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Introduction

The pancreas is an organ in the human body
situated in the upper abdomen, behind the
stomach, and in front of the spine. Positioned
on the left side of the body, the pancreas extends
from the duodenum, the first part of the small
intestine, to the spleen. It comprises three major
parts: the head, body, and tail. The pancreatic
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head lies on the right side of the abdomen,
nestled within the curve of the duodenum, while
the pancreatic tail reaches toward the left side of
the body, near the spleen (1-3).

The pancreas develops from two buds, the
dorsal and ventral buds, which form during
embryonic development from opposite sides
of the distal foregut endoderm. The dorsal bud
gives rise to the body and tail of the pancreas,
whereas the ventral bud develops into the
head of the pancreas. During embryonic
development, these two buds fuse to form the
mature pancreas (4).
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Within the body, the pancreas performs both
exocrine and endocrine functions. Its exocrine
functions include producing and secreting
enzymes and bicarbonate ions into the duodenum
to facilitate food digestion. The majority of the
pancreatic glandular mass consists of acinar
cells, which secrete digestive enzymes into ducts
that empty into the duodenum. Additionally, the
pancreatic duct cells produce bicarbonate ions
to neutralize the stomach’s acidic contents (5).

The endocrine functions of the pancreas
involve the secretion of hormones directly
into the circulatory system to regulate various
physiological processes throughout the body.
These hormones are produced by endocrine cells
that form the islets of Langerhans—small, island-
like structures embedded within the exocrine
pancreatic tissue, comprising only 1-2% of the
organ. The pancreatic endocrine system works
to maintain blood glucose concentrations within
a specific range, typically between 4 and 6 mM,
thereby regulating carbohydrate metabolism
and energy balance. This is primarily achieved
through the secretion of hormones, such as
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glucagon and insulin (6).

Numerous common disorders, including
diabetes and cancer, can arise from pancreatic
dysfunction (7, 8). According to recent studies,
a potential relationship exists between diabetes
and pancreatic cancer. Specifically, concurrent
diabetes or hyperglycemia—often presenting as
arecently diagnosed condition—occurs in up to
80% of individuals with pancreatic cancer. The
observation that diabetes and hyperglycemia
frequently improve or even resolve after the
surgical removal of pancreatic cancer provides
further support for this link. These findings have
led researchers to hypothesize that screening
for pancreatic cancer may be a viable strategy
for individuals newly diagnosed with diabetes.
However, it 1s important to emphasize that the
precise mechanisms underlying the association
between diabetes and pancreatic cancer remain
unclear and warrant further investigation
(Figure 1) (9).

Overview of Pancreatic Cancer

Pancreatic cancer is a malignant tumor

associated with an exceptionally poor prognosis,

Figure 1. The location of pancreas behind the stomach in the abdominal cavity. It performs both exocrine and
endocrine tasks. The pancreas contains clumps of cells called Langerhans islets, which secrete hormones. They
perform an endocrine role by directly secreting hormones into the bloodstream.
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as evidenced by patients’ low five-year survival
rates, which remain at approximately 6% in the
United States. Despite advancements in surgical
techniques, chemotherapy regimens, and the
application of neoadjuvant chemoradiotherapy
or chemoimmunotherapy, pancreatic cancer still
accounts for 3% of all malignancies and 7% of
all cancer-related deaths in the U.S. (10).

The dismal survival rate stems from
multiple factors, the most significant being that
the majority of patients are diagnosed at an
advanced stage, making treatment exceedingly
challenging. In other words, most individuals
with pancreatic cancer exhibit no symptoms
until the disease has progressed, with late-stage
symptoms complicating early detection and
intervention (11).

Screening individuals for pancreatic
cancer also presents significant challenges.
A primary obstacle is the low prevalence of
pancreatic ductal adenocarcinoma (PDAC) in
the general population, which reduces the pre-
test probability of a positive laboratory result.
Even highly specific biomarker assays capable
of accurately identifying PDAC could result in
many individuals undergoing imaging studies
unnecessarily, causing anxiety despite not having
the disease. As a result, the U.S. Prevention and
Screening Task Force (USPSTF) has assigned
a “D” grade to PDAC screening in the general
population, indicating that it is ineffective and
may even pose harm (12).

Pancreatic cancer can develop in various
ways. As mentioned earlier, the pancreas
consists of three major parts: the body, head, and
tail. These regions do not experience the same
incidence rates of cancer. The most common type
of pancreatic cancer is PDAC, which is currently
the third leading cause of cancer-related deaths
in the U.S. By 2030, it is expected to become the
second leading cause of cancer deaths, reflecting
its increasing prevalence and mortality rates (13).

