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REG4 promotes the proliferation
and anti-apoptosis of cancer

Hua-Chuan Zheng'*, Hang Xue®! and Cong-Yu Zhang?

Department of Oncology and Central Laboratory, The Affiliated Hospital of Chengde Medical
University, Chengde, China, ?Cancer Center, The First Affiliated Hospital of Jinzhou Medical University,
Jinzhou, China

Regenerating islet-derived 4 (REG4) gene was discovered by high-throughput
sequencing of ulcerative colitis cDNA libraries. REG4 is involved in infection and
inflammation by enhancing macrophage polarization to M2, via activation of
epidermal growth factor receptor (EGFR)/Akt/cAMP-responsive element
binding and the killing inflammatory Escherichia coli, and closely linked to
tumorigenesis. Its expression was transcriptionally activated by caudal type
homeobox 2, GATA binding protein 6, GLI family zinc finger 1, SRY-box
transcription  factor 9, CD44 intracytoplasmic domain, activating
transcription factor 2, and specificity protein 1, and translationally activated
by miR-24. REG4 can interact with transmembrane CD44, G protein-coupled
receptor 37, mannan and heparin on cancer cells. Its overexpression was
observed in gastric, colorectal, pancreatic, gallbladder, ovarian and urothelial
cancers, and is closely linked to their aggressive behaviors and a poor prognosis.
Additionally, REG4 expression and recombinant REG4 aggravated such cellular
phenotypes as tumorigenesis, proliferation, anti-apoptosis,
chemoradioresistance, migration, invasion, peritoneal dissemination, tumor
growth, and cancer stemness via EGFR/Akt/activator protein-1 and Akt/
glycogen synthase kinase three B/B-catenin/transcription factor 4 pathways.
Sorted REG4-positive deep crypt secretory cells promote organoid formation
of single Lgr5 (+) colon stem cells by Notch inhibition and Wnt activation.
Histologically, REG4 protein is specifically expressed in neuroendocrine tumors
and signet ring cell carcinomas of the gastrointestinal tract, pancreas, ovary, and
lung. It might support the histogenesis of gastric intestinal-metaplasia—globoid
dysplasia=signet ring cell carcinoma. In this review, we summarized the
structure, biological functions, and effects of REG4 on inflammation and
cancer. We conclude that REG4 may be employed as a biomarker of
tumorigenesis, subsequent progression and poor prognosis of cancer, and
may be a useful target for gene therapy.
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Introduction

In 1984, Yonemura et al. (Yonemura et al., 1984) discovered
(REG) the
regeneration of pancreatic islets. The REG family belongs to

regenerating  islet-derived proteins  during
the calcium-dependent lectin (C-type lectin) gene superfamily,
which encodes four multi-functional and secreted small proteins.
REG proteins serve as anti-apoptotic factors, acute phase
reactants, lectins, and growth factors for neural cells,
pancreatic B cells, and epithelial cells in the digestive system.
To date, researchers have identified human REG I (I and If),
REG III (III and HIP/PAP), and REG4, which encode
homologous 158-175aa proteins. REG genes are located on
chromosomes 2p12 (HIP/PAP, REG I«, REG If, and REG III)

and 1q12-q21 (REG4) (Nata et al., 2004).

The discovery and expression profile of
REG4

REG4 was discovered by high-throughput sequencing of a cONA
library from an ulcerative colitis (UC) sample in 2001 (Hartupee
et al,, 2001). The REG4 gene has 10 exons and encodes four types of
variants by alternative splicing, which contain different open reading
frames. Its longest cONA has an open reading frame of 477 bp and
encodes an 18-kDa peptide of 158aa. The REG4 protein is composed
of a 22aa signal peptide and calcium-dependent lectin domain, within
which are an N-glycosylation site and two carbohydrate binding sites
(Figure 1) (Zhang et al., 2021). In the rat, REG4 mRNA was detected

