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Introduction

Abstract

Introduction: Pancreatic cancer, which results
from the uncontrolled growth of pancreatic
cells, is the fourth most frequent cause of cancer-
related mortality in the United States. About 90%
of instances of pancreatic cancer are pancreatic
adenocarcinomas, and occasionally "pancreatic
cancer" is used exclusively to describe this subtype.
Nab-paclitaxel, gemcitabine, and FOLFIRINOX
are examples of modern chemotherapeutic drugs ,

that have the ability to quickly confer resistance
in pancreatic tumor cells. Therefore, in order
to treat this dreadful condition, it is essential to
develop more effective medicines. Inhibition of
the ubiquitin-proteasome system (UPS) causes pancreatic cancer cells to die apoptotically. In
eukaryotes, UPS is an essential mechanism for protein breakdown. Pancreatic cancer cells are
more susceptible to endoplasmic reticulum stress (endoplasmic reticulum [ER] stress) and
apoptosis when treated with bortezomib, a proteasome inhibitor that is the first in this group of
drugs approved for the treatment of cancer, especially multiple myeloma.

Methods: Searching through PubMed and Google Scholar and gathering data.

Results: UPS is still a popular target for pancreatic cancer treatment among researchers. However,
despite the favorable results of UPS-based therapies in vitro and in vivo, the clinical results are not
as promising as expected.

Conclusion: A deep understanding of it, is essential to achieving the maximum results. In this
review, we aim to look into the UPS along with searching for the novelist therapies for pancreatic
adenocarcinoma based on manipulating it.

Improvement of Pancreatic
adenocafiroma prognosis

A Y

Transcription
factors inhibitors

Redox signaling

regulators PROTACS

inhibitors

to be diagnosed with pancreatic adenocarcinoma.? The

The most common cancer among those with a bad
prognosis in western populations is pancreatic cancer. In
terms of new instances, this cancer is currently in tenth
place.! Globally, the incidence of all forms of pancreatic
cancer (85% of whom are adenocarcinomas) varies from
one to ten cases per 100000 persons.” In the Western
world, pancreatic cancer ranks fourth for men and fifth
for women in terms of cancer-related death.’ Europe
and North America have the highest age-standardized
incidence, while Africa and South Central Asia have the
lowest.* It is uncommon for anyone under the age of 40

incidence is highest in the seventh and eighth decades of
life.®

Among all pancreatic malignancies, pancreatic
adenocarcinoma is the most common, accounting for 80%
of them.>® Over the next 10 years, lung cancer is expected
to be passed on by pancreatic ductal adenocarcinoma
(PDAC), the most common form of pancreatic cancer,
as the second-leading cause of cancer-related mortality
in the US.”® About 10-20% of pancreatic carcinomas
are resectable and potentially curable, and the five-year
survival rate is only 4%; hence, the majority of pancreatic
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cancer treatments are palliative in nature.”'® Gemcitabine,
nab-paclitaxel, and FOLFIRINOX are examples of
modern chemotherapeutic drugs that have the ability
to quickly confer resistance in pancreatic tumor cells.
Therefore, in order to treat this dreadful condition, it is
essential to develop more effective medicines.”"!
Interestingly, subcellular localization, concentration,
and conformation of proteins in cells are maintained by
a highly complicated and coordinated process known as
protein homeostasis or proteostasis.'? It contains multiple
pathways controlling protein transport, disposal, protein
synthesis, and folding.” In general, a proper balance
between normal protein production and aberrant protein
breakdown is required to preserve cellular proteostasis
and guarantee normal cell function.” In fact, stressors
such as diseases, UV exposure, and aging increase the
misfolding and mutation of proteins.”>*® Essentially,
chaperones attempt to repair misfolded proteins, but
when their function fails, the proteins accumulate and
may cause cytotoxicity as well as abnormal cell states.
The UPS is a "highly conserved system" that causes
cells to permanently remove protein substrates and is
essential for cells to efficiently and immediately degrade
misfolded/damaged proteins through ubiquitination.”
Unfortunately, cancer cells can disturb normal protein
synthesis and protein degradation and, in this regard,
up-regulate the destruction systems, which leads to an
increase in tumor suppressor protein degradation, which
in turn causes apoptosis avoidance.'® Therefore, UPS is still
a popular target for cancer treatment among researchers.”
Significantly, in the last decades, multiple -effective
chemotherapy regimens have been developed, which has
led to the advancement of pancreatic adenocarcinoma
treatment, but the prognosis of metastatic disease still
remains poor compared to other cancers, and long-term
survival is exceptional . Interestingly, UPS is still a popular
target for pancreatic cancer treatment among researchers;
however, despite the favorable results of UPS-based
therapies in vitro and in vivo, the clinical results are not as
promising as expected. Therefore, a deep understanding
of it, is essential to achieving the maximum results. In
this review, we attempt to investigate the UPS along
with the search for the newest treatments for pancreatic
adenocarcinoma based on its manipulation.

