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Abstract: The present review demonstrates the major tumor suppressor genes, including TP53,
CDKN2A and SMAD4, associated with pancreatic cancer. Each gene’s role, prevalence and impact
on tumor development and progression are analyzed, focusing on the intricate molecular landscape
of pancreatic cancer. In addition, this review underscores the prognostic significance of specific
mutations, such as loss of TP53, and explores some potential targeted therapies tailored to these
molecular signatures. The findings highlight the importance of genomic analyses for risk assessment,
early detection and the design of personalized treatment approaches in pancreatic cancer. Overall,
this review provides a comprehensive analysis of the molecular intricacies of pancreatic tumors,
paving the way for more effective and tailored therapeutic interventions.

Keywords: TP53; CDKN2A; SMAD4; KRAS; pancreatic cancer; PDAC; tumor suppressor genes;
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1. Introduction

In 2023, there were 1,958,310 new cases of cancer and 609,820 cancer-related deaths in
the United States. Among those, there were 64,050 new cases and 50,550 deaths related to
pancreatic cancer (PaC). The absence of early detection and the limited effectiveness of the
current chemotherapy are the main factors contributing to this high mortality rate. PaC
is the third leading cause of cancer death among men and women, whereas mortality has
increased slowly particularly in men [1]. The 2019 WHO classification of pancreatic tumors
categorizes them into benign epithelial tumors (e.g., serous cystadenoma, intraductal
papillary mucinous neoplasm), malignant epithelial tumors (e.g., duct adenocarcinoma,
acinar cell carcinoma) and pancreatic neuroendocrine neoplasms (e.g., neuroendocrine
tumors, functioning and nonfunctioning tumors) [2].

Pancreatic cancer commonly features mutations in key genes, such as KRAS, p16/
CDKN2A, TP53 and SMAD4/DPC4 [3-5] (Table 1). Molecular profiling and biomarker
identification like TMB, MSI and PD-L1 are needed in order to guide appropriate ther-
apy [6]. In pancreatic cancer, frequent mutations occur in driver genes such as KRAS
(88%), TP53 (77%), SMAD4 (29%), CDKN2A (18%) and TGFBR2 (7%) [7,8]. ATM loss,
prevalent in 12.8% of PDAC cases, correlates with adverse clinicopathologic features and
predicts decreased survival, particularly when combined with normal TP53 expression [9].
Somatic mutations, especially in KRAS, drive carcinogenesis and microRNAs, like miR-21,
serve as prognostic biomarkers [10,11]. Lifestyle factors, notably smoking, contribute to
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elevated mortality, with a grim 5-year survival (2-9%), necessitating enhanced screening
methods. Figure 1 summarizes the known modifiable and non-modifiable factors [12-14].
Although pancreatic ductal adenocarcinoma (PDAC) follows stepwise progression, surgical
resection remains the primary curative option for a minority. Ongoing research explores
neoadjuvant strategies and personalized treatments, facing challenges from intertumoral
heterogeneity [15,16].

Table 1. This table summarizes key cancer-related genes, their chromosomal locations and their
roles in nonclinical and clinical studies. TP53, CDKN2A and SMAD4 are tumor suppressor genes,
while KRAS is an oncogene. The evidence from both nonclinical and clinical studies supports their
respective roles in cancer progression.

Gene Function Chromo.somal Nonclinical Studies Clinical Studies Review
Location
TP53 Tumor suppressor gene 17p13.1 [17-20] [21-33] [34-37]
CDKN2A Tumor suppressor gene 9p21.3 [38,39] [40-56] [57-61]
SMAD4 Tumor suppressor gene 18q21.1 [62-65] [66-80] [81-85]
KRAS Oncogene 12p12.1 [86-96] [97-106] [107,108]
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Figure 1. Modifiable factors include smoking, alcohol, obesity and dietary factors, where red meat
increases risk, while vegetables and fruits offer protection. Non-modifiable risk factors comprise
gender, age (with increased risk after 50), ethnicity, diabetes, family history, genetic factors, chronic

infections and ABO blood group (non-O associated with higher risk). Created with BioRender.com
(accessed on 27 February 2024) [13].

2. TP53
2.1. The Role of TP53 Mutations in Pancreatic Cancer

TP53 mutations, found in 50-90% of pancreatic ductal adenocarcinomas, significantly
affect carcinogenesis, prognosis and treatment response [17,21,34,35]. The p53 gene, located
on chromosome 17, acts as a tumor suppressor by regulating cell division. Mutations in p53,
which has a critical role in human cancer pathogenesis, lead to uncontrolled cell division.
Understanding its impact on the tumor microenvironment and treatment response is crucial
for developing effective therapeutic strategies for PDAC. TP53 mutations encompass about
two-thirds missense and one-third truncating mutations, influencing mRNA degradation
mechanisms [36]. These mutations, particularly gain-of-function (GOF) variants, alter the
tumor microenvironment, promoting proliferation and chemotherapy resistance [34,36].
Cases with TP53 mutations often co-occur with KRAS mutations, suggesting early KRAS
involvement in pancreatic carcinogenesis [36]. TP53 mutations affect the PDAC microenvi-
ronment, influencing immune responses, T-cell differentiation and interactions with cancer-
associated fibroblasts (CAFs). TP53’s multifaceted role extends to metabolic regulation,
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shaping the hostile PDAC microenvironment by influencing metabolic reprogramming,
autophagy and ferroptosis [34].

2.2. TP53 Mutations and Poor Prognosis

The TP53 mutational status-based genomic signature emerges as a critical factor
for disease prognosis and therapeutic responses. Studies demonstrate its independent
predictive value for overall survival and good prognostic estimate in pancreatic cancer
patients. The accuracy of this genomic signature is underscored by its association with the
immunophenotype of PDAC [21-23].