According to data from the Surveillance,
Epidemiology, and End Results (SEER)
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registries in the U.S., approximately 77.5%
of PDAC cases originate near the pancreatic
head, which has been the primary focus of
discussions on pancreatic cancer. Additionally,
the annual incidence of pancreatic head cancer
is significantly higher than that of pancreatic
body or tail cancer, with a rate of 5.6 per 100,000
compared to 1.6 per 100,000, respectively (14).
Genetic Defects Involved in Pancreatic Cancer

From a genetic perspective, PDAC is
characterized by frequently altered genes,
including KRAS and tumor suppressor genes
such as TP53, CDKN2A, and SMAD4 (15).
KRAS Can Cause Continuous Cell Division

The KRAS gene, a member of the rat
sarcoma (RAS) viral oncogene family, is one
of three isoforms found in humans, with HRAS
and NRAS being the other two. Mutations in
the RAS family, which play critical roles in
regulating cell proliferation and differentiation,
are implicated in several cancers, including
PDAC, lung adenocarcinoma, and colorectal
adenocarcinoma (16).

KRAS mutations are found in approximately 8
out of 10 pancreatic cancer cases, and up to 90%
of PDAC patients exhibit alterations in the KRAS
gene. This prevalence underscores the pivotal
role of KRAS mutations in pancreatic cancer
development (17). Specifically, KRAS alterations
are thought to contribute significantly to tumor
growth and resistance to treatment. Therefore, a
thorough understanding of KRAS biology and its
role in PDAC is critical for developing innovative
therapies for this deadly disease.

KRAS proteins are guanosine triphosphatases
(GTPases) that regulate various cellular
processes, including cell cycle progression, actin
cytoskeletal organization, and cell motility. RAS
proteins are located on the inner side of the cell
membrane, where they mediate communication
between activated transmembrane receptors
and cytoplasmic effectors. These proteins act
as molecular switches, alternating between
guanosine diphosphate (GDP)-bound inactive
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states and guanosine triphosphate (GTP)-bound
active states (18).

Guanine nucleotide exchange factors (GEF)
facilitate the exchange of GDP for GTP on KRAS,
thereby activating the protein. Once activated,
KRAS interacts with downstream effectors such
as RAF, RAL, and PI3K, initiating signaling
cascades that activate pathways like PI3K and
MAPK. In the absence of GEFs, KRAS remains
inactive, and downstream signaling pathways
are not activated.

Conversely, GTPase-activating proteins (GAPs)
accelerate the hydrolysis of GTP to GDP, thereby
inactivating KRAS. If GAPs fail to function
properly, KRAS remains in its active form, leading
to uncontrolled cell growth and proliferation.
Maintaining the proper balance between GEFs
and GAPs is essential to regulate KRAS activity
and ensure appropriate control of downstream
signaling pathways (Figure 2) (18, 19).

membrane receptor
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How Genetic Alterations in Tumor Suppressor
Genes Affect PDAC?

Tumor suppressor genes (TSGs) play a critical
role in regulating cell growth and proliferation
by counteracting the effects of oncogenic
driver mutations. Their mechanisms of action
include inducing cell cycle arrest, apoptosis,
and senescence, which collectively limit the
expansion of potentially harmful cells (20).

PDAC represents a malignancy primarily
driven by genetic mutations that promote
tumorigenesis. Specifically, the loss of function in
certain tumor suppressor genes has been identified
as a major contributor to this process. Among
these 7SGs, CDKN2A, TP53, and SMAD4/DPC4
are the most frequently affected, resulting in an
impaired ability to restrain excessive cell growth .

The CDKN2A gene encodes two distinct
proteins, pl6/NK44 and pl44RF, which
play pivotal roles in cellular regulation.

survival and proliferation

Figure 2. The key signal transduction pathways activated by membrane receptor stimulation, leading to cell
survival and proliferation. The cascade is initiated with receptor activation, triggering GDP/GTP cycling regulated
by GAPs and GEFs. This activation subsequently branches into three major signaling pathways: the PI3K/AKT/
mTOR pathway, the RAF/MERK/ERK cascade, and the PAL/NF-kB pathway. These parallel signaling cascades
ultimately converge to regulate gene expression in the nucleus, thereby promoting mechanisms of cellular survival
and proliferation.
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While pl6/NK4A4 inhibits cyclin-dependent
kinases to promote cellular differentiation,
pl4ARF regulates the activity of the tumor
suppressor protein p53. TP53, in turn, is essential
for preventing the propagation of damaged
DNA and promoting apoptosis during PDAC
progression. Additionally, SMAD4/DPC4, which
functions as a transcriptional regulator within
the transforming growth factor beta (7GF-p)
signaling pathway, is vital for maintaining
a balance between cell proliferation and
differentiation. Its suppression significantly
contributes to neoplastic transformation by
promoting uncontrolled cell proliferation and
reducing differentiation efficiency (21).

