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Abstract

Pancreatic cancer (PC) is assumed to be an intimidating and deadly malignancy due to being the leading cause of cancer-led
mortality, predominantly affecting males of older age. The overall (5 years) survival rate of PC is less than 9% and is anticipated
to be aggravated in the future due to the lack of molecular acquaintance and diagnostic tools for its early detection. Multiple
factors are involved in the course of PC development, including genetics, cigarette smoking, alcohol, family history, and aberrant
epigenetic signatures of the epigenome. In this review, we will mainly focus on the genetic mutations and epigenetic signature of
PC. Multiple tumor suppressor and oncogene mutations are involved in PC initiation, including K-RAS, p53, CDKN2A, and
SMADA4. The mutational frequency of these genes ranges from 50 to 98% in PC. The nature of mutation diagnosis is mostly
homozygous deletion, point mutation, and aberrant methylation. In addition to genetic modification, epigenetic alterations
particularly aberrant hypermethylation and hypomethylation also predispose patients to PC. Hypermethylation is mostly in-
volved in the downregulation of tumor suppressor genes and leads to PC, while multiple genes also represent a hypomethylation
status in PC. Several renewable drugs and detection tools have been developed to cope with this aggressive malady, but all are
futile, and surgical resection remains the only choice for prolonged survival if diagnosed before metastasis. However, the
available therapeutic development is insufficient to cure PC. Therefore, novel approaches are a prerequisite to elucidating the
genetic and epigenetic mechanisms underlying PC progression for healthier lifelong survival.
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PRSS1 Serine Protease 1

PMS2 Postmeiotic Segregation Increased, S.
Cerevisiae, 2

MSH2 MutS protein homolog 2

MSH6 MutS homolog 6

GTP Guanosine triphosphate

GDP Guanosine diphosphate

RTK Receptor tyrosine kinases

ERK Extracellular signal-regulated kinases

PI3K Phosphoinositide 3-kinase

PTEN Phosphatase and tensin homolog

AKT/ PKB Protein kinase B

NF-«B Nuclear factor kappa-light-chain-enhancer
of activated B cell

MAPK Mitogen-activated Protein Kinase

IL-1 x Interleukin 1 Alpha

PRIMA-1 Proline-rich membrane anchor 1

MDM2 Mouse double minute 2 homolog

Yap Yes-associated protein

BCL2 B-cell lymphoma 2

Rb Retinoblastoma

SNPs Single nucleotide polymorphism

qPCR Quantitative polymerase chain reaction

IGFIR/IR Insulin-like growth factor 1 receptor

TGFf3 Transforming growth factor-3

TET Ten-eleven translocase

MBD4 Methyl-CpG-binding domain protein 4

CCND2 Cyclin D2

PENK Preproenkephalin

JAK-STAT Janus kinase signal transducers and activa-
tors of transcription

PCDHI10 Protocadherin 10

SOCS-1 Suppressor of cytokine signaling — 1

MAD Mitosis Arrest DeFicient

MAP4K4 Mitogen-activated protein 4 kinase 4

SERPINBS Serpin Family B Member 5

SULTIE1 Sulfotransferase Family 1E Member 1

MUC4 Mucin-4

5-mC 5- methylcytosine

5-hmC 5- hydroxy methylcytosine

1 Introduction

Pancreatic cancer (PC) is considered the most devastating and
deadliest among all cancer types due to a lack of investigative
approaches, masked anatomical positions, and deadly charac-
teristics. PC is recognized as the seventh most occurring can-
cer in the world, while in the USA, PC is placed in the third
position due to its leading cancer mortality [1]. According to
the American Cancer Society 2019, approximately 56,770
(3%) new cases of PC came under observation, of which
29,940 were male and 26,830 were female. The mortalities
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are also estimated to include 45,750 patients, of whom
23,800 were males and 21,950 were females, surpassing those
of breast cancer (3490 cases). Moreover, based on estimated
values, by 2030, PC will be regarded as the second leading
cause of cancer-related mortality [1-3]. The incidence and
mortality rate of PC have remained constant over the last four
decades, while no substantial improvement has been made.
Among all the major cancers, PC has the highest rate of mor-
tality. Approximately 91% of pancreatic cancer patients of all
stages die within 5 years of diagnosis, while only 9% of pa-
tients have the chance to survive over 5 years. There are very
limited options available for PC treatment, but none of them is
effective in prolonging the chance of survival and quality of
life. Treatment seldom results in a complete cure, and only <
20% of PC patients are considered for surgery because of
metastasis [2].

The incidence ratio of pancreatic cancer is much higher in
developed countries, and a significant burden of pancreatic
cancer frequency is tolerated by Europe only. Accuracy of
data could be achieved by the application of more accurate
diagnostic procedures and prognostic approaches in devel-
oped countries [4]. In 2008, Europe carried only approximate-
ly one-ninth of the world population, but its incidence of pan-
creatic cancer was approximately one-quarter of the total [5].
The accuracy of data regarding the incidence and mortality
rate of PC in Europe is indispensable for evaluating the load
of cancer and the outcomes of prophylactic measures and
planning and for budgeting for the diagnosis and treatment
of PC at local and national levels [6]. At present, due to the
limited availability of PC treatment choices, the only possible
curative approach for PC is surgical removal of the pancreas,
which can extend the survival chance of patients to over 5
years from diagnosis [6, 7]. Conversely, due to the progres-
sion and occurrence of metastasis before diagnosis, resection
of the tumor is not considered or supported in 80 to 90% of
patients [6] because of the uncertainty of the long-term endur-
ance of PC patients [7]. However, some new therapeutic ap-
proaches have recently been evaluated, and it is anticipated
that chemotherapy may have a positive and effective impact
on the overall survival extension of PC patients if suggested
after the surgical resection of pancreatic tumors before metas-
tasis occurs [8].

Although pancreatic cancer is a complex malady with mul-
tiple factors involved in its initiation and progression, family
history [9] and cigarette smoking are the dominant factors
[10]. The two most common types of pancreatic cancer are
pancreatic adenocarcinoma and pancreatic neuroendocrine tu-
mor (PanNET). Pancreatic adenocarcinoma accounts for 85%
of cases and originates from the exocrine part of the pancreas,
while PanNET has less than a 5% chance of occurrence, but its
tissue specificity is the endocrine part of the pancreas [11].
The prognosis of pancreatic adenocarcinoma is abysmal, and
even if diagnosed, the survival chance of 1 year is only 24%,
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while 9% of patients have a survival chance over 5 years [12].
Pancreatic cancer is categorized into four types based on the
clinical representation of the tumor stage. Type I is a
nonmetastatic and resectable tumor. If no metastasis occurs
and tumors grow up to 2 cm, it is regarded as 1A, and if it is
more than 2 cm in size but does not exceed 4 cm, it is labeled
IB. Type Il is locally metastatic and resectable, with tumors of
more than 4 cm metastasized to the nearby tissue. Type III is
metastatic regionally and nonresectable. The tumor grows into
the surrounding tissue, including lymph nodes, nerves, and
blood vessels, but not into the distal parts of the body. Type
IV involves systemic metastasis, in which cancer evenly
spreads throughout the body. All endocrine or exocrine pan-
creatic cancers have a poor prognosis, even at very late stages
of progression, which are stages III and IV, compared to
PanNETs because of a lack of symptoms and, if not treated
with surgical resection, may influence the survival chance of
patients [13—15] (Table 1).

Nevertheless, during tumor progression, some nonspecific
manifestations have been observed, including weight loss,
abdominal pain, light-colored stools, fatigue, and jaundice
[16]. All currently available diagnostic procedures are highly
nonspecific and unable to diagnose pancreatic cancer at its
initial phase [13]. Chemotherapy and surgical resection can
be used as therapeutic choices to improve the quality of life
and somewhat extend life expectancy; however, a cure for the
advance stage is still indefinite [17].

2 PDAC stroma and immune landscape

2.1 PDAC stroma

The microenvironment of PDAC is composed of condensed
desmoplastic stroma and cancer-associated fibroblasts
(CAFs). CAF cells are characterized as an important cellular
population of the stroma. Certainly, the reactions that occur in

Table 1
staging

Pancreatic cancer survival based on pancreatic tumor/cancer

Tumor/cancer stage Percent (%) 5-year survival of PC patients [14, 15]

Pancreatic neuroendocrine
tumor (PanNET) %
(surgical resection)

Pancreatic cancer
PDAC % (exocrine)

Stage] 1A 14% 61%

B 12% 61%
Stage IT 7% 52%
Stage IIT 3% 41%
Stage IV 1% 16%

PADC pancreatic cancer ductal adenocarcinoma, PanNET pancreatic
neuroendocrine tumor

the stroma are responsible for 50 to 80% of the tumor volume
[18]. The role of CAFs in the induction of immunosuppres-
sion and PDAC progression has been discussed extensively.
However, it has also been reported in various studies that
desmoplasia contributes to the promotion of tumor growth,
biological aggressiveness, and immune suppression [19-21].
Two different studies in a mouse model with PDAC con-
firmed that targeting the stroma of PC leads to aggressive,
while in undifferentiated PC, it displays a protective role
[22, 23]. Based on the gene expression analysis results col-
lected from formalin-fixed pancreatic cancer patient samples,
the Puleo group devised a new classification system [24].
They confirmed the existing classification based on tumor
components, such as classical and basal, and reported four
new components of the PDAC stroma, including activated,
structurally vascularized, immune, and inflammatory compo-
nents, representing the PDAC microenvironment heterogene-
ity [25]. Moffitt and colleagues endorsed these results and
further explained that the activated stroma (consisting of an
increased fibroblast level) and basal-like tumor subtypes both
represent worse prognoses and low immune infiltration com-
pared to other subtypes [24]. All these data reveal a compli-
cated interplay between stromal fibroblasts, tumor cells, and
immune cell infiltration, leading to tumor-suppressing or
tumor-promoting functions upon specific pathway abrogation
or activation.