Pathophysiology of pancreatic adenocarcinoma
Involving genes

The pancreatic adenocarcinoma genome exhibits
numerous amplifications, deletions, and rearrangements,
along with a variety of large-scale chromosomal
alterations.? Somatic mutations have been used as
molecular clocks to evaluate the molecular evolution
of pancreatic tumors. According to this research, it will
take a precursor neoplastic clone around 10 years to
develop into a malignant clone, and it will take another

few years for metastatic subclones to form from the
original malignancy.”’ Comparing a patient's primary
pancreatic cancer and its metastases reveals that genetic
instability persists after cancer spreads, with some genetic
heterogeneity developing in different metastases, as well
as that almost all of the key driver genes have been altered
before the onset of invasive adenocarcinoma. These
estimations show that a primary tumour can remain in
the pancreas for a number of years before metastasizing,
affording chances for screening,? although taking into
account the substantial variation in tumor behavior in
different individuals.

Pancreatic cancer is mostly driven by four genes: KRAS,
TP53, CDKN2A, and SMAD4.* Oncogenes including
EGFR, AKT2, MYB, and BRAF, as well as tumor-
suppressor genes like FBXW7, MAP2K4, ACVR2A,
TGFBR1, TGFBR2, STK11, ACVRI1B, and EP300, are
among the genes altered in a small percentage of (20%)
pancreatic malignancies.”?> The underlying genetic
propensity of the great majority of people at familial risk
is yet unknown.**

Oncogenes

KRAS

Even in low-grade pancreatic intraepithelial neoplasias,
KRAS mutations and telomere shortening have been
identified as the early genetic abnormalities; telomere
shortening is believed to contribute to chromosomal
instability. In contrast, invasive carcinomas and advanced
intraepithelial neoplasias exhibit inactivation of TP53,
BRCA2, and SMAD4.* A highly frequent genetic
anomaly in invasive pancreatic adenocarcinomas is KRAS
oncogene mutational activation.*?

The KRAS mutation has a significant impact on the
onset and progression of the illness.” KRAS mutations
are present in more than 90% of pancreatic tumours,
and they are among the early genetic changes in
pancreatic carcinogenesis.” KRAS2 oncogene mutations
led to the activation of proliferative survival signaling
pathways.” Numerous studies have demonstrated that
both individuals with resectable tumors and those with
unresectable malignancies who carry the KRAS mutation
have a poor prognosis. Functional analyses indicate that
KRAS is necessary for the advanced pancreatic cancer to
continue progressing.?

The KRAS gene produces the small GTPase protein
KRAS, which serves as a molecular switch for a number
of cellular activities by linking cell membrane growth
factor receptors to transcription factors and intracellular
signaling pathways.?” It has been determined that codon
GI12 hotspot mutations in KRAS are found in 95% of
PDACs.*® KRAS is active when attached to guanosine
triphosphate (GTP), but inactive once attached to
guanosine diphosphate (GDP). In physiologic contexts,
the GTP-bound state switches from GTP-bound to GDP-
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bound once KRAS intrinsic GTPase activation is induced
by GTPase-activating proteins (GAPs).”

Over 80 downstream effector proteins and signaling
pathways, including mitogen-activated protein kinase
(MAPK)-MAPK kinase (MEK), rapidly accelerated
fibrosarcoma (RAF), phosphoinositide 3-kinase (PI3K),
and the mechanistic target of rapamycin (mTOR)-
AKT-MEK-extracellular signal-regulated kinase (ERK),
interact with the KRAS protein once it has bound GTP.”
Additionally, nuclear transcription factors (including
ELK, JUN, and MYC) are activated, which promotes
cell proliferation, differentiation, migration, conversion,
adherence, and survivability.”” The intrinsic and GAP-
stimulated GTPase activities of various KRAS mutations
are distinctive. When it comes to KRAS mutations, G12C
and GI12D both have the greatest rates of intrinsic and
GAP-stimulated GTP hydrolysis. Due to these variations,
G12C inhibitors have been developed; nevertheless, there
is no specific treatment for other mutant variants of
KRAS.?

The most frequent mutational eventinhuman pancreatic
cancer is an acquired missense mutation in KRAS, which
changes the protein's 12th codon from glycine to aspartate
or valine and irreversibly activates it. KRAS encodes a
small GTPase that resides at the plasma membrane and
delivers signals to a number of downstream signalling
molecules when growth factor receptors, such as EGFR,
are activated.” The intrinsic GTPase activity of RAS is
compromised by the KRAS point mutation, and GAPs are

unable to promote the transformation of GTP (active) to
GDP (inactive). As a result of its constant association with
GTP, the KRAS protein persistently activates downstream
signaling pathways, supporting cellular activities such as
proliferation and survival. INK4a-ARF, TP53, and DPC4-
SMAD4 tumor suppressor pathways are genetically
inactive in the majority of pancreatic carcinomas, despite
oncogenic KRAS being activated in these tumors (as
well as losses of heterozygosity of 9p21, 17p, and 18q
chromosomes, respectively).”

