
multiple cancer disease models[2,7,18]. In this study, our data suggests that FABP5 is a novel therapeutic target in
patients with HCC and other cancer types. FABP5 inhibitors such as SFBI-26 are emerging and demonstrate that targeting
FABPS is feasible and promising in treating cancer[13].

We found that the gene cluster with FABP4, FABP5, FABPS, FABPY, and FABP12 in adjacent loci in chromosome 8 are
often co-amplified in many cancer types but with highest frequencies in PRAD and HCC. Amplification is the most
common genetic alteration type for these FABPs. In contrast, other family members FABP1, FABP2, FABP3, FABP6 and
FABP7 also showed expression in cancer, ubiquitously or selectively, but are not frequently altered at genetic level.
Interestingly, not all co-amplified family members are expressed in cancer due to amplification. Only FABP4 and FABP5
are expressed across various cancer types, suggesting that genetic amplification itself is necessary but not sufficient for
their abnormal expression in cancer. Expression of FABP4, as a major target of PPARy[19], has been shown to be
controlled by PPARY[4], and FABP4 has been shown to negatively regulate PPARy expression level, likely through a
negative feedback signaling loop. In contrast to FABP4, FABP5 has been shown to facilitate fatty-acid induced PPARy
activation and downstream signaling, and activated PPARYy in turn upregulates FABP5 expression levels in prostate
cancer[10]. Whether this is also the case in HCC requires further investigation. In this study, we discovered that FABP5 is
the one with greatest changes in mRNA expression across family members in patients with LIHC comparing tumor with
non-tumor tissues and its expression highly correlates with poor patient outcome and enriched cancer hallmarks
involved in cell cycle progression.

Dysregulated cell metabolism and cell cycle progression are key interconnecting events for cancer malignancy and
progression[20]. The top three cancer hallmarks previously reported in HCC patients are E2F targets, G2M checkpoint
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and DNA repair[13]. All these lead to dysregulated cell cycle progression. Interestingly, we discovered that FABP5
expression highly correlates with top cancer hallmarks enriched in LIHC patients (G2M checkpoint), which likely drive
cancer cell survival and proliferation[13]. In our previous study, we demonstrated that two oncogenes, PLK1 and BIRC5,
are highly co-expressed in HCC and co-targeting of PLK1 and BIRC5 synergistically inhibited tumor growth of HCC
preclinical models in vitro and in vivo[12]. Both PLK1 and BIRC5 are master regulators in cell cycle, powerful in
promoting cell cycle progression and inhibiting cell death[21,22]. In this study, we confirmed that PLK1 and BIRC are co-
expressed in cancer including HCC. More interestingly, FABP5 expression correlates very well with expression of PLK1
and BIRC5 in multiple cancer types. The strong correlation of FABP5 with cell cycle hallmark and cell cycle master
regulators suggests its critical role in contribution to cancer cell progression when overexpressed.

In addition to its upregulation and functions in tumor cells, FABP5 is also found to be dysregulated in multiple
immune cell types and can serve as a novel immune-related prognostic marker and a target of immunotherapy[23].
FABP5 was reported to regulate mitochondrial integrity and functions as cell-intrinsic checkpoint for Treg suppressive
function in tumor microenvironment[24]. However, how FABP5 is dysregulated and the underlying mechanism in anti-
tumor immunity have not been fully understood and requires further investigation.

CONCLUSION

FABP5 is frequently amplified in HCC, leading to its abnormal expression. High FABP5 expression correlates well with
worse patient outcome, enriched cancer hallmarks and oncogenes in HCC. Targeting FABP5 by SBFI-26 is more effective
in FABP5-high expressing cells than FABP5-low expressing cells.

ARTICLE HIGHLIGHTS

Research background
FABP5 amplification can serve as a prognosis biomarker for the prediction of patient outcome and as a novel therapeutic
target for treating hepatocellular carcinoma (HCC) with FABP5 amplification.

Research motivation

FABPS is frequently amplified in cancer, especially in HCC, which leads to its abnormal expression in HCC. High FABP5
expression correlates well with worse patient outcome, enriched cancer hallmarks and oncogenes in HCC. Targeting
FABPS5 by SBFI-26 is more effective in FABP5-high expressing cells (Huh?7) than FABP5-low expressing cells (HepG2).

Research objectives

FABP4, FABP5, FABP8, FABP9 and FABP12 as a gene cluster is frequently amplified in cancer, which is the most common
genetic alteration for FABPs. FABPS5 is highly overexpressed in cancer and its expression correlates well with worse
patient outcomes. FABP5 expression highly correlates with enrichment of G2M checkpoint, TP53 signaling pathway, and
many genes in the gene sets such as CDK1, CDK4, and TP53. Furthermore, FABP5 also correlates well with two co-
expressed oncogenes PLK1 and BIRC5 in liver hepatocellular carcinoma (LIHC) patients. FABP5-high expressing Huh7
cells also expressed higher protein levels of p53, BIRC5, CDK1, CDK2, and CDK4 than FABP5-low expressing HepG2
cells. Huh? is more sensitive to FABP5 inhibition than HepG2 cells.

Research methods

In this study, we accessed the public available portal of The Cancer Genome Atlas datasets of pan cancer and liver
hepatocellular carcinoma LIHC by using cBioPortal and GEPIA2 portal. Based on mutation and CNA (copy number
variation) datasets, we investigated genetic alterations of FABP family members in various cancer types. Based on mRNA
datasets, we investigated FABP expression and their correlation with patient clinical outcome, enriched cancer hallmarks
and oncogenes. For validation, we determined the protein levels of FABP5 and its correlated genes in Huh7 and HepG2
and evaluated the potential of targeting FABP5 in treating HCC.

Research results
The present study aimed to understand the genetic alterations and expression of FABP family members and their
associated cancer hallmarks and oncogenes in contributing to cancer malignancies, especially HCC.