2.2 PDAC immune landscape

Pancreatic ductal adenocarcinoma has a nonimmunogenic tumor
microenvironment consisting of immune cells, fibroblasts, an
extracellular matrix, stellate cells, and many other immune-
suppressive molecules. The tumor microenvironment of
PADCs possesses dense fibrotic stroma with low tumor perfu-
sion, which protects them from antitumor therapeutic agents such
as chemotherapy and other approaches that show successful out-
comes in other types of cancer [26]. The interaction between the
tumor cells and the immune system can be designated in three
different phases: the first is the elimination phase, the second is
the equilibrium phase, and the third is the escape phase. These
phases start working when the immune system recognizes the
transformed cells and eliminates them in the early elimination
phase. On the other hand, the tumor cells that escaped from the
early elimination phase alter their genomic status from a tumor
microenvironment that promotes the progression of early lesions.
In the last phase, tumor cells signal other immunosuppressor
cells, including tumor-associated macrophages (TAMs),
marrow-derived suppressor cells (MDSCs), and regulatory T
cells (also known as “Treg cells”), which assist in the establish-
ment of an immunosuppressive tumor microenvironment, evad-
ing host immune surveillance [27].

The PDAC tumor microenvironment displays a unique and
nonimmunogenic surrounding with large amount of
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immunosuppressive cell infiltration, including Treg MDSCs and
high infiltrations of carcinoma-associated fibroblast cells (CAFs),
which results in an enhanced fibrotic response due to collagen
deposition [28, 29]. The PDAC stroma is very dense and com-
posed of pancreatic stellate cells, an extracellular matrix (ECM),
myofibroblasts, fibroblasts, growth factors, cytokines, and a va-
riety of immune cells that predispose patients to promoted initi-
ation, metastasis, and proliferation of tumors via intricate inter-
actions [30]. Pancreatic stellate cells are present in the surround-
ing vicinity of pancreatic glands and synthesize a variety of pro-
teins, including matrix metalloproteinase (MMP), matrix pro-
teins, and matrix metalloproteinase inhibitors, which regulate
extracellular matrix turnover [31]. Multiple factors are involved
in the activation of PSCs, including oxidant stress, proinflamma-
tory cytokines, hyperglycemia, hypoxia, and enlarged interstitial
pressure [32]. PSCs activated via various factors further promote
pancreatic cancer cell growth, proliferation, and invasion poten-
tial while ceasing apoptosis [33, 34].

Fibroblasts that are activated in the TME are known as
CAFs and are predominantly found in the PDAC stroma, with
multiple subtypes having diverse functionalities. The hetero-
geneity in subgroups makes it very challenging to target fibro-
blasts in the regulation of the TME [35]. Inflammatory CAFs
and myofibroblast CAFs are the two CAFs most commonly
found in PDAC; however, a new population was also recog-
nized through RNA single-cell sequencing, which is known as
antigen-presenting CAFs [36]. It has been reported that some
CAFs are inhibitory, while some CAFs promote cancer sever-
ity, but most CAFs enhance PDAC progression and minimize
overall survival [37]. The myeloid cells of the tumor create an
environment that not only halts the function and proliferation
of T cells but also encourages the growth of the tumor by
promoting angiogenesis, cancer stemness, metastasis, and ep-
ithelial to mesenchymal transition (EMT) [38]. Tumor-
associated macrophages and MDSCs are the most inspected
myeloid cells in pancreatic ductal adenocarcinoma [39]. As
primary tumor progression occurs, PDAC cells start produc-
ing granulocyte-macrophage colony-stimulating factor,
resulting in the enhanced accumulation of MDSCs in the
TME; however, hypoxia upregulates hypoxia-inducible factor
1 secretion, which is responsible for the recruitment of
MDSCs. MDSCs then directly suppress T lymphocytes in
the tumor microenvironment [40, 41].

The debate of the presence or the absence of T lymphocytes
in PDAC tumors remains understudy in the previous decades.
However, some studies have reported the infiltration of T cell
subtypes, including CD4+ and CD8+, in PDAC biopsies, but
immunohistochemical (IHC) analysis has proposed that hu-
man tumors lack CD8+ T cells. On the other hand, the IHC
analysis of human pancreatic ductal carcinoma patients indi-
cated that CD8+ and CD4+ T cells were found in most tumors,
but T cells with functional activity were seldom perceived
[42]. A deep understanding is a prerequisite for the
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development of more effective stimulation of the T cell re-
sponse and TME for the better management of pancreatic
cancer.

3 Genetic modification in pancreatic cancer

Genetic mutations play a crucial role in maximizing the risk of
initiation and progression of pancreatic cancer [43]. More than
ten percent (10%) of pancreatic cancer patients diagnosed
with pancreatic cancer disease develop essential regulatory
tumor suppressor genes due to alterations or mutations [44].
Multiple mutations in the germline are characterized as having
an association with hereditary pancreatic cancer, including
ATM, APC, CDKN2A, BRCAI1, BRCA2, STK11, MLHI,
PRSS1, PMS2, PALB2, MSH2, and MSH6 [45, 46].
Pancreatic cancer diagnoses and further evaluations have
proven that it has a secure connection with familial cancer
syndromes, particularly Peutz-Jeghers syndrome, Lynch syn-
drome (aka hereditary nonpolyposis colon cancer), hereditary
ovarian and breast cancer syndrome, familial adenomatous
polyposis, and familial atypical multiple-mole melanoma syn-
dromes. BRCA2 germline alteration corresponds to the
highest frequency of known cases of inherited pancreatic car-
cinomas and accounts for 5 to 17% of familial or hereditary
pancreatic cancers [47—49]. Another gene, known as PALB2,
is recognized as the susceptibility gene for pancreatic cancer,
which localizes to and functions in partnership with a BRCA2
gene [50], and it is estimated that familial pancreatic cancer
originating from germline mutation accounts for 3% of all
pancreatic patients [51, 52].

Furthermore, germline mutations of PRSS1 and STK11
genes result in the onset of hereditary pancreatitis and Peutz-
Jeghers syndrome, respectively, while a mutation in
CDKN2A is commonly observed in people with familial atyp-
ical multiple-mole melanoma. Many genes are mutated in
pancreatic cancer, but in this review, we will summarize four
commonly mutated genes, p53 [53], CDKN2A [54], SMAD4
[55], and KRAS [56], which have the highest (more than
50%) mutational evidence in pancreatic cancer (Tables 2 and
3), with current available literature.

Table 2 The highest percentage of genetic mutations in pancreatic
cancer

S. No Gene Mutational percentage Citation
1 SMAD4 19-50% [57, 58]
2 CDKN2A 49-98% [59, 60]
3 P53 20-75% [61, 62]
4 KRAS 70-95% [63, 64]
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4 Oncogenic mutation in pancreatic cancer
4.1 KRAS mutation in pancreatic cancer

K-RAS is an oncogene and a member of the guanosine-
triphosphate (GTPase) family, which encodes a small
21 kDa protein. It performs the function of molecular
switching by changeover between two different states [65].
The active state is achieved when bound to GTP via guanine
nucleotide exchange factors (GEFs), and it deactivates when
bound to GDP with the help of GTPase-activating proteins
(GAPs). Thus, it becomes a bridge between the receptor of
membrane-bound growth factors and intracellular signaling
pathways. The RAS family consists of three critical genes
(N-RAS, H-RAS, and K-RAS), and mutations in any of these
genes play a critical role in the initiation of human tumorigen-
esis. RAS gene mutations have been observed to occur

frequently in multiple human tumors [65, 66]. The RAS pro-
tein communicates with and accepts signals from different
stimuli, including cell stress signals, growth factors, and con-
tact with extracellular stimuli through integrins, ion channels,
or receptor tyrosine kinases (RTKSs). This activates different
cancer-associated pathways, such as the RAF/MEK/ERK and
PI3K/PTEN/AKT signaling pathways [65-67] (Fig. 1).
Oncogenic alteration in the K-RAS gene occurs at approx-
imately 30% in almost all mammalian tumors [68]. The fre-
quency of K-RAS oncogene mutations is markedly elevated
in pancreatic cancer, accounting for more than 95% (Tables 2
and 3) of mutations due to point mutations in two highly
conserved sequences, codon 12 and codon 61, which are
hotspots for the highest mutational frequency [69, 70].
Accumulating literature reports that pancreatic adenocarcino-
ma is the nastiest prognostic tumor and that K-RAS mutation
is considered a driver gene in pancreatic adenocarcinoma. The

Fig. 1 K-RAS mutational
mechanism in pancreatic cancer.