TP53 mutations, detected in 60-70% of cases, play a crucial role in suppressing malig-
nant transformation, affecting carcinogenesis and prognosis [17,36]. TP53’s multifaceted
roles include limiting preneoplastic lesion development, regulating their character and
influencing the tumor microenvironment to restrain invasive cancer progression [17]. Re-
markably, TP53 overexpression correlates with shorter overall survival (OS) [24]. Different
molecular subtypes of pancreatic cancer exhibit diverse genetic alterations, with TP53 muta-
tions contributing to disease progression [37]. The p53-Ptpn14-Yap axis emerges as a critical
pathway in pancreatic cancer suppression, offering potential therapeutic avenues [18].
Furthermore, exosomal DNA analysis reveals high RAB27A, and TP53 expression inde-
pendently associates with poor overall survival [25]. Genetic analysis indicates complex
interactions among KRAS, CDKN2A, TP53 and SMAD4 alterations, influencing metastatic
burden and survival [26].

TP53 mutations are prevalent in various pancreatic lesions, including 9.1% of
intermediate-grade IPMNs, 17.8% of PanIN-2, 38.1% of high-grade IPMNs, 47.6% of PanIN-
3 and 75% of invasive ductal adenocarcinomas. Notably, TP53 mutations were absent in
pancreatic fluid samples from subjects with normal pancreas or chronic pancreatitis [27].
However, 5-10% of pancreatic cancers lack common mutations (KRAS, TP53, SMAD4,
CDKN2A, CDKN2B), exhibiting diverse mutations, including therapeutic target alterations.
Those tumors with unique molecular profiles lacking common mutations demonstrate
improved overall survival, suggesting therapeutic relevance [28]. RAB27A and TP53 over-
expressions serve as prognostic indicators and correlate with adverse clinicopathological
features and independently indicate poor overall survival [25].

Genetically modified mice revealed distinct roles of mutant p53 in PDAC progres-
sion, demonstrating that coexisting KRAS mutation and mutant p53 (Trp53R172H) led to
rapid PDAC onset with liver metastasis. Loss of p53 allowed the retention of KrasG12D-
expressing cells, facilitating tumor formation and escape from KRAS-induced growth arrest.
Mutant p53 accumulation promoted metastasis and was validated in human PDAC samples,
where p53 accumulation correlated with lymph node metastasis. In vitro invasion assays
confirmed the intrinsic role of mutant p53 in driving metastasis [19]. KRAS mutations,
occurring early in pancreatic cancer progression, activate multiple signaling pathways,
including Raf/mitogen-activated protein kinase and Akt/protein kinase B, influencing
COX-2 transcription. Discrepancies in the mutational status of TP53 and CDKN2A /p16
among cell lines caution researchers about discrepancies between laboratory-specific and
literature-reported mutational statuses [20]. TP53 plays a crucial role in suppressing malig-
nant transformation in pancreatic cancer. Mutations occur in late-stage PanINs, indicating
the p53’s role in inhibiting transformation into PDAC. In mouse models, intact p53 pro-
tects against pancreatic cancer progression, confirming its role in suppressing malignant
transformation [17,29,36].

2.3. Diagnostic and Therapeutic Strategies Targeting TP53-Mutant Tumors

In pancreatic cancer, liquid biopsy using circulating cfDNA proves valuable for diagno-
sis and monitoring. A study successfully detected KRASG12D and TP53R273H mutations
in exosomal DNA from PDAC patients, showcasing the potential role of liquid biopsy [30].
Moreover, specific miRNAs have been correlated with shorter survival. ctDNA analysis
proved to be effective in early detection of disease progression and identification of ac-
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tionable mutations, guiding therapeutic interventions [8,31]. Another study elucidates the
ARF6-AMAP1 pathway’s role in promoting malignancy and immune evasion in PDAC,
particularly influenced by KRAS and TP53 mutations. The pathway serves as a potential
therapeutic target, emphasizing the significance of enhanced mRNA translation and protein
geranylgeranylation in PDAC malignancy [32].

Introducing wild-type TP53 into cancer cells could alter sensitivity to treatments [18].
In particular, the TP53’s central role in PDAC progression explains the ongoing efforts to tar-
get mutant TP53 tumors, implicating a potential therapeutic option [33]. miRNA expression
profiles in pancreatic cancer reveal prognostic significance while novel strategies involve
exploiting the unique tumor microenvironment, such as using hyaluronidase to enhance
drug delivery. Targeting KRAS, which plays a key role in PDAC pathogenesis, presents
challenges, but inhibitors, like deltarasin, seem promising. Immunotherapy, successful
in other cancers, faces hurdles in the immunosuppressive PDAC environment; however,
vaccination strategies and immune checkpoint inhibitors are under investigation [37].

Overall, these findings highlight the potential role of liquid biopsy in combination
with specific pathways influenced by KRAS and TP53 mutations, as well as the significance
of TP53 in suppressing malignant transformation and shaping genomic signatures in
pancreatic cancer.