Research conclusions

Several family members including FABP4, FABP5, and FABP7 are abnormally expressed in cancer cells beyond tissue
expression restriction and play important roles in cancer malignancy and progression. However, the mechanism leading
to their abnormal expression is not clear.

Research perspectives
Reprogrammed lipid metabolism plays crucial roles in cell survival, growth, and evolution in many cancer types
including HCC, an aggressive subtype of liver cancer. Fatty acid binding protein (FABP) family members including
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FABP5 play important roles in contribution to cancer progression and metastasis; however, how these FABP members,
especially FABP5, are dysregulated in HCC and their contribution to HCC cancer progression have not been well defined.
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Abstract

BACKGROUND

Emerging research suggests that microRNAs (miRNAs) play an important role in
the development of hepatocellular carcinoma (HCC). A comprehensive analysis of
recent research concerning miRNAs in HCC development could provide
researchers with a valuable reference for further studies.

AIM
To make a comprehensive analysis of recent studies concerning miRNAs in HCC.

METHODS

All relevant publications were retrieved from the Web of Science Core Collection
database. Bibliometrix software, VOSviewer software and CiteSpace software
were used to visually analyze the distribution by time, countries, institutions,
journals, and authors, as well as the keywords, burst keywords and thematic map.

RESULTS
A total of 9426 publications on this topic were found worldwide. According to the
keywords analysis, we found that the studies of miRNAs focused on their
expression level, effects, and mechanisms on the biological behaviour of HCC.
Keywords bursting analysis showed that in the early years (2013-2017), “micro-
RNA expression”, “gene expression”, “expression profile”, “functional poly-
”, “circulating microRNA”, “susceptibility” and “mir 21” started to
attract attention. In the latest phase (2018-2022), the hot topics turned to

morphism”,
“sorafenib resistance”, “tumor microenvironment” and so on.

CONCLUSION

This study provides a comprehensive overview of the role of miRNAs in HCC
development based on bibliometric analysis. The hotspots in this field focus on
miRNAs expression level, effects, and mechanisms on the biological behavior of
HCC. The frontiers turned to sorafenib resistance, tumor microenvironment and
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Core Tip: The main objective of this work is to systematically analyse the recent research concerning microRNAs (miRNAs)
in hepatocellular carcinoma (HCC). Annual publications provided an overview of the trends in this area, while distribution
by countries, institutions, journals, and authors analysis were outstandingly representative and provided some cooperation
situation information. According to the keywords analysis, the studies of miRNAs focused on their expression level, effects,
and mechanisms on the biological behaviour of HCC. Keywords bursting analysis showed that in the latest phase
(2018-2022), the hot topics turned to “sorafenib resistance”, “tumor microenvironment” and so on.
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INTRODUCTION

It is estimated that in 2020, 905700 people were diagnosed with liver cancer worldwide and 830200 died from liver cancer,
with China accounting for 45.3% of the world's liver cancer cases and 47.1% of the world's liver cancer deaths[1]. In
southern China, where liver cancer death rates are high (22.3 per 100000), especially in rural areas (26.6 per 100000), Fusui
County in Guangxi Province is one of the nine regions with the highest incidence of liver cancer in the country[2]. As the
understanding of the carcinogenic factors that cause liver cancer has improved worldwide, researchers have developed
new treatment strategies, such as immunotherapy and targeted therapies. The continuous development of new techno-
logies and drugs provides hope for further diagnosis and treatment of liver cancer[3]. Hepatocellular carcinoma (HCC)
accounts for 85%-90% of primary liver cancers and is highly drug-resistant, making it difficult to treat. Most patients are
diagnosed at an advanced stage, greatly affecting the prognosis and five-year survival rate[4]. Therefore, new therapies
for HCC remain an unmet medical need. In this regard, important insights into the biology of the disease have been
obtained through genomics, transcriptomics and epigenomics studies[5]. In recent years, exploration in the field of
noncoding genes has provided a new understanding of the pathogenesis and development of HCC, early diagnostic
markers, and novel therapeutic targets.

MicroRNA (miRNA), a small noncoding RNA molecule approximately 22 nucleotides in length, is estimated to
regulate almost 60% of human protein-coding genes[6]. miRNA is closely associated with the pathogenesis of various
types of tumors[7]. Previous research has shown that a great quantity of miRNAs are aberrantly expressed in various
cancer cell lines and tissues, and they participate in the biological processes such as the tumor invasion, metastasis,
autophagy, regulation of the tumor microenvironment, chemotherapy resistance, and immunotherapy modulation[8-12].
As competitive endogenous RNAs, long noncoding RNAs (IncRNAs) and circRNAs contain miRNA binding sites and
promote miRNA target gene expression through competition with miRNAs[13-17]. For example, Wang et al[18] identified
and verified a novel MAGI2-AS3/miRNA-374-5p/FOXO1 network that was associated with HBV-related HCC.
Therefore, the identification of miRNAs and their binding sites on tumor will help to explore new mechanisms of tumor
occurrence and development, as well as to discover new tumor diagnostic markers and therapeutic targets[19,20].

In our research, we used bibliometrics to explore the research relationship between miRNAs and HCC. Bibliometrics
are able to study the distribution focus, number relationship and change pattern of literature in related fields using
mathematical, statistical and other econometric research methods[21]. Potential relationships between large amounts of
literature were presented in bibliometric plots, and large bibliometric plots were visualized and analysed with
VOSviewer and CiteSpace. Related software was used to summarize and display the relationships between countries,
institutions, journals, authors, and keywords. Then, the topic was examined at a macro level to discuss future directions
and the extent of progress, providing a better overview and new ideas for the researchers involved.