The functional inactivation of these 7SGs in
PDAC is thought to drive disease progression by
enabling cells to bypass critical checkpoints that
would otherwise prevent their proliferation. As
such, identifying and characterizing alterations
in these genes has become essential for
enhancing our understanding of the mechanisms
underlying PDAC and for developing more
effective diagnostic and therapeutic strategies.
Mutated 7P53 Can Cause Metastasis in PDAC
Cells

The TP53 gene is the most significant member
of the TSG family, playing a pivotal role in cancer
prevention by producing the p53 protein, which
regulates cell division and promotes apoptosis,
also known as programmed cell death. However,
in PDAC, mutations in the 7P53 genetic code
result in the disruption of this critical tumor-
suppressing mechanism. When the p53 protein
becomes dysfunctional, it fails to regulate
uncontrolled cellular growth, ultimately leading
to the onset of PDAC (22, 23).

Research has demonstrated that mutant
p53 cannot activate essential genes such as
CDKNIA/p21, BAX, NOXA, and PUMA, which
are critical for responding to cellular stress
or DNA damage. The impaired expression of
these vital genes is directly linked to the loss of
p53’s DNA-binding ability, thereby rendering it
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ineffective in initiating its target gene responses.
Consequently, cells harboring mutant p53 cannot
undergo apoptosis or cell cycle arrest, resulting
in unchecked proliferation and the formation of
cancerous tissue (24). The interaction between
p53 and these genes is intricate, involving
multiple signaling pathways and regulatory
mechanisms:

I. CDKN1A/p21

CDKNIA/p2l, a cyclin-dependent kinase
inhibitor, mediates cell cycle arrest in response
to p53 activation. When p353 is triggered by stress
signals, it transcribes CDKNIA, which inhibits
cyclin-dependent kinases and halts the cell cycle at
the Gl phase. This arrest provides an opportunity
for DNA repair or initiates apoptosis if the damage
is irreparable, thus ensuring genomic stability and
preventing tumorigenesis (25-27).

II. BAX

BAX, a pro-apoptotic member of the Bcl-
2 family, is upregulated by p53 in response to
cellular stress, facilitating apoptosis (28). The
activation of BAX promotes mitochondrial
outer membrane permeabilization, leading to
the release of cytochrome ¢ and the activation
of caspases, which execute programmed cell
death. This pathway is essential for eliminating
damaged cells that could otherwise contribute
to cancer progression (29-31).

III. NOXA and PUMA

NOXA and PUMA, also pro-apoptotic
proteins regulated by p53, play a pivotal role
in the apoptotic response under conditions
of severe stress. NOXA interacts with anti-
apoptotic proteins such as Mcl-1, while PUMA
binds to both pro- and anti-apoptotic members
of the Bcl-2 family. Their expression ensures
that cells with irreparable damage are driven
to apoptosis, preventing their survival with
potentially oncogenic mutations (32-35).

The signaling pathways connecting p53 and
its target genes are highly diverse and intricately
linked. The DNA Damage Response (DDR)
pathway is activated upon DNA damage, leading
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to the phosphorylation and stabilization of p53,
which in turn transcribes its target genes. In
addition, hypoxia signaling modulates p53
activity, influencing its interaction with hypoxia-
inducible factors (HIFs), thereby impacting tumor
progression and metastasis. Furthermore, aberrant
signaling within the MAPK/PI3K pathways,
which are closely associated with p53 status, can
impair p53 functionality and alter the expression
of immune checkpoint proteins (36-39).
Molecular Mechanisms of 7P53 Mutations
in PDAC

The mutation spectrum of 7P53 in PDAC
exhibits distinct patterns, with several notable
hotspot regions predominantly located within
the DNA-binding domain (DBD), which spans
exons 5—8. The most prevalent hotspot mutations
in PDAC occur at codons 175, 248, and 273,
with arginine residues being particularly prone
to mutational events. These specific sites are
essential for DNA binding and for preserving the
structural integrity of the p53 protein (40—43).

The mutational landscape of 7P53 in PDAC
encompasses various genetic alterations, with

P53
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missense mutations being the most frequently
observed type of 7P53 mutation in cancer. For
instance, studies have reported 1,297 unique
missense somatic mutations out of a total of
29,891 genomic mutations recorded in the 7P53
Database. These missense mutations typically
result in single amino acid substitutions, which can
lead to either a loss of function or the acquisition
of oncogenic properties (gain-of-function
mutations). Meanwhile, frameshift and nonsense
mutations are less common and generally produce
non-functional protein products.

Among the specific hotspot mutations in
PDAC, R273H, R248W, and R175H are the
most frequently detected within the arginine
residues of the DNA-binding domain (44). These
sites play a crucial role in DNA binding and in
maintaining the structural integrity of the p53
protein, particularly within the L2 and L3 zinc-
binding domains and the LSH (loop-sheet-helix)
motif (Figure 3) (45).