K-RAS mutational mechanism in pancreatic cancer

K-RAS is an oncogene, a member
of the guanosine-triphosphate
(GTPase) family, that performs
the function of molecular
switching by the changeover in
two different states. RAS is
activated when bound to the GTP
via guanine nucleotide exchange
factors (GEFs) and deactivates
when bound to the GDP with the
help of GTPase-activating
proteins (GAPs). Typically, the
RAS protein is in an inactive state
but activated upon stress
condition or mutation due to
SNPs in codons G12, G13, and
QO61. These mutations in KRAS
protein led to the propagation of
signals from RAS protein to one
to the tumor/oncogenic pathway
leading to PC. The left side of the
picture illustrates the normal
homeostatic mechanism of RAS
protein in tissues. The right side
of'the picture shows a mutation in
KRAS protein results in
activation of either RAF/MEK/
ERK, PI3K/AKT/mTOR, or
RALGDS/RAL/RLIP pathway
and cause pancreatic cancer

Homeostasis
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early events of tumor evaluation and patients with chronic
pancreatitis displaying K-RAS mutations are considered risk
factors that lead to pancreatic adenocarcinoma [71]. Most of
the point mutations in K-RAS occur at codon 12, which affect
the specificity of the amino acid by replacing the original
amino acid with either valine, aspartic acid, or arginine [72].
A retrospective study was conducted on samples taken from
2003 to 2009. In total, 136 pancreatic adenocarcinoma tissue
samples were analyzed for K-Ras mutations at multiple codon
locations (codons 12, 13, and 61). Out of 136 PC samples, 71
(52.2%) displayed point mutations in K-Ras, with #n = 70 and
n =1 for codons 12 and 61, respectively [73]. A study reported
that amino acid replacement, such as glutamine, promotes the
progression and proliferation of pancreatic cancer by targeting
the metabolic pathway regulated by K-Ras [74]. Mutational
differences in amino acids also affect the aggressiveness of
cancer. For instance, G12S and G12V mutations are regarded
as less severe than K-Ras G12A and G12R mutations, which
represent worse survival [75, 76].

The poor prognostic measures of PC and K-Ras muta-
tion appear to have a close relationship and are considered
to be the main factors in pancreatic tumorigenesis. A worse
prognosis has appeared in tumors that are nonresectable
and display a mutation in K-Ras. Even the healthy tissues
surrounding the tumor after resection represent a shorter
life when detected with mutated Ras [72, 77]. A recent
study reported the detection of active chromatin in mutated
K-Ras and other cancer-related genes in pancreatic juice
after surgical removal [78]. Recently, it was reported that
K-Ras mutation affects pancreatic cancer progression by
upregulating CD137 via two oncogenic pathways, NF-kB
and MAPK, through the stimulus of IL-1x involvement,
resulting in a disturbance of cancer immunotherapy and
body immune function [79]. Nobuyuki and colleagues in-
vestigated whether the association between K-Ras muta-
tions in dissected pancreatic tissue margins might be a
suitable prognostic factor for pancreatic adenocarcinoma
recurrence [80]. The highest mutational frequency of K-
Ras in pancreatic adenocarcinoma renders it the most
targeted hotspot for therapy, which exhibits promising ef-
fects in pancreatic cancer cell lines and mouse models [81].

Nevertheless, inhibiting K-Ras posttranslational alterations
in an enzymatic manner, such as with farnesyltransferase in-
hibitors in a clinical trial, failed to produce fruitful outcomes
[82]. The synergistic effect of a histone deacetylase
(MPTOEO028) inhibitor and MEK inhibitor triggers cell apo-
ptosis in pancreatic cancer tissue, while neratinib is involved
in the downregulation of mutant K-Ras signaling and killing
of pancreatic cancer/tumor cells, which offers insight for new
therapeutic approaches [83, 84]. However, more exploration
of the K-Ras oncogene is a prerequisite in normal and malig-
nant pancreatic tissue for the development of alternative ther-
apeutic strategies to cope with this deadly disease.

4.2 Tumor suppressor genes in pancreatic cancer
4.2.1 P53 in pancreatic cancer

Tumor protein 53 (TP53, p53), or antigen NY-CO-13, is a
53 kDa phosphorylated protein and the most widely charac-
terized and studied tumor suppressor gene in cancers. Due to
the protective behavior of p53, the cells are safeguarded from
severe DNA damage, inhibiting the initiation of cancers in
multiple tissues [85]. Jay et al. discovered that a 53 kDa pro-
tein is deficient in cells in the resting state but appears to be
upregulated in transformed cells and proposed that the p53
protein might be involved in cell cycle regulation [86]. p53
is activated in response to multiple cellular stresses, such as
telomere shortening, oncogene activation, DNA damage, nu-
trient starvation, virus infection, heat shock, pH change, and
hypoxia [87]. These factors result in the activation of p53 via a
series of posttranslational alterations, which trigger some mo-
lecular cascades and determine the fate of cells, such as cellu-
lar senescence, cellular apoptosis, cell death, and cell cycle
arrest [88] (Fig. 2). Upon activation, the p53 functions as a
sequence-specific transcription factor, which results in the
transactivation of a number of its downstream target genes
involved in the regulations of cellular processes mentioned
earlier [88, 89]. Li and colleagues reported that p53 is directly
involved in the regulation of more than 3600 genes, such as
p53 arresting the cell cycle at the G1 phase by activating the
p21 gene, which restrains CDK2 availability for the cell cycle
[90, 91]. In addition to the function of the DNA damage re-
sponse and cell cycle arrest, p53 initiates the process of apo-
ptosis via the redox pathway or reactive oxygen species
(ROS) [92] and halts the multiplication of transformed or
damaged cells, which can dispose of cancer development [93].

P53 is also recognized as a commonly altered gene in pan-
creatic adenocarcinoma and accounts for 40-75% of muta-
tions [94] (Tables 2 and 3). Mutation in p53 at the germline
level leads to Li-Fraumeni syndrome, which is also associated
with and elevates the menace of pancreatic adenocarcinomas,
such as via p53 inactivation, which leads to pancreatic cancer
[95]. Unlike oncogenic K-Ras activation, the mutation of p53
during tumor development characterizes the later stage [96].
Because of the tumor suppressor function of P53, its mutation
has been investigated in some preclinical studies. Joseph and
colleagues analyzed the formalin-fixed paraffin tissue of pan-
creatic patients for p53 mutation and reported that 19 (40%)
out of 48 samples displayed mutations in p53 and nuclear
staining [97]. Other groups have reported that a total of 27
patient samples of pancreatic adenocarcinoma were analyzed,
with 19 of 27 (70%) representing point mutations in p53,
particularly in the conserved region of CpG dinucleotides
[98].

Another study revealed that 16 (47%) samples out of 34
taken from pancreatic cancer patients showed p53 mutations,
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Fig. 2 Mechanism of p53 mutation in pancreatic cancer. The p53 is a
tumor suppressor gene frequently mutated in PC. The p53 is activated
upon receiving multiple cellular stress signals including telomere erosion,
oncogenic stress, hypoxia, ribosomal stress, and DNA damage, as shown
in the top of the picture. Upon activation, the p53 encourage multiple
gene sets and execute the function of DNA repair, cell cycle arrest,
apoptosis, autophagy, and senescence. The MDM2 (mouse double
minute 2) acts as a negative regulator of p53 and regulates its function.

and the codons that were the most affected and resulted in
point mutations were codon 35, codon 105, codon 133, codon
213, codon 258, and codon 299 [99]. p53 mutation has a
secure association with pancreatic cancer, which makes it a
target gene for chemotherapy and gene therapy. For this pur-
pose, efforts are being made using cell lines and xenograft
models to address this deadly dilemma. A study conducted
in a cell line reported that PRIMA-1 (which transforms mutant
p53 to wild-type p53 via transformation shift) is regarded as
an activator of mutant p53, which enhances apoptosis and
makes sensitized tumor mass/cells attractive for chemotherapy
[100]. Animal models have also been treated with possible
success in some drug tests, and reportedly, Nutlin analogs,
which are potent activators of wild-type p53 and inhibitors
of MDM2, significantly inhibit tumor formation in xenograft
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In PC cells, the mutation in the p53 gene frequently occurs due to
mutation on codons 35, 105, 133, 213, 258, and 299 (as shown in the
figure). The mutation resulted in blockage of the propagation of the signal
from p53 to the sets of genes and failed in performing the tumor
suppressor function and the cancer cells proliferate in an uncontrolled
fashion. However, a new compound named PRIMA-1 has the ability to
restore (shift transformation) the wild-type function of mutated p53 as
shown in the figure

models [101]. Stephano et al. discovered that in pS3-deficient
pancreatic tumors, yes-associated protein (Yap) is activated
and assists as a prospective therapeutic target in various p53-
mutated cancers [102].