MATERIALS AND METHODS

Search strategy

All relevant publications were retrieved from the Web of Science Core Collection (WOSCC) database with the following
search strategies: ((“hepatocellular carcinoma” OR “hepatocarcinoma” OR “HCC” OR “liver cancer” OR “liver
carcinoma” OR “hepatic cancer” OR “hepatic carcinoma”) AND (“miRNA” OR “microRNA” OR “miR”)) AND
Document types = (Article OR Review) AND Language = English, index = Science Citation Index Expanded (SCI-
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EXPANDED), with a limited time frame from 2013 to 2022. In total, 9,426 publications were ultimately included.

Data extraction

The bibliographic information was downloaded from the WOSCC database, including title, authors, year of publications,
country, institution, keywords, citations, abstract and reference. The Bibliometrix software was used to extract all data
eligible for inclusion in this study by two investigators alone and then imported into Microsoft Excel. Where there was
any disagreement between the two investigators, a third investigator resolved it.

Statistical analysis

Microsoft Excel was used to calculate descriptive statistical analysis, including institutions, journals, and authors. Visual-
ization analysis was based on the Bibliometrix software, VOSviewer software and CiteSpace software. Visual network
analysis consisted of the node size, distance, and colour. Nodes represent specific elements, and the size of the node
indicates the quantity or frequency of publication. The larger the node, the more often the element presented. A line
between nodes meant that these nodes appeared together in the same article in the 9426 publications. The thicker the line,
the more often they appeared together.

RESULTS

Publication output

A total of 9426 records were initially found based on the search criteria. Annual publications provided an overview of the
research field of miRNA in HCC. Figure 1 shows the distribution of publications related to the field of miRNAs in HCC
development from 2013 to 2022. Noticeably, the annual output of papers was nearly tripled compared to 2013 (380 public-
ations) in 2017 (1067 publications). A turning point occurred in 2020, and the number of publications began to decline. In
2021 and 2022, the number of publications was 1132 and 931, respectively. The change in the average annual number of
citations is also shown in Figure 1. The result reflects that the average yearly citations decreased yearly.

Distribution by countries and institutions

Figure 2 shows the number of articles in each country. Figure 3 shows the top 10 productive countries based on total
citations in the research field of miRNA in HCC. China, the United States, Japan, and Italy contributed to the majority of
scientific publications. China was the country with the most publications (7186 articles) and had the highest number of
total citations (193462), followed by the United States (962 publications and 46707 total citations) and Japan (271 public-
ations and 9038 total citations). According to the network map, the larger a node was, the more articles a country
produced, while the thickness of lines between nodes indicated the strength of collaboration (Figure 4). The results show
that China was the most prolific country and collaborated substantially with other countries. Table 1 shows the top 10
productive institutions based on citations concerning miRNA research in HCC. Sun Yat Sen University published 346
articles and had the most total citations (12488), followed by Nanjing Med University (337 publications and 11397 total
citations) and Fudan University (311 publications and 11612 total citations).

Distribution by journals

Table 2 shows the top 10 productive journals, their impact factor and their JCR ranking. Oncotarget (335) has the largest
number of publications, followed by Oncology Letters (248) and PLoS One (200). Among the top 10 productive journals,
Biomedicine and Pharmacotherapy has an impact factor greater than 5, and two journals (Biomedicine and Pharmaco-
therapy, Scientific Reports) belong to JCR quartile 1 (Q1).

Distribution by authors

The author distribution was examined to identify the author with the strongest influence. Supplementary Table 1 shows
the top 10 most prolific researchers. The most prolific author was Masaki Tsutomu from Kagawa University (42 public-
ations), followed by Fan Jia from Fudan University (40 publications) and Morishita Asahiro from Kagawa University (40
publications).

Analysis of keywords and burst keywords

We analysed the high-frequency keywords mentioned most frequently in the research articles related to miRNAs in HCC
to help us understand the main research hot spots in this field. The top 20 keywords with the highest frequency are
shown in Figure 5. “Expression”, “cancer”, “metastasis”, “proliferation”, “invasion”, “growth”, “down-regulation”,
“apoptosis”, “progression”, and “cells” comprised the top 10, suggesting that the research on miRNAs focuses on their

a7
ou

expression level in HCC and their impact on the biological behaviour of HCC. “Migration”, “breast-cancer”, “cell-prolif-

eration”, “tumor-suppressor”, “promotes”, “epithelial-mesenchymal transition”, “gene”, “colorectal-cancer”, “identi-
fication”, and “gastric-cancer” are the next 10 keywords, indicating that the research focuses on the effects and
mechanisms of miRNAs on the biological behaviour of HCC, and applies to other tumors.

Burst keywords were regarded as an indicator for the frontiers of the specific field during a period of time. We used
CiteSpace to explore the 20 keywords with the strongest citation bursts of the last 10 years (Figure 6). From 2013 to 2022,

”oou v »oou

“microRNA expression”, “gene”, “in vivo”, “human hepatocellular carcinoma”, “gene expression”, “functional

”oou oo

polymorphism”, “circulating microRNA”, “expression profile”, “hepatocarcinogenesis”, “susceptibility”, “pre
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Table 1 Top 10 productive institutions based on citations

Institutions Publications Citations
Sun Yat Sen University 346 12488
Nanjing Med University 337 11397
Fudan University 311 11612
Shanghai Jiao Tong University 267 11300
Xi’an Jiao Tong University 262 7411
Zhejiang University 261 8164
Zhengzhou University 230 5638
Huazhong University Sci & Technol 209 5223
Wuhan University 189 5180
Shandong University 346 4749

Table 2 Top 10 productive journals and their impact factor and JCR ranking

Rank Journal Publications 2021 impact factor 2022 JCR quartile
1 Oncotarget 835 Removed =

2 Oncology Letters 248 3.111 Q4
B PLoS One 200 8752 Q2
4 Oncology Reports 198 4.136 Q3
5 Molecular Medicine Reports 189 3.432 Q3
6 Oncotargets and Therapy 188 4.345 Q2
7 European Review for Medical and Pharmacological Sciences 162 3.784 Q2
8 Biomedicine and Pharmacotherapy 160 7.419 Q1
9 Tumor Biology 156 Removed -
10 Scientific Reports 154 4.996 Q1

microRNA”, “tumor suppressor gene”, “liver” and “mir 21” started to attract attention in the early years (2013-2017).
Regarding the latest phase (2018-2022), “statistics”, “ceRNA”, “IncRNA”, “sorafenib resistance”, “circular RNA” and
“tumor microenvironment” became trend topics.