RalA/B, RAF/MEK/ERK, and PI3K are the three
signaling arms that are activated as a result of the small
GTPase RAS being activated. Fig. 1 depicts these three
arms as having several direct connections between
proteins, denoted by solid black arrows, and indirect
connections, shown by dotted black arrows.* Inhibitory
interactions are shown by solid red bars, whereas
established regulatory feedback loops are represented
by dotted red lines. KRAS, the activated RAS protein
in pancreatic cancer, is caused by acquired oncogenic
point mutations like the missense mutation GI12D,
which prevents GAPs (GTPase Activating Proteins)
from hydrolyzing GTP (guanosine triphosphate) to GDP
(guanosine diphosphate) and deactivating RAS.*® On
the other hand, RAS (epidermal growth factor receptor)
can be activated by receptor-related tyrosine kinases
like EGFR. The activation of the adaptor protein GRB2
(growth factor receptor bound) and the GEF SOS, which
removes GDP from RAS and activates the molecule by
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Fig. 1. RalA/B, RAF/MEK/ERK, and PI3K are the three signaling arms that are activated as a result of the small GTPase RAS being activated. With

permission from the Mann et al* (Elsevier 2016).
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allowing the binding of GTP, occurs when extracellular
growth factors like EGF (epidermal growth factor) bind
to these receptors. RAF serine/threonine kinases are
subsequently drawn to the cell membrane by KRAS-
GTP, where they are turned on. B-RAF, the primary RAF
molecule implicated in pancreatic cancer, when activated,
initiates a phosphorylation cascade that activates MEK
(mitogen-activated protein kinase) and ERK (downstream
extracellular signal-related kinases) (Fig. 1).*

KRAS-GTP also stimulates PI3K signaling by activating
the p110 subunit of PI3K (composed of p85 and p110).
PIP2 (phosphatidylinositol 4,5-biphosphate) is converted
to PIP3 by active PI3K (phosphatidylinositol 4,5
triphosphate). AKT (which is additionally referred to
protein kinase B) is then promoted to become activated by
PIP3 via activating PDK1 at the plasma membrane or the
mTORC2 complex.”® AKT suppresses PTEN, a negative
regulator of AKT, and stimulates NF-kB, which blocks
the TSC1/TSC2 inhibitory complex of mTORCI. Last but
not least, KRAS-GTP stimulates Ral-GEF, which in turn
stimulates the Ral A/B small GTPases by allowing GTP
to attach to it. One known downstream target of Ral A/B,
which relieves NF-kB inhibition brought on by TANK, is
TBKI1 (TANK-binding kinase 1). Cell cycle progression,
proliferation, differentiation, and protein translation are
all impacted by all three signaling axes.*

By phosphorylating and then ubiquitinating FBW?7,
the KRAS mutation in pancreatic cancer reduced its
expression. Furthermore, FBW7 (F-box and WD repeat
domain-containing 7) reduced aerobic glycolysis in
pancreatic cancer through activating the tumor suppressor
thioredoxin-interacting protein (TXNIP), which is
located in the mitochondria.”’ Through the proteosomal
degradation of myeloid cell leukemia-1 (MCL-1), an
anti-apoptotic factor, FBW7 has been linked to anti-
apoptosis and treatment resistance. The role of FBW7
in gemcitabine-resistant pancreatic cancer, however,
has not been well studied. Researchers have shown that
pancreatic cancer cells with overexpressed FBW7 were
more sensitive to gemcitabine. In a different way than via
transcription, FBW7 enhanced gemcitabine sensitivity by
increasing the protein level of the equilibrative nucleoside
transporter 1 (ENT1).*!

KRAS activity is increased by mutations in p53 that
drive sequence-specific alterations in RNA splicing.
In order to encourage inclusion of cytosine-rich exons
inside GTPase-activating proteins (GAPs), negative
regulators of RAS family members, mutant p53 boosts
production of the splicing regulator hnRNPK.”? KRAS
activity is increased as a result of mutant p53-enforced
GAP isoforms losing their cell membrane associations. In
mutant KRAS/p53 PDACs, cytosine-rich exon insertion
inhibits tumor development. Furthermore, spliceosome
inhibitors make mutant p53 PDACs more susceptible
to splicing suppression. These findings shed light on the

treatments that target the co-enrichment of KRAS and
p53 mutations in PDAC.”

Tp53

More than 50% of all malignancies in people have mutant
p53 genes.” In 50%-75% of pancreatic cancer cells that
have been described, an aberrant TP53 gene has been
found.” This gene allows cells to evade DNA damage
control checkpoints and, consequently, apoptotic signals.
High-risk groups had considerably more KRAS and
TP53 alterations, and these mutations were also strongly
associated with a poor outcome.” The tumor-suppressor
activity of TP53 is rendered inactive by hotspots and
truncating mutations. The development of more aggressive
PDACs in mice with hotspot p53 mutations than in their
heterozygous or null counterparts suggests that mutant
variants of p53 have gain-of-function activities.”

The p53 pathway serves as a physical representation
of the molecular link between apoptosis and the cell
cycle. Nuclear phosphoprotein 53-kDa is produced by
the p53 gene. Through the triggering of cell cycle arrest
and death, p53 suppresses cell growth.> More than 50%
of PDAC patients have a p53 tumor suppressor gene
mutation, which often involves missense changes to
the DNA-binding domain.**** The presence of the p53
mutation in later-stage PanINs that have developed major
dysplastic characteristics is consistent with a function in
limiting the course of cancer.* The selective pressure to
eradicate p53 in these more developed PanINs could be
partially caused by a buildup of genetic damage, such as
telomere erosion and ROS, which activate p53-dependent
DNA damage checkpoint responses. The widespread
genomic instability in PDAC may both contribute to the
spread of advanced disease and serve as a reason for it to
be resistant to treatment options.** ARF prevents the p53
protein from being targeted by MDM2 for destruction
by the proteasome. In several cancer-relevant activities,
p53 pathway activity would be diminished and p53
protein levels would be markedly reduced as a result of
ARF deficiency. However, in 40% of instances of human
PDAC, both p53 mutations and ARF deletions are
present, suggesting that their roles in pancreatic cancer
suppression are distinct and may not overlap.*