10.3389/fcell.2022.1012193

in the brain cortex, stomach, pancreas, spleen, small intestine, colon,
kidney, and urinary bladder, but not in the sciatic nerve, thymus,
liver, cerebellum, suprarenal gland, heart, soleus muscle, lung, and
esophagus by reverse transcriptase-PCR. Using western blot,
REG4 protein expression was detectable in the pancreas, stomach,
small intestine, colon, spleen, brain cortex, kidney, and urinary
bladder, but not in the sciatic nerve, liver, thymus, cerebellum,
suprarenal gland, soleus muscle, heart, esophagus, and lung.
Immunohistochemically, positive REG4 staining was detected
throughout the gastric mucosa and was mainly distributed in the
basal portion of intestinal crypts. Pancreatic acinar cells appeared
positive for REG4, but not pancreatic islet p cells. REG4 was
expressed in large spleen cells with a large nucleus in the red
pulp, but not the white pulp. Immunoreactivity for REG4 was
found in large neurons of the brain cortex, and in glomerular and
urinary bladder epithelial cells, but rarely in renal tubular cells
(Azman et al, 2011). REG4 immunoreactivity was significantly
higher in the ovary than the uterus. The expression of REG4 was
strongly detectable in oocytes and granulosa cells of ovarian follicles,
interstitial cells and corpus luteum, while only weak expression was
found in the glandular and luminal epithelium of the rat
endometrium (Du and Yao, 2013). The tissue-specific expression
of REG4 is closely linked to its biological function in different organs.

The regulation of REG4 expression

In mammalian cells, caudal type homeobox 2 (CDX2) was
found to induce REG4 expression by binding to consensus
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Structures of REG4 gene and protein. The REG4 gene has 10 exons and is alternatively spliced into four variants with different open reading
frames (A). The encoding protein of REG4 variant one produces a 158aa protein with signal peptide and c-type lectin domain (B).
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CDX2-binding elements upstream of the REG4 gene, supported
by the positive relationship between CDX2 and REG4 expression
in gastric cancer cells and tissues (Naito et al., 2012; Chai et al,,
2021). MicroRNA (miR)-363 suppressed the translation of
GATA binding protein 6 (GATA6), which functioned as a
transcriptional factor to induce REG4 and leucine-rich repeat-
containing G-protein coupled receptor 5 (Lgr5) expression
essential for the growth of colon cancer cells under adherent
conditions (Kawasaki et al., 2015). The key transcriptional factor
in the Hedgehog signaling pathway, GLI family zinc finger 1
(GLI1) bound to REG4 promoter regions (GATCATCCA) for its
transcription and translation in pancreatic cancer cells,
supported by the synergic expression of REG4 and GLII
(Wang et al, 2011). Additionally, SRY-box transcription
factor 9 (SOX9) knockdown upregulated REG4 protein
expression in gastric cancer cells; a positive correlation of
REG4 expression with SOX9 expression in gastric cancer was
noted (Zhang et al., 2018). The activating transcription factor 2
(ATF2) targeted the REG4 promoter to induce REG4 expression
during enteritis (Xiao et al., 2019). Duan et al. (Duan et al., 2014)
found that the tumor suppressor, miR-24, translationally
restrained the progression of gastric cancer by down-
regulating REG4. In short, REG4 expression was
transcriptionally activated by CDX2, GATA6, GLII, ATF2,
and SOX9, and translationally activated by miR-24. However,
further miRNAs may be discovered in future that are associated
with the translational regulation of REG4.

REG4-related signal pathways

As for the cellular signaling pathway, recombinant human
REG4 (rhREG4) treatment resulted in anti-apoptosis of
colorectal cancer cells with the overexpression of B cell
lymphoma-extra large (Bcl-xL), B cell lymphoma 2 (Bcl-2),
survivin, and matrix metalloproteinase-7 (MMP-7), and the
phosphorylation of epidermal growth factor receptor (EGFR)
at Tyr992 and Tyr1068, and Akt at Thr308 and Ser473. It also
strengthened the transcriptional activity of activator protein-1
(AP-1) by interaction with JunB, JunD, and FosB (Bishnupuri
etal.,, 2006b). rhREG4 treatment also protected normal intestinal
crypt cells from irradiation-induced apoptosis by enhancing the
expression of Bcl-2, Bcl-xL, and survivin, in agreement with data
from human colorectal cancer cells (Bishnupuri et al., 2010).
rhREG4 treatment promoted G, progression for the mitogenesis
of colorectal cancer cells by Akt/glycogen synthase kinase three 3
(GSK3p)/B-catenin/transcription factor 4 (TCF-4) signaling
(Bishnupuri et al, 2014). Meanwhile, REG4 might protect
acinar cells against necrosis in experimental pancreatitis by
enhancing the expression of Bcl-2 and Bcl-xL via activation of
the EGFR/Akt pathway (Hu et al., 2011). Li et al. (Li et al., 2011)
found anti-tumor effects of proteoglycan from Phellinus linteus
on colorectal cancer cells via inactivation of the REG4/EGFR/Akt
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pathway. Taken together, these findings suggested that REG4 is a
potent activator of the EGFR/Akt pathway for the proliferation
and anti-apoptosis of colorectal cancer cells.