Scientific studies have demonstrated that
mutations in the 7P53 gene play a significant
role in facilitating metastasis, a process

Activate Activate BAX  Activate Activate  Mutated P53
CDKN1A/p21 NOXA PUMA
Fail to Fail to Fail to Fail to
Activate Activate BAX  Activate Activate
CDKN1A/p21 NOXA PUMA
Cell Cycle Apoptosis Apoptosis Apoptosis
Arrest
Uncontrolled
Growth
PDAC

Development |

Figure 3. The Relationship between the 7P53 gene and its associated genes (CDKNIA/p21, BAX, NOX4, and PUMA)
and their signaling pathway
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characterized by the spread of malignant
cells from their primary site to distant organs
via blood circulation or lymphatic pathways,
ultimately leading to the formation of secondary
tumors. The dysregulation induced by these
mutations enhances the proliferation rate and
invasive potential of pancreatic cancer cells,
including those in PDAC, thereby substantially
contributing to disease progression (46, 47). On
the other hand, the relationship between p53
signaling and metastasis is complex. Functional
p53 exerts a tumor-suppressive effect by inducing
apoptosis in cells that have acquired aggressive
traits. However, mutations in the 7P53 gene can
result in gain-of-function activities that not only
fail to suppress metastasis but actively promote
it. Furthermore, the loss or mutation of 7P53
enhances cellular plasticity, enabling cancer
cells to adapt to new microenvironments during
metastasis (48—50).

Therefore, understanding the genetically
mediated mechanisms underlying 7P53
mutations is crucial for developing targeted
therapeutic strategies aimed at preventing
uncontrolled solid tumor growth and inhibiting
further dissemination across various tissues,
thereby mitigating the life-threatening impact
of PDAC.

Mutated CDKN2A Is Present in Nearly All
PDAC Patients

The CDKN2A4 gene is a critical genetic
determinant located on chromosome 9p21,
encoding two essential proteins: pl6"INK4a
and pl4*ARF. These proteins play a pivotal role
in regulating cell proliferation by modulating
distinct phases of the cell cycle (51). Specifically,
pl6”INK4a functions by inducing Gl-phase
cell cycle arrest, achieved through inhibition
of cyclin-dependent kinase 4 (CDK4) activity
and prevention of retinoblastoma (Rb) protein
phosphorylation. Similarly, p14"AREF, the other
protein encoded by CDKN2A, maintains cellular
homeostasis by inhibiting HDM?2, thereby
stabilizing p53 tumor suppressor levels and
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preventing damaged cells from progressing
through replication (52).

The CDKN2A gene is also highly significant
in PDAC. Notably, somatic mutations or
alterations in CDKN2A4 have been identified in
approximately 95% of pancreatic cancer cases.
From a molecular standpoint, loss of function in
this tumor suppressor gene can occur through
several mechanisms, including homozygous
deletions (40%), intragenic mutations coupled
with loss of the remaining allele (40%), or
hypermethylation of the promoter region (~15%)
(53). These findings underscore the critical
importance of understanding the molecular
alterations driving tumorigenesis in PDAC, as
such insights may provide a foundation for the
development of targeted therapeutic strategies.
Half of Pancreatic Cancers Are Attributable
to Defects in SMAD4

SMAD4 (also referred to as DPC4) is a tumor
suppressor gene located on chromosome 18q21.1
and belongs to the SMAD family of proteins,
which play a crucial role in regulating the TGF-f3
signaling pathway, a mechanism that inhibits
epithelial cell proliferation. SMAD4 was first
identified as a tumor suppressor gene in pancreatic
cancer by Harn et al. and was designated DPC4
(deleted in pancreatic carcinoma, locus 4) (54).

Functioning as a cofactor, SMA D4 enhances
gene transcription and tumor suppression
through this signaling pathway. The SMAD4
status is considered a key molecular feature
that distinguishes the two major subtypes of
PDAC: SMAD4-positive and SMAD4-negative
cancers. Loss of SMAD4 expression has been
associated with poor prognostic indicators,
including accelerated tumor progression,
increased metastatic potential, and reduced
survival rates (55).

Mutations in the SMAD4 gene are detected in
approximately 60% of PDAC cases. Additionally,
the TGF-f signaling pathway, which is disrupted
in nearly 47% of PDAC cases, exhibits diverse
oncogenic functions, particularly in PDAC.
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Given the pivotal role of SMAD4 in TGF-$
signaling and its frequent inactivation in
PDAC, it represents a promising target for the
development of novel therapeutic strategies to
combat this malignancy (56). Thus, elucidating
the intricate relationship between SMAD4 and
PDAC could provide valuable insights into the
pathophysiology of this disease.
Diagnosis and Treatment of PDAC

The diagnosis and treatment of pancreatic
cancer pose significant challenges due to the
disease’s complexity. Unfortunately, the vast
majority of cases are detected at an advanced
stage, with either locally invasive or metastatic
disease. Indeed, 80%—85% of pancreatic cancers
are deemed incurable at the time of diagnosis,
underscoring the urgent need for improved
diagnostic tools (57). In other words, most
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cases are diagnosed at an advanced stage, and
recurrence rates remain high.