Smad4

The SMAD4/MADH4 gene is lost in 50% of pancreatic
ductal adenocarcinoma cancer cells, which causes the
TGE-P cell surface receptor to signal abnormally.” The
TGEF-p signal transduction pathway contains the gene
product Smad 4. One of the main signaling routes
controlling the proliferation, differentiation, and death
of distinct cell types, loss of sensitivity to transforming
growth factor (TGF)-B-dependent signaling, is considered
to play a significant role in the formation of tumors.
Smad4, also called DPC4 (deleted in pancreatic cancer
locus 4), is an important factor in TGF-p signaling's
downstream regulation.® Smad4/DPC4 was first

4 | Biolmpacts. 2025;15:29993



Shateri Amiri et al

discovered as a tumor suppressor gene for pancreatic
cancer on human chromosome 18q21.1.”” Smad4/DPC4
mutations have been found in only 10% or fewer of
other cancers, suggesting that Smad4 has a crucial role
in TGF-B functional loss during the development of
pancreatic tumors. In fact, Smad4 mutations are crucial
for the development of malignant tumors. Because they
are more invasive and angiogenic, tumors that lack
functioning Smad4 are more likely to develop metastatic
lesions.”® Patients whose pancreatic adenocarcinoma
tumors expressed Smad4 protein had a considerably
longer life after surgery to remove the tumor. Recent
studies have demonstrated that certain Smad4 mutations
target the protein for quick degradation via the ubiquitin-
proteasome pathway, suggesting that Smad4 protein
instability may be a factor in cancer's lack of cellular
response to TGE-f.%

Through Smad4-regulated genes, TGF-p/Smad4
signaling promotes a tumor suppressive effect in normal
pancreatic cells. On the other hand, TGF- loses its tumor-
suppressing action and behaves as a tumor promoter in
tumor cells in some PDAC patients. Mutations in TGF-
transduction and the absence of Smad4 signaling are to
blame for the change in function.®® A progressive allele
for PDAC has been identified as SMAD4 due to its loss
in PanINs at a later stage.* Transforming growth factor
beta (TGE-P) signaling pathways are centrally mediated
by Smad4, a member of the Smad family of signal
transducers. Numerous physiological activities, such as
cell development, differentiation, proliferation, fibrosis,
and scar formation, are supported by the TGF-{ signaling
pathway. Through the stimulation of angiogenesis and the
inhibition of the immune system, it also plays a significant
part in the growth of malignancies.*

Ligand TGF-B causes transphosphorylation of the
receptors by binding a complex of Type I and Type II
transmembrane receptor serine/threonine kinases on the
cell surface. As a result, chosen Smads are phosphorylated
at C-terminal serines by the correspondingly activated
receptors, and these receptor-activated Smads (R-Smads)
then join forces with a common Smad4 to create a
complex.”® By interacting physically and working together
with DNA-binding transcription factors, activated Smad
complexes go into the nucleus, where they influence the
transcription of their target genes. Along with Smad4-
mediated signaling, Smad2/3 and Tifl form a complex,
and Smad complexes subsequently go into the nucleus
to control the transcription of target genes. Smad6
or Smad7 block the activation of R-Smads by Type-I
receptor kinases. Additionally activating Ras and ERK
in a Smad-independent manner and causing cancer are
phosphorylated TGF-p receptors.*®
Genes related to apoptosis inhibition
The extrinsic, or death-receptor, pathway and the
intrinsic, or mitochondrial, pathway are the two alternate

intracellular methods to induce apoptosis. Apoptosis,
also known as programmed cell death, is a key regulator
of healthy tissue homeostasis. Apoptosis is a physiological
process that helps the body get rid of extra, damaged, and
diseased cells. A basic anti-neoplastic process that stops
the growth of tumors in normal cells is apoptosis.** PDAC
cells, like other cancer cells, have developed resistance
mechanisms that focus on the death receptor level and
prevent TNFa, FasL, and TRAIL from properly initiating
apoptosis.” Furthermore, by overexpressing Bcl-family
proteins (Bfl1, BCL-XL, and MCL-1) and limiting caspase
activation, such as by inhibiting caspase inhibitors, PDAC
cells are protected from the mitochondrial cascade of
death.

By overexpressing caspase inhibitors (cIAP, XIAPI,
survivin), downregulating procaspase gene expression
through epigenetics, or directly inhibiting caspase by
cysteine nitrosylation,* lack of responsiveness to apoptotic
stimuli is primarily responsible for tumor formation,
progression, and resistance to the majority of oncologic
therapy. Defects in the apoptotic pathway can lead to
cancer cell resistance since chemotherapy and radiation
work largely by triggering apoptosis.* Multiple routes are
used by tumor cells to down-modulate apoptosis.*!