3. CDKN2A
3.1. CDKN2A in Cell Cycle Regulation

Discovered in 1994, the CDKN2A gene, encoding the cell-cycle inhibitor p16, shows
somatic mutations in various cancers [57]. CDKN2A, a critical tumor suppressor gene
located on chromosome 9, encodes proteins such as p16(INK4A) and p14(ARF), playing
pivotal roles in regulating diverse cancer-related processes. The encoded proteins exert
their tumor-suppressive effects by inhibiting cell-cycle progression through binding and
inhibiting cyclin-dependent kinases CDK4/6. This interaction maintains the retinoblastoma
(Rb) protein in an active state, preventing G1 to S phase transition [109-111]. Additionally,
CDKN2A promotes apoptosis and senescence and inhibits cancer-associated processes like
cell-in-cell structure formation and anchorage-independent growth, while it modulates anti-
tumor immunity by influencing immune-cell infiltration [38,58,109,111]. Dysregulation
of CDKN2A, often observed through genetic and epigenetic alterations, is a common
feature in various cancers, leading to uncontrolled cell proliferation and survival [58].
The CDKN2A gene, encoding tumor suppressor proteins like p16(INK4A) and p14(ARF),
regulates cell growth and division by inhibiting cyclin-dependent kinases, preventing
excessive proliferation and promoting processes like senescence and apoptosis [59,110].
Dysregulation of CDKN2A is associated with various cancers, including brain tumors,
melanoma and lung cancer [110]. Located on chromosome 9, CDKN2A plays a crucial role
in inhibiting cell proliferation and invasion across cancers [112]. Therefore, CDKN2A is
an important gene in the regulation of cell growth and division, and its dysfunction can
contribute to tumorigenesis.

3.2. CDKN2A Mutations in Pancreatic Cancer

CDKN2A mutations play a significant role in pancreatic tumors, with somatic muta-
tions present in up to 95% of pancreatic tumors and a genetic predisposition observed in
familial cases. The association with a higher risk of developing pancreatic cancer is evident,
and families with CDKN2A germline mutations may exhibit a pancreatic cancer-melanoma
syndrome [40-42]. In familial pancreatic cancer (FPC), CDKN2A mutations, along with
those in BRCA2 and PALB2, were prevalent, particularly in FPC probands, highlighting
their significance in hereditary pancreatic cancer [43]. Coexistent alterations in CDKN2A,
KRAS, TP53 and SMAD4 were observed in pancreatic cancer, with frequent loss of tumor
suppressors like CDKN2A, ARID1A, APC and ID3 [26,44]. In FPC families, CDKN2A
mutations were identified in 21.4% of cases, and in patients with both pancreatic adenocar-
cinoma and melanoma, germline CDKN2A mutations (I49S and M53I) were found, with
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149S showing impaired binding to CDK4 [45,46]. CDKN2A mutations were significantly
associated with increased pancreatic cancer prevalence in families [47]. Germline CDKN2A
mutations in familial melanoma-prone families showed diverse mutation types and vari-
able pancreatic cancer distribution, suggesting genetic heterogeneity [48]. In non-Hispanic
white pancreatic cancer patients, 0.6% had CDKIN2A germline mutations, with higher rates
in those with a family history, indicating its relevance in hereditary cases [40]. Inherited
pathogenic variants in the CDKN2A gene contribute significantly to pancreatic cancer
susceptibility, especially in FAMMM syndrome families. The risk of PDAC increases in
individuals with pathogenic germline CDKN2A variants, even without a family history of
melanoma. CDKN2A variants are identified in different populations, emphasizing varia-
tions in inherited risk. CDKN2A variant carriers face an increased risk not only for PDAC
but also for melanoma and various other cancers. Despite the complexities of detecting
CDKN2A variants of unknown significance (VUS), germline testing for CDKN2A is increas-
ingly recommended for PDAC patients, offering opportunities for early detection through
surveillance programs. Therapeutically, targeting the disrupted cell-cycle regulation by
CDKN2A variants is explored through CDK4/6 inhibitors, showing promise in various
cancers; although, the impact of CDKN2A status on treatment response requires further
exploration [60].

Genome profiling of pancreatic adenocarcinoma revealed frequent homozygous dele-
tions affecting CDKN2A /B and losses in TP53, PTEN and RB1. Amplifications were
observed in GATA6 and MYC, emphasizing the complexity of genetic alterations in pan-
creatic cancer [49]. Notably, a study focusing on genetic alterations in pancreatic cancer
highlighted the significance of CDKN2B deletion in tumorigenesis. Contrary to prior be-
liefs, the study found that CDKN2B, rather than CDKN2A, plays a crucial role in inducing
pancreatic cancer. Deletion of CDKN2B, encoding p15INK4B, was identified as essential
for tumorigenesis in a mouse model. This novel insight provides potential therapeutic
strategies for pancreatic cancer treatment [39].

CDKN2A mutations and methylation play a crucial role in pancreatic cancer patho-
genesis. Higher CDKN2A methylation is observed in pancreatic cancer patients, making it
a potential diagnostic tool, particularly when analyzed in blood, pancreatic tissue and juice
samples. The methylation is associated with different types of pancreatic cancers, including
pancreatic ductal adenocarcinoma (PDAC) and pancreatic neuroendocrine tumors (PNET),
correlating with shorter overall survival in both PNET and PDAC [50]. In individuals
with the CDKN2A-p16-Leiden mutation, there is an increased risk of developing PDAC,
with significantly better survival observed in cases with resected tumors. Surveillance
strategies increase the probability of detecting PDAC at the resectable stage, potentially
resulting in a 33.5% estimated long-term cure rate after surgery [51]. CDKN2A aberrations,
including point mutations and deletions, are found in 25% of tumors. While CDKN2A
aberrations alone do not significantly impact survival, concurrent mutations in both KRAS
and CDKN2A are associated with the shortest survival, particularly in PDAC [52]. The
accumulation of major driver alterations in pancreatic cancer, including CDKN2A, KRAS,
p53 and SMADY4, is inversely associated with disease-free survival (DFS) and overall sur-
vival (OS), indicating a higher mortality risk with an increasing number of altered genes.
This altered gene combination is specifically linked to liver metastasis [53].