Fucoidans, which are extracted from the Turbinaria
conoides marine brown algae, have remarkable antiprolifera-
tive effects via pS3 activation in pancreatic cancer cells by
triggering caspase-dependent apoptosis and NF-kB negative
regulation [103]. Recently, Jiongjia and colleagues reported a
new molecule and named it compound-1, which potentially
suppresses pancreatic cancer invasiveness by activating DNA
damage checkpoints and mitochondrial p53, which results in
restoration of the apoptotic machinery [104]. Elemene, which
is a new compound recently extracted from Zingiberaceae
plant roots, upregulates the level of p53 and downregulates
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the BCL2 protein level depending on dosage concentration
both in vivo and in vitro, presenting significant inhibitory
and anticancer activities [105]. However, more clinical trials
are needed to unveil the p53 reactivation mechanism in pan-
creatic cancer. Altogether, these works in the literature suggest
a strong association between p53 dysfunction and the progres-
sion of pancreatic cancer. Previously, researchers mostly fo-
cused on chemotherapy before or after surgical resection to
inhibit cancer severity and recurrence. However, in the future,
reactivation of p53 in pancreatic cancer patients will gain con-
siderable attention to achieve p53-dependent apoptosis in tu-
mor masses. Moreover, using mitochondrial p53 against tu-
mor mass may also help cope with this deadliest malignancy,
which is an idea that needs comprehensive investigation.

4.2.2 CDKN2A (p16INK4 and p14ARF) mutation in pancreatic
cancer

The cyclin-dependent kinase inhibitor 2A gene (CDKN2A),
which is also recognized as pl4ARF and p16INK4, is located
on human chromosome number 9. p21.3. CDKN2A has
unique characteristics that permit the encoding of two differ-
ent proteins (pl4ARF and p16INK4) through alternative
splicing or reading frames. Both p16INK4 and p14ARF reg-
ulate the cell cycle and act as tumor suppressor genes [106,
107]. p16INK4 constrains cyclin-dependent kinase 6 (CDK6),
cyclin-dependent kinase 4 (CDK4), and the cyclin D1 com-
plex, which in turn triggers the activation of retinoblastoma
(Rb protein) family proteins, leading to blockage of the cross-
over from GI1 to S phase. p16INK4 interferes with CDK®,
CDK4, and retinoblastoma phosphorylation (Rb Protein) me-
diated by the CyclinD1 complex, resulting in cell cycle arrest
[107, 108]. The other protein part of CDKN2A, pl4ARF,
inhibits the negative regulator of the p53 gene known as
mouse double minute homology-2 (MDM-2) and results in
control of cell cycle progression [109]. This result indicates
that two distinct proteins encoded by CDKN2A, p16INK4
and p14ARF, control the cell cycle via two unique mecha-
nisms (Fig. 3).

Cyclin-dependent kinase 2A (CDKN2A) is widely studied
and accepted as a tumor suppressor and has a commonly al-
tered gene in all cancers. The incidence of inactivation or
mutation of CDKN2A is the highest in pancreatic adenocar-
cinomas, which accounts for 98% of cases in the literature
[59] (Tables 2 and 3). Inactivation of the tumor suppressor
gene CDKN2A/p16 INK4 is reflected to occur in the initial
stage of pancreatic cancer progression and accounts for 40%
of pancreatic intraepithelial neoplasia (precursor PanIN le-
sions) [110, 111]. CDKN2A/p16INK4 inactivation is recog-
nized by multiple mechanisms, such as aberrant methylation
of the promoter region, homozygous deletion, or mutation in
almost 98% of cases [112]. Some clinical studies have been
conducted, and CDKN2A has been analyzed as a predictive-

prognostic biomarker for pancreatic cancer. In a study of 88
pancreatic adenocarcinoma patients, CONK2A/p16INK4 was
used as a prognostic factor, which illustrated that 69 out of 88
patients showed mutations in the CDKN2A/pl16INK4 gene
and underwent surgical removal of the tumor, while the re-
maining 19 patients were not suggested for surgery [113]. The
single-nucleotide polymorphisms (SNPs) of both types (sur-
gically resected tumor and surgically unresected tumor) of
patients express dissimilar genotypes. In surgical resection,
56 (81%) out of 69 displayed the CC genotype, while 13
(19%) out of 69 represented the CT genotype. In patients in
which no resection occurred, 12 (63%) patients out of 13
displayed the CC genotype, 5 (26%) out of 13 showed the
CT genotype, and the remaining 2 patients (11%) showed a
unique TT genotype [113].

In another study conducted on 25 patients with pancreatic
ductal adenocarcinoma, CDKN2A/p16INK4 screening was
performed; the data revealed that pl6INK4 was mutated or
inactivated in more than 80% of pancreatic tumor samples
[114]. These mutations were analyzed further and indicated
that 52% of cases presented p16INK4 mutation or inactivation
due to aberrant methylation at the promoter region, while ho-
mozygous deletion and sequence mutation accounted for 12%
and 16%, respectively [114]. In vitro analysis of pancreatic
cancer cell lines also revealed mutations in pl16INK4.
Loukopoulos and colleagues identified p16INK4 mutations
in 7 out of 10 pancreatic cancer cell lines by performing direct
sequencing and qPCR of'both exons 1 and 2 [115]. CDKN2A/
p16INK4 had a high mutational frequency that rendered it the
best diagnostic biomarker in pancreatic ductal adenocarcino-
ma, as reported by Klump et al. after analyzing a total of 66
samples of pancreatic juice for pl6INK4 and p14ARF muta-
tions, which comprised » = 39 pancreatic cancer and n = 16
with chronic pancreatitis, with the remaining n = 6 being typ-
ical pancreatic samples. Only among pancreatic cancer sam-
ples were 19 (49%) out of 39 identified with aberrant promoter
methylation in p16INK4, while no promotor methylation was
observed in pl4ARK. This suggests that methylation of
p16INKA4 is a potential diagnostic marker of pancreatic cancer
[116]. These facts enlighten the mechanism by which aberrant
epigenetic methylation is involved in the silencing of
CDKN2A, leading to pancreatic cancer [112].

Because of the frequent mutation observed in the check-
point of the tumor suppressor gene in PDAC, its targeting and
reactivation might be the main direction of future research.
For this purpose, a study was executed in pancreatic cancer
cell lines after treating them with inhibitors of CDK4, and
CDK6 showed significant suppression both in vivo and in vitro
[117]. Another group reported previously that the inhibitors of
both CDK4/CDK6—PD-0332991—and insulin-like growth
factor 1 receptor IGF1R/IR, crucial for tumorigenesis and cell
survival)—BMS-754807—in pancreatic cancer cell lines syn-
ergistically represented remarkable outcomes and suggested
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Fig. 3 Mechanism of CDKN2A (p16INK4a and pl4ARF) alteration in
pancreatic cancer. CDKN2A encodes two different proteins (p14ARF
and p16INK4) through alternative splicing or reading frames. Left side,
in stress conditions, the pl4ARF part blocks the negative regulator
(MDM2) of the p53 tumor suppressor gene and leads to apoptosis, cell
cycle arrest, and DNA repair of the cell. Right side, the pl6INK4 per-
forms the function to constrain the cyclin-dependent kinase 6 (CDK6),
cyclin-dependent kinase 4 (CDK4), and cyclin D1 complex, which in turn
trigger the activation of retinoblastoma (Rb protein) family protein

that the combination of these inhibitors had the potential to
halt the proliferation of pancreatic cancer cells both in vivo and
in vitro [118]. Multiple drugs were tested to target CDKN2A/
pl6INK4; however, no satisfying results were achieved.
Palbociclib was used on a trial basis in patients with both
pancreatic cancer (z = 12) and biliary cancer (n = 10) harbor-
ing CDKN2A mutations. The monotherapy of patients with
palbociclib drugs did not exhibit any clinical activity in the
advanced stage of pancreatic cancer [119]. The previous liter-
ature demonstrates that targeting CDKN2A in pancreatic can-
cer is approached in multiple ways to treat this deadly disease,
but still, no drug, inhibitor, or gene therapy has been
established that can completely cure or improve the overall
survival of pancreatic cancer patients. Therefore, it is also
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leading to blockage of crossover of G1 to S phase. The loss or inactivation
of p14 ARF has similar consequences as p53 while the pl6INK4 inter-
feres in CDK6, CDK4, and retinoblastoma phosphorylation (Rb Protein)
mediated by CyclinD1 complex results in cell cycle arrest. Mutation in
the pl4ARF or pl6INK4a results in divergence of loss of its normal
tumor suppressor function. The mutation mostly occurs due to homozy-
gous deletion, aberrant methylation, and point mutation in SNPs includ-
ing CC, CT, and TT genotypes. These mutations halt the signals and
results in uncontrolled proliferation of the cells

suggested to further investigate the origin and reversal mech-
anisms of aberrant methylation leading to CDKN2A inactiva-
tion for future therapeutic purposes.