Genes related to metastasis

In fact, a number of genes, including integrins, members
of the cadherin family, cell-cell adhesion molecules
(CAMs), and others, have been discovered to modulate
the formation of metastatic lesions. In addition, it
appears that the formation of distant organ metastasis is
dependent on metalloproteinases, the uPA/uPAR system,
and the metastasis suppressor gene KAI1. Not to mention,
the newly discovered involvement of lymphangiogenesis
and angiogenesis in invasion and metastasis looked to be
crucial for the spread of tumor cells.*

Angiogenesis is one method of encouraging cancer
spread, as TGF-p affects endothelial cell migration
and proliferation as well as capillary formation, hence
boosting angiogenesis and vascular metastasis. Vascular
endothelial growth factor (VEGF), which is brought on by
TGEF-B, is a significant contributor to this vascularization.
Hypoxia, a typical milieu in a developing tumor, is the
main stimulant for its expression.” Through the activation
of inflammatory cells in the tumor environment, TGF-f
stimulates the secretion of proangiogenic factors like
matrix-metalloproteinases 2 (MMP2) and MMP-9 and
inhibits the production of anti-angiogenic factors like the
protease inhibitor TIMP. In addition to VEGF, TGF-f
also induces connective tissue growth factor (CTGF) to
further increase angiogenesis.*®

A new mechanism for the invasion and metastasis
of cancer has recently been identified as the exosome
secretion signaling pathway.* Exosomes are membrane
vesicles that are formed from multivesicular endosomes
and range in size from 40 to 100 nm. They are discharged
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after fusing with the plasma membrane. Exosomes are
used by cancer cells to connect with their surroundings
by releasing growth factors and cytokines and delivering
surface proteins.*” Exosome messaging has been shown to
aid in the establishment of the metastatic niche and tumor
immune evasion. The Rab family of small GTPases, which
controls vesicle fusion and trafficking, includes RAB27A.
A human melanoma cell line and melanocytes were used
to isolate it first. Most normal tissues and tumor cell lines
have been shown to express it. Cancers of the breast, lung,
bladder, rectal, prostate, and liver have abnormal RAB27A
expression, which has been linked to aggressive tumor
behavior."® RAB27A is expressed ectopically in glioma
cell lines, where it improves cell viability, encourages
proliferation and invasion, and inhibits apoptosis.”

In glioma and hepatocellular carcinoma, RAB27A
expression has been demonstrated as a prognostic
marker in vivo.* In recent research, it has also been
shown that TP53 plays a role in the control of exosome
secretion. On the one hand, exosomes can preserve the
TP53 protein to foster an environment that is favorable
for tumors,” and on the other, TP53 regulates exosome
synthesis and secretion by regulating the transcription
of important endosomal compartment regulators.
However, it is unknown how RAB27A and TP53 work
together to control exosome secretion. PDAC has been
shown to accumulate TP53 protein and to have TP53
mutations.* High levels of TP53 and RAB27A protein
expression were linked to distant metastasis and tumor
stage, respectively. Although researchers did not find an
association between high RAB27A protein expression and
TP53 expression, high RAB27A protein expression was
also linked to vascular invasion. High RAB27A and high
TP53 expression were shown to be substantially linked
with patients' poor overall survival in both univariate and
multivariate analyses.***

Other genes

The CDKN2A tumor suppressor gene is mutated in
95% of pancreatic ductal adenocarcinoma cells, which
results in the loss of the p16 protein and, consequently,
the control of the GI-S transition of the cell cycle.”® In
pancreatic tumors, the oncogene MDM2, which codes for
an E3 ubiquitin ligase, is also overexpressed.”

Epigenetic changes

Pancreatic tumors may have altered gene function due to
epigenetic alterations.” Alterations in DNA methylation,
histone modifications,and non-coding RNAsare examples
of epigenetic dysregulation. The tumor-suppressor
gene CDKN2A, whose promoter methylation and gene
silencing in pancreatic malignancies were originally
described, only exhibits epigenetic silencing in neoplasms
without genetic inactivation.® Only a tiny number of
traditional DNA repair and tumour suppressor genes,
such as MLH1 and CDHI, are epigenetically silenced in

pancreatic malignancies. Other genes, such as CDKNI1C,
RELN, SPARC, TFPI2, and others, are frequently the
focus of abnormal methylation and gene suppression
in pancreatic tumors. The diagnostic or biological
significance of several of the most often aberrantly
hypermethylated genes in pancreatic neoplasms has been
assessed.”” There have also been reports of promoter
hypomethylation for a number of genes, including
the mucin, SFN, MSLN, and S100A4 genes.”>* The
genesis and spread of cancer appear to be influenced by
changes in microRNA expression. It is believed that the
overexpression of a number of microRNAs, including
miR-200, miR-155, miR-34, and miR-21, in pancreatic
tumors contributes to the development of the disease.
Additionally, given that they are persistent and detectable
in human plasma, microRNAs may be valuable diagnostic
indicators. The aggressiveness and patterns of tumor
growth in pancreatic tumors are likely influenced by
genetic and epigenetic changes.”?

Alternate RNA splicing in cancer results in altered
gene expression, the production of functionally aberrant
proteins, and/or nonfunctional mRNAs. Splicing factor
mutations, dysregulated splicing factor expression, and
oncogenic transcription are all factors in this process. It is
unknown if and how PDAC may impact RNA splicing.”