Currently, various imaging techniques are
employed for the early detection of pancreatic
cancer, with many of these modalities being used
in conjunction with tissue sampling to enhance
diagnostic accuracy. The primary imaging
techniques for pancreatic cancer diagnosis
include computed tomography (CT) and magnetic
resonance imaging (MRI), both of which are
widely utilized. Another valuable imaging
modality is positron emission tomography
(PET), which helps detect and assess the extent
of pancreatic cancer. Additionally, endoscopic
ultrasound (EUS), which provides high-resolution
imaging and enables fine-needle aspiration
(FNA) biopsy for tissue collection, is frequently
employed for both diagnosis and staging (58).

CT-scan
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Figure 4. The standard diagnostic approach for pancreatic cancer. In the presence of clinical symptoms, patients
should first undergo evaluation through imaging modalities, such as computed tomography (CT) scanning.
Abdominal imaging can provide critical insights that inform subsequent diagnostic and treatment strategies.
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Among the available imaging modalities, multi-
detector computed tomography (MDCT) is the most
widely accessible and well-validated technique for
evaluating patients with pancreatic cancer. MDCT
offers comprehensive anatomical coverage and high
spatial resolution through multi-planar imaging,
allowing for accurate differentiation between
tumors and normal pancreatic parenchyma. Several
studies have demonstrated that CT imaging is
highly effective in diagnosing pancreatic cancer.
A large meta-analysis comparing various imaging
techniques reported CT’s sensitivity and specificity
to be 89% and 90%, respectively, which is
comparable to MRI (59).

Recent advancements in MDCT have
further improved its diagnostic performance,
with reported sensitivities reaching 96% for
pancreatic cancer detection. These improvements
are attributed to thin collimation imaging,
enhanced spatial and temporal resolution, and
the integration of multi-planar reconstruction
and three-dimensional (3D) imaging techniques
(Figure 4) (60).

Surgery

The primary treatment options for pancreatic
cancer include surgery, chemotherapy, radiation
therapy, or a combination of these modalities
(61). Among these, surgical resection remains
the only potentially curative approach. While the
addition of adjuvant chemotherapy to surgical
resection has been shown to improve survival
rates, long-term prognosis remains poor (62, 63).

Severaltypesofsurgicalproceduresareemployed
in the treatment of pancreatic cancer, including the
Whipple procedure (pancreaticoduodenectomy),
distal pancreatectomy, and total pancreatectomy.
The choice of procedure depends on the tumor’s
size and location.

» The Whipple procedure, or pancreatico-
duodenectomy, is the most common surgical
approach for tumors located in the head of the
pancreas. This procedure involves the removal
of the pancreatic head, duodenum, gallbladder,
and parts of the stomach and bile duct.
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* Distal pancreatectomy is performed when
the tumor is located in the body or tail of the
pancreas.

» Total pancreatectomy involves the complete
removal of the pancreas, spleen, gallbladder, and
portions of the small intestine and bile duct. Due
to its severe long-term consequences, including
insulin-dependent diabetes, this procedure is
rarely performed (64—67).

Although early-stage surgical resection
provides the best opportunity for prolonging
survival, the median survival for resected patients
is less than 20 months. Only a small percentage
of patients achieve long-term survival, while
the majority do not (68). This underscores the
critical need for continued research into more
effective treatment options for pancreatic cancer.
Chemotherapy

Chemotherapy is another key strategy for
slowing disease progression. The treatment
landscape for pancreatic cancer typically
involves two lines of chemotherapy, which are
outlined below.

First-Line Chemotherapy

The choice of first-line chemotherapy is
influenced by several factors, including disease
stage, overall patient health, and individual
preferences. However, the two most commonly
used first-line chemotherapy regimens for
advanced pancreatic cancer are:

1. FOLFIRINOX
2. Gemcitabine/nab-paclitaxel (69)

FOLFIRINOX is a combination chemotherapy
regimen consisting of four drugs: S-fluorouracil
(5-FU), irinotecan, leucovorin, and oxaliplatin
(70). While highly effective, it is associated with
significant toxicity and side effects, including
diarrhea, nausea, fatigue, neuropathy, and
myelosuppression. These adverse effects can be
partially managed with supportive medications
such as antiemetics and antidiarrheals (71, 72).
Despite its higher toxicity, FOLFIRINOX has
been shown to significantly prolong overall
survival and progression-free survival compared
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to gemcitabine monotherapy (73).