In addition, Ho et al. (2010) demonstrated that REG4 bound
to mannan and heparin in the absence of calcium. In addition,
REG4 was found to interact with CD44 to activate its regulated
This

and

intramembrane  proteolysis. resulted in the y-
secretase-mediated  cleavage of  the
CD44 intracytoplasmic domain (CD44ICD) that functions as
a transcriptional activator of D-type cyclins involving in cell
factor 4 and SRY-box

transcription factor 2 (SOX2) expression involved in the

release

proliferation, and Kruppel-like
pluripotency of cancer stem cells (Figure 2) (Bishnupuri et al.,
2022). A significant correlation between REG4 and CD44 or
CD44ICD supported the above-mentioned hypothesis (Sninsky
et al,, 2021). Liu et al. (2013) found that REG4 down-regulation
also resulted in the hypoexpression of p21 and p27, which
negatively regulated cyclin D1 and blocked the G,/S transition
of prostate cancer cells. Wang et al. (2016) showed that
transforming growth factor (TGF)-a stimulated specificity
protein 1 (SP1) to transcriptionally promote REG4 expression,
while G protein-coupled receptor 37 (GPR37) complexed with
REG4, which mediated EGFR signal transduction by REG4 and
promoted peritoneal metastasis of gastric cancer cells. Therefore,
TGF-o/EGFR/SP1 was responsible for the transcriptional
activation of REG4 in a positive feedback loop.

Infection and inflammation

REG4 gene was screened from UC samples (Hartupee et al.,
2001). REG4 mRNA was found to be up-regulated in Crohn’s
disease and UC samples (Takasawa et al., 2018). Nanakin et al.
(2007) found that REG4 mRNA was strongly expressed in
inflammatory epithelium, and dysplastic and cancerous
lesions, and positively correlated with the expression of basic
fibroblast growth factor (bFGF) and hepatocyte growth factor
(HGF) mRNA expression in UC. In pediatric patients with
intestinal failure, serum REG4 was positively correlated with
serum interleukin (IL)-6 and tumor necrosis factor (TNF)-a, and
REG4 protein was increased and highly expressed toward the
luminal face of inflamed intestine. In intestinal conditional
REG4 knockout mice, REG4 abrogation altered the colonic
bacterial composition, and weakened bacterial adhesion to the
colonic mucosa, finally ameliorating dextran sodium sulfate-
induced colitis (Xiao et al., 2019). Further study indicated that
REG4 stimulated complement-mediated attack complexes to
eliminate intestinal dominant Escherichia coli in order to
maintain homeostasis. These results supported the protective
effects of REG4 on the epithelia of UC, possibly by being anti-
inflammatory and anti-infection (Qi et al., 2020).

Hu et al. (Hu et al,, 2011) also found that REG4 expression
was significantly up-regulated during acute pancreatitis. The
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Biological functions of REG4. REG4 indirectly interacts with epidermal growth factor receptor (EGFR) to phosphorylate and activate Akt, which
induces activator protein-1 (AP-1)-mediated transcriptional initiation by an AP-1/c-Jun/JunA/JunB complex and glycogen synthase kinase three
(GSK3p)-p-catenin—transcription factor 4 (TCF-4) signaling. Additionally, REG4 can bind to G protein-coupled receptor 37 (GPR37) to activate EGFR.
REG4 interacts with CD44 to activate regulated transmembrane proteolysis of CD44 resulting in y-secretase—mediated cleavage and release of

the CD44 intracytoplasmic domain (CD44ICD). TCF-4 and CD44ICD serve as transcriptional activators that up-regulate the expression of cyclins for
cell-cycle progression. CD44ICD-mediated Kruppel-like factor 4 (KIf4) and SRY-box transcription factor 2 (SOX2) expression is involved in cancer
stemness. Activator protein-1-induced overexpression of B cell lymphoma-extra large (Bcl-xL), B cell lymphoma 2 (Bcl-2), survivin, and matrix
metalloproteinase-7 (MMP7) plays an important role in apoptosis, angiogenesis, invasion, and metastasis.

