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Abstract

Gastrointestinal stromal tumors can occur in any part of the gastrointestinal tract,
but gastric stromal tumors (GSTs) are the most common. All GSTs have the
potential to become malignant, and these can be divided into four different grades
by risk from low to high: Very low risk, low risk, medium risk, and high risk.
Current guidelines all recommend early complete excision of GSTs larger than 2
cm in diameter. However, it is not clear whether small GSTs (sGSTs, i.e., those
smaller than 2 cm in diameter) should be treated as early as possible. The National
Comprehensive Cancer Network recommends that endoscopic ultrasonography-
guided (EUS-guided) fine-needle aspiration biopsy and imaging (computed
tomography or magnetic-resonance imaging) be used to assess cancer risk for
sGSTs detected by gastroscopy to determine treatment. When EUS indicates a
higher risk of tumor, surgical resection is recommended. There are some
questions on whether sGSTs also require early treatment. Many studies have
shown that endoscopic treatment of GSTs with diameters of 2-5 cm is very
effective. We here address whether endoscopic therapy is also suitable for sGSTs.
In this paper, we try to explain three questions: (1) Does sGST require treatment?
(2) Is digestive endoscopy a safe and effective means of treating sGST? and (3)
When sGSTs are at different sites and depths, which endoscopic treatment
method is more suitable?

Key Words: Gastrointestinal stromal tumors; Small gastric stromal tumors; Malignant;
High risk factors; Endoscopy; Treatment
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Core Tip: Gastric stromal tumors (GSTs) are all malignant, but generally, the smaller
the diameter, the more likely the tumor is inert. However, GSTs smaller than 2 cm in
diameter are also at risk of growing and becoming more malignant. Endoscopic
treatment of GSTs smaller than 5 cm in diameter is comparable to surgical treatment.
Early endoscopic resection is safe and effective when there are high risk factors for
GSTs smaller than 2 cm in diameter or the patients cannot be followed regularly, and
different endoscopic treatment methods can be selected according to the tumor site and
depth.

Citation: Chen ZM, Peng MS, Wang LS, Xu ZL. Efficacy and safety of endoscopic resection in
treatment of small gastric stromal tumors: A state-of-the-art review. World J Gastrointest Oncol
2021; 13(6): 462-471
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INTRODUCTION

Gastrointestinal stromal tumors (GISTs) originate from the Cajal stromal cells of the
gastrointestinal tract[1]. These are the most common tumors arising from the
mesenchymal tissue of the digestive tract and can occur in any part of the tract. Studies
have shown that the most common GISTs are gastric stromal tumors (GSTs; 55.6%),
followed by GISTs originating in the small intestine (31.8%), colon (6%), in other sites
or with multiple occurrences (5.5%), and esophagus (only 0.7%)[2]. In China and some
other developed Asian countries, the incidence of GIST is 16-22 per million[3,4]. With
the advancement and popularization of high-resolution endoscopy, the detection rate
of small GST (sGSTs) with diameters of < 2 cm and without obvious symptoms has
been significantly improved[5].

Gastroscopy can find submucosal tumors (SMTs) of the stomach. Common gastric
SMTs include GSTs, leiomyomas, lipomas, neuroendocrine tumors, granulosa cell
tumors, and (relatively rarely) Schwann cell tumors[6]. However, gastroscopy cannot
determine whether the lesion might be a GST, nor distinguish it from an extracavitary
compressing lesion. At present, it is recognized that endoscopic ultrasonography
(EUS) is the most accurate imaging method for evaluating gastric SMTs. As it can
distinguish various types of SMTs of the stomach, it plays a very important role in
determining tumor location and choosing treatment method[7-9]. Studies have found
that EUS is better than computed tomography (CT) or magnetic-resonance imaging
(MRI) for SMTs < 2 cm[10,11]. The general manifestation of GSTs under EUS is as
follows: The tumor originates from the muscularis propria, except for a small part that
originates from the muscularis mucosa. Small tumors often have uniform hypoechoic
structures with clear boundaries, while large tumors can show irregular boundaries as
well as uniform or uneven internal echo[12,13]. However, gastroscopic and EUS
images of sGSTs and leiomyomas are very similar, and pathological immunohisto-
chemical examinations are required to distinguish the two[14].

GISTs tend to be potentially malignant, but there is no absolute distinction between
benign and malignant GISTs. According to degree of risk from low to high, GISTs are
divided into four grades: Extremely low risk, low risk, intermediate risk, and high risk
[15]. The progression of GSTs is currently uncertain; 10%-30% of cases are highly
malignant[16]. Studies have found that the larger the diameter of the GST and the
greater the mitotic count, the higher the metastasis rate[17]. For GSTs with a diameter
> 2 cm, guidelines suggest that the tumors be completely removed early on, resection
margin histology should be negative, and tumor rupture should be avoided during

surgery. However, how to treat sGST remains controversial at home and abroad[18-
20].

DOES SGST NEED TREATMENT?

Studies have shown[21,22] that sGSTs generally have very low proliferation activity;
the tumor cells have inert biological characteristics, especially in micro-GSTs (diameter
<1 cm), which have even lower proliferation activity. A small-sample study showed
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that the metastatic rate of sGSTs is negligible regardless of mitotic count[18]. However,
some studies have shown that sGSTs can also pose a high risk of malignant
transformation[23-26], and GIST cells can continue to proliferate, increasing the
diameter of the lesion. One study showed that after an average follow-up period of
17.3 mo for sGSTs, the diameter of the lesion increased in 13.0% of patients[27]. A
large-sample study of surveillance, epidemiology and end results data found that
about 11.4% of sGISTs were accompanied by local progression or even distant
metastasis when first diagnosed[28]. Some studies have also found that sGSTs were
diagnosed as highly malignant tumors or even with distant metastasis after resection
[29-31].

The United States National Comprehensive Cancer Network issued the latest soft-
tissue sarcoma guidelines on May 28, 2020[32]. For sGST found by gastroscopy, EUS-
guided fine-needle aspiration biopsy (FNAB) and imaging examination (CT or MRI)
are recommended to assess the risk posed by the tumor and then determine treatment
options. EUS manifestations suggesting a higher risk[33] are irregular edges, cystic
change, ulcer formation, hyperechoic foci, and heterogeneity. The National Compre-
hensive Cancer Network guidelines recommend that patients with such EUS manifest-
ations be treated by surgical resection; if there are no such manifestations, regular EUS
or imaging follow-up can be considered, but no specific follow-up surveillance is
suggested[32]. Lachter et al[34] retrospectively analyzed 70 cases of GST monitored by
EUS and found that sGSTs with diameters of > 17 mm grew easily. Fang et al[35]
conducted EUS follow-up with a median time of 24.0 mo and found that sGSTs with
diameters > 14 mm were prone to tumor enlargement accompanied by clinical
symptoms. Gao et al[26] conducted a retrospective analysis of 69 cases of sGST and
found that tumors < 9.5 mm in diameter could be evaluated every 2-3 years, but those
> 9.5 mm in diameter should be surveyed every 6-12 mo.

Studies have shown that due to sample size limitations, the diagnosis rate of EUS-
FNAB for sGSTs is 71%[36]. Therefore, only pathological evaluation of postoperative
specimens can determine the malignant potential of sGSTs. Gastroscopy, EUS, and
other examinations required for sGST review are all invasive procedures, and long-
term, high-frequency follow-up also imposes heavy economic and psychological
burdens on patients. Patients who know there is a lesion with malignant potential in
their bodies and who do not undergo treatment are prone to anxiety, irritability, and
other negative emotions, which seriously affect their quality of life. By communicating
with sGST patients, researchers have found that most of such patient are strongly
willing to undergo surgical or endoscopic treatment[37].

IS DIGESTIVE ENDOSCOPY SAFE AND EFFECTIVE FOR TREATING
SGST? HOW TO CHOOSE DIFFERENT ENDOSCOPIC TREATMENT
METHODS?

GST is almost completely tolerant to traditional radiotherapy and chemotherapy. The
main avenue of metastasis is the blood; lymph node metastasis is rare. Therefore,
lymph node dissection is generally unnecessary. Surgical treatment should completely
remove the tumor and preserve gastric function as much as possible. Extensive
gastrectomy cannot improve survival rate; the biological characteristics of GST greatly
play to the advantages of minimally invasive endoscopic surgery[38,39].

Digestive endoscopic technology has rapidly developed and been widely
popularized. Gastroscopy has significant efficacy in the treatment of GSTs. Digestive
endoscopy for the treatment of GSTs with a diameter <5 cm and no metastasis has the
same efficacy as traditional surgery and laparoscopic surgery, with less trauma,
shorter operation time, fewer complications, lower treatment costs, and faster recovery
[40]. A recent meta-analysis of 12 studies including a total of 1292 patients with sGSTs
[41] compared efficacy and safety between endoscopic resection and laparoscopic
resection. The results showed that endoscopic operation time was shorter than that of
laparoscopic resection; there were no significant differences between the two in
intraoperative bleeding, postoperative hospital stay, postoperative exhaust time, or
postoperative complication rate; and patients treated by endoscopy were able to
resume eating earlier. The expert consensus issued by China in 2018 recommended the
following][6]: (1) Lesions with no metastasis or with extremely low risk of metastasis;
(2) Possibility of complete resection by endoscopic techniques; and (3) Low residual
and recurrence risks are suitable for endoscopic resection. During endoscopic
resection, the principle of tumor-free treatment should be followed: The tumor should
be completely removed, and the tumor capsule should be intact during resection.
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Figure 1 Endoscopic submucosal dissection treatment of gastric stromal tumor. A: Gastric stromal tumor (GST) in the fundus of the stomach; B:
Submucosal injection around the GST was performed with an injection needle, and then a submucosal incision was made; C: The tumor (white) can be seen after
peripheral submucosal separation; D: Traction of the tumor by the clip-and-snare method to expose its root; E and F: An IT knife was used to separate the root of the
tumor; G: Wound surface after tumor resection; H: Complete resection of the tumor; I-K: CD34 (1), CD117 (J), and DOG-1 (K) were all expressed; L: Mitotic figure
count < 5 per 50 high-power fields.

At present, commonly used methods for gastroscopic treatment of sGST include
endoscopic submucosal dissection (ESD), endoscopic submucosal excavation (ESE),
endoscopic full-thickness resection (EFTR), and submucosal-tunneling endoscopic
resection (STER). ESD (Figure 1) is often used to treat GSTs derived from the
superficial layer of the muscle propria. A retrospective analysis of 168 patients[42]
showed an overall resection rate of ESD in GST of 100%; only two (1.2%) patients had
delayed bleeding, and no local recurrence or distant metastasis of the tumor was
observed during a follow-up period of 6-67 mo (median, 25 mo). A study comparing
ESD and laparoscopic treatment of sGSTs[43] found that ESD could significantly
reduce operation time, blood loss, and patient hospital stay and that the two groups
did not significantly differ in recurrence rate or survival time after tumor resection. It
is reported in the literature[44,45] that the main complications of ESD treatment of
GSTs are perforation (0%-8.2%) and bleeding (0%-15.6%). In most patients, bleeding
and perforation complications can be controlled through endoscopic treatment. ESE
(Figure 2) is a variation of ESD; the main difference is that ESE can excavate sGSTs
from the deep layer of the muscularis propria. Jeong et al[46] reported for the first time
that ESE used to treat GSTs derived from the muscularis propria has a high complete
resection rate and an acceptable complication rate. The complete resection rate of ESE
is reported to be 90%-100%; the main complication is perforation, with an incidence
rate of 0%-20%, and most cases can be treated under endoscopy[47-50]. Studies have
also pointed out that ESE resection of tumors originating from the submucosal
muscularis propria would result in incomplete resection of the tumor capsule, leading
to residual tumor cells, and that excessive excavation can lead to perforation[5,51].
Studies have also revealed that the complete resection rate in endoscopic treatment of
sGSTs (concomitant stromal tumors) is low, especially of micro-GSTs (< 1 cm).
Compared with bigger tumors, it is more difficult to remove normal tissues
surrounding the capsules of small tumors and to dissect out the tumors themselves
[46]. ESD and ESE resection of fundic sGST entails use of the U-type reverse
endoscope, which is difficult to operate and can damage tumor capsules during
removal of tumors, affecting resection integrity. Even worse, abundant blood vessels
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Figure 2 Endoscopic submucosal excavation treatment of gastric stromal tumor. A: Gastric stromal tumor (GST) at the junction of the gastric body
and fundus; B: “Linear” electrocoagulation labeling of the GST mucosa; C and D: The tumor (white) was observed after linear incision of the GST surface mucosa and
submucosa; E and F: An IT knife was used to separate the root of the tumor; G: Wound surface after tumor resection; H: Titanium clip sealing of the wound; I-K:
CD34 (1), CD117 (J), and DOG-1 (K) were all expressed; L: Mitotic figure count < 5/50 high-power fields.

JBaishideng®

around the tumors must be cut off, which can easily lead to intraoperative bleeding,
thereby impairing physicians” vision and operational accuracy, prolonging the
operation, and increasing the risk of perforation[52]. ESE is suggested to be suitable for
the treatment of sGSTs derived from the muscularis propria and growing into the
gastric cavity.

EFTR (Figure 3) can be classified as a special form of ESD/ESE with active rather
than passive perforation; the gastric wall is closed after it undergoes a full-thickness
resection. Therefore, perforation in EFTR is not considered a complication. EFTR can
be used to treat sGSTs with intracavitary and extracavitary growth. Wang et al[53]
were the first to perform EFTR in order to treat GST, removing 66 such tumors with
diameters of < 3.5 cm. The complete resection rate was 100%. There were five cases of
intraoperative bleeding, in all of which bleeding was successfully stopped and the
perforation completely closed under endoscopy. Studies have reported that the
complete resection rate in EFTR treatment can be as high as 87.5%-100.0%, and the
complication rate is low. There are a few reports of abdominal infection after EFTR,
which improved after treatment[54,55]. Another study[56] showed that EFTR is
equivalent to laparoscopic surgery in the safety and efficacy of resectioning smaller-
diameter GSTs, but EFTR can significantly reduce operation time, intraoperative blood
loss, and patient hospital stay. It has been reported that the incidence of electrocoagu-
lation syndrome is 3.1% after EFTR; although in such cases the syndrome is less severe
than bleeding and perforation, it has a high incidence in the stomach and its symptoms
can be similar to those of ordinary postoperative perforation[37]. However, active
EFTR perforation to completely remove the tumor is relatively traumatic, and the
endoscopist must have a high level of skill to close the perforation fistula; therefore,
the procedure is recommended to be completed by a physician experienced in
endoscopic treatment. When perforation occurs during endoscopic treatment, the use
of metal clips alone or combined with nylon string (the purse string suture) has a good
preventive effect against complications[57].

STER (Figure 4) is suitable for the cardia where a tunnel is easy to build, or sGSTs at
the fundus of the stomach near the cardia. When sGST is not close to the cardia, it is
difficult to establish a tunnel, and therefore the STER technique is not applicable. STER
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Figure 3 Endoscopic full-thickness resection treatment of gastric stromal tumor. A: Gastric stromal tumor (GST) of the gastric body near the fundus;
B: Submucosal injection around the GST was performed by injection needle; C: Circumferential incision of the submucosa around the tumor; D: Traction of the
exposed tumor with the clip-and-snare method; E: An IT knife was used to separate the root of the tumor, and the local full-thickness gastric wall was cut open; F:
After full-layer resection, the wound was treated with hot biopsy forceps for hot coagulation and hemostasis; G: After tumor resection, the wound was sealed with a
titanium clip and a nylon ring for a purse pocket suture; H: Complete resection of the tumor body for examination; I-K: CD34 (1), CD117 (J), and DOG-1 (K) were all
expressed; L: Mitotic figure count < 5/50 high-power fields.

has many advantages, including maintenance of mucosal integrity, small wounds, fast
healing, clear operating vision, and reduced risk of pleural and abdominal infections
[58]. A clinical study involving 290 cases showed that the overall incidence of complic-
ations was high [23.4% (68/290)], but only a small percentage thereof (10.0%) required
therapeutic intervention[59]. A study involving 430 cases[60] showed that the
complete resection rate of STER was 98.1%, the rate of postoperative gas-related
complications was 21.5%, that of inflammation-related complications was 8.4%, and
that of delayed bleeding was 2.2%. There were no cases of death or recurrence of
tumors related to STER.

CONCLUSION

At present, there is no consensus on whether sGSTs need treatment. However, if EUS
examination determines that the sGST has high-risk manifestations, resection is
recommended. Even EUS-FNAB examination cannot completely determine the risk
grade of sGST, which tends to be potentially malignant. Although the tumor cells have
inert biological characteristics, patients who live with tumors and need long-term
endoscopic follow-up have heavy psychological and economic burdens to bear. The
efficacy of digestive endoscopy in the treatment of sGSTs is equivalent to that of
surgery, with no effect on gastric function, less trauma, lower treatment cost, and
shorter hospital stay. For sGST patients with high-risk manifestations or those who
cannot tolerate endoscopic follow-up but who actively demand treatment, endoscopic
sGST resection by physicians experienced in endoscopic treatment is effective and safe.
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Figure 4 Submucosal-tunneling endoscopic resection treatment of gastric stromal tumor. A: Gastric stromal tumor (GST) at the esophagogastric
junction; B: Submucosal injection was initiated by needle in the esophagus about 5 cm away from the GST; C and D: The esophageal mucosa was cut open to
establish a submucosal tunnel to the tumor; E: An IT knife was used to separate the root of the tumor; F: Heat coagulation and hemostatic therapy on wound surface
after tumor resection; G: The opening of the esophageal tunnel was sealed with titanium clamps; H: Complete resection of the tumor.
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Abstract

Pancreatic adenocarcinoma is a lethal disease with a mortality rate that has not
significantly improved over decades. This is likely due to several challenges
unique to pancreatic cancer. Most patients with pancreatic cancer are diagnosed at
a late stage of disease due to the lack of specific symptoms prompting an early
investigation. A small subset of patients who are diagnosed at an early stage have
a better chance at survival with curative surgical resection, but most patients still
succumb to the disease in a few years. The dismal overall prognosis is due to
suspected micro-metastasis at an early stage. Due to this reason, there is a recent
interest in treating all patients with pancreatic cancers with systemic therapy
upfront (including the ones that are surgically resectable). This approach is still
not the standard of care due to the lack of robust prospective data available.
Recent advancements in treatment regimens of chemotherapy, radiation and
immunotherapy have improved the overall short-term survival but the long-term
survival still remains poor. Novel approaches in diagnosis and treatment have
shown promise in clinical studies but long-term clinical data is lacking. The
following manuscript presents an overview of the epidemiology, diagnosis,
staging, recent advances, novel approaches and controversies in the management
of pancreatic adenocarcinoma.

Key Words: Pancreatic adenocarcinoma; Advances in management; Imaging; Novel
approaches; Chemotherapy; Controversies
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Core Tip: Early diagnosis and treatment of pancreatic adenocarcinoma has remained a
challenge over the last several decades. Despite best efforts, the long-term survival rate
has not significantly improved. The following manuscript highlights the current
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advances and controversies in the management of pancreatic cancer. The standard
systemic therapies have been presented in a format that is easy to read and follow.
Novel approaches in diagnosis and management have been discussed in light of
evidence-based medicine.
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INTRODUCTION

Pancreatic cancer ranks as the fourth leading cause of cancer related death in the
United States and seventh leading cause of cancer deaths worldwide[1]. Approx-
imately 57600 patients are diagnosed with pancreatic cancer annually[2], with a vast
majority of these patients dying within the first year of diagnosis. The incidence of
pancreatic cancer in the United States is 1.3 times higher in males than females[3].
There is a slightly increased risk in blacks than in whites[4]. Several other risk factors
for pancreatic cancer have been identified[5], such as cigarette smoking[6,7], physical
inactivity and obesity[8], high intake of saturated fat and/or processed or smoked
meats[9], family history and genetic predisposition syndromes[10-12], nonhereditary
chronic pancreatitis[13,14], and presence of pancreatic cysts such as intraductal
papillary mucinous neoplasm of pancreas[15]. Due to high mortality of pancreatic
cancer, many studies have looked at the prognostic indicators and predictors of
mortality[16-19]. Several new modalities have been introduced in diagnosis and
management of pancreatic cancer over the past few decades[20] but overall prognosis
still remains poor[2].

PATHOLOGY

The most common type of pancreatic cancer is pancreatic adenocarcinoma, repres-
enting approximately 85% of all pancreatic neoplasms. Unfortunately, this accounts for
the most aggressive type of pancreatic cancer with the poorest prognosis overall
(Figure 1). Neoplasms arising from the endocrine pancreas (such as pancreatic
neuroendocrine tumors) account for approximately 5% of all pancreatic tumors. Other
rare tumors include acinar carcinoma, cystic neoplasms (mucinous cystadenoma,
intraductal papillary mucinous tumors, solid pseudopapillary tumors, serous
Cystadenoma), metastatic tumors, etc.

CLINICAL PRESENTATION

The presentation of pancreatic cancer varies by the location of the tumor. Tumors
located in the head of pancreas (approximately 60%-70%) usually present with
painless jaundice[21] due to obstruction of the intra-pancreatic portion of distal
common bile duct. Other symptoms include steatorrhea and weight loss. On the other
hand, tumors in the body of pancreas (20%-25%) present somewhat late in the disease
course with severe abdominal/back pain, anorexia and weight loss.

Rarely, a pancreatic mass is found as an incidental finding on computed
tomography (CT) scan performed for another reason. Overall incidence of an
incidental pancreatic mass over an eight year period in one study was reported as 7%,
with one half of these were adenocarcinomal[22].

DIAGNOSTIC EVALUATION

Symptoms alone are not sensitive to diagnose pancreatic cancer as many other
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Figure 1 Hematoxylin and eosin stains[21]. A: Hematoxylin and eosin stains of normal and adjacent ductal adenocarcinoma 40 x; B: demonstrates invasive
adenocarcinoma (100 x); C: Perineural invasion is demonstrated. Citation: Porta M, Fabregat X, Malats N, Guarner L, Carrato A, de Miguel A, Ruiz L, Jariod M,
Costafreda S, Coll S, Alguacil J, Corominas JM, Sola R, Salas A, Real FX. Exocrine pancreatic cancer: symptoms at presentation and their relation to tumour site and
stage. Clin Transl Oncol 2005; 7: 189-197. Copyright© The Authors 2005. Published by Springer Nature.
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diseases can present with similar symptoms[23]. Initial workup starts with simple
blood tests and cross-sectional imaging, followed by additional testing based upon
clinical presentation.

Blood tests

For patients suspected to have a mass in the head of pancreas causing biliary
obstruction, initial blood work should include liver function tests (such as serum
aminotransferases, alkaline phosphatase, and bilirubin). Evidence of cholestasis
(elevation of alkaline phosphatase and bilirubin) could suggest obstruction of distal
common bile duct in the right clinical scenario. Serum amylase and lipase can be
checked to rule out acute pancreatitis in patients with severe epigastric pain but is not
useful to diagnose pancreatic cancer.

Abdominal ultrasound

The most important test in the diagnosis of pancreatic cancer is diagnostic imaging.
Abdominal ultrasound is inexpensive, readily available and useful in certain clinical
situations. It helps determine the presence of bile duct dilation, large masses in the
head of pancreas (> 3 cm), any liver metastasis, ascites, etc. However, it has several
limitations. It is not useful in the evaluation of the entire pancreas, as the retroperi-
toneal location of pancreas and overlying gas in the stomach and small intestine can
obscure visualization of the entire pancreas.

Abdominal CT scan

The most useful test in diagnosing a pancreatic mass is abdominal CT scan. A special
dedicated pancreas protocol CT scan [triple phase, helical, contrast enhanced, multide-
tector row CT with three dimensional reconstruction; multidetector computed
tomography (MDCT)] has a sensitivity of 89%-97%[24-26]. The classic appearance of
an exocrine pancreatic cancer is a poorly defined hypoattenuating mass within the
pancreas, although isoattenuation can be seen in smaller tumors[27]. Other
abnormalities may include abrupt cut off of pancreatic duct with proximal (upstream)
pancreatic duct dilation, pancreatic atrophy, efc. Masses in the head of pancreas and
ampulla can cause dilation of the bile duct and pancreatic duct (double duct sign)[28].
A good quality (pancreas protocol) CT also helps in the staging of tumors, which can
range from delineating vascular anatomy in early-stage disease to evaluating distant
metastasis in stage IV disease[29-31].

Magnetic resonance cholangiopancreatography

Magnetic resonance cholangiopancreatography (MRCP) creates a three-dimensional
image of the pancreaticobiliary tree, liver and adjacent vascular structures. It is
especially useful in outlining the pancreatic duct and biliary duct, obviating the need
for having to inject dye during endoscopic retrograde cholangiopancreatography
(ERCP) to obtain that information[32] (Figure 2). Moreover, subtle strictures, partly
cystic masses and intrahepatic masses can be delineated with addition of contrast
enhanced (gadolinium) injection during magnetic resonance imaging (MRI) of the
abdomen. MRCP provides a road map in difficult situations such as patients with
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Figure 2 Malignant biliary obstruction from mass in the head of pancreas causing common bile duct and pancreatic duct dilation
(double-duct sign) on endoscopic ultrasound and magnetic resonance cholangiopancreatography[21]. A: Endoscopic ultrasound; B: Magnetic
resonance cholangiopancreatography, note the distended gallbladder, seen in patients with malignant biliary obstruction (Courvoisier’s sign). Citation: Porta M,
Fabregat X, Malats N, Guarner L, Carrato A, de Miguel A, Ruiz L, Jariod M, Costafreda S, Coll S, Alguacil J, Corominas JM, Sola R, Salas A, Real FX. Exocrine
pancreatic cancer: symptoms at presentation and their relation to tumour site and stage. Clin Trans/ Oncol 2005; 7: 189-197. Copyright© The Authors 2005.
Published by Springer Nature.

altered surgical anatomy (e.g., Bilroth II, Roux-en-Y gastric bypass, etc.), gastric or
duodenal stenosis, bile duct obstruction in setting of chronic pancreatitis, etc.[33].
Despite the value of MRI/MRCP in certain clinical situations, MRI does not offer
significant advantage over MDCT in routine workup of pancreatic cancer[34-36],
except probable increased sensitivity for detecting small liver metastasis[37-40].

Tumor markers

The role of tumor markers in diagnosing pancreatic cancer is controversial. The most
useful and widely used tumor marker is cancer associated antigen 19-9 (CA 19-9). The
reported sensitivity ranges from 70%-92% and specificity ranges from 68%-92%[41].
There are several caveats of using CA 19-9 in diagnosis of pancreatic cancer. The
sensitivity is lower for smaller tumors[41,42]. In patients with a Lewis negative
phenotype (approximately 5%-10% of the population), CA 19-9 is not a useful tumor
marker[43,44]. The specificity is low as it is frequently elevated in patients with other
cancers and various benign pancreaticobiliary tumors[44-46]. Due to low positive
predictive value of CA 19-9, it is not used as a screening test for pancreatic cancer[47].
Nevertheless, there are two distinct advantages of using CA 19-9 in patients with
pancreatic cancer. Firstly, it has some value as a prognostic marker, i.e., a markedly
elevated CA 19-9 Likely signifies occult metastasis and hence, poor overall prognosis
[48-51]. Secondly, it is useful in monitoring disease activity during treatment. For
example, elevation in CA 19-9 Levels after curative surgical resection may indicate
early cancer recurrence even before appearance of radiographic abnormality on
surveillance imaging[52-54].

Endoscopic ultrasound

The diagnosis of pancreatic cancer is made on histological confirmation of biopsy
specimens. The best modality to obtain tissue diagnosis is Endoscopic ultrasound
guided fine needle aspiration (EUS-FNA) of the pancreatic mass (Figure 2). The entire
pancreas can be evaluated through the stomach and duodenum with the help of EUS.
A special needle can be advanced through the wall of the upper gastrointestinal tract
into the pancreatic mass without risking spread of cancer cells into the peritoneum as
is seen with US or CT guided aspiration. The sensitivity and specificity of EUS-FNA
has been reported at 89%-92% and 96% respectively[55,56]. Several advantages of EUS-
FNA over US or CT guided approach (other than superior accuracy) include less risk
of needle tract seeding[57], less risk of peritoneal seeding[58], ability to perform local
staging, and cost[59]. Limitations of EUS are that it is operator dependent and it is
suboptimal for evaluation of distant metastasis.

As an imaging tool, EUS is very sensitive and is commonly used in screening
patients-with familial pancreatic cancer or other hereditary syndromes[60]. EUS not
only helps biopsy the tumor but also provides simultaneous access to sampling of
regional nodes, -ascites, liver lesions and malignant cyst fluid. Moreover, it helps
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assess resectability of tumor duringdiagnostic evaluation (Figure 3). Additionally,
recent studies have explored the utility of EUS in many other sophisticated ways, such
as injection of cytotoxic agents, application of radiofrequency ablation to ablate
neoplastic lesions, introducing instruments directly into the lesions for diagnostic
purposes, efc.

Despite overwhelming evidence to support the utility of EUS in evaluation of
pancreatic cancer, there are certain limitations and challenges in its use. In certain
situations, masses in setting of focal chronic pancreatitis (with focus of ductal
adenocarcinoma) and/or autoimmune pancreatitis can be indistinguishable from
pancreatic cancer and hence, pose a clinical challenge in diagnosis and management of
these lesions. In these difficult situations, a multimodality approach involving clinical
history (i.e., lack of alarm symptoms), radiological interpretation and short term follow
up may be necessary. Additionally, certain technical limitations of EUS include
difficulty in accessing tumors in the uncinate process of pancreas due to acute
angulation in the second portion of duodenum, as well as the inherent limitations in
obtaining rich aspirate with small FNA needles. The introduction of new and better
needles such as fine needle biopsy needles with different designs and compositions
have largely solved these problems. Despite these rare challenges and limitations, in
the hands of experts, EUS imaging and sampling is very accurate and considered the
gold standard in detecting and diagnosing pancreatic cancer.

Centers without personnel experienced with EUS-FNA rely on percutaneous biopsy
of pancreatic masses to establish a diagnosis. Potential disadvantages of CT guided
percutaneous biopsy approach include malignant seeding of the needle tract, though
this theory has not been proven convincingly.

ERCP

ERCP is a useful tool in evaluating the duodenum, ampulla, biliary and pancreatic
system. In addition to direct visualization, ERCP can help obtain tissue samples for
diagnosis, such as brush samples of indeterminate strictures for cytology, as well as
intraductal biopsies. As ERCP has potential risks such as bleeding, perforation and
pancreatitis, it is generally not considered the initial test for the diagnosis of suspected
pancreatic cancer. EUS is still considered the gold standard in obtaining samples for
tissue diagnosis. However, ERCP has great clinical utility in relieving malignant
biliary obstruction by stent placement (Figure 4).

Positron emission tomography scan

The role of positron emission tomography (PET) scan in routine staging of pancreatic
cancer is controversial. Studies have shown data supporting the utility of PET scan in
staging of pancreatic cancer[61-63], whereas other studies have shown conflicting
results[64,65]. Use of 18F-flurodeoxyglucose (FDG) PET combined with CT (PET/CT)
and MRI (PET/MRI) has generated interest in diagnosis, staging (lymph node
involvement and metastasis)[66], assessment of pathological grade[67], assessment of
treatment response, planning of radiation treatment, etc.[68-70]. There are certain
advantages of PET/MRI over PET/CT such as lower radiation dose and superior soft
tissue contrast[68]. However, the subgroup of patients with pancreatic cancer who will
benefit from PET/CT or PET/MRI is not clearly understood. Hence, PET scan is not
used routinely but only in certain select situations as illustrated in National Compre-
hensive Cancer Network and European Society for Medical Oncology guidelines[71].

Staging laparoscopy
The role of staging laparoscopy has evolved over time. The utility of staging
laparoscopy relies on the pretext that small occult metastatic lesions can be missed by
the available diagnostic imaging modalities and can be picked up by diagnostic
laparoscopy. Hence, in certain clinical situations where the pre-test clinical probability
of occult metastatic disease is high, staging laparoscopy can detect small sub-cm
metastatic lesions on the peritoneum and surface of the liver and upstage the disease
from resectable to stage IV metastatic disease. This also helps in re-directing the focus
to palliative chemotherapy rather than neoadjuvant treatment in preparation for
eventual needless surgical resection. Ideal candidates who may benefit from diagnostic
laparoscopy include large tumors (> 3 cm), tumors in the body and tail of pancreas,
elevated CA 19-9 > 1000, locally advanced but resectable disease, imaging suspicious
for occult metastatic disease, etc.[72-74].

Routine use of laparoscopic ultrasound during staging laparoscopy has the potential
of finding small metastatic lesions that can be missed by routine cross-sectional
imaging or visual inspection during laparoscopy. When used in conjunction with
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Figure 3 Endoscopic ultrasound images[21]. A: Endoscopic ultrasound (EUS) images of pancreatic adenocarcinoma invading the distal common bile duct;
B: EUS images of pancreatic adenocarcinoma invading the portal vein; C: EUS images of pancreatic adenocarcinoma invading the portal vein confluence. Citation:
Porta M, Fabregat X, Malats N, Guarner L, Carrato A, de Miguel A, Ruiz L, Jariod M, Costafreda S, Coll S, Alguacil J, Corominas JM, Sola R, Salas A, Real FX.
Exocrine pancreatic cancer: symptoms at presentation and their relation to tumour site and stage. Clin Transl Oncol 2005; 7: 189-197. Copyright© The Authors 2005.

Published by Springer Nature.

Figure 4 Malignant pancreatic stricture causing upstream pancreatic duct dilation[21]. A: Note that the wire was advanced into the bile duct during
endoscopic retrograde cholangiopancreatography to place a biliary stent for palliation of obstructive jaundice; B and C: Placement of a metallic biliary stent for
palliation of obstructive jaundice in a patient with unresectable pancreatic cancer [fluoroscopic picture (B); endoscopic picture (C)]. Citation: Porta M, Fabregat X,
Malats N, Guarner L, Carrato A, de Miguel A, Ruiz L, Jariod M, Costafreda S, Coll S, Alguacil J, Corominas JM, Sola R, Salas A, Real FX. Exocrine pancreatic
cancer: symptoms at presentation and their relation to tumour site and stage. Clin Trans/ Oncol 2005; 7: 189-197. Copyright© The Authors 2005. Published by

Springer Nature.
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laparoscopy, laparoscopic ultrasound can help in evaluation of primary tumors,
peripancreatic vascular anatomy, detect small occult metastatic lesions and hence,
change the surgical approach and prevent unnecessary radical surgery[75-79].

NOVEL DIAGNOSTIC IMAGING MODALITIES

Several studies in the last decade have sparked an interest in novel mucosal imaging,
but none has yet been accepted as a routine investigation in the evaluation of
suspected pancreatic mass. Narrow band imaging technology uses light of specific
blue and green wavelengths to augment certain mucosal features while visualizing the
wall of pancreatic duct (with a small catheter inserted into the pancreatic duct)
(‘pancreatoscopy’)[80].

Optical endomicroscopy permits imaging of the lining of pancreatic duct and wall
of pancreatic cyst with the help of a small diameter probe introduced into the
pancreatic duct at the time of EUS or ERCP. Such sophisticated imaging has a potential
to increase diagnostic yield of sampling by targeted biopsies in the high yield area.
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Two imaging technologies used in this manner include confocal laser endomicroscopy
[81,82] and high resolution microendoscopy[83]. Other imaging modalities such as
optical coherence tomography have even lower clinical applicability as it employs
infrared light to scan a few millimeters beneath the lining of the duct making it a time
consuming and a low yield test[84-86].

Intraductal ultrasound (IDUS), a mini-ultrasound probe, can be used to evaluate
indeterminate strictures. It is introduced within the pancreatic duct which makes it
more invasive. In some studies it has been found to be useful in evaluation of early
pancreatic cancers and determine margins of malignant cystic lesions such as
intraductal papillary mucinous neoplasms before surgical resection[87]. IDUS is not
commonly used in the United States due to limited clinical application and risk of
pancreatitis associated with the procedure[88]. On the other hand, contrast enhanced
EUS, which utilizes intravenous contrast to enhance a pancreatic lesion has been
received with more interest in recent times[89]. In a meta-analysis, the pooled
sensitivity of contrast-enhanced EUS for the differential diagnosis of pancreatic
adenocarcinomas was 94% (95%CI: 0.91-0.95), and the specificity was 89% (95%CI:
0.85-0.92)[90].

Another modality using EUS, EUS elastography, helps distinguish between benign
focal mass in chronic pancreatitis from pancreatic cancer by performing quantitative
analysis of tissue stiffness. In one study, the sensitivity and specificity for detecting
pancreatic malignancies were 100% and 92.9% respectively[91]. Three-dimensional
reconstruction and spectrum analysis using EUS has shown -good results, and has the
potential to be used more often in the future[92].

As pancreatic cancer has the potential to cause micro metastasis even in early stage
of disease, research has been carried out to determine the molecular profiling of these
tumors. Imaging agents such as peptides that bind to specific factors on the surface of
pancreatic tumors have been developed and include: cathepsin E, integrin a, 3, plectin
1, claudin-4 and oncolytic adenovarirus mutant[92-97] Similarly, engineered biological
agents such as oncolytic adenovirus have shown efficacy and tumor selectivity in
preclinical pancreatic cancer models[98,99]. More robust clinical studies are needed
before it can be used in routine evaluation of early pancreatic cancer.

A different approach focused on investigating normal pancreatic parenchyma has
been developed. Unlike pancreatic tumor, normal pancreatic tissue expresses receptor
for bombesin. Hence, a bombesin peptide-coupled nanoparticle (BN-CLIO[Cy5.5]) can
be used to image normal pancreas and hence, differentiate it from pancreatic tumors
[100]. Similarly, in other studies, microbubbles (small gas-filled microspheres) have
been used to image the peri-tumoral vasculature with the help of ultrasound. This

technology can be potentially used to deliver anti-cancer therapies in future studies
[101].

Do we need tissue diagnosis before initiating treatment?

A controversial subject is the need for pre-operative biopsy in patients with classic
clinical and radiographic presentation of pancreatic adenocarcinoma. The advantage
of performing biopsy is to confirm the diagnosis and minimize the risk of needless
surgery for unsuspected benign disease. Disadvantages include the changes of false
negative biopsy and risk of delaying definite and curative surgical resection in early
pancreatic cancer. Another potential downside is the risk of rare iatrogenic complic-
ations, such as post-procedure pancreatitis or theoretical dissemination of tumor cells
along the needle tract (and beyond) during CT guided biopsy. In light of these contro-
versies, the decision to perform pre-operative biopsy rests on the discussion between
the surgeon and the patient. Most centers in the US favor pre-operative biopsy as a
routine. However, several experts, especially from non-US centers, favor proceeding to
surgery directly (without pre-operative biopsy) in clearly resectable pancreatic head
cancers[102], with an understanding that the presence of unsuspected benign diseases
have been reported in 5%-11% of all resected tumors on final pathology results[103-
105]. On the flip side, patients who definitely require tissue diagnosis include high risk
surgical candidates, non-surgical candidates, patients due to undergo neoadjuvant or
palliative chemotherapy. EUS/FNA is the ideal modality for tissue diagnosis in these
patients.

Not all patients presenting with pancreatic masses have the classic presentation and
supporting radiographic imaging for pancreatic cancer. Two important examples
include chronic pancreatitis and autoimmune pancreatitis, where clinical presentation
(lack of alarm symptoms) and imaging characteristics favor a non-malignant etiology.
In these situations, a pre-operative biopsy is essential to rule out malignancy so that
unnecessary surgery can be avoided.
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TREATMENT

A detailed discussion on all available treatment options is beyond the scope of this
article. A brief overview of the treatment options with an emphasis on controversies
and recent advancements will be discussed. Patients with pancreatic cancer should
ideally be evaluated and treated in a high volume center in a multidisciplinary
environment. The actual treatment algorithm depends upon the stage of disease
(Tables 1-4) and is generally divided into four subgroups (resectable, borderline
resectable, locally advanced and unresectable, and metastatic) (Table 5).

Resectable tumors

Early curative resection of pancreatic cancer offers the best meaningful overall
survival. However, only 15%-20% of pancreatic cancers are potentially resectable at
presentation. Resectable tumors are the ones in which tumors have no contact with
major surrounding arteries (such as celiac artery, superior mesenteric artery, or
common hepatic artery) and surrounding veins (superior mesenteric vein or portal
vein) (Table 5). Surgery of choice for tumors in the head of pancreas include Whipple
surgery (pancreaticoduodenectomy) and distal pancreatectomy for tumors in the body
and tail of pancreas. As per all major guidelines, these patients should undergo
surgical resection if they are appropriate surgical candidates.

Pancreatic surgery carries a high morbidity and mortality but if done by
experienced surgeons in high volume centers, the outcomes are superior[106,107].
Surgery also provides useful diagnostic and prognostic information[108]. Several
factors such as tumor stage, status of surgical margins[17,109], lymph node status
[110], tumor differentiation[111], pre and post- resection serum CA 19-9[109] and
cigarette smoking[112,113] help predict overall prognosis. Five-year survival after
pancreaticoduodenectomy is 10% in node positive disease[114] and 30% in node
negative disease[115]. More importantly, about two thirds of patients undergoing
surgical resection with curative intent will find positive lymph nodes, which correlates
with a poor prognosis. Hence, this justification is used by some experts to support the
use of neoadjuvant therapy upfront in all resectable tumors.

Is there a role of neoadjuvant therapy in clearly resectable tumors?

In contrast to the traditional practice of early resection in resectable tumors, the use of
upfront neo-adjuvant therapy in clearly “resectable” pancreatic cancers has increased
recently[116]. Some studies have supported its use[105,117-122] and others have
largely debunked the idea[123,124]. The proponents of this approach highlight the fact
that many such patients may already have micro-metastasis at the time of diagnosis.
By providing chemo-radiation upfront, the tumors can be restaged after treatment and
surgery can be offered only to the group of patients who still have localized disease.
This approach will help decrease the incidence of patients presenting with grossly
visible metastasis soon after surgery. Moreover, this approach helps systemic
chemotherapy to be started as soon as possible, in contrast to the delay in starting
chemotherapy up to 4 wk after surgery (as is routinely advised by the Oncologists).
The decision to start upfront neoadjuvant therapy should ideally be made in a
multidisciplinary environment in the setting of a clinical trial. There is no consensus on
the best therapy for this purpose. In most centers, neoadjuvant therapy is not yet a
standard treatment modality in resectable tumors outside of the context of a clinical
trial[125]. For most patients with good functional status, the preferred treatment is a
multiagent modified FOLFIRINOX regimen (oxaliplatin plus irinotecan with
leucovorin and short term infusional flurouracil regimen), followed by chemoradio-
therapy.

Is pre-operative biliary drainage necessary before surgical resection?

Another controversial subject in the management of patients with potentially
resectable tumors in the head of pancreas presenting with biliary obstruction revolves
around the need to perform pre-operative biliary drainage. Several studies have been
done to address this question with the results revealing benefit[126], no clear benefit
[127-129] or harm with this approach[130-134]. Despite overwhelming data showing
potential lack of benefit or even harm in routine preoperative biliary drainage in
patients with malignant biliary obstruction, many surgeons in the US routinely request
biliary drainage due to perceived better post-operative outcome with this approach.
The decision to choose the modality for biliary drainage (percutaneous transhepatic vs
endoscopic) rests on the availability of expertise at the respective institution, location
of the obstruction etc. Both techniques have advantages and disadvantages and should
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Table 1 Tumor-node-metastasis staging of pancreatic adenocarcinoma [American Joint Committee on Cancer Tumor-Node-Metastasis

Staging of Pancreatic Cancer (8" edition, 2017)]-T staging

T  Primary tumor

TX Primary tumor cannot be assessed

TO No evidence of primary tumor

Tis Carcinoma in situ. This includes high-grade pancreatic intraepithelial neoplasia (PanIn-3), intraductal papillary mucinous neoplasm with high-grade

dysplasia, intraductal tubulopapillary
T1 Tumor <2 cm in greatest dimension

Tla Tumor < 0.5 cm in greatest dimension

neoplasm with high-grade dysplasia, and mucinous cystic neoplasm with high-grade dysplasia

T1b Tumor > 0.5 cm and <1 cm in greatest dimension

Tlc Tumor 1-2 cm in greatest dimension

T2  Tumor > 2 cm and <4 cm in greatest dimension

T3  Tumor >4 cm in greatest dimension

T4 Tumor involves the celiac axis, superior mesenteric artery, and/or common hepatic artery, regardless of size

Table 2 Tumor-node-metastasis staging of pancreatic adenocarcinoma [American Joint Committee on Cancer Tumor-Node-Metastasis

Staging of Pancreatic Cancer (8" edition, 2017)]-N staging

N Regional lymph nodes

NX Regional lymph nodes cannot be assessed

NO No regional lymph node metastases

N1 Metastasis in one to three regional lymph nodes
N2 Metastasis in four or more regional lymph nodes

Table 3 Tumor-node-metastasis staging of pancreatic adenocarcinoma [American Joint Committee on Cancer Tumor-Node-Metastasis

Staging of Pancreatic Cancer (8" edition, 2017)]-M staging

M Distant metastasis
MO No distant metastasis
M1 Distant metastasis

JBaishideng®

be used in the right clinical scenario after due consultation in a multidisciplinary
environment[135]. Transhepatic biliary drainage is generally performed for more
proximal intrahepatic biliary obstruction and endoscopic biliary drainage is performed
for extrahepatic biliary obstruction. The type of stent used (plastic vs metal stent)
depends upon the endoscopist and the surgeon’s preference. A permanent metal stent
is more commonly used as it does not need to be replaced if the tumor is deemed
unresectable at the time of surgery[136].

All patients who undergo resection of tumor (without neoadjuvant therapy) should
undergo repeat staging of the disease with CT scan and tumor markers before starting
adjuvant chemotherapy. Adjuvant chemotherapy should be started within 2 mo of the
surgery and should be continued for six months. As in neoadjuvant therapy, for
patients with good functional status, the preferred treatment is a multiagent modified
FOLFIRINOX regimen (oxaliplatin plus irinotecan with leucovorin and short term
infusional flurouracil regimen). For patients with poor functional status, gemcitabine
alone or gemcitabine plus capecitabine are reasonable options (Table 6). Addition of
radiation therapy in the adjuvant setting is somewhat controversial and is usually
reserved in a subgroup of patients with excellent performance status[137].

Borderline resectable and locally advanced unresectable disease
Pancreatic tumors are considered borderline resectable if there is suspected solid
tumor contact with major surrounding vasculature (but less than 180 degrees of
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Table 4 Tumor-node-metastasis staging of pancreatic adenocarcinoma [American Joint Committee on Cancer Tumor-Node-Metastasis

Staging of Pancreatic Cancer (8" edition, 2017)]-tumor-node-metastasis staging

Stages T N M
Stage 0 Tis NO MO
Stage IA T1 NO MO
Stage IB T2 NO MO
Stage ITA T3 NO MO
Stage IIB T1, T2, T3 N1 MO
Stage III T1, T2, T3 N2 MO
T4 Any N MO
Stage IV Any T Any N M1

Table 5 Criteria defining resectability status of pancreatic adenocarcinoma[30]

Resectabilty Arterial Venous
status
Resectable No arterial tumor contact (CA, SMA, or CHA) No tumor contact with the SMV or PV or <180°
contact without vein contour irregularity
Borderline Pancreatic head/uncinate process: Solid tumor contact with CHA without extension Solid tumor contact with the SMV or PV of > 180°,
resectable to CA or hepatic artery bifurcation. Solid tumor contact with the SMA of < 180°; contact of < 180° with contour irregularity of the
Solid tumor contact with variant arterial anatomy (ex: Accessory right hepatic vein or thrombosis of the vein but with suitable
artery, replaced right hepatic artery, replaced CHA, and the origin of replaced or vessel proximal and distal to the site of
accessory artery). Pancreatic body/tail: Solid tumor contact with the CA of <180°; involvement allowing for safe and complete
Solid tumor contact with the CA of > 180° without involvement of the aorta and resection and vein reconstruction. Solid tumor
with intact and uninvolved gastroduodenal artery thereby permitting a modified contact with the IVC
Appleby procedure (controversial)
Locally Head/uncinate process: Solid tumor contact with SMA > 180°; Solid tumor contact ~ Unreconstructible SMV/PV due to tumor
advanced with the CA > 180°. Pancreatic body/ tail: Solid tumor contact of > 180° with the involvement or occlusion (can be due to tumor or

SMA or CA; Solid tumor contact with the CA and aortic involvement bland thrombus)

CA: Celiac axis; SMA: Superior mesenteric artery; CHA: Common hepatic artery; SMV: Superior mesenteric vein; PV: Portal vein; IVC: Inferior vena cava.

Table 6 Treatment protocols for pancreatic adenocarcinoma in adjuvant setting

Drug Dose and route Administration Toxicity

Adjuvant gemcitabine (cycle length: 4 wk)[156]

Gemcitabine 1000 mg/m*IV Weekly (x 3 wk) followed by one  Myelotoxicity; Hepatotoxicity; Pulmonary toxicity; Thrombotic
week of rest microangiopathy

Adjuvant gemcitabine plus capecitabine (GemCap; cycle length: 28 d)[157]
Gemcitabine 1000 mg/m>IV Given on days 1, 8, and 15 Myelotoxicity; Nonhematologic toxicity (including hepatoxicity); Pulmonary
toxicity; Thrombotic microangiopathy
Capecitabine 830 mg/m?per dose  Given on days 1 through 21
by mouth

Modified FOLFIRINOX (cycle length: 14 d)[158-162]

Oxaliplatin 85 mg/m>IV Given on day 1 Myelotoxicity; Diarrhea; Mucositis or hand-foot syndrome; Pulmonary
toxicity; Neurotoxicity; Cardiotoxicity

Leucovorin 400 mg/m?IV Given on day 1

Irinotecan 150 mg/m? IV Given on day 1

Fluorouracil 2400 mg/m?IV Given on day 1

vascular involvement) on pre-operative imaging. If an obvious direct vascular
invasion of > 180 degrees is noted such that a resection is not possible, then it is called
locally advanced and unresectable disease (which accounts for approximately 40% of
all pancreatic tumors) (Table 5).
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There is no universal consensus on how to approach the treatment of these tumors.
These patients are discussed in a multidisciplinary tumor board where appropriate
treatment strategy is discussed in light of the patient’s functional status, tumor biology
(status of genetic mutations), pre-treatment imaging and many other factors.

A reasonable approach in patients with a borderline resectable disease is to attempt
at downstaging with chemotherapy/chemoradiation followed by surgical exploration
(if no metastatic disease is found on restaging)[137]. For patients with unresectable
disease, enrollment in clinical trials using new treatment strategies should be
encouraged. Prompt initiation of chemotherapy is warranted. Patients with
homologous recombination repair (HRR) mutations and good performance status
could benefit from aggressive medical therapy with FOLFIRINOX (short term
fluorouracil, plus leucovorin, irinotecan, and oxaliplatin). A detailed discussion on the
various treatment regimens and available clinical trials is beyond the scope of this

article but a brief summary of the most common treatment regimens is summarized in
Table 7.

Metastatic pancreatic cancer

Prognosis of metastatic pancreatic cancer is poor with an expected 5-year mortality to
be greater than 97%. Hence, it is important to discuss the patient’s preference and
goals of care before initiation of treatment. Early involvement of the palliative care
team is beneficial. Genetic testing should be performed to determine the presence of
HRR deficiency. Genes associated with HRR deficiency include BRCA1/2, PALB2,
ATM, BAP1, BARD1, BLM, BRIP1, CHEK2, FAM175A, FANCA, FANCC, NBN, RAD50,
RADS51, RAD51C, and RTEL1.

For metastatic disease in the setting of known HRR mutation, a platinum based
chemotherapy regimen is preferred[138]. For patients with excellent functional status
(ECOG PS 0 or 1) and serum bilirubin < 1.5x upper limit of normal, an aggressive
medical therapy with FOLFIRINOX or modified FOLFIRINOX should be considered.
Other alternatives included FOLFOX (leucovorin plus infusional fluorouracil plus
oxaliplatin, if serum bilirubin is > 1.5), and a combination of gemcitabine plus cisplatin

Table 7).

( After)16 wk of chemotherapy, maintenance treatment is considered based upon the
results of genetic mutation analysis. For patients with certain genetic mutations such
as germline BRCA mutation and PALB2 mutation, maintenance therapy with
poly(ADP-ribose) polymerase inhibitor Olaparib is initiated[138,139].

If no HRR mutation is detected in patients with good functional status and low
serum bilirubin (< 1.5 x ULN), an aggressive regimen such as FOLFIRINOX should be
considered. Other alternatives include modified FOLFIRINOX and gemcitabine plus
nonparticle albumin-bound paclitaxel (nabpaclitaxel). However, for patients with
higher bilirubin (> 1.5 x ULN), a gemcitabine-based regimen can prove to be toxic and
should be avoided; instead, a FOLFOX based regimen should be considered in this
setting) (Table 7).

For patients with suboptimal functional status (ECOG PS of 2), monotherapy with
gemcitabine or gemcitabine plus capecitabine can be considered. Gemcitabine plus
nabpaclitaxel can be toxic and should be reserved for highly selected patients with
high tumor burden (Table 7).

For patients with very poor functional status or severe existing co-morbidities,
systemic chemotherapy should be considered cautiously. Palliative care should be
involved early on with an emphasis on the control of symptoms (such as severe pain).

PALLIATION

Symptom palliation in patients with advanced pancreatic cancer is very important and
is an integral part of the overall treatment plan[140]. The most common symptoms that
require palliation include relief of obstructive jaundice (in tumors of the head of
pancreas), duodenal obstruction (from tumor invasion) and severe debilitating pain.
Other symptoms include risk of thromboembolism, anxiety/depression, anorexia and
weight loss.

Palliative options in patients with malignant obstructive jaundice include biliary
stenting and surgical biliary bypass. Randomized trials between the two approaches
have shown no difference in survival; patients with stents have less procedure related
morbidity and mortality but a higher rate of hospital readmissions from stent
occlusion[141-143]. Since the advent of self-expandable metal biliary stents, however,
stent occlusion has become less common compared to the traditional plastic biliary
stents[143,144]. Biliary stenting can be performed endoscopically or percutaneously
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Table 7 Treatment protocols for locally advanced/metastatic pancreatic adenocarcinoma

Drug Dose and Administration Toxicity
route

Gemcitabine monotherapy (cycle length: 8 wk for first cycle, then 4 wk)[163-166]
Gemcitabine 1000 mg/m? Weekly (x 7 wk) followed by one week of rest in the first Myelotoxicity; Hepatoxicity; Pulmonary toxicity;
v cycle, then weekly (x 3 wk) followed by one week of restin ~ Thrombotic microangiopathy
all subsequent cycles

Gemcitabine plus nanoparticle albumin-bound paclitaxel (nabpaclitaxel) (cycle length: 4 wk)[167,168]

Nabpaclitaxel 125 mg/m?IV  Given on days 1, 8, and 15 Myelotoxicity; Sepsis; Thrombotic microangiopathy;
Peripheral neuropathy; Hepatotoxicity; Pulmonary
Gemcitabine 1000 mg/ m? Given on days 1, 8, and 15 toxicity
v

Gemcitabine plus capecitabine (cycle length: 21 d)[157,169]

Gemcitabine 1000 mg/m>  Given on days 1 and 8 Myelotoxicity; Nonhematologic toxicity (including
v hepatoxicity); Pulmonary toxicity; Thrombotic
microangiopathy
Capecitabine 650 mg/m”per Given on days 1 through 14
dose by mouth

Gemcitabine plus cisplatin (cycle length: 21 d)[170]

Cisplatin 25mg/m?IV  Given on days 1 and 8 Myelotoxicity; Thrombotic microangiopathy;
daily Pulmonary toxicity; Hepatotoxicity; Neurotoxicity;
Nephrotoxicity
Gemcitabine 1000 mg/m>  Given on days 1 and 8
1V daily

FOLFIRINOX (fluorouracil plus leucovorin, irinotecan, and oxaliplatin) (cycle length: 14 d)[160,161]

Oxaliplatin 85 mg/m?IV  Given on day 1 Myelotoxicity; Diarrhea; Mucositis or hand-foot
syndrome; Pulmonary toxicity; Neurotoxicity;
Leucovorin 400 mg/m?IV  Given on day 1 Cardiotoxicity
Irinotecan 180 mg/m?IV  Given on day 1
Fluorouracil 400 mg/m?IV ~ Given on day 1
bolus
FU 2400 mg/m? Given on day 1
v

Modified FOLFIRINOX (cycle length: 14 d)[158,159,161]

Oxaliplatin 85mg/m?IV  Given on day 1 Myelotoxicity; Diarrhea; Mucositis or hand-foot
syndrome; Pulmonary toxicity; Neurotoxicity;

Leucovorin 400 mg/m2IV ~ Given on day 1 Cardiotoxicity

Irinotecan 150 mg/m21V  Given on day 1

Fluorouracil 2400 mg/m? Given on day 1

Modified FOLFOX6 (fluorouracil plus leucovorin and oxaliplatin) (cycle length: 14 d)[160,171,172]

Oxaliplatin 85mg/m?IV  Given on day 1 Myelotoxicity; Neurotoxicity; Diarrhea;
Cardiopulmonary toxicity
Leucovorin 400 mg/m*IV  Given on day 1
Fluorouracil 400 mg/m?IV  Given on day 1
bolus
FU 2400 mg/m>  Given on day 1
v

Liposomal irinotecan and fluorouracil (cycle length: 14 d)[173]

Liposomal 70 mg/m*IV  Given on day 1 Myelotoxicity; Diarrhea; Neurotoxicity; Cardiotoxicity
irinotecan
Leucovorin 400 mg/m?IV ~ Given on day 1
Fluorouracil 2400 mg/m? Given on day 1
v

Pembrolizumab monotherapy for microsatellite-unstable (mismatch repair-deficient) advanced cancer (cycle length: q3 weeks or q6 weeks)[174,175]

Pembrolizumab 200 mg IV Given on day 1, every 3 wk Pulmonary toxicity; Hepatotoxicity; Neurotoxicity;
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OR

Pembrolizumab

400 mg IV

Dermatologic toxicityCardiotoxicity

Given on day 1, every 6 wk

Jaishideng®

(by Interventional Radiology). Endoscopic biliary stenting is preferable as it is
associated with much lower complication rates and shorter hospital stays[145-147]. A
permanent expandable metal biliary stent can be placed right after obtaining samples
for tissue diagnosis (during EUS-FNA), allowing for one-step, efficient and effective
care to these patients[148]. As there is no surgery involved, patients can be started on
chemotherapy soon afterwards (without waiting for the post-op recovery as is seen in
patients undergoing surgical bypass procedure). If endoscopic management is not
feasible, external biliary drainage can be attempted. Percutaneous transhepatic biliary
access (by Interventional Radiology) results in the placement of a percutaneous
internal-external drain which can be replaced by percutaneous metal biliary stent
placement in a few weeks[146]. In rare situations, surgical biliary bypass (such as
hepaticojejunostomy, choledochojejunostomy or cholecystojejunostomy) may be
needed.