Another widely used first-line chemotherapy
regimen is gemcitabine/nab-paclitaxel, which
combines gemcitabine withnanoparticle albumin-
bound (nab) paclitaxel. Studies have indicated
that following the failure of FOLFIRINOX
therapy, switching to gemcitabine/nab-paclitaxel
1s a more viable alternative than other treatment
options (74).

Second-Line Chemotherapy

There are no universally established second-
line treatments for progressed pancreatic cancer
following failure of first-line chemotherapy with
FOLFIRINOX or gemcitabine/nab-paclitaxel.
However, current clinical practice involves
switching to an alternative chemotherapy
regimen, depending on the initial treatment:

* Patients previously treated with gemcitabine-
based chemotherapy are often transitioned to a
5-FU-based regimen.

» Conversely, those who initially received
FOLFIRINOX may be switched to gemcitabine/
nab-paclitaxel.

Although no randomized controlled trials
have definitively established the optimal second-
line regimen, several retrospective single-
institution analyses suggest that gemcitabine/
nab-paclitaxel remains a reasonable second-line
option following FOLFIRINOX failure (75).
Radiotherapy

Radiotherapy is another potential treatment
option for patients with pancreatic cancer.
However, current evidence suggests that neither
radiation therapy alone nor its combination
with chemotherapy has led to a significant
improvement in patient survival (76). Although it
remains uncertain whether radiotherapy enhances
survival outcomes, it is the only therapeutic
approach—aside from surgery—that has been
shown to improve local disease control (63).

One of the major limitations of conventional
radiation therapy is its high toxicity. However, the
development of intensity-modulated radiotherapy
(IMRT) has helped reduce treatment-related
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toxicity associated with traditional techniques.
Despite these advancements, several challenges
persist in radiotherapy studies for PDAC,
including the lack of consensus on optimal dosage,
fractionation, and tumor delineation, which can
lead to variability in treatment protocols and
potentially impact survival rates (77).

An emerging and promising radiotherapy
technique is stereotactic body radiation therapy
(SBRT), which has demonstrated encouraging
results in the treatment of pancreatic cancer,
particularly in improving local tumor control
compared to traditional external beam radiation
therapy (EBRT). While SBRT may pose a higher
risk of late toxicity, continued advancements in
treatment planning, delivery techniques, and a
deeper understanding of normal tissue tolerance
are expected to mitigate these risks over time (78).
Future of Pancreatic Cancer Treatments: The
Road Ahead

The evidence presented thus far underscores
that conventional treatments, such as surgery and
chemotherapy, have not significantly reduced
pancreatic cancer-related mortality. Therefore,
to effectively lower the death toll associated with
this malignancy, it is imperative to develop novel
treatment strategies.

One of the most promising emerging therapies
is gene therapy, which has garnered global interest
among researchers. Gene therapy involves the
introduction of foreign genetic material into host
cells to modify gene expression or alter cellular
functions. Initially designed to treat genetic
disorders, gene therapy is now being explored for
a wide range of hereditary and acquired diseases,
including cancer (79).

The gene therapy process begins with the
delivery of therapeutic genes into host cells. In
the context of cancer treatment, viral vectors
are the most widely used gene delivery method.
These vectors come in various forms, including
adenoviruses, retroviruses, lentiviruses, and
adeno-associated viruses (AAVs). Each type of
viral vector has its own set of advantages and
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limitations, which influence its suitability for
specific therapeutic applications (80).
Oncolytic Virotherapy

Oncolytic virotherapy is an emerging cancer
treatment strategy that involves selectively
infecting and destroying cancer cells while
sparing healthy cells. The viruses used in
oncolytic virotherapy may either occur naturally
or be genetically modified to enhance their ability
to infect and eliminate malignant cells. Once
cancer cells are infected, the virus begins to
replicate, ultimately causing the host cells to lyse
(break open), releasing tumor antigens and other
immune-stimulating molecules. This process
helps activate the immune system, enabling it
to recognize and attack remaining cancer cells,
thereby contributing to tumor eradication (81).

Beyond direct tumor cell destruction,
the viruses released during lysis can infect
neighboring cancer cells, triggering a self-
propagating therapeutic effect that enhances
treatment efficacy. This chain reaction ensures
that all cancerous cells in the affected area are
targeted and eliminated. Numerous studies have
demonstrated that oncolytic virotherapy holds
significant potential for treating a wide range of
malignancies, including pancreatic cancer (82).
However, further research is necessary to fully
elucidate its mechanisms of action and optimize
the therapeutic application of oncolytic viruses
in cancer treatment.