REGH4 secreted by pancreatic cancer cells promoted macrophage
polarization to M2 via EGFR/Akt/cAMP-responsive element
binding activation, finally promoting tumor growth and
distant metastasis (Ma et al., 2016). Li et al. (2021) found that
rhREG4 attenuated the severity of rat osteoarthritis by facilitating
the proliferation of articular chondrocytes. In a rat model of
acutely-injured liver, treatment with recombinant interleukin 22
(IL-22) lentivirus reduced serum total bilirubin, alanine and
aspartate transaminases, and enhanced REG4 expression,
suggesting that REG4 might be involved in the protective
effects of IL-22 on hepatic injury (Zhang et al,, 2015).

Gastric cancer
At the mRNA level, REG4 gene was significantly up-

regulated in gastric cancer compared with normal mucosa
(Tao et al, 2011), while our group showed higher REG4
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expression in intestinal metaplasia than in gastritis and gastric
cancer (Zheng et al., 2010). REG4 mRNA was found to positively
correlate with the wall penetration (Miyagawa et al., 2008), depth
of invasion, and clinicopathological stages (Ying et al., 2013) of
gastric cancer. These results indicate that REG4 mRNA
expression might reflect gastric carcinogenesis and subsequent

progression.
In the stomach, foveolar epithelium was negative for REG4,
whereas goblet and neuroendocrine cells of intestinal

metaplasia were positive for REG4 (Oue et al, 2005).
Meanwhile, REG4 expression was significantly associated
with both the intestinal mucin phenotype (mucin 2 [MUC2]
and CDX2) and neuroendocrine differentiation of gastric
cancer (Oue et al,, 2005; Yamagishi et al., 2009). Zheng et al.
(2010) reported that REG4 immunostaining was gradually
decreased from intestinal metaplasia, adenoma, cancer to
gastritis, positively correlated with mucin 5AC (MUC-5AC)
and MUC-2 expression, and was most frequently expressed in
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signet ring cell carcinoma (SRCCs). The expression of
REG4 was found to be significantly correlated with advanced
T stage, N stage, M stage, TNM stage, frequent peritoneal
recurrence and dissemination, diffuse-type carcinoma, and
dedifferentiation of gastric cancer (Yamagishi et al, 2009;
Tao et al., 2011; Moon et al.,, 2012). REG4 was detected in
peritoneal lavage fluids of gastric cancer patients as well
(Miyagawa et al., 2008; Kuniyasu et al., 2009; Yamagishi
et al, 2009). The serum REG4 level was higher in patients
with gastric cancer than in healthy individuals, in advanced
than early gastric cancer patients, and in pre-surgical than post-
surgical gastric cancer patients respectively (Mitani et al., 2007;
Miyagawa et al., 2008; Kobayashi et al., 2010; Zheng et al., 2010).
As for prognosis, REG4 immunoexpression was considered as
an independent prognostic factor for both worse peritoneal
recurrence-free and overall survival (Miyagawa et al., 2008; Tao
et al.,, 2011; Moon et al., 2012). These data demonstrated that
REG4 expression is involved in the histogenesis of gastric
SRCC,
carcinogenesis, and is closely linked to aggressive behaviors

neuroendocrine  differentiation, and  gastric
and adverse prognosis in gastric cancers.

With regard to drug resistance, Ying et al. (2013) found that
up-regulation of REG4 mRNA was closely linked to the intrinsic
drug resistance of gastric cancer cells to fluorouracil (5-FU) or its
combination therapy. All 14 REG4-positive patients with gastric
cancer showed no change or disease progression when treated
with a combination of low-dose 5-FU and cisplatin (Mitani et al.,
2007). In gastric cancer cells, REG4 enhanced the resistance of
gastric cancer cells to 5-FU through the mitogen-activated
protein kinase/Bim
pathway (Jin et al, 2017). REG4 antibody significantly
inhibited proliferation and chemosensitivity of gastric cancer
cells to 5-FU (Zhang et al,, 2019) and REG4 silencing caused the

loss of stemness properties (Zhou et al., 2013). It was suggested

kinase/extracellular-signal-regulated

that REG4 overexpression predicted chemoresistance in gastric
cancer cells, possibly by promoting proliferation and stemness.