3.3. Prognostic Value of CDKN2A and Therapeutic Strategies

The impact of CDKN2A mutations on overall survival in pancreatic cancer patients is
still being investigated, with some studies suggesting a potential correlation with poorer
prognosis in PDAC patients [54,55]. Importantly, higher CDKN2A expression is associated
with improved prognosis. In particular, high CDKN2A expression is linked to activated
immune cells, indicating its role in tumor immunity and its potential as a prognostic
biomarker and therapeutic target [109]. Bioinformatics analysis of TCGA’s pancreatic
adenocarcinoma data underscored the importance of CDKN2A inactivation in PDAC. Pa-
tients with CDKN2A mutations or deep deletions experienced poorer overall survival and
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primary therapy outcomes. CDKN2A-inactivated PDAC patients exhibited increased sensi-
tivity to paclitaxel and SN-38, suggesting these as potential therapeutic options. The study
also proposed paclitaxel as a potential treatment for CDKN2A-inactivated PDAC patients,
as it mimicked the gene expression profile associated with CDKN2A restoration [54].

Therapeutically, PDAC with CDKN2A inactivation shows sensitivity to certain drugs
like paclitaxel, indicating possible treatment strategies for tumors with these mutations.
While targeted therapies may benefit patients with germline pathogenic CDKN2A variants
and somatic loss, specific drugs are not detailed in the available information. Personalized
treatment approaches, especially considering CDKN2A status, could enhance the efficacy
of clinical trials for advanced pancreatic cancer. Overall, there is therapeutic potential
in inhibiting the progression of pancreatic cancer by targeting CDKN2A mutations, but
further research is essential to fully comprehend the effectiveness of these treatments and
develop more precise and impactful therapeutic strategies [60,61]. The TAPUR Study, a
phase II multi-basket clinical trial, investigated the anti-tumor activity of targeted agents
in advanced cancers, including those with CDKN2A genomic alterations. In PDAC and
gallbladder cancer (GBC) cohorts, single agent palbociclib, a Cyclin D Kinase 4/6 (CDK 4/6)
inhibitor lacked clinical activity. However, whole exome sequencing and transcriptomic
sequencing revealed a 23% rate of CDKN2A mutant status [56].

Understanding the genetic landscape of CDKIN2A in pancreatic cancer provides valu-
able insights into risk assessment, surveillance strategies and potential targeted therapies
for this challenging disease.

4. SMAD4
4.1. TGF-P Signaling and Tumor Suppression/Promotion

SMAD}4 is a crucial mediator in the Transforming Growth Factor Beta (TGF-p) sig-
naling pathway, governing essential cellular processes like cell growth, differentiation,
apoptosis and migration [81]. In this pathway, TGF-f binding to cell surface receptors
triggers the activation of SMAD proteins, forming a complex with SMAD4. This complex
translocates to the cell nucleus, regulating gene activity by binding to specific DNA re-
gions [113] (Figure 2). Moreover, SMAD4 engages in a feedback loop by activating the
transcription of its upstream receptors, thus maintaining pathway sensitivity [62]. This
multifunctional protein also facilitates the activation of receptor-regulated SMADs (R-
SMAD:s), including SMAD3 and SMADI, highlighting its role in orchestrating downstream
events [62,81]. Beyond the TGF-f pathway, SMAD4 participates in crosstalk with the
Wnt signaling pathway by inducing the transcription of FZD4, a Wnt pathway receptor,
emphasizing its broader regulatory impact on cellular functions [114].

In the context of tumorigenesis, SMAD4 is instrumental in inducing cell-cycle ar-
rest and apoptosis, crucial mechanisms for controlling cell proliferation and eliminating
damaged cells [81]. Furthermore, SMADA4 plays a pivotal role in the regulation of Epithelial-
Mesenchymal Transition (EMT), a process with implications for cancer growth, wound
healing and cancer metastasis [81]. Dysregulation of SMAD4 is associated with various
aspects of cancer progression, encompassing autophagy, invasion and metastasis, under-
scoring its significance in cellular responses and disease [114]. SMAD4 also has a feedback
regulatory function in the TGF-f signaling pathway. For instance, SMAD4 knockdown
decreases TGFBR2 mRNA expression, whereas SMAD4 overexpression increases its expres-
sion [115].

In cancer, SMAD4 inactivation is frequent, notably in over half of PDAC and various
other cancers. While usually SMAD4 loss alone does not initiate tumor formation, it
promotes progression after cancer is initiated by other oncogenes like KRAS in PDAC and
APC in colorectal cancer. However, in skin cancer, SMAD4 loss plays an initiating role by
disrupting DNA damage response and repair [81].
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Figure 2. Schematic representation of the mode of action of TGF- on cytoplasmic membrane
receptors as well as the action of SMAD 4-SMAD 2/3 complex on intranuclear target genes: TGF-f3
binds to cytoplasmic membrane receptors, triggering downstream signaling cascades. One key
pathway involves the formation of a SMAD4-SMAD2/3 complex, which translocates into the nucleus
and regulates the expression of target genes, influencing various cellular processes. This mechanism
illustrates how TGEF-f signaling via SMAD proteins modulates gene expression and cellular responses.
Created with BioRender.com (accessed on 27 February 2024).