4.3 SMAD4 tumor suppressor gene in pancreatic
cancer

The mother against decapentaplegic homolog 4 (SMAD4)
tumor suppressor gene, which is also known as “deleted in
pancreatic carcinoma 4” (DPC4), is positioned on chromo-
some 18q21.1 [120]. The SMAD4 tumor suppressor gene
belongs to the SMAD family. A highly conserved protein
encodes a transcription factor involved as a mediator in the
transforming growth factor-f3 (TGF-f3) signaling pathway
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by transducing the signal to the nucleus [121]. Upon activa-
tion, TGF-f3 results in attachment of TGF-f3 to SMAD2 and
SMAD?3 receptors, which triggers the phosphorylation of
SMAD2/3 and finally merges with SMAD4 to form a
SMAD?2/3/4 complex capable of repressing or stimulating
its target genes [122] (Fig. 4). Investigations have reported
that the TGF-[3/SMAD4 signaling-dependent pathways
have a tumor suppressor function due to its role in apoptosis
and cell cycle arrest of epithelial cells [123]. The TGF-3/
SMAD4 pathway is involved in controlling multiple cellu-
lar processes, such as fibrosis, tumor development, embryo
development, wound healing, and immune function [124].
However, due to its apoptosis and cell cycle arrest behavior
in pancreatic cancer, it is regarded as a tumor suppressor.
Cells proliferate and grow in a typical fashion in multiple
steps, such as G1/S/G2 and M phase, upon receiving some
growth signals [125]. However, TGF-f3 can block these
growth signals in the cell cycle at any phase by targeting
the SMAD4 gene, but this is useful only if a blockage occurs
at the G1 phase [126, 127].

Inactivation or loss of the SMAD4 gene is evident in mul-
tiple cancers, but the highest frequency, which is 50%, has
been reported in pancreatic cancer patients, resulting in loss
of protein activation [57, 58] (Tables 2 and 3). Almost 30% of
mutations in the SMAD4 tumor suppressor gene in pancreatic
cancer occur due to homozygous deletion. Therefore, muta-
tion or inactivation of the SMAD4 tumor suppressor gene
might be a potential prognostic factor in pancreatic cancer
[128]. A previous study investigated SMAD4 mutation or
inactivation in 17/90 (19%) pancreatic cancer patients, and
gene mutation depicted a significant correlation (P = 0.006)
with overall survival [129]. The inactivation of SMAD4 re-
portedly occurs due to homozygous deletion in 8 out of 25
(32%) and 3 out of 25 (12%) patients, while modification in
the MH2 domain accounts for 5 out of 25 (12%) pancreatic
cancer patients [130]. Hayashi and colleagues posit that upon
applying a targeted deep sequencing procedure in pancreatic
cancer patients, 7 out of 100 (7%) show mutations in SMAD4
and suggest that for better overall survival, 2 or 3 mutations
are prognostic [131].

Fig. 4 Mechanism of action/ :
mutation of SMAD4 in pancreatic
cancer. SMADA4 is a tumor sup-
pressor gene involved in DNA
repair, cell cycle arrest, and tumor
suppression. SMAD4 is a highly
conserved protein that encodes a
transcription factor involved as a
mediator in the transforming
growth factor-f3 (TGF-f3) signal-
ing pathway by transducing the
signal to the nucleus. Left side:
Upon activation of the TGF-f3
results in attachment of TGF-f3 to
SMAD2 and SMAD3 receptors,
which triggered the phosphoryla-
tion of SMAD2/3 and finally
merged with SMADA4 to form a
SMAD2/3/4 complex. The com-
plex enters the nucleus where in
combination with other transcrip-
tion cofactors, transcription fac-
tor, and SMAD4 binding ele-
ments (SBE) lead to the silencing
or stimulating its target genes and
execute the function of DNA re-
pair, cell cycle arrest, and inhibit
proliferation. Right side: Due to
mutation and loss of SMAD4
function, the transformation of the
signal is blocked and cells lead to
uncontrolled proliferation and re-
sult in tumor formation
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Currently, the frequency of SMAD4 mutations in
pancreatic cancer is being analyzed, and SMAD4 mod-
ification or complete loss is significantly increased in
adenocarcinoma compared to noncancerous pancreatic
tissues. Moreover, SMAD4 loss is strongly associated
with a poor prognosis and overall survival of pancreatic
adenocarcinoma patients [132]. Based on all the avail-
able literature, evidence suggests that loss or mutation
in SMAD4 is a potential biomarker for PADC diagnosis
and correlates significantly with the poor prognosis of
patients. New therapeutic approaches are prerequisites
that can efficiently target and regulate SMAD4 expres-
sion. MicroRNA-421 (miRNA 421) is recognized as a
regulator of the SMAD4 gene in pancreatic cancer.
Samples taken from humans have identified the upregu-
lation of miRNA-421, while SMAD4 has significantly
reduced or resulted in loss in pancreatic cancer patient
samples. Ectopic expression of miRNA 421 markedly
reduces the SMAD4 expression level and promotes col-
ony formation and proliferation in cell lines [133].
Radiation used for therapeutic purposes in SMAD4-
mutated pancreatic adenocarcinoma patients elucidates
resistance. SMAD4 is overexpressed in mutant SMAD4
cells and is knocked down via siRNA or shRNA. The
knockdown cells promote colony formation and prolif-
eration and represent considerable radioresistance com-
pared to overexpressing cells [134].

Research is ongoing to identify any therapeutic approach
that can regulate SMAD4 gene expression. The loss of
SMAD4 expression in pancreatic cancer is strongly associated
with tumor progression and EMT status, and SMAD4 expres-
sion can be used as an independent prognostic factor [135]. In
addition, it should also be kept in mind that TGF-f3 is the
stimulatory factor of SMADA4. It is also possible that the loss
of SMAD4 activation ability may be due to a defect in TGF-f3
receptors. Therefore, before surgical resection, investigating
SMAD4 expression can lead to an effective therapeutic out-
come in the future.

5 Metabolism in PDAC cells

Nutritional biomolecules, including amino acids, fatty acids,
and carbohydrates, are used to support the supply of energy,
biosynthesis of essential materials, and balanced oxidative
stress. Aberrant modification of these pathways results in the
interruption of metabolic status, as well as changes in the
biosynthetic and energy demands of pancreatic cancer cells.
It is worth noting that the PDAC microenvironment is
surrounded by stellate cells, immune cells, and ECM,;
therefore, knowledge regarding the metabolic remodeling
of the PDAC tumor microenvironment is necessary [136,
137]. Tumor cells exhibit rapid and increased glucose
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uptake, even in the presence of ample oxygen levels for
glycolysis, which is regarded as the Warburg effect [138].
The most predominant genetic modification that presents
a potential role in metabolic reprogramming, glycolytic
switching, and pancreatic cancer development is KRAS
activation [139-142]. Gene expression analysis revealed
that KRAS activation upregulates glucose uptake by in-
creasing the expression of glucose transporter-1 (GLUT1)
and glycolytic activity via increased hexokinase 1 and 2
(HK1 and 2) [141, 143]. In addition to the glycolytic
pathway, oncogenic KRAS also supports a side pathway
of glycolysis known as the hexosamine biosynthetic path-
way (HBP), which ensures the availability of precursors
for protein glycosylation [143]. Furthermore, oncogenic
KRAS also promotes the incorporation of glucose carbon
in the pentose phosphate pathway (PPP), and ribose 5
phosphate (R5P) derived through PPP helps in the syn-
thesis of DNA and RNA in proliferating cells. Pentose
phosphate pathways have two types, oxidative and
nonoxidative; however, pancreatic cancer arising due to
oncogenic KRAS activation is mainly dependent on the
nonoxidative pentose phosphate pathway [143, 144]. In
the majority of normal cells, the synthesis of ribose 5
phosphate occurs via the oxidative pathway, but this in-
consistency displays a possible metabolic weakness in
KRAS-driven pancreatic cancer [145].