As for molecular mechanisms, REG4 expression facilitated
invasion and migration of gastric cancer cells by up-regulating
SOX9 expression, in contrast to REG4 knockdown (Zhang et al.,
2018). Another
proliferation, tumor growth, and migration of gastric cancer

report described how REG4 promoted

cells through the protein kinase B pathway (Huang et al,
2014a). Katsuno et al. (2012) found that coexpression of
aldehyde dehydrogenase one and REG4 was involved in the
tumorigenesis of diffuse-type gastric carcinoma, which was
blocked by TGF-B. Kuniyasu et al. (2009) found that
REG4 overexpression of Bcl-xL, Bdl-2,
survivin, phosphorylated Akt, and EGFR, and decreased nitric

increased levels

oxide-induced apoptosis in gastric cancer cells, in contrast to
REG4
REG4 expression enhanced peritoneal metastasis, weakened

silencing. In mice models of gastric cancer,

apoptosis, and shortened survival time (Miyagawa et al., 2008;
Kuniyasu et al., 2009). These results demonstrated that
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REG4 aggravated the proliferation, anti-apoptosis, tumor
growth, and peritoneal metastasis of gastric cancer cells.

Colorectal cancer

At the genetic level, Lu et al. (2013) found that a single
nucleotide polymorphism in REG4 might be a genetic marker for
the progression of colorectal cancer. In colorectal tissues, REG4
mRNA-positive cells are mostly enteroendocrine and goblet
cells. Adenomatous and cancer cells positive for REG4 mRNA
exhibited enterocyte-like, mucus-secreting, or undifferentiated
features (Violette et al., 2003), in agreement with observations in
the stomach (Oue et al., 2005; Yamagishi et al., 2009; Zheng et al.,
2010). REG4 mRNA was found to be highly expressed in all
adenoma samples, with or without concurrent colorectal
carcinoma, compared to normal mucosa samples (Zhang
et al,, 2003a; Zhang et al., 2003b). Statistically, REG4 mRNA
was more expressed in colorectal cancers (especially mucinous
carcinomas) than in normal colorectal mucosa (Violette et al.,
2003). Combining these results, we conclude that up-regulated
REG4 mRNA expression is markedly observed in colorectal
adenoma and adenocarcinoma.

At the protein level, REG4 expression was observed in both
the middle and outer parts of crypts and superficial epithelium,
especially goblets (Granlund et al, 2011). Statistically,
REG4 expression was significantly lower in colorectal cancer
than in normal mucosa or adenomas, and inversely correlated
with poor differentiation, venous invasion, low expression of
MUC2 and EGFR phosphorylated at Tyr1068 (Li et al., 2010).
REG4 expression was less frequently observed in colorectal
cancer than in adjacent non-neoplastic mucosa, in well- and
than
carcinoma (Zheng et al, 2011), and in the cancers of the

moderately-differentiated adenomas in mucinous
right colon than in the left colon and rectum, respectively
2021).  Further that

REG4 expression was associated with lymph node metastasis,

(Kang et al, study showed
distant metastasis, metastatic recurrence in the liver, advanced
TNM stage, histologic grade, and MMP-7 expression in
colorectal cancer (Oue et al., 2007; Zhu et al., 2015). Oue
(2007) that the

REG4 concentration was not elevated in patients with

et al found preoperative  serum
colorectal cancer at stages O0-III, but was significantly
elevated in those at stage IV. Additionally, REG4 expression,
as an independent predictor, was significantly linked to a worse
prognosis in patients with colorectal cancer (Oue et al., 2007;
Numata et al., 2011; He et al., 2014). However, Kaprio et al.
(2014) reported that REG4 expression was an independent
marker of a lower risk of death for patients with non-
mucinous colorectal cancer, 65 years and younger, within
5years. These that
REG4  expression is the

adenoma-adenocarcinoma sequence, and can be used to

findings  demonstrated aberrant

involved in colorectal
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indicate the aggressive behaviors and prognosis of colorectal
cancers.