Ubiquitin-proteasome system (UPS)

The UPS (ubiquitin-proteasome system) For the first
time in the 1980s,>°® Hershko and Varshavsky looked
into the ubiquitin-regulated degradation of proteins.
Notably, Hershko et al went into more detail on the EI,
E2, and E3 enzymes to better understand ubiquitin and
the accompanying proteolysis. Hershko made further
findings that went beyond only this, such as the biology
of UPS, the requirement of protein cleavage, and the
unique physiological role of UPS in transcription,
cell cycle progression, protein synthesis, DNA repair,
and stress response. In reality, throughout the 1990s,
such discoveries led to a major advancement in the
ubiquitin area. In addition, Hershko et al's discovery of
proteolysis via the UPS led to the development of UPS.”
Vershavsky's scientific research in 1980 resulted in a basic
comprehension of intracellular circuits.® Hershko, Rose,
and Cichanover won the 2004 Nobel Prize in Chemistry
as a result of their research, though.

The 26S proteasome, a tiny protein aggregation made
up of two 19S regulatory caps (RP) and a 20S core
component, is only found in mammals. It’s fascinating
center, which is surrounded by two holes and suitable for
extracting proteins, is empty.” Actually, the substrates
can enter the core for degradation through the holes,
which are close to the 19S caps as regulatory subunits.
An important function of these caps is to import
proteins into the core particle (CP) by cleaving them.”
The 11S complex is another component that functions
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similarly to the 19S cap, is related to CP, and is expressed
during immunological reactions. The 11S complex
normally functions to degrade proteins created during
viral infection. In general, IFN-y expression causes the
immunoproteasome to be produced, which results in
the generation of MHC I (major histocompatibility I)-
associated peptides in viral infections.”

Each of the four heptamer rings in the 20S complexes
has two distinct a and B subunits. The B subunit is
catalytic and a acts as a structural subunit. Surprisingly,
these subunits are identical to one another and are also
pseudoenzymes. Through their shared N-terminal
domains, these subunits are connected.® The subunit
often flanks the CP, and its N-terminal domain acts
as a gate to block the entry of undesirable proteins.®
Seven proteolytically active subunits that proteolyze
proteins form the two inner rings. Particularly, p1, B2,
and B3 perform the roles of trypsin, chymotrypsin, and
caspases, respectively.” These subunits can also exist in
the i, 12, and i5i, il forms that are produced in response
to disruptive signals like cytokines, especially interferon
(IFN-y). Immunoproteasomes, which are proteasomes,
include these subunits.®® The 19 proteins that make up RP
in eukaryotes are further broken down into two subunits.
10 proteins (Rpn3.5-12.15) and subunits make up the
lid.** While the 19S cap functions as a deubiquitinase, the
base subunit serves as a gateway and imports proteins.
Actually, protein degradation by the 20S core is triggered
by the 19S cap. The 19S cap's primary job is to open the
gate so that proteins can get to the CP.%

Protein ubiquitination is the first stage of the
proteolytic reaction. Three enzymes are needed for the
proteasome, which targets proteins for breakdown.
First, ATP is hydrolyzed by the ubiquitin-activating
enzyme (E1) before the ubiquitin molecule is adenylate.
The cysteine-active site of El is then translocated by
this ubiquitin.®® Ultimately, adenylated ubiquitin is
transferred to the second enzyme, a ubiquitin-conjugating
enzyme (E2). Then, enzymes called ubiquitin ligases (E3)
recognize target proteins and catalyze the translocation
of ubiquitin from E2 to proteins. Basically, at least four
ubiquitin molecules should tag the target protein, and
this should happen before the operculum can recognize
the protein.® Furthermore, ubiquitin molecules are
linked through leucine residues to form ubiquitin
chains. After ubiquitination, the target protein should
be sensed by the ubiquitin receptors. These receptors
feature one or more ubiquitin-associated ribs (UBA) and
an N-terminal domain that resembles ubiquitin (UBL).
UBA binds ubiquitin by three helical connections, while
RP checks UBL. These receptors enable the transfer of
polyubiquitinated proteins to the proteasome.*”

Proteins are recognized by RP after being ubiquitinated,
as the former described. The protease and its CP should
then come into contact with this protein.”*®® It must first

be deubiquitinated, and this deubiquitination creates
a compartment for nucleoprotein degradation that
increases the catalytic activity of the proteasome.® The
N-terminal region of the subunit fills a very small (about
13 A) opening in CP. Consequently, the unfolding of the
protein is required first. It is important to point out
that some research has focused on altering the subunit
to prevent proteasome action. Unexpectedly, in order
to leave the CP, all proteins need to unfurl by 20 amino
acids.” Importantly, some characters have the ability to
obstruct the mining process. Disulfide bonds, for instance,
prevent this process from happening.” Long glycine and
alanine sequences can also hinder unfolding and lower
the effectiveness of proteolysis.” It is interesting to think
that mutations that interfere with this mechanism could
help find efficient proteasome inhibitors. The structure
of tiny peptides that are produced during degradation
processes is often amenable to further processing into
smaller amino acid chains (Fig. 2).”?

Regulating factors

Table 1 summarizes the regulating factors that have been
targeted in PAC. Each will be explained in detail in the
next sections.