Adenoviruses (Ads) are a prominent class of
viral vectors that, due to their exceptional gene-
delivery capabilities both in vitro and in vivo,
serve as a foundation for developing oncolytic
therapies (83). To enhance both the safety and
efficacy of cancer treatments, conditionally
replicative adenoviruses (CRAds) have been
engineered. These viruses are designed to
replicate exclusively in tumor cells, leaving
healthy surrounding tissues unaffected (84).

CRAds are classified into two main categories:

1. Mutation-based CR Ads — These can replicate
only in specific tumor types that compensate
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for the loss of function caused by targeted gene
alterations or deletions in the E1 region.

2. Cancer-specific promoter-based CRAds
— These replicate exclusively in cancer cells
where the regulating promoter is active, as they
depend on tumor-specific promoter-controlled
transcription of the El region (85).

Examples of cancer-specific promoter-based
CRAds include OBP-301, which expresses E1A
under the control of the human telomerase
reverse transcriptase (hTERT) promoter, and
AduPAREIA, which drives E1A expression
via the urokinase-type plasminogen activator
receptor (uPAR) promoter (86). In preclinical
pancreatic cancer models, these CRAds have
demonstrated selective replication and potent
anticancer activity.

In addition to viral-based gene delivery,
alternative methods such as physical and
chemical vector-based approaches have been
developed for transferring therapeutic genes into
target cells (87).

Physical Vectors

Physical methods of gene transfer
include electroporation, microinjection, and
microparticle bombardment (88).

* Microinjection involves the direct insertion
of nucleic acids into a single living cell using a
micropipette. This technique is highly precise,
enabling researchers to target specific cells
with exceptional accuracy. Microinjection is
commonly employed when only small quantities
of nucleic acid need to be transferred in an
experiment (89).

* Microparticle bombardment, also known
as biolistics or the “gene gun” method, involves
propelling nucleic acid-coated microparticles
into target cells using high-pressure helium
gas. The microparticles, typically composed of
gold, tungsten, or silver, act as carriers to deliver
genetic material into living cells. This method
is particularly useful for transfecting cells
that are difficult to modify using conventional
techniques (88, 90).
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* Electroporation is another widely used gene
delivery technique. It involves applying high-
voltage electrical pulses to temporarily disrupt
the target cell’s membrane, allowing plasmid
DNA to enter the cytoplasm (91). This technique
is frequently used to introduce nucleic acids
into various cell types, including mammalian,
bacterial, and plant cells (92, 93). Due to its
high efficiency, electroporation has become a
preferred method in industrial applications, such
as biomanufacturing (94).

Chemical Vectors

Chemical vectors are a class of gene
delivery systems that utilize non-viral carriers
to introduce genetic material into cells. These
vectors have been extensively studied due
to their unique advantages, including safety,
scalability, low toxicity, cost-effectiveness, and
ease of preparation (95).

One of the most widely used chemical vectors
for gene transfer is cationic lipids, commonly
referred to as liposomes (96, 97). Liposomes are
vesicular structures composed of an aqueous core
enclosed by a phospholipid bilayer. In addition to
phospholipids, these vectors also contain sterols
such as cholesterol, which contribute to their
structural stability. The phospholipid bilayer
consists of two layers of phospholipid molecules:
one with hydrophilic heads facing the aqueous
environment and the other with hydrophobic
tails oriented toward the bilayer’s interior (98).

Cationic lipids interact electrostatically with
negatively charged nucleic acids, such as DNA
and RNA, due to their positively charged head
groups. When combined with nucleic acids,
lipoplexes—Iipid-nucleic acid complexes—are
formed. These lipoplexes can then be delivered
into cells, where they are internalized via
endocytosis (99, 100). Once inside the cell, the
lipoplexes are transported to endosomes, where
the acidic environment facilitates fusion between
the lipids and the endosomal membrane, enabling
the release of nucleic acids into the cytoplasm.
The delivered genetic material can then enter
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the nucleus and integrate into the host genome,
leading to gene expression (101).

Cationic lipids offer several key advantages
as chemical vectors for gene transfer. They are
cost-effective, non-toxic, and elicit minimal
immune responses, making them relatively
safe for therapeutic applications. However,
they also present certain limitations, including
low transfection efficiency and a tendency
to aggregate in the presence of serum or
other proteins, which may compromise their
effectiveness (102—104).

Genetic Biomarkers for Early Detection:
Current Advances and Clinical Applications

Recent advancements in molecular
diagnostics have transformed cancer detection
through the use of genetic biomarkers, offering
unprecedented opportunities for early diagnosis
and real-time tumor monitoring. One of the
most promising non-invasive biomarkers is
circulating tumor DNA (ctDNA), which allows
for continuous tracking of tumor dynamics
and molecular evolution. Studies have shown
that ctDNA analysis can detect cancer-specific
genetic alterations months before they become
apparent on conventional imaging, with
sensitivity rates reaching up to 87.18% in certain
malignancies (105-110).