A body of evidence has shown that REG4 was markedly
related to chemoresistance, migration, and invasion of cancer
cells. Violette et al. (Zhang et al, 2003b) discovered that
REG4 protein was strongly expressed in drug-resistant rectal
cancer cells, but expressed weakly in drug-sensitive rectal cancer
cells. REG4 expression was found to correlate with y-radiation
sensitivity in rectal cancer patients receiving radiotherapy
(Kobunai et al., 2011). In radiochemotherapy (RCT)-sensitive
colorectal cancer cells, REG4 expression was down-regulated,
while it was increased in radiochemoresistant cells (Gao et al,,
2021). REG4-overexpressing cells had a high survival rate and
showed few DNA breaks after irradiation (He et al., 2014).
rhREG4 significantly induced resistance to ionizing radiation
in colon adenocarcinoma cells by promoting anti-apoptotic Bcl-
xL and Bcl-2 expression (Numata et al, 2011). Additionally,
rhREG4 stimulated cell growth in a paracrine manner. Notably,
REG4 promoted migration and invasion of colorectal cancer cells
via its carbohydrate-recognition domain in both autocrine and
paracrine manners, which was significantly decreased by anti-
REG4 antibody (Guo et al., 2010; Rafa et al., 2010). Nanakin et al.
(2007) found that REG4 expression was stimulated by TNFa,
epidermal growth factor (EGF), bFGF, and HGF in colon cancer
cells, and then promoted cell proliferation and resistance to
H,0,-induced  apoptosis. These data that
REG4 might be identified as a potential marker for RCT
resistance.

In an animal model, REG4 mRNA was elevated in the

intestine of APC™"* mice carrying APC mutation at codon

indicated

850 for transcription stop before a spontaneous second mutation
of APC. Adenomas from 14-week-old APC™™* mice showed
significantly up-regulated expression of Bcl-2 and REG4
(Bishnupuri et al., 2006a). Sorted REG4-positive deep crypt
secretory (DCS) cells facilitated organoid formation of single
Lgr5 (+) stem cells, and DCS cells overwhelmingly originated
from Lgr5 (+) stem cells by both Notch inactivation and Wnt
activation (Sasaki et al., 2016). In an organoid model, mutant
KRAS-induced REG4 promoted colorectal cancer stemness via a
Wnt/B-catenin pathway (Hwang et al, 2020). This was also
evidenced by the positive correlation of cancer stem markers
with REG4 in intestinal tumors from APC™"*/KrasG12D
LA2 mice. These results indicated that REG4 might be
involved in the colorectal adenoma-adenocarcinoma sequence
by the regulation of local stem cells.

Pancreatic cancer

In pancreatic tumors, REG4 mRNA expression was
significantly higher in intestinal-type rather than in gastric-
type intraductal papillary mucinous neoplasms and normal
pancreatic ductal epithelium. REG4 expression was higher in

Frontiers in Cell and Developmental Biology

06

10.3389/fcell.2022.1012193

borderline lesions and carcinoma than in adenoma, and in
colloid carcinoma than that in tubular carcinoma, respectively,
and positively correlated with CDX2 expression (Nakata et al.,
2009). A high serum REG4 level could be used to discriminate
chronic pancreatitis and pancreatic ductal adenocarcinoma, as
well as predict worse survival (Takehara et al., 2006; Takayama
et al, 2010; Saukkonen et al., 2018). The pancreatic cancer
patients with a higher serum REG4 concentration had an
unfavorable response to RCT and frequently experienced local
recurrence after surgery (Eguchi et al., 2009). The knockdown of
REGH4 or an anti-REG4 antibody both attenuated the cell viability
of pancreatic cancer cells, while thREG4 exposure showed the
opposite effect in a dose-dependent manner (Eguchi et al., 2009).
He et al. (2012) found that REG4 promoted not only tumor
growth but also invasion of pancreatic cancer cells by up-
regulating MMP-7 and MMP-9.
pancreatic cancer cells were resistant to gemcitabine and y-
radiation (Eguchi et al, 2009). These data suggested that
REG4 overexpression contributed to pancreatic carcinogenesis

REG4-overexpressing

and subsequent progression by promoting proliferation,
invasion, and RCT resistance.

Gallbladder cancer

REG4 mRNA expression was significantly higher in
gallbladder adenocarcinoma than peritumoral normal tissues,
adenoma, and cholecystitis (Yang et al, 2016), in line with
2009).
Immunohistochemically, REG4 was negative in all normal

findings by Tamura et al. (Tamura et al,
gallbladders and cholelithiasis, but positive in 50% of
intestinal metaplasia with adenomyomatosis, and positive in

56% of gallbladder carcinomas (Tamura et al, 2009).