The timeline spectrum of keywords can clearly represent the time span of each cluster and the development trend of a
specific cluster, explore the time characteristics of the research field reflected by each cluster, and thereby verify the
evolutionary trend of hotspots. According to Figure 7, the articles on miRNA research in the HCC field published from
2013 to 2022 could be categorized into 6 main clusters. The first cluster was “#0 hepatitis ¢ virus”, and followed by “#1
hepatocellular carcinoma”, “#2 proliferation”, “#3 circular RNA”, “#4 DNA methylation” and “#5 polymorphism”. The
tree-rings with different sizes on the timeline indicate which keywords have a higher frequency.

We used Bibliometrix software to draw a thematic map of miRNA in the field of HCC research, and the results indicate
that topics such as “expression”, “cancer”, “metastasis”, “proliferation”, “invasion”, “mircoRNAs”, “growth”,
“apoptosis”, “progression” and “cells” were in the Motor Themes, as well as the topics such as “circulating microRNAs”,
“in-vivo”, “serum”, “infection”, “mir-122”, “hepatitis-b-virus”, “replication”, “DNA”, “fibrosis” and “potential
biomarkers”; the topic “nanoparticles” was in the Niche Themes; and the topics such as “susceptibility”, “functional
polymorphism” were in the Emerging or Declining Themes, as well as the topics such as “risk”, “squamous-cell

carcinoma” and “association”; “hepatocellular-carcinoma”, “down-regulation”, “breast-cancer”, “tumor-suppressor”,
Ve

“colorectal-cancer”, “gastric-cancer”, “microRNA”, “up-regulation”, “lung-cancer” and “prostate-cancer” were in the
Basic Themes (Figure 8).

DISCUSSION

In this study, we conducted a bibliometric and visualized analysis of the last 10 years focusing on studies based on
miRNAs in HCC. We achieve insight into the role of miRNAs in HCC. Annual publications provided an overview of the
trends in this area, while distribution by countries, institutions, journals, and authors analysis were outstandingly repres-
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Figure 1 Yearly changes in the number of publications and average number of citations. The change in the number of publication in corresponding
year is shown with a blue line, and the change in the average annual number of citations is shown with a brown line.
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Figure 2 The number of articles in each country. The closer the color is to red, the higher the number of articles issued in this country.

entative and provided some cooperation situation information.
Keywords analysis could discover emerging trends or study frontiers in the field of miRNAs in HCC. In our study, we
used Bibliometrix and CiteSpace software to analyze the active keywords mentioned most frequently in the research

papers related to miRNA in HCC. The top 20 keywords with the highest frequency were “expression”, “cancer”,
" L : : LTS : A oo : A L : oo s : . ”
metastasis”, “proliferation”, “invasion”, “growth”, “down-regulation”, “apoptosis”, “progression”, “cells”, “migration”,

oo

“breast-cancer”, “cell-proliferation”, “tumor-suppressor”, “promotes”, “epithelial-mesenchymal transition”, “gene”,
“colorectal-cancer”, “identification” and “gastric-cancer”. Based on this result, we conclude that the studies of miRNAs
focus on their expression level and impact on the biological behaviour in HCC, as well as the mechanism exploration.
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Figure 3 Top 10 countries with most publications and citations.

Interestingly, other tumor types also appeared in our results. After carefully reviewing the included literature, we found
studies on tumors having different miRNA, and the miRNA in one tumor can also be applied to other tumors. This
suggests that searching for specific miRNAs in one type of tumor and finding miRNAs with similar effects in multiple
types of tumors is routine in tumor research. For example, we found that miR-21-3p plays an important role in the
progression of multiple tumors, such as HCC, lung cancer, colorectal cancer, breast cancer and ovarian cancer[22-26].

Keywords bursting analysis shows that in the early years (2013-2017), “microRNA expression”, “gene”, “in vivo”,
“human hepatocellular carcinoma”, “gene expression”, “functional polymorphism”, “circulating microRNA”,
“expression profile”, “hepatocarcinogenesis”, “susceptibility”, “pre microRNA”, “tumor suppressor gene”, “liver” and
“mir 21” started to attract attention. In the latest phase (2018-2022), the hot topics turned to “statistics”, “ceRNA”,
“IncRNA”, “sorafenib resistance”, “circular RNA” and “tumor microenvironment”. At the early exploration stage,
laboratory techniques such as Northern blotting and quantitative polymerase chain reaction were the main methods for
studying miRNA expression. Further exploration of miRNAs was limited to some extent by the limitations of these
techniques. The development of sequencing technology has greatly promoted the research of miRNAs in various diseases
[27]. For example, Murakami et al[28] used next-generation sequencing and microarrays to evaluate the miRNA
expression profile of HCC and detected novel miRNAs that could not be detected by microarrays, providing diagnostic
insights for the study of miRNAs in HCC.