Another predominant genetic mutation that leads to pancreatic
cancer is p53 mutation. In contrast to the mutation in KRAS,
which is frequently observed in the initial stage, p5S3 mutations
are mostly present in the later stage, which promotes the progres-
sion of pancreatic cancer. p53 mutation prevents the nuclear
translocation of an important rate-limiting enzyme of the glyco-
lytic pathway, such as glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH), and enhances its stability inside the cytoplasm,
which in turn allows the glycolysis pathway to evade autophagy
and apoptosis [146]. Furthermore, a decrease in the generation of
intermediates during the tricarboxylic acid cycle (TCA) due to
P53 mutation indicates mitochondrial suppression in pancreatic
cancer cells [147]. Hypoxia during tumor progression is com-
monly observed, which encourages hypoxia-inducible factor-1x
(HIF-100) expression and enhances its constancy. In PDAC, the
upregulation of HIF-1 was also detected [148]. On the other
hand, HIF-1« is also involved in the upregulation of the glucose
transporter 1 receptor, as well as the expression of some genes
controlling glycolysis for cytosolic ATP generation in PDAC
cells [149— 151]. For the continuous uncontrolled proliferation
of cancer cells, the generation of multiple cellular components is
required. Lipids play a leading role in the cellular structure and
membrane architecture. Some lipid-generating enzymes are fre-
quently upregulated in PDAC, including ATP-citrate lyase
(ACLY) [152]. By interfering with the activity of the ACLY
enzyme, the inhibition of PDAC cell growth was also achieved
in some xenograft tumor models [153]. It has also been reported
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that fatty pancreases are most commonly associated with pancre-
atic cancer [154]. Based on this evidence and metabolic associ-
ation with PDAC, it is necessary to focus on cancer metabolism
in synergy with other targeting agents to devise a more accurate
therapeutic approach helpful for pancreatic cancer patients.

6 Epigenetic signature of pancreatic cancer

Genetic variations are considered the main factors responsible
for the onset of pancreatic cancer. The most common types of
genetic mutations that occur in pancreatic cancer are p53 [53],
CDKN2A [54], SMAD4 [55], and KRAS [56]. Other less
frequent mutations also lead to pancreatic cancer, but they
rarely occur. Genetic mutation is not the only factor, but ab-
errant epigenetic modification also leads to pancreatic cancer.
Waddington (1942) defined epigenetics in a developmental
context as “between genotype and phenotype lies a whole
complex of development processes” and called it an
“epigenotype” [155]. Advanced research has revealed that
the genetic makeup is not affected by epigenetic modification,
but it alters the expression of a particular gene [156].
Currently, based on novel research evidence, epigenetics is
defined as “an epigenetic trait is a stably heritable phenotype
resulting from changes in a chromosome without alteration in
the DNA sequence” [157]. To date, multiple epigenetic alter-
ations have been well characterized, such as DNA methylation
and histone modification. Other modifications also exist, such
as chromatin remodeling, which leads to alterations in the
expression of their particular genes. However, its mechanism
of direct heritability is still ill investigated. In this review, our
main focus is to summarize the DNA methylation status of
genes altered in pancreatic cancer concerning the current
literature.

7 DNA methylation and demethylation
mechanism

DNA methylation is known as the most studied and well-
characterized epigenetic modification in mammals. At the
fifth carbon position of a cytosine residue, a methyl (CH3)
group is covalently attached, leading to the generation of 5-
methylcytosine (5-mC). The enzyme DNA methyltransfer-
ases, which are also known as DNMTs (DNMT1,
DNMT3A, and DNMT3B), are responsible for catalyzed
methylation reactions [158]. Parental methylation and suc-
cessful offspring transformation are catalyzed by the
DNMT1 enzyme. DNMTs 3A/3B are known for their de novo
methylation [159]. In pancreatic cancer, almost 80% of pan-
creatic cancer cases show upregulated DNMTI, leading to
hypermethylation and paving the way for DNA hypermethy-
lation as the predominant epigenetic alteration in pancreatic

cancer [160]. In multicellular organisms, the origins of DNA
methylation are not well elucidated, but it might involve the
silencing of jumping genes (transposons/repetitive sequences
that can change their location) in the maintenance of genomic
stability [161].

The DNA methylation frequency is the highest in GC di-
nucleotide (CpG)—enriched positions called CpG islands,
targeting cytosine residues. A large portion of the human gene
promotor is composed of CpG dinucleotides and accounts for
70%, which are mostly in the unmethylated state but shift to
methylated upon active transcription [162, 163]. The CpG
dinucleotide percentage is very succinct outside CpG islands,
and the reason might be the 5-methylcytosine transformation
into thymine via a spontaneous deamination process [164]. >
"CpG translation into the TpG (CpG: TpG) mismatch is
mostly repaired by methyl-CpG-binding domain protein 4
(MBD#4), which is a thymine DNA glycosylase that replaces
modified nucleotides with an unmodified cytosine residue
[165]. However, some portion of this mismatch is skipped,
and instead of replacing the thymine of the TpG mismatch,
MBD4 recognizes thymine as a DNA ordinary nucleotide and
replaces guanosine with adenine, resulting in mutation and
ultimately cancer [166]. Several somatic mutations in the
p53 gene occur due to unrepaired deamination and cytosine
conversion to thymine [167]. Based on sufficient references,
methylated cytosine residues are considered the most muta-
tional hotspot and predisposing factor for multiple cancers,
particularly pancreatic cancer.

The removal or reversal of methylation marks can also be
achieved by a process known as DNA demethylation. This
DNA demethylation can be either active or passive, depend-
ing upon the nature of this process. Passive demethylation
occurs during DNA replication when maintenance methyla-
tion machinery is absent to reduce the methylation content
[168], whereas active demethylation requires specific en-
zymes to execute this process [169]. The most common and
well-studied mechanism of demethylation occurs via ten-
eleven translocase (TET1, TET2, TET3) enzymes. These en-
zymes first transform 5-methylcytosine into 5-
hydroxymethylcytosine, followed by 5-formylcytosine, and
then 5-corboxycytosine and finally replace the residue with
an unmodified cytosine via MBD4 [170]. Focusing on pan-
creatic cancer, we will try to summarize the epigenetic signa-
ture, particularly the aberrant DNA hypermethylation status,
of some selected genes in the currently available literature.

7.1 Aberrant hypermethylation in pancreatic cancer

Multiple tumor suppressor genes were identified that undergo
hypermethylation or hypomethylation of CpG islands in their
promoter regions in pancreatic cancer. The mechanism and
degree of hypermethylation or hypomethylation vary in dif-
ferent types of cancer. In this review, our primary focus is on
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aberrant hypermethylation of different genes in pancreatic
cancer. Aberrant hypermethylation mostly affects tumor sup-
pressor genes. Some selected tumor suppressor genes are
listed in Table 4. Several studies reported that CDKN2A/
p16INK4 was recognized as the first tumor suppressor gene
inactivated due to aberrant hypermethylation in their promoter
region, leading to silencing of the CDKN2a/p16INK4 gene
and causing pancreatic cancer [171, 172]. The function of
CDKN2A as an inhibitor of cell cycle arrest at the G1 to S
phase is well described in the previous section [125-127]
(Table 4).

CDKNI1C/p57KIP2 also belongs to the cyclin-dependent
kinase inhibitor family located on chromosome 11 p15.5 and
encodes a protein that negatively regulates cellular prolifera-
tion at the G1 phase and inhibits cyclin complexes [173]. By
gene expression profiling, Sato et al. reported that hyperme-
thylation of CpG islands in the promoter region results in the
downregulation of CDKN1C/p51KIP2 in pancreatic adeno-
carcinoma. Treatment with an inhibitor of DNA methylation,
5-aza-2'-deoxycytidine, leads to restoration of its original
DNA status in a pancreatic cancer cell line, confirming its
association with pancreatic cancer [174] (Table 4).

The cyclin D2 (CCND2) gene located on chromosome 12
p13 encodes a protein responsible for cell cycle regulation in
the G1 to S phase. It ensures the availability of DNA content
and other cyclins by activating two crucial cyclin-dependent
kinases, 4/6, which phosphorylate retinoblastoma [175].
Despite cyclin D2 involvement in the cell cycle and prolifer-
ation, its overexpression has been reported to have a growth
inhibitory function due to its ability to prompt a senescence-
like effect, which leads to the inhibition of cellular prolifera-
tion [176]. Currently, global expression analysis of genes in
IPMN of the pancreas suggests that cyclin D2 expression is
reduced many-fold in pancreatic adenocarcinoma compared
to healthy pancreatic epithelial cells [177]. Matsubayashi
et al. reported that the change in the methylation status of
the Cyclin D2 promoter occurs with age, but aberrant hyper-
methylation (86%) is commonly found in pancreatic cancer,
which renders it a suitable candidate gene for diagnostic and
therapeutic purposes [178] (Table 4).

RAS is an oncogene and a member of the guanosine-
triphosphate (GTPase) family located on chromosome # 12
pl2.1, encoding a small 21 kDa protein, which performs the
function of molecular switching by changeover between two
different states [65]. The frequency of K-RAS oncogene mu-
tations is markedly elevated in pancreatic cancer (for a de-
tailed description, refer to the previous section) [69, 70]
(Table 4). Epigenetic alteration also results in mutation or
mutational activation of the K-RAS gene, particularly via
hypermethylation of CpGs in the promoter. Jiao et al. investi-
gated the plasma DNA of pancreatic cancer patients showing
K-RAS mutations for methylation status. They reported that
32.5% (33%) of patients had K-RAS mutations due to
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promoter CpG island hypermethylation. The point mutation
of G to A is the predominant mutation at codon 12, and
smoking is considered one of the risk factors predisposing
patients to codon 12 mutations [179] (Table 4).