REG4  expression  was  positively  correlated  with
dedifferentiation, local invasiveness, and lymph node
metastasis of gallbladder cancer. REG4 expression was

independently associated with a poor prognosis in patients
with advanced gallbladder cancer (Yang et al.,, 2016). A high
serum REG4 level was evident preoperatively in four (33%) of
12 patients with gallbladder cancer, but not in benign diseases,
and was postoperatively reduced (Tamura et al., 2009). These
findings indicated that REG4 is involved in the carcinogenesis
and subsequent progression of gallbladder adenocarcinoma.

Ovarian cancer

In ovarian carcinogenesis, REG4 mRNA and protein levels
were higher in ovarian tumors than in normal ovaries, in
mucinous carcinomas than in serous carcinomas, and in well-
and moderately-differentiated carcinomas than in poorly-
differentiated carcinomas, respectively (Chen et al., 2015), in
line with another report (Xiang et al, 2022). REG4 protein
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expression was significantly higher in ovarian mucinous

borderline tumors and mucinous carcinomas than in
mucinous cystadenomas, and was more closely associated with
ovarian borderline, intestinal-type, mucinous tumors rather than
in endocervical-like type tumors. A significant positive
correlation existed between CDX2 and REG4 expression in
primary ovarian mucinous tumors (Huang et al., 2014b). High
REG4 mRNA expression was inversely associated with inferior
overall, progression-free and post-progression survival in
patients with ovarian cancer receiving platinum chemotherapy
(Xiang et al.,, 2022). As an independent factor, the expression of
REG4 was an overall or relapse-free poor prognostic factor for
patients with ovarian cancer (Chen et al, 2015). In ovarian
cancer cells, REG4 expression or 5-FU chemoresistance was
enhanced by CDX2
CDX2  knockdown

REG4 overexpression or

proliferation,

contrast  to
2019).  Either
treatment promoted

transfection, in
(Koh et
rhREG4

G,/S progression,

al.,
anti-apoptosis, migration,
invasion, and cisplatin and paclitaxel resistance in ovarian
cancer cells (Chen et al, 2015; Xiang et al, 2022). Taken
together, REG4 overexpression might play an important role

in ovarian carcinogenesis and subsequent aggressiveness.

Urothelial cancer

In renal clear cell carcinoma, the immunoexpression of
REG4 was not detectable due to a lack of neuroendocrine and
intestinal differentiation (Hayashi et al., 2009). In prostate
cancer, 14 (14%) of 98 cases had tissues positive for
REG4 staining, which was associated with MUC2 and
chromogranin A expression. The expression of REG4 was a
significant prognostic factor and independent predictor of the
relapse-free survival of patients with prostate cancer. In
the serum REG4
significantly higher in patients with prostate cancer than in

prostate cancer, concentration was
control individuals (Ohara et al., 2008). The overexpression of
REG4 was also observed in hormone refractory xenografts and
refractory metastatic prostate cancer (Gu et al, 2005).
rhREG4 treatment enhanced EGFR phosphorylation in
prostate cancer cells (Ohara et al., 2008). Taking these
findings together, we speculated that REG4 was involved in
prostate carcinogenesis and subsequent progression, especially
in those patients showing intestinal mucin and neuroendocrine
differentiation.

Neuroendocrine tumors and SRCC

REG4 is physiologically found in selected enteroendocrine
cells (EEC). REG4-positive gastric EECs were associated with
serotonin, gastrin, somatostatin, and pancreatic polypeptide
(Sentani et al., 2010). REG4 was differentially expressed in
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ECCs of the small intestine and colon (Heiskala and
Andersson, 2013). REG4 showed a cellular co-distribution
with serotonin, substance P or chromogranin A in the
gastrointestinal tract. Subpopulations of REG4-positive
cells overlapped with EECs containing GLP-1, GLP-2,
peptide YY, secretin, and ghrelin, relying on the anatomical
sites of the tissues. Therefore, REG4 is thought to be involved
in intestinal and neuroendocrine differentiation. Oue et al.
(2005) that of the
pancreas were positive for REG4. Of 21 gastric SRCCs,
16 colorectal SRCCs, 10 breast SRCCs, and 47 lung SRCCs,

found insulin-secreting B cells

all gastric and colorectal SRCCs showed
REG4 immunopositivity, but the others did not indicate
that REG4 might be a biomarker specific for

gastrointestinal SRCCs (Sentani et al., 2008).