4.2. SMAD4 Mutations and Pancreatic Cancer Behavior

The DPC4 gene, located at 18q21.1, encodes Smad4 and is frequently altered in PDAC,
with approximately 90% exhibiting loss of heterozygosity at chromosome 18q. A study
investigated the role of AGR2, regulated by TGF-3 and SMAD4, in PanIN progression.
TGF-p1 down-regulated AGR2 in pancreatic cancer cell lines, and SMAD4 was identified
as a key mediator in this regulation. AGR2, essential for MUC1 expression, interacts
with MUC1 in the endoplasmic reticulum (ER), and its deficiency leads to reduced MUC1
expression in pancreatic lesions [116,117]. Smad4/DPC4, activated by TGF-f3 signaling,
acts as a tumor suppressor gene. In pancreatic cancer, its inactivation is common, with
immunohistochemistry effectively distinguishing benign from malignant states. A study
involving 249 PDAC patients revealed that 43% lacked SMAD4 expression and 45% were
positive. Genetic analysis showed concordance between SMAD4 expression and genetic
status in 97% of cases. Patients with intact SMAD4 expression exhibited significantly
improved prognosis, with a median survival of 19.2 months compared to 14.7 months for
those lacking SMAD4 [66,82].

Analysis of 22 PDAC cell lines focused on genetic alterations in key cancer-related
genes. Homozygous deletion of DPC4 was found in 32% of cases, exclusively present in
cases with concurrent alterations in K-ras, p53 and p16. This suggests that DPC4 inactiva-
tion is a late-stage event in pancreatic carcinoma pathogenesis [67]. SMAD4 loss in PDAC
has been associated with reduced lymphocyte infiltration, lower T-cell marker expression
and decreased T-cell-mediated cytotoxicity. Patients with intact SMAD4 exhibited signifi-
cantly better overall survival. Loss of SMAD4 impaired immune-related chemokine and
cytokine synthesis, altered T-cell activation and reduced PD-L1 expression. Despite TGFf3
signaling downregulating PD-L1 in vitro, SMAD4-intact tumors in vivo exhibited higher
PD-L1 expression [68]. Another study investigated TGFB1-induced autophagy in PDAC
progression, considering SMAD4 status. High LC3B expression, a marker of autophagy,
correlated with TGFB1 and associated with pathways related to cell adhesion, migration
and cancer. TGFB1-induced autophagy was more pronounced in SMAD4-negative cells.
SMAD4 was found to be involved in autophagy induction by TGFB1 in SMAD4-positive
cells. The dual roles of TGFB1-induced autophagy were revealed, inhibiting proliferation
and promoting apoptosis in SMAD4-positive cells, while enhancing migration and the
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epithelial-mesenchymal transition. LC3B expression correlated with poor prognosis in
SMAD4-negative PDAC patients, suggesting its potential as a prognostic marker [69].

4.3. Prognosis and Treatment Outcomes

SMADJ4, a pivotal component of the TGF-f3 signaling pathway, plays a crucial role in
regulating various biological processes and is integral to tumorigenesis. Its loss or mutation
significantly contributes to cancer progression, making it a potential target for therapeutic
interventions [81,113]. As aforementioned, in PDAC, SMAD4 mutations have profound
implications, promoting tumor progression and metastasis, inducing resistance to radio-
therapy and correlating with poor prognosis. These mutations impact stem-cell renewal,
the epithelial-mesenchymal transition (EMT) and immune modulation, influencing treat-
ment outcomes [63,64,68,70,83]. Specifically, SMAD4 mutations contribute to radiotherapy
resistance through autophagy promotion, potentially serving as a biomarker for treatment
efficacy [63]. While SMAD4 loss is associated with poor prognosis and shorter survival,
its impact on chemotherapy response may vary, based on specific treatment regimens and
disease stages [64,70,71].

The DPC4 gene, encoding SMADA4, frequently experiences inactivation in PDAC, lead-
ing to enhanced metastasis and worse prognosis. Patients with DPC4-expressed cancers
exhibit longer survival, emphasizing the significance of SMAD4 in treatment outcomes.
Notably, SMADA4 loss is associated with distant metastases, highlighting its role in disease
progression patterns [72-76,118]. Patients with an inactivated DPC4 gene function have a
higher risk of metastatic recurrence, with DPC4 inactivation being the most strongly corre-
lated factor. Recurrence analysis indicates a significantly higher proportion of metastatic
recurrences in the DPC4-inactivated group. DPC4-expressed cancers exhibit longer median
overall survival (OS) and progression-free survival (PFS). Concurrent chemotherapy and
local control show favorable outcomes, particularly in DPC4-expressed cancers [72]. In a
cohort of 348 PDAC patients, DPC4/Smad4 expression loss was found in 53% of tumors.
Univariate analysis links loss of DPC4/Smad4 to poor prognosis, but multivariate analysis
reveals dependence on tumor size and lymph node involvement. In resected cases, loss of
DPC4/Smad4 is associated with improved survival, suggesting it as a potential indicator
for a beneficial response to resection [73]. Genetic alterations, including K-ras mutations,
p53 and DPC4 expression, as well as c-erbB-2 overexpression, correlate with postoperative
survival [74].

The loss of p16 and SMAD4/DPC4 immunolabeling has been associated with sig-
nificantly shorter OS and DFS. Multivariate analysis identified the loss of SMAD4/DPC4
immunolabeling as an independent prognostic factor for overall and disease-free survival.
The number of altered genes correlated with survival outcomes, with patients harboring
three altered genes exhibiting significantly worse survival than those with one or two
altered genes. Additionally, the loss of p16 immunolabeling was linked to distant metas-
tases, emphasizing its association with disease progression patterns [75]. Among various
gastrointestinal and extra-gastrointestinal carcinomas, the loss of SMAD4 staining is the
most prominent in PDAC [76].