Preproenkephalin (PENK) is located on chromosome
8923—q24 and encodes the neuropeptide precursor protein
met-enkephalin, which shows a strong interaction affinity
for the receptor of opioid growth factor and causes its inhibi-
tion. A previous study conducted by the Zagon group identi-
fied that met-enkephalin halts the growth of multiple tumors
in humans, particularly pancreatic cancer [180].
Hypermethylation of CpG islands in the PENK promoter sig-
nificantly reduces its expression, as reported by Comb et al.
[181]. Noriyoshi et al. reported in their study on pancreatic
ductal adenocarcinoma samples that 14 out of 15 (93%) pa-
tients illustrate aberrant hypermethylation in the PENK pro-
moter [182] (Table 4). Hence, aberrant methylation of the
PENK promoter is a potential factor that promotes cellular
growth and tumor formation.

The suppressor of cytokine-signaling 1 gene (SOCS-1, aka
SSI-1 or JAB-1) located on chromosome 16p13.13 encodes a
protein known as the JAK binding protein, which is involved
in the regulation of Janus kinase signal transducers and acti-
vators of transcription (JAK-STAT) signal transduction path-
ways. The SOCS-1 protein receives signals from multiple cy-
tokines and passages them from the extracellular to the intra-
cellular matrix [183, 184]. Toshiaki and colleagues analyzed
pancreatic tumor specimens and reported that 8 out of 14
(57%) display aberrant hypermethylation in the promoter re-
gion, resulting in SOCS-1 silencing [185] (Table 4).

Protocadherin 10 (PCDHI10) is a tumor suppressor gene
located on chromosome 4 28 that encodes a protein involved
in different vital cellular functions. Protocadherin is primarily
known for its cell-to-cell adhesion characteristics but also re-
tains some other essential functions, including growth control
and signal transduction [186]. Protocadherin is one of the cell
adhesion genes that have been studied in pancreatic cancer via
transcriptome sequencing, which frequently shows aberrant
methylation [187]. Recent work reports that PCDH10 in 14
out of 23 (60.9 = 61%) pancreatic adenocarcinoma patients
presents aberrant hypermethylation, leading to the downregu-
lation of PCGH10 expression, which is associated with a poor
prognosis in pancreatic cancer [188] (Table 4).

Iroquois homeobox 4 (IRX4), which is a tumor suppressor
gene located on chromosome 5p15.33, encodes a protein that
plays a role in embryo pattern formation, ventricular differen-
tiation, and heart development [189]. Chakma et al. reported
its downregulation in twelve pancreatic cancer cell lines. In
resected pancreatic tumor specimens, 15 out of 22 (68%)
showed hypermethylation in the promoter region compared
to the surrounding healthy tissues [190] (Table 4). Currently,
two other tumor suppressor genes, ADAMTSI1 “A
disinterring and metalloproteinase with thrombospondin
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motifs 1” and BNC1 “Zinc finger protein basonuclin-1,” are
known to be downregulated due to aberrant hypermethylation
in pancreatic cancer, as reported by Eissa and colleagues [191]
(Table 4).

RPRM (Reprimo, TP53-dependent G2 arrest mediator can-
didate) is a tumor suppressor gene located on chromosome
2q23.3 that encodes a protein involved in p53-dependent
G2/M cell cycle arrest. The downregulation of RPRM due to
aberrant hypermethylation of CpG in the promoter has been
reported in 20 out of 22 (91%) pancreatic cancer patients
[192]. The RAR “retinoic acid receptor, 3 tumor suppres-
sor gene involved in controlling cellular growth is reportedly
downregulated in pancreatic cancer via aberrant promoter
CpG hypermethylation [193] (Table 4).

Other tumor suppressor genes frequently mutated in pancre-
atic cancer due to aberrant hypermethylation include ubiquitin
carboxyl-terminal esterase L1 (ubiquitin thiolesterase) UCHL1
located on chromosome 4 p14 [194], Forkhead box E1 (thyroid
transcription factor 2) FOXEI located on chromosome 9 q22
[150], survival of motor neuron protein-interacting protein 1
(SIP1) located at chromosome # 14q13—q21 [195], secreted pro-
tein, acidic, cysteine-rich (osteonectin) SPARC/ON located at
chromosome 5q31.3—q32 [196], and yeast mitosis arrest defi-
cient related (MAD) aka MDF-1 located at chromosome 11
ql3 [197] (Table 4). It has also been reported that some
microRNAs function as tumor suppressors but mutated in pan-
creatic cancer due to aberrant hypermethylation. MicroRNA 9-1,
or miR9-1, which is located at chromosome 1g22 [197], and
microRNA-506 (miR-506), which is located in chromosomal
region Xq27.3 [198] (Table 4), were mutated in pancreatic can-
cer due to aberrant hypermethylation.

Vincent et al. identified through genome-wide analysis that
two genes, BMP3 (bone morphogenetic protein 3) located at
chromosome 4 q21 and DNMT3A DNA methyltransferases 3
alpha, located at 2 p23.3, were aberrantly hypermethylated in
pancreatic cancer [199] (Table 4). CADMI, or cell adhesion
molecule 1, located at chromosome 11g23 encodes a protein
involved in cell-cell adhesion and is also mutated in pancreatic
cancer due to aberrant hypermethylation [200]. All of these
available pieces of literature demonstrate very clearly that epi-
genetic initiation of pancreatic cancer mostly results from
hypermethylation of tumor suppressor genes. Other tumor
suppressor genes most commonly inactivated in pancreatic
cancer, such as SMAD4/DPCA4 and p53, have no relation
with the methylation status. All selected genes mutated due to
aberrant hypermethylation are listed in Table 4. Hence, it is
well elucidated that aberrant hypermethylation is one of the
significant factors involved in pancreatic cancer initiation,
progression, and metastasis. CpG aberrant methylation in the
promoter region might be a hotspot of targeted therapy in the
future. Some new drug discoveries are necessary, which can
reverse these aberrant methylations and restore the typical
functional role of genes.

7.2 Aberrant hypomethylation in pancreatic cancer

The loss of methylation content of DNA in specific cancers
has also been observed. The earliest sign of the modified sta-
tus of DNA methylation observed in cancer cells is the loss or
reduction of 5-methylcytosine [201, 202]. Analysis of the
whole genome reveals that 5S-methylcytosine depletion mostly
occurs in repetitive sequences [203, 204]. In addition to aber-
rant hypermethylation of oncogenes or tumor suppressor
genes leading to pancreatic cancer, some genes are also
hypomethylated, which downregulates or overexpresses that
particular gene and predisposes patients to pancreatic cancer.
DNA hypomethylation in pancreatic cancer is mostly ob-
served in the 5” region of some genes, which results in the
upregulation of that particular gene. Hypomethylation can ei-
ther upregulate or downregulate gene expression and protein
levels. Some frequently hypomethylated genes leading to pan-
creatic cancer will be briefly summarized here (Table 5).

Serpin Family B Member 5 (SERPINBS), which is a tumor
suppressor gene located at chromosome 18 g21.3, encodes a
protein involved in the regulation of cell motility, apoptosis,
autophagy, DNA damage response, and cell death [205]. Sato
et al. reported that SERPINBS is aberrantly hypomethylated in
87% of pancreatic cancer cases [206] (Table 5). Chen and col-
leagues identified three genes, SULT1E1 (Sulfotransferase
Family 1E Member 1, located at 4q13.1), IGF2BP3 (insulin-like
growth factor 2 mRNA-binding protein 3, located at chromo-
some 7p15.3), and MAP4K4 (mitogen-activated protein 4 kinase
4, located at chromosome 2 q11.2), that were mutated due to
aberrant hypomethylation in pancreatic cancer. They correlated
these three genes with the patient’s overall survival and sug-
gested that mutations in these genes might be prognostically
venerable in pancreatic cancer [207] (Table 5).