Locally advanced pancreatic cancer can infiltrate the wall of duodenum resulting in
malignant duodenal obstruction in in approximately 15%-20% of patients[149]. This
can be treated by surgical gastrojejunostomy or endoscopic enteral stent placement.
Recent data on the utility of endoscopic stent placement has revealed good short-term
efficacy, improved cost-effectiveness and shorter recovery time[150]. There are few
studies comparing surgical bypass (gastrojejunostomy) to endoscopic stent placement
in patients with malignant gastric outlet obstruction[151]. The decision on proceeding
with one option vs. the other should be made in light of the patient’s preference,
performance status, disease stage, overall health condition and expected life
expectancy. Overall, if the life expectancy is short (say 2-3 mo), an endoscopic stent is
favored due to prompt relief of symptoms and short duration of recovery. If the
expected life expectancy is longer, then surgical bypass is a more reasonable and
durable approach due to better long-term results[151].

Cancer-related pain is a very common symptom in patients with advanced
pancreatic cancer[152], resulting in decreased performance status and dismal quality
of life. Opioid analgesics are most commonly used in managing severe pain associated
with pancreatic cancer. Other adjunctive medications include gabapentin, pregabalin,
nortriptyline, or duloxetine. In select situations, celiac plexus neurolysis (CPN) can be
more effective for immediate and long-term pain relief[152,153]. CPN is preferred over
radiation as the onset of action is quicker and long lasting[154,155]. In patients with
pain associated with underlying depression and anxiety, antidepressant medications
may be beneficial.

The risk of venous thromboembolism is 4-7 folds higher in pancreatic cancer as
compared to other common adenocarcinomas. Patient education is key to recognize
early signs of thromboembolism. Prophylaxis is recommended with low molecular
weight heparin, low dose unfractionated heparin or fondaparinux in high-risk patients
such as hospitalized patients with known pancreatic cancer. Lifelong treatment is
generally required in patients who develop thromboembolism. Common
recommended agents include low molecular weight heparin or a direct oral antico-
agulant (e.g., rivaroxaban, apixaban, edoxaban).

Poor appetite and weight loss in patients with advanced pancreatic cancer is
common. Unfortunately, this correlates with disease activity and in many situations is
a direct biological sequelae of tumor progression. Other factors such as severe
depression and severe debilitating pain may contribute to these symptoms as well.
Early referral to Nutritionist and/or dietician, dietary supplements and appetite
stimulants (such as megestrol acetate) may help in these difficult situations. Patients
who exhibit signs of pancreatic insufficiency (such as diarrhea and weight loss) may
benefit from oral pancreatic enzyme replacement therapy.

CONCLUSION

Despite recent advances in the diagnosis and treatment of pancreatic cancer, the
survival of pancreatic cancer has not significantly improved. This poor prognosis is
mainly due to the aggressive tumor biology of pancreatic adenocarcinoma and its
potential for micro metastasis at an early stage of the disease. Early diagnosis and
curative resection, when possible, correlates with improved survival but surgery in
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itself carries a definite morbidity and mortality, even in specialized centers.
Neoadjuvant therapy (instead of surgery upfront) in these patients is being offered in
some centers but whether this approach consistently translates to better survival is not
known. On the other hand, controversies such as the need for routine pre-operative
biliary drainage and histological diagnosis before surgery have been addressed by
good quality studies, but the results have not translated into clinical practice
universally. Nevertheless, there is an overall consensus that while we continue to find
the best treatment options, patients with pancreatic cancer should be managed in light
of published guidelines at high volume centers in a multi-disciplinary setting.
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Abstract

Patients with familial adenomatous polyposis (FAP), an autosomal dominant
hereditary colorectal cancer syndrome, have a lifetime risk of developing cancer
of nearly 100%. Recent studies have pointed out that the gut microbiota could
play a crucial role in the development of colorectal adenomas and the consequent
progression to colorectal cancer. Some gut bacteria, such as Fusobacterium
nucleatum, Escherichia coli, Clostridium difficile, Peptostreptococcus, and enterotox-
igenic Bacteroides fragilis, could be implicated in colorectal carcinogenesis through
different mechanisms, including the maintenance of a chronic inflammatory state,
production of bioactive tumorigenic metabolites, and DNA damage. Studies using
the adenomatous polyposis coli*™*mouse model, which resembles FAP in most
respects, have shown that specific changes in the intestinal microbial community
could influence a multistep progression, the intestinal “adenoma-carcinoma
sequence”, which involves mucosal barrier injury, low-grade inflammation,
activation of the Wnt pathway. Therefore, modulation of gut microbiota might
represent a novel therapeutic target for patients with FAP. Administration of
probiotics, prebiotics, antibiotics, and nonsteroidal anti-inflammatory drugs could
potentially prevent the progression of the adenoma-carcinoma sequence in FAP.
The aim of this review was to summarize the best available knowledge on the role
of gut microbiota in colorectal carcinogenesis in patients with FAP.
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Core Tip: A number of studies have demonstrated that gut microbiota dysbiosis could
be a key factor in colorectal carcinogenesis. The adenomatous polyposis coli (4PC)Mm*
mouse model has been extensively used to study the underlying mechanisms of
colorectal carcinogenesis in familial adenomatous polyposis. Interventions aimed at
improving dysbiosis by administration of probiotics, prebiotics, or antibiotics could
decrease colorectal cancer development in APC mutation carriers.
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INTRODUCTION

Familial adenomatous polyposis (FAP) is an autosomal dominant hereditary colorectal
cancer (CRC) syndrome characterized by the development of numerous (i.e. tens to
thousands) colorectal adenomas[1,2]. A mutation in the adenomatous polyposis coli (
APC) gene, found on chromosome 5q21, is responsible for FAP[3]. The incidence of
FAP is around 1/8300, and the onset is commonly in the second or third decade of life.
The risk of CRC is nearly 100% by the time patients with FAP reach the age of 40-50
years[4,5]. Such patients have an increased risk of desmoid tumors and gastric,
duodenal, biliary duct, and thyroid cancers[6]. Extraintestinal manifestations of FAP
may include osteomas, dental abnormalities such as unerupted or supernumerary
teeth, congenital absence of one or more teeth, odontomas, and dentigerous cysts; and
congenital hypertrophy of the retinal pigment epithelium[7,8]. Prophylactic colectomy
is generally performed by age 40 in patients with FAP, and is the gold standard
treatment to reduce the risk of developing CRC[9]. Nonetheless, colectomy is
associated with postoperative morbidity and does not reduce the risk of developing
extraintestinal manifestations of FAP[10]. Endoscopic surveillance of patients with
FAP and their family members has decreased the occurrence of CRC at the time of
FAP diagnosis by 55% and has also increased overall survival[4,11].

Recent studies have shown that the gut microbiota could play an important role in
the development of colorectal adenomas and the consequent progression to CRC[12].
Indeed, gut bacteria such as Fusobacterium nucleatum, Escherichia coli, Clostridium
difficile, Peptostreptococcus, and enterotoxigenic Bacteroides fragilis, could be responsible
for colorectal carcinogenesis through a number of mechanisms, including the
maintenance of a chronic inflammatory state, production of bioactive tumorigenic
metabolites, and DNA damage[13-15]. A number of studies investigated the interac-
tion between gut microbiota and host genetics in patients with intestinal adenomatous
polyps. A study by Liang et al[16] showed a close relationship between the presence of
APC mutation and modification of the gut microbiota and serum metabolites. Low
levels of Faecalibacterium prausnitzii and an abundance of Fusobacterium mortiferum had
the potential to predict the development of CRC from adenomatous polyps. It has
been also observed that mutation of the APC gene could modify colonic-microbial
interactions before the development of polyposis in mouse models[17]. After F.
nucleatum infection, APC™"/* mice, carrying an inactivated allele of the APC gene, had
an increase of small intestinal and colonic adenoma formation and an acceleration of
small intestinal adenocarcinoma development[18]. Thus, it has been hypothesized that
interventions aimed at improving dysbiosis in APC mutation carriers, including
administration of probiotics, prebiotics, or antibiotics, could decrease CRC
development. The aim of this review was to summarize the best available knowledge
on the role of gut microbiota on colorectal carcinogenesis in patients with FAP.

GENETIC FEATURES

The classic colorectal carcinogenesis model described by Fearon and Vogelstein[19]
includes development of most CRCs from a minimum of five or more genetic
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alterations, while adenomas require fewer alterations. It has been hypothesized that
inactivating mutations of the APC gene could represent the initial step of the
“adenoma-carcinoma sequence” (Figure 1). The APC gene is a fundamental compo-
nent of the B-catenin and Wnt signaling pathways, modulating cell differentiation,
adhesion, migration, and apoptosis[20]. Somatic mutations of the APC gene occur in
around 80% of sporadic CRCs, whereas germline APC mutations are responsible for
FAP, making this a key target to study the environmental and genetic modifiers of
CRC[16,17]. Loss of APC gene function has been shown to produce a survival
advantage by mimicking hypoxic conditions and stimulate the accumulation of -
catenin and abnormal cell proliferation, associated with development of adenomatous
polyposis[21-24].

Mouse models of FAP

Laboratory mouse models have proven to be valuable in the study of CRC[25]. The
Min (multiple intestinal neoplasia) is the first key CRC mouse model and is induced
by treatment with ethylnitrosourea[26]. Adult APCM"/* mice develop multiple
intestinal polyps and anemia and usually die at a young age because of intestinal
blockage and bleeding from the larger polyps[27]. Other mouse models have also been
reported, such as conditional APC mutant alleles[28]. The APCMi"/* mouse model
shares numerous phenotypic and genetic similarities with FAP. However, patients
with FAP develop adenomas mainly in the colon, while adenomas in APCM*/* mice are
mainly located in the small intestine and have benign characteristics. Also, desmoid
tumors and epidermoid cysts are rarely seen in mouse models compared with patients
with FAP[29]. Nonetheless, the APCM™* mouse represents an outstanding experi-
mental model for investigating genetic features and therapeutic responses of CRC in
humans.

Bacterial genotoxicity

Interplay between the gut microbiota and genetic characteristics could be responsible
for the genetic pattern of the adenoma-carcinoma sequence. It has been hypothesized
that bacterial drivers could initiate the development of precancerous lesions and the
subsequent accumulation of gene mutations[30,31]. Different gut bacteria, such as E.
coli, Enterococcus faecalis, Streptococcus gallolyticus and B. fragilis have been shown to
promote carcinogenesis through genotoxic effects[32]. Some E. coli strains, mainly B2
and D, strongly express virulence genes, such as those encoding toxins and effectors
that could promote carcinogenesis (e.g., colibactin, cytotoxic necrotizing factors,
cytolethal distending toxins, and cycle-inhibiting factor)[33,34]. Colibactin could be
responsible for DNA alkylation on adenine residues, thus favoring double-strand
breaks[35]. A recent study showed that expression of colibactin-producing polyketide
synthase (pks+) in E. coli could was associated with the occurrence of a specific
mutational signature in human gut organoids. The same mutational signature was
detected in 5876 human cancer genomes in two independent study cohorts, especially
in CRC[36]. Also, pks+ E. coli could be responsible for aneuploidy and abnormal
cellular division, an effect promoted by the mutagen colibactin[37]. Such effects of pks+
E. coli were mainly observed in APCM"/* mice that lacked the autophagy gene Afg16
L1, and consequently were not able to recruit the DNA repair protein RAD51, thus
accumulating DNA double-strand breaks and developing tumors[38]. Enterococcus
faecalis was shown to promote DNA damage by induction of inflammation and
oxidative stress resulting from the release of reactive oxygen species and reactive
nitrogen species[39]. Fragilysin (also known as BST), is a toxic virulence factor released
by enterotoxigenic B. fragilis (ETBF) that can induce DNA damage in vivo[40].
Colonization by sulfidogenic bacteria, such as F. nucleatum, has been associated with
genomic or chromosomal instability and CRC development associated with the
genotoxic effects of hydrogen sulfide (H,S)[41,42]. A prior state of dysbiosis could
enhance these specific bacterial genotoxic effects[31].

GUT MICROBIOTA AND CARCINOGENESIS

There is extensive evidence of an association between infectious agents and develop-
ment of tumors[43]. It has also been demonstrated that specific mucosa-associated
bacterial species could play a pivotal role in the pathogenesis of CRC[44-46]. Indeed,
bacterial toxins and effector proteins have been shown to damage host cell DNA, and
therefore affect crucial host cell signaling pathways that regulate cell differentiation,
apoptosis, proliferation, and immune signaling[47-57] (Table 1).
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Table 1 Studies of colorectal cancer-associated bacteria in the APC"™* mouse model

Ref.

Bacterial strain

Mechanism of carcinogenesis

Kostic et al[18], 2013

Tomkovich et al[49],
2017

Yang et al[50], 2017

F. nucleatum

F. nucleatum and pks+ E. coli

F. nucleatum

Infiltration of CD11" myeloid-derived immune cells

Mediated by inflammation, with colibactin-producing E. coli but not with F.
nucleatum (FadA™ or Fap2")

Regulation of miR-21 via TLR4/MYD88/NF-kB pathway

Wu et al[51], 2018 F. nucleatum TLR4/p-PAK1/p-B-catenin S675 pathway

Chen et al[52], 2018 F. nucleatum Induction of M2 macrophage polarization via TLR4. Activation of the IL-
6/p-STAT3/c-MYC signaling pathway

Rubinstein et al[53], F. nucleatum FadA adhesin upregulates Annexin A1l expression through E-cadherin

2019

Dejea et al[54], 2018 Mono- or co-colonization of ETBF and pks+ E. coli ~ Upregulation of IL-17 and DNA damage

Chung et al[55], 2018 ETBF Pathway involving activation of IL-17R, NF-«B, Stat3, and CXCL1

Goodwin ef al[56], ETBF Production of spermine oxidase, reactive oxygen species and DNA damage

2011

He et al[57], 2019 Campylobacter jejuni DNA damage due to cytolethal distending toxin

Li et al[15], 2019

Mixed strains from fecal samples of CRC patients
after antibiotic cocktails

Wnt/ B-catenin and cyclin D1 pathway

CRC: Colorectal cancer; E. coli: Escherichia coli; ETBF: Enterotoxigenic Bacteroides fragilis; F. nucleatum: Fusobacterium nucleatum; IL: Interleukin; NF-xB:
Nuclear factor-kappa B; pks: Producing polyketide synthase; TLR: Toll-like receptor.

Genetic
alterations ~ Inf(ljart\)'\matlfnrll Colorectal
el toaxcirzerla e DNA damage =S cancer
development
G Prad metabolites e

dysbiosis

Healthy intestine

Colorectal
adenomas

Dysplasia and
adenocarcinoma

Figure 1 Pathway of the development of colorectal adenomas and the consequent progression to colorectal cancer.

Dysbiosis and bacterial toxins

Changes in the gut microbiota, can stimulate the c-Jun/JNK and STAT3 signaling
pathways, thus promoting, in combination with anemia, tumor growth in APCM~/*
mice[58]. A study carried out in APCM*/* mice by Son et al[17] reported that mutation
of the APC gene modified colonic-microbial interactions prior to polyposis. Indeed,
changes in the gut microbiota, characterized by an increased relative growth of
Bacteroidetes spp. identified in association with intestinal tumors, has been shown to
precede the development of microscopically evident intestinal tumors in 6-wk-old
APCM/* mice. A recent study by Dejea et al[54] detected colonic biofilms mainly
composed of E. coli and B. fragilis in patients with FAP. Genes for colibactin (c/bB) and
B. fragilis toxin (bft) were highly expressed in the colonic mucosa of patients with FAP
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compared with healthy subjects. Co-colonization with E. coli and ETBF led to an
increase in interleukin-17 (IL-17) and DNA damage in colonic epithelium of tumor-
prone mice, compared with mice with either bacterial strain alone. As ETBF and pks+
E. coli frequently colonize young children, it has been suggested that constant co-
colonization in the colon mucosa from a young age could play a role in the patho-
genesis of FAP[54]. The B. fragilis toxin (BFT) can bind to intestinal epithelial-cell
receptors, promoting cell proliferation through cleavage of the tumor suppressor
protein E-cadherin[55]. It has been shown that BFT can provoke acute and chronic
colitis in C57BL/6 mice, and colon tumors in an APCM"/* mouse model[59-61].
Infections with enterotoxigenic strains of B. fragilis, compared with non-toxigenic
strains, were more frequently observed in patients with CRCs. Enterotoxigenic strains
were detected in only 10%-20% of healthy controls, but enterotoxigenic B. fragilis was
found in stool samples from 40% of CRC patients[62]. A study by Tomkovich et al[49]
carried out in germ-free, specific-pathogen-free, and gnotobiotic APCM/*;IL107/- mice
reported that colon carcinogenesis was associated with an inflammatory state. CRC
did not develop in germ-free APCM~/*;IL-107/-, and pks+ mice. E. coli promoted carcino-
genesis in the APCM~*;JL-107/- model in a colibactin-dependent way. An interesting
study by Li et al[15] investigated the role of gut microbiota on adenoma progression in
APCM#/* mice. Transplants of gut microbiota from CRC patients into APCM"/* mice
enhanced the progression of adenoma, damaged the intestinal barrier, promoted
chronic low-grade inflammation, and stimulated the Wnt signaling pathway. These
results suggest that microbial targeted therapy could represent a novel FAP therapy.

Inflammation

Commensal and pathogenic bacteria were found to promote CRC development after
colonizing normal colonic mucosa and promoting sustained local inflammation, and
by releasing genotoxic compounds against colonic epithelial cells to induce their
tumorigenic transformation[63]. Conversely, a balanced population of microbiota
prevented development of CRC by producing bacterial metabolites that reduced
inflammation[64]. Chronic inflammation is associated with the development of various
tumors, including CRC. Inflammation of the colonic mucosa may enhance carcino-
genic mutagenesis, thus favoring CRC initiation[65]. Also, a chronic inflammatory
state is characterized by loss of IL-10-secreting regulatory T cells (Tregs) and
stimulation of Th17cells producing IL-17A, which supports IL-17A-dependent tumor
growth, and promotes colonic carcinogenesis in the APCM™* mouse model, which
resembles FAP in most respects[66]. An association between F. nucleatum infection and
increased expression of the nuclear factor-kappa beta (NF-«kB) pro-inflammatory
profile in mouse intestinal cancers has been observed, consistent with the development
of human CRC[18]. FadA, a Fusobacterium-specific adhesion molecule, can facilitate F.
nucleatum adherence to host cells[67], and F. nucleatum colonization was found to
recruit tumor-infiltrating myeloid cells and stimulate the Wnt/B-catenin pathway,
leading to NF-kB activation and cancer cell proliferation[68]. Chronic inflammation in
APCMn/%IL-107- mice was shown to modify the gut microbiota composition and
selectively favor the growth of Enterobacteriaceae. Chronic inflammation also supported
the selection of pathogenic strains of E. coli and was essential for the cancer-promoting
effects of those bacteria[69]. Colonization of APCM"/* mice with ETBF led to the
activation of a pro-tumorigenic multistep inflammatory cascade involving IL-17R, NF-
kB, and Stat3 signaling in colonic epithelial cells. Indeed, BFT could stimulate a
protumorigenic signal in colon mucosal epithelial cells that led to a Th17 response that
in turn activated NFxB and myeloid cell-dependent carcinogenesis in the distal colon
[55]. Grivennikov ef al[70] reported that the loss of intestinal barrier function in APC
Min/* mice induced by CRC-initiating genetic alterations led to adenoma invasion by
microbial metabolites that stimulated inflammation and, in turn, cancer growth. It is
noteworthy that even colonization of commensal bacteria can promote CRC. Indeed,
infection of germ-free APCM"/*;IL-107/- mice with commensals of specific-pathogen free
mice enhanced the tumor load[49]. Commensal bacteria and their constituents have
been shown to stimulate Toll-like receptors on tumor-infiltrating myeloid cells and
MyD88-mediated production of inflammatory cytokines, such as IL-23. Therefore, IL-
23 supported CRC development by activating the release of other cytokines, such as
IL-6, IL-17A, and IL-22[71].

Short-chain fatty acids and bacterial metabolites

A number of studies demonstrated that the gut microbiota was responsible for the
production of various bioactive food elements and micronutrients, such as essential
vitamins, and the fermentation of dietary fibers and complex carbohydrates,
producing short-chain fatty acids (SCFAs), such as butyrate, acetate, and propionate
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[72-74]. The role of butyrate in colorectal carcinogenesis is controversial[75]. In fact, in
APCM/*; Msh2/- mice that were also deficient for the DNA mismatch repair gene
MutS homolog 2, Belcheva et al[76] found that microbial metabolism of carbohydrates
into SCFAs, such as butyrate, enhanced the proliferation of tumor-initiated epithelial
cells, thus promoting carcinogenesis. In their study, the growth of SCFA-producing
bacteria, such as Clostridiaceae, Ruminococcaceae, and Lachnospiraceae, was inhibited by
antibiotic therapy or a low-carbohydrate diet, and in turn the number of polyps
detected in APCM*/*; Msh2/- mice was also reduced. On the other hand, many studies
have described antineoplastic effects SCFAs, such as the suppression of inflammation,
stimulation of apoptosis, and inhibition of cancer cell progression[77]. Nonetheless,
further investigation is needed for clarifying the role of butyrate in CRC protection or
promotion. Other bacterial metabolites, such as H,S, secondary bile acids, and nitric
oxide, have been shown to contribute to progression of adenomatous colon polyps to
CRC by affecting host metabolism and immunity[78].

CURRENT CLINICAL TRIALS

A growing number of clinical trials have reported an association between gut bacteria
and their metabolites and progression of CRC through various mechanisms[79,80].
However, the role of the gut microbiota in the progression and development of CRC is
intricate and still not entirely understood, especially in patients with FAP. Currently,
only a few clinical trials are recruiting subjects with FAP to determine whether
modifying the gut microbiota might influence CRC development[81]. The Memorial
Sloan Kettering Cancer Center in New York (United States), is conducting a clinical
trial (Clinicaltrials.gov ID: NCT02371135) enrolling patients with Lynch syndrome or
other hereditary colonic polyposis syndromes, in order to assess the role of the gut
bacteria in CRC development. Investigators collect fecal samples, colon biopsies, and
questionnaire responses on diet and lifestyle[82]. A phase 2, randomized, double-
blind, placebo-controlled study sponsored by the Tel Aviv Sourasky Medical Center
(Israel) is evaluating the efficacy of curcumin supplementation on polyp number and
size in patients with FAP (Clinicaltrials.gov ID: NCT03061591)[83].

POTENTIAL THERAPEUTIC APPROACHES AND FUTURE DIRECTIONS

It has been suggested that interventions directed at improving gut dysbiosis in APC
Min/* mice, for instance through probiotics, prebiotics, some antibiotics, and
nonsteroidal anti-inflammatory drugs (NSAIDs), can inhibit the progression of the
adenoma-carcinoma sequence, thus reducing the development of CRC[84-86].

Fap-related pouch

The ileoanal pouch is the surgical procedure of choice for patients with the classical
phenotype of FAP[87]. Many studies have shown that the gut microbiota play a key
role in the development of pouchitis, as supported by clinical evidence of the benefits
of antibiotic therapy[88,89]. Metronidazole, ciprofloxacin, or a combination of both, is
usually the initial approach, and it is often effective in chronic pouchitis[90]. A meta-
analysis of 21 studies showed that antibiotics induced a significant remission rate
(74%) in patients with chronic pouchitis (95% confidence interval: 56-93; P < 0.001),
whereas the remission rate after administration of biologics was 53% (95% confidence
interval: 30-76; P < 0.001). Conversely, steroids, bismuth, tacrolimus, and an elemental
diet did not result in a significant remission, which was achieved by fecal microbiota
transplantation[88]. Probiotics have been shown to be effective in the prevention of
pouchitis[91]. Indeed, Shen et al[92] showed that administration of a probiotic
treatment (Lactobacillus acidophilus, Lactobacillus delbrueckii subsp. bulgaricus, and
Bifidobacterium bifidus) prevented pouchitis, decreased the Modified Pouch Disease
Activity Index score, and reduced fecal pyruvate kinase and calprotectin in FAP
patients after restorative proctocolectomy[93].

Probiotics and prebiotics

Gut microbiota composition and function are considerably modulated by diet[14]. An
association between the intake of nondigestible fibers, such as prebiotics, and an
abundance of beneficial bacteria in the gut, including Bifidobacterium, Lactobacillus,
Faecalibacterium, Ruminococcaceae, and Roseburia has been widely reported. Indeed
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administration of both probiotics and prebiotics has shown beneficial effects in
prevention and reduction of the prevalence of adenomatous colon polyps[94,95]. A
metagenomic study by Ni et al[96] reported a preventive effect of Lactobacillus
rhamnosus GG (LGG) on polyp formation in APCM"/* mice. The results showed that
LGG had beneficial effects and reduced polyp development in mice by preserving gut
microbial functionality. A study by Urbanska et al[97] reported similar results using an
orally delivered probiotic formulation that reduced overall intestinal inflammation
and the number of polyps in the small intestine of APC™"/* mice after administration
of microencapsulated live Lactobacillus acidophilus cells.

Antibiotics

There is evidence that antibiotic treatment can modify the gut microbiota physiological
processes and functions[98]. Some studies showed that shifts in the composition of the
intestinal community caused by antibiotics were associated with development of
polyps and progression to CRC. Other studies reported a possible protective effect on
carcinogenesis[99-101]. A nested case-control study by Dik et al[102] reported a
significant dose-dependent association between administration of penicillin and
quinolone antibiotics and increased risk of CRC development. Another nested case-
control study by Boursi ef al[103] carried out in a large population-based database in
the United Kingdom, showed similar results, and concluded that past exposure to
several courses of penicillin was associated with a slight increase in CRC risk. A recent
study found that long-term treatment of APCM"/* mice with an antibiotic cocktail
composed of vancomycin, neomycin, and streptomycin resulted in gut inflammation
with polyposis and cancer progression, perhaps caused by specific changes of the gut
microbiota and thinning of the protective mucus layer[104]. On the contrary, Belcheva
et al[76] observed a decreased number of polyps in both the small and large intestine of
C57BL/6 APCM/*; Msh2”/- mice treated with ampicillin, metronidazole, neomycin, and
vancomycin. The gut microbiota in APCM*/*; Msh2/- mice might affect the develop-
ment of CRC at an early stage, thus acting as a tumor initiator. These contrasting
results suggest that the changes of gut bacteria caused by antibiotic treatment can be
either detrimental or beneficial in a context-dependent way[105]. Further studies are
needed to investigate the role of specific antibiotics in modulating the microbiota
response and the relationship with colorectal carcinogenesis.

Diet and anti-inflammatory drugs

A number of epidemiological studies have shown an association between diet, inflam-
mation, and cancer, including CRC[106-109]. So far, there is a lack of preventive
dietary recommendations for FAP patients. A nonrandomized prospective pilot study
carried out on FAP patients showed that a low-inflammatory diet based on the
Mediterranean diet pattern decreased gastrointestinal markers of inflammation, such
as C-reactive protein and pro-inflammatory cytokines, through a modulation of the
gut microbiota composition[110]. Combination treatment with curcumin and quercetin
has been reported to reduce the development of adenomas in FAP. This beneficial
effect might be a result of their antioxidative, anti-inflammatory, and antiproliferative
properties and the maintenance of a diverse gut microbial community[111-113]. Black
raspberry powder supplementation in FAP patients significantly decreased the burden
of rectal polyps and reduced staining of the mucosal proliferation marker Ki-67,
compared with placebo[114]. The results could have a response to beneficial effects of
the anthocyanin and fiber content of the raspberries on the diversity and composition
of the gut microbiota[115,116]. Administration of berberine, an alkaloid that can be
isolated from many plants including barberry (Berberis vulgaris), significantly reduced
the development of CRC and restored the gut microbiota community in APCM™* mice
fed a high fat diet[117].

There is evidence that the combination of anti-inflammatory drugs and regular
endoscopic surveillance can decrease the risk of new adenomas in the rectal stump of
FAP patients[118-120]. Administration of NSAIDs and omega-3 essential fatty acids
reduced recurrence[121]. Even though long-term therapy with NSAIDs has been
shown to increase gastrointestinal and cardiological risk, the use of omega-3 supple-
ments can be expensive for patients[122,123]. NSAIDs may modify the composition
and diversity of gut microbiota by inhibiting or facilitating bacterial growth, inducing
bacterial cell death, or affecting bacterial metabolism[123]. The bacterial composition
of the gut has been shown to change with the type of NSAID administered[124].
Specific shifts in the microbiota such as an increase in Coriobacteriaceae or reduction in
Bifidobacteriaceae and Lactobacillaceae after chronic oral treatment with celecoxib, have
been associated with a decrease of polyp burden in APCM™* mice[125]. APCM"/* mice
treated with aspirin showed a decrease in CRC number and load that depended on the
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presence of gut microbes. Of interest, Lysinibacillus sphaericus in the gut degraded
aspirin, thereby reducing its chemopreventive effects in mice. Stool samples from mice
treated with aspirin had increased populations of beneficial bacteria such as Lactoba-
cillus and Bifidobacterium, and decreased populations of pathogenic bacteria such as
Alistipes finegoldii and B. fragilis[126].

CONCLUSION

The APCM*/* mouse model has been widely used to study the underlying mechanisms
of colorectal carcinogenesis in FAP. Several studies demonstrated that gut microbiota
dysbiosis as a key factor in colorectal carcinogenesis. Indeed, the intestinal microbial
community played an important role in the multistep process of the intestinal
adenoma-carcinoma sequence, and changes in the gut microbiota were found to be
responsible for mucosal barrier injury, low-grade inflammation, activation of the Wnt
pathway, and subsequent progression of adenomas. Recent evidence suggests that the
modulation of gut microbiota could be a novel therapeutic target in FAP patients.
Administration of probiotics, prebiotics, antibiotics, and NSAIDs can prevent the
progression of the adenoma-carcinoma sequence in FAP. However, further study of
the role of the gut microbiota in the malignant transformation of colorectal adenoma
and how microbe-targeted therapies might be useful in preventing CRC development
in FAP is needed.
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Abstract

This review describes woodchucks chronically infected with the woodchuck
hepatitis virus (WHV) as an animal model for hepatocarcinogenesis and treatment
of primary liver cancer or hepatocellular carcinoma (HCC) induced by the
hepatitis B virus (HBV). Since laboratory animal models susceptible to HBV
infection are limited, woodchucks experimentally infected with WHYV, a hepatitis
virus closely related to HBV, are increasingly used to enhance our understanding
of virus-host interactions, immune response, and liver disease progression. A
correlation of severe liver pathogenesis with high-level viral replication and
deficient antiviral immunity has been established, which are present during
chronic infection after WHYV inoculation of neonatal woodchucks for modeling
vertical HBV transmission in humans. HCC in chronic carrier woodchucks
develops 17 to 36 mo after neonatal WHYV infection and involves liver tumors that
are comparable in size, morphology, and molecular gene signature to those of
HBV-infected patients. Accordingly, woodchucks with WHV-induced liver
tumors have been used for the improvement of imaging and ablation techniques
of human HCC. In addition, drug efficacy studies in woodchucks with chronic
WHYV infection have revealed that prolonged treatment with nucleos(t)ide
analogs, alone or in combination with other compounds, minimizes the risk of
liver disease progression to HCC. More recently, woodchucks have been utilized
in the delineation of mechanisms involved in innate and adaptive immune
responses against WHV during acute, self-limited and chronic infections.
Therapeutic interventions based on modulating the deficient host antiviral
immunity have been explored in woodchucks for inducing functional cure in
HBV-infected patients and for reducing or even delaying associated liver disease
sequelae, including the onset of HCC. Therefore, woodchucks with chronic WHV
infection constitute a well-characterized, fully immunocompetent animal model
for HBV-induced liver cancer and for preclinical evaluation of the safety and
efficacy of new modalities, which are based on chemo, gene, and immune
therapy, for the prevention and treatment of HCC in patients for which current
treatment options are dismal.
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Core Tip: Hepatitis B virus-induced liver tumors are hard to treat with currently
available interventions and the prognosis of hepatocellular carcinoma (HCC) in
patients remains still poor. Immunocompetent woodchucks are a useful animal model
for human HCC, because multiple tumors at different stages develop spontaneously
and secondary to viral infection. This similarity to human hepatocarcinogenesis and the
animal’s vascular architecture allowing catheterization with human-sized products
have increased the preclinical use of this model to improve existing imaging
(ultrasound, magnetic resonance imaging, and positron-emission tomography) and
ablation techniques (embolization and radiotherapy) and to evaluate interventions
(chemo, gene, and immune therapy) intended to treat human HCC.

Citation: Suresh M, Menne S. Application of the woodchuck animal model for the treatment of
hepatitis B virus-induced liver cancer. World J Gastrointest Oncol 2021; 13(6): 509-535
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INTRODUCTION

Infection of adult humans with the hepatitis B virus (HBV) usually leads to self-limited
liver disease (i.e., acute hepatitis B) and viral resolution, as the virus is controlled via a
strong antiviral immune response[l,2]. Progression to chronic HBV infection is
observed infrequently and occurs only in 5% of infected, healthy adults[3]. However,
HBYV infection acquired at birth by mother-to-child transfer or during early childhood
in unvaccinated infants persists in 95% of individuals[3]. Persistent HBV infection then
leads to chronic liver disease (i.e., chronic hepatitis B) that is associated with a
diminished or impaired immune response unable to control the virus[1,2]. The
immunodeficiencies developed overtime during the persistence of HBV infection are
further responsible for the progression of liver disease to liver cirrhosis and hepato-
cellular carcinoma (HCC) later in life[1,4]. Estimates indicate that approximately 257
million people worldwide are chronic carriers of HBV[5]. Without antiviral treatment
and/or liver transplantation, these individuals will die, because end-stage HCC has a
low five-year survival rate of about 10%[6]. The therapeutic interventions available for
the treatment of chronic HBV infection and associated liver disease sequelae are
suboptimal, as they rarely induce viral clearance or significantly lower the risk of HCC
development and either require lifelong administration or are associated sometimes
with severe adverse effects[4,7-10]. HCC has a high mortality rate because it is
frequently asymptomatic and medical attention is often sought when removal by
surgery (i.e., hepatectomy) is limited or impossible[11,12]. The poor prognosis of HCC
at an advanced stage is mainly due to its unresponsiveness to chemotherapy [11,13-
16]. Although tyrosine kinase inhibitors such as sorafenib have demonstrated survival
benefits among patients with advanced liver cancer, the prognosis of patients with
HCC remains dismal, with tumor recurrence rates of 50% after three years[17]. Thus,
chronic HBV infection is a major source of human HCC, which is the fifth most
common cancer in the world and the third leading cause of cancer deaths[11,18-20].
Compared to uninfected individuals, the lifetime risk of developing HCC is
significantly increased by 15- to 20-fold in patients positive for the HBV surface
antigen (HBsAg), and can reach 100-fold in individuals with high levels of HBV
replication and serum positivity for HBV e antigen (HBeAg)[20]. The HCC lifetime
risk remains increased even after spontaneous clearance of the infection[21]. Therefore,
the large reservoir of chronic HBV carriers could benefit immensely from the
development of more effective and safer antiviral and anticancer therapies that cure
the infection, eliminate the risk of liver disease progression, and/or eradicate
established HCC.
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Woodchuck hepatitis virus (WHV) infects naturally the Eastern woodchuck
(Marmota monax) that habitats large areas within North America, including most
eastern and midwestern states in the United States, southeastern Alaska, and southern
Canada[22]. WHYV was initially discovered in 1977 at the Philadelphia Zoo in a colony
of woodchucks where several animals died due to chronic hepatitis B and HCC[23,24].
Subsequent studies revealed that WHYV is closely related to HBV in regard to the
nucleic acid sequence and organization of the genome, virion morphology, and
mechanisms of infection and replication[23,25-28]. Consequently, WHV and HBV were
classified as members of the genus Orthohepadnavirus within the Hepadnaviridae family
[29]. Comparable to HBV infection in humans, WHV in woodchucks also causes age-
dependent acute, self-limited or chronic outcomes of infection[23,30-33].

Early progress in the development of the woodchuck as an animal model for HBV
infection involved basic studies on virological response and liver tumor development
that are associated with experimental WHYV infection of neonatal and adult
woodchucks. Thereafter, neonatal WHV inoculation progressing to chronic viral
infection during adulthood has been initially applied for the evaluation of conven-
tional vaccines and nucleos(t)ide analogs for safety and efficacy against HBV[30,34-
37]. More recently, the neonatal inoculation model of chronic WHYV infection has been
increasingly used for the development of immunomodulators, including those
stimulating pathogen recognition receptors (PRRs) or blocking immune checkpoint
markers[34,38,39]. While some of these studies provided evidence for the prevention
and treatment of liver disease progression[37,38], evaluation of interventions directly
targeting liver tumors in woodchucks for the treatment of HCC is limited. Since
immunopathogenesis and liver disease progression to HCC induced by WHYV parallels
HBYV infection in humans more so than in any other animal model currently available
for HBV research[30,34,38-40], woodchucks with established liver tumors have been
further applied in the improvement of imaging and ablation techniques and in the
evaluation of new therapeutic approaches for the treatment of human HCC. The
purpose of this review is to highlight the woodchuck as an animal model for hepatitis
virus-induced carcinogenesis and treatment of HCC in patients with chronic HBV
infection.

WHYV infection and liver disease progression

Inoculation of adult woodchucks with WHYV almost always results in the acute, self-
limited (i.e., resolved) outcome of infection[33,41-44]. Although virtually 100% of
hepatocytes in the liver become infected with WHV[45], antiviral control is achieved
by strong innate and adaptive immune responses. In the liver, innate immune
response is activated within hours after experimental infection and partially inhibits
WHYV replication[46], although the infection expands further and reaches a peak
thereafter. After a lack phase of immune response induction probably due to the
“stealth-like behavior” of hepatitis viruses[38,47], a second, more marked, suppression
of WHYV replication is observed that is mediated by a non-cytolytic mechanism of viral
clearance involving type I and II interferons (IFNs)[48]. IFN-a and IFN- are most
likely produced by activated PRRs after sensing of viral DNA and RNA in the liver,
while IFN-y is mainly secreted by natural killer (NK) cells. These antiviral cytokines
inhibit the transcription of viral pre-genomic RNA from the episomal, covalently-
closed circular (ccc) DNA genome in the nucleus of infected hepatocytes, block its
packaging into nucleocapsids, prevent viral replication through upregulation of a
ribonuclease, and/or impede synthesis of viral relaxed-circular (rc) DNA within these
core particles during maturation, as shown for HBV in cell culture[49-53]and animal
models[54-56]. However, these antiviral cytokines do not affect the levels of WHV e
and surface antigens (WHeAg and WHsAg) in the periphery of woodchucks[48,57].
This is followed by a cytolytic mechanism of viral clearance leading to a nearly
complete loss of both serum viremia and antigenemia, as well as of intrahepatic WHV
cccDNA[48,57]. This mechanism involves killing of infected hepatocytes via mainly
cytolytic T lymphocytes (CTLs), apoptosis, and regeneration of hepatocytes, resulting
in transient, moderate to marked hepatic inflammation and liver injury[48,58-60]. In
addition, virus-neutralizing, protective antibodies against WHsAg, as well as
antibodies against WHYV core antigen (WHcAg) and WHeAg, are elicited by B-cells[48,
61]. The concerted actions of the immune system then lead to an almost complete
shutdown of viral replication in the liver and clearance of the virus from the
periphery, although residual amounts of replication-competent WHV and viral
cccDNA often remain detectable in serum and in liver, spleen, and blood cells after
resolution[45,61-64]. Truncated and thus replication-incompetent WHV DNA is found
integrated into the chromosomal DNA of hepatocytes[65-67]. Such viral DNA is
typically rearranged and targets different sites within the cellular DNA, suggesting
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that these integration events may contribute to hepatocarcinogenesis. The presence of
unintegrated and integrated virus appears to correlate with an overall lifetime risk of
HCC development in 5%-20% of woodchucks after resolution of acute WHYV infection
[64,68].

This is in contrast to the inoculation of neonatal woodchucks with WHYV (Figure 1),
which leads to the chronic outcome of infection in approximately 60%-75% of animals
later in life, and thus models the effect of age on the outcome of HBV infection in
humans[31,33,41]. Persistent WHYV infection in these animals involves an ongoing viral
replication in liver, minimal to moderate hepatic inflammation and liver injury, and
high levels of viral DNA and antigens in the periphery. Compared to the virion levels
in patients with chronic HBV infection that are in the range of 10°-10" particles per mL
[28], WHYV virions often reach 10- to 100-fold greater concentrations in woodchucks
with established chronic infection (i.e., 10"°-10" particles/mL), while subviral particles
containing WHsAg are produced in large excess. Like in human HBV infection[69], a
WHYV core-related antigen (WHcrAg), including the classical WHcAg and WHeAg,
and additionally, the WHYV precore-related antigen (WPreC), is produced during
infection in woodchucks, with elevated levels present in chronic WHV carriers[57].
The high loads of circulating WHeAg and WHsAg produced during chronic WHV
infection in woodchucks are thought to be responsible for the immunological tolerance
to the virus at the T- and B-cell level[30,34,39,40], and are further associated with the
liver disease progression to chronic hepatitis B and liver cancer[31,70,71]. HCC
develops in all animals over a median period of 2 to 2% years after neonatal
inoculation, and the median life expectancy is approximately 6 mo that is similar to the
situation in patients with HCC[37,68,72]. More specifically, HCC develops in 50% of
woodchucks after 29 mo of chronic WHYV infection, in 95% of animals after 3 years,
and in 100% of animals by 5 years[73,74]. Thus, chronicity as an outcome of neonatal
WHYV infection appears to result from a suboptimal or unsuccessful immune response
relatively early during the acute phase of infection[30,75,76]. During the later stage of
chronic WHYV infection, and comparable to chronic HBV infection in patients [1,2,77,
78], a limited type I but a moderate type II IFN response is present in liver[76,79].
Persistent WHYV infection is further characterized by the inhibition of antigen
presentation to immune cells[80], increases in hepatocyte cytotoxicity via perforin-
granzyme B and Fas ligand-Fas death pathways[81,82], induction of molecules linked
to T-cell exhaustion (i.e., immune checkpoint markers)[79,83], and elevated levels of
suppressor of cytokine signaling (SOC3)[79]. Since neutrophils accumulate in
woodchuck liver[79], these cells may be responsible for the intrahepatic recruitment of
mononuclear inflammatory cells via neutrophil-derived metalloproteinases, as
observed in a transgenic mouse model of acute hepatitis B and in patients with chronic
hepatitis B[84,85]. Liver disease then appears to progress to HCC due to the reduced
immune-mediated clearance of WHV-infected hepatocytes by both non-cytolytic and
cytolytic mechanisms[30,76], continuing chronic microinflammation [43,86-88], and
viral integration events[67,72,89-91]. However, as described in more detail below,
these deficiencies in humoral and cellular immune responses present in chronic WHV
carrier woodchucks can be altered by different means leading to a functional cure
(defined as a loss of viral DNA and surface antigen in serum, with or without serocon-
version to virus-neutralizing antibodies[10]) that delays or even prevents HCC onset.

WHV-induced hepatocarcinogenesis

Virus-induced hepatocarcinogenesis in chronic WHV carrier woodchucks is a
multistage process (Figure 2). Chronic hepatitis B in these animals is characterized by
the mild infiltration of mononuclear cells into portal tracts, sometimes extending
beyond the limiting plate[31]. Liver cells with cytoplasmic inclusions are present,
which correspond to the ground glass hepatocytes found in the liver of patients with
chronic HBV infection and that contain HBV surface antigen (HBsAg)[92]. In HBV
transgenic mice, these HBsAg-containing ground glass hepatocytes cluster and form
nodules and are seen as preneoplastic lesions[93]. In addition, scattered parenchymal
hepatocellular necrosis with neutrophils and macrophages, as well as bile duct prolif-
eration, are usually observed in woodchucks, and in some cases early fibrosis was
noted but hepatic cirrhosis and ascites is essentially absent[32,86,87,94,95]. Clinical
manifestation of cirrhosis, however, is also absent in a minority of human HCCs due to
chronic HBV infection and approximately 20% of HCCs involve non-cirrhotic livers
[96,97]. Neoplasia in woodchuck liver then progresses from foci of altered hepatocytes
(FAHs) to neoplastic nodules and HCCs[88,98-100]. These altered hepatocytes often
harbor viral DNA integrations[65], as also noted in HBV-infected patients[101,102].
They further have a selective regeneration or survival advantage[65] and may be able
to escape immune surveillance due to limited intracellular WHV replication and/or
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Figure 1 Schematic presentation of woodchuck hepatitis virus-induced liver disease progression and detection of tumors within
woodchuck liver. A: Neonatal woodchucks are experimentally infected with woodchuck hepatitis virus (WHV) to model vertical hepatitis B virus transmission in
humans; B: WHV infection progresses to chronic hepatitis B in adult woodchucks after approximately 1 year; C: Chronic WHV carrier woodchucks develop liver
tumors during the next 1-1% years. A focus of altered hepatocytes (FAH) in liver (top) and an undifferentiated liver tumor (bottom) are shown; D: Localization of liver
tumors by ultrasonography (top) and computed tomography (middle). The liver of a woodchuck with two larger hepatocellular neoplasms (HCC) is shown (bottom).
With permission from Elsevier, pictures shown in C were reprinted from: Tennant BC, Toshkov IA, Peek SF, Jacob JR, Menne S, Hornbuckle WE, Schinazi RD, Korba
BE, Cote PJ, Gerin JL. Hepatocellular carcinoma in the woodchuck model of hepatitis B virus infection. Gastroenterology 2004; 127(5): S283-S293. Copyright
©American Gastroenterological Association 2004. Published by Elsevier[37]. WHV: Woodchuck hepatitis virus.

presentation of viral epitopes to immune cells. FAHs are detected as early as 6 mo
after neonatal WHV inoculation, while small liver tumors occur as early as 3 mo
thereafter[68]. Metastasis of HCC outside of the liver is essentially absent in
woodchucks[32,87,94,103], except for rare cases of pulmonary metastasis in a few
animals[86,94]. The hepatic neoplasms present in woodchucks are typically well-
differentiated, trabecular HCCs, although various histologic types are found in
different animals or in different tumors in the same animal[32,94,104]. A comparison
of intratumoral transcriptional profiles in woodchucks and HBV-infected patients
established that WHV-induced HCC shares molecular characteristics with two
subtypes of human HCC[79]. One HCC signature present in woodchucks correlated
well with the human HCC subclass of poor prognosis (“‘poor survival subclass”’) that
is characterized by low-level cluster of differentiation (CD) 8+ T-cell and NK-cell infilt-
ration[105]. The second HCC signature in woodchucks was associated with the S2
subclass, a well-defined human HCC subtype[106], which is characterized by the
activation of the MYC protooncogene, expression of alpha-fetoprotein (AFP) and
epithelial cell adhesion molecule (EpCAM), and a relative suppression of IFN-
responsive genes. The observation that HCC develops in all chronic WHYV carrier
woodchucks provides direct experimental evidence for the oncogenicity of WHV, and
by analogy of HBV, as well as other hepatitis viruses naturally infecting several
ground squirrel species[24,68]. However, infection with California ground squirrel
hepatitis virus (GSHV) leads to less frequent liver cancer development and the HCC
onset is much later seen than in chronic WHYV infection[107]. This lower oncogenic
potential of GSHV was further demonstrated in a comparative study of woodchucks
infected as neonates with both WHV and GSHYV, as GSHV-induced HCC developed at
an later age than WHV-induced HCC in the same host[71]. Since immune cell infilt-
ration into the liver is present during chronic WHYV infection, as described above, this
continuing chronic inflammatory response likely plays a role in the development of
WHYV-induced HCC, in addition to viral integration events and proteins, as also
observed for HBV-induced HCC[108-111].

Important features of hepatitis virus-induced hepatocarcinogenesis have been
investigated in woodchucks and are described here in more detail. Since replication-
incompetent WHV DNA is integrated into the chromosomal DNA of woodchuck liver

Guiekidenge WIGO | https://www.wjgnet.com 513 June 15,2021 | Volume13 | Issue6 |



Suresh M et al. The woodchuck model of HBV-induced HCC

High loads of
intracellular and
circulating viral
proteins

Inflammation

Ground glass hepatocytes

Cell damage, death, regeneration
Immune surveillance escape

cccDNA dsIDNA
Replication Integration
0% =0 =\@
Oe ‘D\e Activation of
e (o0 o transcription
El=0.0 Dn'é: o factors
N\

Oxidative stress

Cellular DNA breakages
Insertional mutagenesis
Chromosomal alterations
Protooncogene activation
Clonal outgrowth

Liver tumor

Multiple hepatocellular neoplasms
(HCC)

Figure 2 Woodchuck hepatitis virus-induced hepatocarcinogenesis in woodchucks. After infection of normal hepatocytes, woodchuck hepatitis virus
(WHV) replicates via cccDNA and produces high loads of intracellular and circulating viral proteins (WHsAg, WHeAg and WPreC) that interfere with the antiviral
immunity. The deficient immune response is unable to clear WHV from infected liver cells but causes inflammation. WHsAg accumulates in hepatocytes and gives
rise to ground glass hepatocytes. WHV also integrates into the chromosomal DNA of hepatocytes via double-stranded linear (dsl) DNA leading to oxidative stress,
oxidation-dependent cellular DNA breakages, insertional mutagenesis, chromosomal alterations, and protooncogene activation. WHsAg and WHV X antigen
(WHXxAg) are produced from viral DNA integrants. Integrant- and replication-derived viral proteins activate cellular proteins, such as transcription factors, that support
the oncogenic process. The continued liver inflammation leads to cell degeneration and regeneration and facilities accumulation of genetic and epigenetic defects in
hepatocytes. Individual hepatocytes with critical mutations and low WHYV replication and/or antigen presentation escape immune surveillance and their clonal
outgrowth results in FAHs that further develop into liver tumors and HCC. CccDNA: Covalently-closed circular DNA; Dsl DNA: Double-stranded linear DNA; FAH:
Focus of altered hepatocytes; HCC: Hepatocellular carcinoma; WHV: Woodchuck hepatitis virus.
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tumor cells, which is comparable to the HBV DNA integration in human HCCs[112-
115], a direct molecular role of hepatitis viruses in hepatocarcinogenesis is conceivable.
The main substrate for integration is viral double-stranded linear (dsl) DNA, which is
sometimes produced by the viral polymerase instead of rcDNA within the nucleo-
capsid[114]. Integration occurs after recycling of nucleocapsids to the nucleus for
replenishment of the cccDNA pool[28]. Initial integration in hepatocytes, at least in
vitro, is mediated by virus-induced oxidative stress resulting in oxidation-dependent
cellular DNA breakages[116]. The integrated viral DNA cannot serve as the source of
the progeny virus, but the produced RNA transcripts for the surface and X antigens
can become abundantly or even predominantly present, when compared to the viral
RNAs transcribed from the cccDNA genome[117]. Thus, integration-derived RNA
transcripts may serve as a considerable source for viral antigens with similar function
as replication-derived viral proteins and may influence the course of chronic infection
and liver disease progression by interfering with the antiviral immunity[117,118].
WHYV DNA integrates into the woodchuck genome at multiple sites within hours
after experimental infection[67]. Although it does not appear that there is a prefer-
ential integration site for hepatitis viruses[101,113], WHYV integrates often into or near
the MYC family of protooncogenes in most woodchuck HCCs[68]. Integration close to
the N-MYC2 gene or in the b3n and win downstream loci then leads to activated N-
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MYC genes and overexpression of their transcripts in malignant hepatocytes[89,119-
122]. In coordination with N-MYC, the insulin-like growth factor-2 (IGF2) is also
overexpressed in woodchuck FAHs and HCCs[123,124]. IGF2 blocks apoptosis of
malignant liver cells, and thus may allow hepatocytes which otherwise might die to
survive, to form FAHs, and to progress to liver tumors[123]. WHV DNA integration
further causes N-MYC2 rearrangements, especially in large but less differentiated liver
tumors, suggesting that these genetic alterations provide initially a proliferative
stimulus or growth advantage for transformed hepatocytes[104]. However, compared
with woodchucks that naturally acquired WHYV infection, animals experimentally
infected with WHYV as neonates have more WHV DNA integrations near the N-MYC2
Locus[121]. Although the exact role of N-MYC2 rearrangements and transcripts
remains to be elucidated, it was shown that transgenic mice carrying the N-MYC2
gene under the control of WHYV regulatory sequences develop liver cancer, including
hepatocellular adenomas and HCCs[125].

Like in human HCCs[126], woodchuck liver tumors express small non-protein-
coding RNAs or microRNAs at elevated levels, such as miR-17-92 polycistron and
miR-21[127]. Knockdown of these microRNAs in human- and woodchuck-derived
hepatoma cell lines resulted in a 55% reduction of cell proliferation and anchorage-
independent growth, as well as in a suppression of cellular antiapoptotic function.
This suggests that onco-microRNAs are involved in the maintenance of malignant
hepatocyte transformation during hepatitis virus-induced hepatocarcinogenesis.

Among all viral proteins, the X antigen, a multifunctional transactivator of viral and
cellular genes and essential for the establishment of WHYV infection in woodchucks
[128], has been implicated as a cofactor in the malignant transformation of hepatocytes
[129]. HBV replication and liver cell transformation by the HBV X antigen (HBxAg) are
associated with the induction of the mitotic polo-like kinase 1 (PLK1) and a parallel
downregulation of chromatin remodeling components, including polycomb repressive
complex 2 subunit (SUZ12) and zinc finger MYM-type protein 2 (ZMYM2 or ZNF198)
[130]. This inverse relationship of PLK1 and SUZ12 was also identified in woodchuck
liver tumors[131]. SUZ12 targets many hepatic cancer stem cell markers and prolif-
eration genes. Since expression of these genes is reduced in normal hepatocytes, they
are also named “SUZ12 repressed” genes. During WHV-induced hepatocarcino-
genesis, the SUZ12 repressed genes encoding BMP, activin membrane-bound inhibitor
homolog (BAMBI), and EpCAM, as well as the proliferation gene PLK1, are selectively
upregulated in woodchuck tumor cells. Furthermore, metastatic tumor antigen 1
(MTA1), a component of the nucleosome remodeling histone deacetylase complex
involved in regulating transcription and chromatin remodeling, is associated with
tumor invasiveness and poor prognosis in HBV-induced HCC[132]. Comparable to
human HCC, the presence of MTAL1 is increased in woodchuck liver tumors, its
expression is regulated by the WHV X antigen (WHxAg), and the protein is essential
for nuclear factor-kappa B (NF-xB) signaling and tumor progression induced by WHV
[133].