Polymorphism is mainly concentrated in the early stages of relevant research in the timeline spectrum, and as a major
keyword, it shows significant significance. The same gene or protein exhibits different functions in different
environments or cells, indicating polymorphism. Therefore, the high-frequency occurrence periods of polymorphism,
gene, and gene expression are basically coincident. This polymorphism is closely related to the risk of HCC occurrence
and progression[29-32]. For example, after long-term alcohol exposure, liver cells lacking ALDH2 produce a large amount
of harmful oxidative mitochondrial DNA, which can be received by adjacent HCC cells. Subsequently, multiple
carcinogenic pathways are activated, thereby promoting alcohol-related liver cancer[33]. With the growing
understanding of the mechanism of miRNA action, research on polymorphism in HCC has shifted towards clinical drug
therapy research, resulting in a decrease in the frequency of keyword occurrences. The deepening of miRNA research is
often accompanied by the synchronization of circulating miRNA research, partly because circulating miRNAs exist in
body fluids and have the characteristics of simple collection and detection for cancer prediction, showing high clinical
application value and can be used as biomarkers for cancer[34-37].

The high-frequency occurrence period of the keyword susceptibility was almost in the early and middle stages of the
entire related research. This is because studying the sensitivity of miRNAs can help determine which miRNAs have
therapeutic potential in HCC and provide a basis for individualized treatment of HCC. From the selection of miRNAs
related to HCC to the predictive role of miRNAs in HCC, it has important research significance. In the study by Zhang et
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Figure 4 Country-level cooperation network map. Each node represents a country, and the connecting lines indicate that there were associations between
these countries, different colors identified different research communities.
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Figure 5 Word cloud. A word cloud of the 20 most frequently used research keywords, the larger the font size the higher the frequency of occurrence.

al[38], it was found that miR-196a2 can be used as a predictive indicator of HCC sensitivity, especially for HBV-related
HCC. Previous and mid-term studies have focused on understanding the occurrence and development of HCC; therefore,
the keyword hepatocarcinogenesis contains the high-frequency occurrence period of relevant keywords. Existing
preclinical studies and clinical trials have discovered different miRNA profiles in hepatocarcinogenesis. For example,
miR-122 and miR-34a play important roles in hepatic lipid metabolism, which is associated with HCC[39,40]. miR-122
also has important roles in hepatic inflammation, as do miR-132 and miR-155[41-43]. miR-21 can mediate the activation of
hepatic stellate cells via the PTEN/AKT pathway during hepatic fibrosis[44]. Hepatitis B virus (HBV) is the most common
cause of HCC in China, and the miR-99 family can promote HBV replication, while miR-199-3p and miR-201 can suppress
HBV replication[45,46]. A cohort study suggested that miR-221 and miR-222 play pivotal roles in the progression of liver
fibrosis due to persistent hepatitis C virus (HCV) infection[47]. Another study demonstrated that miR-182 is associated
with alcoholic hepatitis[48].

In 2013, Liu et al[49] used TargetScan, PicTar, and miRanda prediction algorithms based on the discovery of a new class
of small molecule regulatory RNAs closely related to HCC and found that pre-microRNAs play important roles in cell
differentiation and mitosis. Subsequent studies have proven that pre-microRNAs can not only mediate RNA splicing and
cell signal transduction but also induce G1/S stagnation and may play a role in cancer. Meanwhile, Giacomo Diaz
detected a complete set of 2226 human miRNAs, including 1121 pre-miRNAs, 1105 mature miRNAs, and several tumor

Buissidengs WICO | https:/ /www.wjgnet.com 151 January 24,2024 | Volume15 | Issuel |



Zhang L et al. Review of microRNAs in hepatocellular carcinoma

Top 20 Keywords with the strongest citation bursts

Keywords Year Strength Begin End 2013 - 2022

microrna expression 2013 28.26 2013 2016

gene 2013 24.61 2013 2014

in vivo 2013 19.75 2013 2016

human hepatocellular carcinoma 2013 1874 2013 2016

gene expression 2013 187 2013 2014

functional polymorphism 2013 16.84 2013 2014

circulating microrna 2013 16.51 2013 2015

expression profile 2013 1518 2013 2015

hepatocarcinogenesis 2013 15.08 2013 2017

susceptibility 2013 15.02 2013 2016

pre fnicrorna 2013 14.96 2013 2014

tumor suppressor gene 2013 1474 2013 2016

liver 2013 13.08 2013 2014

mir 21 2013 12.99 2013 2015

statistics 2018 14.15 2018 2020 —
cerna 2018 17.67 2019 2022 o —
Incrna 2018 16.27 2019 2022  —
sorafenib resistance 2019 1277 2019 2022 —
circular ra 2017 50.28 2020 2022 e —
turmor microenvironment 2020 15.03 2020 2022 —
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Figure 6 Top 20 keywords with the strongest citation burst. In the graph on the right, the red line indicates the keyword burst during this period.
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Figure 7 The timeline spectrum of keywords in the research articles related to microRNAs in hepatocellular carcinoma.

suppressors, by comparing tumor tissue with a wide range of liver specimens, further confirming that inactivation of
tumor suppressors is the cause of most human cancer development[50]. In the following years, a large amount of research
was conducted on tumor suppressor factors. Hishida et al[51] invented the triple array analysis method, which identified
genes with altered expression through gene expression profiles, single nucleotide polymorphisms, and methylation
arrays and subsequently identified tumor suppressor genes. Subsequently, a large number of tumor suppressors were
confirmed.

From 2013 to 2015, studies were conducted on miR-21 (one of the most frequently overexpressed small RNAs in
cancer). Wagenaar et al[52] used cell culture and found that miR-21 is related to the regulation of cell metabolism and is
cell environment dependent. In 2019-2022, Wang, Antonio, and others identified the carcinogenic IncRNA IncUCID and
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Figure 8 Thematic map of keywords in the research articles related to microRNAs in hepatocellular carcinoma.

its role in the BRAF pathway. They found that upregulation of IncUCID can enhance CDK6 expression and promote HCC
growth. The IncRNA of BRAF is associated with cancer proliferation and tyrosine kinase inhibitor escape in HCC, and
inhibiting the use of IncRNA in the BRAF pathway may become a possible therapeutic strategy for HCC. These findings
provide insights into the biological function of IncRNAs, the regulatory network of cell cycle control, and the
development mechanism of HCC[53,54].