Others

In the esophagus, REG4 staining was not detected in
squamous cell carcinoma (SCC) and small cell carcinomas,
whereas REG4 staining was found in four of 10 (40%)
The serum REG4 level was
significantly higher in patients with SCC than in control

adenocarcinoma samples.

participants, and correlated with the control participants’
age (Oue et al, 2011). In the lung, REG4 was highly
expressed in KRAS-mutant adenocarcinoma with thyroid
transcription factor-1 (TTF-1) hypoexpression. Silencing
significantly REG4 reduced proliferation and tumor growth,
and arrested the cell cycle by regulating E2F targets and the
G,/M 2019).
REG4 expression was significantly higher in tumor than
REG4
significantly associated with advanced pathological grade

checkpoint (Sun et al, In glioma,

normal brain tissues. immunoreactivity —was
and a low Karnofsky performance score, and short survival
as an independent prognostic factor (Wang et al., 2012).
Sasahira et al. (2008) found that REG4 was expressed in
salivary duct epithelia and acinus myoepithelia, but not in
squamous epithelia. REG4 expression was found in 41% (17/
41) of adenoid cystic carcinomas (ACCs), but not in SCCs, and
was associated with lymph node involvement and a poor
prognosis ACC. These that
REG4 expression was not detectable in SCC, but in glioma,

and ACC.

in findings indicated

Conclusion and perspectives

In conclusion, altered REG4 expression is involved in
infection and inflammation, and in gastric, colorectal,
pancreatic, gallbladder, ovarian and wurothelial cancers,
where it is closely linked to aggressive behaviors and a
poor REG4 and recombinant

prognosis. expression
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REG4 aggravated tumorigenesis, proliferation, anti-apoptosis,

chemoradioresistance, migration, invasion, peritoneal
dissemination, tumor growth, and cancer stemness by
EGFR/Akt/AP-1 and Akt/GSK3p/B-catenin/TCF-
4 pathways. Histologically, REG4 protein 1is highly
expressed in neuroendocrine tumors and SRCCs. In
accordance with recent findings about REG4, we believe
that REG4 should be used as a biomarker for SRCC
and neuroendocrine tumors, and contributes to the
histogenesis ~ of  gastric  intestinal-metaplasia—globoid
dysplasia~SRCC. Aberrant REG4 expression should be
employed to predict the tumorigenesis, aggressive behaviors
and poor prognosis of malignancies, and the lavage
REG4 level should be determined to guard against

peritoneal dissemination.
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Glossary

ACCs adenoid cystic carcinomas

AP-1 activator protein-1

ATF2 activating transcription factor 2
Bcl-xl B cell lymphoma-extra large
Bcl-2 B cell lymphoma two

bFGF basic fibroblast growth factor
CDX2 caudal type homeobox two
CD44ICD CD44 intracytoplasmic domain
C-type lectin calcium-dependent lectin
DCS deep crypt secretory

EEC enteroendocrine cells

EGF epidermal growth factor

EGEFR epidermal growth factor receptor
GATA6 GATA binding protein six
GLI1 GLI family zinc finger one;
GPR37 G protein-coupled receptor 37
GSK3p glycogen synthase kinase three {8
HGF hepatocyte growth factor

IL interleukin
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KlIf4 Kruppel-like factor 4

Lgr5 leucine-rich repeat-containing G-protein coupled
receptor five

miR MicroRNA

MMP-7 matrix metalloproteinase-7
MUC2 mucin two

RCT radiochemotherapy

REG regenerating islet-derived
REG4 Regenerating islet-derived four
rhREG4 recombinant human REG4
SCC squamous cell carcinoma

SOX2 SRY-box transcription factor 2
SOX9 SRY-box transcription factor 9
SP1 specificity protein one

SRCCs signet ring cell carcinomas
TCF-4 transcription factor 4

TGF transforming growth factor
TNF tumor necrosis factor

TTF-1 transcription factor-1;

UC ulcerative colitis

5-FU 5-fluorouracil
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