Mucin 4 (MUC4), a gene located at chromosome 3q29, be-
longs to the mucin family protein and performs a dual role that
depends upon the tissue type. Zhu et al. reported the overexpres-
sion of MUC4 due to aberrant hypomethylation in pancreatic
cancer tissues [208]. Moreover, the Sato group identified that
multiple genes, including MSLN, TFF2, SEN, LCN2, PSCA,
S100A4, and S100P, are hypomethylated and predispose indi-
viduals to pancreatic cancer (Table 5) [206, 209-211]. A recent
work identified that in addition to the hypermethylation of
miRNA 9-1, hypomethylation also initiates pancreatic cancer
[211, 212]. Similarly, Iguchi et al. reported that CDKN1C/p57
and FOXE1 were mutated in pancreatic cancer due to hypome-
thylation [211, 213] (Table 5). Epigenetic alterations obviously
play a significant role in cancer initiation and development.
Nevertheless, we are still far from understanding the interplay
and origin of epigenetic signatures, which lead to genetic modi-
fication and, ultimately, pancreatic cancer. Recognizing the pre-
cise origin of these molecular alterations is still a hallmark and
leaves a large space for researchers. The characterization of pan-
creatic cancer genetics by ignoring the epigenetic signature will
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0o B~ = lead to a dead end. Therefore, an analysis of aberrant epigenetic
8 g3 ;‘:’ ) g ) modification/arrangement will play a crucial role in pancreatic
g <= =2 == cancer molecular diagnostics in the future.
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5] 5 2 &
£ | = el E
8 Epigenetic approaches in cancer
treatments
5
< g The intricacy of cancer can be explained as the interaction
iy &= . . . .
Sé E g8 between epigenetic and genetic aberrations that mutually
Z g 5 & help drive the initiation and progression of a specific type
== 25 b - peatie W
3 = SE of cancer. Genome-wide global DNA methylation analysis
g =l =5 reveals that distinctive epigenetic markers have been found
o . . .
g g 4 § in almost all cases of a particular type of cancer, which can
= E=| ‘D .
S g E g 2 be correlated with the tumor type and stage of that cancer
Q — - . .
g é 5, %5 [214-216]. Based on these characteristics, the researchers
appreciate the practice of these epigenetic alterations as po-
o (5} (5} . . . . .
g - g 2 g o tential biomarkers in early screening, detection, treatment,
£ é = é = é > prognosis, and anticipation of a response to therapy [215,
§ = ; £ * £ & 217, 218]. Global histone modification is another epigenetic
~ © © © alteration that takes place during tumorigenesis and results in
g aberrant expression of genes [219, 220]. The reversible na-
g 2 ture of epigenetic alterations and their plasticity make them
a g § é § possible anticancer targets because of the resetting ability of
“ g E, E\ ?% the cancer epigenome. Two epidrugs have been approved by
5§ o o g the USA (FDA), including histone deacetylase i(HDAC)
= g C S o .
.% S § ‘é: é inhibitors and DNA methylation iDNMT) inhibitors, which
oE | T T T potentially act on their respective target enzymes, while
g others are in clinical trials, also showing promising therapeu-
§ 2 tic approaches [221-224].
‘Lg’_ 2 The first approved epidrug (epigenetic drug) designated
£ 2 in the treatment of acute myeloid leukemia was 5-
< .. . . . . . . .
g° azacitidine, which is a DNA methylation inhibitor. In
afg 2006, 5-aza-2-deoxycytidine, which is a cytosine analog
§ RIS IS5 g showing the same clinical indication, inhibited DNA meth-
=1 = e yltransferase at very low dosages in actively replicating cells.
§ This resulted in the loss of methylation marks and reactiva-
S tion of abnormally silenced tumor suppressor genes and their
& _§ functionality [225]. It has recently been reported that
5 i 5 5 iDNMTs exhibit antitumoral action in multiple ways, such
£33 8 % as through hypomethylation and DNA double-strand break
[}
E § §D § § mechanisms [226]. Moreover, the use of a viral defense
E g § o g g pathway to activate endogenous retroviral elements by stim-
§ E S E E E ulating immune signaling has also been reported [227, 228].
_ The removal of acetylation marks from histone tails is
(g achieved by HDACSs, which are necessary for rendering
2 & chromatin in its repressive state. Multiple histone
=l = Sl £ § deacetylase inhibitor iIHDACs are under development as po-
£ 'é _ R g g @E tential anticancer drugs, expressing a pivotal role in epige-
S| 2 &5~ &g netic regulation, apoptosis, cell death induction, cell mobility
~ = < 0o &3 £ C e . C ey e . . X
w | g _Zz = Z9E %3 inhibition, cell cycle arrest inhibition, and antiangiogenesis
% 2 fcjé g g % é ﬂ; % 25 in transformed cells [221]. The therapy is mainly mediated
=10 g = ORT E2£= via the activation of aberrantly silenced tumor suppressor
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genes; however, the mechanism is not fully elucidated. Four
types of iHDAC drugs have been approved by the US FDA:
vorinostat, belinostat, romidepsin, and panobinostat for the
treatment of cutaneous T cell lymphoma, peripheral T cell
lymphoma, cutaneous and peripheral lymphoma, and drug-
resistant multiple myeloma, respectively. All these drugs have
the same mode of action exerted by inducing cell cycle arrest,
sensitizing cancer cells to therapy, and apoptosis [229, 230].

Although iHDACs and iDNMTs are effective alone, their
effectiveness can be enhanced if they are used in combination,
especially for solid tumor treatment [231]. It has been reported
that low doses of iHDACs and iDNMTs present a robust and
long-lasting positive response in patients with NSCLC [232].
However, combination therapy with iDNMTs and iHDACs in
acute myeloid leukemia presents conflicting results regarding
its efficacy [233]. More work is needed at the clinical and
molecular levels to escape undesirable outcomes of the
treatment.

9 Future prospects

Pancreatic cancer is estimated to be the second leading cause
of cancer-led mortality by 2030 in the USA due to its growing
incidence and mortality rate. Researchers have identified mul-
tiple factors involved in the PC initiation and progression in
thousands of published articles, but PC treatment still lake
effectiveness. We think that there are some limitations that
need to be appropriately addressed to attain fruitful outcomes.
Through this review, we identified that multiple genes are
mutated in PC due to homozygous deletions and point muta-
tions, such as single-nucleotide polymorphisms. However, the
origin and underlying mechanism involved in this mutation
are still unknown. K-RAS is reportedly mutated in PC due to
alterations in codons 12, 13, and 61. Nonetheless, it is still
unclear what factors depict a targeted affinity for these codons
and render them the most mutational hotspot in PC initiation.
Similar behavior was observed in p53-mutated PC cases in
which frequent point mutations were identified in codon 35,
codon 105, codon 133, codon 213, codon 258, and codon 299
[74]. Therefore, more research is a prerequisite to unveil the
mechanism underlying these mutations to resolve this unmet
medical need. Some current works illustrate that activating the
mitochondrial p53 counterpart represents a new direction in
cancer therapy.

Moreover, some new drugs should be identified as having
the potential to shift transformation of the mutated gene to its
wild-type operational activities. If, in the future, researchers
succeed in discovering therapeutic drugs that can restore the
wild-type activity of the mutated gene, this will lead to a new
era of cancer treatment. Aberrant methylation is a widely stud-
ied epigenetic modification in DNA that can either upregulate
or downregulate a gene. Mostly, tumor suppressor genes are
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aberrantly hypermethylated in the course of PC initiation and
progression. However, the questions that arise here are what is
the origin of and what factors are involved in this epigenetic
hypermethylation. In addition to hypermethylation, hypome-
thylation is also observed in gene silencing leading to PC.
What factor determines the fate of gene methylation status is
still unclear. Many limitations persist in the available literature
and need to be further explained appropriately for better un-
derstanding. Furthermore, elucidation is required to identify
miRNAs with potency in blocking epigenetic alterations or to
discover new therapeutic drugs that can potentially restore the
wild-type methylation status of a gene and ensure its optimal
activity.

10 Conclusion

Pancreatic cancer is a fatal, aggressive, and the leading cause of
mortality worldwide, with a poor 5-year survival rate that is less
than 9%. Research on targeted therapeutic measures has contin-
ued for the last four decades, but PC is also emerging in a parallel
manner and is among the top 5 cancers responsible for cancer-led
mortality. The incidence ratio is the highest in industrialized
countries, and an estimated value suggests that by 2030, PC will
be the second leading cause of mortality in the USA. Multiple
factors are involved in the initiation and progression of PC, in-
cluding cigarette smoking [234, 235], alcohol consumption
[236], hereditary factors [237], obesity [238, 239], age, nutrition-
al factors [240], genetic mutations [241], and aberrant epigenetic
signatures [187]. However, genetic mutations and aberrant epi-
genetic modifications are the leading factors involved in the
course of PC initiation and progression. Multiple genes are in-
volved in the onset of PC, but the highest mutational rate is held
by four frequently mutated genes, pS3, CDKN2A, SMAD4, and
K-RAS. In addition to genetic modifications, epigenetic alter-
ations are also markedly observed in PC. Aberrant hypermethy-
lation of tumor suppressor genes is predominantly involved in
gene downregulation leading to PC. Some genes were also ob-
served to be hypomethylated in PC. The prognosis of PC is
considered worse because of the lack of symptoms, the lack of
detection tools for its early diagnosis, and limitations in therapeu-
tic therapy. Surgical resection is the only possible cure if diag-
nosed before metastasis to ensure the longevity of patients.
Currently, no drug therapy is effective in treating this deadly
malignancy. Therefore, some reviewable therapeutic strategies
should be applied to overcome the deleterious effect of PC. In
addition, the discovery of new therapeutic drugs is strongly nec-
essary to target mutated genes and restore their wild-type genetic
and epigenetic status to ensure their effective operational activity.
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