Altered expression of vascular endothelial growth factor (VEGF) in the liver is used
as a prognostic marker for human HCC[134] and therapeutic interventions targeting
this protein or its receptors (VEGFR1/R2) can improve the clinical outcome of HCC in
patients[135]. In woodchucks, WHV-induced hepatocarcinogenesis is associated with
elevated VEGFR2 expression and increased ligation of VEGF to VEGFR2[136]. This
VEGF-driven angiogenesis is accompanied by changes in the liver vasculature,
extracellular matrix, and basement membrane, as the number of vessels positive for
laminin and platelet endothelial cell adhesion molecule (PECAM1) increased while the
number of collagen IV-positive blood vessels declined. This suggests that woodchucks
with liver tumors can be utilized in the preclinical evaluation of VEGF-directed
therapies for human HCC.

Matrix metalloproteinases (MMPs) play a central role in tumor invasion and
metastasis during HBV-induced hepatocarcinogenesis[137]. For obtaining insight in
the mechanisms involved in extracellular matrix remodeling in human HCCs, the
expression of MMPs was investigated in woodchuck liver tumors[138]. High levels of
several MMP transcripts were detected, and especially the transcript and protein levels
of MMP-9 correlated with liver disease progression and tumor differentiation in
woodchucks, while the protein’s gelatinase activity increased during hepatocarcino-
genesis. These results are comparable to findings in human liver tumors where the
MMP-9 protein level was used for characterizing a more invasive and metastatic type
of HCC with poor prognosis[139,140]. Since the gelatinase activities of woodchuck
MMP-2 and MMP-9 could be inhibited by a commercially available drug, the use of
MMP inhibitors for treatment of human HCC may be a possible treatment option and
could be evaluated in woodchucks.
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Hepatitis delta virus (HDV), a natural subviral agent of HBV, is known to contribute
to HBV-induced hepatocarcinogenesis and to increase the overall risk of HCC in
patients during concomitant infection[141-143]. Since HDV only needs the HBsAg for
virion envelopment[143], persistence of HDV infection may be independent of HBV
replication if integration-derived viral surface antigen can be used, as demonstrated in
cell culture[118]. The contribution of HDV to HCC induction and development
remains to be elucidated; however, one possible mechanism was revealed in
woodchucks[144]. Intravenous inoculation of woodchucks with liver tumors using
WHsAg-enveloped HDV demonstrated that malignant hepatocytes are susceptible to
HDV infection. Thus, it appears likely that HDV may influence the fate of HCCs by
actively replicating in tumor cells and changing the expression of host genes.

Overall, these studies demonstrated that WHV-induced hepatocarcinogenesis in
woodchucks has strong similarity to HBV-induced liver carcinogenesis in humans.
The features of HCC that are associated with chronic hepatitis virus infection make the
woodchuck animal model unique. It further distinguishes woodchucks from other
animal models, in which HCC is induced by either a chemical carcinogen, a transgene,
or by transplantation of established tumor cell lines into immune-deficient or immune-
compatible hosts. Additional advantages of the woodchuck model are the outbred
nature of the animals and the heterogeneity of liver tumors that resemble the situation
of HBV-infected patients with HCC. These studies further indicated an important role
of viral DNA integration, activation of protooncogenes, microRNAs, and the viral X
antigen in the malignant transformation of hepatocytes.

Development of woodchucks as an animal model for HCC

As described above, liver tumors develop in woodchucks with chronic WHYV infection
and HCC is fatal in 100% of cases. Tumor progression is usually monitored by serial
ultrasonography (US)[86,145,146] and to a lesser degree by repeated magnetic
resonance imaging (MRI)[147,148]. Changes in liver enzymes are also used for
determining the degree of liver injury due to tumor development[104]. Especially,
gamma-glutamyl transferase was validated as an oncogenic biomarker in woodchucks,
as increases in this liver enzyme correlate with the onset of HCC[149]. In addition,
elevated levels of AFP were linked with WHV-induced hepatocarcinogenesis in
woodchucks[150].

Improvements in imaging techniques for human HCC

The woodchuck model of HCC has been utilized in the development of new imaging
agents for enhancing the detection of hepatic neoplasms by different imaging
techniques (Table 1). In the beginning, several contrast agents were evaluated for both
gray scale and color Doppler US, including those that use microbubble technology,
alone and in combination with hypobaric activation, a vascular imaging agent, or an
agent taken up by the reticuloendothelial (RE) system. These agents facilitated tumor
localization in the liver and improved measurements of tumor growth and regression
in untreated versus treated woodchucks by increasing the sensitivity of US.
Furthermore, iron oxide as a contrast agent for the detection of HCC by MRI was
tested in woodchucks, either following parenteral administration for uptake by the RE
system or intravenous injection as an arabinogalactan conjugate for targeting the
asialoglycoprotein receptor that is highly upregulated on normal hepatocytes but not
on liver tumor cells. Hepatic imaging with 9mTc-sulfur colloid also detected HCCs
after uptake by the RE system and concentration in woodchuck liver. More recently,
woodchucks were applied in the improvement of positron-emission tomography
(PET) techniques for the early detection of human HCC by comparing radiotracers for
uptake into liver tumors and surrounding hepatic tissues. HCC localization and
response to radiotherapy was also assessed with MRI by applying contrast agents
typically used in patients for visualizing lesions with abnormal vascularity. HCC
detection and response to anticancer treatment was further tested by computed
tomography (CT) with contrast agents for human use. MRI and/or CT techniques
were also applied for generating a virtual three-dimensional (3D) model of the
woodchuck hepatic vascular tree[151], as well as for producing virtual and printable
3D models of the woodchuck liver containing tumors that allowed accurate co-
localization of imaging with histopathology[152].

Improvements in techniques for accessing human HCC and treatment by

embolization
The woodchuck model was further applied in the evaluation of new techniques
developed for gaining less-invasive access to liver tumors for the treatment of HCC in
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Table 1 Imaging techniques and contrast agents applied for the detection of woodchuck hepatocellular carcinoma

Imaging technique Contrast agent Brand name Ref.
Ultrasonography Air-filled albumin microspheres [195]
Cyanacrylate polymer microparticles SHU563A [196]

Dodecafluoropentane emulsion EchoGen [197,198]

Galactose microparticles/palmitic acid Levovist [199-201]

Perflexane-filled lipid microspheres Imagent [202]

Perfluoropropane-filled albumin microspheres Optison/FS069 [95,200,201,203,

204]
Scintigraphy 99mTec-sulfur colloid [205]
Positron-emission [1-11C]Jacetate [206-208]
tomography

[1-14C]Jacetate [207]

[N-methyl-11C]choline [206,209,210]

[18F]clofarabine [211]

[18F]fluoro-ethylcholine [210]

Anti-1-amino-3-[18F]fluoro-cyclobutyl-1-carboxylic acid [212]

2-deoxy-2-[18F]fluoro-D-glucose [208,209,213]

6-deoxy-6[18F]fluoro-D-glucose [206,209,210]

L-[S-methyl-11C]methionine [212]

3-deoxy-3-[18F]fluoro-thymidine [214]

Magnetic resonance Gadolinium Gadavist or Omniscan [157,179,185]
imaging

Gadopentetate dimeglumine Magnevist [158,189]

Iron oxide [215,216]

Computed tomography Biodegradable radiopaque fiducial markers based on polymers Ioversol, Isovue-370, Optiray300, or [152,153,159,186,

and iodine Optiray350 206]

Diatrizoic acid Angiografin [190]

Meglumine iotroxate Biliscopin [151]

Iohexol Omnipaque or Omnipaque350 [157,188]
patients. For improving percutaneous liver biopsy techniques, needle-based diffuse
optical spectroscopy (DOS) was tested in woodchucks[153]. This established that tissue
blood and lipid content and oxygenation level declined, while tissue density increased,
when the needle crossed the margin from healthy hepatic parenchyma to liver tumors,
indicating that these measurements could be used in real-time as a primary discrim-
inator of normal liver and HCC.

For the treatment of human HCC, chemoembolization and radioembolization via
intra-arterial therapies (IAT), alone and in combination with immunotherapy, hold
great promise. For the testing of IAT, rather diverse animal species, including mice,
rats, rabbits, and pigs, are commonly used as preclinical models of HCC[154-156].
Translation of IAT from these animal models into patients, however, is limited due to
the dissimilarity in liver disease development and the size of the vascular system that
make arterial access either impossible or challenging, and often requires a surgical cut
down for the use of human-size products[155]. This situation is different in
woodchucks, because the size of the animals greatly facilitates IAT and other experi-
mental approaches of intratumoral injection. Woodchucks also possess a hepatic
arterial anatomy that can be accessed via the femoral artery and allows catheterization
with clinically used microcatheters[151]. Accordingly, three studies explored IAT in
woodchucks with or without liver tumors[157-159]. In these studies, arterial access via
the femoral artery with human standard catheters allowed delivery of contrast agents
for the localization of HCCs by CT or MRI. Catheterization further permitted delivery
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of embolic particles routinely used in patients into liver tumors by angiography. Lobar
embolization with 355-500 um polyvinyl alcohol (PVA) particles (Boston Scientific)
was successful in woodchucks without liver tumors[158]. In addition, liver tumor
embolization for the targeted delivery of 100-300 pm PV A microspheres (LC- Bead;
BTG, London, United Kingdom) produced a heterogeneous distribution of embolic
particles in the hepatic neoplasms[157]. Moreover, chemoembolization with drug-
eluting embolic 70-150 pm radiopaque PVA microspheres (LC Bead LUMI; BGT)
loaded with doxorubicin resulted in a targeted drug delivery into liver tumors[159].
Doxorubicin is an anticancer drug that stops the growth of tumor cells by blocking
topoisomerase II and that generates reactive oxygen species for the induction of
apoptosis[160].

There is also interest in assessing the biomedical utility of nanomaterials in
immunocompetent animal models for the treatment of human HCC. In particular,
tumor-associated macrophages within the environment of solid tumors are a preferred
target of nanoparticle-based applications, as the balance of inflammatory (tumoricidal)
and immunoregulatory (tumor promoting) macrophages controls tumor development,
progression, and metastasis[161]. One study evaluated the distribution and clearance
of 60 nanometer gold particles into woodchuck liver and tumors after a single
intravenous injection at a dose of 14 mg/kg[162]. Although these nanoparticles
accumulated to some degree in the spleen after systemic administration, they were
mainly found in the lysosome of immunoregulatory macrophages within the liver, as
well as in liver resident macrophages. Nanoparticles were further detected in liver
tumors and their accumulation in immunoregulatory macrophages was significantly
greater in the periphery than in the tumor core. The study concluded that nanoparti-
cle-based delivery of immunomodulators into tumors for treatment of HCC is feasible,
especially by targeting tumor-associated macrophages and repolarizing these cells into
a more inflammatory phenotype to promote anticancer immunity.

Overall, these studies established that woodchucks with liver tumors are a useful
preclinical animal model for the evaluation of transarterial embolotherapies for the
treatment of human HCC. They further demonstrated the feasibility of nanoparticle-
based delivery of chemotherapeutics or immunomodulators into tumors and
assessment of anticancer effects by CT, MRI, or PET imaging.

HCC treatment approaches in woodchucks
Woodchucks have been utilized in the evaluation of anticancer effects mediated
indirectly by treatment with antiviral drugs or immunomodulators and directly by

radiotherapy, tumor excision and ablation, gene therapy, or anticancer drugs
(Figure 3).

Indirect treatment by antiviral drugs or imnmunomodulators
Woodchucks with chronic WHYV infection were applied in the preclinical evaluation of
antiviral drugs being developed for the treatment of HBV-infected patients [30,35,37,
68,163]. Among these drugs, nucleos(t)ide analogs that suppress viral replication in the
liver, and thus reduce viremia levels in the periphery, were assessed in woodchucks
mainly as a single agent but also in combination (Table 2). Many of these nucleos(t)ide
analogs are now approved by national regulatory agencies for administration to
patients. While most woodchuck studies were focused on testing nucleos(t)ide analogs
for safety and antiviral efficacy during short-term treatment, some studies were
extended for the additional evaluation of effects against liver disease progression.
Lifelong, oral treatment of woodchucks with lamivudine, starting at an age of 8 mo
and by applying two separate drug doses (i.e., 5 mg/kg/d for approximately 10 mo
and then 15 mg/kg/d for up to 50 mo in surviving animals), produced a 4-5 Log,,
reduction in viremia and the antiviral effect was sustained for 1% years while
treatment continued[164]. Woodchucks experienced a significant delay in the onset of
HCC and death due to severe liver cancer. In particular, lamivudine treatment delayed
the development of liver tumors by 24 mo (until an animal age of 32 mo) and extended
HCC-free survival by 12 mo (until an animal age of 44 mo). However, when oral
lamivudine treatment was initiated in older woodchucks at an age of 13-19 mo and
with relatively high doses (i.e., 40 mg/kg/d for 3 mo and/or 200 mg/kg/d for up to
15 mo), the shorter treatment duration and the less pronounced antiviral effect (~2.5
Log,, decline in viremia) failed to delay hepatocarcinogenesis[165]. Almost all
woodchucks developed liver tumors while receiving lamivudine and needed to be
euthanized between 12 and 19 mo of treatment due to end-stage HCC (at an animal
age of 26-38 mo). Complicating in both studies was the selection of lamivudine-
resistant WHV mutants during treatment. These mutations occurred frequently in the
B domain of the WHYV polymerase gene[166,167] and were identical to those reported
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Table 2 Nucleos(t)ide analogs evaluated in woodchucks for safety and antiviral efficacy against hepatitis B virus

Antiviral drug Abbreviation Brand name Ref.

Adefovir dipivoxil ADV Hepsera [217-219]
Clevudine' CLV or L-FMAU Levovir and Revovir [172,220-222]
Emtricitabine FTC Coviracil [219,221,223,224]
Entecavir' ETV Baraclude [171,225-228]
Lamivudine' LAM or 3TC Epivir [164,165,194,219,229]
Telbivudine LdT Tyzeka [230-232]

Tenofovir alafenamide TAF Vemlidy [233]

Tenofovir disoproxil fumarate TDF Viread [219]

Valtorcitabine LdC [230-232]

Long-term treatment with these drugs delayed hepatocellular carcinoma (HCC) onset and extended HCC-free survival in woodchucks. See text for more
details.

Indirect treatment Direct treatment

Radiotherapy
RFA
Proton beam

l Tumor excision
Tumorectomy +/- heat-
inducing device
Tumor ablation
Alcohol + tumorectomy

Long-term chemotherapy
LAM
ETV
CLv

Laser photocoagulation
Gene therapy

TK (+ GCV)

IL-2

1L-12 + B7.1/CD80

Short-term immunotherapy
Vaccine (after CLV) } Chemothgrapy
GS-9620 Sorafenib

JVRS-100

Chemotherapy
Curaxin (after HAI)
Gene therapy

TK (+ GCV)

PEDF + endostatin + GM-CSF + IL-12
Chemoembolization

Figure 3 Overview of therapeutic interventions assessed in woodchucks with liver tumors for the treatment of human hepatocellular
carcinoma. Indirect treatment of chronic WHV carrier woodchucks with nucleos(t)ide analogs or immunomodulators reduces viremia or activates antiviral and
anticancer immune responses, respectively, that delay or prevent HCC onset. Direct treatment of hepatic neoplasms by radiotherapy, excision and ablation, gene
therapy, or chemotherapy induce apoptosis or necrosis of tumor cells and/or activate an intratumoral, anticancer inmune response that result in partial tumor
remission. Chemoembolization-mediated anticancer effects have not been evaluated in woodchucks so far. See text for more details. B7.1/CD80: Costimulatory
molecule; CLV: Clevudine; ETV: Entecavir; GCV: Ganciclovir; GM-CSF: Granulocyte-macrophage colony-stimulating factor; GS-9620: Toll-like receptor 7 agonist;
HAI: Hepatic artery infusion; IL-12: Interleukin 12; JVRS-100: Complex of non-coding plasmid DNA and cationic liposomes; LAM: Lamivudine; PEDF: Pigment
epithelium-derived factor; RFA: Radiofrequency ablation; TK: Thymidine kinase.

in lamivudine-treated patients, in addition to mutations in the C domain of the HBV
polymerase gene[168-170].

Long-term, oral treatment of woodchucks with entecavir for 14 or 36 mo, starting at
an animal age of 8 mo and then continuing with a lower dosing frequency from 10 mo
of age onward (i.e., 0.5 mg/kg/d for two months and then 0.5 mg/kg/wk for 12 or 34
mo), resulted in a 5-8 Log,, reduction in serum WHV DNA in 60% or 80% of animals,
respectively[171]. The levels of serum WHsAg and intrahepatic WHV cccDNA
declined alongside and in parallel with the marked reductions in viremia. An
emergence of entecavir-resistant mutants was not observed during the study. Since
woodchucks with a sustained antiviral effect stayed negative for signs of liver tumors
for up to 2! years after drug withdrawal, entecavir treatment prevented the
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development of liver cancer in a majority of animals (i.e, up to 80% HCC-free
survival).

Delayed HCC onset and prolonged survival was also achieved during long-term,
oral treatment of woodchucks with clevudine for 32 wk at a dose of 10 mg/kg/d,
starting at an animal age of 1-2 years[37,172]. Thereafter, half of the placebo- or
clevudine-treated woodchucks received intramuscularly four doses of a conventional,
alum-adsorbed WHsAg vaccine that was administered monthly after drug
withdrawal. Combination treatment with clevudine and vaccine reduced viremia by
up to 9 Log,, with undetectable serum WHV DNA in many animals. The antiviral
effect was sustained for more than 1 year after treatment cessation in 75% of
woodchucks and prevented HCC onset in 38% of animals. However, once HCC was
established, the growth rates (i.e., volume doubling times) of liver tumors were similar
to those of control animals. Importantly, initiation of clevudine treatment at an animal
age of 1 year, and independent of vaccination, produced a more pronounced
anticancer effect than a treatment begin at an animal age of 2 years. The development
of liver tumors in the younger cohort of woodchucks was further delayed and HCC-
free survival increased after 3 (50% vs 0%) and 4 years (25% vs 0%). Moreover,
vaccination of these animals without initial clevudine treatment improved the B- and
T-cell responses to WHsAg, the protein on which the vaccine was based, but had no
effect on viral replication or liver enzyme levels. In combination with clevudine,
however, vaccination enhanced these B- and T-cell responses based on the higher titers
of virus-neutralizing antibodies and the greater proliferation capability to stimulation
with WHsAg. In addition, combination treatment broadened the antiviral immunity to
include T-cell responses to other viral antigens, such as WHcAg, WHeAg, and
WHxAg, while liver enzyme levels normalized.

Woodchucks were further applied in the preclinical evaluation of immunomodu-
lating compounds being developed for the treatment of HBV-infected patients. The
immunomodulators tested so far in woodchucks suppressed WHV replication in the
liver and reduced viremia and antigenemia in the periphery at varying degrees. In
some instances, the antiviral effect was sustained after the end of treatment, and
seroconversion to antibodies against WHsAg and/or WHeAg was achieved in a subset
of animals, indicating that a functional cure was induced. Immunomodulators were
administered as single agents but more often in combination with nucleos(t)ide
analogs and/or inhibitors of viral gene expression and immune checkpoint markers
(Table 3). Comparable to the chemotherapy studies, only two immunotherapy studies
were designed or extended to include the assessment of anticancer effects.

Short-term, oral administration of the small molecule GS-9620 targeting toll-like
receptor (TLR) 7 induced durable antiviral efficacy in woodchucks treated with
different doses and dosing frequencies[173]. In the group with the greatest antiviral
effect, animals at an age of 12-14 mo received the agonist every other day for approx-
imately 4 wk, initially at 5 mg/kg and then at 2.5 mg/kg after a treatment interruption
for 9-10 d due to liver enzyme increase and thrombocytopenia that both reversed
during the dose holiday. Treatment in this group induced a rapid reduction in serum
WHV DNA of 6.2 Log,, that was accompanied by declines in intrahepatic WHV
cccDNA and undetectable serum WHsAg. Suppressed WHYV replication was sustained
in all woodchucks during the 31-week follow-up period, and a subset of animals also
seroconverted to antibodies against WHsAg during this time. At the end of the study
in week 35, all animals were found to be HCC-free during postmortem examination.
When combining all woodchucks enrolled in the various treatment groups of this
study, and by including only animals that completed treatment and experienced
sustained viral suppression, TLR7 agonism reduced the HCC incidence from 71% in
placebo-treated control woodchucks to 8% in GS-9620-treated animals. The antiviral
and anticancer effects were attributed to the activation of an immune response based
on the induction CD8+ T-cells, NK-cells and B-cells, and the production of type I and II
interferons in the liver. A follow-up study further indicated that GS-9620 not only
targets TLR7 but also TLR8 when administered at high doses[174], possibly explaining
the most superior antiviral effect observed so far in the woodchuck animal model with
a single agent during short duration treatment.

Intravenous administration of JVRS-100, a complex of non-coding plasmid DNA
and cationic liposomes, every second week for 12 wk at two separate doses to
woodchucks with liver tumors at an age of 2 years resulted in antiviral and anticancer
effects[175]. Since the high serum loads of viral DNA and antigens typically present
during chronic WHYV infection mediated immune suppression, and thus resistance to
treatment, only animals with rather low levels of viremia and antigenemia were
enrolled in the study. Serum WHV DNA declined by 0.9 Log,, during JVRS-100
treatment and during the 12-week follow-up period, especially in animals that
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Table 3 Inmunomodulators evaluated in woodchucks for safety and antiviral efficacy against hepatitis B virus

Immunomodulator Compound name Brand name Ref.
IFN-a [192,226,228,229]
RIG-I/NOD2 agonist SB 9200 Inarigivir [227]
TLR7 agonist (GS-9620" Vesatolimod [173]
APR002 [225]
RG7854 [38]
TLR8 agonist GS-9688 Selgantolimod [174]
TLR9 agonist CpG-ODN [234]
TLR9-dependent and -independent pathways  AIC649 [235]
JVRS-100° [175]
Viral gene expression inhibitor RG7834 [226]
Immune checkpoint inhibitor Anti-PD-L1 [236]

ITreatment delayed hepatocellular carcinoma onset in woodchucks.

Treatment inhibited formation of new liver tumors in woodchucks.

See text for more details. Anti-PD-L1: Antibody against programmed death-ligand 1; CpG-ODN: CpG oligodeoxynucleotide, a short single-stranded

synthetic DNA molecule containing unmethylated deoxycytosine-deoxyguanosine (CpG) motifs; IFN-a: Interferon alpha; JVRS-100: Complex of non-

coding plasmid DNA and cationic liposomes; NOD2: Nucleotide-binding oligomerization domain-containing protein 2; RIG-I: Retinoic acid-inducible gene

I; TLR: Toll-like receptor.
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received the higher dose, but the antiviral effect was transient and less pronounced for
WHsAg. Although treatment did not induce a regression of preexisting liver tumors,
the higher dose prevented the formation of new tumors for 6 mo. These effects were
associated with the activation of immune responses that involved CD4+ and CD8+ T-
cells and T helper cell type I (Thl) cytokines, such as IFN-a, tumor necrosis factor-a
(TNF-a), and interleukin (IL) 2 and 12 in liver and blood, and that apparently blocked
the conversion of virus-induced chronic liver disease into HCC.

Overall, these studies demonstrated that long-term treatment with nucleos(t)ide
analogs primarily delays but sometimes prevents liver tumor development in
woodchucks. Since these studies established a correlation between suppressed viral
replication and reduced liver disease progression, early initiation and prolonged
duration of conventional antiviral treatment appear most critical for the prevention of
hepatitis virus-induced HCC. Since the applied treatment regimens resulted in less
cellular damage and liver injury, they most likely deferred the transformation of
altered hepatocytes into liver tumors. Short-term immunomodulation, either rather
broad or more targeted, mediated lasting protection against formation of new liver
tumors or HCC onset. In two studies, immunomodulation was associated with
improved or newly elicited humoral and cellular immune responses to viral antigens
that were reduced by treatment, and thus could no longer act as endogenous
tolerogens.

Direct treatment by chemotherapy, radiotherapy, or gene therapy

Since liver tumors obtain their nutrient blood supply from the hepatic artery[176],
hepatic artery infusion- (HAI) supported chemotherapy has been applied for the
treatment of both primary and metastatic liver cancers in patients and shown to be an
effective treatment for unresectable advanced HCCJ[177]. Effectiveness of this
intervention relates to the concentration of chemotherapeutics in HCCs by direct
delivery to the tumors, with limited systemic exposure in the liver[178]. In one
woodchuck study, HAI ports were placed in the gastroduodenal artery and infused
with a curaxin-based experimental anticancer drug, once per week for 3 wk at a dose
of 17 mg/kg[179]. Curaxin targets a histone chaperon expressed at high levels in
cancer[180] and activates the p53 tumor suppressor gene, while it simultaneously
suppresses inhibition of NF-kB[181]. Tumor growth in woodchucks was suppressed
after repeated treatment and the anticancer effect was associated with increases in
intratumoral T-cell infiltration and tumor cell apoptosis.
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Woodchucks were also applied for testing the preventive effect of long-term, oral
treatment with sorafenib[182]. Sorafenib, a small molecule receptor inhibitor of several
surface tyrosine kinases, is a standard first-line therapy approved for the treatment of
human HCC. Although this drug has both proapoptotic and antiangiogenic properties,
the treatment benefit of sorafenib is modest, as only a 3-mo improvement in the overall
survival is achieved and its indication is restricted to patients with well-preserved
liver function[183]. The underlying mechanism of sorafenib-mediated anticancer
activity has not been fully elucidated. Sorafenib was administered daily to
woodchucks at two separate doses (i.e., 2.5 mg/kg and 5 mg/kg) using a 5-d-on and 2-
d-off schedule until tumor development was observed. Although all animals
presented with liver tumors independent of the sorafenib dose applied, the lower dose
was associated with smaller initial tumor volumes and delayed tumor growth that was
associated with an increase in intratumoral CD3+ T-cell infiltration. An effect of
sorafenib on chronic WHYV infection was not noted. Interestingly, short-term, oral,
daily sorafenib administration for 90 d was unable to reciprocate the anticancer effect
obtained during long-term treatment. The study concluded that sorafenib has
immunomodulatory activity that is dependent on the dose and treatment duration.
Caution, however, is warranted when applying higher doses of sorafenib, because of
its immunosuppressive function that relates to an increased activity of nuclear factor
of activated T-cells 1 (NFAT1) and results in the in vitro inhibition of T-cell prolif-
eration and in an increase in programmed cell death protein 1 (PD-1) expression of
CD8+ T-cells, as demonstrated in woodchucks.

Woodchucks with liver tumors were further used to evaluate different ablation
techniques for human HCC. One study demonstrated the feasibility of tumor excision,
percutaneous alcohol ablation followed by tumorectomy, and laser photocoagulation
in this animal model[86]. Extended survival for up to 16-18 mo was achieved with the
first two modalities, but multiple tumor recurrence distant from the resection area
occurred ultimately in all animals. A second study investigated the effect of a saline-
linked dissecting sealer on the remaining tumor beds (i.e., in situ margins) after initial
removal of neoplasms by tumorectomy[184]. Surface application of this device
induced a heat zone area of up to 5 mm in depth, inside which residual tumor cells, if
present, were efficiently destroyed, suggesting that this approach could be beneficial
in reducing marginal recurrence after tumor resection. A third study tested radiofre-
quency ablation (RFA) using a low energy protocol and a 1.0 cm probe that produced a
consistent burn area within liver tumors, as determined by necrosis of tumor cells, but
was unable to fully ablate larger lesions[185]. A final study assessed the effectiveness
of passive scattering proton beams with high dose fractionation[186]. Three fraction-
ations were applied every other day within one week to the hepatic neoplasm. A
partial regression of the treated liver tumor was noticed at week 3 post-treatment,
which continued until the nodule disappeared at week 9, as also confirmed during
postmortem evaluation one week later. The study concluded that a delayed but
complete imaging response to proton beam treatment of HCC was achieved in
woodchucks without visible gastrointestinal toxicity.

Gene therapeutic strategies based on the induction of apoptosis, antiangiogenesis,
or anticancer immune response were assessed in woodchucks for the treatment of
human HCC. In one study, an adenoviral vector encoding for the thymidine kinase
(TK) of herpes simplex virus under the control of the ubiquitous cytomegalovirus
promoter for conferring sensitivity to ganciclovir (GCV) treatment was administered
to liver tumors either directly or indirectly via the hepatic artery[187]. Transduction of
tumor cells and subsequent drug administration resulted in an anticancer effect in two
woodchucks that was mediated by GCV-induced apoptosis; however, a third animal
died due to acute liver failure that was attributed to the transduction of adjacent,
nonneoplastic hepatocytes. Although tumor regression was not achieved, necrotic
areas were present in tumors one week after treatment. The study emphasized the
need to make vector transduction more specific to liver tumor cells by controlling TK
expression with HCC-specific promoters, such as the AFP promoter.

Two other studies tested the anticancer activity mediated by the cytokine IL-12. In
the first study, murine IL-12 was expressed from a replication-competent Semliki
Forest virus (SFV) vector[188]. Use of this vector has the advantage that the antitumor
effect mediated by the cytokine is enhanced via the induction of apoptosis in tumor
cells that replicate SFV. A single, intratumoral injection of the vector at increasing
doses during laparotomy produced a dose-dependent tumor regression that was 80%
with the highest dose. Correlating with the temporary IL-12 expression, partial tumor
remission was transient and neoplasms began to regrow between 6 and 14 wk after
treatment. In addition, all animals experienced a temporary reduction in serum
viremia and/or antigenemia. The anticancer and antiviral effects were associated with
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augmented T-cell responses to tumor and viral antigens, as well as increased
expression of CD4 and CD8 markers and IFN-y and TNF-a in peripheral blood
mononuclear cells. In the second study, a single dose of an adenoviral vector encoding
for murine IL-12 and the costimulatory B7.1/CD80 molecule for activating T-cells was
injected into liver tumors during laparotomy or under MRI guidance[189].
Transduction of tumor cells resulted in a tumor regression of 80% on average, with
one animal experiencing an almost complete tumor elimination within 7 wk.
Regression was associated with the induction of an anticancer immune response, as
demonstrated by a massive infiltration of CD4+ and CD8+ T-cells into tumors and an
increase in intratumoral IFN-y production. The long-term anticancer effect could not
be evaluated, as almost all animals were euthanized two weeks after treatment.

A final study investigated the anticancer effect mediated by antiangiogenic proteins
and cytokines in woodchucks[190]. Single dose treatment via the hepatic artery with an
adenoviral vector encoding for human pigment epithelium-derived factor (PEDF) and
endostatin in combination with an adenoviral vector for the expression of woodchuck
granulocyte-macrophage colony-stimulating factor (GM-CSF) and murine IL-12
induced a tumor regression of 90%. The partial tumor remission obtained by
combination treatment was superior to the 56% and 76% reduction in tumor volume
that was achieved by treatment with antiangiogenic proteins or cytokines alone,
respectively. An antiviral effect was not noted during the study and serum viremia
and antigenemia remained unchanged in all animals. The tumor regression induced
by combination treatment was attributed to several factors, including increased infilt-
ration of CD3+ T-cells into tumors, high intratumoral levels of NK-cells, apoptosis of
tumor cells, reductions in tumor vasculature (i.e., reduced microvessel density), and
declines in immune checkpoint markers [i.e,, PD-1 and cytotoxic T-lymphocyte-
associated protein 4 (CTLA-4)] most likely present on regulatory or immunotolerant T-
cells within tumors. Since animals were only followed for two weeks after treatment,
the durability of the anticancer effect could not be evaluated.

Overall, these studies established that chemotherapy, radiotherapy, and gene
therapy of liver tumors are effective means for the treatment of hepatitis virus-induced
HCC in woodchucks. Since some studies established a correlation between anticancer
immune response and partial tumor remission, approaches which are based on
immunomodulation or checkpoint inhibition for inducing functional cure of chronic
HBYV infection, appear promising and should further be evaluated in woodchucks for
treatment of human HCC.

CONCLUSION

WHV-infected, immunocompetent woodchucks are used to model chronic HBV
infection and HCC in humans. Over the past four decades, woodchucks have been
applied in the investigation of mechanisms involved in viral immunopathogenesis and
hepatocarcinogenesis, in the development of new contrast agents to enhance the
detection of hepatic neoplasms by various imaging techniques, in the improvement of
tumor ablation strategies based on transarterial embolization and radiotherapy, and in
the evaluation of therapeutic interventions directed against the severe outcome of
hepatitis virus-induced liver disease. Although the latter was only assessed in a
limited number of studies, in which liver tumors were targeted by indirect and direct
means, the continued application of woodchucks will support not only the many
efforts to cure chronic HBV infection by new antivirals and immunomodulators, but
also to treat the associated disease sequelae. Future studies can take advantage of the
recently identified woodchuck transcriptome[79,191,192] and genome[193] for
generating all needed protein-based markers and assays, as well as of the translational
value of woodchucks in predicting therapeutic efficacy against chronic HBV infection
in patients[174,192,194]. Thus, chronic WHYV carrier woodchucks progressing to HCC
within a reasonable time will greatly aid the development and evaluation of the safety
and efficacy of new anticancer prophylaxis or therapy in a relevant animal model.
Increased testing of anticancer approaches in the woodchuck animal model will
ultimately improve the chances for prevention and therapy of HBV-induced HCC.
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Abstract

Metabolites are versatile bioactive molecules. They are not only the substrates
and/or the products of enzymatic reactions but also act as the regulators in the
systemic metabolism. Metabolomics is a high-throughput analytical strategy to
qualify or quantify as many metabolites as possible in the metabolomes. It is an
indispensable part of systems biology. The leading techniques in this field are
mainly based on mass spectrometry and nuclear magnetic resonance
spectroscopy. The metabolomic analysis has gained wide use in bioscience fields.
In the tumor research arena, metabolomics can be employed to identify
biomarkers for prediction, diagnosis, and prognosis. Chemotherapeutic effect
evaluation and personalized medicine decision-making can also benefit from
metabolomic analysis of patient biofluid or biopsy samples. Many cell-level
studies can help in disease exploration. In this review, the basic features and
principles of varied metabolomic analysis are introduced. The value of
metabolomics in clinical and laboratory gastrointestinal cancer studies is
discussed, especially for mass spectrometry applications. Besides, combined use
of metabolomics and other tools to solve problems in cancer practice is briefly
illustrated. In summary, metabolomics paves a new way to explore cancerous
diseases in the light of small molecules.
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Core Tip: Genomics, transcriptomics, and proteomics aim to study the macro-
molecules. As a complement to systems biology, metabolomics paves a new way to
explore cancerous diseases concerning temporal changes of small molecules. The
metabolome is phenotype-specific. Metabolome reflects the organism's responses to
environmental stimuli very directly and sensitively.
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INTRODUCTION

Malignancies that occur in the sites from the esophagus to the rectum can be roughly
classified as gastrointestinal (GI) cancers. These include the tumors rooting in the solid
digestive organs and those occurring in the digestive tract. Some of them can develop
from the neuroendocrine cells in the digestive system. It was estimated that about
333680 digestive cancer cases were diagnosed in the United States in 2020[1]. Many of
the tumors, such as pancreatic carcinoma and hepatocellular carcinoma (HCC), have a
poor prognosis even with intensive treatment. As a multifactorial process, both the
individual’s genetic and the relevant environmental factors contribute to oncogenesis
[2]. As there is no effective therapy for cancerous diseases, early diagnosis and timely
intervention play key roles in reducing mortality. Varied imaging modalities are
available in cancer clinics. Because of their lower cost and easier availabilities, blood
biomarkers are highly recommended by many guidelines for tumor screening,
diagnosis, and therapeutic effect evaluation[3,4].

Most of the approved biomarkers for GI cancer diagnosis are proteins. With the
achievement of oncogenesis research and the advances of modern analytical
techniques, many other macromolecules have been explored as new types of
biomarkers. For example, a panel consisting of seven plasma micro ribonucleic acids
was reported to be efficient for HCC diagnosis, especially for early-stage HCC[5]. Cell-
free deoxyribonucleic acid (cfDNA) was readily detected in liquid biopsy samples[6].
With some traditional protein biomarkers, cfDNA could also be used in early-stage
HCC screening[7]. These newly explored biomarkers contribute to GI cancer diagnosis
and management to a varied extent.

Besides macromolecules, small molecular metabolites are also indispensable for an
organism. Metabolites are the direct executors of metabolism. The entity of the whole
metabolites in an organism constitutes its unique metabolome. A given metabolite
profile is phenotype-specific, and phenotype is substantially modulated by metabolites
[8,9]. Most of the inborn metabolic diseases (IMDs) exhibit metabolite concentration
abnormalities[10]. Treatment of many IMDs involves limiting intake of certain kinds of
chemicals[11]. Mass spectrometry (MS) is the earliest technology that was introduced
into clinical laboratories for IMD diagnosis purposes[12].

Except for acting as the substrates and the products of enzymatic reactions,
metabolites can also be the biomarkers for cancer diagnosis and treatment. This review
would focus on the advances in using metabolites for GI cancer study and clinical
practice.

METABOLOMICS

Genomics, transcriptomics, and proteomics are the high-throughput analysis of
specific molecules in biological samples. Compared with the other omics,
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metabolomics is a newly coined conception. It aims at quantifying/qualifying as many
metabolites as possible in a metabolome|[8,13] (Figure 1). Since the advent of modern
analytical technologies, high-throughput analyzing a metabolome has become
possible. Nearly all the clinical specimens are compatible with metabolomic analysis
[14]. Metabolomics aims at the compounds with molecular weights less than 1500
Dalton[15]. The leading techniques in this arena are MS and nuclear magnetic
resonance (NMR) spectroscopy[16]. Both tactics have their inherent advantages in
different analytical aspects[17]. For example, NMR is superior to MS in its analysis
speed and noninvasive features[18]. MS is characterized by its high sensitivity and
resolution[19]. Coupled with some separation technologies, MS or NMR can provide
improved analytical abilities. This gave birth to the hyphened metabolomic analytical
measures, such as liquid chromatography-MS (LC-MS), gas chromatography-MS (GC-
MS), and capillary electrophoresis-MS. So far, most of the metabolomics studies were
finished by employing the hyphened techniques. Many scientific groups tried to
integrate NMR and MS. This approach provides distinctive advantages, especially for
the analysis using isotopes[18].

Metabolites have different polarities, volatilities, and hydrophilic properties owning
to their elementary compositions. These physical aspects provide analysts with the
opportunity to develop varied analytical methods to meet different needs. Therefore,
there have been many derivative omics conceptions from metabolomics. For example,
lipidomics is the metabolomic analysis of lipids exclusively. Metabolomic analysis
focusing on carbohydrates can be called glycometabolomics[20]. Nucleosides include
limited members. The concentration changes of modified nucleosides are frequently
encountered in different diseases. Several metabolomics groups have paid more
attention to the modified nucleoside detection[21].

According to whether the potential analytes were predefined, the metabolomic
analysis could be divided into targeted and untargeted analysis[22]. The former is to
detect the metabolites with definite identities, and the latter is to analyze all the
measurable metabolites that are compatible with the adopted methods. The targeted
analysis is frequently applied to studies with definite purposes, such as for verification
or accurate quantitation. The untargeted strategy is suitable for global screening or
catching a glimpse of the samples. Additionally, there is an analysis called pseudot-
argeted metabolomics[23]. This tactic is based on the principle that certain precursor
molecules can produce definite daughter ions under a specific ionized circumstance.
The ion fragmentation features are compound-specific. These structurally correlated
ions could be monitored in parallel by some types of MS[24]. The pseudotargeted
metabolomic analysis is independent of any identity knowledge of the analytes.

For biomarker exploration, a metabolomic study should consider untargeted
analysis first. This analysis helps to lock the potential valuable metabolites. Then, a
targeted metabolomic analysis is carried out. It is better to employ the quantitative
analytical method that is most suitable for the targeted analytes. For quantitation
accuracy, any untargeted analysis method is only compatible with limited types of
metabolites. The following targeted analysis with robust quantitation capacities helps
to corroborate whether the untargeted analysis findings are reliable and reproducible.
Ideally, the targeted analysis should use another set of samples.

A great challenge in metabolomics is metabolite identification. It is better to build a
database in which all the analytical features of the metabolites are recorded. Unfortu-
nately, it is unknown how many metabolites might exist in different biological
samples. Some groups have tried to set up a database according to their routine needs.
Many of the databases are free to non-commercial use[25,26]. To simplify metabolite
identification, many software programs have been developed. Some of them could
directly use the data collected with the analytical equipment[27]. Statistical and
bioinformatic analysis is necessary for biomarker selection and annotation. Many
software programs provide various online analysis tools[28].

Gl CANCER PREDICTION

Any disease, including cancerous diseases, obeys their regular development
progression. There must be some clues existing in the preclinical stages (Figure 2). This
provides opportunities to predict diseases. In a prospective study based on LC-MS,
plasma valine, leucine, and isoleucine were reported to be valuable for pancreatic
ductal adenocarcinoma (PDAC) prediction especially for the onset within 2-5 years
[29]. Subjects with these amino acid changes had two times higher risks than the
control ones. The three branched-chain amino acids (BCAAs) belong to necessary
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Figure 1 The basic workflow of metabolomics. Samples aiming at different purposes are first collected. The applicable specimen types include blood,
biopsy, biofluid, cell, and urine samples. Some specimens must be preprocessed before they are analyzed with various equipment. The manipulations include
metabolite extraction, condensation, or derivatization as possible. The metabolomics data are usually collected with the corresponding software equipped with the
instruments. Some software also provides data pre-procession (e.g., to remove noise signals) and statistical analysis functions. The differential metabolites are first
screened out by statistical methods. These selected metabolites should be verified using another set of samples if possible. It is better to ascertain the concentration
changes of each metabolite using a robust quantitation method.

Hereditary fact

Complication/secondary disease Bms

Disease Bms

Susceptibility Bms Preclinic Bms

Figure 2 Schematic representation of the fluctuation of biomarker in the whole period of a disease. Disease susceptibility is usually defined by
the individual's genetic background. The susceptibility biomarker (Bms) can be detected by genetic analysis most possibly. The onset of the disease would be
triggered by many environmental factors. At the very beginning (preclinical stage), some prediction Bms appears. When a disease progresses to the clinical stage
(with clear symptoms) the diagnosis Bms could be detected. If the disease advances further, some complications and secondary hurts would emerge. These end
events give birth to the opportunities to develop the relevant Bms. Metabolomics could be applied to the whole disease period. Besides, prognosis and treatment
efficacy Bms could also be explored by metabolomic analysis.

amino acids. Whereas, the authors demonstrated that the raised plasma concentrations
of these BCAAs were not the results of excessive ingestion. They were linked to early-
stage tissue protein breakdown driven by the K-ras gene. Interestingly, if the three
BCAAs were combined with tyrosine and phenylalanine, they could be used to predict
future diabetes onset. A 12-year follow-up study indicated that individuals with
elevated blood concentrations of the five amino acids were at higher risks to develop
type 2 diabetes (T2DM)[30]. T2DM and PDAC had a reciprocal relationship[31]. Thus,
it is better to introduce other metabolites to improve the prediction accuracy when the
metabolite panels are overlapped. To enlarge the metabolite coverage, a study
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simultaneously employed LC-MS and GC-MS to analyze the blood samples. The study
included 226 pairs of case and control subjects. The plasma phosphatidylcholine [PC
(15:0/18:2)], coumarin, and picolinic acid levels were found to be positively related to
pancreatic cancer. Six glycerophospholipids were inversely associated with pancreatic
cancer incidence. After excluding the interference factors including T2DM, the PC
(18:1/18:4), instead of PC (15:0/18:2), was found to be most valuable especially for
predicting the onset within 5 years[32]. From the perspective of epidemiology, factors
that are inversely correlated to diseases are protective. Although both studies utilized
LC-MS and selected the subjects of similar backgrounds[29,32], the potential
prediction markers were not identical. One reason is that tumorigenesis is a complex
process. It can be triggered by different combinations of driver factors. The other
reason might be that lifestyles, food appetite, and genetic backgrounds vary greatly
amid different races and populations. For instance, African Americans have a higher
colorectal cancer (CRC) rate than rural South Africans. Epidemic investigation proved
that the former consumed more animal protein and fat in their daily life[33]. On the
contrary, the latter ingested more fibers. If the food styles were exchanged between
them, fecal water and urine metabolomes changed accordingly. If they ingested more
protein and fat-rich food, both the Americans and the Africans were characterized
with abundant fecal choline and urine trimethylamine-N-oxide[33].

Diet affects not only cancer risks but also the prognosis [34-36]. A follow-up study
enrolled 463 postmenopausal CRC women. The researchers found that diet and food
with anti-inflammatory potential could improve overall survival[37]. The relationship
between dietary exposures and diseases was the key theme of nutritional metabolo-
mics[36]. Unfortunately, up to now, large-scale meta-analysis data for GI cancer
prediction using metabolite markers are rare. Fortunately, metabolomics analyses have
identified many candidate biomarkers about specific food exposures. For example,
meat and/or seafood consumption resulted in elevated plasma essential amino acids,
polyunsaturated fatty acids, and D-glucose[38]. Shellfish consumption affected plasma
phosphatidylethanolamine (p36: 4). Plasma 3-carboxy-4-methyl-5-propyl-2-furanpro-
panoic acid was related to fish intakes in the Asian population[38]. What should be
mentioned is that if the fish ingestion study is carried out in European people, the
candidate marker should be trimethylamine-N-oxide instead of 3-carboxy-4-methyl-5-
propyl-2-furanpropanoic acid[39].

Besides tumor onset prediction, metabolites can be used to predict prognosis.
Redalen et al[40] reported that tumor glycine was an adverse prognostic factor for
locally advanced rectal cancer. Cancers with rapid growth rates were demonstrated to
consume glycine excessively[41]. Too many reasons can affect the concentrations of a
single amino acid. As the lessons from protein biomarker applications, a biomarker
panel including several (kinds of) metabolites might be more valuable and reliable
than a single metabolite.

Gl CANCER DIAGNOSIS AND EARLY DIAGNOSIS

CRC poses a great challenge to public health, especially in developed countries. Early
diagnosis is important to reduce mortality. To early detect CRC, plasma samples
collected from stage 0/1/1I patients and the controls were subjected to GC/triple-
quadrupole MS (TMS) analysis[42]. A regression model consisting of eight metabolites
[pyruvic acid-meto-TMS, glycolic acid-2TMS, tryptophan-3TMS (/SI), palmitoleic
acid-TMS, fumaric acid-2TMS (/SI), ornithine-4TMS (/SI), lysine-4TMS, and 3-
hydroxyisovaleric acid-2TMS] could realize satisfying CRC diagnosis with a sensitivity
of 99.3% and specificity of 93.8%. In that study, the traditional protein markers
carcinoma embryonic antigen and carbohydrate antigen19-9 showed good specificities,
but their sensitivities were low (< 20%). The authors also pointed out that this model
could not be applied for aggressive CRC (e.g., stage III/IV). When invasive CRC
metastasizes, it might affect and spread to many organs. It can be expected that the
systemic metabolic changes caused by local and metastasis tumors are different.
Another notorious GI cancer is HCC. Alpha-fetoprotein (AFP) has been used for
HCC surveillance and diagnosis for decades. Its limited specificity is obvious. The
rapid advances of imaging modalities have excluded the utilization of AFP according
to the recently approved guidelines[43]. Unfortunately, imaging examination could
miss many solid neoplasms with a diameter less than 3 cm. Thus, the early diagnosis
needs some alternative solutions. In this light, a large-scale metabolomic study was
conducted. To pursue the robustness of the diagnosis, many diseases that might
interfere with HCC were included as possible[44]. It was found that serum
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phenylalanyl-tryptophan and glycocholate showed good performance in HCC
diagnosis and differential diagnosis. Even for small HCC, the combined use of the two
metabolites could achieve an area under the receiver-operating characteristic curve
(AUCQC) of 0.866. According to the results, elevated glycocholate was positively
correlated to HCC. Phenylalanyl-tryptophan was negatively correlated to HCC. An
appropriate tumor biomarker should be in high concentrations in the blood because of
its excessive release or production. Pathologically, the decreased phenylalanyl-
tryptophan might be the result of tumor-related overconsumption. Technically,
biomarkers with decreased concentrations causes the quantitation difficulty.

Except for the blood samples, feces sample is also a valuable specimen for
metabolomics. In theory, components in the feces reflect the intestinal physiological
and pathological status. A pilot metabolomic study detected 527 reproducible
metabolites in the feces samples from CRC patients. Three fecal heme-related
molecules, 18 peptides/amino acids, palmitoyl-sphingomyelin, mandelate, p-hydroxy-
benzaldehyde, acetaminophen metabolites, tocopherols, sitostanol, 3-dehydrocar-
nitine, pterin, conjugated-linoleate-18-2N7, N-2-furoyl-glycine, and p-aminobenzoate
were found to be valuable for CRC diagnosis[45]. However, metabolites in the feces
varied greatly due to diet styles and gut microflora. Many metabolites contributing to
the CRC diagnosis in the above-mentioned study were bacterial metabolites or co-
metabolites of human beings and the gut microbes. This resulted in the observation
that not all the biomarkers were elevated in the CRC feces. For the stabilities, feces
were not comparable to blood samples[45]. The markers indicating the storage
stabilities of blood samples have been explored and identified[46,47]. Similar studies
about feces were seldom conducted. Gut microbiota affects the intestinal microenvir-
onment. Unhealthy microbiota contributes to many diseases including CRC. In this
light, the fecal metabolomic analysis might be more valuable for prediction use[48,49].

Small-intestine neuroendocrine tumors (SINETSs) are a common GI cancer stemming
from the neuroendocrine cells in the small bowel. Many of these tumors have features
of metastasis. By performing NMR-based metabolomic analysis, Imperiale et al[50]
found that succinate, glutathion, taurine, myoinositol, and glycerophosphocholine
were elevated in the tumor samples. The normal small intestine tissues were rich in
alanine, creatine, ethanolamine, and aspartate. When the hepatic metastasis lesions
were compared with the normal liver, acetate, succinate, choline, phosphocholine,
taurine, lactate, and aspartate were found to be rich in the lesions. The primary SINETs
were characterized with increased succinate, valine, and myoinositol when they were
compared with the metastases. This study demonstrated that identical tumors found
in different microenvironments could exhibit distinctive phenotypes[50].

Cholangiocarcinoma was thought to be related to bile acid metabolism[51]. Zhang et
al[52] analyzed 329 plasma samples collected from the controls, benign biliary
diseases, cholangiocarcinoma, gallbladder cancer, and HCC populations. Taurochen-
odeoxycholic acid and chenodeoxycholic acid played key roles in separating cholan-
giocarcinoma both from the healthy controls and from the HCC patients. The
diagnostic performance was even superior to the commonly used carbohydrate
antigen 19-9.

Recurrence is a key theme in the tumor research field. From three independent
cohorts, Qiu et al[53] found 14 upregulated and 1 downregulated metabolite
biomarkers to predict CRC relapse. The authors also pointed out the inconsistency of
these metabolite changes amid different cohorts. No matter what potential uses, to
validate biomarkers must need more effort.

PATHOLOGICAL DIAGNOSIS OF GI CANCER

Traditional pathological diagnosis is dependent on slice samples. Preparing a
satisfying slide sample is a time-consuming and labor-intensive task. The intraop-
erative histological examination costs only half an hour but is expensive. Also, the
diagnosis accuracy is affected by the expertise of both the technologists and the
pathologists. What makes the matter worse is that the traditional pathological slides
only afford limited tissues or cells. It brings about inevitable sampling bias. When it
comes to metabolomics, most or all the resected tissues can be used to extract the
metabolites. Additionally, the extracts can be subjected to various preprocessing such
as condensation, dilution, or derivatization to meet different analytical needs.
Endoscopic examination is widely used in CRC screening. The morphological
characteristics of advanced adenomas and CRC tissues are inadequate for differen-
tiation purposes. In a study, an untargeted MS-based metabolomic technique was first
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employed to analyze CRC and matched paracancerous tissues. This profiling strategy
narrows the cancer-related metabolic changes to amino acid metabolism. Then,
another MS-based targeted amino acid analysis was performed. The results showed
that combined use of methionine, tyrosine, valine, and isoleucine was enough to
distinguish CRC from advanced adenomal54]. The notable advantages of
metabolomics are its simplicity and rapidness.

As widely admitted, MS analysis is characterized by its high specificity and rich
chemical information. The traditional pathological tactic has a distinguished
resolution. If the advantages of both are combined, pathologists will gain more deep
insight into the slice samples[55]. Fortunately, scientists have developed applicable
strategies to integrate the two techniques and applied the so-called MS imaging (MSI)
strategy to cancer pathological studies. Desorption electrospray ionization mass
spectrometry (DESI-MS) can give chemical information from the surfaces of an intact
or processed tissue specimen under ambient conditions[56]. Nagai et al[57] first
performed an untargeted analysis of HCC and benign tissue samples by MS. They
found that TG 16:0/18:1 (9Z)/20:1 (11Z) (m/z 904.83) and TG 16:0/18:1 (9Z)/18:2 (9Z,
127) (m/z 874.79) played roles in separating the two kinds of samples. Then, they
employed MSI to explore the tissue distribution of the two TGs. Despite the overlap at
the boundary regions, condensed TG 16:0/18:1 (9Z)/20:1 (11Z) distribution in the
tumor regions and abundant TG 16:0/18:1 (9Z)/18:2 (9Z, 12Z) (m/z 874.79) in the
nontumor regions was obvious. The results were consistent with the previous reports
about the saturated and unsaturated fatty acid distribution in the tumor and nontumor
tissues. These fusion images integrated traditional hematoxylin and eosin staining and
MS ion imaging. The strategy provided high-quality pathological pictures at 10 pm-
resolution[55]. The most valuable use of MSI might be to explore extremely small local
and metastasis lesions.

MSI can not only be used to help pathological diagnosis, but it can also be used to
aid tumor-related enzyme exploration. Sun et al[58] first employed airflow-assisted
DESI-MSI to profile region-specific metabolites in esophageal squamous cell
carcinoma (ESCC) and corresponding normal samples. Then, they performed
metabolic pathway matching analysis based on the selected differential metabolites to
lock potential tumor-associated metabolic enzymes. Subsequently, immunohisto-
chemical staining was performed to validate the enzyme expression changes. Finally,
they found that proline biosynthesis, glutamine metabolism, uridine metabolism,
histidine metabolism, fatty acid biosynthesis, and polyamine biosynthesis pathways
were altered in ESCC. Pyrroline-5-carboxylate reductase 2 and uridine phosphorylase
1 was upregulated in ESCC tissues. This high-coverage-based MSI analysis provided
valuable information on new drug development and therapeutic target identification.

Direct, real-time, and non-invasive examination of intact tissues is highly
appreciated in surgical rooms. It is affordable that partial normal tissues are damaged
in some surgical operations. However, in neurosurgical resections, damaging normal
brain tissues has always been avoided. Traditional DESI-MS can work under ambient
conditions, but it suffers from technical incompatibilities in many facets such as the
use of organic solvents, high-pressure nebulizing gas, and high voltages[59]. Zhang et
al[59] developed a device called MasSpec Pen based on the DESI-MS. The MS was
equipped with a handheld probe that could squeeze a discrete water droplet under
control. The droplet was delivered on the surface of the target tissue. Metabolites in
the tissue could be extracted into the droplet and transferred to the analysis system-an
Orbitrap mass spectrometer. The authors employed the MasSpec Pen to analyze
several kinds of benign and malignant solid tissue samples. The results demonstrated
that this device could realize a diagnostic sensitivity of 96.4% and specificity of 96.2%.
The overall accuracy was 96.3%. Furthermore, MasSpec Pen has ever been introduced
into the porcine upper GI tracts in a study. The accuracy of distinguishing the liver
from the stomach tissues in vivo was 98%[60]. In fact, utilizing MasSpec Pen for any
cancer diagnosis was solely dependent on the availability of the corresponding tissue-
specific database[59].

Like MasSpec Pen, iKnife is another rapid evaporative ionization mass spectrometry
(REIMS)-based metabolomic diagnosis device. It can not only realize real-time
pathological analysis but also act as an “electric lancet". iKnife does not rely on the
liquid media to dissolve the metabolites. It directly analyzes the gas components
released from the burned tissues. Electrosurgical devices are prevailing in the
operation rooms because of their simultaneous dissection and hemostasis functions.
The burned tissues would release smoke containing many oxidized metabolites. This
previously discarded smoke is collected with a specifically designed device and then
transferred to REIMS to be analyzed. The chemical information in the smoke can be
used to identify the properties of the tissues releasing the smoke[61]. Balog et al[61]
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analyzed 1624 cancerous, 1231 healthy, and 78 inflammatory bowel disease samples.
They found a different distribution of lipid species across the specimens. Alexander et
al[62] applied iKnife to diagnose CRC. The overall accuracy was 94.4%. Phosphatidy-
Iserines and bacterial phosphatidylglycerols were rich in the cancer samples.
Ceramides were condensed in the adenomas. The normal tissues were characterized
by elevated plasmalogens and triacylglycerols[62]. iKnife can be used to identify the
origins of the metastatic tumors. When differentiating healthy liver parenchyma from
metastasis colonic adenocarcinomas, the iKnife could give a diagnostic accuracy of
96% (73/76).