The keyword “sorafenib resistance” appeared frequently in 2019-2022 because sorafenib became the first-line treatment
drug for HCC and has been shown to effectively improve the prognosis of patients with advanced HCC by strong
evidence and clinical experience[55-60]. However, according to the research of Tang Weiwei and others, the number of
patients who can benefit from sorafenib is small (30%), and the population usually develops drug resistance within 6
months. The adverse events found in patients receiving sorafenib treatment mainly include digestive and skin diseases
and may even cause hypertension and abdominal pain, leading to treatment interruption. Therefore, it is urgent to study
the drug resistance mechanism of sorafenib and more reasonable clinical treatment methods[61]. Studies have explored
various relationships between miRNAs and sorafenib. For example, miR-23a-3p contributes to sorafenib resistance in
HCC by regulating ferroptosis[62]. miR-10b-3p can be a biomarker for predicting sorafenib efficacy[63]. miR-494-3p
promotes sorafenib resistance in HCC cells by targeting PTEN[64]. Wang et al[65] found that compared with patients with
HCC treated with sorafenib, patients treated with lenvatinib developed 3 differentially expressed miRNAs, including
miR-548ah, miR-888 and miR-196a-1. Wang et al[65] further investigated the adverse events of sorafenib and lenvatinib
and found that the patients in the sorafenib group and lenvatinib group developed different frequent symptoms, such as
hypertension, diarrhoea and hand-foot skin reactions. At present, systemic therapy has become the standard therapy for
unresectable HCC in the middle and late stages. Small molecule antiangiogenic targeted drugs and immune checkpoint
inhibitors are the main systemic therapy options. The combination of the two often has a synergistic effect and improves
the prognosis of HCC patients. During the use of these systems for treatment, changes in miRNA expression profiles and
levels in HCC patients may have important value in predicting drug efficacy, drug-related adverse events and prognosis
[66].

From 2020 to 2022, research in the field of miRNAs in HCC began to focus on the “tumor microenvironment”. The
tumor microenvironment is a complex environment in which tumor cells survive and develop, including surrounding
blood vessels, immune cells, fibroblasts, bone marrow-derived inflammatory cells, various signaling molecules and the
extracellular matrix. As the location of tumor cells survival, the tumor microenvironment plays a vital role in the
occurrence, development, and metastasis of tumors. The amount of research on the tumor microenvironment in HCC has
gradually increased, and some studies have focused on the mechanism, which involves some miRNAs. For example,
Zhou et al[67] found that exosomal miR-761 modulated the tumor microenvironment via SOCS2/JAK2/STAT3 pathway-
dependent activation of cancer-associated fibroblasts. In the research of Yugawa et al[68], the findings suggested that the
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loss of antitumoral miR-150-3p in cancer-associated fibroblast-derived exosomes greatly promotes HCC progression.
Research on the effect of miRNAs on the tumor microenvironment can provide more therapeutic strategies for HCC.

The thematic map is a two-dimensional map constructed with the density index as the vertical axis and the centrality
index as the horizontal axis. Density represents the strength of the connections between basic knowledge units within a
single topic. If the density value of a certain topic is higher, it indicates that the maturity of the topic is higher. Centrality
represents the strength of the connection between a certain topic and other topics. If the centrality value of a certain topic
is higher, it indicates that the topic is closely related to other topics and is at the core of all research topics. According to
the density and centrality value, the rectangular coordinate system is divided into four regions: Motor Themes, a core
theme with high maturity; Niche Themes, a highly mature isolated theme; Emerging or Declining Themes, new or
disappearing themes; Basic Themes, a basic theme with low maturity and some influence but has not been well
developed and should continue to be strengthened in the future. According to our results, themes such as “suscept-
ibility”, “functional polymorphism”, “risk”, “squamous-cell carcinoma” and “association” are the new or disappearing

”ou vou "o

themes, while “nanoparticles” is a highly mature but isolated theme. “Expression”, “cancer”, “metastasis”, “prolif-

A

eration”, “invasion”, “microRNAs”, “growth”, “apoptosis”, “progression”, “cells”, “circulating microRNAs”, “in-vivo”,
“serum”, “infection”, “mir-122”, “hepatitis-b-virus”, “replication”, “DNA", “fibrosis” and “potential biomarkers” are the
mainstream themes. “Hepatocellular-carcinoma”, “down-regulation”, “breast-cancer”, “tumor-suppressor”, “colorectal-
cancer”, “gastric-cancer”, “microRNA”, “up-regulation”, “lung-cancer” and “prostate-cancer” are the basic themes with
low maturity, which have some influence but have not been well developed and should continue to be strengthened in
the future.

Strengths and limitations

This study is novel for its comprehensive extraction and evaluation of research outputs from the available global data to
explore the relationship between miRNA and HCC. However, there are also some limitations in this study. For example,
it did not include all relevant literature and was limited to the Web of Science Core Collection database, which may lead
to selection bias. Meanwhile, some recently published high-quality papers might not be highlighted due to low citation
frequency because of the short time since their publication.

CONCLUSION

Our study provides a comprehensive overview of the role of miRNAs in HCC development from 2013 to 2022 based on
bibliometric analysis. According to the keywords analysis, we found that the studies of miRNAs focused on their
expression level, effects, and mechanisms on the biological behaviour of HCC. Keywords bursting analysis showed that
in the early years (2013-2017), “microRNA expression”, “gene expression”, “expression profile”, “functional

”oou

polymorphism”, “circulating microRNA”, “susceptibility” and “mir 21” started to attract attention. In the latest phase

a7

(2018-2022), the hot topics turned to “sorafenib resistance”, “tumor microenvironment” and so on.

ARTICLE HIGHLIGHTS

Research background

Over the past 10 years, studies have increasingly focused on the role of microRNAs (miRNAs) in hepatocellular
carcinoma (HCC), generating significant scientific output. The accumulated knowledge needs to be systematically
organized in order to improve research efficiency.