In the case of PDAC, research has
demonstrated that ctDNA analysis can identify
key genetic mutations associated with the
disease, particularly KRAS mutations, which
are present in more than 80% of PDAC cases.
This approach not only facilitates early detection
but also provides critical insights into tumor
heterogeneity and its evolutionary trajectory
over time (111, 112).

Beyond ctDNA, gene expression markers
have been explored as potential diagnostic tools
for PDAC. Using high-throughput technologies,
such as RNA sequencing and microarray
analysis, researchers have identified distinct
gene expression patterns associated with
pancreatic cancer. These molecular signatures
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can differentiate PDAC from benign pancreatic
conditions, offering a valuable complement to
traditional imaging techniques. Furthermore,
certain gene expression markers have been
correlated with clinical outcomes, providing
prognostic insights that may inform therapeutic
decision-making (112).

Another emerging avenue of research involves
mutation detection in body fluids beyond blood,
such as urine and saliva. The presence of tumor-
derived genetic material in these biofluids offers
the potential for non-invasive diagnostic testing,
further enhancing early detection efforts. Studies
have confirmed that KRAS mutations can be
identified in pancreatic juice and urine samples
from PDAC patients, reinforcing their potential
as biomarkers for early diagnosis (111, 113).

Finally, novel molecular diagnostic techniques
are being developed to increase the sensitivity
and specificity of PDAC detection. Liquid biopsy
technologies, which analyze ctDNA and other
tumor-derived biomarkers from blood samples, are
gaining traction due to their ability to provide real-
time insights into tumor biology without requiring
invasive procedures. Additionally, next-generation
sequencing (NGS) technologies now enable
comprehensive profiling of genetic alterations
in PDAC, facilitating the identification of novel
biomarkers that could be leveraged for earlier and
more precise cancer detection (114—116).
Treatments Based on Gene Therapy

In the field of oncology, ongoing clinical
trials are actively exploring innovative gene
therapy-based approaches for the treatment of
PDAC. These investigations primarily focus on
two promising modalities: RNA interference
(RNA1)-based therapeutics delivered via
nanomedicine platforms and Chimeric Antigen
Receptor T-cell (CAR-T) therapy.

RNAi-based therapeutics, when administered
through nanomedicine platforms, offer a highly
targeted strategy for PDAC treatment by selectively
silencing oncogenes. This approach utilizes small
interfering RNA (siRNA) molecules, which
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bind to and degrade specific messenger RNA
(mRNA) sequences within cancer cells, thereby
inhibiting the translation of oncogenic proteins
and suppressing tumor growth and progression.
The incorporation of nanocarriers, such as
nanoparticles and liposomes, enhances siRNA
delivery, improving its stability, cellular uptake,
and tumor specificity, while simultaneously
minimizing off-target effects. This method is
particularly valuable in overcoming PDAC’s
inherent resistance to conventional therapies by
disrupting key molecular pathways that drive
tumor aggressiveness (117).

Concurrently, CAR-T therapy represents
another promising gene therapy approach for
treatment-refractory PDAC. This technique
involves genetically engineering a patient’s
T-cells to express CARs that specifically
recognize tumor-associated antigens on
PDAC cells. By enhancing T-cell cytotoxicity,
CAR-T therapy circumvents the immune
evasion mechanisms that make pancreatic
cancer particularly challenging to treat. This
personalized immunotherapy offers a potentially
transformative treatment option for patients with
refractory PDAC who have not responded to
standard therapeutic regimens (118, 119).

These emerging gene therapy strategies,
currently under evaluation in clinical trials,
represent substantial advancements in the
search for more effective PDAC treatments.
Given that pancreatic cancer has historically
exhibited resistance to conventional therapies,
these approaches hold considerable promise in
addressing the disease’s genetic underpinnings
and improving patient outcomes.

Conclusion

Pancreatic cancer is an aggressive malignancy
with a grim prognosis, primarily due to its
asymptomatic nature in early stages and its
resistance to standard treatments. Despite
notable advancements in surgical techniques and
chemotherapy regimens, therapeutic outcomes
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remain suboptimal. Consequently, there is an
urgent need to develop novel targeted therapies
that can improve survival rates and provide more
effective treatment alternatives.

Gene therapy-based strategies, such as

oncolytic virotherapy and other molecularly
targeted approaches, hold significant potential
by directly addressing the genetic alterations
that drive pancreatic tumorigenesis. However,
further research is required to optimize these
techniques, assess their safety and efficacy,
and translate preclinical findings into clinically
viable treatments.

A comprehensive understanding of the genetic

landscape of pancreatic cancer, combined with
the development of personalized treatment
regimens, may pave the way for substantial
progress against this lethal disease. Future
studies should prioritize the refinement of
gene therapy approaches, leveraging promising
preclinical data to develop clinically effective
treatments for pancreatic cancer patients.
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