PERSONALIZED GI CANCER TREATMENT

Chemotherapy is necessary for GI cancer treatment. Chemotherapeutical drug
administration brings about several side or toxic effects. Even if the physicians can
correctly make their chemotherapy decisions, the one-size-fits-all approaches do not
guarantee a good prognosis for all the patients. Precise prediction of the chemosensit-
ivities would benefit both the patients and the physicians. Pharmacometabolomics is
the science utilizing metabolomics to predict patient responses to drug treatments. A
pilot study based on serum metabolomics indicated that elevated serum deoxyribose
1-phosphate and decreased S-lactoylglutathione correlated to chemotherapy sensit-
ivities[63]. Capecitabine is an antimetabolic agent that could be metabolized to 5-
fluorouracil-the active form for CRC treatment. Side effects of capecitabine are largely
originated from its intermediate metabolite 5'-deoxy-5-fluorouridine (5'-DFUR). By
performing 'H NMR spectrometer-based metabolomic analysis of 52 CRC serum
samples, Backshall et al[64] found that patients with higher LDL-like lipid particles
and choline phospholipid were prone to suffering from 5'-DFUR toxicity. Also helped
by NMR metabolomics, Bertini et al[65] analyzed 153 serum samples from metastasis
CRC patients before cetuximab and irinotecan administration. They found that the
patients with long and short overall survival (OS) time could be identified with an
accuracy of 78.5%. The patients with OS > 24 mo and < 3 mo showed different serum
metabolite profiles. They also pointed out that the potential differential metabolites
contributing to separation of the two groups were also affected by some other factors
such as obesity.

Postoperation chemoradiotherapies are indispensable, even if surgical resection is
performed in the early stage of esophageal cancer. However, not all the cases benefit
from the adjuvant strategies. A metabolomics study found that decreased serum
arabitol, glycine, L-serine, and L-arginine indicated a positive response to chemoradio-
therapies[66]. For predicting the chemoradiotherapy responses, the combined use of
the four metabolites generated an AUC > 0.7.

Chemoresistance is frequently encountered clinically. The resistance could be
acquired or innate. Many chemotherapy drugs are antimetabolites and affect cell
metabolism. The built-in metabolic plasticity and the robustness of the metabolic
networks render the cells with conspicuous capacities to resist perturbations from the
environment. Cells can reprogram their metabolism to resist the perturbations from
the chemotherapy drugs. Those cells that can not adapt to the drug stimuli will be
killed. Intracellular metabolite pools are dynamic in size. The pool sizes were affected
by the metabolic flux rates of the relevant metabolic pathways[67]. Cells can keep
hemostasis by redirecting the metabolic fluxes of the relevant metabolic pathways. The
flux rates can be calculated. The most widely used metabolic flux analysis (MFA) is *C
MFA. The analysis uses the ®C-labeled substrate (usually the *C-labeled glucose or
amino acids) to feed the cells. After proper incubation, intracellular metabolites are
quantified by metabolomic analysis. The detected metabolites are then used to
calculate the metabolic fluxes through chemometrics according to the labeled element
distribution in the metabolic pools[68]. Mathematically, a metabolic network is a set of
stoichiometric equations. Each equation is defined by a real enzymatic reaction that
can be easily retrieved from biochemical textbooks or public databases. Because the
metabolic networks contain hundreds to thousands of pathways, the calculation is a
tough job. Most of the tasks are finished by software models run on computers.
Combined with computational and mathematical modeling tactics, MFA could shed
light on cellular phenotypes from another angle[69].

Highly expressed hexokinase 2 (HK2) is frequently found in HCC cells. An MFA
using (1,2-*C) glucose and (U-"C) glutamine as tracers exhibited that glucose uptake
and lactate secretion rates dropped by 40% in Huh7 cells with HK2 silencing.
Glutamine and branched-chain amino acid uptakes, secretion of alanine and
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glutamate, and the tricarboxylic acid cycle-related fluxes were not affected. The HK2
silencing cells were more sensitive to one-carbon unit depletion. There was a 2-fold
increase in serine uptake and glycine secretion. There was no obvious change in the
intracellular glucose to serine flux. The study also found that silencing HK2
synergized sorafenib, which provided a clue to treat HCC by manipulating HK2[70].

Flux balance analysis is another type of MFA. It sets rational constraints on a
metabolic network and presumes that the network is in its steady-state. Nikmanesh et
al[71] constructed a model integrating expression data from Gene Expression Omnibus
and metabolomics data. The metabolic model included 3748 reactions and 2766
metabolites. Using this model, the authors compared the metabolic flux difference of
56 normal and 67 CRC cells. Compared to the normal cells, cancer cells exhibited 503
upregulated and 560 downregulated fluxes. Reactions catalyzed by retinol dehydro-
genase, bicarbonate transporter, cytosine deaminase, glutathione peroxidase, and
mitochondrial adenosine diphosphate/adenosine triphosphate (ATP) transporter were
the notably downregulated ones. The other pathways with decreased metabolic flux
rates included pathways involving palmitoyl-CoA desaturase, glutamine synthetase,
ATP synthase, and uridine triphosphate-glucose-1-phosphate uridylyltransferase. The
nucleotide metabolism (catalyzed by nucleoside-diphosphate kinase) and pyruvate
metabolism (catalyzed by L-lactate dehydrogenase) pathways had increased flux rates.
Some reactions involved in purine catabolism, glycolysis/gluconeogenesis, and
hyaluronan metabolism showed increased flux rates. In that model, the authors also
included the point mutation information. This coupling strategy helped to discover the
driver regulatory modules. Thus, with the help of data mining and integrating tools,
metabolomics could potentially be used to uncover potential therapeutic targets and
new tumor driver mechanisms. This would be good at formulating personalized
therapeutic strategies.

Traditionally, the enzyme catalyzing the slowest step in a metabolic pathway is
deemed as the rate-limiting enzyme. The relevant step is regarded as the rate-limiting
step. At the very beginning, metabolic engineering aims at manipulating these
enzymes. Unfortunately, overexpressing the relevant enzymes fails frequently.
Metabolic control analysis (MCA) introduces a new conception to determine the real
rate-limiting step by considering how a given enzyme exerts its influence on the fluxes
and the concentrations of the involved metabolites[72]. As hemostasis is maintained by
metabolism, some key metabolite changes might be lethal. The enzymes catalyzing the
relevant reactions could be drug targets potentially. One of the prominent pilot studies
using MCA to identify therapeutic targets was reported in the practice of treating
trypanosomiasis. Scientists found that the glucose transporter, aldolase, glyceral-
dehyde-3-phosphate dehydrogenase, phosphoglycerate kinase, and glycerol-3-
phosphate dehydrogenase were the Archil's heels of parasites instead of red blood
cells[73,74]. Thus, relational treatment strategies could be developed by circumventing
the targets that might damage the hosts.

Using MCA, Koit et al[75] found that HCC tissues showed suppressed respiratory
chain complexes I functions. But, it was not the case for breast cancer tissues.
Mitochondrial membrane permeabilities were different between the two types of
tumor cells. These clues were valuable on how to select effective anti-tumor drugs.
Many tumor therapies share the same drugs or drugs with similar mechanisms.
Physicians could make more personalized therapeutic decisions with the MCA results.

Although the variability of a single person’s metabolome is universal, every
individual has his/her relatively stable metabolic phenotype. It dominates the specific
responses to specific stimuli. Assfalg et al[76] collected 40 urine specimens from 22
healthy persons across 3 mo. According to the '"H NMR urine metabolomic data, the
interindividual difference was larger than the intraindividual difference. Fifteen
metabolites were enough to confirm an unknown sample origin with 100% confidence.
The individual-specific phenotypes contained subject-specific nutrition tolerance, drug
efficacy and toxicity, disease risk, and much physical and pathological response
information[76]. The authors also implied that to define an individual’s phenotype
needs specimens collected in a long period. This could exclude the casual influence.
Thus, metabolomics could be a valuable tool for personalized medicine.

CONCLUSION

Genomics, transcriptomics, and proteomics studies have been applied in tumor fields
for many decades. The findings from a single omic analysis are prone to being
misinterpreted due to the tumor heterogeneities. Many analytical skills and tools could
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be selected to perform metabolomic analysis. Compared to the other omics,
metabolomics is still in its infancy. New methods of metabolite identification,
bioinformatic analysis of the data, noise signal removal for the spectroscopic data, and
analytical speed improvement are still under development. It should be noticed that
all the above-mentioned GI cancer metabolite biomarkers are not “new” metabolites.
All of them could be found in physiological conditions. Also, their concentration
changes can be found in non-cancerous diseases. Nearly all the mentioned GI cancer
metabolite biomarkers can be found in other cancers. Identical metabolite markers can
be found in different GI cancers and even can be used for different purposes. Unlike
the protein and the mutant gene biomarkers, metabolite biomarker concentrations are
severely affected by diet styles and circadian rhythms. To use metabolite biomarkers
should follow an intensive verification procession and must consider the backgrounds
against which the metabolite markers are identified. Compared to the other omics,
metabolomics had many advantages[77]: (1) Changes taking place at the gene or
protein levels can be amplified at the metabolome level; (2) Metabolomic analysis does
not need the complete gene sequence information; (3) The members of a metabolome
are smaller than those of a genome or proteome; and (4) Performing a metabolomic
analysis is cheaper than performing a transcriptome or a proteome analysis. Besides
the above-mentioned applications, metabolomics has been used to explore gene
functions[78], drug mechanisms[79], enzyme functions[80], and tumor driver
metabolites (oncometabolites)[81]. Although the applications are scattered in different
bioscience fields, it can be concluded that metabolomics is undoubtedly a valuable
complement to the other techniques in prompting GI cancer research.
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Abstract

Pancreatic cancer is one of the deadliest of cancers with a five-year survival of
roughly 8%. Current therapies are: surgery, radiation and chemotherapy. Surgery
is curative only if the cancer is caught very early, which is rare, and the latter two
modalities are only marginally effective and have significant side effects. We have
developed a nanosome comprised of the lysosomal protein, saposin C (SapC) and
the acidic phospholipid, dioleoylphosphatidylserine (DOPS). In the acidic tumor
microenvironment, this molecule, SapC-DOPS, targets the phosphatidylserine
cancer-biomarker which is predominantly elevated on the surface of cancer cells.
Importantly, SapC-DOPS can selectively target pancreatic tumors and metastases.
Furthermore, SapC-DOPS has exhibited an impressive safety profile with only a
few minor side effects in both preclinical experiments and in phase I clinical trials.
With the dismal outcomes for pancreatic cancer there is an urgent need for better
treatments and SapC-DOPS is a good candidate for addition to the oncologist’s
toolbox.

Key Words: Pancreatic cancer; Saposin C; Dioleoylphosphatidylserine; Phosphatidyl-
serine-targeted therapy; Chemotherapy; Radiation
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Core Tip: This review presents the mechanisms and efficacy of saposin C-dioleoylphos-
phatidylserine (SapC-DOPS), a novel phosphatidylserine (PS) biomarker-targeted
nanodrug, alone and in combination with other treatment modalities for the treatment
of pancreatic ductal adenocarcinoma (PDAC) tumors. Our results indicate that SapC-
DOPS preferentially targets cells with high surface PS which are primarily in the G2/M
phase of the cell cycle. Other treatment modalities such as Gemcitabine, Abraxane and
radiation target G1 phase cells that have low surface PS. Combination of SapC-DOPS
and Gemcitabine/Abraxane or radiation significantly inhibits tumor growth of
orthotopic PDAC tumors in vivo and increases survival compared to individual
treatments.

Citation: Davis HW, Kaynak A, Vallabhapurapu SD, Qi X. Targeting of elevated cell surface
phosphatidylserine with saposin C-dioleoylphosphatidylserine nanodrug as individual or
combination therapy for pancreatic cancer. World J Gastrointest Oncol 2021; 13(6): 550-559
URL: https://www.wjgnet.com/1948-5204/full/v13/i6/550.htm

DOI: https://dx.doi.org/10.4251/wjgo.v13.i6.550

INTRODUCTION

On March 6, 2019, Alex Trebek, the beloved host of the quiz show Jeopardy announced
that he had Stage IV pancreatic cancer. While discovering that one has cancer is
unsettling, a diagnosis of pancreatic cancer is particularly terrifying due to the dismal
prognosis. In the United States, pancreatic cancer is the 9" or 10" most commonly
diagnosed cancer but is the fourth leading cause of cancer-associated death[1].
Pancreatic ductal adenocarcinoma (PDAC) which accounts for 85% of all forms of
pancreatic cancer is also the deadliest gastrointestinal cancer[2]. Longevity from the
time of diagnosis until death is the worst of any of the major cancers; the median
survival for untreated advanced pancreatic cancer is about 3 1/2 mo but with surgery,
radiation and chemotherapy this increases to about 8 mo. In contrast to the steady
increase in survival observed for most cancer types, advances have been slow for
pancreatic cancer and the 5-year survival rate is only about 8%, however for patients
who are diagnosed at an advanced stage the 5-year survival rate is a discouraging 3%.
While over the past 20 years there have been incremental increases in survival due to
improving treatments, the incidence of pancreatic cancer is increasing by approx-
imately 0.3% /year leading to the expectation that it will be the second leading cause of
cancer death by 2030[3]. Pancreatic neuroendocrine tumors or islet cell tumors are less
common and tend to have a better outcome so our emphasis in this review will be on
PDAC.

The vast majority of pancreatic tumors are located in the head of the pancreas (65%)
which are usually found relatively early due to symptoms of obstructive jaundice and
pancreatitis. Pancreatic tumors are also located in the body (15%), in the tail (10%), or
present as multifocal lesions (2%). These tumors tend to present late and are associated
with a worse prognosis[4]. Unfortunately, PDAC is rarely diagnosed early and the
tumor is generally between 2-4 cm when found (but can be even larger if located in the
body or tail) and has already infiltrated surrounding structures (i.e., peri-pancreatic
adipose tissue, stomach, duodenum, portal vein). The histology of PDAC specimens is
critical for assessing a PDAC case, with the three main aspects being the size of the
primary tumor, the incidence and number of lymph node metastases and the presence
or absence of tumor cells at the resection margins[1]. The tumor is generally a solid,
firm white to pale yellow, poorly-defined mass. Regional lymph node metastases are
also commonly present at diagnosis[5]. Often as little as 10% of the whole tumor
volume is occupied by tumor cells, while the remainder is a network of nonmalignant
cells, called the stroma, which acts as a protective barrier. In addition, the tumor
usually contains a buildup of matrix proteins that cause blood vessels to collapse,
preventing chemotherapeutic drugs from reaching the cancer cells in sufficient
amounts.

Pancreatic cancer is staged according to the American Joint Committee on Cancer
tumor-node-metastasis classification (Table 1).
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CURRENT THERAPY

For earlier stage pancreatic cancers, surgery is the best option and is potentially
curative. Unfortunately, only approximately 20% of patients are candidates for surgery
and Stage III or IV cancers are unresectable. Even then in only about 15% of cases are
all cancer cells removed[5]. Recently, neoadjuvant therapy (chemo- or radiation
therapy prior to surgery) has been used to shrink the tumor. The most common type of
surgery is the Whipple procedure, also known as pancreaticoduodenectomy, which
involves removal of the head of the pancreas next to the duodenum, the duodenum, a
portion of the common bile duct, gallbladder, and occasionally part of the stomach.
Afterward, the remaining intestine is reconnected to itself and to the bile duct and
pancreas. Although this surgery can improve 5-year survival to approximately 25% it
is only available for a small percentage of patients where the tumor has not meta-
stasized[6]. After resection, both gross and microscopic evaluation of the tumor extent
is challenging in PDAC, due to dispersed growth, which is more prominent following
neoadjuvant therapy, as regression and therefore tumor-induced fibrosis may be
patchy. Furthermore, PDAC (even untreated) is characterized by significant inflam-
mation and accumulation of matrix proteins in the normal surrounding stromal cells,
making the extent of therapy-induced fibrosis unsatisfactory for determining efficacy

[1].

Chemotherapy

Gemcitabine (GEM, Gemzar) is a first line drug for advanced pancreatic cancer. It can
be used alone or combined with other drugs such as albumin-bound paclitaxel
(Abraxane), capecitabine (Xeloda), or the targeted drug erlotinib (Tarceva). GEM is
hydrophilic and must be transported into cells via molecular transporters for
nucleosides. After addition of three phosphates, GEM can mimic deoxycytidine
triphosphate so it is incorporated into newly synthesized DNA and creates an
irreparable error that inhibits of further DNA synthesis, thereby leading to cell death
[7]. However, cancer cells often become resistant to GEM after several months of
treatment. Abraxane is a form of the anti-cancer drug, paclitaxel that has fewer side
effects. It is an anti-microtubule agent that inhibits mitosis thus preventing cancer cells
from growing and dividing, consequently killing them[8]. In a Phase III study of
patients with previously untreated metastatic pancreatic cancer, there was a statist-
ically significant median overall survival benefit of 8.5 mo vs 6.7 mo in the
GEM/ Abraxane group compared to the GEM arm[9].

Capecitabine is metabolized to 5-fluorouracil (5-FU) which inhibits the synthesis of
thymidine monophosphate, the active form of thymidine required for de novo synthesis
of DNAJ10]. Erlotinib specifically targets the epidermal growth factor receptor
tyrosine kinase, which is overexpressed and often mutated (to generate an overactive
form) in most pancreatic cancers[11]. Interestingly, many PDAC cell lines of the
classical subtype seem to be resistant to GEM therapy, but sensitive to erlotinib, while
PDAC cell lines of the quasi-mesenchymal subtype seem GEM-sensitive, but erlotinib-
resistant[12]. Therapeutic strategies targeting angiogenesis with bevacizumab plus
GEM were evaluated in a Phase III study but showed no additional benefit[13]. A
combination of chemotherapeutic drugs called FOLFIRINOX consisting of 4 drugs: 5-
FU, leucovorin, irinotecan (Camptosar), and oxaliplatin (Eloxatin) improves lifespan
compared to GEM alone, but it can also have more severe side effects[14,15]. For
otherwise healthy patients, FOLFIRINOX is now considered a category 1 recom-
mendation for advanced pancreatic cancer. In a recent study, adjuvant therapy with a
modified FOLFIRINOX protocol led to significantly longer disease-free survival than
with GEM, among patients with resected PDAC (21.6 mo vs 12.8 mo), but had a higher
incidence of adverse events of grade 3 or 4 (75.9% vs 52.9%)[16]. In addition, a
retrospective study, Perri ef al[17] showed that patients with localized PDAC who
received FOLFIRINOX or GEM/ Abraxane as their first line of therapy, FOLFIRINOX
was associated with a higher rate of RECIST partial response, allowing subsequent
pancreatectomy, than GEM/ Abraxane but the overall survival rates were similar (21
mo vs 20 mo). However, the patients treated with FOLFIRINOX were significantly
younger (61 years vs 71 years). As indicated, none of these treatments are especially
effective and Alex Trebek died on November 8, 2020, 19 mo after his announcement.

A NOVEL THERAPY

Phosphatidylserine (PS), an anionic phospholipid, is primarily located on the inner
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Table 1 Staging of pancreatic cancer (from the American Joint Committee on Cancer Staging Manual, 8" edition[45])

Stage Tumor

1A Limited to pancreas, greatest dimension: <2 cm

1B Limited to pancreas, greatest dimension: > 2 cm

ITA The greatest dimension is > 4 cm but there is no metastasis or lymph node involvement

1B The greatest dimension is < 2 cm to > 4 cm but the cancer has spread to 1-3 regional lymph nodes

I The greatest dimension is > 4 cm and there are 4 or more lymph nodes involved or the tumor has invaded the celiac axis, superior mesenteric

artery, and/or common hepatic artery, regardless of tumor size or lymph nodes involved. The tumor is unresectable

v Metastasis to distant sites, regardless of size or number of lymph nodes involved. Metastasis of pancreatic cancer occurs mainly in the liver,
peritoneum, and lungs

leaflet of the cell membrane[18-20] due to the activity of ATP-dependent phospholipid
translocases (flippases)[21,22]. However, in many viable cancer cells flippase activity is
depressed and PS accumulates on the outer leaflet of the membrane[22]. In normal
cells the increased surface PS would represent apoptosis and the cell would be
engulfed by macrophages[23,24] but cancer cells express CD47 which prevents
phagocytosis by macrophages[25]. While most cancer cells express higher levels of PS
on the extracellular cell membrane than normal cells, there is a wide variation of
surface PS, even in cell lines from the same type of cancer[22]. We have previously
demonstrated this is extant in a panel of pancreatic cancer cell lines[26].

Exploiting the increased surface PS on cancer cells, our lab has developed a
therapeutic agent that consists of the membrane fusogenic protein, saposin C (SapC)
which is embedded in dioleoylphosphatidylserine (DOPS) vesicles. These nanovesicles
selectively target a variety of cancer cells[27-30] including pancreatic tumors, due to
high affinity of SapC for cancer cell PS[26,31]. SapC is a stable 80-amino acid lysosomal
protein ubiquitous in all cells, that has high affinity and exceptional specificity for PS
and catabolizes glycosphingolipids in membranes[32-34].

When SapC is coupled with DOPS durable nanovesicles are formed and selectively
fuse with the PS on the surface of cancer cells[27,28]. This targeting correlates with the
expression of surface PS on the cells and can be blocked by specific PS-binding
proteins, such as lactadherin or 2-glycoprotein[26,35]. The specificity of SapC-DOPS
binding to cancer cells is further enhanced by the tumor microenvironment which is
acidic due to the Warburg effect[36,37]. In cancer cells, lysosomal acid sphingomy-
elinase (ASMase) leaks out from lysosomes and migrates to the plasma membrane.
When SapC-DOPS nanovesicles fuse with surface PS of cancer cell membranes, SapC
stimulates ASMase which elevates ceramide levels and consequently activates
caspases that induce apoptotic cell death[26,27,38]. In untransformed cells, asymmetric
acidic phospholipid distribution results in low PS exposure on the membrane surface.
This coupled with the neutral pH environment leads to weak SapC-DOPS interaction
with these cells. Thus, SapC-DOPS selectively kills pancreatic tumor cells, without
apparent off-target toxicity to normal cells and tissues[26-31]. Indeed, SapC-DOPS
(clinical name: BXQ-350) has shown an exemplary safety profile both preclinically[26]
and in Phase I clinical trials[39,40]. In mice there were no noticeable side effects and
SapC-DOPS appeared to attenuate cancer-associated cachexia[31,41]. In the clinical
trials, no severe adverse events were observed and most subjects showed no drug
linked problems at all. Importantly, SapC-DOPS has shown strong cytotoxicity on
pancreatic cancer cells regardless of their genetic modifications so it should be effective
in all patients.

PS also has potential as a diagnostic biomarker, as our data indicate that pancreatic
tumors have elevated surface PS compared to relatively normal pancreatic tissue from
PDAC patients with no previous therapeutic exposure (Figure 1). This increased PS
serves as a molecular target for SapC-DOPS and allows SapC-DOPS to invade the
PDAC tumor (Figure 2A) and specifically target tumor blood vessels (Figure 2B) and
PDAC cells (Figure 2C) in murine tumor models.

Chu et al[26] have determined that the optimal molar ratio of SapC to DOPS is 1:3-
1:10 for maximal cytotoxic effects against human cancer cells and for most studies we
use 1:7. This formulation of SapC-DOPS is cytotoxic to a variety of pancreatic cancer
cells but harmless to normal human pancreatic ductal epithelial cells (HPDE)[26]. As
anticipated, there was a correlation between surface PS and the killing effect of SapC-
DOPS. Microscopic inspection of SapC-DOPS-treated cells revealed that tumor cells
had morphologies consistent with apoptotic cell death, while HPDE cells appeared
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Figure 1 Surface phosphatidylserine on normal pancreata and pancreatic ductal adenocarcinoma tumors. Pancreatic tumors and neighboring
more normal tissue excised from treatment-naive pancreatic ductal adenocarcinoma (PDAC) patients were digested with collagenase IV or a Tumor Dissociation kit
(Miltenyi). PDAC cells were co-stained with MUC-4-APC, a marker for epithelial cells and Annexin V-FITC, which binds cell surface phosphatidylserine (PS) and
surface PS was quantified on MUC-4" cells by flow cytometry (n = 5 for each). Data are presented as the mean + SE of the mean, and were compared between two
groups using t-test. 2P < 0.05 vs normal group. PDAC: Pancreatic ductal adenocarcinoma.
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Figure 2 Saposin C-dioleoylphosphatidylserine targets pancreatic tumors. Saposin C-dioleoylphosphatidylserine (SapC-DOPS) was fluorescently
labeled with CellVue Maroon (CVM, a far red fluorescent probe) and injected into mice after pancreatic tumors were established from human cancer cells (cfPac-1-
Luc3) (see details in reference 26)[26]. A: SapC-DOPS-CVM localized to the primary and lung metastatic tumors detected with intravascular ultrasound live animal
imaging; B: Tumors, established from human MiaPaCa-2 cells, and normal pancreata of SapC-DOPS-CVM-injected mice were isolated and prepared for fluorescent
microscopy. The slides, after staining with DAPI (blue) to detect nuclei, show accumulation of SapC-DOPS-CVM in the tumors. Note preferential SapC-DOPS labeling
of ductal structures (arrows) in pancreatic ductal adenocarcinoma (PDAC), and minimal binding to normal pancreas. SapC-DOPS is binding phosphatidylserine (PS)
on the cancer cell surfaces as prior treatment with lactadherin, a PS binding protein, eliminates subsequent binding of SapC-DOPS; C: Frozen, unfixed sections from
murine PDAC and matched normal pancreas tissues were incubated with SapC-DOPS-CVM nanovesicles for 20 min, counterstained with DAPI and mounted. The
ovals localize the PDAC tumor. SapC-DOPS: Saposin C-dioleoylphosphatidylserine; CVM: CellVue Maroon; Mets: Metastatic tumors; PDAC: Pancreatic ductal
adenocarcinoma.

unchanged[26].

To advance these studies, human PANC-1 or MiaPaCa-2 cells were implanted
subcutaneously in nude mice then the mice were treated every 2 d to 3 d with various
doses of SapC-DOPS. Our results demonstrated a dose-dependent inhibition of
pancreatic tumor growth by SapC-DOPS. To investigate a more pathologically
important model, mice were implanted with cfPac-1 cells orthotopically into the
pancreata. In these mice, SapC-DOPS dramatically prolonged survival; tumor-bearing
control mice all died within 170 d but 67% of SapC-DOPS-treated mice survived until
they were euthanized at day 260 and none of the surviving mice harbored any
detectable tumor. Notably, a metastatic tumor appeared in the lung of one mouse
(Figure 2A) and this lesion was targeted by SapC-DOPS[26].

As mentioned, GEM provides only marginal benefit to patients so we assessed the
therapeutic benefits of combining GEM with SapC-DOPS. For these studies[31] we
first, treated MiaPaCa-2 cells with SapC-DOPS (48 h) and GEM (24 h) alone as well as
a combination of SapC-DOPS with GEM. These data demonstrated that the com-
bination of SapC-DOPS and GEM had a significantly greater anti-tumor effect than
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either treatment alone. Interestingly, low dose GEM treatment elevates surface PS on
cancer cells lines within 48 h without killing the cells, although this may be an early,
aborted apoptotic response. We then implanted the pancreatic cancer cell line,
p53.2.1.1, subcutaneously into c57B1/ 6] mice[31]. We used suboptimal concentrations
of both GEM and SapC-DOPS and only treated on days 1 and 4 post implantation to
examine the combination effects. Both GEM and SapC-DOPS alone reduced tumor
sizes by about 50% but the combination reached 90%. A similar experiment was
conducted using subcutaneous mouse 4580P cells in ¢57Bl/6] mice with GEM/ A-
braxane and SapC-DOPS with similar results. To ascertain whether the combination
could improve survival, we injected mice orthotopically with p53.2.1.1 cells and then
administered saline, GEM, SapC-DOPS or the combination. All the control mice died
within 29 d. The mice receiving the combination treatment lived substantially longer
with one mouse being euthanized tumor-free on day 50. The mice receiving
suboptimal concentrations of either GEM or SapC-DOPS alone lived for an
intermediate duration. In all of these experiments SapC-DOPS was introduced shortly
after the injection of the GEM or GEM/ Abraxane. We had previously shown that
another chemotherapeutic drug, temozolomide, also had synergistic effects with SapC-
DOPS in brain cancer models[35].

Radiation, another therapy for PDAC, also increases surface PS on viable cancer
cells. Pancreatic cell lines with initially low to moderate surface PS exhibited dose-
dependent increases in surface PS by 12 h with a maximum increase by 24 h. In
addition, subcutaneous tumors generated in nude mice from the human pancreatic
cancer cell line, cfPac-1, nearly doubled their surface PS 48 h following focused
exposure to 10 Gy of radiation[42]. Incidentally, we have recently demonstrated that
we can incorporate the therapeutic radioisotope, *'I into SapC-DOPS nanovesicles and
that this radiation enhances the effects of SapC-DOPS to prolong survival in mice
bearing glioblastoma multiforme, a type of brain cancer[41]. In this scenario, the
radiation from "I, while directly killing the tumor cells may also increase surface PS.

It is tempting to speculate that increasing surface PS with GEM or radiation would
augment the cytotoxicity of SapC-DOPS. Thus, we investigated whether sequential
treatment order of SapC-DOPS and GEM altered the treatment efficacy. Treating the
cells with GEM long enough to increase cell surface PS followed by SapC-DOPS was
no more efficacious than SapC-DOPS followed by GEM treatment (Figure 3). These
data and results from Davis et al[42] suggest that GEM and radiation do not sensitize
cells to SapC-DOPS treatment but rather selectively kill the low surface PS cells,
leaving high PS cancer cells intact which can then be targeted by SapC-DOPS.

Even within a specific pancreatic cancer cell line there is heterogeneous surface PS
expression. As discussed above, SapC-DOPS targets cancer cells with higher surface
PS. Indeed, when we treated a heterogeneous cell population with SapC-DOPS the
high surface PS population was killed, leaving behind cells with lower surface PS[31].
Interestingly, the opposite effect was observed when pancreatic cancer cell lines were
treated with GEM[31] or radiation[42]; that is GEM and radiation tend to kill low
surface PS cells. Additionally, when cells were sorted into low and high surface PS
fractions by flow cytometry then treated with GEM, cytotoxicity was more pronoun-
ced in the low surface PS population[31,42].

GEM preferentially kills cells in the G1 phase of the cell cycle by binding to DNA to
prevent the cells from entering S phase of the cycle where DNA is duplicated[31,43].
Of note, we have demonstrated that G1 cancer cells have relatively low surface PS, and
as the cells proceed through the cell cycle surface PS increases even when the
expansion of the cell surface area is accounted for[31]. Interestingly, PTDSSI, the gene
for the enzyme that converts phosphatidylcholine to PS, is elevated in G2/M
compared to G1 phase in cfPac-1 cells but not in a non-cancerous pancreatic epithelial
cell line (HPDE). PTDSS2 (the enzyme that catalyzes phosphatidylethanolamine
transition to PS) is unchanged in either cell line throughout the cell cycle. On the other
hand, when we sorted cells by surface PS, we found that a higher percentage of low
surface PS cells were in G1 and a higher percentage of high surface PS cells were in
G2/M (Qi and colleagues unpublished data). Consequently, more cells in G1 are killed
by GEM than SapC-DOPS while the opposite is true for cells in G2/M[31]. When these
experiments were repeated in HPDE surface PS was unaltered throughout the cell
cycle.

While GEM and SapC-DOPS kill cells through different mechanisms; by preventing
DNA synthesis and activating caspases, respectively, we have shown that cells in
tumors are segregated into low PS, high G1 and high PS, high G2/M populations
which allows the drugs to work on divergent cells and to collaborate to enhance tumor
destruction (Figure 4). Thus, tumor cell surface PS may serve as a significant bio-
marker to assign the most effective treatment for the patient. Importantly, SapC-DOPS
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Figure 3 Sequential treatment of pancreatic ductal adenocarcinoma cells with saposin C-dioleoylphosphatidylserine nanodrug and
gemcitabine. MiaPaCa-2 cells were treated with saposin C-dioleoylphosphatidylserine (SapC-DOPS) (25 pmol/L) alone, gemcitabine (GEM) (50 nmol/L) alone or
in combination. Cells were seeded onto 96 well plates and the next day were exposed to drugs. In the left grouping SapC-DOPS was added for 48 h, the cells were
washed twice then incubated with GEM for 24 h. In the right grouping the cells were treated with GEM for 24 h, washed twice and SapC-DOPS was added for 48 h.
Untreated cells remained in the media for 72 h. After the 72 h incubation, the MTT cell viability assay was performed. Data are presented as the mean + SE of the
mean, and were compared between two groups using t-test. 2P < 0.05 and °P < 0.01 vs combination group; °P < 0.01 vs combination group. GEM: Gemcitabine;
SapC-DOPS: Saposin C-dioleoylphosphatidylserine.

PDAC tumor Intravenous
injection
) 50 o
Q (00 \094 - = = =
NG Y/, By 4 - -~ N
Ly - - e
_ - O \
&/ ’ \
\ v / @; PDAC L \
N\ / 3 cells 3 & \
\ d o A2
é»} / o i & \ - /\J} 'Q
) O o o ™ :
\ [ X N \
Orthotopic PDAC tumor-bearing mouse | High surface PS cells in G2/M phase | \ Q
\ o ®
A ' JeXe
% \ OQ\?/L@ Q® |
\ /
N /
i \
Phosphatidylserine (PS)y SaPosin C (SapC) N /
/
@ Radiation therapy O SapC-DOPS N ‘
o \_ Low surface PS cells in G1 phase P 7
g Dioleoylphosphatidylserine ~
Gemcitabine (DOPS) - _ _

- e

Figure 4 Variable surface phosphatidylserine on pancreatic ductal adenocarcinoma tumor cells are sensitive to phosphatidylserine-
selective treatments. Chemotherapy and radiation target primarily low surface phosphatidylserine (PS) cells and may increase PS. Saposin C-
dioleoylphosphatidylserine (SapC-DOPS) hones in on high surface PS cells in the acidic tumor microenvironment. Thus, a combination of chemotherapy and/or
radiation therapy and SapC-DOPS has the potential to eliminate the preponderance of tumor cells. PDAC: Pancreatic ductal adenocarcinoma.

is a nanovesicle, and unlike many chemotherapeutic drugs, can penetrate the fibrosis
and stroma of pancreatic tumors (see Figure 2). This makes it available for use as a
carrier of therapeutic modalities such as the ™'l mentioned above but also as an
imaging and detection agent. In fact, we have demonstrated that fluorescently labeled
SapC-DOPS nanovesicles allow selective visualization of primary and metastatic
pancreatic tumors in vivo[26]. The nanovesicles can also carry contrast agents (iron or
gadolinium) for computed tomography or magnetic resonance imaging of tumors[44].
Thus, SapC-DOPS can be used for both diagnosis and treatment.
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CONCLUSION

Phase I clinical trials are designed to evaluate the safety of a candidate drug. In these
preliminary trials, SapC-DOPS (BXQ-350) has demonstrated an excellent safety record
but impressively, has also shown remarkable efficacy in some patients that have failed
all other modalities[39,40]. Our data establish that SapC-DOPS alone or in combination
with GEM (GEM/ Abraxane) or radiation can reduce tumor growth and enhance
survival in mouse models of PDAC. We are hopeful that one day soon SapC-DOPS
will be part of the cancer treatment arsenal and alleviate the dread that comes with this
diagnosis.
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Abstract

The development of endoscopic treatment technology has further promoted the
minimally invasive treatment of early gastric cancer (EGC). Endoscopic treatment
has achieved better therapeutic effects in terms of safety and prognosis and is the
preferred treatment method for patients who meet the indications for endoscopic
treatment. However, the consequent problem is that some patients receiving
endoscopic treatment may undergo non-curative resection, and the principle of
follow-up management for non-curative resection patients deserves further
attention. In addition, there are still debates on how to improve the accuracy of
clinical staging, select a reasonable treatment method for patients who meet the
expanded indications for endoscopic treatment, manage patients with positive
endoscopic surgical margins, conduct research on function-preserving surgery,
and manage the treatment of EGC under the current situation in China.
Consequently, we aim to review current indications for endoscopic submucosal
dissection of EGC in order to better inform treatment options.

Key Words: Early gastric cancer; Endoscopic submucosal dissection indications; Non-
curative resection; Salvage surgery; Function-preserving surgery

©The Author(s) 2021. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Gastric cancer is a worldwide public health problem with a lower cure rate
and worse prognosis. With the improvement of people’s health awareness and the

June 15,2021 | Volume13 | Issue6 |


https://www.f6publishing.com
https://dx.doi.org/10.4251/wjgo.v13.i6.560
http://orcid.org/0000-0003-0390-9466
http://orcid.org/0000-0003-0390-9466
http://orcid.org/0000-0003-0390-9466
http://orcid.org/0000-0003-2708-0111
http://orcid.org/0000-0003-2708-0111
http://orcid.org/0000-0003-2708-0111
http://orcid.org/0000-0002-7557-9067
http://orcid.org/0000-0002-7557-9067
http://orcid.org/0000-0002-7557-9067
http://orcid.org/0000-0001-6533-1677
http://orcid.org/0000-0001-6533-1677
http://orcid.org/0000-0001-6533-1677
http://orcid.org/0000-0001-6159-3338
http://orcid.org/0000-0001-6159-3338
http://orcid.org/0000-0001-6159-3338
http://orcid.org/0000-0002-1950-6752
http://orcid.org/0000-0002-1950-6752
http://orcid.org/0000-0002-1950-6752
http://orcid.org/0000-0003-2297-7704
http://orcid.org/0000-0003-2297-7704
http://orcid.org/0000-0002-2213-1218
http://orcid.org/0000-0002-2213-1218
http://orcid.org/0000-0002-2213-1218
http://orcid.org/0000-0001-5411-1273
http://orcid.org/0000-0001-5411-1273
http://orcid.org/0000-0001-5411-1273
http://orcid.org/0000-0002-4718-6821
http://orcid.org/0000-0002-4718-6821
http://orcid.org/0000-0002-4718-6821
mailto:zhangjun5986@ccmu.edu.cn

Conflict-of-interest statement: All
authors declare that they have no
conflict of interest to disclose.

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: htt
p:/ / creativecommons.org/ License
s/by-nc/4.0/

Manuscript source: Invited
manuscript

Specialty type: Surgery
Country/Territory of origin: China

Peer-review report’s scientific
quality classification

Grade A (Excellent): 0

Grade B (Very good): B, B, B
Grade C (Good): 0

Grade D (Fair): 0

Grade E (Poor): 0

Received: February 5, 2021
Peer-review started: February 5,
2021

First decision: March 29, 2021
Revised: March 31, 2021
Accepted: May 22, 2021

Article in press: May 22, 2021
Published online: June 15, 2021

P-Reviewer: Masaki S, Shang Y
S-Editor: Yan JP

L-Editor: Wang TQ

P-Editor: Li JH

Jaishideng®

WJGO | https://www.wjgnet.com 561

Zheng Z et al. Indications for endoscopic dissection of EGC

popularization of physical examination, the detection rate of early gastric cancer is
increasing each year. Helicobacter pylori and Epstein-Barr virus are important
pathogenic factors for gastric cancer. For patients who meet with the absolute and
expanded indications for endoscopic treatment, endoscopic submucosal dissection can
have the same therapeutic effect as surgery while reducing surgical trauma. For non-
curative resection, laparoscopic subtotal gastrectomy or function-preserving
gastrectomy can be performed based on the patient’s condition.

Citation: Zheng Z, Yin J, Liu XY, Yan XS, Xu R, Li MY, Cai J, Chen GY, Zhang J, Zhang ZT.
Current indications for endoscopic submucosal dissection of early gastric cancer. World J
Gastrointest Oncol 2021; 13(6): 560-573

URL: https://www.wjgnet.com/1948-5204/full/v13/i6/560.htm

DOI: https://dx.doi.org/10.4251/wjgo.v13.i6.560

INTRODUCTION

Gastric cancer is a malignant tumor originating from the gastric mucosal epithelium,
and its prognosis and outcomes are closely related to tumor stage. Most patients with
early gastric cancer (EGC) have no obvious clinical symptoms. If gastric cancer
screening is performed properly, gastric cancer can be detected at an early stage.
However, unfortunately, patients are often diagnosed at the stage of advanced gastric
cancer because they have not been screened for gastric cancer. This leads to a lower
radical tumor resection rate and poor prognosis, and the 5-year survival rate is less
than 30%[1]. However, patients with EGC have a better prognosis, with a 5-year
survival rate of more than 90%. With the gradual popularization of diagnostic
techniques and endoscopic screening in China, more patients with gastric cancer can
be diagnosed in the early stage and receive therapy.

At present, radical surgery is still the acknowledged treatment for EGC, and
whether it is accompanied by lymph node metastasis (LNM) is an important basis for
the choice of surgery. In recent years, endoscopic submucosal dissection (ESD), a
minimally invasive and effective technique, has become the preferred approach for the
treatment of EGC. It is advantageous because under the premise of strict control of
indications, the surgical trauma is significantly less than laparoscopic or open surgery,
and the long-term prognosis is not worse than surgical treatment. Furthermore, it can
maximize the preservation of gastric functions and improve the life quality of patients
after surgery[2]. However, difficulty in accurately assessing the histopathological
conditions, such as the depth of tumor invasion, the extent of lateral invasion, and
vascular invasion before treatment, as well as the deficiency of endoscopic surgical
technique leads to the occurrence of non-curative resection (NCR), which is also a
disadvantage of endoscopic therapy. A study found that among 194 patients with EGC
who received additional surgical treatment after NCR of ESD, 10 (5.2%) had tumor
recurrence and 11 (5.7%) had LNM]3]. Although patients with NCR of EGC have a
higher risk of LNM and should be treated by additional surgery, follow-up results
showed that most patients do not have LNM after surgery, and some patients are
unable or unwilling to receive surgical treatment due to advanced age and underlying
diseases[4]. Therefore, how to minimize surgical trauma and choose the optimal
treatment to ensure the tumor radical resection is the focus of ongoing research.
Herein, we aim to review the current indications for ESD of EGC in order to better
evaluate treatment options.

EPIDEMIOLOGY OF EGC

Gastric cancer is a worldwide public health problem with a lower cure rate and worse
prognosis. According to the Global Cancer statistic report of the World Health
Organization and the International Agency for Research on Cancer, there were 1
million new cases of gastric cancer worldwide in 2018, ranking fifth among new
patients with malignant tumors. There were 783000 deaths accounting for the third
highest number of cancer-related deaths[5]. There are obvious differences in the
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epidemiological characteristics of gastric cancer between East Asia and Western
countries, among which Japan, South Korea, and China are the regions with a high
incidence of gastric cancer, and the incidence in males is about twice that in females|[5,
6]. Based on the survey results of the National Central Cancer Registry of China, there
were about 410000 new cases of gastric cancer and about 290000 deaths in China in
2014, making it the second common cause of morbidity and mortality among cancer
patients[7]. Although the overall incidence and mortality of gastric cancer have shown
a downward trend with the gradual improvement of diagnostic methods and
strategies and the deepening understanding of its molecular mechanisms, it still faces
huge challenges. In South Korea and Japan, due to the mature gastroscopy screening
system, the detection rate of EGC accounts for 50%-60% of the overall proportion of
gastric cancer[8-10]. In China, with the improvement of people’s health awareness and
the popularization of physical examination, the detection rate of EGC in the overall
incidence of gastric cancer is increasing each year. According to the statistics of the
Chinese Association of Gastrointestinal Cancer Surgery from 2014 to 2016, EGC
accounted for 19% of the total gastric cancer cases, which is still a considerable gap
compared with Japan and South Korea[11] (Figure 1). Therefore, attention should be
paid to the screening, early diagnosis, and treatment in order to further increase the
detection rate of EGC and better improve the long-term prognosis of patients.

ETIOLOGY OF EGC

Helicobacter pylori (H. pylori) infection is an important pathogenic factor for gastric
cancer. In addition, H. pylori is involved in tumor proliferation, apoptosis, and
epigenetic modification of oncogenes, which ultimately leads to tumorigenesis
associated with inflammatory lesions[12]. However, for patients with EGC undergoing
surgery, whether H. pylori is routinely eradicated is still inconclusive, and whether
radical H. pylori eradication can stop the progression from precancerous lesions to
cancer is still debated. Studies have found that compared with the placebo group, the
H. pylori eradication group showed a significantly reduced incidence of metachronous
gastric cancer [hazard ratio (HR) = 0.50, 95% confidence interval (CI): 0.26-0.94, P =
0.03] after ESD in patients with EGC[13]. No serious adverse events occurred in either
group, which fully affirmed the significance of eradicating H. pylori infection in
precancerous lesions and EGC.

Epstein-Barr virus (EBV) mainly exists in gastric cancer cells and lymphoid stroma,
while most normal epithelial cells do not have EBV. Currently, with the establishment
of molecular classification of gastric cancer and the rise of immunotherapy, EBV-
related gastric cancer has gradually attracted attention, but the mechanism of EBV in
the pathogenesis of gastric cancer remains unclear[14]. In the Cancer Genome Atlas
molecular classification, EBV type has higher CpG island methylation, phosphoin-
ositide 3-kinase mutation, programmed death ligand 1/2 overexpression, silencing of
cyclin-dependent kinase inhibitor 2A, and activation of immune-related signaling
pathways, suggesting that EBV-associated gastric cancer may have its own
independent biological and clinical characteristics[14,15]. A study found that the
objective response rate of patients with EBV-positive metastatic gastric cancer was
100% after treatment with pembrolizumab, which preliminarily confirmed that EBV-
positive status can be used as a potential molecular marker to predict the possibility of
immunotherapy[16]. However, the limitation of this study was its retrospective design
and the findings need to be further verified by prospective studies. It is believed that
further studies on the molecular mechanism of EBV-related gastric cancer will provide
a theoretical basis for the refinement of gastric cancer molecular classification and
developing new drugs.

PRINCIPLES OF ENDOSCOPIC RESECTION

LNM is one of the important factors affecting the prognosis of patients with EGC and
the choice of treatment. Therefore, endoscopic treatment is suitable for tumors with
relatively limited primary lesions and an extremely low possibility of LNM][6]. At
present, endoscopic resection of EGC mainly includes endoscopic mucosal resection
(EMR) and ESD. ESD makes up for the problems that EMR cannot remove, such as
large areas of lesions. Moreover, ESD can make more accurate judgments on the depth
of tumor invasion and presence of vascular invasion. Thus, ESD has gradually
replaced EMR as the preferred treatment for EGC[17]. However, there are still many
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Figure 1 Epidemiology of early gastric cancer. In China, early gastric cancer (EGC) accounts for 19% of the total gastric cancer cases, while in Korea and
Japan, EGC accounts for 61% and 58.7% of the total gastric cancer cases, respectively.

controversies regarding the selection of ESD indications for EGC. Consequently, how
to refine the indications for ESD treatment more effectively, reduce surgical trauma,
and improve safety and rationality as far as possible under the premise of curative
resection has gradually become a prominent problem in the treatment of EGC.

Absolute indications

In 2016, the Japan Gastroenterological Endoscopy Society and the Japanese Gastric
Cancer Association (JGCA) jointly issued the guidelines for ESD and EMR of EGC,
which divided indications for endoscopic resection into absolute and expanded
indications[18]. The former has good long-term prognostic evidence, while the latter
lacks reliable long-term prognostic results.

Tumor lesions with a risk of LNM less than 1% for which endoscopic resection is
considered to have the same effect as radical surgery are classified as absolute
indications for ESD therapy[6]. Based on the research results of 5265 patients with
EGC by Gotoda et al[19], Japanese gastric cancer treatment guidelines 2014 (version 4)
clearly stated non-ulcerated and differentiated intramucosal carcinoma with a tumor
diameter < 2 cm as the absolute indication for endoscopic treatment of EGC[20]
(Table 1). This absolute indication range is the same as that mentioned in guidelines
for ESD and EMR for EGC[18]. Based on the results of the JCOGO0607 trial[21], Japanese
gastric cancer treatment guidelines 2018 (5th edition) adjusted tumor diameter > 2 cm,
differentiated intramucosal carcinoma without ulcer lesions and tumor diameter < 3
cm, and differentiated intramucosal carcinoma with ulcer lesions as the absolute
indications for ESD. On the other hand, undifferentiated intramucosal carcinoma
without ulcer and with a diameter < 2 cm was considered an expanded indication for
ESDI[22] (Table 1). This version of guidelines is the same as the Korean Practice
Guideline for Gastric Cancer 2018 for the absolute and expanded indications for ESD
in EGC[23]. In addition, the ongoing study of JCOG1009/1010, which explores the
efficacy and safety of ESD in the treatment of undifferentiated cT1a gastric cancer, has
completed a 5-year follow-up. The results of the study confirmed that the patients with
undifferentiated intramucosal carcinoma with tumor diameter < 2 cm, without ulcers
had a satisfactory prognosis after endoscopic treatment, and no LNM occurred[24,25].
It is believed that this indication is expected to be included in the absolute indication
range of endoscopic resection, which will lay a theoretical foundation for further
elaboration of ESD indications.
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Table 1 Absolute and expanded indications for endoscopic submucosal dissection in early gastric cancer patients in Japanese Gastric Cancer

Association guideline version 4, 2014 and version 5, 2018

Ta T1b

UL (+) UL (+) SM1 (< 500 pum) SM2 (> 500 pum)

s2cm >2cm s3cm >3cm s3cm >3cm s3cm >3cm
JGCA guideline (version 4, 2014)
Differentiated ESD EXPANDED(JCOG0607) EXPANDED(JCOG0607) SURGERY EXPANDED SURGERY SURGERY SURGERY
Undifferentiated EXPANDED SURGERY SURGERY SURGERY SURGERY  SURGERY SURGERY SURGERY
JGCA guideline (version 5, 2018)
Differentiated ESD ESD ESD SURGERY EXPANDED SURGERY SURGERY SURGERY
Undifferentiated EXPANDED(JCOG1009/1010) SURGERY SURGERY SURGERY SURGERY  SURGERY SURGERY SURGERY

JGCA: Japanese Gastric Cancer Association; T1la: Mucosal carcinoma; T1b: Submucosal carcinoma; ESD: Endoscopic submucosal dissection absolute indication;
EXPANDED: Endoscopic submucosal dissection expanded indication; SURGERY: Surgical indication; EGC: Early gastric cancer; UL (-): Without ulcer; UL (+): With
ulcer; SM1: The submucosal invasion depth is less than 500 pm; SM2: The submucosal invasion depth is more than 500 pm.

Jaishideng®

Due to the low incidence of EGC in European and American countries, endoscopic
treatment still lacks relevant evidence-based medicine. Currently, research results of
endoscopic therapy for EGC are mainly based on the data from related studies in
Japan and South Korea. The European Society of Gastrointestinal Endoscopy
guidelines and the National Comprehensive Cancer Network (NCCN) guidelines fully
adopt the absolute indications for endoscopic treatment recommended by the JGCA
for endoscopic resection[26-28]. However, whether the above ESD treatment
indications are suitable for the Chinese population is yet to be validated in high-
quality clinical trials. Therefore, some research centers in China are carrying out
exploratory research on ESD indications for EGC, hoping to establish reasonable ESD
indications that meet the characteristics of the Chinese population[29]. Meanwhile, a
staging diagnosis scheme for EGC suitable for China’s national conditions was
proposed to further achieve the purpose of precision treatment and improve the life
quality and prognosis of patients.

Expanded indications

The absolute indications for ESD for the treatment of EGC have been unanimously
approved, but the application of expanded indications is still controversial. Among
them, assessment of the risk of LNM is the key to determining the optimal therapy for
patients with expanded indications. A study from Korea found that 17.6% of the
patients who were assessed to meet the expanded indications for ESD before surgery
were proved to be non-compliant with the ESD indications after surgery, while only
6.7% of patients who were assessed as absolute indications before surgery did not
meet the indications[30]. It indicates that improving the accuracy of preoperative
diagnosis of expanded indications is a prerequisite for the rational application of ESD
in the treatment of EGC. Therefore, although expanded indications can benefit some
patients with EGC, its exact efficacy is still being explored. A meta-analysis showed
that en bloc resection rates (93.6% vs 97%, P < 0.0001) and radical resection rates (82.4%
vs 94%, P < 0.0001) were significantly lower in patients eligible for the expanded
indications than in those with absolute indications, but there was no statistically
significant difference in long-term survival (P = 0.37)[31]. Another retrospective study
from South Korea used propensity score matching to analyze 522 patients who were
eligible for expanded indications and underwent surgery or endoscopic treatment[32].
The study found that the overall and tumor-specific survival rates were not statist-
ically different between the two groups, but the 5-year relapse-free survival rate in the
surgery group was better than that in the endoscopic group (96.7% vs 92.7%, P < 0.001)
[32]. Further comparison of patient recurrence patterns showed that there was no
significant statistical difference in LNM rate and distant metastasis rate between the
two groups, but the metachronous metastasis rate in the endoscopic group was higher
than that in the surgical group[32]. This result indicates that the recurrence pattern of
patients with expanded indications for endoscopic treatment is mainly local
recurrence. Therefore, endoscopic treatment may be a good option for patients with
expanded indications under the condition of ensuring sufficient surgical margins and
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regular postoperative re-examination.

The JCOGO0607 trial, which is conducted in Japan, suggested that ESD treatment is
safe and effective for EGC patients with expanded indications. A total of 470 patients
eligible for expanded indications for ESD were included in the study. The results
showed that the en bloc rate of ESD was 99.1%, the curative resection rate was 67%, and
the delayed bleeding and perforation rates were 8.5% and 2.6%, respectively. Of these,
86.8% of patients with NCR received surgical treatment, and the 5-year survival rate of
all patients was 97%[21]. Based on the results of this study, it was confirmed that ESD
was reasonable and safe in the treatment of patients with EGC who partially met the
expanded indications. On this basis, the endoscopic treatment indications of the
Japanese gastric cancer treatment guidelines 2018 (5" edition) have been revised to
make the guidelines more in line with the needs of clinical treatment. Therefore, the
current expanded indications for endoscopic treatment mainly include undifferen-
tiated intramucosal carcinoma with tumor diameter < 2 cm and without ulcer lesions
and differentiated submucosal carcinoma with tumor diameter < 3 cm and invasion
depth <500 pm[22]. Recently, with the publication of JCOG1009/1010 results, the
application scope of existing ESD indications will be further expanded, benefiting
more patients with EGC[24] (Table 1).

Although the above research results support the application of ESD expanded
indications, some skeptical studies pointed out that compared with patients with
absolute indications, patients with expanded indications had a higher rate of LNM,
especially for undifferentiated intramucosal carcinoma with a diameter <2 cm [25/972
(2.6%), reference range = 6.79, P = 0.004] and differentiated submucosal carcinoma
with a diameter < 3 cm [8/315 (2.5%), reference range = 6.30, P = 0.004][33]. Therefore,
the current debate on expanded indications mainly focuses on undifferentiated
carcinoma and submucosal infiltrating carcinoma. These two types of lesions seem to
have a higher risk of LNM, which may not only increase the rate of NCR but also pose
a challenge to preoperative evaluation of lesions. Therefore, we suggest that
endoscopic therapy for patients with expanded indications should be selectively
carried out by experienced centers in the context of clinical trials.