Research motivation
The purpose of this article is to make a comprehensive analysis of recent studies concerning miRNAs in HCC.

Research objectives

We aim to systematically analyze the research on miRNAs in HCC in the past decade. A comprehensive analysis of recent
research concerning miRNAs in HCC development could provide researchers with a valuable reference for further
studies.

Research methods

This study collected relevant publications from the Web of Science Core Collection database (https:/ /www.webofscience.
com/) with a specific search strategy and the limited time frame was from 2013 to 2022. Bibliometrix software,
VOSviewer software and CiteSpace software were used to visually analyze the distribution by time, countries,
institutions, journals, and authors, as well as the keywords, burst keywords and thematic map.

Research results
A total of 9426 publications on this topic were found worldwide. According to the keywords analysis, we found that the
studies of miRNAs focused on their expression level, effects, and mechanisms on the biological behaviour of HCC.

”oou

Keywords bursting analysis showed that in the early years (2013-2017), “microRNA expression”, “gene expression”,
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“expression profile”, “functional polymorphism”, “circulating microRNA”, “susceptibility” and “mir 21” started to

attract attention. In the latest phase (2018-2022), the hot topics turned to “sorafenib resistance”, “tumor microenvir-
onment” and so on.

Research conclusions

This study provides a comprehensive overview of the role of miRNAs in HCC development based on bibliometric
analysis. The hotspots in this field focus on miRNAs expression level, effects, and mechanisms on the biological behavior
of HCC. The frontiers turned to sorafenib resistance, tumor microenvironment and so on.

Research perspectives
Future research should focus on the application value of miRNAs as biomarkers in predicting clinical treatment outcomes
and prognosis in HCC patients.
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Abstract

BACKGROUND

Metastasis to the hyoid bone is an exceptionally rare occurrence, with docume-
nted cases limited to breast, liver, colon, skin, lung, and prostate cancers. This
report highlights an unusual case involving the metastasis of lung adenocar-
cinoma to the hyoid bone, accompanied by a distinctive headache. Previous
documentation involved surgical resection of the hyoid mass. We present a case
displaying the benefits of palliative radiotherapy.

CASE SUMMARY

A 72-year-old non-smoking, non-alcoholic woman, initially under investigation
for a year-long elevation in absolute lymphocyte count, presented with a month-
long history of intermittent throat pain. Despite negative findings in gastroentero-
logical and otolaryngologic examinations, a contrast-enhanced chest computed
tomography scan revealed a mediastinal mass and questionable soft tissue
thickening in her left anterolateral neck. Subsequent imaging and biopsies
confirmed the presence of lung adenocarcinoma metastasis to the hyoid bone. The
patient was treated with platinum-based chemo-immunotherapy along with
pembrolizumab. Ultimately, the lung cancer was unresponsive. Our patient opted
for palliative radiation therapy instead of surgical resection to address her throat
pain. As a result, her throat pain was alleviated, and it also incidentally resolved
her chronic headaches. This is the second documented case of lung adenocar-
cinoma metastasizing to the hyoid bone.

CONCLUSION
Palliative radiotherapy may add to the quality of life in symptomatic patients
with cancer metastatic to the hyoid bone.
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Core Tip: Metastasis of lung adenocarcinoma to the hyoid bone is exceedingly rare. This case report spotlights the value of
palliative radiation therapy for throat pain in patients with tumors metastatic to the hyoid bone.
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INTRODUCTION

This case report accounts for the second reported instance of hyoid metastasis from lung adenocarcinoma. Metastatic
tumors to the hyoid bone are rare, with sporadic instances reported in breast, liver, colon, skin, lung, and prostate cancers
[1-6]. We present the case of a 72-year-old female patient with stage IV terminal lung cancer presenting with throat pain
attributed to a metastatic tumor on the hyoid. Choosing radiotherapy over surgery, she experienced significant relief
from her throat pain.

CASE PRESENTATION

Chief complaints
A 72-year-old white female patient presents to an otolaryngology clinic complaining of intermittent throat pain for the
past month.

History of present illness
Symptoms of throat pain persisted for a month with no response to antibiotics, antihistamines, or acid reflux medications.
Alongside the throat pain, she was experiencing left, lateral, posterior headaches and intermittent episodes of vertigo.

History of past illness
Patient with no history of smoking or alcohol presented with a mildly elevated absolute lymphocyte count (ALC) of 4336
in February 2020. She denied systemic symptoms of fevers, night sweats, or unintentional weight loss.

Personal and family history
The patient reported only a paternal history of prostate cancer and denied melanoma, skin and squamous cell carcinomas
in her family.

Physical examination
No masses were appreciated on palpation of her neck, flexible laryngoscopy, nor esophageal endoscopy.

Laboratory examinations

Mildly elevated ALC of 4336 in February 2020. A CBC in 2021 demonstrated an increase in lymphocyte count with an
ALC of 5645. Given this increase in lymphocytosis, the patient was referred to a hematologist to be worked up for
follicular lymphoma.

Imaging examinations

A computed tomography (CT) scan of the chest abdomen pelvis with contrast was performed, which incidentally showed
a single para mediastinal 2.8 cm mass in the upper left lung lobe and questionable soft tissue thickening in her left antero-
lateral neck. Flow cytometry of her peripheral blood revealed an abnormal CD10 positive B-cell population, co-expressing
CD20, CD19, and CD45 with low CD23 present, which is consistent with a follicular lymphoma. A CT neck with contrast,
followed by magnetic resonance imaging (MRI) of the neck with and without contrast were ordered to further evaluate
the neck tissue. The CT and MRI of the neck confirmed a focal soft tissue lesion with residual calcifications measuring 1.4
cm X 1.9 cm x 1.7 cm centered on the left limb of the hyoid bone (Figure 1). MRI of the neck also revealed a suspicious
thyroid nodule which required an ultrasound to be further evaluated.
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Figure 1 Computed tomography. A: Computed tomography (CT) neck w/ contrast pre-radiotherapy; B: CT neck wicontrast post radiotherapy.