The majority (74%) of 69 patients in a phase II trial diagnosed with locally advanced
(T4) pancreatic adenocarcinoma had unresectable tumors and were treated with cetuximab,
gemcitabine and oxaliplatin, followed by chemoradiation with cetuximab. Treatment
compliance was high, with 87% completing planned chemotherapy and chemoradiotherapy.
Disease progression occurred in 69.6% of patients, with intact Smad4(Dpc4) expression
associated with a local dominant pattern of progression, while Smad4(Dpc4) loss correlated
with a distant dominant pattern [77]. In a univariate analysis, the loss of SMAD4 was
significantly associated with poor OS in Asian patients, those with smaller sample sizes
and those with a cutoff value of 0 [78]. Interestingly, mice with SMAD4 deficiency did
not exhibit abnormalities in pancreas structure or physiology. However, when combined
with the oncogenic KrasG12D mutation, Smad4 deletion dramatically accelerated the
development of pancreatic tumors, leading to a significant reduction in survival [65].
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The TGF-3 /SMAD4 signaling pathway plays a pivotal role in pancreatic carcinogen-
esis, with TGF-1 activating a SMAD4-dependent pathway crucial for regulating gene
expression in normal pancreatic cells. However, in pancreatic adenocarcinoma, SMAD4-
dependent TGF-{ signaling is often inactivated, diminishing its tumor-suppressive effects.
Over 50% of PDAC cases exhibit TGF-f3 pathway mutations, prominently involving Smad4,
which is lost in 60-90% of cases. This loss facilitates tumor progression, metastasis and
angiogenesis through Smad4-independent pathways, contributing to the complexity of
PDAC. TGF-f also influences the tumor microenvironment, impacting immune responses
and promoting fibrosis. In PDAC, elevated TGF-§3 levels are associated with increased
metastasis and poorer prognosis, correlating with larger tumors, lymphatic and distant
metastases, as well as advanced tumor stages, ultimately leading to reduced overall sur-
vival rates. Notably, Smad4 loss or inactivation is linked to adverse prognostic outcomes,
with intact SMAD4 expression associated with significantly improved median and five-
year survival rates. The frequent mutation of TP53 in conjunction with TGF-3/Smad4
alterations offers potential avenues for targeted interventions in pancreatic cancer [84].
Studies assessing SMAD4 expression’s prognostic significance in resected pancreatic cancer
highlight its critical role. In one study, 59.8% of specimens were SMAD4—, correlating
significantly with adverse clinicopathological parameters and adverse EMT status. Patients
with SMAD4+ experienced significantly better disease-specific and disease-free survival
compared to their SMAD4— counterparts. Multivariate analysis identified SMAD4— as the
most prominent prognostic factor for PDAC, emphasizing its significance alongside other
factors like elevated CA19-9 levels and metastatic characteristics [79].

Another study involving 237 patients identified SMAD4 loss and an activated Hedge-
hog (Shh) signaling pathway as predictors of poor prognosis. Patients with SMAD4 loss,
high Glil and SMO expressions had significantly worse overall and recurrence-free survival.
The integrated model combining SMAD4 status, Glil and SMO expressions demonstrated
superior prognostic strength compared to individual variables, suggesting potential clini-
cal utility. The study proposed the loss of SMAD4 in conjunction with an activated Shh
pathway as a predictive factor for prognosis in PDAC, emphasizing the potential clinical
significance of this molecular profiling in patient counseling and disease management [80].
In a study involving 95 PDAC cases, SMAD4 Y353C mutation, a novel mutation, was
identified in 75.7% of carcinoma tissues, correlating significantly with malignant pheno-
types. Functional analyses showed that this mutation resulted in lower SMAD4 expression
in vitro. SMAD4 Y353C promoted epithelial-mesenchymal transition (EMT), increased
cell migration and invasion, and altered E-cadherin and Vimentin expression. Despite
associations with malignant phenotypes, SMAD4 Y353C did not affect the overall survival
rate. This study suggests that SMAD4 Y353C may act as a tumor suppressor gene, empha-
sizing its potential as a therapeutic target and the need for further research to explore its
mechanisms and implications for PDAC treatment [70].

Therapeutic approaches targeting SMAD4 mutations in pancreatic cancer seem promis-
ing, particularly in the realm of T cell-related therapy, indicating potential avenues for
immunotherapy. Additionally, strategies inhibiting autophagy, a process promoted by
SMAD4 mutations and implicated in radiotherapy resistance, could enhance the effective-
ness of radiotherapy in SMAD4-mutant tumors. The TGF-/SMAD4 pathway, disrupted
by SMAD4 mutations, emerges as a potential therapeutic target for treating SMAD4-mutant
tumors [85,119].

However, several therapeutic barriers exist. SMAD4 mutations can lead to resistance
to radiotherapy through the promotion of autophagy, suggesting that SMAD4 status could
serve as a molecular biomarker for PDAC but also posing a challenge for effective treatment.
The impact of SMAD4 mutations varies among different tumor types, contributing differ-
ently to tumor initiation and progression. For instance, SMAD4 loss alone may not initiate
tumor formation but can promote tumor progression initiated by other genes, such as KRAS
activation in pancreatic ductal adenocarcinoma and APC inactivation in colorectal cancer.
This variability presents challenges in developing effective, targeted therapies [64,81].
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Moreover, TGF-3-mediated suppression of AGR2, partially mediated by SMAD4,
implicates AGR2 as a potential molecular target for PDAC prevention and treatment.
AGR? deficiency delays PDAC initiation and progression in a mouse model, suggesting
its integral role downstream of oncogenic KRAS. Additionally, a study exploring SMAD4
gene mutation’s impact on pancreatic cancer response to radiotherapy reveals that SMAD4
depletion induces resistance to ionizing radiation. Knocking down SMAD4 in pancre-
atic cancer cells leads to increased radio-resistance, heightened DNA damage, genomic
instability and decreased levels of key DNA double-strand break repair proteins [64,117].