MANAGEMENT AFTER ENDOSCOPIC RESECTION

Curative resection

Curative resection refers to the complete resection of the lesions with negative margins
and no vascular and lymphatic infiltration which meet the absolute and expanded
indications. Complete resection is an important condition for curative resection and
complete reconstruction after segmental resection of the lesions can also be considered
as meeting the criteria for curative resection. According to the Japanese gastric cancer
treatment guidelines 2014 (version 4)[20], complete resection, tumor diameter < 2 cm,
differentiated intramucosal carcinoma without ulceration, negative horizontal and
vertical margins, and no lymph node or vascular infiltration are required for absolute
indications. For expanded indications, one of the following four requirements is
required: (1) Tumor diameter > 2 cm, differentiated intramucosal carcinoma without
ulcer; (2) Tumor diameter < 3 cm, differentiated intramucosal carcinoma with ulcer; (3)
Tumor diameter < 2 cm, undifferentiated intramucosal carcinoma without ulcer; and
(4) Tumor diameter < 3 cm, differentiated submucosal carcinoma with invasion depth
<500 pm. In addition, the horizontal and vertical resection margins should be negative
without lymphatic and vascular infiltration (Table 2). Curative resection of EGC is the
ultimate goal of endoscopic therapy and the key is that clinicians need to have a full
grasp of the indications for endoscopic therapy. However, postoperative pathology
confirmed that part of EGC did not reach the standard of curative resection after
endoscopic treatment. Cho et al[34] analyzed the literature on the efficacy of ESD in the
treatment of EGC in Eastern and Western countries in recent years and found that the
en bloc rate was 92%-97% and curative resection rate was 73.6%, which indicated that
NCR still had a certain proportion in postoperative pathological evaluation. Therefore,
the Japanese gastric cancer treatment guidelines 2018 (5*edition) updated the
expression of ‘curative/non-curative resection’ in the evaluation of ESD radical
resection to ‘endoscopic curability (eCura)’[22]. In these guidelines, curative resection,
expanded curative resection, and NCR were changed to eCura A, eCura B, and eCura
C, respectively (Table 2). Studies have found that patients with curative resection still
have a potential recurrence risk after surgery with a local recurrence rate of 0.13%-
1.3%[35], an incidence of simultaneous carcinoma and metachronous carcinoma of
4.0%-12.9% and 2.5%-5.1%, respectively[35-37], and 5-year and 10-year cumulative risk
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Table 2 Curative and non-curative resection criteria for endoscopic submucosal dissection in early gastric cancer patients in Japanese

Gastric Cancer Association guideline version 4, 2014 and version 5, 2018

Ta T1b

UL (- UL (+) SM1 (< 500 pm) SM2 (> 500 pm)

S2cm >2cm s3cm >3cm s3cm >3cm s3cm >3cm
JGCA guideline (version 4, 2014)
Differentiated CR CR CR NCR CR NCR NCR NCR
Undifferentiated CR NCR NCR NCR NCR NCR NCR NCR
JGCA guideline (version 5, 2018)
Differentiated eCura A eCura A eCura A eCura C eCura B eCura C eCura C eCura C
Undifferentiated eCura B eCura C eCura C eCura C eCura C eCura C eCura C eCura C

JGCA: Japanese Gastric Cancer Association; T1la: Mucosal carcinoma; T1b: Submucosal carcinoma; UL (-): Without ulcer; UL (+): With ulcer; SM1: The

submucosal invasion depth is less than 500 pm; SM2: The submucosal invasion depth is more than 500 pm; CR: Curative resection; NCR: Non-curative

resection; eCura A and eCura B: The horizontal and vertical incisal margins were negative; eCura C: It means non-curative resection, which includes eCura

C1 (non-en bloc resection or positive horizontal incisal margin) and eCura C2 (tumor diameter > 2 cm, undifferentiated or submucosal carcinoma).

Jaishideng®

rates as high as 9.5% and 22.7%, respectively[35]. Therefore, for patients with eCura A
and eCura B, the Japanese guidelines recommend close follow-up observation to
monitor the occurrence of metachronous gastric cancer and LNM[38], and regular
high-quality endoscopy follow-up can detect more than 95% of metachronous
carcinomas and regular abdominal computed tomography can monitor the presence or
absence of LNM and distant organ metastasis.

NCR

NCR refers to the situation that does not meet the criteria for curative resection or
expanded curative resection after endoscopic resection, and its incidence is approx-
imately 14.3%-21.4%[39-42]. NCR includes eCura C1 and eCura C2, among which
eCura Cl1 refers to non-en bloc resection and positive horizontal margins, while other
situations belong to eCura C2[22].

For patients with eCura C1, the guidelines recommend additional ESD remedial
resection, surgical treatment, and close follow-up. Follow-up is a feasible strategy for
patients having only positive horizontal margins with a low rate of LNM. A study
found that in 77 patients with positive horizontal margins after ESD, only 11.9% had
local recurrence without distant metastasis after 60 mo of follow-up, and the 5-year
overall survival rate was 94.2%[43]. Other studies have found a higher risk of
recurrence in patients whose tumors were partitioned, but no tumor-related deaths
during the 10-year follow-up period were observed[44]. However, due to the lack of
evidence from randomized controlled studies, there is still no accepted standard
treatment for NCR of eCura C1.

For eCura C2 patients with high-risk factors for LNM, the guidelines recommend
additional surgical treatment. Suzuki et al[45] divided 1969 EGC patients with NCR
into the additional surgery group and the observation group and found that the 5-year
overall survival rates of the two groups were 91% and 75.5% (P < 0.001), and the
disease-specific survival rates was 99.0% and 96.8% (P = 0.013), respectively.
Therefore, although the current treatment of eCura C2 is still controversial, most
evidence shows that additional surgery can benefit patients’ survival[39,46-48].
However, salvage surgery also increases the risk of surgical complications and reduces
the patient’s postoperative life quality, and it is possible for these patients to obtain
postoperative pathological specimens without residual cancer.

Therefore, for patients diagnosed with NCR after ESD, two factors need to be
considered in the formulation of remedial strategies: (1) Positive margin or local
recurrence; and (2) LNM. In the absence of LNM, complete excision can be achieved by
ESD again, regardless of positive margin or local recurrence. However, how to predict
the risk of LNM after NCR of ESD is the key to guiding treatment after NCR[49].

To assess the risk factors for LNM in patients with NCR, Hatta et al[40] proposed the
eCura scoring system to make treatment decisions. Five factors including tumor size (1
point), invasion depth (1 point), lymphatic invasion (3 points), venous invasion (1
point), and vertical margin positive (1 point) were included in the eCura scoring
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system. Patients with a total score of 0-1, 2-4, and 5-7 were classified as low-risk,
medium-risk, and high-risk groups, with LNM rates of 2.5%, 6.7%, and 22.7%,
respectively(Table 3). The eCura scoring system was used to conduct internal
verification on 905 patients with EGC without additional surgical treatment. The
results showed that the 5-year tumor-specific survival rates of the low-, medium-, and
high-risk groups were 99.6%, 96%, and 90.2%, respectively (P < 0.01)[40]. In a follow-
up study, compared to the patients with additional surgery, Hatta et al[41]
demonstrated that a higher risk of tumor recurrence (HR = 3.13, P = 0.024) and no
significant difference in specific tumor-related mortality (reference range = 2.66, P =
0.063) in high-risk patients as per the eCura scoring system. This indicated that the
additional radical surgery after ESD is of great significance to improve the prognosis
of the high-risk group, while close follow-up is also a feasible option for low-risk
group. In addition, Niwa et al[50] retrospectively analyzed 47 patients with EGC and
found that the eCura scoring system was also applicable to the selection of additional
surgery after the NCR of ESD. However, in clinical practice, patients with undifferen-
tiated EGC often choose radical gastrectomy, and there is a selection bias. Therefore,
the study did not recommend the use of eCura scoring system to evaluate risk level
and formulate therapy in patients with undifferentiated EGC. Consequently, how to
put forward a more accurate model to predict LNM and tumor recurrence to reduce
unnecessary surgical trauma is still a research hotspot in the future.

Thus, there are both correlations and differences between eCura and the eCura
scoring system[22,40]. eCura is mainly used for the curative evaluation of EGC
patients undergoing endoscopic resection. As per the guidelines, undifferentiated
carcinoma or carcinoma with a tumor diameter > 2 cm that invades the submucosa are
classified as eCura C2. However, the eCura scoring system is mainly for eCura C2
patients with EGC to predict the risk of LNM, so the histological type is not included
as an evaluation index (Table 4).

MANAGEMENT AFTER ADDITIONAL SURGERY IN PATIENTS WITH
ENDOSCOPIC RESECTION

Whether to add surgery after NCR of EGC should be dependent on the risk of LNM.
For patients with NCR, an accurate histopathological examination should be
performed on the excised specimens, risk factors for LNM should be evaluated
comprehensively, and the treatment strategies should be developed based on
individual conditions. At present, radical surgery is still the main treatment for EGC
patients with NCR. However, conventional surgery provides survival benefits for a
small number of patients while it may impose additional surgical risks on some
patients who do not have LNM. Therefore, there are still controversies about the
choice of additional surgery after ESD. In recent years, although laparoscopic surgery
has developed rapidly, it still lacks sufficient evidence-based medicine. With the
application of the first case of laparoscopic radical gastrectomy in patients with EGC in
1991, it has shown great potential in terms of safety and curative effect[51], but
whether it can achieve the same curative effect as traditional open surgery is still
controversial. Therefore, the JCOG0912 and KLASSO01 trials compared the short-term
and long-term curative effects of laparoscopic radical gastrectomy and traditional
open radical gastrectomy in the treatment of EGC. The results showed that compared
with traditional open surgery, laparoscopic surgery had the same safety and radical
curative effects for tumors, and recurrence rate and long-term survival rate were not
significantly different. However, it had the advantages of less trauma, less bleeding,
lower postoperative complication rate, and faster recovery[52,53]. Meanwhile, the
CLASS02 trial from China also showed that the rate of overall morbidity and mortality
(rate difference = -1.1%, 95%CI: -11.8% to 9.6%) and postoperative complication
occurrence were not significantly different between the laparoscopic group and open
group[54]. Therefore, these studies suggested that laparoscopic radical gastrectomy is
a safe and feasible way to treat EGC.

Distal and proximal gastrectomy

For additional surgery after NCR, the range of gastric resection is not clearly specified
in the guidelines, but the resection range of EGC can be referred to. According to the
European Society for Medical Oncology guidelines, a distal gastrectomy should be
performed if the proximal margin of resection is more than 5 cm from the tumor,
otherwise a total gastrectomy should be considered[55]. According to the NCCN
guidelines, adequate gastrectomy for T1b-T3 stage tumors is recommended to achieve
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Table 3 eCura system for predicting lymph node metastasis rate of non-curative resection in early gastric cancer

Risk factor Score Risk grade Total score' Lymph node metastasis rate (%)
Tumor diameter >3 cm 1 Low 0-1 25

Submucosal invasion depth > 500 pm 1 Medium 2-4 6.7

Lymphatic invasion positive 3

Vascular invasion positive 1 High 5-7 225

Vertical incisal margin positive 1

Total score is the sum of the risk factor scores.

Table 4 Differences and correlations between eCura system and eCura in Japanese Gastric Cancer Association guidelines version 5 in

early gastric cancer

eCura system

eCura in JGCA guidelines version 5, 2018

Evaluation index  Predicting LNM

Curative resection criteria

Scope of Patients with EGC who do not meet the criteria of curative Patients with EGC who receive endoscopic resection

application resection (eCura C2)

Category Low risk; medium risk; high risk eCura A; eCura B; eCura C1; eCura C2 (using eCura system
predicted LNM rate)

JGCA: Japanese Gastric Cancer Association; LNM: Lymph node metastasis; EGC: Early gastric cancer.

JBaishideng®

a negative pathologic margin. Distal gastrectomy is preferred for distal gastric tumors,
while both proximal and total gastrectomy are available for proximal gastric tumors
[27]. Yamasaki et al[56] conducted a prospective multicenter controlled study on early
upper stomach cancer, which confirmed that compared with total gastrectomy,
patients with proximal gastrectomy had good safety and short-term and long-term
efficacy. Therefore, the Japanese guidelines recommend that a safe margin of 2 cm
should be ensured for T1 patients and preoperative endoscopic positioning should be
performed for tumors with unclear boundaries. Distal gastrectomy should be
performed for lower stomach cancer and pylorus-preserving gastrectomy (PPG) and
proximal gastrectomy should be considered for tumors in the middle of the stomach
(more than 4 cm from the pylorus) and upper stomach, respectively[22].

PPG

Function-preserving gastrectomy is performed to maximize the postoperative life
quality of patients by ensuring the radical resection of the tumor. With the gradual
improvement in people’s requirements for quality of life, the treatment of EGC has
gradually shifted from radical gastrectomy to function-preserving gastrectomy which
includes PPG, laparoscopic-endoscopic combined partial gastrectomy, proximal
gastrectomy, segmental gastrectomy, and local gastrectomy. Although segmental
gastrectomy and local gastrectomy can theoretically achieve the effects of radical
oncology, there is still a lack of high-quality research evidence, so it is not often used in
clinical practice. The indications for PPG, which have been studied extensively in
recent years, are mainly for EGC patients with ¢T1NO, tumor lesions located at the
greater curvature of the gastric body, and the distance from the pylorus of more than 4
cm. The advantages of surgery are mainly reflected in the reduced incidence of
dumping syndrome and bile reflux due to pyloric resection, as well as better food
storage[57,58] (Figure 2). Studies have confirmed that the probability of suprapyloric
LNM in T1 stage EGC in the middle of the stomach is only 0.2%. Therefore, lymph
node dissection in the suprapyloric region can be omitted or only partially dissected to
preserve the hepatic branch, the celiac branch, and the pyloric branch of the vagus
nerve and the right gastric vessel, so as to seek a balance between the radical resection
of the tumor and the function preservation as far as possible, and at the same time
reduce the incidence of postoperative gastric emptying and improve the postoperative
life quality of patients[59,60]. We also think that anastomotic methods might be
associated with gastric emptying disorder occurrence after PPG, that is, manual suture
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Figure 2 Indications for pylorus-preserving gastrectomy. For early gastric cancer patients with cT1NO, when the tumor lesion is located at the greater
curvature of the gastric body and the distance from the pylorus is more than 4 cm, they are suitable for pylorus-preserving gastrectomy (PPG) surgery. The
advantages of PPG include reduced incidence of dumping syndrome and bile reflux due to pyloric resection, as well as better food storage.

might be better than Stapler. However, we need to perform large-sample clinical trials
to verify this in the future. In addition, another study conducted short- and long-term
follow-ups of 2898 Japanese patients with EGC in the middle of the stomach who
underwent either PPG or distal gastrectomy[61]. It was found that there were no
statistically significant differences in mortality, incidence of postoperative complic-
ations, and 3-year and 5-year survival rates between the two groups[61]. Meanwhile,
Tsujiura et al[62] evaluated the nutritional status of 465 patients undergoing PPG
surgery and found that the serum total protein, albumin, and hemoglobin could be
maintained at a good level, and the bodyweight ratio could be restored to 93.24% +
7.29% one year after the surgery. Therefore, PPG can achieve the same therapeutic
effects as distal gastrectomy for patients with TINO EGC in the middle of the stomach,
but the grasp of indications, especially the accuracy of preoperative diagnosis, is an
important factor affecting the therapeutic effect.

CONCLUSION

Diagnosis and treatment of EGC are the key to improving the prognosis of patients.
Without affecting the radical effect of EGC, minimally invasive surgery can
significantly improve the postoperative life quality of patients. For some patients with
EGC, endoscopic resection is a safe and effective treatment. With the publication of
JCOG1009/1010 results, the scope of indications for endoscopic therapy will be further
expanded, and endoscopy will occupy an indispensable position in the treatment of
EGC in the future. For patients with EGC who are not suitable for endoscopic resection
or NCR, laparoscopic surgery is an appropriate treatment and may help achieve the
same efficacy as traditional open surgery. Of course, though PPG preserves gastric
functions and shows great potential in terms of patients’ life quality and curative
effects, clinicians still need to be cautious about whether it is suitable for a wide range
of clinical applications. It requires strict technical standardization and large-scale,
multicenter clinical trials to evaluate its safety and efficacy, hoping to provide a
theoretical basis for function-preserving surgery.
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Abstract

The development of colorectal cancer (CRC) can result from changes in a variety
of cellular systems within the tumor microenvironment. Particularly, it is
primarily associated with genomic instability that is the gradual accumulation of
genetic and epigenetic changes consisting of a characteristic set of mutations
crucial for pathways in CRC progression. Based on this background, the potential
to focus on poly [adenosine diphosphate (ADP)-ribose] polymerase (PARP)-1 and
poly-ADP ribosylation (PARylation) as the main causes of malignant formation of
CRC may be considered. One of the important functions of PARP-1 and
PARylation is its deoxyribonucleic acid (DNA) repair function, which plays a
pivotal role in the DNA damage response and prevention of DNA damage
maintaining the redox homeostasis involved in the regulation of oxidation and
superoxide. PARP-1 and PARylation can also alter epigenetic markers and
chromatin structure involved in transcriptional regulation for the oncogenes or
tumor suppressor genes by remodeling histone and chromatin enzymes. Given
the high importance of these processes in CRC, it can be considered that PARP-1
and PARylation are at the forefront of the pathological changes required for CRC
progression. Therefore, this review addresses the current molecular biological
features for understanding the multifactorial function of PARP-1 and PARylation
in CRC related to the aforementioned roles; furthermore, it presents a summary of
recent approaches with PARP-1 inhibition in non-clinical and clinical studies
targeting CRC. This understanding could help embrace the importance of
targeting PARP-1 and PARylation in the treatment of CRC, which may present
the potential to identify various research topics that can be challenged both non-
clinically and clinically.

Key Words: Colorectal cancer; Poly adenosine diphosphate-ribose polymerase-1; Poly
adenosine diphosphate-ribose; Poly-adenosine diphosphate ribosylation
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Core Tip: The main focus is on highlighting the pivotal role of poly adenosine
diphosphate-ribose polymerase-1 (PARP-1) and poly-adenosine diphosphate
ribosylation (PARylation) in regulating deoxyribonucleic acid damage response, redox
homeostasis, chromosomal instability, and transcriptional activity under the common
denominator of overcoming the genomic instability in colorectal cancer (CRC). The
importance of targeting PARP-1 and PARylation in the treatment of CRC will be
emphasized because the level of understanding of pathological changes leading to
malignant transformation of CRC by PARP-1 and PARylation may increase.
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INTRODUCTION

Colorectal cancer (CRC) is a type of cancer that begins with a malignant transfor-
mation in the colon or rectum and usually begins as benign clumps of cells called
polyps from the lining of the large intestine[1]. CRC proceeds gradually through three
connected stages. The first is the initiation of altering the molecular signals of normal
cells that are still classified as precancerous. The next step is the promotion in which
an increase in abnormal signaling is induced. The final step is progression wherein the
phenotypes change, transformed cells are discovered, and a CRC can be diagnosed[2].
Then, changes in various cellular systems within the tumor microenvironment can
make it possible to lead a favorable direction for adaptation even with excessive cancer
cell growth[1,2]. Recent studies reporting on the details of this malignant
transformation have revealed that the following molecular biological and genetic
changes play an important role in the development and progression of CRC[3]. The
formation of CRC is predominantly associated with genomic instability caused by the
gradual accumulation of genetic and epigenetic changes leading to a transformation of
normal colon epithelium into colon adenocarcinoma(3,4]. The phenomena repres-
enting genomic instability, such as chromosomal and microsatellite instability, have
been studied, and they are reportedly associated with defects in mitosis, telomere
stability, and the deoxyribonucleic acid (DNA) damage response. Thus, allowing for
the accumulation of a characteristic set of mutations crucial for activating critical
pathways in CRC development[4,5]. Reactive oxygen species (ROS) are continuously
produced in aerobic organisms both endogenously and through involvement in
various physiological and pathological processes in the cancer cells[6]. The oxidative
stress caused by ROS may play an important role in regulating genetic alterations, and
mutations in genetic material can contribute to CRC cell growth, survival, and
metastasis[7]. Advances in molecular biology over the past few years have increased
our knowledge of the oncogenic mechanisms involved in CRC development, and
oncogenes have been shown to have a major role in cancer cell proliferation,
angiogenesis, and metastasis[8]. These oncogenic activities can also form an intercon-
nected network that includes the phosphorylation of proteins related to carcinogenic
transcription factors, thus leading to malignant transformation of CRC[4,5,9].
Mutations in the tumor suppressor gene, which counteracts this action, also markedly
contribute to the sustained survival of CRC[4].

In recent studies, checkpoint inhibitors were expected to be potential treatments for
CRC patients with high genomic instability[10]. However, the proportion of patients to
whom they could be applied was low, thus showing poor overall prognosis and
limited treatment options; this is particularly exemplified by deficient mismatch repair
associated with rat sarcoma viral oncogene homolog (RAS) mutations[11]. Thus,
finding alternative and effective treatments for patients with CRC is an urgent unmet
clinical need, and the roles of various proteins that occupy a key position in genomic
alterations to DNA damage responses are emerging as a new target for CRC treatment.
Recent genome-wide studies have identified distinct subpopulations of CRC that
possess unstable genomic properties due to mutations in their DNA repair genes[4].
Although the major mechanistic role of these mutations on DNA damage response
genes in CRC has not yet been elucidated and data on clinical effects are reportedly
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insufficient, widespread recognition of the clinical need for targeting DNA damage
responses offered a great opportunity to arouse interest in poly [adenosine
diphosphate (ADP)-ribose] polymerase (PARP)-1[12]. PARP-1 is a nuclear enzyme of
cellular homeostasis that modifies nuclear proteins by poly ADP-ribosylation
(PARylation), and one of its important functions is to induce a response to DNA
damage[12,13]. The pivotal role of PARP-1 in regulating the DNA repair process has
led to clinical investigations that potentially target this important enzyme in ovarian
and pancreatic cancer patients with breast cancer susceptibility gene (BRCA)
mutations[14]. However, finding the optimal biomarkers that can be used to explore
their applicability for CRC remains a challenging task. In addition to the repres-
entative functions of PARP-1 involved in overcoming genetic instability, cancer-
specific phenomena elicited for CRC survival can be interestingly explained by the
molecular biological processes in which PARP-1 participates[14,15]. Because PARP-1
and PARylation are known to have a wide range of essential functions for cellular
homeostasis, the following roles are also attracting attention toward the tumor
microenvironment[13,15]. PARP-1 can regulate mitochondrial activity by occupying a
prominent position characterized by the regulation of mitochondrial peroxide and
oxidation[16]. Further, PARP-1 may directly participate as a transcription regulator
being a member of the transcription family, and PARylation can regulate gene
expression or protein activation by remodeling histone and chromatin enzymes
through direct and indirect pathways (Figure 1)[17,18]. In other words, the widespread
functions essential for cellular homeostasis in the tumor microenvironment that PARP-
1 and PARylation can lead to malignant transformation of CRC, and these are more
likely to adapt better even under inferior conditions unfavorable for survival[13-18].

Therefore, this review summarizes the current knowledge on the molecular
biological and biochemical process of PARylation to understand the multifactorial
functions of PARP-1 that enable the proliferation and survival of CRC. Further, cases
from clinical studies involving patients with CRC targeting PARP-1 were listed, and
treatment outcomes are also discussed.

PARP-1 AND PARYLATION

PARP-1 is a member of the recently well-studied PARP family and forms a domain
containing approximately 106 molecules[19,20]. PARP-1 catalyzes the polymerization
of ADP-ribose from the donor nicotinamide adenine dinucleotide (NAD+) on the
target protein to form a linear or branched poly ADP-ribose (PAR) polymer through a
biochemical action called PARylation[21]. PARP-1 forms a structure in which the N-
terminal double zinc finger DNA binding domain, nuclear localization signal, central
auto-transformation domain, and C-terminal catalytic domain are well conserved[22].
The functional aspect is characterized by having a composition advantageous for
interaction with other molecules, particularly with DNA structures. The N-terminal
DNA-binding domain has three zinc fingers and a specific sequence for localization in
the nucleus, and two homologous zinc finger proteins are characterized by the zinc
finger motif[23]. Auto-modifying domains include the BRCA1 C-terminal motif and
are involved in the interaction with intracellular proteins or nuclear proteins or both.
The C-terminal catalytic domain comprises six $-strands and one a-helical motif that
functionally binds to NAD+[19,23]. The PARP signature (NAD+ binding site) motif is
composed of an acceptor for adenosine and donor of nicotinamide wherein ADP
ribose from NAD+ are transferred to target proteins to PAR synthesis (Figure 2)[23,24].

PARP-1 is a princeps enzyme that can mediate PAR synthesis and attach it to
acceptor proteins[21]. Various molecular and biological functions essential for cancer
cell survival are associated with PARylation, and more than 90% of PARylation
depends on the regulatory function of PARP-1[13]. PARylation proceeds according to
an integrated and dynamic biochemical process, and the hypothesis that the synthetic
method is determined by two potential pathways has recently been established[13,22].
PARP-1 catalyzes the transfer of ADP-ribose units from NAD+ to form a branched-
chain, PAR, which is negatively charged to specific amino acid residues, such as
aspartate, arginine, serine, lysine, and glutamate, on PARP-1 itself and other acceptor
proteins[13,22]. The PAR synthesis is based on the attaching of ADP-ribose to the 2'-
OH end of the growing chain at the terminus adjacent to the PARylation target,
depending on the reaction mechanism of PARP-1[13,21,22]. It may appear as if it is
self-applicable only to the auto-modification of PARP-1; however, at certain stages of
the extension reaction, reactive intermediates during PARylation may also be
transferred to other acceptor molecules in their vicinity[13,21,22]. Besides, PAR may be
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Figure 2 Poly adenosine diphosphate-ribosylation in cancer. Poly adenosine diphosphate-ribose polymerase-1 (PARP-1) branched poly adenosine
diphosphate (ADP)-ribose polymers following the cleavage of nicotinamide adenine dinucleotide+ to ADP-ribose. PARP-1 enables interactions by catalyzing the
covalent attachment of poly ADP-ribose polymers on acceptor proteins, such as histones, deoxyribonucleic acid repair proteins, transcription factors, and chromatin
modulators. This enzymology reaction is known as poly ADP-ribosylation on target proteins, and this process may be important for the malignant transformation of
colorectal cancer. ADP: Adenosine diphosphate; PARP-1: Poly adenosine diphosphate-ribose polymerase-1.

JBaishideng®

synthesized by sequentially adding the following ADP-ribose residues to the 2'-OH
end of the ADP-ribose moiety[21]. Particularly because the substrate properties for
PARP-1 are reduced in the extension reaction, the NAD+ analog is an ideal
modification to modify most PAR acceptor sites by short ADP-ribose oligomers[21,
25]. The ability of PARP-1 to link long, negatively charged PAR polymers to a variety
of acceptor proteins by PARylation suggests that their role as a modulator in favor of
survival signals in cancer cells may accompany potential molecular biological and
biochemical changes[20,26]. The PAR binding on acceptor proteins can form determ-
inistic structures through intramolecular interactions; these structures may have non-
covalent, attractive interactions with other molecules[21]. Thus, PARylation can
modulate protein activity by functioning as a site-specific covalent modification,
protein binding matrix, or steric block[26,27]. Recent studies have increased our
understanding of the role of PARylation in various molecular and cellular processes,
including DNA damage response, chromatin modification, and transcription
regulation[15,20]. It has also been demonstrated that the molecular and cellular aspects
of PARylation can play a potential role in many pathophysiological outcomes,
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including carcinogenesis and overcoming genomic instability[25]. In particular,
carcinogenesis is a multi-step process involving abnormalities such as genomic
maintenance, cell cycle regulation, proliferation, and differentiation and is closely
related to initiation, promotion, and progression of cancer followed by all subsequent
processes leading to advanced stages involving metastasis[2]. Since PARP-1 and
PARylation have been investigated as promising regulators of all these processes, it
may be considered a major target for the inhibition of malignant transformation[16-
20]. Therefore, it is essential to understand the multifactorial role of PARP-1 wand
PARylation in the broader framework of CRC development.

MULTIFACTORIAL ROLE OF PARP-1 AND PARYLATION IN MALIGNANT
TRANSFORMATION OF CRC

DNA damage response and defense mechanisms

DNA damage refers to a single or double-strand break resulting from physical or
chemical changes to DNA that can affect the interpretation and transmission of genetic
information[28]. This leads to an unbeneficial environment for normal cell survival.
However, DNA damage is well recognized as a critical factor in cancer development
and progression[29]. A reason for endogenous DNA damage in CRC is the induction
of replication stress by oncogenes[30,31]. Mutations or overexpression of proto-
oncogenes can transform them into oncogenes that induce sustained cell growth and
carcinogenesis[32]. The oncogenic cell cycle is usually associated with the induction of
replication stress, which is also defined as irregular replication fork progression and
DNA synthesis[31]. Another cause of endogenous DNA damage in CRC is an increase
in ROS[7]. ROS is derived from the incomplete reduction of oxygen, a by-product of
energy metabolism. And it can affect cellular function by reacting with biomolecules,
including nucleic acids and proteins[6]. Consequently, damage to the nucleotide
sequence causes aneuploidy by inducing DNA strand breaks and genomic instability,
which is a critical contributor to induce colon carcinogenesis following gene mutations
[33]. The aforementioned process supports the hypothesis that it may be related to the
development and progression of CRC; however, unregulated replication stress and/or
increased oxidative stress focused on sustained ROS production can have a
devastating effect on the survival of cancer cells[7,31,33]. Therefore, it is necessary to
activate the protective mechanism constantly.

CRC can exert a function characterized by initiating various reactions to protect the
genome in response to DNA damage and ensuring cancer cell survival[4,33]. The DNA
damage response pathway in CRC is characterized by a complex network of multiple
effectors that promote DNA replication and cell proliferation, and genomic alterations
to the DNA damage response pathway may appear[4,12]. Under such a tumor
microenvironment, the roles of PARP-1 and PARylation on DNA damage responses
can be considered as important factors in overcoming genomic instability[14,15].
PARP-1 functionally interacts with the DNA single-strand break (SSB) repair factor
named X-ray repair cross-complementing protein 1 (XRCC1) which plays an important
role in the SSB repair signaling pathway, thus facilitating the recruitment and
assembly of the SSB repair machinery[17,34]. Recent studies have shown that
PARylation is induced directly on the BRCA1 C-terminal domain of XRCC1 and
mediates the early recruitment of XRCC1 targeting DNA lesions[35]. To deal with a
double-strand break, CRC can employ DNA repair mechanisms including non-
homologous end joining (NHE]J) and homologous recombination (HR)[36,37].
However, cancers that arise from BRCA1 germline mutations are deficient in HR DNA
repair and are vulnerable to DNA damage[38]. If DNA lesions are detected in BRCA1-
mutated cancers, PARP-1 and PARylation may play a pioneering role in constructing a
platform for recruiting NHE] repair factors, such as DNA-dependent protein kinases
[37]. Further, CRC cells can activate the function of an antioxidant program to protect
the cells from irreversible oxidative damage by excessive ROS accumulation [39]. The
antioxidant program can be driven by defense through enzymatic antioxidants,
including the detoxification of secondary metabolites and the direct removal of the
electrophiles themselves[40]. Of course, PARP-1 and PARylation remove the negative
aspects of oxidative stress and exert their key roles in areas of positive utilization
related to cancer cell growth or oncogene expression[15,41]. Antioxidant enzymes are
dependent on the activation of the transcriptional action of nuclear factor erythroid-
related factor 2 (NRF2), a basic leucine zipper protein, and NRF2 is involved in
maintaining intracellular homeostasis in response to physiological changes between
intracellular redox actions[42]. The dissociation of NRF2 and Kelch-like ECH-related
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protein 1 is promoted as the production of intracellular ROS increases to levels that
threaten the survival of CRC cells[43]. It can enhance a wide range of downstream
cellular defense processes regulated by NRF2, such as glutamate-cysteine ligase and
glutathione S-transferase[42]. Recent studies have revealed molecular cooperation
between NRF2 and PARP-1 in the transcription of antioxidant genes[41]. Evidence that
PARylation is directly involved in this cooperative process is not yet available;
however, the relevance of PARylation in the mechanism of action of Sirtuin 6 related
to the transcriptional activity of NRF2 is well demonstrated[41,44]. In particular,
PARP-1 can act by directly binding to the antioxidant response element or the
promoter of a small Maf heterodimer; therefore, PARylation can be anticipated to play
a direct or indirect role in NRF2 activity[41]. Furthermore, counteracting mechanism
with PARP-1 and PARylation is denoted by its interaction with the protein kinase B
(AKT) pathway. Phosphatidylinositol 3 phosphorylates AKT to induce an active form
and acts as a redox sensor in cancer cells[7]. Active AKT contributes to hydrogen
peroxide accumulation by stimulating oxidative metabolism and inhibition of class O
of forkhead box-dependent catalase; however, PARP-1 and PARylation can inhibit the
mammalian target of rapamycin complex 1 signaling pathway, thus resulting in
downregulation of AKT activity[7,45]. At this point, it can be emphasized that PARP-1
and PARylation can directly participate in DNA repair and can maintain redox
homeostasis to prevent DNA damage by regulating the oxidation state caused by the
rapid growth of CRC.

Chromosomal instability

Chromosomal instability is defined as a defect that involves the loss or rearrangement
of chromosomes during cell division and has been well demonstrated as the cause of
genetic mutations leading to the stressful tumor microenvironment that supports the
rapid growth of cancer[46]. It is a common feature that accompanies most solid tumors
and can be classified as numerical or structural chromosomal instability[46,47].
Various molecular characterizations of genomic changes make it possible to elucidate
the role of chromosomal instability in cancer; furthermore, these could provide
important information related to the mechanisms of tumorigenesis and genetic
anomalies[46,47]. Since chromosomal instability is associated with cancer progression,
increased invasiveness, poor prognosis, and resistance to anticancer mechanisms,
some investigations could work on elucidating therapeutic benefits by targeting
chromosomal instability in cancers[46,48]. For one, the pathway that regulates
chromosome segregation during mitosis and the one involved in the response
mechanism to taxane were found to be similar in CRC characterized by chromosomal
instability[47]. This is a promising discovery that metastatic CRC is made inherently
resistant to anticancer mechanisms by a taxane, and thereafter, various studies have
supported that PARP-1 and PARylation play key roles in such resistance[14,16]. An
important implication in recent studies is that the role of PARP-1 and PARylation in
chromosomal instability can be emphasized in the chromatic structure change and
regulation of epigenetic genes and mitosis[19,25].

Regulation of chromatin structure by PARP-1 may involve direct binding to
histones as well as non-histone proteins or chromatin-related proteins or the alteration
of nucleosomal structure through PARylation[19,27]. It has been demonstrated that
environmental stimulation for the development of cancer can induce PARP-1- and
PARylation-dependent nucleosome loosening, leading to histone removal and opening
of chromatin structures[49,50]. Activation of PARP-1 promotes chromatin
decondensation in response to signaling pathways for cancer cell growth and differen-
tiation[49]. Chromatin decondensation could be induced by competitive displacement
of histone H1 in the nucleosomes by PARP-1 and ADP-ribosylation on histone H1[51].
The induction of negatively charged PARylation on histone proteins can reportedly
lead to repulsion with DNA, thus leading to chromatin decondensation[52]. Then,
PARP-1 activity on chromatin can target a wide range of domains, and at the
nucleosomal level, it recognizes specific structural features and binds directly to the
nucleosomes[19,53]. The histone cores of the nucleosomes, such as H2A, H2B, H3, and
H4, and the linker histone H1 are well-known direct targets of PARP-1, and such a
function of action can be considered as a proof to induce localized decondensation of
chromatin[25,51]. Recent studies indicated that PARP-1 binds to mononucleosomes
and interacts with trinucleosomes, which is consistent with its role as a chromatin
architectural protein[18,54]. Thereby, the reduction in affinity for surrounding proteins
caused by PARP-1 and PARylation may help protect the linker DNA from nuclease
digestion; in this context, its role in the facilitation of the reassembly of free histones
into nucleosomes may suggest that PARP-1 and PARylation also act as a chaperone for
histone protection under chromosomal instability[18,51,54]. Studies on CRC have
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demonstrated a role of PARylation in the regulation of chromatin relaxation by histone
proteins H1, H2A, and H2B[14,54].

PARylation of histones leading to open chromatin morphology is well known as
another function that enables epigenetic regulation[19,55]. Histones can undergo
covalent modifications from conserved lysine or arginine residues by enzymes called
histone acetyltransferases or methyltransferases, which are related to the regulation of
oncogene expression[56]. A link between PARylation and acetylation may exist via the
positive transcriptional control of histone acetyltransferases by PARP-1, such as that of
E1A binding protein P300 and cyclic adenosine monophosphate response element-
binding protein (CBP), together with the recently identified covalent PARylation on
P300 and CBP[57]. PARylation also has an important role in the maintenance of
histone H3 at lysine 4 as it impinges on its demethylation process through the covalent
modification of the demethylase lysine demethylase 5B[18]. Undergoing such
epigenetic variations with PARylation is a key event necessary for activation of nuclear
factor-kappa B-dependent genes in CRC and recruiting of key proteins involved in the
DNA damage response[15,58]. Further, approximately hundreds to thousands of
genes are considered to be abnormally methylated in the CRC genome, and this
epigenetic change may be an important part of the pathogenesis of CRC[59]. When
abnormally methylated genes are detected in normal mucous membranes, they are
classified into a group with a high risk of developing CRC because abnormal
methylation is equally detected in adenocarcinomas as well as in adenomas[4,58,59].
Thus, methylation is considered to play an important role in the progression of CRC[4,
58]. Some cases of abnormally methylated genes in CRC include integrin subunit alpha
4, O°-methylguanine DNA methyltransferase (MGMT), sodium-coupled
monocarboxylate transporter 1, human mutL homolog 1 (MLH1), and amyloid-beta
precursor protein-binding family A member 1. In particular, it has been suggested that
abnormal methylation of DNA repair genes, such as MGMT and MLHI, in colorectal
adenoma may promote progression to adenocarcinoma[60]. There have been some
reports on the regulation of MGMT or MLHI1 functions by covalent or non-covalent
PARylation in ovarian cancer or glioblastoma; however, only the indirect effects of
PARP-1 and PARylation were investigated in CRC, and there is still no study
demonstrating a direct correlation between such genes and PARylation[12,58,61,62].

CRC is genetically classified into microsatellite instability and chromosomal
instability, and chromosomal instability accounts for about 85% of sporadic CRCs[63].
Since the main feature of chromosomal instability is aneuploidy, it was predicted that
it could be caused by structural changes in chromosomes and abnormal mitosis[64]. A
variety of genetic changes that contribute to chromosomal instability remain to be
elucidated, but the main cause of the high aneuploidy because of an increase in the
total chromosome number is reportedly a trait that can be shared with the occurrence
of mitotic defects[65]. Potential defects in various genes that participate in many
mitotic processes for CRC development can lead to uneven separation of chromo-
somes and have been investigated to their involvement in the aneuploidy and carcino-
genesis of CRC[47]. These include chromosomal condensation, centrosome replication,
microtubule dynamics, and checkpoints for proper progression of the cell cycle[46,47].
For example, centromere protein A is a centromere-specific histone-H3-like variant
essential for centromere structure and function, which play a critical role in the
assembly of protein complexes that perform the function of identical chromosomal
separation in the CRC[66]. In addition, aurora kinases can be overexpressed in CRC,
resulting in a transgenic activity[67]. Checkpoint gene budding uninhibited by
benomyl (BUB)s are mutated in CRC, and exogenous expression of mutant BUBs
confers abnormal spindle checkpoints[68]. The checkpoint with forkhead-associated
and ring finger domains (CHFR) is a mitotic checkpoint and tumor-suppressor gene,
its loss contributes to carcinogenesis of CRC[69]. Although there are still no reports
demonstrating genetic benefits for cancer survival by the regulation of CRC-specific
mitotic defects by PARP-1 and PARylation, the existing theory offers a chance to focus
on the possibility that the function of PARP-1 and PARylation is related to the
regulation of mitotic checkpoint genes, which are involved in the mitotic defect of
CRC. PARP-1 is accumulated in the centrosome chromatin until metaphase during
mitosis and dissociates from anaphase after interacting with centromere proteins A
and B and BUB mitotic checkpoint proteins[15,68,70]. It has also been found to interact
with aurora kinases to inhibit DNA damage-induced activity and reduce histone H3
serine 10 phosphorylation[71]. Furthermore, another mitotic checkpoint, known as the
antephase checkpoint, precedes the spindle assembly checkpoint and occurs in the
initial prophase[72]. The antephase checkpoint responds to microtubule toxicity or
DNA damage and causes chromosomal decondensation and delayed mitosis[72].
CHEFR has a role in the ubiquitination of polo-like kinase 1 as an E3 ubiquitin ligase,
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and it can be stabilized by PARylation. The key function of CHFR is to ensure intact
antephase checkpoints, and it has been demonstrated that PARylation increases
interaction with CHFR to control prophase checkpoints in stressful environments
during mitosis[70,73,74]. It is likely for listed genes to be potential candidates to be
targeted for demonstrating the association of mitosis defects with PARP-1 and
PARylation in identifying the malignancy of CRC [60,63-66,68,69,71-74].

Modulation of tumor suppressor gene and oncogene expression

The sequential acquisition of genetic and epigenetic changes in CRC has been well
defined recently through widespread genetic studies[4,31,33,47]. These studies
presented clear evidence that the initiation and progression of CRC depend on the
mutation of tumor suppressor genes or abnormal expression of oncogenes in stages
followed by invasive and metastatic CRC[4,31,33,47]. Somatic mutations in the
adenomatous polyposis coli (APC) gene are observed in slightly over 80% of all
sporadic CRC. Similarly, mutations in the DNA mismatch repair genes, such as mutS
homolog 2, mutL homolog 1, and PMS2, are found in the majority of the remaining
20% of sporadic CRC[47,75]. Many kinds of genes have been recently identified, and
they have a causal relationship with the formation of CRC in the later stages of
neoplastic transformation. Representative examples include Kirsten ras (KRAS)
oncogenic activation and mutant inactivation of several tumor suppressor genes,
including deleted pancreatic cancer locus 4 and p53[76,77]. Among the changes in
various genes in CRC, studies on APC, p53, and KRAS were the recently focused. APC
is a key component of the 3-catenin disruption complex involved in the degradation
and inhibition of the Wnt/p-catenin signaling pathway; therefore, a mutation in APC
induces the stabilization and accumulation of p-catenin in the tumor microenvir-
onment, thus this mutation is in charge of the earliest process in the development of
CRC[78,79]. p53 is a tumor suppressor gene that encodes a transcription factor that
regulates the transcription of countless genes involved in various processes, such as
DNA repair, cell cycle arrest, death, and metabolism[80]. The p53 mutation is
associated with the progression of sporadic CRC and leads to adenoma-to-carcinoma
transition as the loss of function contributes to the propagation of damaged DNA to
daughter cells[4,77]. KRAS is a membrane-bound protein with intrinsic guanosine
triphosphatase (GTPase) activity and belongs to a family of RAS genes involved in
signaling pathways that regulate cell proliferation, differentiation, and survival[76].
KRAS mutations impair the intrinsic GTPase activity of KRAS, causing the accumu-
lation of KRAS protein in the state of GTPase binding activity, resulting in constitutive
activation of downstream proliferative signaling pathways[76]. Following this context,
since the current understanding of PARP1-induced PARylation can be emphasized
owing to its potential involvement in transcriptional regulation by interaction with
PARylated proteins, it is necessary to give an eye to the function of PARP-1 and
PARylation concerning the gene regulation of APC, p53, and KRAS in CRC.

Defects of the function of the APC tumor suppressor gene are associated with
familial and sporadic CRC, resulting in the accumulation of -catenin and activation of
T-cell factor 4 and lymphoid enhancer factor[81,82]. PARP-1 interacts with the T-cell
factor 4 in CRC to act as a bridge for the complex interaction of T-cell factor 4 with -
catenin[83]. Through this function, PARP-1 increases the transcriptional activation of
T-cell factor 4 and lymphoid enhancer factor with p-catenin[50,83]. mRNA and protein
expression level of PARP-1 is reportedly elevated in the clinical biopsy of familial
adenomatous polyposis and sporadic CRC, suggesting that they may be a possible
cause of PARP-1 regulatory transcriptional activation in CRC[84]. It has also been
demonstrated that PARP-1-mediated transcription up-regulation with T-cell factor 4
and lymphoid enhancer factor may be increased in sporadic CRC compared to normal
tissues[50,82,83]. A direct correlation of PARylation with T-cell factor 4 or lymphatic
system enhancer has not yet been established; however, it is possible to deduce that
transcriptional regulation of PARP-1 is carried out in conjunction with PARylation
based on the evidence for PAR accumulation in the nucleus of CRC cells[27]. That is,
PARP-1 can positively regulate the transcriptional activity of T-cell factor 4 and
lymphoid enhancer factor in CRC, and it can be inferred that APC may be more active
in CRC when PARP-1 and PARylation are actively involved[27,81-83]. PARP-1 also
has a unique function that allows direct regulation of sequence-specific transcription
factors, and it can form a complex that allows down-regulation of all transcription
processes involving p53[50,85]. The formation of a transcription inhibitory complex is
made possible by direct covalent binding of PAR to p53 to induce p53 stabilization[14,
50,85]. PARylation of p53 first leads to recruitment of histone deacetylases; this
transcriptional inhibitory complex can upregulate cancer-related genes and pheno-
types by raising the level of expression of hypoxia-inducing factor-la and vascular
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endothelial growth factor, which is related to malignant transformation of CRC[14,85].
It has been suggested that PARP-1 interacts with the G4 motif region of the KRAS
promoter under the tumor microenvironment subjected to oxidative stress, such as
increased ROS levels[86-88]. As aforementioned, oxidative stress caused by ROS can
play an important role in the regulation of genetic changes and can be considered a
common feature in most solid cancers, particularly contributing to the growth,
survival, and metastasis of CRC[6,7,88]. Under such a condition, it has been proved
that PARP-1 is recruited to the KRAS promoter G4 structure after which it undergoes
auto-PARylation[88]. The results revealed the mobilization of the transcription factors,
heterogeneous nuclear ribonucleoprotein A1 (HNRNPA1), and the protooncogene
(MYC)-associated zinc finger protein, as well as the formation of a transcription pre-
initiation complex[88,89]. It may be characterized by favoring recruitment to the
promoter of cationic transcription factors required for KRAS transcription, such as
HNRNPA1 and MYC-associated zinc finger protein, because of the strong anionic
properties of PAR[88].

NON-CLINICAL AND CLINICAL STUDIES ON CRC TREATMENT

The first-generation PARP1 inhibitor, a nicotinamide analog, was found to have a
cytotoxic effect on tumor cells when combined with genotoxic stress agents; however,
it was not applicable for in vivo experiments because they had to be used in millimolar
concentrations for in vitro studies[90]. More effective second-generation PARP-1
inhibitors were developed based on quinazoline analogs, some of which have become
the basis for further development of more effective PARP-1 inhibitors, and they
applied to the investigations targeting most cancer types[90]. However, non-clinical
studies on inhibiting PARP-1 in CRC are still in their infancy, and regarding anticancer
effects targeting CRC through a method of inhibiting PARP-1, results of only small-
scale studies conducted mainly using a few small molecules, such as PJ34, NU1085,
and AG14361, are available[91-94]. The phenanthridine PJ34 treatment reportedly
decreased the viability of CRC cells by G2/M cell cycle arrest and subsequent
clustering of additional centroids[91]. Previous studies have shown that NU1085, a
family of benzimidazole PARP-1 inhibitors, exhibited potent anticancer effects in a
panel of CRC cell lines at low concentrations regardless of the status of p53[92].
AG14361, binding to the catalytic domain of PARP-1, inhibited the growth of CRC
even at extremely low concentrations, and its combination with irinotecan impeded
the growth of human CRC in the xenograft model by 2-to 3-fold without body-weight
loss[93,94]. Recently, five PARP inhibitors, olaparib, niraparib, veliparib, rucaparib,
and talazoparib, are drawing attention[95-100]. Olaparib is an oral PARP inhibitor first
approved for the treatment of advanced ovarian cancer; however, today, it is also
being applied to patients with other cancer types with BRCA mutations[96]. Niraparib
is an oral medicine for the highly selective inhibitor of PARP-1 and-2 used for the
treatment of women with advanced ovarian cancer regardless of BRCA mutation or
HR deficiency status[100]. Veliparib, an oral inhibitor of PARP-1 and-2, is also being
studied for its applicability to treating many types of cancer with BRCA mutations, as
well as advanced ovarian cancer[97]. Rucaparib is an oral, small-molecule inhibitor of
PARP-1, -2, and -3[98]. Talazoparib is an orally bioavailable PARP inhibitor with the
potential antineoplastic activity that targets cancer with BRCA mutations or with
deficiencies in DNA damage repair[99]. The five mentioned PARP-1 inhibitors
reportedly have anticancer effects, primarily under the characteristics of the tumor
microenvironment associated with genetic changes. CRC cells with short hairpin RNA
depletion of ataxia telangiectasia mutated protein kinase are sensitive to olaparib, and
the depletion of p53 enhances this sensitivity[101]. The combination of niraparip or
rucaparip with the topoisomerase I inhibitor irinotecan obtained results showing
enhanced anticancer efficacy targeting CRC cells regardless of microsatellite status
[102,103]. Veliparib could be more sensitive to CRC cells undergoing mutations in
mismatch repair or mutS Homolog 3 genes, and talazoparib could increase antitumor
effects through the formation of DNA a double-strand break in CRC cell lines and
xenograft animal models with wild-type BRCA genes[104,105].

According to the outcomes in previous clinical trials, the lack of anticancer activity
in PARP-1 inhibitors mainly targeting CRC has led to little interest in further clinical
development. This is because a clinical trial for talazoparib involving patients with
breast cancer including CRC with HR pathway gene mutation is ongoing; however, no
tumor response targeting CRC has been noted so far[106]. The exact indications were
defined as non-breast tumors, such as the pancreas, uterine, testicular, parotid
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Table 1 The ongoing clinical trials of poly adenosine diphosphate-ribose polymerase-1 inhibitor for the treatment of colorectal cancer

Drug Trial ID Target Indication Outcome measurement Arm
Olaparib NCT04456699 Unresectable or metastatic CRC patients who Primary: PFS (up to 6 yr); Secondary: (1) Olaparib; (2) Olaparib +
have not progressed following first-line OS, ORR, DOR, AE (up to 6 yr) Bevacizumab; (3) 5-FU +
therapy of FOLFOX with bevacizumab Bevacizumab; Triple-arms
Olaparib NCT04166435 06-MGMT hypermethylated CRC patients Primary: ORR (up to 2 yr); Secondary: Temozolomide + Olaparib;
AE, PFS, OS (up to 2 yr) Single-arm
Niraparib NCT03983993 Patients with metastatic CRC Primary: Clinical benefit rate (CR + Niraparib + Panitumumab;

PR + SD, up to 5 yr); Secondary: ORR, Single-arm
DOR, PFS, OS (up to 5 yr)

Rucaparib NCT03337087 Treating patients with metastatic CRCup to ~ Primary: MTD, DLT, ORR (SD, CR, liposomal irinotecan + 5-FU +
third-line of prior therapy PR; up to 3 yr); Secondary: DCR, PFS,  rucaparib; Single-arm
OS, AE (up to 3 yr)

FOLFOX: Leucovorin + 5-FU + Oxaliplatin; PFS: Progression-free survival; OS: Overall survival; ORR: Objective response rate; DOR: Duration of response;
AE: Adverse events; CR: Complete response; PR: Partial response; SD: Stable disease; DLT: Dose-limiting toxicity; MTD: Maximum tolerated dose; DCR:
Disease control rate; MGMT: Methylguanine deoxyribonucleic acid methyltransferase.

salivary, and CRC[106]. And, a placebo-controlled phase 2 study evaluated the efficacy
and tolerability of veliparib in combination with 5-fluorouracil, leucovorin, and
irinotecan (FOLFIRI) compared to placebo plus FOLFIRI in patients with refractory
and metastatic CRC[107]. Although there were no unexpected safety issues, it solely
showed similar efficacy between the two groups[107]. However, the feasibility of its
applicability to CRC treatment is being investigated in recent clinical trials in
combination with existing anticancer drugs. The ongoing cases of clinical trials
involving combination with PARP-1 inhibitors are as follows (Table 1): (1) In patients
with histologically confirmed metastatic or unresectable CRC who have not recovered
following first-line therapy of 5-fluorouracil, leucovorin, and oxaliplatin with
bevacizumab, the efficacy and safety of olaparib monotherapy or in combination with
bevacizumab has been evaluated in comparison with bevacizumab with 5-fluorouracil
[108]; (2) The efficacy of temozolomide in combination with olaparib has been
evaluated in patients with MGMT promoter hypermethylated advanced CRC[109]; (3)
The adverse effects and activity of the combination of niraparib with an epidermal
growth factor receptor inhibitor, panitumumab, has been evaluated in previously
treated patients with RAS wild-type, microsatellite stable, and microsatellite instable
metastatic CRC[110]; and (4) Phase I/1I study for the investigation of side effects and
best dose of liposomal irinotecan and rucaparib when given together with 5-
fluorouracil and to see how well they work in treating patients with metastatic CRC
[111]. The bright side is that the cases of clinical trials using PARP-1 inhibitors for CRC
treatment is still only at the beginning stage, which can be counted with a finger, and it
is anticipated that clinical trials that take into account the aforementioned various
functions of PARP-1 and PARylation in CRC have not been initiated in earnest. This is
because obvious challenges still exist to clear up scattered tasks, such as finding
optimal biomarkers to screen applicable and appropriate patients with CRC.

CONCLUSION

The pathogenic roles of PARP-1-driven PARylation contributing to CRC are being
actively considered in various processes required for CRC development, such as DNA
damage response, transcriptional regulation, and overcoming chromosomal
instability. In particular, further understanding the genetic characteristics of CRC
related to the aforementioned functions for achieving significant clinical benefits by
targeting PARP-1 is necessary. Therefore, it is essential to continue the discovery of
optimal biomarkers that can be appropriately applied to the treatment of CRC and the
pathogenetic investigations to overcome the predicted toxicity or resistance. If a clearer
scientific background is supported, it is strongly inferred that the feasibility of clinical
trials targeting PARP and PARylation for CRC treatment could increase.