Due to the improbability of follicular lymphoma in the anterior mediastinum without associated lymphadenopathy, a
lung biopsy was recommended. A CT-guided biopsy of the mass in the upper left lung lobe mass identified it as invasive
mucinous adenocarcinoma. Figure 2 displays the biomarkers tested for the diagnosis. Positron emission tomography
(PET)/CT revealed both the ipsilateral hilar node lesion and the hyoid bone lesion exhibited significantly higher
metabolic activity compared to the primary lung cancer (Figure 3). Ultrasound-guided fine needle aspiration biopsy of
the left hyoid mass and the right thyroid nodule resulted in a diagnosis of metastatic mucinous adenocarcinoma and
papillary thyroid carcinoma respectively. Correlation of the biopsy with PET/CT confirmed that the hyoid bone tumor
had metastasized from the primary lung adenocarcinoma.

FINAL DIAGNOSIS

Metastatic lung adenocarcinoma of invasive mucinous type to the ipsilateral hilar node and hyoid bone. The patient was
diagnosed as papillary thyroid carcinoma and follicular lymphoma.

TREATMENT

The patient, now diagnosed with metastatic lung adenocarcinoma to the ipsilateral hilar node and hyoid bone, was
presented to a tumor board. The tumor board recommended against a lobectomy due to the higher recurrence risk with
stage III lung cancer. Dissection of the hilar lymph node was not recommended as the node was situated in the aortopul-
monary zone. Since the lung adenocarcinoma lacked targetable mutations and did not express PDL1, the patient was
treated with a platinum-based chemo-immunotherapy along with pembrolizumab based on the outcomes of a clinical
trial in 2018[7]. The patient was also referred to head and neck surgery for consideration of resecting the metastatic cancer
that engulfed the hyoid bone. However, she elected not to proceed with the procedure due to her concerns about the
potential debilitating risks to swallowing and speech function.

Chemotherapy for metastatic lung cancer was initiated with Pemetrexed, Carboplatin, and Pembrolizumab for three
cycles before a PET/CT scan was repeated. Despite undergoing chemotherapy, the patient continued to experience left-
sided neck pain so 2 mg of dexamethasone OD was prescribed for managing her pain. PET/CT skull base to mid-thigh
was repeated and after comparison to the previous PET/CT, the left upper lobe mass appeared to be stable to slightly
increased in size, decreased SUV max in the ipsilateral left supra hilar node, and stable to minimally increased SUV max
in the left hilar lesion which appeared grossly similar in extent to prior with some increased sclerosis of the engulfed left
hyoid. These results indicated that the lung cancer was unresponsive to chemotherapy.

With disease persistent in the hyoid region and significant pain, the oncologist suggested the patient discontinue
carboplatin and introduce palliative radiation for the hyoid metastatic disease. The patient chose to pursue radiotherapy.
Prior to each treatment, a cone beam CT scan was obtained on the linear accelerator for targeting precision down to about
1 mm. Three hundred cGy was delivered in each treatment fraction and a total of 3600 cGy was given in 12 treatments
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Figure 2 Lung specimen biomarker/gene table. Cancer-type relevant biomarkers and genes of the lung tumor.

over 2-1/2 wk.

OUTCOME AND FOLLOW-UP

The patient responded well to the treatment, completely remediating the patient’s complaint of throat pain and it also
resolved the patient’s headaches. A repeated PET/CT showed a decrease of SUV max of 16.6 to 5.4 in the hyoid region.

Post palliative radiotherapy treatment, the patient remained asymptomatic for a year until succumbing to the
advancing lung cancer.

DISCUSSION

Lung cancer is the leading cause of cancer death and the second most diagnosed cancer in the world[8]. Approximately
13.2% of non-small cell lung cancer metastasizes to bone[9], which are most commonly found on the spine, chest, and
pelvis[10]. The hyoid bone is an unusual site for secondary tumors. This is the second reported case of lung adenocar-
cinoma metastasizing to the hyoid bone.

The previously documented patient elected for surgical resection of the hyoid bone[1]. Our patient opted out of
surgery, due to its significant risks which could negatively impact her quality of life. The hyoid bone is positioned in the
anterior midline of the neck and situated axially between the mandible and thyroid cartilage[11]. It plays a considerable
role in phonation, conserving airway integrity, swallowing, and mastication; therefore, surgical resection of this bone
potentially will result in the debilitation of these physiologic functions.

The benefits of palliative radiotherapy for bone cancer pain are well documented[12]. The radiotherapy of 300 cGy
with each treatment, totaling 3600 cGy over 2-1/2 wk was well tolerated by the patient, and successfully mitigated the
patient’s throat pain and headaches.

The relief of headaches was an unexpected positive outcome. One potential theory could be analogous to the Stylo-
carotid syndrome. Patients with irregular stylohyoid complex either from an elongation of the styloid process, ossification
of the stylohyoid ligament, or elongation of the hyoid bone sometimes experience neurological symptoms like headaches
and vertigo. This clinical presentation of neck pain, headache, otalgia, and vertigo is due to ischemia, compression of the
internal and/or external carotid arteries[11,13,14].

In conclusion, palliative radiotherapy may increase the quality of life for symptomatic patients with metastatic cancer
to the hyoid bone.

CONCLUSION

Palliative radiotherapy may add to the quality of life in symptomatic patients with cancer metastatic to the hyoid bone.
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Figure 3 Positron emission tomography/computed tomography imaging. A and B: Positron emission tomography/computed tomography (PET/CT)
imaging indicating hyoid bone tumor; C: PET/CT imaging indicating lung tumors; D: Hyoid region post radiotherapy.
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