5. KRAS
5.1. KRAS Mutations in Pancreatic Tumors

The prevalence of KRAS mutations in pancreatic tumors is striking, with mutations
of the KRAS gene being present in 90-95% of pancreatic adenocarcinomas, making it the
most frequently mutated gene in this type of cancer [97]. In particular, the KRAS isoform
is mutated in 84% of all RAS-mutant cancers, with a near 100% mutation frequency in
PDAC. This high prevalence is significant as it makes PDAC arguably the most RAS-
addicted cancer, with substantial experimental evidence that mutant KRAS is essential for
its growth [107]. The most common KRAS mutations in patients with PDAC are found
in codons 12, 13, and 61, with G12D being the most common mutational substitution.
Despite the high prevalence of KRAS mutations in pancreatic cancers, only a limited
number of cases harbor an actionable point mutation, which poses a challenge for targeted
therapies [120].

One KRAS (Kirsten rat sarcoma viral oncogene homolog) mutation is present in up to
25% of all human tumors, and this is one of the most frequently activated oncogenes. Recent
research has demonstrated that the presence of the KRAS mutation may directly influence
medical decisions in patients with cancer [121]. Oncogenic KRAS mutation plays a crucial
role in the initiation and progression of PDAC by inducing reactive oxygen species (ROS)
generation through metabolic changes. This excess ROS triggers key signaling pathways
implicated in PDAC development [122]. In a study, pancreas-specific blockade of TGF-3
signaling, combined with active KRAS expression, led to aggressive PDAC development
with enhanced progression, metastatic potential, and invasion [86]. The stepwise progres-
sion from intraepithelial neoplastic lesions to adenocarcinoma in pancreatic cancer involves
early events of oncogenic KRAS mutations. The interplay of KRAS and EGFR signaling
pathways underscores the need for a multifaceted understanding of their dynamics for
potential therapeutic interventions and personalized treatment strategies [108]. Impor-
tantly, a study conducted genomic analyses on pancreatic cancer, involving 456 tumors
primarily of PDAC and its variants. The research identified 32 significantly mutated genes
grouped into 10 molecular mechanisms, including KRAS mutations in 92% of cases. A
copy number analysis revealed recurrent gains and losses, implicating genes like MET
and CDKN2A [87]. A study investigating lipid metabolism in PDAC uncovered a link
between oncogenic KRAS mutation and increased storage of fatty acids in intracellular
lipid droplets. The hormone-sensitive lipase (HSL) was identified as a key player, with its
suppression by oncogenic KRAS contributing to tumor cell invasion [88]. Achieving high
RAS activity and the loss of tumor suppressors are critical for PDAC formation [89].

5.2. KRAS Mutations on Tumor Development and Progression

In pancreatic cancer, deregulated signaling networks contribute to disease progression.
The EGFR-KRAS network in Figure 3, with frequent KRAS mutations, activates down-
stream pathways like RAS-MAPK and PI3K-AKT, promoting cell survival and proliferation.
The dysregulation of Hippo signaling, often via YAP/TAZ amplification, plays a crucial
role in PDAC initiation and progression, providing a potential therapeutic target. Inflam-
mation, driven by KRAS signaling and proinflammatory cytokines, accelerates PDAC
development, impacting cell survival, proliferation and metastasis [37]. The prognostic
significance of KRAS mutational status in unresectable pancreatic cancer was explored in a
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study analyzing plasma DNA samples from 91 patients. KRAS mutations correlated signif-
icantly with tumor staging and liver metastases. Patients with plasma KRAS mutations
exhibited significantly shorter median survival times [98]. Berrozpe et al. revealed that 71%
of pancreatic cancer cases demonstrated mutations in the KRAS gene, primarily at codon
12, indicative of the pivotal role of these mutations in pancreatic tumorigenesis [123]. A
multicentric study of advanced PDAC patients found that the G12D KRAS mutation was
significantly associated with worse overall survival. This association held true, even in the
subgroup that received chemotherapy, highlighting the independent negative prognostic
impact of the G12D KRAS mutation in unresectable pancreatic cancer [99]. KRAS muta-
tions, particularly the G12D variant, were associated with reduced median survival time.
The combination of KRAS and CDKN2A mutational status was proposed as a potential
independent prognostic marker [52]. Hayashi et al. revealed that KRAS has been the most
frequently mutated gene, identified in 96% of cases. While mutations in CDKN2A, TP53
and SMAD4 were also prevalent, occurring in 7—42% of cases, nonsynonymous mutations
in other cancer-related genes were rare. Survival analyses demonstrated that the number
of mutated driver genes, rather than mutations in individual genes, was significantly asso-
ciated with overall survival. Patients with 0 to 2 mutated genes had a substantially longer
median overall survival compared to those with 3 mutated genes [100].
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Figure 3. Diagrammatic presentation of the KRAS pathway: The KRAS pathway, including PI3K, RAF
and RAL, operates synergistically to regulate key cellular processes such as proliferation, survival
and metabolism. Upon activation by extracellular signals, KRAS initiates a signaling cascade that
involves the activation of PI3K, RAF and RAL proteins. These downstream effectors act in concert
to propagate signaling, leading to the activation of various pathways involved in cell growth and
survival. Dysregulation of this synergistic network, often through mutations in KRAS or its effectors,
contributes to cancer development and progression. Created with BioRender.com (accessed on 27
February 2024).