WJGO | https://www.wjgnet.com 583 June 15,2021 | Volume13 | Issue6 |

Jaishideng®



Jeong KY et al. Significance of targeting PARylation in colorectal cancer treatment

Jaishideng®

REFERENCES

1

10

11

12

13

15

16

17

18

19

20

21

22

23

24

Kuipers EJ, Grady WM, Lieberman D, Seufferlein T, Sung JJ, Boelens PG, van de Velde CJ,
Watanabe T. Colorectal cancer. Nat Rev Dis Primers 2015; 1: 15065 [PMID: 27189416 DOI:
10.1038/nrdp.2015.65]

Centelles JJ. General aspects of colorectal cancer. ISRN Oncol 2012; 2012: 139268 [PMID:
23209942 DOI: 10.5402/2012/139268]

Liu J, Cho YB, Hong HK, Wu S, Ebert PJ, Bray SM, Wong SS, Ting JC, Calley JN, Whittington
CF, Bhagwat SV, Reinhard C, Wild R, Nam DH, Aggarwal A, Lee WY, Peng SB. Molecular
dissection of CRC primary tumors and their matched liver metastases reveals critical role of immune
microenvironment, EMT and angiogenesis in cancer metastasis. Sci Rep 2020; 10: 10725 [PMID:
32612211 DOI: 10.1038/s41598-020-67842-5]

Testa U, Pelosi E, Castelli G. Colorectal cancer: genetic abnormalities, tumor progression, tumor
heterogeneity, clonal evolution and tumor-initiating cells. Med Sci (Basel) 2018; 6 [PMID:
29652830 DOI: 10.3390/medsci6020031]

Issa JP. Colon cancer: it's CIN or CIMP. Clin Cancer Res 2008; 14: 5939-5940 [PMID: 18829469
DOI: 10.1158/1078-0432.CCR-08-1596]

Bardaweel SK, Gul M, Alzweiri M, Ishaqat A, ALSalamat HA, Bashatwah RM. Reactive Oxygen
Species: the Dual Role in Physiological and Pathological Conditions of the Human Body. Eurasian J
Med 2018; 50: 193-201 [PMID: 30515042 DOI: 10.5152/eurasianjmed.2018.17397]

Lin S, Li Y, Zamyatnin AA Jr, Werner J, Bazhin AV. Reactive oxygen species and colorectal
cancer. J Cell Physiol 2018; 233: 5119-5132 [PMID: 29215746 DOI: 10.1002/jcp.26356]
Koveitypour Z, Panahi F, Vakilian M, Peymani M, Seyed Forootan F, Nasr Esfahani MH, Ghaedi
K. Signaling pathways involved in colorectal cancer progression. Cell Biosci 2019; 9: 97 [PMID:
31827763 DOI: 10.1186/s13578-019-0361-4]

Garcia-Cardenas JM, Guerrero S, Lopez-Cortés A, Armendariz-Castillo I, Guevara-Ramirez P,
Pérez-Villa A, Yumiceba V, Zambrano AK, Leone PE, Paz-Y-Mifo C. Post-transcriptional
Regulation of Colorectal Cancer: A Focus on RNA-Binding Proteins. Front Mol Biosci 2019; 6: 65
[PMID: 31440515 DOI: 10.3389/fmolb.2019.00065]

Morse MA, Hochster H, Benson A. Perspectives on Treatment of Metastatic Colorectal Cancer with
Immune Checkpoint Inhibitor Therapy. Oncologist 2020; 25: 33-45 [PMID: 31383813 DOI:
10.1634/theoncologist.2019-0176]

Marmorino F, Boccaccino A, Germani MM, Falcone A, Cremolini C. Immune Checkpoint
Inhibitors in pMMR Metastatic Colorectal Cancer: A Tough Challenge. Cancers (Basel) 2020; 12
[PMID: 32824490 DOI: 10.3390/cancers12082317]

Mauri G, Arena S, Siena S, Bardelli A, Sartore-Bianchi A. The DNA damage response pathway as a
land of therapeutic opportunities for colorectal cancer. 4nn Oncol 2020; 31: 1135-1147 [PMID:
32512040 DOI: 10.1016/j.annonc.2020.05.027]

Kamaletdinova T, Fanaei-Kahrani Z, Wang ZQ. The Enigmatic Function of PARP1: From
PARylation Activity to PAR Readers. Cells 2019; 8: 1625 [PMID: 31842403 DOI:
10.3390/cells8121625]

Weaver AN, Yang ES. Beyond DNA Repair: Additional Functions of PARP-1 in Cancer. Front
Oncol 2013; 3: 290 [PMID: 24350055 DOI: 10.3389/fonc.2013.00290]

Marti JM, Fernandez-Cortés M, Serrano-Saenz S, Zamudio-Martinez E, Delgado-Bellido D,
Garcia-Diaz A, Oliver FJ. The Multifactorial Role of PARP-1 in Tumor Microenvironment. Cancers
(Basel) 2020; 12: 739 [PMID: 32245040 DOI: 10.3390/cancers12030739]

Gallyas F Jr, Sumegi B. Mitochondrial Protection by PARP Inhibition. Int J Mol Sci 2020; 21: 2767
[PMID: 32316192 DOI: 10.3390/ijms21082767]

Ko HL, Ren EC. Functional Aspects of PARP1 in DNA Repair and Transcription. Biomolecules
2012; 2: 524-548 [PMID: 24970148 DOI: 10.3390/biom2040524]

Ciccarone F, Zampieri M, Caiafa P. PARP1 orchestrates epigenetic events setting up chromatin
domains. Semin Cell Dev Biol 2017; 63: 123-134 [PMID: 27908606 DOI:
10.1016/j.semcdb.2016.11.010]

Gupte R, Liu Z, Kraus WL. PARPs and ADP-ribosylation: recent advances linking molecular
functions to biological outcomes. Genes Dev 2017; 31: 101-126 [PMID: 28202539 DOI:
10.1101/gad.291518.116]

Gibson BA, Kraus WL. New insights into the molecular and cellular functions of poly(ADP-ribose)
and PARPs. Nat Rev Mol Cell Biol 2012; 13: 411-424 [PMID: 22713970 DOI: 10.1038/nrm3376]
Alemasova EE, Lavrik OI. Poly(ADP-ribosyl)ation by PARP1: reaction mechanism and regulatory
proteins. Nucleic Acids Res 2019; 47: 3811-3827 [PMID: 30799503 DOI: 10.1093/nar/gkz120]
Biirkle A. Poly(ADP-ribose). The most elaborate metabolite of NAD+. FEBS J 2005; 272: 4576-
4589 [PMID: 16156780 DOI: 10.1111/5.1742-4658.2005.04864 x]

Langelier MF, Planck JL, Roy S, Pascal JM. Crystal structures of poly(ADP-ribose) polymerase-1
(PARP-1) zinc fingers bound to DNA: structural and functional insights into DNA-dependent
PARP-1 activity. J Biol Chem 2011; 286: 10690-10701 [PMID: 21233213 DOI:
10.1074/jbc.M110.202507]

Mansoorabadi SO, Wu M, Tao Z, Gao P, Pingali SV, Guo L, Liu HW. Conformational activation
of poly(ADP-ribose) polymerase-1 upon DNA binding revealed by small-angle X-ray scattering.
Biochemistry 2014; 53: 1779-1788 [PMID: 24588584 DOI: 10.1021/bi401439n]

WJGO | https://www.wjgnet.com 584 June 15,2021 | Volume13 | Issue6 |


http://www.ncbi.nlm.nih.gov/pubmed/27189416
https://dx.doi.org/10.1038/nrdp.2015.65
http://www.ncbi.nlm.nih.gov/pubmed/23209942
https://dx.doi.org/10.5402/2012/139268
http://www.ncbi.nlm.nih.gov/pubmed/32612211
https://dx.doi.org/10.1038/s41598-020-67842-5
http://www.ncbi.nlm.nih.gov/pubmed/29652830
https://dx.doi.org/10.3390/medsci6020031
http://www.ncbi.nlm.nih.gov/pubmed/18829469
https://dx.doi.org/10.1158/1078-0432.CCR-08-1596
http://www.ncbi.nlm.nih.gov/pubmed/30515042
https://dx.doi.org/10.5152/eurasianjmed.2018.17397
http://www.ncbi.nlm.nih.gov/pubmed/29215746
https://dx.doi.org/10.1002/jcp.26356
http://www.ncbi.nlm.nih.gov/pubmed/31827763
https://dx.doi.org/10.1186/s13578-019-0361-4
http://www.ncbi.nlm.nih.gov/pubmed/31440515
https://dx.doi.org/10.3389/fmolb.2019.00065
http://www.ncbi.nlm.nih.gov/pubmed/31383813
https://dx.doi.org/10.1634/theoncologist.2019-0176
http://www.ncbi.nlm.nih.gov/pubmed/32824490
https://dx.doi.org/10.3390/cancers12082317
http://www.ncbi.nlm.nih.gov/pubmed/32512040
https://dx.doi.org/10.1016/j.annonc.2020.05.027
http://www.ncbi.nlm.nih.gov/pubmed/31842403
https://dx.doi.org/10.3390/cells8121625
http://www.ncbi.nlm.nih.gov/pubmed/24350055
https://dx.doi.org/10.3389/fonc.2013.00290
http://www.ncbi.nlm.nih.gov/pubmed/32245040
https://dx.doi.org/10.3390/cancers12030739
http://www.ncbi.nlm.nih.gov/pubmed/32316192
https://dx.doi.org/10.3390/ijms21082767
http://www.ncbi.nlm.nih.gov/pubmed/24970148
https://dx.doi.org/10.3390/biom2040524
http://www.ncbi.nlm.nih.gov/pubmed/27908606
https://dx.doi.org/10.1016/j.semcdb.2016.11.010
http://www.ncbi.nlm.nih.gov/pubmed/28202539
https://dx.doi.org/10.1101/gad.291518.116
http://www.ncbi.nlm.nih.gov/pubmed/22713970
https://dx.doi.org/10.1038/nrm3376
http://www.ncbi.nlm.nih.gov/pubmed/30799503
https://dx.doi.org/10.1093/nar/gkz120
http://www.ncbi.nlm.nih.gov/pubmed/16156780
https://dx.doi.org/10.1111/j.1742-4658.2005.04864.x
http://www.ncbi.nlm.nih.gov/pubmed/21233213
https://dx.doi.org/10.1074/jbc.M110.202507
http://www.ncbi.nlm.nih.gov/pubmed/24588584
https://dx.doi.org/10.1021/bi401439n

Jaishideng®

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

Jeong KY et al. Significance of targeting PARylation in colorectal cancer treatment

Ryu KW, Kim DS, Kraus WL. New facets in the regulation of gene expression by ADP-ribosylation
and poly(ADP-ribose) polymerases. Chem Rev 2015; 115: 2453-2481 [PMID: 25575290 DOI:
10.1021/cr5004248]

Langelier MF, Eisemann T, Riccio AA, Pascal JM. PARP family enzymes: regulation and catalysis
of the poly(ADP-ribose) posttranslational modification. Curr Opin Struct Biol 2018; 53: 187-198
[PMID: 30481609 DOI: 10.1016/j.sb1.2018.11.002]

Krishnakumar R, Kraus WL. The PARP side of the nucleus: molecular actions, physiological
outcomes, and clinical targets. Mol Cell 2010; 39: 8-24 [PMID: 20603072 DOI:
10.1016/j.molcel.2010.06.017]

Cannan WJ, Pederson DS. Mechanisms and Consequences of Double-Strand DNA Break
Formation in Chromatin. J Cell Physiol 2016; 231: 3-14 [PMID: 26040249 DOI: 10.1002/jcp.25048]
Alhmoud JF, Woolley JF, Al Moustafa AE, Malki MI. DNA Damage/Repair Management in
Cancers. Cancers (Basel) 2020; 12: 1050 [PMID: 32340362 DOI: 10.3390/cancers12041050]
Tubbs A, Nussenzweig A. Endogenous DNA Damage as a Source of Genomic Instability in Cancer.
Cell 2017; 168: 644-656 [PMID: 28187286 DOI: 10.1016/j.cell.2017.01.002]

Mazouzi A, Velimezi G, Loizou JI. DNA replication stress: causes, resolution and disease. Exp Cell
Res 2014; 329: 85-93 [PMID: 25281304 DOI: 10.1016/j.yexcr.2014.09.030]

Shortt J, Johnstone RW. Oncogenes in cell survival and cell death. Cold Spring Harb Perspect Biol
2012; 4: 2009829 [PMID: 23209150 DOI: 10.1101/cshperspect.a009829]

Grady WM, Carethers JM. Genomic and epigenetic instability in colorectal cancer pathogenesis.
Gastroenterology 2008; 135: 1079-1099 [PMID: 18773902 DOI: 10.1053/j.gastro.2008.07.076]
Ray Chaudhuri A, Nussenzweig A. The multifaceted roles of PARPI in DNA repair and chromatin
remodelling. Nat Rev Mol Cell Biol 2017; 18: 610-621 [PMID: 28676700 DOI:
10.1038/nrm.2017.53]

Wei H, Yu X. Functions of PARylation in DNA Damage Repair Pathways. Genomics Proteomics
Bioinformatics 2016; 14: 131-139 [PMID: 27240471 DOI: 10.1016/j.gpb.2016.05.001]

Sun S, Osterman MD, Li M. Tissue specificity of DNA damage response and tumorigenesis. Cancer
Biol Med 2019; 16: 396-414 [PMID: 31565474 DOIL: 10.20892/.issn.2095-3941.2019.0097]

Reilly NM, Novara L, Di Nicolantonio F, Bardelli A. Exploiting DNA repair defects in colorectal
cancer. Mol Oncol 2019; 13: 681-700 [PMID: 30714316 DOI: 10.1002/1878-0261.12467]
Konstantinopoulos PA, Ceccaldi R, Shapiro GI, D'Andrea AD. Homologous Recombination
Deficiency: Exploiting the Fundamental Vulnerability of Ovarian Cancer. Cancer Discov 2015; 5:
1137-1154 [PMID: 26463832 DOI: 10.1158/2159-8290.CD-15-0714]

Liu H, Liu X, Zhang C, Zhu H, Xu Q, Bu Y, Lei Y. Redox Imbalance in the Development of
Colorectal Cancer. J Cancer 2017; 8: 1586-1597 [PMID: 28775778 DOI: 10.7150/jca.18735]
Kurutas EB. The importance of antioxidants which play the role in cellular response against
oxidative/nitrosative stress: current state. Nutr J 2016; 15: 71 [PMID: 27456681 DOI:
10.1186/512937-016-0186-5]

Wu T, Wang XJ, Tian W, Jaramillo MC, Lau A, Zhang DD. Poly(ADP-ribose) polymerase-1
modulates Nrf2-dependent transcription. Free Radic Biol Med 2014; 67: 69-80 [PMID: 24140708
DOI: 10.1016/j.freeradbiomed.2013.10.806]

Ma Q. Role of nrf2 in oxidative stress and toxicity. Annu Rev Pharmacol Toxicol 2013; 53: 401-426
[PMID: 23294312 DOI: 10.1146/annurev-pharmtox-011112-140320]

Panieri E, Telkoparan-Akillilar P, Suzen S, Saso L. The NRF2/KEAP1 Axis in the Regulation of
Tumor Metabolism: Mechanisms and Therapeutic Perspectives. Biomolecules 2020; 10: 791 [PMID:
32443774 DOIL: 10.3390/biom10050791]

Rezazadeh S, Yang D, Tombline G, Simon M, Regan SP, Seluanov A, Gorbunova V. SIRT6
promotes transcription of a subset of NRF2 targets by mono-ADP-ribosylating BAF170. Nucleic
Acids Res 2019; 47: 7914-7928 [PMID: 31216030 DOI: 10.1093/nar/gkz528]

Gallyas F Jr, Sumegi B, Szabo C. Role of Akt Activation in PARP Inhibitor Resistance in Cancer.
Cancers (Basel) 2020; 12: 532 [PMID: 32106627 DOI: 10.3390/cancers12030532]

Vishwakarma R, McManus KJ. Chromosome Instability; Implications in Cancer Development,
Progression, and Clinical Outcomes. Cancers (Basel) 2020; 1 2: 824 [PMID: 32235397 DOI:
10.3390/cancers12040824]

Pino MS, Chung DC. The chromosomal instability pathway in colon cancer. Gastroenterology
2010; 138: 2059-2072 [PMID: 20420946 DOI: 10.1053/j.gastro.2009.12.065]

Ferguson LR, Chen H, Collins AR, Connell M, Damia G, Dasgupta S, Malhotra M, Meeker AK,
Amedei A, Amin A, Ashraf SS, Aquilano K, Azmi AS, Bhakta D, Bilsland A, Boosani CS, Chen S,
Ciriolo MR, Fujii H, Guha G, Halicka D, Helferich WG, Keith WN, Mohammed SI, Niccolai E,
Yang X, Honoki K, Parslow VR, Prakash S, Rezazadeh S, Shackelford RE, Sidransky D, Tran PT,
Yang ES, Maxwell CA. Genomic instability in human cancer: Molecular insights and opportunities
for therapeutic attack and prevention through diet and nutrition. Semin Cancer Biol 2015; 35 Suppl:
S5-S24 [PMID: 25869442 DOI: 10.1016/j.semcancer.2015.03.005]

Jubin T, Kadam A, Jariwala M, Bhatt S, Sutariya S, Gani AR, Gautam S, Begum R. The PARP
family: insights into functional aspects of poly (ADP-ribose) polymerase-1 in cell growth and
survival. Cell Prolif 2016; 49: 421-437 [PMID: 27329285 DOI: 10.1111/cpr.12268]

Schiewer MJ, Knudsen KE. Transcriptional roles of PARP1 in cancer. Mol Cancer Res 2014; 12:
1069-1080 [PMID: 24916104 DOIL: 10.1158/1541-7786.MCR-13-0672]

Fyodorov DV, Zhou BR, Skoultchi Al, Bai Y. Emerging roles of linker histones in regulating

WJGO | https://www.wjgnet.com 585 June 15,2021 | Volume13 | Issue6 |


http://www.ncbi.nlm.nih.gov/pubmed/25575290
https://dx.doi.org/10.1021/cr5004248
http://www.ncbi.nlm.nih.gov/pubmed/30481609
https://dx.doi.org/10.1016/j.sbi.2018.11.002
http://www.ncbi.nlm.nih.gov/pubmed/20603072
https://dx.doi.org/10.1016/j.molcel.2010.06.017
http://www.ncbi.nlm.nih.gov/pubmed/26040249
https://dx.doi.org/10.1002/jcp.25048
http://www.ncbi.nlm.nih.gov/pubmed/32340362
https://dx.doi.org/10.3390/cancers12041050
http://www.ncbi.nlm.nih.gov/pubmed/28187286
https://dx.doi.org/10.1016/j.cell.2017.01.002
http://www.ncbi.nlm.nih.gov/pubmed/25281304
https://dx.doi.org/10.1016/j.yexcr.2014.09.030
http://www.ncbi.nlm.nih.gov/pubmed/23209150
https://dx.doi.org/10.1101/cshperspect.a009829
http://www.ncbi.nlm.nih.gov/pubmed/18773902
https://dx.doi.org/10.1053/j.gastro.2008.07.076
http://www.ncbi.nlm.nih.gov/pubmed/28676700
https://dx.doi.org/10.1038/nrm.2017.53
http://www.ncbi.nlm.nih.gov/pubmed/27240471
https://dx.doi.org/10.1016/j.gpb.2016.05.001
http://www.ncbi.nlm.nih.gov/pubmed/31565474
https://dx.doi.org/10.20892/j.issn.2095-3941.2019.0097
http://www.ncbi.nlm.nih.gov/pubmed/30714316
https://dx.doi.org/10.1002/1878-0261.12467
http://www.ncbi.nlm.nih.gov/pubmed/26463832
https://dx.doi.org/10.1158/2159-8290.CD-15-0714
http://www.ncbi.nlm.nih.gov/pubmed/28775778
https://dx.doi.org/10.7150/jca.18735
http://www.ncbi.nlm.nih.gov/pubmed/27456681
https://dx.doi.org/10.1186/s12937-016-0186-5
http://www.ncbi.nlm.nih.gov/pubmed/24140708
https://dx.doi.org/10.1016/j.freeradbiomed.2013.10.806
http://www.ncbi.nlm.nih.gov/pubmed/23294312
https://dx.doi.org/10.1146/annurev-pharmtox-011112-140320
http://www.ncbi.nlm.nih.gov/pubmed/32443774
https://dx.doi.org/10.3390/biom10050791
http://www.ncbi.nlm.nih.gov/pubmed/31216030
https://dx.doi.org/10.1093/nar/gkz528
http://www.ncbi.nlm.nih.gov/pubmed/32106627
https://dx.doi.org/10.3390/cancers12030532
http://www.ncbi.nlm.nih.gov/pubmed/32235397
https://dx.doi.org/10.3390/cancers12040824
http://www.ncbi.nlm.nih.gov/pubmed/20420946
https://dx.doi.org/10.1053/j.gastro.2009.12.065
http://www.ncbi.nlm.nih.gov/pubmed/25869442
https://dx.doi.org/10.1016/j.semcancer.2015.03.005
http://www.ncbi.nlm.nih.gov/pubmed/27329285
https://dx.doi.org/10.1111/cpr.12268
http://www.ncbi.nlm.nih.gov/pubmed/24916104
https://dx.doi.org/10.1158/1541-7786.MCR-13-0672

Jeong KY et al. Significance of targeting PARylation in colorectal cancer treatment

Jaishideng®

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

chromatin structure and function. Nat Rev Mol Cell Biol 2018; 19: 192-206 [PMID: 29018282 DOI:
10.1038/nrm.2017.94]

Smith R, Lebeaupin T, Juhasz S, Chapuis C, D'Augustin O, Dutertre S, Burkovics P, Biertimpfel C,
Timinszky G, Huet S. Poly(ADP-ribose)-dependent chromatin unfolding facilitates the association
of DNA-binding proteins with DNA at sites of damage. Nucleic Acids Res 2019; 47: 11250-11267
[PMID: 31566235 DOI: 10.1093/nar/gkz820]

Matveeva E, Maiorano J, Zhang Q, Eteleeb AM, Convertini P, Chen J, Infantino V, Stamm S, Wang
J, Rouchka EC, Fondufe-Mittendorf YN. Involvement of PARP1 in the regulation of alternative
splicing. Cell Discov 2016; 2: 15046 [PMID: 27462443 DOI: 10.1038/celldisc.2015.46]
Muthurajan UM, Hepler MR, Hieb AR, Clark NJ, Kramer M, Yao T, Luger K. Automodification
switches PARP-1 function from chromatin architectural protein to histone chaperone. Proc Natl
Acad Sci USA 2014; 111: 12752-12757 [PMID: 25136112 DOI: 10.1073/pnas.1405005111]
Messner S, Hottiger MO. Histone ADP-ribosylation in DNA repair, replication and transcription.
Trends Cell Biol 2011; 21: 534-542 [PMID: 21741840 DOI: 10.1016/j.tcb.2011.06.001]

Koriakov DE. [Histone modification and regulation of chromatin function]. Genetika 2006; 42:
1170-1185 [PMID: 17100086]

Javaid N, Choi S. Acetylation- and Methylation-Related Epigenetic Proteins in the Context of Their
Targets. Genes (Basel) 2017; 8: 196 [PMID: 28783137 DOI: 10.3390/genes8080196]

Jin B, Robertson KD. DNA methyltransferases, DNA damage repair, and cancer. Adv Exp Med Biol
2013; 754: 3-29 [PMID: 22956494 DOI: 10.1007/978-1-4419-9967-2 1]

Migliore L, Migheli F, Spisni R, Coppedé¢ F. Genetics, cytogenetics, and epigenetics of colorectal
cancer. J Biomed Biotechnol 2011; 2011: 792362 [PMID: 21490705 DOI: 10.1155/2011/792362]
Belhadj S, Moutinho C, Mur P, Setien F, Llinas-Arias P, Pérez-Salvia M, Pons T, Pineda M, Brunet
J, Navarro M, Capella G, Esteller M, Valle L. Germline variation in O®-methylguanine-DNA
methyltransferase (MGMT) as cause of hereditary colorectal cancer. Cancer Lett 2019; 447: 86-92
[PMID: 30677446 DOI: 10.1016/j.canlet.2019.01.019]

O'Sullivan CC, Moon DH, Kohn EC, Lee JM. Beyond Breast and Ovarian Cancers: PARP
Inhibitors for BRCA Mutation-Associated and BRCA-Like Solid Tumors. Front Oncol 2014; 4: 42
[PMID: 24616882 DOI: 10.3389/fonc.2014.00042]

Soll JM, Sobol RW, Mosammaparast N. Regulation of DNA Alkylation Damage Repair: Lessons
and Therapeutic Opportunities. Trends Biochem Sci 2017; 42: 206-218 [PMID: 27816326 DOI:
10.1016/j.tibs.2016.10.001]

Cisyk AL, Nugent Z, Wightman RH, Singh H, McManus KJ. Characterizing Microsatellite
Instability and Chromosome Instability in Interval Colorectal Cancers. Neoplasia 2018; 20: 943-950
[PMID: 30121009 DOTI: 10.1016/j.ne0.2018.07.007]

Potapova TA, Zhu J, Li R. Aneuploidy and chromosomal instability: a vicious cycle driving cellular
evolution and cancer genome chaos. Cancer Metastasis Rev 2013; 32: 377-389 [PMID: 23709119
DOI: 10.1007/s10555-013-9436-6]

Pihan GA. Centrosome dysfunction contributes to chromosome instability, chromoanagenesis, and
genome reprograming in cancer. Front Oncol 2013; 3: 277 [PMID: 24282781 DOI:
10.3389/fonc.2013.00277]

Fujita Y, Hayashi T, Kiyomitsu T, Toyoda Y, Kokubu A, Obuse C, Yanagida M. Priming of
centromere for CENP-A recruitment by human hMis18alpha, hMis18beta, and M18BP1. Dev Cell
2007; 12: 17-30 [PMID: 17199038 DOI: 10.1016/j.devcel.2006.11.002]

Katsha A, Belkhiri A, Goff L, El-Rifai W. Aurora kinase A in gastrointestinal cancers: time to
target. Mol Cancer 2015; 14: 106 [PMID: 25987188 DOI: 10.1186/s12943-015-0375-4]

Li GQ, Zhang HF. Mad2 and p27 expression profiles in colorectal cancer and its clinical
significance. World J Gastroenterol 2004; 10: 3218-3220 [PMID: 15457580 DOI:
10.3748/wjg.v10.i21.3218]

Sun Z, Liu J, Jing H, Dong SX, Wu J. The diagnostic and prognostic value of CHFR
hypermethylation in colorectal cancer, a meta-analysis and literature review. Oncotarget 2017; 8:
89142-89148 [PMID: 29179506 DOI: 10.18632/oncotarget.19408]

Slade D. Mitotic functions of poly(ADP-ribose) polymerases. Biochem Pharmacol 2019; 167: 33-43
[PMID: 30910692 DOI: 10.1016/j.bep.2019.03.028]

Bartlett E, Bonfiglio JJ, Prokhorova E, Colby T, Zobel F, Ahel I, Matic 1. Interplay of Histone
Marks with Serine ADP-Ribosylation. Cell Rep 2018; 24: 3488-3502. e5 [PMID: 30257210 DOI:
10.1016/j.celrep.2018.08.092]

Chin CF, Yeong FM. Safeguarding entry into mitosis: the antephase checkpoint. Mol Cell Biol
2010; 30: 22-32 [PMID: 19841063 DOI: 10.1128/MCB.00687-09]

Kashima L, Idogawa M, Mita H, Shitashige M, Yamada T, Ogi K, Suzuki H, Toyota M, Ariga H,
Sasaki Y, Tokino T. CHFR protein regulates mitotic checkpoint by targeting PARP-1 protein for
ubiquitination and degradation. J Biol Chem 2012; 287: 12975-12984 [PMID: 22337872 DOI:
10.1074/jbc.M111.321828]

Privette LM, Petty EM. CHFR: A Novel Mitotic Checkpoint Protein and Regulator of
Tumorigenesis. Transl Oncol 2008; 1: 57-64 [PMID: 18633460 DOI: 10.1593/t10.08109]

Boland CR, Goel A. Microsatellite instability in colorectal cancer. Gastroenterology 2010; 138:
2073-2087. €3 [PMID: 20420947 DOI: 10.1053/j.gastro.2009.12.064]

Sullivan KM, Kozuch PS. Impact of KRAS Mutations on Management of Colorectal Carcinoma.
Patholog Res Int 2011; 2011: 219309 [PMID: 21437184 DOIL: 10.4061/2011/219309]

WJGO | https://www.wjgnet.com 586 June 15,2021 | Volume13 | Issue6 |


http://www.ncbi.nlm.nih.gov/pubmed/29018282
https://dx.doi.org/10.1038/nrm.2017.94
http://www.ncbi.nlm.nih.gov/pubmed/31566235
https://dx.doi.org/10.1093/nar/gkz820
http://www.ncbi.nlm.nih.gov/pubmed/27462443
https://dx.doi.org/10.1038/celldisc.2015.46
http://www.ncbi.nlm.nih.gov/pubmed/25136112
https://dx.doi.org/10.1073/pnas.1405005111
http://www.ncbi.nlm.nih.gov/pubmed/21741840
https://dx.doi.org/10.1016/j.tcb.2011.06.001
http://www.ncbi.nlm.nih.gov/pubmed/17100086
http://www.ncbi.nlm.nih.gov/pubmed/28783137
https://dx.doi.org/10.3390/genes8080196
http://www.ncbi.nlm.nih.gov/pubmed/22956494
https://dx.doi.org/10.1007/978-1-4419-9967-2_1
http://www.ncbi.nlm.nih.gov/pubmed/21490705
https://dx.doi.org/10.1155/2011/792362
http://www.ncbi.nlm.nih.gov/pubmed/30677446
https://dx.doi.org/10.1016/j.canlet.2019.01.019
http://www.ncbi.nlm.nih.gov/pubmed/24616882
https://dx.doi.org/10.3389/fonc.2014.00042
http://www.ncbi.nlm.nih.gov/pubmed/27816326
https://dx.doi.org/10.1016/j.tibs.2016.10.001
http://www.ncbi.nlm.nih.gov/pubmed/30121009
https://dx.doi.org/10.1016/j.neo.2018.07.007
http://www.ncbi.nlm.nih.gov/pubmed/23709119
https://dx.doi.org/10.1007/s10555-013-9436-6
http://www.ncbi.nlm.nih.gov/pubmed/24282781
https://dx.doi.org/10.3389/fonc.2013.00277
http://www.ncbi.nlm.nih.gov/pubmed/17199038
https://dx.doi.org/10.1016/j.devcel.2006.11.002
http://www.ncbi.nlm.nih.gov/pubmed/25987188
https://dx.doi.org/10.1186/s12943-015-0375-4
http://www.ncbi.nlm.nih.gov/pubmed/15457580
https://dx.doi.org/10.3748/wjg.v10.i21.3218
http://www.ncbi.nlm.nih.gov/pubmed/29179506
https://dx.doi.org/10.18632/oncotarget.19408
http://www.ncbi.nlm.nih.gov/pubmed/30910692
https://dx.doi.org/10.1016/j.bcp.2019.03.028
http://www.ncbi.nlm.nih.gov/pubmed/30257210
https://dx.doi.org/10.1016/j.celrep.2018.08.092
http://www.ncbi.nlm.nih.gov/pubmed/19841063
https://dx.doi.org/10.1128/MCB.00687-09
http://www.ncbi.nlm.nih.gov/pubmed/22337872
https://dx.doi.org/10.1074/jbc.M111.321828
http://www.ncbi.nlm.nih.gov/pubmed/18633460
https://dx.doi.org/10.1593/tlo.08109
http://www.ncbi.nlm.nih.gov/pubmed/20420947
https://dx.doi.org/10.1053/j.gastro.2009.12.064
http://www.ncbi.nlm.nih.gov/pubmed/21437184
https://dx.doi.org/10.4061/2011/219309

Jaishideng®

71

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

Jeong KY et al. Significance of targeting PARylation in colorectal cancer treatment

Salovaara R, Roth S, Loukola A, Launonen V, Sistonen P, Avizienyte E, Kristo P, Jarvinen H,
Souchelnytskyi S, Sarlomo-Rikala M, Aaltonen LA. Frequent loss of SMAD4/DPC4 protein in
colorectal cancers. Gut 2002; 51: 56-59 [PMID: 12077092 DOL: 10.1136/gut.51.1.56]

Cheng X, Xu X, Chen D, Zhao F, Wang W. Therapeutic potential of targeting the Wnt/B-catenin
signaling pathway in colorectal cancer. Biomed Pharmacother 2019; 110: 473-481 [PMID:
30530050 DOI: 10.1016/j.biopha.2018.11.082]

Shang S, Hua F, Hu ZW. The regulation of B-catenin activity and function in cancer: therapeutic
opportunities. Oncotarget 2017; 8: 33972-33989 [PMID: 28430641 DOI:
10.18632/oncotarget.15687]

Kastenhuber ER, Lowe SW. Putting p53 in Context. Cell 2017; 170: 1062-1078 [PMID: 28886379
DOI: 10.1016/j.cell.2017.08.028]

Benchabane H, Ahmed Y. The adenomatous polyposis coli tumor suppressor and Wnt signaling in
the regulation of apoptosis. Adv Exp Med Biol 2009; 656: 75-84 [PMID: 19928354 DOI:
10.1007/978-1-4419-1145-2 7]

Hankey W, Frankel WL, Groden J. Functions of the APC tumor suppressor protein dependent and
independent of canonical WNT signaling: implications for therapeutic targeting. Cancer Metastasis
Rev 2018; 37: 159-172 [PMID: 29318445 DOI: 10.1007/s10555-017-9725-6]

Idogawa M, Yamada T, Honda K, Sato S, Imai K, Hirohashi S. Poly(ADP-ribose) polymerase-1 is a
component of the oncogenic T-cell factor-4/beta-catenin complex. Gastroenterology 2005; 128:
1919-1936 [PMID: 15940627 DOI: 10.1053/j.gastro.2005.03.007]

Dziaman T, Ludwiczak H, Ciesla JM, Banaszkiewicz Z, Winczura A, Chmielarczyk M,
Wisniewska E, Marszalek A, Tudek B, Olinski R. PARP-1 expression is increased in colon adenoma
and carcinoma and correlates with OGG1. PLoS One 2014; 9: 115558 [PMID: 25526641 DOI:
10.1371/journal.pone.0115558]

Lee MH, Na H, Kim EJ, Lee HW, Lee MO. Poly(ADP-ribosyl)ation of p53 induces gene-specific
transcriptional repression of MTA1. Oncogene 2012; 31: 5099-5107 [PMID: 22286760 DOI:
10.1038/0onc.2012.2]

Porru M, Pompili L, Caruso C, Biroccio A, Leonetti C. Targeting KRAS in metastatic colorectal
cancer: current strategies and emerging opportunities. J Exp Clin Cancer Res 2018; 37: 57 [PMID:
29534749 DOLI: 10.1186/s13046-018-0719-1]

Jinesh GG, Sambandam V, Vijayaraghavan S, Balaji K, Mukherjee S. Molecular genetics and
cellular events of K-Ras-driven tumorigenesis. Oncogene 2018; 37: 839-846 [PMID: 29059163
DOI: 10.1038/onc.2017.377]

Cinque G, Ferino A, Pedersen EB, Xodo LE. Role of Poly [ADP-ribose] Polymerase 1 in Activating
the Kirsten ras (KRAS) Gene in Response to Oxidative Stress. Int J Mol Sci 2020; 21: 6237 [PMID:
32872305 DOI: 10.3390/ijms21176237]

Nishikawa T, Kuwano Y, Takahara Y, Nishida K, Rokutan K. HnRNPA 1 interacts with G-
quadruplex in the TRA2B promoter and stimulates its transcription in human colon cancer cells. Sci
Rep 2019;9: 10276 [PMID: 31311954 DOI: 10.1038/s41598-019-46659-x]

Malyuchenko NV, Kotova EY, Kulaeva OI, Kirpichnikov MP, Studitskiy VM. PARP1 Inhibitors:
antitumor drug design. Acta Naturae 2015; 7: 27-37 [PMID: 26483957]

Castiel A, Visochek L, Mittelman L, Dantzer F, Izraeli S, Cohen-Armon M. A phenanthrene derived
PARP inhibitor is an extra-centrosomes de-clustering agent exclusively eradicating human cancer
cells. BMC Cancer 2011; 11: 412 [PMID: 21943092 DOI: 10.1186/1471-2407-11-412]

Delaney CA, Wang LZ, Kyle S, White AW, Calvert AH, Curtin NJ, Durkacz BW, Hostomsky Z,
Newell DR. Potentiation of temozolomide and topotecan growth inhibition and cytotoxicity by novel
poly(adenosine diphosphoribose) polymerase inhibitors in a panel of human tumor cell lines. Clin
Cancer Res 2000; 6: 2860-2867 [PMID: 10914735]

Calabrese CR, Batey MA, Thomas HD, Durkacz BW, Wang LZ, Kyle S, Skalitzky D, Li J, Zhang
C, Boritzki T, Maegley K, Calvert AH, Hostomsky Z, Newell DR, Curtin NJ. Identification of potent
nontoxic poly(ADP-Ribose) polymerase-1 inhibitors: chemopotentiation and pharmacological
studies. Clin Cancer Res 2003; 9: 2711-2718 [PMID: 12855651]

Calabrese CR, Almassy R, Barton S, Batey MA, Calvert AH, Canan-Koch S, Durkacz BW,
Hostomsky Z, Kumpf RA, Kyle S, Li J, Maegley K, Newell DR, Notarianni E, Stratford 1J,
Skalitzky D, Thomas HD, Wang LZ, Webber SE, Williams KJ, Curtin NJ. Anticancer
chemosensitization and radiosensitization by the novel poly(ADP-ribose) polymerase-1 inhibitor
AG14361. J Natl Cancer Inst 2004; 96: 56-67 [PMID: 14709739 DOI: 10.1093/jnci/djh005]

Zhou P, Wang J, Mishail D, Wang CY. Recent advancements in PARP inhibitors-based targeted
cancer therapy. Precis Clin Med 2020; 3: 187-201 [PMID: 32983586 DOI:
10.1093/pcmedi/pbaa030]

Saleh N, Copur MS. Overview: FDA Approval of Olaparib Maintenance for BRCA-Mutated.
Oncology (Williston Park) 2019; 33 [PMID: 31365755]

Weil MK, Chen AP. PARP inhibitor treatment in ovarian and breast cancer. Curr Probl Cancer
2011; 35: 7-50 [PMID: 21300207 DOI: 10.1016/j.currproblcancer.2010.12.002]

Colombo I, Lheureux S, Oza AM. Rucaparib: a novel PARP inhibitor for BRCA advanced ovarian
cancer. Drug Des Devel Ther 2018; 12: 605-617 [PMID: 29606854 DOI: 10.2147/DDDT.S130809]
Boussios S, Abson C, Moschetta M, Rassy E, Karathanasi A, Bhat T, Ghumman F, Sheriff M,
Pavlidis N. Poly (ADP-Ribose) Polymerase Inhibitors: Talazoparib in Ovarian Cancer and Beyond.
Drugs R D 2020; 20: 55-73 [PMID: 32215876 DOI: 10.1007/s40268-020-00301-8]

WJGO | https://www.wjgnet.com 587 June 15,2021 | Volume13 | Issue6 |


http://www.ncbi.nlm.nih.gov/pubmed/12077092
https://dx.doi.org/10.1136/gut.51.1.56
http://www.ncbi.nlm.nih.gov/pubmed/30530050
https://dx.doi.org/10.1016/j.biopha.2018.11.082
http://www.ncbi.nlm.nih.gov/pubmed/28430641
https://dx.doi.org/10.18632/oncotarget.15687
http://www.ncbi.nlm.nih.gov/pubmed/28886379
https://dx.doi.org/10.1016/j.cell.2017.08.028
http://www.ncbi.nlm.nih.gov/pubmed/19928354
https://dx.doi.org/10.1007/978-1-4419-1145-2_7
http://www.ncbi.nlm.nih.gov/pubmed/29318445
https://dx.doi.org/10.1007/s10555-017-9725-6
http://www.ncbi.nlm.nih.gov/pubmed/15940627
https://dx.doi.org/10.1053/j.gastro.2005.03.007
http://www.ncbi.nlm.nih.gov/pubmed/25526641
https://dx.doi.org/10.1371/journal.pone.0115558
http://www.ncbi.nlm.nih.gov/pubmed/22286760
https://dx.doi.org/10.1038/onc.2012.2
http://www.ncbi.nlm.nih.gov/pubmed/29534749
https://dx.doi.org/10.1186/s13046-018-0719-1
http://www.ncbi.nlm.nih.gov/pubmed/29059163
https://dx.doi.org/10.1038/onc.2017.377
http://www.ncbi.nlm.nih.gov/pubmed/32872305
https://dx.doi.org/10.3390/ijms21176237
http://www.ncbi.nlm.nih.gov/pubmed/31311954
https://dx.doi.org/10.1038/s41598-019-46659-x
http://www.ncbi.nlm.nih.gov/pubmed/26483957
http://www.ncbi.nlm.nih.gov/pubmed/21943092
https://dx.doi.org/10.1186/1471-2407-11-412
http://www.ncbi.nlm.nih.gov/pubmed/10914735
http://www.ncbi.nlm.nih.gov/pubmed/12855651
http://www.ncbi.nlm.nih.gov/pubmed/14709739
https://dx.doi.org/10.1093/jnci/djh005
http://www.ncbi.nlm.nih.gov/pubmed/32983586
https://dx.doi.org/10.1093/pcmedi/pbaa030
http://www.ncbi.nlm.nih.gov/pubmed/31365755
http://www.ncbi.nlm.nih.gov/pubmed/21300207
https://dx.doi.org/10.1016/j.currproblcancer.2010.12.002
http://www.ncbi.nlm.nih.gov/pubmed/29606854
https://dx.doi.org/10.2147/DDDT.S130809
http://www.ncbi.nlm.nih.gov/pubmed/32215876
https://dx.doi.org/10.1007/s40268-020-00301-8

Jeong KY et al. Significance of targeting PARylation in colorectal cancer treatment

Jaishideng®

100

101

102

103

104

105

106

107

108

109

110

111

Heo YA, Duggan ST. Niraparib: A Review in Ovarian Cancer. Target Oncol 2018; 13: 533-539
[PMID: 30073633 DOI: 10.1007/s11523-018-0582-1]

Wang C, Jette N, Moussienko D, Bebb DG, Lees-Miller SP. ATM-Deficient Colorectal Cancer
Cells Are Sensitive to the PARP Inhibitor Olaparib. Trans! Oncol 2017; 10: 190-196 [PMID:
28182994 DOLI: 10.1016/j.tranon.2017.01.007]

Genther Williams SM, Kuznicki AM, Andrade P, Dolinski BM, Elbi C, O'Hagan RC, Toniatti C.
Treatment with the PARP inhibitor, niraparib, sensitizes colorectal cancer cell lines to irinotecan
regardless of MSI/MSS status. Cancer Cell Int 2015; 15: 14 [PMID: 25685067 DOI:
10.1186/s12935-015-0162-8]

Augustine T, Maitra R, Zhang J, Nayak J, Goel S. Sensitization of colorectal cancer to irinotecan
therapy by PARP inhibitor rucaparib. Invest New Drugs 2019; 37: 948-960 [PMID: 30612311 DOI:
10.1007/s10637-018-00717-9]

Davidson D, Wang Y, Aloyz R, Panasci L. The PARP inhibitor ABT-888 synergizes irinotecan
treatment of colon cancer cell lines. /nvest New Drugs 2013; 31: 461-468 [PMID: 23054213 DOI:
10.1007/s10637-012-9886-7]

McCann KE, von Euw E, O'Brien N, Slamon D. Abstract 4124: The combination of PARP inhibitor
talazoparib with low-dose temozolomide results in increased cell lethality in BRCA1/2 wild-type
melanoma, small cell lung cancer, ovarian, and colon cancer cell lines and mouse xenografts via the
formation of DNA double-strand breaks during S-phase. Cancer Res 2020; 80: 4124-4124 [DOI:
10.1158/1538-7445.AM2020-4124]

Gruber JJ, Afghahi A, Hatton A, Scott D, McMillan A, Ford JM, Telli ML. Talazoparib beyond
BRCA: A phase II trial of talazoparib monotherapy in BRCA1 and BRCA2 wild-type patients with
advanced HER2-negative breast cancer or other solid tumors with a mutation in homologous
recombination (HR) pathway genes. J Clin Oncol 2019; 37: 3006-3006 [DOI:
10.1200/JC0O.2019.37.15_suppl.3006]

Gorbunova V, Beck T, Hotheinz R, Garcia-Alfonso P, Nechaeva M, Gracian AC, Mangel L, Elez
E, Deming DA, Ramanathan RK, Torres A, Sullivan DM, Komarnitsky PB, Berlin J. Phase 2 study
of veliparib plus FOLFIRI + bevacizumab vs placebo plus FOLFIRI + bevacizumab in metastatic
colorectal cancer. J Clin Oncol 2018; 36: 3543-3543 [DOI: 10.1200/JC0O.2018.36.15 suppl.3543]
Mayo CA, Gurary EB, Marinello P. Olaparib + bevacizumab vs bevacizumab + fluorouracil in
patients with unresectable or metastatic colorectal cancer not progressing on first-line FOLFOX +
bevacizumab: Phase III LYNK-003 study. J Clin Oncol 2021; 39: TPS156-TPS156 [DOI:
10.1200/JC0O.2021.39.3 suppl. TPS156]

Yale University. TMZ + Olaparib for MGMT Hypermethylated Colorectal Cancer. In:
ClinicalTrials.gov [Cited 20 March 2021]. Available from:
https://ClinicalTrials.gov/show/NCT04166435

Alese OB, Shaib WL, Akce M, Wu C, Lesinski GB, El-Rayes BF. A phase II study of niraparib in
combination with EGFR inhibitor panitumumab in patients with advanced colorectal cancer. J Clin
Oncol 2020; 38: TPS269-TPS269 [DOI: 10.1200/JC0O.2020.38.4 suppl. TPS269]

Academic and Community Cancer Research United. Liposomal Irinotecan, Fluorouracil,
Leucovorin Calcium, and Rucaparib in Treating Patients With Metastatic Pancreatic, Colorectal,
Gastroesophageal, or Biliary Cancer. In: ClinicalTrials.gov [Cited 20 March 2021]. Available from:
https://ClinicalTrials.gov/show/NCT03337087

WJGO | https://www.wjgnet.com 588 June 15,2021 | Volume13 | Issue6 |


http://www.ncbi.nlm.nih.gov/pubmed/30073633
https://dx.doi.org/10.1007/s11523-018-0582-1
http://www.ncbi.nlm.nih.gov/pubmed/28182994
https://dx.doi.org/10.1016/j.tranon.2017.01.007
http://www.ncbi.nlm.nih.gov/pubmed/25685067
https://dx.doi.org/10.1186/s12935-015-0162-8
http://www.ncbi.nlm.nih.gov/pubmed/30612311
https://dx.doi.org/10.1007/s10637-018-00717-9
http://www.ncbi.nlm.nih.gov/pubmed/23054213
https://dx.doi.org/10.1007/s10637-012-9886-7
https://dx.doi.org/10.1158/1538-7445.AM2020-4124
https://dx.doi.org/10.1200/JCO.2019.37.15_suppl.3006
https://dx.doi.org/10.1200/JCO.2018.36.15_suppl.3543
https://dx.doi.org/10.1200/JCO.2021.39.3_suppl.TPS156
https://ClinicalTrials.gov/show/NCT04166435
https://dx.doi.org/10.1200/JCO.2020.38.4_suppl.TPS269
https://ClinicalTrials.gov/show/NCT03337087

i

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

DOI: 10.4251/wjgo.v13.16.589

World Journal of
Gastrointestinal
Oncology

World | Gastrointest Oncol 2021 June 15; 13(6): 589-599

ISSN 1948-5204 (online)

Retrospective Study

ORIGINAL ARTICLE

Yield of surgery in solid pseudopapillary neoplasms of the pancreas:
A case series and literature review

Flavio Silano, Ricardo Bandeira de Melo Amaral, Rodolfo Carvalho Santana, Vanessa Costa Neves, José Celso
Ardengh, Paulo Cezar Galvao do Amaral

ORCID number: Flavio Silano 0000-
0001-6206-1325; Ricardo Bandeira de
Melo Amaral 0000-0003-4202-0934;
Rodolfo Carvalho Santana 0000-0003-
0347-8125; Vanessa Costa Neves
0000-0002-5440-6212; José Celso
Ardengh 0000-0002-5932-2499; Paulo
Cezar Galvao do Amaral 0000-0002-
2510-0193.

Author contributions: All authors
contributed to review and writing
the manuscript equally; Silano F,
de Melo Amaral RB, Santana RC,
Neves VC, Ardengh JC, do Amaral
PCG all approved the final version.

Institutional review board
statement: Approval Obtained
from Institutional Reivew Board of
“Hospital Sdo Rafael/Rede D'Or
Ethics and Research Committee;
Approval No.
35555820.0.0000.0048; Approval
Date: 28/07/2020.”

Informed consent statement: This
is not applicable. The authors” own
database was used. There is no
clinical trial, there is no drug test,
and there is no exposure of
patients.

Conflict-of-interest statement:
None of the Authors has any
conflict of interest related to the
manuscript.

Jaishideng®

WJGO | https://www.wjgnet.com

Flavio Silano, Digestive Surgery, Hospital Sao Rafael/Rede D’Or, Salvador 40285000, Bahia,
Brazil

Ricardo Bandeira de Melo Amaral, Rodolfo Carvalho Santana, Vanessa Costa Neves, Paulo Cezar
Galvao do Amaral, Department of Surgery of the Upper Digestive System, Sdo Rafael
Hospital/Rede D’Or Hospital Group, Salvador 41253-190, Bahia, Brazil

José Celso Ardengh, Surgery and Anatomy, Hospital das Clinicas da Faculdade de Medicina de
Ribeirdo Preto - Universidade de Sdo Paulo, Sdo Paulo 04611-000, Sdo Paulo, Brazil

José Celso Ardengh, Endoscopy Service, Hospital 9 de Julho, Sdo Paulo 04611-000, Sdo Paulo,
Brazil

José Celso Ardengh, Imaging and Diagnosis, Escola Paulista de Medicina - Sdo Paulo Federal
University, Sdo Paulo 04611-000, SP, Brazil

Corresponding author: Flavio Silano, MD, Medical Assistant, Surgeon, Surgical Oncologist,
Digestive Surgery, Hospital Sdo Rafael/Rede D’Or, Av Sdo Rafael 2152, Sdo Marcos, Salvador
40285000, Bahia, Brazil. sdesilano@gmail.com

Abstract

BACKGROUND

Solid pseudopapillary neoplasms (SPN) of the pancreas represents approximately
2% of non-endocrine tumors of the pancreas. It is described in the literature as a
rare and predominant tumor in young women.

AIM
To report a case series with SPN and analyzing clinical, surgical, anatomopatho-
logical characteristics, as well as the prognosis and review of literature.

METHODS

Retrospective analysis of patients undergoing surgery, with histological diagnosis
of SPN between 1998 and 2018, using standardized and prospectively completed
forms, performed at the Surgery Service of the Upper Digestive System at
Hospital Sao Rafael/Rede D’Or in Salvador - BA. Review of literature through a
database search in MEDLINE/PubMed of retrospective articles.
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RESULTS

Fourteen female patients with the average age of 31.6 years (range min-max) were
selected. Twelve patients (85.7%) were asymptomatic, being an incidental
diagnosis or due to screening for other reasons. One patient had abdominal pain
due to gastric compression and another patient had jaundice. The 14 patients were
staged with computerized tomography or magnetic resonance imaging. None had
evidence of metastasis. In 8 patients (57.1%), the tumor was in the tail and body.
The average size was 6.7 cm (range min-18). The type of surgery was according to
the anatomical location of the tumor. There was no lymph node involvement. In
two cases, vascular resection with the use of a prosthesis was required for
reconstruction. The surgical margins were free. In all cases, postoperative
immunohistochemistry confirmed that it was a solid pseudo-papillary neoplasia
of the pancreas. There has been no disease recurrence in any case so far.

CONCLUSION
The tumors had a benign, indolent and histopathological behavior compatible
with the literature. Curative surgery is recommended in all cases.

Key Words: Frantz tumor; Malignancy; Solid pseudo-papillary tumor; Surgical treatment;
Survival; Pancreas

©The Author(s) 2021. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Surgery is the only curative treatment for solid papillary neoplasm of the
pancreas. Even in cases of large tumors, wherein extensive resections of both the main
tumor and the metastases are an absolute requirement, surgery can be curative and
allow a long, disease-free survival. Some of the patients in the service studied
underwent tumor resection more than 13 years ago, without relapse of the disease and
maintaining a good quality of life. This type of neoplasm is considered rare, but in the
present study most cases were discovered incidentally through imaging examinations,
with the number of cases increasing since 2012.

Citation: Silano F, de Melo Amaral RB, Santana RC, Neves VC, Ardengh JC, do Amaral PCG.
Yield of surgery in solid pseudopapillary neoplasms of the pancreas: A case series and
literature review. World J Gastrointest Oncol 2021; 13(6): 589-599

URL: https://www.wjgnet.com/1948-5204/full/v13/i6/589.htm

DOI: https://dx.doi.org/10.4251/wjgo.v13.i6.589

INTRODUCTION

Solid pseudopapillary neoplasm (SPN) is a rare tumor of the pancreas, which was first
described in 1959[1,2]. It represents approximately 1 to 2% of pancreatic tumors, but a
higher incidence has been reported in recent years[3,4]. It occurs in young women, its
natural history is unknown, and it exhibits an indolent behavior. However, SPN is
potentially aggressive, particularly when large masses are present, and it may cause
symptoms due to the invasion of nearby organs and vascular structures; it may even
send distant metastases[3,5,6]. Surgery is the only curative treatment for SPN. Even for
large tumors, for which extensive resection is imperative, including metastases,
surgical treatment may be curative and allow long-term disease-free survival[5,7-9].

The authors present herein a case series from a single center with extensive
experience in pancreatic surgery and assess the postoperative results in a long-term
follow-up of SPN patients with curative intent.

MATERIALS AND METHODS

This study was approved by the Human Research Ethics Committee. The database
from Surgery Service of the Upper Digestive System at the Hospital Sdo Rafael/Rede
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D’Or, in Salvador- State of Bahia, Brazil, was retrospectively studied but with
prospective data collection in a subsequent treatment by surgery. The authors
identified all patients undergoing pancreatic resection for SPN between 1998 and 2018.

The clinical characteristics, perioperative, anatomopathological data, and long-term
follow-up were analyzed. The occurrence of adverse events (AE) and the treatment
was analyzed. The review of the literature, composed of retrospective articles, was
conducted through a database search in MEDLINE/PubMed.

The Karnofsky Performance Status Scale was used in the initial evaluation of the
patients, correlating the disease symptoms with physical impairment and self-care, on
a scale of 10%-100%. A score > 80% indicates an ability to perform daily activities
without special care, despite the presence of symptoms of the disease. All surgeries
were performed by surgeons experienced in pancreatic surgery. Pylorus-preserving
pancreaticoduodenectomy (PPD) was the surgical technique of choice for tumors of
the head of the pancreas, whereas distal pancreatectomy (DP) was performed for
tumors of the body and tail of the pancreas. All patients who underwent DP were
vaccinated against encapsulated bacteria 15 d before the procedure, including those
whose spleen was preserved.

The Enhanced Recovery After Surgery protocol was used, except in DPs that were
systematically drained, because reliable predictors for pancreatic fistula are lacking in
the literature. The drain was removed on the third day after surgery if amylase was <
5000 U/L in the drained fluid[10]. The amount of pancreatic tissue removed was
determined in the DPs and related to the appearance of diabetes mellitus (DM). The
mean size of the surgical specimens collected in all the DPs performed in center (8 cm)
was used. The occurrence of fistulas was classified according to the criteria of the
International Study Group on Pancreatic Fistula[11]. A fistula was defined as an
amylase level in the drainage fluid that is more than 3 times the upper normal limit of
serum amylase persisting beyond 3 wk.

The Clavien-Dindo classification was used to classify AEs, whether related to the
surgery site or not, with the aim of categorizing them into minor events, which
required the use of analgesics and prokinetics (Clavien-Dindo I) or blood transfusion
associated with parenteral nutrition (Clavien-Dindo II), and major events, which
required intervention ranging from endoscopy to surgery (Clavien-Dindo III)[12].
Surgery-related mortality was considered up to 90 d after the procedure[13].

The microscopic criterion for malignancy, as defined by the World Health
Organization (WHO), was the invasion of perineural, angiolymphatic, capsular, or
peripancreatic adipose tissues[14].

The patients were followed up on an outpatient basis for at least 5 years, except one
case, which was followed for only one year. The following parameters were analyzed:
tumor relapse, appearance of DM, and pre- and postoperative quality of life as
perceived by the patient (Karnofsky score).

RESULTS

Sample characteristics

Fourteen patients with SPN submitted to curative surgery over a 20-year period were
identified, all of them female. The mean age was 31.5 years (range: 20-55); 11 patients
(78.6%) were aged 35 years or younger. Twelve patients (85.7%) were asymptomatic.
The diagnosis was made through abdominal ultrasound (US), which had been
requested due to other causes. One patient (7.1%) had abdominal pain along with
nausea and vomiting due to an 11 cm tumor that affected the body and head of the
pancreas and caused gastric compression (Figure 1A). Another patient presented with
jaundice and weight loss due to a 9 cm mass in the head of the pancreas (Figure 1B).
All cases had a Karnofsky score > 80%.

Imaging examinations and staging

All patients were staged using either computed tomography (CT) or abdominal
magnetic resonance imaging (MRI). None had any evidence of liver, peritoneum, or
lymph node metastases. Endosonography was performed in one of the patients (7.1%)
and SPN was confirmed. The mean size of the tumors identified by the preoperative
imaging examinations was 6.72 cm (range: 1.5-18 cm). The most common locations
were the body and tail of the pancreas (Table 1).
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Table 1 Preoperative demographic data and clinical radiological characteristics

Demographic data (n = 14)

n (%)

Gender
Female/male
Mean age (yr); (range)
35yr
Symptoms
Asymptomatic
Abdominal pain and vomiting
Jaundice/weight loss
Radiological characteristics
Largest injury (cm)
Minor injury (cm)
Average lesion size (cm); (range)
Tumor location
Head
Body/tail
Metastasis
Yes
No
Lymph node enlargement

Vascular invasion

14 (100)/0 (0)
31.6 (20-55)

11 (78.6)

12 (85.7)
1(7.1)

1(7.1)

18
15

6.7 (1.5-18)

6 (42.8)

8 (57.1)

0
14 (100)
0

2(14.3)

WARCEA I EMENT KL
% ¥ PAR ()
o et W

(1T

Figure 1 Heterogeneous tumor and massive lesion in the head of the pancreas. A: Heterogeneous tumor, with cystic areas, solid components,

rejecting the gastric wall upwards; B: Massive lesion in the head of the pancreas.

Surgery

Nine patients (64.3%) underwent open surgery and 5 (35.7%) had laparoscopic
surgery. Splenectomy was performed in 7 patients (50%), and one patient (7.1%)
required a transverse colon resection and a partial gastrectomy due to SPN invasion of
these organs. Because of the tumor location, DP was the most common procedure (8
patients, 57%), while PPD was performed in 6 patients (43%). The mean intraoperative
time was 346.6 minutes for PPD and 228.12 minutes for DP (Table 2).
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Table 2 Intraoperative surgical data

Intraoperative characteristics (n = 14) n (%)
Access way

Laproscopic 5(38.4)

Open Laparotomy 9(64.2)
Type of surgery

Duodenopancreatectomy 6(42.8)

Distal pancreatectomy 8 (57.1)
Vascular resection

Yes 2(14.2)

No 12 (85.7)
Resection of other organs

Yes 8 (57.1)
Spleen (7)

Transverse colon 1)

Stomach 1)

No 6 (42.8)
Blood transfusion

Yes 2(14.2)

No 12 (85.7)

Jaishideng®

AEs

One PPD procedure (7.1%) required intraoperative vascular resection of the hepatic
artery and superior mesenteric vein (Figure 2A), with the surgery lasting 17 h and the
need for blood transfusion. The patient developed ascites and liver failure, caused by
massive hypoperfusion of the liver due to the long period of ischemia. This patient’s
treatment was conservative (Clavien-Dindo I). Another segmental resection of the
superior mesenteric vein (Figure 2B) was necessary during a DP, with the surgery
lasting 9 h and the need for blood transfusion. The patient had a satisfactory evolution.
Two patients (14.3%) submitted to PPD had AEs classified as Clavien-Dindo grade
II (urinary and surgical wound infections, both treated with antibiotic therapy). Two
patients (14.3%) who underwent DP developed fistulas, one had a gradeB fistula
(Clavien-Dindo II) and the other had a gradeC fistula (Clavien-Dindo III) (Table 3).