ATP ®
AMP + PP

PROTEASOME

Ub

HECT/RBR

Fig. 2. Ubiquitin-proteasome system (Designed by InShot & PicsArt).
Protein ubiquitination is the first stage of the proteolytic reaction. Three
enzymes are needed for the proteasome, which targets proteins for
breakdown. First, ATP is hydrolyzed by the ubiquitin-activating enzyme
(E1) before the ubiquitin molecule is adenylate. The cysteine-active site
of E1 then receives this ubiquitin by translocation. The second enzyme,
ubiquitin-conjugating enzyme (E2), receives adenylated ubiquitin in the
end. The transfer of ubiquitin from E2 to proteins is next catalyzed by
enzymes known as ubiquitin ligases (E3), which also detect target proteins
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Intrinsic factors

Redox signaling

Initial research focused mostly on reactive oxygen species
(ROS) and reactive nitrogen species (RNS) as potentially
harmful metabolic byproducts. Our knowledge of
their function in metabolism has significantly altered
over the past ten years, and they are now regarded as
crucial mediators in cellular signaling cascades and as
regulators of metabolic processes.*® The varied amounts
of extracellular and intracellular free radicals have a
significant impact on proteostasis, with either moderate or
severe consequences. For the purpose of controlling redox
signaling and preserving redox homeostasis, cells contain
effective enzymatic and non-enzymatic mechanisms.**
The food is the primary source of antioxidants, although
they can also be received via exogenous sources.”

The functioning of the cellular and molecular processes
that guarantee cellular integrity is compromised by
oxidative stress, as previously mentioned, which leads to
the disruption of homeostasis. Proteostasis is significantly
affected by oxidative stress, and the proteasome system
is essential®* Identifying and eliminating oxidatively
changed or damaged proteins, proteasomes, and
more especially the 20S complex, are essential for the
preservation of redox equilibrium. Such substrates
must be broken down by the 20S complex without the
use of ATP since protein oxidation encourages protein
unfolding.***! Exposure to H,O, or O, has been shown
to more than tenfold accelerate proteasome-mediated
degradation.”*

It has been demonstrated that the 26S proteasome
disassembles under oxidative stress to recover whole
20S and 19S particles.”” Additionally, it has been
demonstrated that 20S proteasomes are more resistant
to oxidative stress than 26S proteasomes, whose normal

Table 1. UPS regulating factors and PAC

activity is severely compromised.” It has also been
demonstrated that the immunoproteasome degrades
oxidatively altered proteins more effectively when the
11S regulatory particle is connected to it as opposed to
operating alone.”>” Constitutive exposure to reactive
species affects the proteasome (and especially the 26S
proteasome) in addition to cellular proteins.”” A variety
of post-translational modifications of certain subunits,
including glycoxidation, glutathionylation, lipoxidation,
and carbonylation have also been demonstrated to be
brought on by oxidative stress.”® In particular, it has
been demonstrated that S-glutathionylation is a post-
translational modification that contributes to the redox
control of the proteasome.” Additionally, under oxidative
stress, 26S proteasomes are more directly impacted by
modifications such as glycation, ubiquitylation, and
carbonylation, as well as binding to lipid peroxidation
byproducts and glutathione."®'™ The functional
significance of these alterations is uncertain, though.
Carbonylation is a well-known indicator of protein
oxidation.'”!” yet 20S proteasomes have been shown
to have a low degree of carbonylation.'” The insertion
of carbonyl groups in the a2, a4, a6, and b3 subunits of
pure mammalian 20S proteasomes is the primary effect of
oxidative damage induction.'**!%

Certain amino acid residues may interact with sugar
carbonyls like glyoxal under oxidizing circumstances
to produce glycation products. Damage to proteins
is caused by these advanced glycation end products
(AGEs), such as N-carboxymethyl-lysine.'® Proteasome
subunits b1, b5i, b7, al, and a2, as well as the 19S subunits
Rpnll, Rptl, and Rpt2 showed increased glycation with
aging.'®' The secondary protein change is production of
4-hydroxy-2-nonenal (HNE). After oxidative cell injury,
HNE is a significant byproduct of lipid peroxidation.'

Name Function

Study related to PAC Ref

KRAS and p53, two proteins involved in the creation and regulation

They are regarded as crucial
mediators in cellular signaling
cascades and as regulators of
metabolic processes

Redox Signaling

of ROS, are frequently altered genetically in pancreatic ductal
adenocarcinoma (PDAC). These findings prompted the suggestion that
antioxidants be used to stop PDAC from developing and relapsing. 74
Ref-1, a multifunctional DNA repair-redox signalling protein, also

activates a number of transcriptional factors (TFs) including NF-B

(RelA), STAT3, and AP-1 through its redox signalling activity.

Upon treatment with proteasome PDAC is one of several human malignancies linked to the

inhibitors, transcriptional
profiling showed a coordinated

Intrinsic Rpn4-dependent elevation of all

Factors

transcriptional coactivator yes-associated protein (YAP), a key
downstream effector of the Hippo pathway. YAP is emerging as
a prospective therapeutic target due to its significance in cancer.
proteasomal subunits, indicating  Additionally, heterozygous KrasMUT works in conjunction with

that Rpn4 is in charge of the cell's oncogenic activation of YAP to promote PDAC carcinogenesis. In

capacity to make up for reduced
proteasome function. In order
to activate Rpn4, transducing
transcription factors must

bind to the gene's promoter.