Mouse models were employed to investigate the cooperative impact of p16 inactiva-
tion and KRAS activation on pancreatic tumor development. The results demonstrated
that while p16 inactivation alone did not initiate tumorigenesis, combined with KRAS
activation, it significantly accelerated tumor progression and metastasis, closely resem-
bling human pancreatic ductal adenocarcinoma. Loss of the wild-type KRAS allele further
promoted tumor cell proliferation and metastasis [90]. In examining localized pancreatic
and ampullary adenocarcinomas, it was found that KRAS mutations were present in 80%
of PDAC and 67% of ampullary adenocarcinomas. Notably, KRAS mutations served as
an independent prognostic biomarker for shorter overall survival in chemotherapy-naive
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patients with ampullary adenocarcinoma [101]. A meta-analysis delved into KRAS muta-
tions in pancreatic preneoplastic lesions associated with PDAC and chronic pancreatitis
(CP). KRAS mutations were found in 10% of CP lesions and 44% of PDAC lesions, with an
increase in frequency with the progression of PanIN grade [102].

5.3. Targeted Therapies for KRAS-Mutant Pancreatic Cancer

In the pursuit of targeted therapies for KRAS-mutant pancreatic cancer, diverse strate-
gies have emerged, each being promising in addressing the challenges posed by this
notoriously resistant oncogene. One innovative approach employs a CRISPR-Cas13a sys-
tem for precise targeting of mutant KRAS at the transcriptional level [124]. Utilizing
Leptotrichia-derived Cas13a proteins and optimized crRNAs demonstrated robust knock-
down of KRAS-G12D mRNA, inhibiting downstream signaling pathways and impeding
tumor growth in vivo [91]. Moreover, KRAS-independent survival was observed in some
PDAC cells, with the PI3K pathway playing a compensatory role. The study proposed
combined KRAS and PI3K inhibition as a therapeutic strategy for PDAC [92]. The potential
therapeutic implications involve targeting both MEK and PI3K pathways in pancreatic
cancer treatment [93]. Efforts to develop therapeutics targeting mutant KRAS have predom-
inantly focused on inhibiting KRAS effector signaling pathways, with a key emphasis on
the RAF-MEK-ERK cascade [107]. Additionally, KRAS WT cases showed higher microsatel-
lite instability and tumor mutational burden, potentially making them more responsive to
immune checkpoint inhibitor therapies [103]. Combinatorial approaches targeting multiple
KRAS effector pathways, such as MAP kinase and PI3K/AKT, are considered, along with
therapies addressing the adaptability of metabolic pathways and the heterogeneity of
pancreatic tumors.

Expanding on KRAS mutations, a study utilizing EUS-FNA tissue samples and ctDNA
unveiled that KRAS as mutations were detected in 74.7% of EUS-FNA samples and 62.6%
of ctDNA samples. The G12V and G12D mutations were prevalent, and their presence
in ctDNA was associated with significantly shorter median survival times [104]. In the
context of metastatic PDAC, detectable ctDNA has been associated with clinical outcomes,
and ctDNA dynamics provided more significant prognostic information compared to the
standard biomarker CA19-9 [105]. SiRNA-based approaches also emerge as promising ther-
apeutic strategies. One study employs siRNA vectors targeting specific KRAS mutations,
revealing their specificity in inhibiting both wild-type and mutant forms of KRAS, conse-
quently inhibiting cell proliferation and viability [94]. Silencing mutant KRAS in human
pancreatic cancer cells using specific siRNA effectively reduces KRAS expression, leading
to a dose-dependent decrease in KRAS protein levels. This results in significant reductions
in cell proliferation, colony formation and altered cell cycle proteins, indicating cell-cycle
arrest. Apoptosis is observed, accompanied by reduced cell migration, altered angiogenic
factors and changes in glucose metabolism [125]. Another investigation delves into the
design of a biodegradable matrix, the LODER, containing anti-KRASG12D siRNA for
sustained local delivery. This approach effectively inhibited pancreatic cancer cell growth
in vitro and demonstrated tumor growth inhibition in xenograft and syngeneic mouse
models [95]. Furthermore, in a clinical trial involving siG12D-LODER, a sustained release
siRNA matrix, in combination with chemotherapy, promising outcomes were observed,
including inhibited tumor growth, reduced metastasis development and improved survival
rates in patients with locally advanced PDAC [106]. Expanding the therapeutic arsenal,
exosomes have been explored as carriers for targeted delivery of siRNA against oncogenic
KRAS. Exosomes expressing CD47 demonstrated enhanced circulation and accumulation
in pancreatic tumors, effectively reducing KrasG12D mRNA levels and inhibiting tumor
growth in mouse models [96]. Additionally, targeting deregulated metabolic pathways in
PDAC has been investigated, with a focus on disrupting non-canonical redox homeostasis
through GLS-1 inhibition and blocking nutrient salvage pathways [108].
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6. Conclusions

In summary, the molecular profiling of pancreatic tumors has unveiled critical in-
sights into the genomic landscape, revealing the prominence of key players such as TP53,
CDKN2A, SMAD4 and KRAS. These findings underscore the heterogeneity and complexity
of pancreatic cancer, emphasizing the need for tailored therapeutic strategies. The poten-
tial for personalized approaches, guided by individual tumor molecular profiles, stands
as a beacon of hope for improving treatment outcomes. The prognostic significance of
specific molecular signatures in predicting patient outcomes offers promise but requires
further exploration.
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