Surgical specimen size

In 2 patients (14.3%) among the 8 patients submitted to DP, the surgical specimen
measured less than 8 cm, and in 85.7% of the patients, the specimen measured more
than 8 cm, with a 9-18 cm range. Two patients (14.3%) submitted to DP developed DM
at 18 mo and 4 years after surgery. These two patients had 9 cm and 15 cm of the
pancreas resected, respectively. They did not have comorbid conditions, including
obesity.

Pathological characteristics

In the present study, the evaluation of the resected surgical specimens according to the
WHO criterion did not show any features predictive of recurrence, except in one
patient who had invasion of the peripancreatic adipose tissue and who was operated
in 2012 with no subsequent relapse. In all surgeries, resection with free margins (R0)
was achieved. No lymph node metastases were found in any case. The immunohisto-
chemical analysis confirmed the SPN diagnosis in all surgical specimens (Table 4).

Follow up

The mean follow-up period was 56.6 mo (12-156 mo). Ten patients were followed up
for 5 years; 3 patients with less than 5 years since the surgery are still under follow-up.
There were no cases of relapse. The Syear survival and disease-free survival rates were
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Table 3 Postoperative characteristics, adverse events (classification and treatment), readmission, and deaths

Postoperative characteristics (n = 14) n (%) Clavien-Dindo
Abdominal drain 14 (100) -
Surgical site (adverse events) 4 (28.5) -
Surgical wound infection (PD) 1(7.1) 1I (Antibiotic)
Transient liver failure/ascites (PD) 1(7.1) 1
Grade C pancreatic fistula (CCP); Grade B pancreatic fistula (CCP) 1(7.1);1(7.1) III (EL); IT (abdominal drain)
Surgical site (adverse events outside) 1(7.1)
Urinary infection (PD) 1(7.1) 1I (Antibiotic)
Readmission 1(7.1) Grade C fistula (EL)
Death up to 90 d 0

EL: Exploratory laparotomy; PD: Pancreaticoduodenectomy.

Table 4 Pathological characteristics (n = 14)

Pathological characteristics n (%)
Free surgical margins 14 (100)
Average of resected lymph nodes 6.5
Lymph node metastasis 0
Perineural invasion 0
Angiolymphatic invasion 0
Microscopic extension of the tumor 1
Peripancreatic adipose tissue 1
Invasion of the capsule 0

Figure 2 Resection of the hepatic artery and partial resection of the superior mesenteric vein. A: Resection of the hepatic artery and superior
mesenteric vein with placement of polytetrafluoroethylene (PTFE) prosthesis; B: Partial resection of the superior mesenteric vein using a PTFE vascular prosthesis.
HA: Hepatic artery; PV: Portal vein; SMV: Superior mesenteric vein; IVC: Inferior vena cava.

both 100% (Table 5). The mortality rate from causes related to the surgery was 0% in
the group. There was one death from bronchopneumonia 12 mo postoperatively.
However, one patient reported worsened quality of life, with a Karnofsky score < 80%.
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Table 5 Follow-up of patients with solid pseudopapillary neoplasm of the pancreas

Year of surgery n Follow-up (yr) Disease free Conduct
1998 1 13 Yes MD

1998 1 1 Yes Death'
2012 4 5 Yes MD

2013 1 5 Yes MD

2014 2 5 Yes MD

2015 2 5 Yes MD

2017 1 3 Yes SG

2018 2 2 Yes SG

Mean follow-up: 4.7 years (range 1-13 years). Medical discharge: 10 patients; 3 patients still under follow-up, and one died a year after surgery.
IPatient remained free of disease and died 1 year later from pneumonia, unrelated to the underlying pathology.
CD: Conduct; SG: Follow-up; MD: Medical discharge.

Literature review
Table 6 shows several series of SPN cases described in the literature.

DISCUSSION

SPN occurs in young women, with a prevalence ratio of 9.7:1 relative to men[15-25].

The mean age varies from 21.9 to 41.2 years[6,15-21], which is similar to that observed
in our case series (31.5 years). Two patients in our study were aged 47 years or older, a
finding that corroborates the statement that SPN does not occur exclusively in young
individuals of reproductive age. p-estrogen and progesterone receptors found in SPN
may be the cause of the predominance of the disease among young women, including
tumor growth in a favorable hormonal environment such as pregnancy[26,27]. In the
present study, a 20-year-old woman in the 8" week of pregnancy with an incidental
diagnosis of SPN (6 cm) in the head of the pancreas during an evaluation of urinary
infection underwent PPD without harm to the pregnancy. However, the occurrence of
SPN in men suggests that the disease is not exclusively hormone-dependent[27,28].

The presence of symptoms in patients with SPN is related to the size of the
abdominal mass, which compresses adjacent organs, and with the location of the mass,
a tumor in the head of the pancreas may cause abdominal pain and jaundice[15,17,20,
21]. Two patients (14.3%) in the present study had epigastric pain and nausea (one
patient) and jaundice associated with weight loss (one patient). The former patient’s
symptoms resulted from the compression of the stomach by an 11 cm SPN in the body
of the pancreas, while the latter patient had a 9.5 cm SPN resting on the head of the
pancreas. Most patients with SPN are asymptomatic and have an incidental diagnosis,
similar to the cases of 85.7% of patients in the present study (Table 1)[20]. Torres et al
[19], in a retrospective multicenter study of 16 patients with SPN located in the head of
the pancreas, did not observe any case of jaundice, even for lesions = 10 cm in
diameter.

SPN is malignant but indolent when compared to other pancreatic tumors. Tumor
aggressiveness occurs in 10%-15% of the cases and is detected either at diagnosis or
during disease progression[16,25]. Characteristics of aggressiveness include invasion
of nearby organs or of vascular structures, hepatic metastasis, and relapse after
treatment[5,15,16,20,21]. There are reports in the literature that an incomplete capsule
and solid components larger than cystic components on imaging exams are related to
greater aggressiveness[25,29]. Tumor size appears to have a stronger association with
aggressive SPNs. Butte ef al[5] suggest that SPNs > 7.8 cm have a greater correlation
with malignancy (P < 0.005). Kang et al[23] studied 351 patients and multivariate
analysis showed a correlation between tumors > 8 cm and relapse (P < 0.0018). In the
present study, 42.8% of patients had SPN 2 9 cm but this characteristic was not found
to be correlated with the presence of distant or lymph node metastases or with disease
recurrence, including the two cases with vascular invasion.

WJGO | https://www.wjgnet.com 595 June 15,2021 | Volume13 | Issue6 |

Jaishideng®



Silano F et al. Yield surgery in SPN

Table 6 Incidental and symptoms in patients with solid pseudopapillary neoplasms (literature data)

Ref. Year n Study Incidental (%) Ap (%) Other findings (%)
Papavramidis et al[15] 2006 718 R 15.5 46.5 Mass 34.8

Lubezky et al[16] 2017 32 R 28 48 Unspecific 24

Song et al[17] 2017 53 R 39.6 37.7 Mass 30.2

Wright et al[6] 2019 78 R 30.7 42.3 Nauseas 14.1

Lin et al[18] 2019 60 R 65 31.7 Strain 2.2

Torres et al[19] 2019 16 R - 87.5 Mass 12.5

Liu et al[20] 2019 243 R 63.4 19 Unspecific

Farhat et al[21] 2020 10 R 20 40 Mass 40

R: Retrospective study; Ap: Abdominal pain.

Surgery is the treatment of choice for SPN and over 95% of tumors can be resected
(RO). Surgery can be curative even with distant metastases[20]. Despite the indolent
behavior seen in the present study, this neoplasm can invade nearby structures and
organs. All patients in our study were treated with primary surgery (RO resection),
even the cases that required extensive resection of blood vessels (common hepatic
artery and superior mesenteric vein) and of organs such as the transverse colon,
stomach, and spleen, and the surgical treatment was effective. In a meta-analysis of
highly heterogeneous retrospective studies, Yepuri et al[30] observed an SPN recur-
rence of 2% after surgical resection. Additionally, it was found that factors such as R1
resection, positive lymph nodes, and the male gender were associated with increased
recurrence risks. The mean time for recurrence was 41 mo, with a rate of 71% in the
first 5 years, 25% between 5-10 years, and 4% (two cases) after 10 years. In the present
study in which all patients were female, there was no disease recurrence during
follow-up (Table 5), not even in the case of one patient who was followed up for 13
years. The disease-free survival of > 5 years in 100% of the patients may be attributed
to the absence of compromised lymph nodes, affected lymphatic vessels or perineural
involvement (Table 4), and particularly to the thorough preoperative staging, which
made surgeries with RO margins possible, even when those margins were extensive
and included the resection of large vessels.

The development of DM after DP is debatable. Studies have shown a low incidence
of DM in these patients, between 4.8 and 8%[30]. The risk for DM appears to increase
40%-50% seven years after surgery, which may be correlated with the amount of
resected pancreas tissue[31]. However, obesity appears to also influence the risk. It is
not known how much remaining pancreas tissue is required for normal glucose
metabolism to be maintained. In our study, 25% of the patients who underwent DP
had DM; they had 9 to 15 cm of their pancreas resected and were not obese.

For years SPN has been described as rare, representing approximately 3% of all
pancreatic tumors[20]. An increase in the number of diagnosed cases has been
reported in specialized centers. In the literature, the incidence varies from 2.5% to 5.1%
[16,21,32]. In the present study, the incidence was 6.3%, i.e., a significant increase in
notified cases. In a series of cases from 1988 to 2008 at the Johns Hopkins Hospital, 41
out of the 78 patients were diagnosed in the last 10 years of the series[6]. Other studies
indicate a recent increase in the number of diagnoses, with over 60% of cases reported
in the last decade[15,22,23]. In the present study, 2 patients were diagnosed and
treated before 1998 and the others were diagnosed after 2012 (Table 5). The authors
indicate some factors that may contribute to the appearance of new cases, including
greater access to specialist physicians, radiologists specialized in diseases of the
pancreas, and advances in imaging methods such as CT, MRI, and endosonography.
Social programs such as women’s health programs — in which screening exams, e.g.,
US — are performed, explain the finding of pancreatic tumors in asymptomatic
patients.
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CONCLUSION

In this study, SPN occurred in young women, most of which were asymptomatic.
Surgery was curative for all patients and the tumors exhibited an indolent behavior in
all cases.

ARTICLE HIGHLIGHTS

Research background

Study with 14 patients, operated in a single center, regardless of the size of the tumor,
obtained Margins R0, disease-free survival in 100% of cases, with a follow-up longer
than 5 years.

Research motivation

Surgical treatment is the main pillar of cure for solid papillary neoplasm of the
pancreas. The challenge is to improve access to imaging exams, screening programs
and surgeons specialized in pancreatic surgery. The importance is in early diagnosis,
greater chance of R0 surgery with less resection of other structures and consequently
greater survival.

Research objectives

Show that solid pseudopapillary neoplasms, even when in large volumes and with the
need to dry other noble structures, such as large vessels, has the possibility of cure in
surgery. We were able to demonstrate in this study, with RO surgeries and evidencing
deonca-free survival and quality of life.

Research methods
Retrospective study with analysis of a prospectively filled database.

Research results

This study was made up of female patients in its entirety, corroborating the literature
on being a more frequent neoplasm in women. Approximately 85% asymptomatic,
incidental discovery. In our series, we have seen an increase in cases since 2012.
Perhaps due to greater accessibility to imaging methods. The fact that women have
specific programs for women’s health with periodic examinations and screening, may
contribute to the discovery of tumors such as Solid papillary neoplasm of the pancreas
in asymptomatic patients, and that we are facing an underreported neoplasm, but it is
evident that we need more studies to affirm this.

Research conclusions
One theory would be that of an underdiagnosed neoplasm.

Research perspectives
Follow-up of operated patients to assess the natural history of the disease.
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Abstract

BACKGROUND

Hepatocellular carcinoma (HCC) accounts for 8.2% of all cancer-related deaths
worldwide. Being a vascular tumor, vascular endothelial growth factor (VEGF)
plays a vital role in HCC pathogenesis, growth, and spread.

AIM
To determine the accuracy of serum VEGF and VEGF/platelet (PLT) as tumor

markers in the early detection of HCC cases in patients with hepatitis C virus
(HCV)-related liver cirrhosis.

METHODS

We conducted a case-control study with HCV patients from the outpatient and
inpatient hepatology clinics. Patients were classified into three groups: (1) HCC
group; (2) Cirrhosis group; and (3) HCV without cirrhosis (control group).
Patients were clinically evaluated, and blood samples were drawn for the
analysis; serum VEGF levels were measured by a specific VEGF human
recombinant enzyme-linked immunosorbent assay kit. Data from the three study
groups were compared by the one-way analysis of variance or Kruskal-Wallis test.
Receivers operating characteristic curves were constructed to determine the
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optimal cut-off values of alpha fetoprotein (AFP), VEGF, and VEGF/PLT that
provided the best diagnostic accuracy. The sensitivity and specificity at the
optimal cut-off value of each biomarker were then calculated.

RESULTS

This study included one hundred patients (HCC, cirrhosis, and control groups: n
=40, 30, 30, respectively). HCC patients had significantly higher serum VEGF and
VEGEF/PLT levels than the non-HCC groups (P = 0.001). Serum VEGF and
VEGF/PLT showed significant positive correlations with and HCC tumor size,
stage, vascular invasion, and Child-Pugh classification. Moreover, a VEGF cut-off
the value of 250 pg/mL provided 80% sensitivity and 81.7% specificity for
discriminating HCC patient from non-HCC patients. Similarly, the ratio of
VEGF/PLT provided sensitivity and specificity of 77.5% and 80%, respectively
which is higher than the accuracy provided by AFP. The combination of AFP,
VEGF, and VEGF/PLT increases the accuracy of diagnosing HCC to > 95%.

CONCLUSION
In HCV patients, serum VEGF and VEGF/PLT separately or in combination with
AFP are reliable biomarkers for early and accurate HCC diagnosis.

Key Words: Hepatocellular carcinoma; Vascular endothelial growth factor; Biomarkers;
Diagnosis

©The Author(s) 2021. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: We conducted an observational study with 100 patients to assess the
usefulness of serum vascular endothelial growth factor (VEGF) and VEGF/platelet
(PLT) as tumor markers for hepatocellular carcinoma (HCC) diagnosis in hepatitis C
virus-related cirrhotic patients, and comparing them to serum alpha fetoprotein (AFP);
the conventional marker of HCC. It was found that serum VEGF and VEGF/PLT
appear to be additional diagnostic markers for HCC detection and prognostic markers
during HCC patients follow up. Also, combined measurement of serum VEGF,
VEGEF/PLT and AFP significantly increase the sensitivity, specificity and accuracy in
detection of HCC among cirrhotic patients rather than using of AFP, VEGF, or
VEGEF/PLT separately.

Citation: Alzamzamy A, Elsayed H, Abd Elraouf M, Eltoukhy H, Megahed T, Aboubakr A.
Serum vascular endothelial growth factor as a tumor marker for hepatocellular carcinoma in
hepatitis C virus-related cirrhotic patients. World J Gastrointest Oncol 2021; 13(6): 600-611
URL: https://www.wjgnet.com/1948-5204/full/v13/i6/600.htm

DOI: https://dx.doi.org/10.4251/wjgo.v13.i6.600

INTRODUCTION

Liver cancer is the sixth most prevalent cancer worldwide with about 841000 new
cases in 2018 according to the recent Global Cancer Observatory estimates[1]. Also,
liver cancer is the fourth leading cause of cancer deaths worldwide accounting for
782000 deaths annually. Hepatocellular carcinoma (HCC) comprises about 75% to 85%
of liver cancers[1].

Most of HCC patients are diagnosed at a late stage which makes HCC associated
with low survival and poor prognosis[2]. The available screening methods for early
detection of HCC in patients with liver cirrhosis are inadequate. The most established
and well-studied HCC biomarker is serum alpha fetoprotein (AFP), and abdominal
ultrasound performed every six months. However, this screening method has several
limitations: (1) The limited sensitivity of AFP; AFP is not secreted in all cases of HCC
and may be normal in about 40% of patients with early HCC; and (2) Abdominal
ultrasound is highly dependent on the skills and experience of the examiner[3,4].
Recently, an unmet need to find novel tumor markers with high sensitivity and
specificity for early diagnosis of HCC and to differentiate HCC from benign lesions
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has been demonstrated.

Most of the current HCC biomarkers have limited sensitivity or specificity which
can be explained by the substantial heterogeneity of HCC. Therefore, it is suggested
that the combination of two or three biomarkers with high specificity might provide
early HCC optimal diagnosis.

Vascular endothelial growth factor (VEGF) is responsible for angiogenesis, and it
appears to be the most important angiogenic factor in HCC. Hypoxia was suggested as
the central stimulus of angiogenesis and liver carcinogenesis via upregulation of VEGF
gene expression.

In HCC patients, a positive correlation between platelet count and serum VEGF was
found|[5]. Platelets store and transport VEGF to target cells; therefore, they have been
reported to play a substantial role in tumor angiogenesis, progression, and prognosis.
Serum VEGF/platelet (PLT) was used to overcome the variations in serum VEGF
levels in HCC patients with different platelet counts. Therefore, VEGF/PLT has been
proposed as an indirect theoretical estimate of VEGF in platelets.

Because HCC is characterized by high vascularity and the tumor relies on the
formation of new blood vessels to grow and spread, angiogenic factors, such as VEGF
play an important role in HCC pathogenesis[6]. VEGF acts on the VEGF receptor-2
(VEGFR2) and leads to induction of cancer stem cells and formation of microscopic
blood vessels that facilitate tumor growth, invasion, and spread[7,8]. The role of VEGF
in tumor pathogenesis, invasion, and spread has been described in many types of
cancer, including HCC. Several studies report VEGF overexpression in HCC. Matsui et
al[9] found higher levels of VEGF in patients with more advanced stages of the disease,
larger tumor sizes, and more vascular invasion. As a prognostic factor, overexpression
of VEGF was associated with an increase in vascular invasion and poor overall
survival of HCC patients[10].

Cumulative evidence from the literature supports the idea that VEGF might be
useful as a tumor marker for early HCC detection. Although several studies have been
conducted to measure VEGF levels in HCC patients in different clinical settings, to the
best of our knowledge few data are available about the HCC diagnostic performance
of VEGF. Therefore, we conducted this observational study to assess the usefulness of
serum VEGF and VEGF/PLT as tumor markers in patients with hepatitis C virus
(HCV)-related liver cirrhosis and HCC and compare them to serum AFP, the conven-
tional marker of HCC. Also, this study aimed to verify the possibility of using
combined measurements of serum VEGF, VEGF/PLT, and AFP for HCC diagnosis.

MATERIALS AND METHODS

We report this manuscript according to the Strengthening the Reporting of Observa-
tional Studies in Epidemiology statement guidelines[11]. The study was approved by
the ethics committee of the Faculty of Medicine, Al Azhar University and Egypt center
for research and regenerative medicine, Cairo, Egypt.

Study design, setting, and duration

We performed a case-control study at the inpatient and outpatient clinics of the
Gastroenterology and Hepatology Department, Maadi Armed Forces Medical
Complex, Cairo, Egypt. The study was conducted on patients attending the study
setting from January 2015 to June 2017.

Eligibility criteria of the study population

Study subjects were selected according to several criteria: (1) Male and female patients
aged between 18 and 60 years; and (2) Patients with chronic HCV infection confirmed
by seropositive anti-HCV antibody detection using the third generation enzyme-
linked immunosorbent assay (ELISA) and HCV-RNA seropositive histopathological
criteria indicating chronic HCV liver disease.

We excluded patients with certain conditions: (1) Patients with any type of cancer
other than HCC (such as breast, lung, brain, gastrointestinal, renal, bladder and
ovarian); (2) Patients with collagen diseases (rheumatoid arthritis, psoriasis, and
systemic sclerosis); (3) Patients with heart failure, chronic obstructive pulmonary
disease, pulmonary hypertension and, acute respiratory distress syndrome; (4)
Patients with diabetes mellitus, diabetic retinopathy, age-related macular
degeneration; (5) Patients with sickle cell anaemia, pregnancy and preeclampsia; (6)
Patients with co-infection with hepatitis B virus; and (7) Patients with alcoholic liver
disease.
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Study groups

The study included three groups: (1) HCC group: This group included patients with
HCC secondary to liver cirrhosis and chronic HCV, confirmed by HCV RNA
polymerase chain reaction (PCR), abdominal ultrasound (US), triphasic spiral
computed tomography (CT) of the abdomen, and/or dynamic abdominal magnetic
resonance imaging (MRI); (2) Cirrhosis group: This group included patients with
HCV-related liver cirrhosis without HCC. The diagnosis of cirrhosis was based on the
clinical picture, US and laboratory findings suggestive liver cirrhosis; and (3) This
group included patients with chronic HCV without cirrhosis or HCC.

Recruitment of the control group

The control group consisted of HCV patients who were free from cirrhosis and HCC.
We used the medical records of the participants to confirm that they did not have
cirrhosis or HCC.

Baseline assessment of the study participants

Clinical assessment: All participants underwent a full clinical assessment, and
medical histories were obtained. The clinical evaluation focused on the assessment of
several factors: (1) Jaundice; (2) Ascites; (3) Palmar erythema; (4) Variceal bleeding; (5)
Spider nevi; (6) Pallor; (7) Flapping tremors; and (8) Hepatic encephalopathy.

Laboratory assessment: For all participants, the following laboratory tests were done:
(1) HCV viral markers: Anti-HCV antibody, HCV-RNA based on PCR, hepatitis B
surface antigen, hepatitis B core antibody, and human immunodeficiency Ab complete
blood picture; (2) Liver biochemical profile: Alanine aminotransferase, aspartate
transaminase, alkaline phosphatase, gamma glutamyl transferase, serum albumin,
serum bilirubin (total and direct), prothrombin time, and international normalized
ratio; (3) Renal function tests: blood urea and serum creatinine; (4) Fasting blood
glucose; (5) Postprandial blood glucose; (6) Glycosylated hemoglobin (normal < 6%);
(7) Quantitative measurement of serum AFP; (8) Quantitative measurement of serum
VEGEF using ELISA kits; and (9) Quantitative measurement of serum VEGF/PLT by
dividing serum VEGF concentration by the platelet count.

Imaging and radiographic assessment
For imaging, all participants underwent abdominal US with emphasis on the signs
suggestive of liver cirrhosis: (1) Any focal lesion (its number, site, and size); (2) Portal
vein (patency and its diameter); (3) Splenic size; and (4) The presence of ascites (mild,
moderate, severe).

Also, abdominal triphasic spiral CT with or without dynamic abdomen MRI was
done to confirm the diagnosis of any suspected focal lesions suspected based on the
us.

Determination of VEGF serum levels

We measured the total serum VEGF with a human recombinant ELISA kit that is
designed to measure human VEGF concentration in serum (Glory Science Co., Ltd,
United States). We followed the established principals and the steps of VEGF kit assay
according to the manufacturer’s instructions.

Statistical analysis

Categorical data were summarized as frequencies and percentages. While continuous
data were initially tested for normality using the Kolmogorov-Smirnov test.
Continuous data were presented as means and standard deviations. For comparison of
categorical variables, we used chi-square and Fischer’s exact tests. For comparison of
two means, the student's t- and Mann-Whitney tests were used for the normally and
non-normally distributed data, respectively. To compare the quantitative variables
between the three groups, we used either a one-way analysis of variance (ANOVA)
followed by Tukey's post-hoc or the Kruskal-Wallis test according to the type and
distribution of the data. To study the relationship between two variables, Pearson’s
correlation test was used, and the correlation coefficient (r) was calculated. To
determine the optimal cut-off point for serum VEGF and VEGF/PLT ratio in which
these measures achieved the highest sensitivity and specificity in diagnosing HCC, we
constructed a receiver operating characteristic curve (ROC) which allowed us to plot
the sensitivity against the 1-specificity at each point. An alpha level below 0.05 was
considered statistically significant. All analyses were done using the Statistical Package
for Social Science (SPSS software version 18 for Windows).

WJGO | https://www.wjgnet.com 603 June 15,2021 | Volume13 | Issue6 |



Alzamzamy A et al. Serum vascular endothelial growth factor

Jaishideng®

RESULTS

Characteristics of the study population

Our study included 100 participants (HCC group/group I: n = 40, cirrhosis
group/group II: n = 30, and control group/group III: n = 30). Of them, 67 patients
were males, and 33 were females. The demographic characteristics of the study groups
are shown in Table 1. There was no statistically significant difference between the
three studied groups as regard age and gender (Table 1). Moreover, there was no
significant correlation between VEGF, AFP, and VEGF/PLT values and age and sex of
the patients. Also, there was no significant correlation between tumor characteristics
by Barcelona Clinic Liver Cancer (BCLC) and age and sex of the patients.

The Child-Pugh classification for group I (HCC group) was A for 24 patients, B for
11 patients, and C for five patients while the Child-Pugh classification in group II
(cirrhosis group) was A for 19 patients, B for eight patients, and C for three patients

Table 1).

( In H(%C group, 20 patients were classified as stage I, five patients as stage II, three
patients as stage IIIA, 11 patients as stage IIIB, and one patient as stage IVB with
respect to tumor/node/metastasis (TNM). While six patients were classified as stage 0
disease, 13 patients as stage A, eight patients as stage B, 11 patients as stage C, and two
patients as stage D with respect to the BCLC tumor stage. Also, 12 patients with
vascular invasion were noted, and only one patient had distal metastasis.

Biomarker levels in the study groups
HCC group had significantly higher AFP levels than the two non-HCC groups
(cirrhosis group and control group). Moreover, the VEGF levels were significantly
higher in the HCC group when compared with the cirrhosis group (1409 pg/mL vs
233.3 pg/mL) and when compared with the control group (1409 pg/mL vs 204
pg/mL). The ratio of VEGF/PLT was 13.2 in the HCC group, which was much higher
than the 1.68 reported in the cirrhosis group, and the 0.95 reported in the control
group. The biomarker levels in the three study groups are shown in Table 2.
Statistically highly significant differences in the levels of the studied markers (AFP,
VEGF, and VEGF/PLT) among the HCC, the cirrhotic, and the control groups were
found.

Diagnostic performance of the AFP, VEGF, and VEGF/PLT for detection of HCC

At a cut-off value of 40 ng/mL, serum AFP provided an accuracy of 74.1% when
diagnosing HCC (a sensitivity of 65% and specificity of 83.3%). At a cut-off value of
250 pg/mL, serum VEGF provided 80% and 81.7% sensitivity and specificity,
respectively, for diagnosing HCC. At a cut-off value of 2.31, serum VEGF/PLT
provided a sensitivity and specificity of 77.5% and 80%, respectively. When the three
parameters were combined, the highest accuracy was achieved with a sensitivity of
92.5% and a specificity of 98.3%. The ROC curve of the three HCC diagnostic markers
and their combinations is shown in Figure 1. The diagnostic performance of the three
parameters is shown in Table 3.

VEGF showed the highest sensitivity among the serum tumor markers. Also, ROC
curves for the three studied tumor markers indicated that the specificity of VEGF was
very high and other serum tumor markers were similar.

The area under the ROC curve (AUC) for serum VEGF was 0.859, while the AUC
values for serum AFP and VEGF/PLT were 0.754 and 0.842, respectively. In addition,
the accuracy of VEGF was 80.84%, while that of AFP and VEGF/PLT was 74.17% and
78.75%, respectively.

For diagnosis of HCC, serum VEGF showed higher sensitivity than the other tumor
markers and it had the largest AUC on ROC analysis in addition to the highest
accuracy. These results indicate that the serum VEGF level was more useful for the
diagnosis of HCC than the other two tumor markers (serum AFP and VEGF/PLT) in
patients with HCV-related liver cirrhosis

In this study, a significant increase in the AUC, sensitivity, specificity, accuracy, and
positive and negative predictive values for detection of HCC in cirrhotic patients was
detected, when we use combined measurements of serum VEGF, VEGF/PLT, and AFP
rather than using AFP, VEGF, or VEGF/PLT separately (Table 3).

Correlations between the tumor characteristics and the AFP, VEGF, and VEGF/PLT

AFP was significantly correlated with the size of the tumor and the BCLC stage of the
tumor but not with the TNM staging. Both VEGF and VEGF/PLT showed significantly
positive correlations with the size of the tumor, TNM staging, and BLCL tumor
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Table 1 Demographic and clinical characteristics of the three study groups

HCC group Cirrhosis group Control group P value
Gender Male 30 17 20 >0.05
Female 10 13 10
Age (years) mean (SD) 60.07 +5.34 58.33 £ 8.07 55.2+7.6 >0.05
Range 50-68 37-67 34-62
Child-Pugh score, 1 (%) A 24 (60.0) 19 (63.3) Not applicable
B 11 (27.5) 8(26.7) Not applicable
C 5 (12.5) 3 (10.0) Not applicable

HCC: Hepatocellular carcinoma; SD: Standard deviation.

Table 2 Biomarker levels in the three study groups

HCC group Cirrhosis group Control group
- - - P value
Mean SD Median Mean SD Median Mean SD Median
AFP (ng/mL) 694.6 885.38 169.5 29.71 38.71 12.95 23.58 3215 9.5 <0.001"
VEGE (pg/mL) 1409 917.40 1250 2333 196.51 150 204 190.89 110 <0.001'
VEGF/PLT 132 10.42 10.64 1.68 1.40 118 0.95 0.71 0.72 <0.001"

1Kruskal Wallis test.

AFP: Alpha fetoprotein; VEGF: Vascular endothelial growth factor; PLT: Platelet; SD: Standard deviation; HCC: Hepatic cell carcinoma.

Table 3 Diagnostic performance of alpha fetoprotein, vascular endothelial growth factor, and vascular endothelial growth

factor/platelet, separately and in combination, in the prediction of hepatocellular carcinoma

Cut-off point AUC Sensitivity Specificity Accuracy PPV NPV P value
AFP 40 0.754 65.00 83.33 74.17% 72.2 781 <0.0001
VEGF 250 0.859 80.00 81.67 80.84 74.4 86.0 <0.0001
VEGF/PLT 231 0.842 77.50 80.00 78.75 721 84.2 <0.0001
Combination = 0.953 92.50 98.33 95.42 97.4 95.2 <0.0001

AUC: Area under the receiver operating characteristic curve; PPV: Positive predictive value; NPV: Negative predictive value; AFP: Alpha fetoprotein;
VEGEF: Vascular endothelial growth factor; PLT: Platelet.

JBaishideng®

staging (Table 4).

HCC cases with portal vein thrombosis had significantly higher VEGF (2056.3 vs
1231.6; P = 0.021) and VEGF/PLT levels (20.85 vs 11.35; P = 0.019) compared with
those with patent portal vein (Table 5). Thus, statistically significant positive correl-
ations between serum VEGF and serum VEGF/PLT levels; and the presence of portal
vein thrombosis among HCC cases were found. On the other hand, no significant
correlation between serum AFP and PVT was found.

In the patients with HCC, a statistically significant correlation between serum VEGF
level and platelet count (r = 0.668; P = 0.02) was noted (Table 6 and Figure 2).
However, no correlation between serum VEGF levels and platelet count in the patients
with liver cirrhosis and the control group (P = 0.970; P = 0.781, respectively) was found

Table 6).

( No C())rrelation between serum AFP and VEGF levels among HCC cases was
detected (Table 7). Also, no correlation between serum AFP and VEGF/PLT levels
among HCC cases was found (Table 8). A statistically significant correlation between
serum VEGF and VEGF/PLT levels among HCC cases was shown (Table 9).

WJGO | https://www.wjgnet.com 605 June15,2021 | Volume13 | Issue6 |



Alzamzamy A et al. Serum vascular endothelial growth factor

Table 4 Correlations between tumor characteristics (tumor size and stage) and each of alpha fetoprotein, vascular endothelial growth

factor and vascular endothelial growth factor/ platelet among hepatocellular carcinoma cases

AFP (ng/mL) VEGF (pg/mL) VEGF/PLT
Size of tumor Correlation coefficient 0.492 0.662 0.483
P value 0.001 0.0001 0.002
TNM stage of tumor Correlation coefficient 0.247 0.795 0.696
P value 0.124 0.0001 0.0001
BCLC stage of tumor Correlation coefficient 0.382 0.889 0.740
P value 0.015 0.0001 0.0001

AFP: Alpha fetoprotein; VEGF: Vascular endothelial growth factor; PLT: Platelet; BCLC: Barcelona clinic liver; TNM: Tumor/node/ metastasis.

Table 5 Correlations between the presence of portal vein thrombosis and each of serum alpha fetoprotein, vascular endothelial growth

factor, and vascular endothelial growth factor/platelet levels among hepatocellular carcinoma cases

No PVT PVT Independent t-test

Mean SD Mean SD t-value P value
AFP (ng/mL) 580.64 854.69 1143.63 92342 -1.641 0.109
VEGF (pg/mL) 1231.56 907.97 2056.25 661.94 -2.404 0.021
VEGF/PLT 11.35 9.98 20.85 9.12 -2.446 0.019

AFP: Alpha fetoprotein; VEGF: Vascular endothelial growth factor; PLT: Platelet; PVT: Portal vein thrombosis; SD: Standard deviation.

Table 6 Correlation between serum vascular endothelial growth factor and platelet count among the three study groups

VEGF

HCC group CLC group Control group

r Pvalue r P value r Pvalue
Platelets 0.668" 0.002 -0.007" 0.970 0.053" 0.781

1Spearman correlation coefficients.
VEGEF: Vascular endothelial growth factor; CLC: Hepatitis C virus-related liver cirrhosis; HCC: Heptatocellular carcinoma.

Table 7 Correlation between serum alpha fetoprotein and vascular endothelial growth factor levels among hepatocellular carcinoma

cases
AFP (ng/mL)
r P value
VEGF (pg/mL) 0.119 0.463'

1Spearman correlation coefficients.
AFP: Alpha fetoprotein; VEGF: Vascular endothelial growth factor.

DISCUSSION

Summary of the main findings

The main aim of this work was to assess the usefulness of serum VEGF and
VEGF/PLT as tumor markers in patients with HCV-related liver cirrhosis and HCC
and to compare them with the control group (patients with chronic HCV without
cirrhosis or HCC) in order to detect their sensitivity and specificity as diagnostic
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Table 8 Correlation between serum alpha fetoprotein and vascular endothelial growth factor/platelet levels among hepatocellular

carcinoma cases

AFP (ng/mL)
r P value
VEGF/PLT 0.175 0.280'

1Spearman correlation coefficients.
AFP: Alpha fetoprotein; VEGF/PLT: Vascular endothelial growth factor/platelet.

Table 9 Positive correlation between serum vascular endothelial growth factor; and vascular endothelial growth factor/platelet levels

among hepatocellular carcinoma cases

VEGF (pg/mL)
r P value
VEGF/PLT 0.925 0.000"

1Spearman correlation coefficients.
VEGEF: Vascular endothelial growth factor; PLT: Platelet.
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Figure 1 The receivers operating characteristic curve of the three hepatocellular carcinoma diagnostic markers and their combination.
VEGEF: Vascular endothelial growth factor; AFP: Alpha fetoprotein; PLT: Platelet.

markers for HCC. These two markers were also compared to AFP, the conventional
marker of HCC, and were then correlated with tumor size, stage, vascular invasion,
and Child-Pugh classification. Also, this study aimed to verify the possibility of using
combined measurement of serum VEGF, VEGF/PLT, and AFP for diagnosing HCC
early and accurately.

Our findings showed that HCC patients had significantly higher serum VEGF and
VEGF/PLT levels compared with non-HCC patients. Also, serum VEGF and
VEGEF/PLT levels were positively correlated with the tumor size, stage, vascular
invasion and Child-Pugh classification. Serum VEGF and VEGF/PLT achieved higher
accuracy (higher sensitivity and specificity) than AFP for diagnosing HCC. Also, the
combined measurement of serum VEGF, VEGF/PLT and AFP significantly increased
the sensitivity, specificity, accuracy, AUC, and positive and negative predictive values
in detection of HCC among cirrhotic patients.

Explanation of the study results

Results of this study can be explained by the essential role of VEGF in HCC
pathogenesis and spread. Therefore, high serum VEGF levels in HCC patients were
associated with larger tumor size and more advanced disease stages. Moreover, a
VEGEF cut-off the value of 250 pg/mL provided 80% sensitivity and 81.7% specificity
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Figure 2 Positive correlation between serum vascular endothelial growth factor and the presence of performance validity testing among
hepatocellular carcinoma cases. PVT: Performance validity testing; VEGF: Vascular endothelial growth factor.
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for discriminating HCC patients from non-HCC patients. Similarly, the ratio of
VEGF/PLT provided sensitivity and specificity of 77.5% and 80%, respectively, which
is higher than the accuracy provided by AFP.

It is suggested that hypoxia stimulates angiogenesis and liver carcinogenesis via
upregulation of VEGF gene expression. While the production of AFP occurs due to the
de-differentiation of cancer cells, which does not usually occur in early stages since
HCC often starts as a well-differentiated tumor and then undergoes de-differentiation
as the tumor grows.

A positive correlation between serum VEGF levels and tumor VEGF expression as
assessed by immunohistochemical study was reported and suggests that serum VEGF
levels at least in part reflects the tumor VEGF expression.

In HCC cases, serum VEGF correlates with the platelet counts. VEGF is produced by
tumor cells and is stored and transported by platelets[8,12]. The reservoir of VEGF in
platelets might be indicative of HCC angiogenesis and invasion. Serum VEGF/PLT
was shown to correlate with HCC, suggesting a role for VEGF/PLT as a standard
measure of circulating VEGF[10].

A large body of evidence suggests that VEGF might be used as a tumor marker for
HCC. First, HCC is a vascular tumor that depends on angiogenesis for tumor growth
and survival. Second, high VEGF levels were associated with poor clinical character-
istics of the tumor and poor prognosis; it was reported that HCC patients treated with
sorafenib who have higher levels of VEGF had significantly poorer overall survival
and less response to the treatment compared to those with low VEGEF levels,
suggesting that VEGF might be a useful tool for predicting patient response to
sorafenib treatment[13]. Third, anti-VEGF agents, such as sorafenib, are effective HCC
treatments that could improve patient survival, A recent meta-analysis of seven
randomized controlled trials showed that tyrosine kinase inhibitors targeting VEGF
were effective for the treatment of unresectable metastatic HCC and that anti-VEGF
could extend the overall survival and time till disease progression in HCC patient[14].
Fourth, siRNA silencing of VEGF through hepatic artery perfusion could lead to
suppression of HCC proliferation, induction of tumor cell apoptosis, and reduction in
tumor angiogenesis[15].

It is evident that VEGF plays two roles in HCC pathogenesis: (1) Formation of blood
vessels that lead to tumor growth and spread; and (2) Activation of VEGFR2 induces
HCC cancer stem cells that lead to tumor recurrence[16], which makes it a reliable
biomarker that is positively correlated with the clinical HCC stage, and is useful for
predicting patient response to anti-VEGF treatment predicting tumor recurrence after
HCC treatment.

Previous studies

Several previous studies have evaluated the accuracy of VEGF for diagnosing HCC.
According to our results, at a cut-off 250 pg/mL, the sensitivity was 80%, specificity

was 81.67%, accuracy was 80.84%, the AUC was 0.859, positive predictive value was

74.4%, and negative predictive value was 86.0%. The present results were comparable

to those of Mukozu et al[17] who reported a sensitivity of 86.4%, and specificity of
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96.2% when the cut-off value was 108 pg/mL; in that study, accuracy was 89.4%, and
the AUC was 0.988[17]. Also, our results were comparable to those of Sabry et al[18]
who found that the sensitivity of VEGF was 88% and the specificity was 60% at a cut-
off value of 228 pg/mL, accuracy was 82%, positive predictive value 90%, and
negative predictive value 55%.

Another study of VEGF in HCC patients showed that VEGF had 90% sensitivity and
specificity at a cut-off value of 271.85 pg/mL with an AUC of 0.972[19]. When
combining serum VEGF with AFP, the accuracy increased to 100% and 98.7% for the
sensitivity and specificity, respectively, which is in agreement with our findings[19]. In
another study, the optimal AFP cut-off value of 15 ng/mL provided a sensitivity and
specificity of 76% and 62%, respectively, while the serum VEGF cut-off value of 108
pg/mL achieved a sensitivity and specificity of 98% and 46%, respectively. They
concluded that among the many studied serum biomarkers, VEGF had the highest
sensitivity in diagnosing HCC[18]. Yvamoto et al[20] found that VEGF levels had a
sensitivity and specificity of 65% and 85%, respectively, while AFP had sensitivity and
specificity of 28% and 99% for diagnosing HCC, respectively.

Strength points and limitations

Our study expands the literature by providing information about the accuracy of
serum VEGF and VEGF/PLT in diagnosing HCC. Both serum VEGF and VEGF/PLT
achieved better diagnostic performance than the traditional AFP. Moreover, when the
three parameters were combined, the highest accuracy (> 95%) was achieved with a
sensitivity and specificity of 92.5%, 98.3%, respectively.

The strength points of our study include three main point: (1) Validation of VEGF
diagnostic accuracy in the HCV population, rather than in the general population,
which makes these results applicable in the clinical setting; (2) The study was powered
enough to demonstrate the accuracy of serum VEGF and VEGF/PLT in diagnosing
HCGC; and (3) Inclusion of a third group of cirrhotic patients to validate the specificity
of VEGF and exclude cirrhotic HCV patients without HCC.

Recommendations for future research

We recommend greater number of patients to gain greater insight into potential
usefulness of serum VEGF and VEGF/PLT in patients with HCC. Also, we
recommend more studies which are much more precise: (1) Serum or plasma VEGF;
and (2) Serum VEGF or serum VEGF/PLT. Follow up of patients over several years is
recommended to detect the association between serum VEGF levels and response to
treatment in comparison to serum AFP levels. Future studies are recommended to
explore the relationship between serum VEGF levels and the presence of HCC with or
without portal vein invasion before and after treatment.

CONCLUSION

Serum VEGF and VEGF/PLT appear to be additional diagnostic markers for HCC
detection and prognostic markers during the follow-up of HCC patients since these
markers showed significant correlations with tumor size, and stage, and the presence
of vascular invasion among HCC cases.

Combined measurements of serum VEGF, VEGF/PLT, and AFP significantly
increase the sensitivity, specificity, accuracy, AUC, and positive and negative
predictive values for detecting HCC among cirrhotic patients rather than using AFP,
VEGEF, or VEGF/PLT separately.

ARTICLE HIGHLIGHTS

Research background

Hepatocellular carcinoma (HCC) is diagnosed at a late stage. Therefore, the prognosis
of patients with HCC is generally poor. The recommended screening strategy for
patients with liver cirrhosis includes the determination of serum alpha fetoprotein
(AFP) levels and an abdominal ultrasound every 6 mo to detect HCC at an earlier
stage. AFP, however, is a marker characterized by poor sensitivity and specificity, and
abdominal ultrasound is highly dependent on the operator's experience. Vascular
endothelial growth factor (VEGF) is a primary driving force for both physiological and
pathological angiogenesis, and its overexpression is observed in HCC. VEGF is one of
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the most important angiogenic factors and it promotes angiogenesis in most human
tumors. One of the notable features of most HCCs is hypervascularity and it has been
reported that VEGF expression is correlated with tumor vascularity. The circulating
VEGEF level was reported to be correlated with the stage of HCC and the highest VEGF
levels are found in patients with metastasis

Research motivation
Try to determine the accuracy of serum VEGF and VEGF/platelet (PLT) as tumor
markers in the early detection of HCC cases in patients with hepatitis C virus (HCV)-
related liver cirrhosis.

Research objectives

The present study provides important data for the early diagnosis of HCC, enabling an
increase in the number of cases treated worldwide. The main aim of this work was to
assess the usefulness of serum VEGF and VEGF/PLT as tumor markers in patients
with HCV-related liver cirrhosis and HCC and to compare them with the control
group (patients with chronic HCV without cirrhosis or HCC) in order to detect their
sensitivity and specificity as diagnostic markers for HCC. These two markers were
also compared to AFP, the conventional marker of HCC, and were then correlated
with tumor size, stage, vascular invasion, and Child-Pugh classification. Also, this
study aimed to verify the possibility of using combined measurement of serum VEGF,
VEGEF/PLT, and AFP for diagnosing HCC early and accurately.

Research methods

We conducted a case-control study with HCV patients from the outpatient and
inpatient hepatology clinics. Patients were classified into three groups: (1) HCC group;
(2) Cirrhosis group; and (3) HCV without cirrhosis (control group). Patients were
clinically evaluated, and blood samples were drawn for the analysis; serum VEGF
levels were measured by a specific VEGF human recombinant enzyme-linked
immunosorbent assay kit. Data from the three study groups were compared by the
one-way analysis of variance or Kruskal-Wallis test. Receivers operating characteristic
curves (ROC) were constructed to determine the optimal cut-off values of AFP, VEGF,
and VEGF/PLT that provided the best diagnostic accuracy. The sensitivity and
specificity at the optimal cut-off value of each biomarker were then calculated.

Research results

This study included one hundred patients (HCC, cirrhosis, and control groups: n = 40,
30, 30, respectively). HCC patients had significantly higher serum VEGF and
VEGEF/PLT levels than the non-HCC groups (P = 0.001). Serum VEGF and VEGF/PLT
showed significant positive correlations with and HCC tumor size, stage, vascular
invasion, and Child Pugh classification. Moreover, a VEGF cut-off the value of 250
pg/mL provided 80% sensitivity and 81.7% specificity for discriminating HCC patient
from non-HCC patients. Similarly, the ratio of VEGF/PLT provided sensitivity and
specificity of 77.5% and 80%, respectively which is higher than the accuracy provided
by AFP. The combination of AFP, VEGF, and VEGF/PLT increases the accuracy of
diagnosing HCC to > 95%.

Research conclusions

Serum VEGF and VEGF/PLT appear to be additional diagnostic markers for HCC
detection and prognostic markers during the follow-up of HCC patients since these
markers showed significant correlations with tumor size, and stage, and the presence
of vascular invasion among HCC cases. Combined measurements of serum VEGF,
VEGEF/PLT, and AFP significantly increase the sensitivity, specificity, accuracy, area
under the ROC curve, and positive and negative predictive values for detecting HCC
among cirrhotic patients rather than using AFP, VEGF, or VEGF/PLT separately.

Research perspectives

Most of the current biomarkers for early and accurate diagnosis of HCC have limited
sensitivity or specificity, so patients with HCC are diagnosed at a late stage and have
low survival and poor prognosis. Therefore, a combination of two or three biomarkers
with high specificity might provide the optimal diagnosis of early HCC is suggested.
In this study, we conducted an observational study with 100 patients to assess the
usefulness of serum VEGF and VEGF/PLT as tumor markers for early and accurate
diagnosis of HCC in patients with HCV-related liver cirrhosis, and comparing them to
serum AFP, the conventional marker of HCC. Also, this study aimed to verify the

WJGO | https://www.wjgnet.com 610 June 15,2021 | Volume13 | Issue6 |



Jaishideng®

Alzamzamy A et al. Serum vascular endothelial growth factor

possibility of using combined measurement of serum VEGF, VEGF/PLT, and AFP for
HCC diagnosis.
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Abstract

BACKGROUND

There is no established correlation between 24-h esophageal pH-metry (Eso-pH)
and the new laryngopharyngeal pH-monitoring system (Restech) as only small
case series exist. Eso-pH was not designed to detect laryngopharyngeal reflux
(LPR) and Restech may detect LPR better. We have previously published a dataset
using the two techniques in a large patient collective with gastroesophageal reflux
disease. Anatomically, patients after esophagectomy were reported to represent
an ideal human reflux model as no reflux barrier exists.

AIM
To use a human reflux model to examine our previously published correlation in
these patients.

METHODS

Patients after Ivor Lewis esophagectomy underwent our routine follow-up
program with surveillance endoscopies, computed tomography scans and further
exams following surgery. Only patients with a complete check-up program and
reflux symptoms were offered inclusion into this prospective study and evaluated
using Restech and simultaneous Eso-pH. Subsequently, the relationship between
the two techniques was evaluated

RESULTS

A total of 43 patients from May 2016 - November 2018 were included. All patients
presented with mainly typical reflux symptoms such as heartburn (74%),
regurgitation (84%), chest pain (58%), and dysphagia (47%). Extraesophageal
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symptoms such as cough, hoarseness, asthma symptoms, and globus sensation
were also present. Esophageal 24-hour pH-metry was abnormal in 88% of patients
with a mean DeMeester Score of 229.45 [range 26.4-319.5]. Restech evaluation was
abnormal in 61% of cases in this highly selective patient cohort. All patients with
abnormal supine LPR were also abnormal for supine esophageal reflux measured
by conventional Eso-pH.

CONCLUSION

Patients following esophagectomy and reconstruction with gastric interposition
can ideally serve as a human reflux model. Interestingly, laryngopharyngeal
reflux phases occur mainly in the upright position. In this human volume-reflux
model, results of simultaneous esophageal and laryngopharyngeal (Restech) pH-
metry showed 100% correlation as being explicable by one of our reflux scenarios.

Key Words: Gastroesophageal reflux disease; Laryngopharyngeal reflux; Minimally
invasive esophagectomy; Surgical technology; Restech; Esophageal pH-metry

©The Author(s) 2021. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: There is no established correlation between 24-h esophageal pH-metry (Eso-
pH) and the new laryngopharyngeal pH-monitoring system (Restech) as only small
case series exist. Anatomically, patients after esophagectomy were reported to
represent an ideal human reflux model as no reflux barrier exists. Patients after
esophagectomy were evaluated using Restech and simultaneous Eso-pH. In this human
volume-reflux model, Eso-pH correlated completely with laryngopharyngeal pH-metry
(Restech).

Citation: Babic B, Miiller DT, Gebauer F, Schiffmann LM, Datta RR, Schroder W, Bruns CJ,
Leers JM, Fuchs HF. Gastrointestinal function testing model using a new laryngopharyngeal
pH probe (Restech) in patients after Ivor-Lewis esophagectomy. World J Gastrointest Oncol
2021; 13(6): 612-624

URL: https://www.wjgnet.com/1948-5204/full/v13/i6/612.htm

DOI: https://dx.doi.org/10.4251/wjgo.v13.i6.612

INTRODUCTION

Gastroesophageal reflux disease (GERD) is a common disorder of the upper
gastrointestinal tract with a high prevalence, especially in the western world[1].
Symptoms are usually defined as typical/esophageal and atypical/extraesophageal
symptoms with the most common and typical symptoms being heartburn and
regurgitation. Still, a significant number of patients suffers from atypical/extraeso-
phageal symptoms such as chronic cough, hoarseness, sore throat, and pharyngeal
burning. Other, more unspecific symptoms like a burning sensation of the tongue and
mouth, a globus sensation, and dental erosions may also be present. A causal
association of extraesophageal symptoms with GERD or nasopharyngeal etiologies
remains a major diagnostic challenge in these patients. In consequence, a satisfying
therapy of patients with extraesophageal symptoms is not easy to offer[2,3]. A positive
response to a medical therapy with proton pump inhibitors seems to be a positive
prognostic predictor for connecting GERD to extraesophageal symptoms. Still the level
of evidence for respiratory diseases caused by GERD remains rather low[1,4].
Esophageal 24-h pH monitoring (Eso-pH) is the gold standard for the detection of
GERD. Herewith, the acid exposure of the lower esophagus can be identified and
quantified[1]. To improve measurement of episodes caused by proximal esophageal
reflux, a dual-probe pH monitoring was introduced in the late 1990’s[5,6]. With the
necessity of a high esophageal positioning of the pH-probe for the detection of
laryngopharyngeal reflux (LPR), existing pH-metry devices designed for lower
esophageal pH-metry were not always reliable and valid. The development and
implementation of pH-impedance monitoring made it possible to distinguish between
acid and non-acid reflux and furthermore allowed a quantification of proximal
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esophageal reflux. In addition, correlation between symptoms and episodes of reflux
can be seen.

Recently a novel pH device (Restech pH measurement system, Respiratory
Technology Corp., Houston, TX, United States = Restech) has been developed and
normal values were published in 2009[7]. This device is designed to be positioned
above the upper esophageal sphincter in the oropharynx. The teardrop design
prevents drying of the catheter, a common problem of the Eso-pH catheter when
placed high in the oropharynx. Restech was created to detect both liquid and acidic
gas vapor, and the oropharyngeal placement may lead to more accurate results[8].
Worrell et al[9] published that Restech may help to achieve a better patient selection
for a successful outcome for extraesophageal reflux symptoms after laparoscopic anti-
reflux surgery. Our group recently published the largest case series and validation
study using Restech and classic esophageal pH-metry simultaneously in more than 100
patients with GERD[10] showing that. various reflux scenarios exist in patients with
reflux disease.

Other researchers developed a human reflux model in the early 2000's[11]. We
further evolved this idea and developed the University of Cologne human reflux
model. Patients that underwent esophagectomy were followed up thoroughly after
surgery over a long period of time and data on those bothersome symptoms was
collected[12]. Interestingly, patients who had undergone esophagectomy for adenocar-
cinoma of the esophagus showed a faster progression to so-called Neo-Barretts in the
esophageal remnant.

Therefore, it is the aim of this current study to further validate the new technology
(Restech) using a prospective cohort of patients after Ivor-Lewis esophagectomy
clinically presenting with severe GERD.

MATERIALS AND METHODS

Patients

Our academic center is a certified center of excellence for surgery of the upper
gastrointestinal tract. A prospective analysis of patient data during follow-up after
hybrid minimally invasive Ivor Lewis esophagectomy for cancer was performed. To
obtain a homogenous population, only patients at least 3 mo out of surgery and
disease-free survival were included in this study to eliminate immediate postoperative
effects. The study was conducted with approval from the institutional review board at
the University of Cologne (IRB reference 16-727) and subjects gave written informed
consent prior to participation in the study.

Demographics, endoscopic findings, biopsies at different follow-up time points, as
well as tumor histology and stage were recorded in the prospective database.
Additionally, symptoms were recorded at all times of follow-up. Only patients that
presented with reflux-related symptoms or those showing endoscopic proof of
mucosal damage in the esophageal remnant were offered inclusion in this study. To
minimize the risks and inconvenience to our patients and to follow current ethical
principles for research, no control group without symptoms or proof of reflux
associated changes was investigated for this study.

Treatment and follow-up of patients with esophageal cancer

Esophageal cancer was treated according to previously published guidelines[13-15]. In
a multimodal setting, surgery was scheduled 4 to 8 wk after neoadjuvant treatment
and was typically performed as a hybrid or totally minimally invasive Ivor Lewis
procedure with high intrathoracic esophagogastric anastomosis and two-field
lymphadenectomy. We performed hybrid and totally minimally invasive procedures
according to international guidelines[16-18]. All patients underwent our previously
published risk assessment before surgery[19]. Esophagitis was recorded according to
the Los Angeles classification during follow-up endoscopy[20]. The definition of
Barrett’s mucosa included both specialized and non-specialized columnar epithelium
from the esophageal remnant and was only diagnosed when goblet cells were present
[21]. We published our management if mucosal inflammation was encountered during
follow-up of esophageal cancer before[12].

Further evaluation of patients with GERD symptoms during follow up

All patients with GERD symptoms were offered inclusion to our study. They were
subsequently seen in a specialized surgical outpatient clinic with all laboratory
instruments for up-to-date gastrointestinal function testing (High Resolution
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Manometry (HRM), upper-gastrointestinal endoscopy, contrast radiography, and 24-h
impedance-pH-monitoring with simultaneous 24-h Restech pH-monitoring). All
patients underwent a standardized interview about quality of life (GIQLI, GERD-
HRQL), the presence of heartburn, regurgitation, dysphagia, and atypical symptoms,
as reported by others before[22,23]. Gastrointestinal function testing was performed
according to the current EAES (European Association of Endoscopic Surgery)
recommendations for management of GERD[1]. No HRM or barium swallow was
performed in this study. We have published a detailed description of upper-
gastrointestinal endoscopy, esophageal pH-monitoring (Eso-pH), and simultaneous
laryngopharyngeal pH-monitoring as performed in our center before[10]. The
esophagogastric anastomosis was defined as esophagogastric junction for placement of
the pH-metry probe. Placement of both laryngopharyngeal and esophageal pH probes
are shown in Figures 1-3. In addition, a standardized protocol was followed during the
measurements to ensure valid study data. Patients were asked to maintain their
regular diet and instructed to eat three meals per day with drinking allowed only at
mealtimes. Mealtimes were then excluded from the analysis.

Subgroup analysis

Based on gastrointestinal function testing, and previous studies from our group[10],
patients were subdivided in groups A-D (Table 1). Group A consists of patients with
an abnormal esophageal but normal oropharyngeal acid exposure, Group B consists of
patients with a normal esophageal but abnormal oropharyngeal acid exposure, Group
C of patients with both abnormal esophageal and oropharyngeal acid exposure, and
Group D of patients with no abnormal esophageal and oropharyngeal acid exposure.

Data collection and statistical analysis

Data were collected prospectively, including but not limited to, age, gender, Body
Mass Index, esophageal pH-metry results, Restech pH-metry results, endoscopic
findings, oncological parameters, and surgical therapy.

Main outcome of measure was the correlation of esophageal and laryngopharyngeal
pH-metry results in this human reflux model. Continuous variables are presented as
means and range. Categorical data are presented as numbers and percentages. The
Student t-test, (for continuous variables), and Chi-square test, (for nominal or
categorical variables), were used for all bivariate analyses. All tests were 2-sided, with
statistical significance set at P < 0.05. Data were analyzed by GraphPad (GraphPad
Software, San Diego, CA, United States). Statistical review of this study was performed
by a biomedical statistician.

RESULTS

Demographics

A total of 413 patients underwent Ivor-Lewis esophagectomy at our institution
between May 2016 and November 2018. In the same period, 43 patients after Ivor-
Lewis esophagectomy (9 females) with a mean age of 61 years (range 39-79) consented
for the present study and were completely followed up including gastrointestinal
function testing and subsequently included in this study. Typical GERD symptoms
such as regurgitation, dysphagia, and heartburn were present in a large proportion of
our collective. Some patients also suffered from extraesophageal reflux symptoms
such as chronic cough, hoarseness, sore throat and pharyngeal burning. Unwanted
weight loss and retrosternal pain were other chief complaints of this study cohort. The
detailed follow-up information is given in Table 2. Of the total 43 patients, 34 patients
(79%) had adenocarcinoma and 9 patients (21%) had squamous cell carcinoma of the
esophagus. All patients were routinely on proton pump inhibitors at a daily dose of
40mg and off PPIs for at least 7 d for the measurement. Mean level of intrathoracic
anastomosis was at 24 cm (range 20-33 cm) from incisors.

Gastrointestinal function testing

Complete workup consisting of esophagogastroduodenoscopy, 24-h esophageal pH-
metry and Restech pH-metry, was available for 33 patients. Two patients did not
tolerate the pH probe and 8 patients did not have a complete data set available for
analysis. A total of 29 (88%) patients had an abnormal pH-metry as defined by a
DeMeester Score of > 14.7. Restech pH-metry was abnormal in 20 (61%) patients as
defined by a RYAN Score of 9.4 in upright and/or 6.8 in supine position using
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Table 1 Group assignment of patients with simultaneous laryngopharyngeal and esophageal pH-metry (n = 33)

Restech pH-metry

Esophageal pH-metry

Normal Abnormal
Normal D(n=4) An=9)
Abnormal B (n=0) C (n =20)

Table 2 Follow up time, endoscopic findings and symptoms of patients’ cohort

n %
Total 43
Follow up time (d) Mean 790 (median 574) Range 106-3640
Mucosal disease
Reflux esophagitis
None 18 42
LA grade A 9 21
LA Grade B 7 16
LA Grade C 5 12
LA Grade D 4 9
Barrett's 1 2
Symptoms
Heartburn 32 74
Regurgitation 36 84
Dysphagia 20 47
Chest pain 25 58
Atypical symptoms 10 23
Weight loss 20 47
DataView 3 for analysis of measured pH data. Restech pH-metry was more commonly
abnormal in upright position (n = 20) than in supine (n = 4) position (61 % vs 12%; P <
0.0001). However, patients with an abnormal supine RYAN score also had an
abnormal upright score. All patients with an abnormal supine RYAN score also had
abnormal acid exposure in supine position measured with esophageal pH-metry.
Endoscopic findings were esophagitis in the esophageal remnant in half of the
included patients, and Barrett’s esophagus in 1 patient.
Subgroup analyses
Group A (abnormal Eso-pH, normal Restech): A total of 9 patients, (1 female),
fulfilled inclusion criteria of subgroup A. All patients complained of heartburn. Other
symptoms reported were primarily regurgitation, (89%), and chest pain. Two patients
also reported extraesophageal reflux symptoms (cough). Patients had a severely
abnormal esophageal acid exposure with a mean DeMeester score of 202.9 (range 27-
308.5) and unobtrusive Restech results. Further details are depicted in Tables 3 and 4.
Group B (normal Eso-pH, abnormal Restech): No patients fulfilling criteria for this
group were found in this collective of heavy volume reflux patients (University of
Cologne Human Reflux model).
Group C (abnormal Eso-pH, abnormal Restech): A total of 20 patients, (3 females),
fulfilled inclusion criteria of subgroup C. Symptoms reported were primarily
heartburn, (85%), and regurgitation as well as chest pain. Four patients also
complained of extraesophageal reflux symptoms. Patients suffered from severe
esophageal acid exposure with an abnormal mean DeMeester score of 242, (range 26.4-
Guiekidenge WIGO | https://www.wjgnet.com 616 June 15,2021 | Volume13 | Issue6 |
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Table 3 Results overview

Group A Group C Group D

n % n % n %
Total 9 100 20 100 4 100
Females 1 11 3 15 2 50
Heartburn 9 100 15 75 0 0
Regurgitation 8 89 17 85 1 25
Dysphagia 4 44 11 55 2 50
Chest Pain 8 89 11 55 0 0
Weight loss 5 56 10 50 2 50
Extraesophageal reflux symptoms 2 22 4 20 1 25

Mean Range Mean Range Mean Range
Age (yr) 59 48-66 61 46-77 69 58-77
BMI (kg/m?) 24.9 19.2-29.1 25 20.5-29.6 23.1 17.6-26.3
Restech
RYAN upright 2.36 2.12-4.26 84.8 10.6-381 212 -
RYAN supine 217 - 14.4 217 -149.1 217 -
Eso-pH
DeMeester score 202.9 27-308.5 242 26.4-319.5 0 -
% time pH < 4 36.4 6.2-71 29.1 3.7-90.7 0.55 0-1.9
Gastric pH 32 1.6-6.7 2.62 1.2-5.6 3.9 2-6.7

BMI: Body mass index.

Table 4 Endoscopic findings of subgroups

Group A Group C Group D
n % n % n %
Total 9 100 20 100 4 100
Anastomosis (cm) mean/range 25 20-29 25 20-33 22 21-23
Esophagitis
LA Grade A 4 44 1 5 1 25
LA Grade B 1 11 4 20 0 0
LA Grade C 1 11 8 15 0 0
LA Grade D 1 11 2 10 0 0
Barrett’s 0 0 1 5 0 0
319.5), and also abnormal Restech results with a mean RYAN score of 84.8, (range,
10.61-381), in upright position. Further details are depicted in Tables 3 and 4.
Group D (normal Eso-pH, normal Restech): A total of 4 patients, (2 females), fulfilled
inclusion criteria of subgroup D. Symptoms reported were primarily dysphagia, (n =
2), and weight loss. Only one patient complained of extraesophageal reflux symptoms.
Patients had a normal esophageal acid exposure with a mean DeMeester score of 0 and
a normal Restech results with a mean RYAN score of 2.12 (range 2.12-2.17), in upright
position. Further details are depicted in Tables 3 and 4.
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Figure 1 Probe placement Restech Dx-pH.
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Figure 2 Probe placement esophageal pH-metry.

Jaishideng®

Critical comparison of groups: Subgroup analysis of this study was based on our
previous study[10], showing that different reflux scenarios exist and that those can be
represented by four groups. Group A (abnormal Eso-pH, normal Restech) can
physiologically be explained by reflux episodes that do not reach the oropharynx and
therefore do not get detected by oropharyngeal pH testing. All patients in this group
showed primarily typical reflux symptoms such as heartburn and regurgitation.
Group B (normal Eso-pH, abnormal Restech) was previously described in patients
with suspected GERD that underwent simultaneous esophageal and oropharyngeal
pH testing. However, no patients fulfilled criteria for this group in this collective of
heavy volume reflux patients (University of Cologne Human Reflux model). Group C
(eso-pH abnormal, Restech abnormal) and group D (Eso-pH normal, Restech normal)
show correlating results. Patients in group D showed a significantly lower symptom
load than patients with an abnormal pH test. A correlation between extraesophageal
reflux symptoms and group assignment could not be found. Endoscopic findings
differed in our subgroups but were in alignment with pH test results. Endoscopy
revealed reflux esophagitis in 78% of patients in group A, compared to 50% in group C
and only 25% in group D. Severe esophagitis (LA Grade C or D) was present in 22% of
patients in group A and 25% of group C compared to no patient in group D.
Demographic factors did not differ in our group comparison and only trends could be
found (P > 0.05). Only 12% (n = 4) showed normal test results for both pH tests
validating the use of this selected cohort of patients as a human reflux model.
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Figure 3 Restech device and intraoral placement of the pH probe.
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Acidity of gastric conduit

Measurement of gastric conduit acidity was available for 35 patients of our cohort.
This depicts patients that underwent esophageal pH measurement using the conven-
tional system. Mean gastric pH overall was 2.97 (range 1.2-6.7, median 2.5). Patients
were further grouped according to length of follow up. Already shortly after surgery
(group 1, follow up 3-6 mo) acidity of the gastric conduit almost normalized (mean pH
2.4; range 2-2.8). Mean pH in group 2 (Follow up 6-24 mo) was 3.4 (range 1.6-6.7).
Group 3 (Follow up > 24 mo) showed a mean gastric pH of 2.4 (range 1.2-4.8). A
comparison of groups 2 and 3 showed a clear trend of normalization of gastric pH in

correlation with length of follow up (P = 0.0608). Further details are depicted in
Table 5.

Using the previously described subgroups A-D, a trend of correlation between pH
test result and gastric conduit acidity can be seen between group C (abnormal Eso-pH,
abnormal Restech) and group D (normal Eso-pH, normal Restech). Patients with an
abnormal acid exposure showed a lower pH of their gastric conduit than patients with
a normal test result (P = 0.073). Further details are depicted in Table 3 and 4.

DISCUSSION

As stated before, we believe that a variety of different reflux scenarios following Ivor-
Lewis esophagectomy exist and that the 3 groups evaluated in our study explain these
options in a logical way. It is in interesting to note that patients in all analyzed groups
suffer from many different (including extraesophageal) reflux symptoms. Patients
were informed upon inclusion into the study that only limited options for
improvement of these symptoms exist, and that in contrast to patients that did not
undergo esophagectomy for cancer, no surgical option such as fundoplication were
possible. On the other hand, all included patients were happy to learn more about
their altered anatomy and how to conservatively overcome reflux-related impairment
of life.

Whereas we defined a group B (normal Eso-pH, abnormal Restech) in our previous
study about the Restech device, no patients in this human reflux model fulfilled
inclusion criteria for this group. Group B is not explainable from a pathophysiological
standpoint and probably not valid for patients with volume reflux such as patients in
this present collective. Patients without any anatomical alteration and mainly acidic
gas vapor might be the ones that fall into this category.

Previous validation studies tried to prove corresponding results in oropharyngeal
and esophageal pH-metry[24-26]. As stated with our four different groups from our
previous study, we do not believe that Restech and eso-pH necessarily need to
correspond. This thinking resulted from two groups with non-corresponding results:
Group A, (abnormal Eso-pH, normal Restech), and Group B, (normal Eso-pH,
abnormal Restech). Group A is physiologically explicable with reflux episodes that do
not reach the oropharynx. Group B is more difficult to explain with esophageal reflux
alone from a physiological standpoint. Results from our last paper indicated that
acidic vapor or other factors may cause abnormal Restech results with simultaneous
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Table 5 Demographic information, endoscopic findings and pH data

Group 1 (3-6 mo follow up) Group 2 (6-24 mo follow up) Group 3 (> 24 mo follow up)
n % n % n %
Total 3 100 19 100 13 100
Females 2 67 5 26 0 0
Esophagitis
LA Grade A 0 0 5 26 1 8
LA Grade B 0 0 2 11 8 23
LA Grade C 0 0 1 5 B 23
LA Grade D 0 0 4 21 0 0
Mean Range Mean Range Mean Range
Follow up time (d) 127 106-167 414 209-652 1322 725-1966
Gastric pH 24 2-28 3.4 1.6-6.7 24 1.2-4.8
DeMeester score 159.5 0-273.5 197 0-313.4 281.3 116.5-319.5

Jaishideng®

normal eso-pH results.

Previous studies showed only a weak correlation between esophageal and laryngo-
pharyngeal pH measurement resulting in the conclusion that the Restech device adds
no or little value as a diagnostic device in the evaluation of GERD and LPR[24-26].
However, only small numbers of patients were included in those studies (n = 10-36)
and esophageal pH monitoring was either not performed simultaneously or not
performed at all, leading to an insufficient comparison of results. In their critical report
about laryngopharyngeal pH testing, Wilhelm at al. concluded from abnormal results
of 6 out of 10 patients after gastrectomy that “pH values assessed by the Dx-pH device
[...] are obviously dissociated from gastric acid production”. Yet, no simultaneous
esophageal pH testing for validation was performed. Another study focused on the
correlation results of laryngopharyngeal pH testing and clinical findings during
laryngoscopy. A significant correlation could not be found, however again only a
small number of patients (1 = 33) was included in the study and trends approaching
statistical significance were noted[27]. In addition, Yadlapati et al[28] investigated the
correlation between laryngopharyngeal pH testing and PPI response and found no
significant correlation. Interestingly, only 35% of patients with atypical symptoms and
a positive reflux symptom index showed a completed response to PPIs and 50% of
patients showed no response at all. Another study of the same group showed that
neither laryngopharyngeal pH testing nor salivary pepsin analysis are able to
distinguish between reflux patients and healthy ones. Like many other studies, no
esophageal pH testing was performed to validate the results[29]. In comparison,
Vailati ef al[30] have previously shown the Restech Dx-pH device to have a 69%
sensitivity and 100% specificity for the responsiveness to medical therapy in patients
with LPR, making it a valuable tool for those. The same group later showed a poor
correlation between esophageal and laryngopharyngeal pH testing resulting in a
currently rather low level of evidence for the use of the Restech device in patient
evaluation[26]. The current normal values and discriminating pH thresholds of
Restech were initially validated by a study group at University of Southern California
in 2009 and 2010 using 55 and 81 normal subjects[7,8]. Later, the same institution
published data suggesting that patients with abnormal results in pharyngeal pH
monitoring might benefit from antireflux surgery[9]. The latter report is again limited
by sample size, (1 = 20), and the fact that that esophageal pH-metry and Restech were
not performed simultaneously and may therefore not represent the same reflux
scenario.

Another important issue addressed in this study focuses on the concern that current
literature shows up to 50% of patients developing Neo-Barrett's Esophagus above the
anastomosis after Ivor-Lewis esophagectomy[31]. In addition, as we observed in a
previous study, patients with known Barrett’s esophagus and adenocarcinoma have a
higher risk of developing reflux-associated lesions in the remnant esophagus than
patients with SCC. This group showed significantly less mucosal damage in the
remnant esophagus given the same surgical approach[12]. Our established reflux
model was based upon patients that underwent esophagectomy with gastric tube
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reconstruction resulting in limited esophageal motility and no reflux barrier being
present. Hardly any studies examine the functional changes after esophagectomy with
gastric tube reconstruction that can lead to mucosal damage in the remnant
esophagus. Due to bilateral vagotomy during transthoracic resection, gastric acidity
was thought to be reduced permanently. However, acidity of the gastric conduit can
quickly recover even though bilateral vagotomy is performed[32]. Our data shows a
normalization of gastric pH as early as 106 d after surgery. This phenomenon seems to
heavily contribute to the occurrence of mucosal damage in the esophageal remnant
and has important implications on the pathogenesis of Barrett’s esophagus and
esophageal cancer.

Overall, the current level of evidence using the Restech device is limited by rather
small case studies concluding that more research regarding the new reflux
measurement device needs to be done. We have already added to the literature our
large series of 101 patients with benign disease that were simultaneously measured by
a standardized and validated system, and also by the Restech system. This present
research using the University of Cologne Reflux model was needed and helped to
better understand the different existing reflux scenarios as well as purely validate
Restech in volume refluxers. In addition, one of our previous projects focused on the
validation of the new software version DataView 4 for analysis of measured pH data
with the Restech device, suggesting that improvements made to the new software
version might increase quality of results and correlation with esophageal pH
measurement[33].

Our study has some limitations that may be related to partly retrospective data
analysis. Also, the limited sample size as a result of incomplete datasets might limit
the conclusions that can be made. In addition, non-acid reflux episodes were not
analyzed as no impedance pH-monitoring was performed. On the other hand, our
collective of patients that undergo 24-h pH-monitoring with simultaneous 24-h
Restech pH-monitoring after Ivor Lewis esophagectomy is to our knowledge quite
unique in literature. Of significance, our study has several features and important
implications on treatment of GERD patients with atypical reflux symptoms. Our study
again emphasizes that important conclusions can be made from a Restech evaluation.
Our key message as demonstrated by our 3 comparison groups in this human reflux
model, representing different reflux scenarios, is that Eso-pH and Restech do not
necessarily need to correspond. Nevertheless, all patients with an abnormal Restech
evaluation also showed abnormal Eso-pH showing an evident relationship between
both measurements. The Restech Dx-pH may therefore, in combination with upper
gastrointestinal endoscopy, be a sufficient tool for evaluation of this patient group.

CONCLUSION

Patients following esophagectomy and reconstruction with gastric interposition can
ideally serve as a human reflux model, as a large proportion suffers from severe
postoperative GERD. Interestingly, laryngopharyngeal reflux phases occur mainly in
the upright position, and acidity of the gastric conduit is already nearly normalized
shortly after surgery.

In this human volume-reflux model, esophageal pH-metry correlated precisely with
an abnormal laryngopharyngeal pH-metry (Restech).

ARTICLE HIGHLIGHTS

Research background

There is no established correlation between 24-h esophageal pH-metry (Eso-pH) and
the new laryngopharyngeal pH-monitoring system (Restech) as only small case series
exist. Eso-pH was not designed to detect laryngopharyngeal reflux (LPR) and Restech
may detect LPR better. We have previously published a dataset using the two
techniques in a large patient collective with Gastroesophageal Reflux Disease.
Anatomically, patients after esophagectomy were reported to represent an ideal
human reflux model as no reflux barrier exists.

Research motivation
Patients after esophagectomy ideally serve as a human reflux model, as they show an
impaired esophageal motility and no reflux barrier. This study aims to use this human
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reflux model to examine a previously established correlation between esophageal and
laryngopharyngeal pH testing and to further validate laryngopharyngeal pH testing.

Research objectives

Previous validation studies tried to prove corresponding results in laryngopharyngeal
and esophageal pH-metry. We, however, believe that a variety of different reflux
scenarios exist and that those can be logically explained by our human reflux model in
patients after Ivor-Lewis esophagectomy. Group A (abnormal Eso-pH, normal
Restech) can easily be explained by reflux episodes that do not reach the oropharynx
and are therefore not measured by laryngopharyngeal pH testing. Group B (normal
Eso-pH, abnormal Restech) is not explainable from a pathophysiological standpoint.
Results from our last paper indicated that acidic vapor or other factors may cause
abnormal Restech results with simultaneous normal Eso-pH results. Previous studies
showed only a weak correlation between esophageal and laryngopharyngeal pH
measurement resulting in the conclusion that the Restech device adds no or little value
as a diagnostic device in the evaluation of Gastroesophageal reflux disease (GERD)
and LPR. However, only small numbers of patients were included in those studies and
esophageal pH monitoring was either not performed simultaneously or not performed
at all, leading to an insufficient comparison of results.

Research methods

A prospective analysis of patient data during follow-up after hybrid minimally
invasive Ivor Lewis esophagectomy for cancer was performed. To obtain a
homogenous population, only patients at least 3 mo out of surgery and disease-free
survival were included in this study to eliminate immediate postoperative effects.
Demographics, endoscopic findings, biopsies at different follow-up time points, as
well as tumor histology and stage were recorded in the prospective database.
Additionally, symptoms were recorded at all times of follow-up. Only patients that
presented with reflux-related symptoms or those showing endoscopic proof of
mucosal damage in the esophageal remnant were offered inclusion in this study.
Gastrointestinal function testing (simultaneous esophageal and laryngopharyngeal pH
testing) as well as upper GI endoscopy was completed. No HRM or barium swallow
was performed in this study. Subsequently, the relationship between the two
techniques was evaluated.

Research results

A total of 43 patients from May 2016 - November 2018 were included. All patients
presented with mainly typical reflux symptoms such as heartburn (74%), regurgitation
(84%), chest pain (58%), and dysphagia (47%). Extraesophageal symptoms such as
cough, hoarseness, asthma symptoms, and globus sensation were also present.
Esophageal 24-hour pH-metry was abnormal in 88% of patients with a mean
DeMeester Score of 229.45 [range 26.4-319.5]. Restech evaluation was abnormal in 61%
of cases in this highly selective patient cohort. All patients with abnormal supine LPR
were also abnormal for supine esophageal reflux measured by conventional eso-pH.

Research conclusions

Patients following esophagectomy and reconstruction with gastric interposition can
ideally serve as a human reflux model, as a large proportion suffers from severe
postoperative GERD. Interestingly, laryngopharyngeal reflux phases occur mainly in
the upright position, and acidity of the gastric conduit is already nearly normalized
shortly after surgery. In this human volume-reflux model, esophageal pH-metry
correlated precisely with an abnormal laryngopharyngeal pH-metry (Restech).

Research perspectives

Overall, the current level of evidence using the Restech device is limited by rather
small case studies concluding that more research regarding the new reflux
measurement device needs to be done. In addition, patients after esophagectomy can
ideally serve as a human reflux model for further investigations and validation
studies.
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Abstract

BACKGROUND

Hepatopancreatoduodenectomy (HPD) is the simultaneous combination of
hepatic resection, pancreaticoduodenectomy, and resection of the entire
extrahepatic biliary system. HPD is not a universally accepted due to high
mortality and morbidity rates, as well as to controversial survival benefits.

AIM

To evaluate the current role of HPD for curative treatment of gallbladder cancer
(GC) or extrahepatic cholangiocarcinoma (ECC) invading both the hepatic hilum
and the intrapancreatic common bile duct.

METHODS

A systematic literature search using the PubMed, Web of Science, and Scopus
databases was performed to identify studies reporting on HPD, using the
following keywords: ‘Hepatopancreaticoduodenectomy’, ‘hepatopancreat-
oduodenectomy’, “hepatopancreatectomy’, “pancreaticoduodenectomy’, ‘hepatec-
tomy’, ‘hepatic resection’, ‘liver resection’, “‘Whipple procedure’, ‘bile duct cancer’,
‘gallbladder cancer’, and ‘cholangiocarcinoma’.

RESULTS

This updated systematic review, focusing on 13 papers published between 2015
and 2020, found that rates of morbidity for HPD have remained high, ranging
between 37.0% and 97.4%, while liver failure and pancreatic fistula are the most
serious complications. However, perioperative mortality for HPD has decreased
compared to initial experiences, and varies between 0% and 26%, although in
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selected center it is well below 10%. Long term survival outcomes can be achieved
in selected patients with RO resection, although 5-year survival is better for ECC
than GC.

CONCLUSION

The present review supports the role of HPD in patients with GC and ECC with
horizontal spread involving the hepatic hilum and the intrapancreatic bile duct,
provided that it is performed in centers with high experience in hepatobiliary-
pancreatic surgery. Extensive use of preoperative portal vein embolization, and
preoperative biliary drainage in patients with obstructive jaundice, represent
strategies for decreasing the occurrence and severity of postoperative complic-
ations. It is advisable to develop internationally-accepted protocols for patient
selection, preoperative assessment, operative technique, and perioperative care, in
order to better define which patients would benefit from HPD.

Key Words: Hepatopancreatoduodenectomy; Extrahepatic cholangiocarcinoma,;
Gallbladder cancer; Survival; Morbidity; Mortality

©The Author(s) 2021. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Hepatopancreatoduodenectomy (HPD) is a complex operation that may
achieve curative treatment for selected patients with locally advanced gallbladder
cancer and extrahepatic cholangiocarcinoma. However, it represents a surgical
procedure with high morbidity and mortality rates, that should be performed in centers
with high experience in hepatobiliary-pancreatic surgery. Internationally-accepted
protocols on selection criteria, preoperative assessment, operative technique, and
perioperative care, are needed in order to better define which patients would benefit
from HPD.

Citation: Fancellu A, Sanna V, Deiana G, Ninniri C, Turilli D, Perra T, Porcu A. Current role of
hepatopancreatoduodenectomy for the management of gallbladder cancer and extrahepatic
cholangiocarcinoma: A systematic review. World J Gastrointest Oncol 2021; 13(6): 625-637
URL: https://www.wjgnet.com/1948-5204/full/v13/i6/625.htm

DOI: https://dx.doi.org/10.4251/wjgo.v13.i6.625

INTRODUCTION

Gallbladder cancer (GC) and extrahepatic cholangiocarcinoma (ECC) are tumours with
dismal prognosis. Resection provides the only chance of cure, although this kind of
surgery is technically challenging due to the complexity of biliary and vascular
anatomy of the hepatobiliary-pancreatic region, and the necessity to perform extended
hepatic resection[1-4]. In general, biliary cancers have various modes of local
extension, including a “horizontal spread” involving the entire extrahepatic biliary tree.
Hepatopancreatoduodenectomy (HPD) is the simultaneous combination of hepatic
resection, pancreaticoduodenectomy (PD), and resection of the entire extrahepatic
biliary system that has been used for curative treatment of selected patients with GC
and ECC invading both the hepatic hilum and the intrapancreatic common bile duct,
historically considered as unresectable tumours[1]. The combination in the same
operation of hepatic resection and PD, both of which belong to the category of major
surgical oncology procedures, has known a limited spread due to high mortality and
morbidity rates registered in the initial experiences, as well as to controversial survival
benefits. A systematic review of safety and efficacy of HPD for biliary cancer
published in 2015 from Zhou et al[5] just found 18 studies including 397 patients.

To date, HPD is not universally recognized as a surgical option in patients with
locally advanced GC and ECC. However, although it remains a debated surgical
operation currently performed in few centers with high expertise in hepatobiliary-
pancreatic surgery, perioperative mortality has gradually decreased and encouraging
survival outcomes have been observed in recent years.
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Drawing on a recent case of HPD carried out at our institution (illustrated in
Figure 1), the present paper aims to make a review of new insights on the use of this
surgical intervention, focusing on current indications, mortality, morbidity, and
survival outcomes of patients who received HPD for GC or ECC.

Historical perspective

HPD was described for the first time in 1974 from Kasumi et al[6], for treatment of a
patient with GC involving the duodenum. The patient overcame the operation but
died for cancer recurrence 5 months later. Subsequently, Takasaki et al[7], described 5
cases of extended right lobectomy combined with PD for gallbladder carcinoma.
During the 80es and the 90es, HPD was performed in some institutions in Japan
mostly for advanced GC and ECC, with reported high mortality and morbidity rates,
and poor survival outcomes. In general, it should be recognized that Japanese
surgeons have contributed significantly to the evolution of extended surgery for
hepatobiliary-pancreatic malignancies[1,2]. Since the results of those procedures had
been published essentially in Japanese journals, HPD had for years limited diffusion in
the rest of the world[2]. It was not until the start of the 2000's that limited patient series
on the use of that procedure were published also from American, European, and Asian
institutions other than Japanese ones[8-11]. Looking at review articles, two main
papers reported on the results of HPD published until the year 2015[1,5]. The
appearance in the literature of new cohort studies in the last six years partially
prompted the present review (Table 1).

MATERIALS AND METHODS

Literature search and review design

A systematic literature search using the PubMed, Web of Science, and Scopus
databases was performed in January 2021 to identify studies in English reporting on
HPD during the time-frame 2015-2020, with the aim of focusing on the most recent
insights in the use of this complex procedure. The following keywords were used and
combined for the search: ‘Hepatopancreaticoduodenectomy’, “hepatopancreat-
oduodenectomy’, ‘hepatopancreatectomy’, ‘pancreaticoduodenectomy’, “hepatecto-
my’, “hepatic resection’, ‘liver resection’, “Whipple procedure’, ‘bile duct cancer’,
‘gallbladder cancer’, and ‘cholangiocarcinoma’. Reference lists were searched
manually to identify further studies. To be included in the present review, the articles
had to report on at least 10 cases of HPD intended as simultaneous hepatic resection
and PD. Case reports, small case-series, and articles in which HPD was not used for
biliary cancer were excluded. The flowchart of the study search and selection in this
review was reported in Figure 2.

Statistical analysis

In contrast to classic meta-analyses, the outcomes were defined as the percentages of
outcomes of interest without comparison (morbidity and mortality) in cohorts of
patients receiving HPD for GC or ECC. Overall proportions can be estimated from the
weighted mean of percentages measured in each study. The weight in this case is
derived from the number of subjects included in the studies (resumed in Table 1) out
of the total number of subjects in all studies, which is inverse of the variance in the
classic meta-analyses.

RESULTS

Current indications for HPD

At the time of this review, a total of 13 studies were found in which HPD was used for
treatment of either GC or ECC. HPD represents the only curative treatment for GC and
ECC (the latter also known as ‘Klatskin tumour’, or “hilar cholangiocarcinoma’ or
‘peri-hilar cholangiocarcinoma’), having extensive horizontal tumor spread with infilt-
ration of the hepatic hilum and the intrapancreatic bile duct, due to the tissue invasion
via the lymphatics and perineural spaces[3,4]. While CG and ECC represent the main
indication for HPD, in a minority of cases this surgical approach has been used also in
patients having benign disease, liver cancer, neuroendocrine tumours (especially
pancreatic neuroendocrine tumor metastatic to the liver) and other malignancies[8,9,
12-14]. However, for the purposes of this study, survival outcomes of HPD only for the
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Table 1 Recent studies reporting on the use of HPD (published between 2015 and 2020)'

No. of patients Time
Ref. Count . Inclusion criteria Main conclusions
Y submittedto HPD  frame
Tranet al[23],  United 107> 2005- ECC, GC, pancreatic cancer, benign A synchronous hemihepatectomy (or trisectionectomy) with PD remains a high morbid combination and should be reserved
2015 States 2013 pancreatic disease NET, secondary liver  for patients who have undergone extremely cautious selection.
cancer
Fukami et al Japan 38 1994- ECC, GC Major HPD with resection of the hepatic artery can be a preferable option for ECC with acceptable perioperative morbidity and
[15], 2016 2014 mortality, as well as long-term survival. This procedure for GC should not be performed.
Fernandes etal  Brazil 35 2004- ECC, GC, NET, secondary liver Major liver resection with PD is associated to very high mortality. Efforts to ensure a remnant liver over 40%-50% of the total
[8], 2016 2014 cancer/liver direct infiltration liver volume is the key to obtain patient survival.
Aokietal[21],  Japan 52 1994- ECC, GC HPD can be safely performed using the presently reported surgical strategies with acceptable short and long-term outcomes.
2016 2014
Dai et al[13], China 12 1998- ECC, GC, HCGC, liver sarcoma Morbidity and mortality after HPD were significant. With R0 resection, the 5-year OS and DFS rates were 27.8% and 29.6%,
2017 2014 respectively.
Lee et al[41], Korea 22 2004- ECC, GC HPD for GC and ECC can be performed with acceptable mortality and morbidity rates. GC patients who underwent HPD
2018 2013 showed comparable survival rates compared with ECC patients.
Welchetal[9],  United 23 2014- ECC, GC, pancreatic cancer, NET, liver The morbidity and mortality after HPD are significantly higher than after major hepatectomy or PD alone. Centralization of
2019 States 2016 cancer, other malignancy, benign disease ~ HPD to a very few centers may be a strategy to improve outcomes.
Mizuno et al Japan 38 1996- GC HPD for GC is associated with poor OS, high morbidity and mortality rates compared to hepatic resection. Although HPD may
[37], 2019 2016 eradicate locally spreading GC, the procedure is questioned from an oncological view.
D’Souza et al Sweden’ 66 2003- ECC, GC HPD, although associated with substantial perioperative mortality, can offer a survival benefit in patient subgroups with ECC
[10], 2019 2018 and GC. To achieve negative resection margins is paramount for an improved survival.
Toyoda et al Japan 100 2001- ECC Presurgical cholangiographic classification, diffuse or localized type, is a tumor-related factor closely associated with survival;
[43], 2019 2017 therefore, it may be a useful feature for patient selection prior to HPD for ECC.
Liu et al[11], China 16 2007- ECC The radical resection of ECC combined with the partial resection of the pancreatic head in some selected patients can actually
2020 2017 replace HPD as a surgical treatment for ECC with distal bile duct involvement.
Shimizu et al Japan 37 1990- ECC HPD is a valid treatment option for extensive cholangiocarcinoma, offering long-term survival benefit at the cost of relatively
[28], 2020 2019 high but acceptable morbidity and mortality. HPD is advocated in selected patients provided that it is considered possible to
achieve RO resection.
Oba et al[42], Japan 36 1998- ECC Invasive tumor thickness could be measured using simple methods and may be used to stratify postoperative prognosis in
2020 2018 patients with ECC.

Only articles reporting on at least 10 cases of HPD were included.

“The paper was focused on patients receiving “hepatopancreatectomy”, of whom 107 received HPD and 373 hepatic resection plus distal pancreatectomy.

3This is a multicentric study from 19 European countries.
GC: Gallbladder cancer; ECC: Extrahepatic cholangiocarcinoma; HCC: Hepatocarcinoma; HPD: Hepatopancreatoduodenectomy; NET: Neuroendocrine tumour; OS: Overall survival; DFS: Disease-free survival.
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treatment of GC and ECC were considered.

Surgical considerations

HPD undoubtedly represents the most complex operation in the hepatobiliary-
pancreatic region, and to date still remains a controversial procedure[5,9]. In the
majority of cases, HPD includes a major hepatic resection (at least three Coinaud’s
segments), being right hepatectomy with simultaneous PD the most common
combination in HPD[1,8,15]. Usually, also the segment I is included in the liver
resection during HPD in order to increase the rate of RO resection, especially in cases of
ECC of Bismuth-Corlette type III-IV extending to the pancreato-duodenum, since the
caudate lobe is involved by tumour[3,10]. Segmental hepatic resection or metastas-
ectomy associated to PD (like in cases of PD for neuroendocrine tumours with limited
hepatic metastases), or PD associated to hepatic resection without extirpation of the
hilar bile duct (like in cases of GC with retropancreatic lymph node involvement)
should not be considered as pure HPD. In fact, genuine HPD consists in removal of the
entire extrahepatic biliary system with the adjacent liver and the pancreatoduodenum
[1]. Also a two-stage procedure in which the pancreatic and liver resections were
performed at two different occasions not separated more than 2 months in time, can be
barely defined as pure HPD[10].

Variations in surgical steps of HPD have been described. Nonetheless, meticulous
preparation of the hepatic inflow vessels represents the first step, in order to achieve
preservation of the future liver remnant after hepatic resection. Usually, pylorus-
preserving (or subtotal stomach-preserving) PD precedes the hepatic resection, and the
tumor is removed en bloc by HPD[1,8]. A frozen section histologic examination at the
proximal bile duct margin and distal ductal stump is performed like in standard PD.
Clearance of the lymph nodes of the hepatoduodenal ligament and pancre-
aticoduodenal region is necessary in all cases. Reconstruction of the digestive tract is
carried out with a Roux-en-Y jejunal limb.

Other authors prefer a ‘liver first’” approach for HPD, in which liver transection
precedes PD, because this method may facilitate a curability assessment of the liver
side, especially when doubts exist about the proximal extension of the tumour,
allowing for an extended hepatectomy to be planned[12,16,17].

To note, reconstruction of the portal vein or hepatic artery or both is required in
20%-30% of cases during HPD[18]. Vascular resection/reconstruction during PD or
hepatic resection is a complex procedure performed in centers with expertise in
hepatobiliary-pancreatic surgery. In particular, venous resection has increased the
number of resectable patients with pancreatic cancer[19]. Infiltration of the portal-
mesenteric axis is no longer a contraindication for PD, and portal resection/
reconstruction can be effectively carried out with direct suture, or using autologous or
synthetic graft. The results of a recent meta-analysis demonstrated that PD plus
venous resection has inferior survival outcomes and higher 30-d mortality when
compared with standard PD, nonetheless that operation can obtain better survival
outcomes when compared to nonoperative treatments in patients with portal-
mesenteric invasion from pancreatic head adenocarcinoma[19]. For extension, venous
resection has been used when necessary also during HPD[10,14]. On the other hand,
the role arterial resection in surgical treatment of pancreatic and bile duct cancer
remains controversial, although the prognostic value of hepatectomy with
simultaneous resections of the portal vein and hepatic artery in patients with
advanced ECC has been reported by some authors[2]. In this regard, Fukami et al[15]
and Ota et al[20] performed HPD with hepatic artery resection/reconstruction (the so-
called hepato-ligamento-pancreatoduodenectomy) in patients with ECC having
macroscopic hepatoduodenal ligament invasion. Fukama e al did not observe any
significant difference in 2-year survival between the patients with (12) and without
(26) hepatic artery resection (P = 0.465). The same authors advised against the use of
that procedure for GC[15].

Ideally, such a complex operation like HPD should be carefully planned preoper-
atively, taking into account the risk/benefit balance. In the European experience
described by D’souza et al[10], in 46% of the patients, the decision to perform HPD was
taken intraoperatively, while in the series from Aoki et al[21] the operative procedure
was switched to an HPD in 25% of cases. Not surprisingly, intraoperative switch to
HPD has been associated to a decreased recurrence-free survival.

Mortality and morbidity

HBP is a skill-demanding procedure with high morbidity and mortality rates. In the
review of Zhou et al[5], the perioperative mortality associated to HPD was 10.3%.
However, recent studies published between 2015 and 2020 showed significant
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Figure 1 Patient was a 67-year-old man who was admitted to our hospital due to obstructive jaundice. A: Cholangio-MRI showed severe and
long stricture of the common (arrowhead) and both right (green arrow) and left (orange arrow) hepatic ducts and, to a lesser extent, of distal branching of both right
anterior and posterior segmental duct, with secondary upstream intrahepatic bile duct dilatation; B: Axial T2-weighted magnetic resonance image showed intrahepatic
biliary dilatation (arrowhead) due to a T2 isointense intraductal mass (arrow). Preoperative imaging was consistent with an extrahepatic cholangiocarcinoma of
Bismuth-Corlette type IV. Endoscopic preoperative biliary drainage was performed to relieve the obstruction. After multidisciplinary discussion, extended right
hepatectomy was planned. Portal vein embolization of the right liver was carried out three weeks before the operation. Then, the patient underwent right hepatectomy
extended to segment |, complete extirpation of the extrahepatic biliary system, and simultaneous pancreatoduodenectomy due to tumour involvement of the distal
common bile duct at intraoperative frozen section. Thus, hepatopancreatoduodenectomy was the final surgical procedure. Final pathology showed a moderately
differentiated cholangiocarcinoma with mucinous component, with 14 negative lymph nodes. Postoperative course was complicated by development of transient liver
failure with ascites, electrolyte imbalance, and delayed gastric emptying with nausea and vomiting. The patient was discharged in postoperative day 58 and did not
undergo chemotherapy. After 12 months, the patient is doing well, in stable health condition.

s Records identified from Databases

}‘:a; (PubMed, Scopus and WOS) | Duplicate records removed (n = 258)
% (n = 814)
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=2
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(n = 556) of abstract (n = 422)
2
53
g Reports excluded:
2} Case reports (n = 13)
Reports assessed for eligibility Not in English (n = 17)
(n=134) 7 Small case series (7 = 3)

Reviews/Letters: (n = 15)
Published before the year 2015 (n = 73)

ko]
[0}
°
=
5}
c
=

(n=13)

Studies included in review

Figure 2 Flowchart of the study search and selection in this review. 'Articles not reporting on at least 10 cases of hepatopancreatoduodenectomy.

differences among Eastern and Western countries, also reflecting the existing

differences in mortality rates (12% vs 3%) after resection of ECC without HPD[10]
(Table 2).

In a recent study investigating the safety-related outcomes of hepatobiliary-
pancreatic surgeries performed in Japan after establishment of the ‘Japanese Society of
Hepato-Biliary-Pancreatic Surgery board certification system for expert surgeons’, a
mortality rate of 7.6% for HPD was registered[22]. Higher mortality rates for HPD
were observed in United States (18.2%), Brasil (34.2%), and Europe (15%)[8,10,13,23].
However, it should be recognized that rates of mortality in selected centers from Japan
were well below 5%. In fact, recent reports documented a mortality of 2.4%[24] or even
no mortality in patients who underwent HPD for GC or ECC[14,21].

The morbidity rates associated to HPD were historically around 80%[5]. The largest
single center report of 85 HPD cases for cholangiocarcinoma at the University of
Nagoya published in 2012 found a high morbidity (76% of patients with Clavien-
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Table 2 Studies reporting on morbidity and mortality outcomes for gallbladder cancer and extrahepatic cholangiocarcinoma after

hepatopancreatoduodenectomy (years 2015-2020)

Ref. Total n of patients Morbidity (%) Perioperative mortality (%)
Tran et al[23], 2015 107 87.5° 18.2*
Fukami et al[15], 2016 38 44.7' 135
Fernandes et al[8], 2016 35 97.4 34.2
Aoki et al[21], 2016 52 37.0! 0
Dai ef al[13], 2017 12 83.3 25.0
Lee et al[41], 2018 22 68.2 4.5
Welch et al[9], 2019 23 87.0 26.0
Mizuno et al[37], 2019 38 87.0" 18.0
D’Souza et al[10], 2019 66 50.0' 15.0
Toyoda et al[43], 2019 100 81.0 0%”
Liu et al[11], 2020 16 62.5 125
Shimizu et al[28], 2020 37 51.4! 5.4

12 3 Clavien grade 3 morbidity.

100 patients were enrolled in the study after excluding 4 patients who died of surgical.

3Lobectomy or trisectionectomy with pancreaticoduodenectomy.

*In-hospital mortality complications.
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Dindo 3 or higher complications), in spite of considerable low operative mortality
(2.4%)[24]. Similar results were reported from Utsumi et al[14] in a study on 17
patients, where morbidity rate was 88.3% and mortality rate 0%. D’souza et al[10]
found postoperative complications Clavien-Dindo 3-4 in 50% of patients, with a
higher rate in patients with ECC (63%) than in those with GC (35%). Welch et al[9], in
their study promoted from the American College of Surgeons-National Surgical
Quality Improvement Program, reported an overall morbidity and mortality for HPD
of 87% and 26%, respectively. To note, morbidity and mortality rates were significantly
higher when compared to both major hepatectomy (51% and 7.6%) and PD (52% and
1.4%), respectively (Table 2).

Hepatic failure, pancreatic fistula, biliary fistula and sepsis are the most common
and serious postoperative complications of HPD, and also are important predictors of
mortality[5,8,9]. The conspicuous blood losses associated to HPD undoubtedly play an
important role in the occurrence of perioperative complications[2].

Interestingly, hepatic failure is the most common cause of perioperative death[5,9],
although different definitions of that condition were encountered in the studies. Most
HPDs include a major hepatectomy with removal of a large amount of hepatic mass,
which exposes to the risk of leaving an insufficient liver remnant. An effective strategy
for improving the safety and feasibility of major hepatectomy has become the
preoperative portal vein embolization, that induces atrophy of the segments to be
resected and compensatory contralateral hypertrophy of the remnant liver[17,23].
Ebata et al[24], among 85 patients receiving HPD, performed preoperative portal vein
embolization in 78.8% of cases. In the experience of Fukami et al[15], criteria for
preoperative portal vein embolization before HPD were right hepatectomy with a
future remnant liver volume less than 40%. In spite of preoperative portal vein
embolization, in some cases a desirable future liver remnant cannot be achieved, and
volume increases and rapid tumour progression can occur while waiting for surgery.
In those cases, HPD including liver parenchymal sparing surgery such as mesohep-
atectomy or central liver resection, may be used instead of typical major hepatectomy
[25,26]. It should be taken into account that postoperative performance of the remnant
liver is not only a matter of volume, in fact it is related also to the underlying liver
function that need to be assessed with clinical examination, biochemistry, and other
liver function tests[3]. The technique of Associating Liver Partition and Portal vein for
Staged hepatectomy (ALLPS)[27], that has been used to rapidly enhance the volume of
the liver remnant, is associated to considerable mortality and morbidity rates, and has
no place in patients candidates to HPD[2,25].
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According to Shimuzu et al[28], the indications for HPD in patients 70 years or older
should be carefully considered, because they may require greater liver remnant
volume in order to avoid the occurrence of postoperative liver failure.

In the pathogenesis of hepatic failure after HPD, also preoperative hyperbiliru-
binemia plays an important role[14]. The effects of the biliary stasis on the liver
remnant include impaired function of hepatocyte mitochondria, impaired activity of
microsomial mixed function oxidase, and in general increased predisposition to
endotoxemia[5,29]. The role of preoperative biliary drainage of jaundiced patients
scheduled for PD remains questioned[11]. However, authors suggested that biliary
drainage may be appropriate before HPD, especially when major hepatectomy is
planned[10,11,30,31].

Another primary concern in patients undergoing HPD is the occurrence of
pancreatic fistula[32-34]. Postoperative pancreatic fistula is associated with other
serious complications (especiallly intraabdominal hemorrhage and formation of
abscesses) and mortality after PD[10,17,34]. Hepatic hilar clamping during liver
resection, that usually follows PD, may induce venous congestion in the remnant
pancreas that might facilitate pancreatic fistula formation[15]. To prevent a pancreatic
fistula after HPD different methods have been used such external drainage of
pancreatic juice by inserting a tube into the main pancreatic duct[35], that can also be
followed by second-stage pancreatojejunostomy[36], and wrapping an omental flap
around the dissected gastroduodenal artery[17]. Fukami et al[15] routinely employed
an external pancreatojejunostomy stent in their series including 38 HPDs. Other
possible complications, which can originate from the combination of hepatic resection
and PD were delayed gastric emptying, hemorrhage, multi-organ failure, liver abscess,
suppurative cholangitis, peritonitis, metabolic acidosis, portal vein thrombosis, sepsis,
and hepaticojejunostomy leakage[5,8-10,20]. Some authors have proposed technical
variants like ‘pancreatic sparing resection” during HPD with the aim to reduce
mortality and morbidity linked to HPD[11,20], but no conclusions can be drawn at this
stage due to the paucity of reports.

High body mass index is a known independent risk factor for morbidity after HPD
[22]. Since body mass index of Japanese people is lower than Western people, this
finding might partially explain the better outcomes observed in Japanese series.

A careful patient selection and a multidisciplinary approach are essential issues to
limit the occurrence and severity of complications of HPD[37]. An accurate assessment
of nutritional status can be useful to stratify the perioperative risk of complications in
order to optimize preoperative conditions as much as possible[8].

In summary, from the recent literature one can argue that HPD including
simultaneous major hepatic resection and PD remains an intervention with a high risk
of complications, although low perioperative mortality rates can be reached in
institutions with high expertise. Centralization in centers of excellence of patients who
can benefit from HPD may be a strategy to improve outcomes[9,38].

Survival outcomes

While patients with GC and ECC have in general a poor prognosis, long survival
outcomes can be achieved in selected patients with RO resection, since it has been
demonstrated that negative margin is the most prognostic factor influencing long term
survival after resection[11]. HPD carried out with curative intent with free margins has
been reported to obtain acceptable survival outcomes, although important differences
exist between GC and ECC, having the former a worst prognosis. For that reason,
some authors have underscored that HPD can be considered an acceptable option for
ECC, but have questioned its utility in patients with GC[1,2]. In fact, some authors
underscored that no patients who received HPD for advanced GC survived after 5
years in their experience[39,40]. On the contrary, Mizuno et al among 38 patients with
GC submitted to HPD reported a 5-year survival of 11%[37] . To note, two study
reported comparable survival between patients who underwent HPD for GD or ECC
[21,41].

In glreneral, advancement in multimodality treatment of biliary cancer has led to
improvement in survival after HPD in both GC and ECC in the last ten years. Zhou et
al[5] in a review including studies published until 2014, reported that the 5-year
overall survival in patients who underwent HPD with RO resection ranged between
18% and 68.8% (median 51.3%), while it was 0% in those with R1 or R2 resection. The
median 5-year survival rate of patients receiving HPD was 33% and 10.4% for patients
with ECC and GC, respectively. In another review from Ebata et al[1], including the
studies published between 2000 and 2013, the 5-year survival rates were 12%-64% for
ECC and 0%-25% for GC[1]. It is important to look with attention at more recent cohort
studies on HPD, in that better survival outcomes were observed. In a multicenter
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study from Europe published in 2019, 3-year overall survival after HPD was cholan-
giocarcinoma 80% for ECC and 30% for GC (P = 0.018). The authors argued that more
advanced T-stage for the GC might partially explain the worse survival[10]. Fukami et
al[15] observed a 2-year overall survival of 71% and 39%, with a median survival time
42.3 and 13,5 months (P = 0.465) between patients with GC and ECC who underwent
HPD plus hepatic artery resection and HPD without hepatic artery resection,
respectively. The survival of the patients with CG was significantly worse than
patients with ECC (P = 0.001). One of the most important reports on the use of HPD
for advanced ECC was that form the Shinshu University (Japan) on 37 consecutive
patients. The 1-, 3-, and 5-year overall survival rates were 83%, 48%, and 37%,
respectively. Interestingly, in patients with RO resection, 5-year overall survival was
comparable between patients who had undergone major HPD and major hepatectomy
alone (41% vs 40%)[28].

The survival outcomes of papers published in the time frame 2015-2020 were
resumed in Table 3.

In summary, recent reports have noted good survival results, provided that RO
resection was achieved, although survival for GC remains worse than that for ECC.

Prognostic factors in patients with biliary cancer undergoing HPD remain to be
clarified, and may somehow differ from those receiving major hepatectomy™- In a
recent study including 100 patients, pathologic vascular invasion, pancreatic invasion,
nodal metastasis, and margin status were not prognostic factors from the standpoint of
long-term survival. Instead, presurgical cholangiographic classification, differentiating
between “diffuse” or “localized” type, seems to be a tumor-related factor closely
associated with survival probability. According to Toyoda et al[43], that cholan-
giographic classification may be effective to stratify patients candidates to HPD
according to long-term survival probability.

DISCUSSION

Surgical resection with free margins remains the only possibility of cure able to
achieve significant survival outcomes in patients with biliary cancer. In fact, systemic
therapy and/or local treatments alternative to surgery demonstrated limited efficacy.
The present review supports the role of HPD in patients with GC and ECC with
horizontal spread involving the hepatic hilum and the intrapancreatic bile duct,
although several aspects need to be clarified. HPD has had a limited diffusion, mainly
due to the limited number of patients operated on with high mortality rates, and also
because of questionable survival benefit. However, recent reports have showed
improved operative results in centers with expertise in hepatobiliary-pancreatic
surgery, due to advances in surgical techniques and perioperative patient care.
Mortality rates in patients operated on in centers of excellence for this procedure were
less than 10%, although morbidity rates remained high[11,21]. Indubitably, the team’s
expertise in advanced hepatobiliary-pancreatic surgery, and specifically in HPD
procedure, plays a pivotal role in obtaining satisfactory results in terms of periop-
erative outcomes. As for oncological outcomes, recent reports have showed acceptable
5-year survival of 25% and 18%-40%, for GC and ECC, respectively. It is our view that
the survival outcomes of patients receiving HPD should not be compared with those
patients who had standard hepatic resection, but rather with those who receive
nonoperative or palliative treatments. In this regard, authors observed a significantly
better prognosis of patients receiving HPD for GC than those of the unresectable
group[44].

The improved results in terms of perioperative morbidity and mortality, as well as
the encouraging survival outcomes, have led to attach importance to HPD as a
curative treatment in selected patients with biliary cancer, although it is not currently
considered a standard procedure worldwide. Meticulous patients' selection is
fundamental in order to obtain a RO resection, that should represent the oncological
objective of the procedure. From a risk/benefit perspective, we believe that R1 or R2
resection should not be an option in such a complex procedure as HPD. Prevention of
hepatic failure with precise preoperative evaluation of the remnant liver function
plays a key role in the success of HPD. According to centers’ practice, methods such as
99mTc labeled galactosyl human serum albumin liver scintigraphy, computed
tomography volumetry, or indocyanine green kinetics, can be used to quantitatively
assess hepatic function. Probably, a remnant liver over 40%-50% of the total liver
volume should be maintained to ensure patient survival[8].Extensive use of
preoperative portal vein embolization, and preoperative biliary drainage in patients
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Table 3 Studies reporting on survival outcomes after hepatopancreatoduodenectomy for gallbladder cancer and extrahepatic

cholangiocarcinoma (2015-2020)

Survival outcomes

Ref. Total n of patients GC ECC

GC ECC
Aoki et al[21], 2016 52 13 39 NR’ NR’
Lee et al[41], 2018 22 8 14 25.0%” 17.9%"
D’Souza et al[10], 2019 66 31 35 30.0%" 80.0%"
Toyoda et al[43], 2019 100 0 100 - 49.2%"
Liu et al[11], 2020 16 0 16 = 20.0%”
Shimizu et al[28], 2020 37 0 37 - 36.8%"

13-year overall survival.

%5.year overall survival.

3The study reported a 5-year survival of 44.5% for the entire cohort, with no significant difference between patients with gallbladder cancer and those with
extrahepatic cholangiocarcinoma (P = 0.54).

GC: Gallbladder cancer; ECC: Extrahepatic cholangiocarcinoma; NR: Not reported.

with obstructive jaundice, represent strategies for decreasing the occurrence and
severity of postoperative complications[25,26].

We recognize that the present review has some limitations, in that it includes only
articles published in English in the time-lapse 2015-2020. Moreover, in the included
studies, the indications for the HPD procedure were heterogeneous. However, this
work has some points of strength since it addresses the insights from the most recent
experiences in the use of HPD, thus it may be useful as an update review for best
practices in the clinical setting.

It is plausible that the growing experience in HPD in selected centers will give
impetus to further research on the use of that approach in the near future. To note, the
exact role of HPD in patients with locally extended biliary cancer still remains to be
defined and the combination of HPC with a multimodality approach with adjuvant/
neoadjuvant treatments needs to be explored[31,45]. The indications for HPD slightly
differ between Western and Eastern countries, and need to be standardized.
Differences also exist in preoperative work up and operative technique among the
institutions. Furthermore, survival outcomes for both GC and ECC in the different
studies are difficult to compare due to heterogeneous methodologies and patients’
inclusion criteria; also the results of the present review suggest that the role HPD may
differ in the treatment of those two conditions. It is advisable to develop interna-
tionally-accepted protocols on selection criteria, preoperative assessment, operative
technique, perioperative care, information sharing and data collection in order to
better define which patients would benefit from HPD.

CONCLUSION

In conclusion, the present study suggests that HPD does have a definite role in the
treatment of patients with GC and ECC with horizontal spread, although some aspects
of the procedure remain to be elucidated. Surgeons” experience and careful patients’
selection have a pivotal role in achieving RO resection and acceptable oncological
outcomes.

ARTICLE HIGHLIGHTS

Research background

Hepatopancreatoduodenectomy (HPD) is a challenging procedure that can be used for
treatment of gallbladder cancer or extrahepatic cholangiocarcinoma invading the
hepatic hilum and the intrapancreatic common bile duct. Due to high mortality and
morbidity rates, as well as to controversial survival benefits, HPD is not a universally
accepted procedure.
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Research motivation

The aim of this review was to consolidate the evidence currently available on HPD for
the treatment of gallbladder cancer and extrahepatic cholangiocarcinoma in a
systematic fashion.

Research objectives

The main outcomes of interest were morbidity rates, mortality rates and survival
outcomes after HPD for treatment of gallbladder cancer or extrahepatic cholangiocar-
cinoma.

Research methods
A systematic literature search was performed in PubMed, Web of Science, and Scopus
databases to identify studies reporting on HPD during the time-frame 2015-2020.

Research results

Thirteen studies were included in this systematic review. Mortality rates varied among
studies from Eastern and Western countries. In selected centers from Japan with high
expertise in the hepatobiliary surgery, mortality rates were below 10%. Morbidity
rates, albeit variable, were reported in more than 50% of patients. Five-year survival
after HPD was higher in patients with extrahepatic cholangiocarcinoma than
gallbladder carcinoma, and can be considered acceptable in cases were a RO resection
was obtained.

Research conclusions

The present review supports the role of hepatopancreaticoduodenectomy in selected
patients with gallbladder cancer and extrahepatic cholangiocarcinoma, provided that a
RO resection is achieved. Preoperative portal vein embolization and preoperative
biliary drainage in jaundiced patients represent strategies for decreasing the
occurrence and severity of postoperative complications.

Research perspectives

The present review may be useful as a reference for best practices in the clinical
setting, since it addresses the insights from the most recent experiences in the use of
heptopancreaticoduodenectomy. Internationally-accepted protocols on selection
criteria, preoperative assessment, operative technique, and perioperative care, are
warranted to identify patients who would benefit from HPD.
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