Transcription Factors

addition, YAP is necessary for cancer to return in the absence of KRAS.
Recent research has also shown that YAP, rather than oncogenic
KRAS, is a key factor in squamous subtype PDAC. These results point
to a crucial realisation: YAP not only functions as a PDAC driver
downstream of KRAS but also frees PDAC from KRAS reliance.

20,75,76

These transcription factors
include Yap1l, the heat-shock
transcription factor 1, and the
Pdrl and Pdr3 drug resistance-
related transcription factors.

Heat shock factor 1 (HSF1), a highly conserved transcriptional factor
that drives the normal proteotoxic stress response, is implicated in
the invasion and metastasis of pancreatic cancer.

8 | Biolmpacts. 2025;15:29993



Shateri Amiri et al

Table 1. Continued

Name Function Study related to PAC Ref
In a preclinical syngeneic PDAC mouse model, Kumar et al
investigated the potential therapeutic value of TAK-981, a new highly
, . specific and powerful small molecule inhibitor of the small ubiquitin
The E1 enzymes' strong potential . i S .
for cancer therapeutic targeting like modifier (SUMO) activating enzyme E1. They discovered that
v ’ PDAC patient samples exhibit higher levels of SUMOylation than
S none of these inhibitors are - . : P .
E1 inhibitors o . normal pancreatic tissue, a reversible post-translational modification
currently clinically effective due . .
. . necessary for cell cycle progression. TAK-981 caused a pause in
to their subpar pharmacokinetic fai - R
features the G2/M cell cycle, failed mitosis, and problems in chromosomal
: segregation in PDAC cells by reducing SUMOylation at the nanomolar
level. In the KPC3 syngeneic mouse model, TAK-981 effectively
reduced tumour burden without showing signs of systemic toxicity.
IAPs perform as E3 ubiquitin ligases and aid in the development,
spread, and metastasis of pancreatic cancer. Despite the fact that IAP-
targeted treatments have been created and demonstrated anticancer
E2 inhibitors can function as activity in preclinical settings, none of them have yet received
an effective inhibitor in clinical regulatory approval. The expression of IAPs and E2 UbcH5c are
E2 inhibitors applications because it stimulates positively associated in pancreatic cancer. Overexpression of UbcH5¢c 8
tumour suppressors to assemble s linked to a bad prognosis for pancreatic cancer. A small-molecule
and inhibits cell growth UbcH5c inhibitor known as DHPO was discovered by Qi et al, and it
directly bonded to the UbcH5c protein. In vitro, pancreatic cancer
cells' migration and invasion were decreased by DHPO, which also
caused apoptosis and hindered cell viability and colony formation.
There is growing evidence that E3 ubiquitin ligases play critical roles
in the development, spread, and response to therapy of cancer as
well as in determining prognosis. The majority of the eight prognostic
indicators have been associated with cancer. Further functional
The E3 enzyme, the final one in experiments demonstrated that RNF223 may have an oncogenic role
E3 inhibitors the ubiquitin cascade, controls in the development of pancreatic cancer. RNF223 was discovered 79-81
substrate specificity. by Feng et al to be an independent prognostic marker in pancreatic
cancer.
The E3 ubiquitin ligase TRIM29 accelerates the growth and spread of
pancreatic cancer by maintaining the stability of the Yes-associated
protein 1 (YAP-1).
They are used to inhibit the Bortezomib (PS-341) is a proteasome inhibitor that has proven to
. proteasome alpha and beta . . ] ) .
.. 20S core inhibitors . N . . be highly effective against pancreatic cancer cells. The fundamental
Extrinsic subunits, which are involved in
- processes, nevertheless, are not completely known.
Factors the malignancy of cancers.
This inhibitor influences the
development of autophagosomes
and can cause the buildup of
LC3-1l, a common marker for
autophagosomes. NM5873, Proton Pump Blockers Selectively Targeting H +, K+ -ATPases in
ATPase a powerful and specific p97 X A .
o Sr T Pancreatic Cancer and Stellate Cells Can Slow the Progression of
inhibitors ATPase allosteric inhibitor, is . .
A . Pancreatic Adenocarcinoma.
another inhibitor that can trigger
the unfolded protein response
and hinder autophagosome
formation. In cancer cells, it can
also have antiproliferative action.
) MM, ovarian, cervical, pancreatic, and colorectal cancers are only a
Rpn-13 has received more X . . ) .
: few of the malignancies that have high Rpn13 expression. Anchoori
19S cap attention than Rpn-10 up to L . \
I . S o et al target the ubiquitin receptor RPN13 inside the proteasome's 19S
inhibitors this point since it is unneeded . L L
Rpn-13 in healthy cells and is highl regulatory particle to create ubiquitin-proteasome system inhibitors 4
inhibitors Ve gnly that are effective against solid tumours. In either a 2D or 3D culture
expressed in a number of " . . . .
. Lo . . configuration, they discovered that human pancreatic cancer-derived
malignancies, including ovarian, . . .
. cell lines were much less susceptible to these substances using the
MM, and gastric cancer.
MTT test.
The action of E3 ligases is
counteracted by deubiquitinating
enzymes (DUBs), also known By targeting PD-L1 ubiquitination and stimulating the infiltrating
DUBS as deubiquitinases, which CD8 + T cells, USP8 depletion improved immunotherapy. According to
inhibitors "€Move ubiquitin from their this study, USP8 deubiquitinated PD-L1 and increased the expression 81
target proteins. Additionally, of this protein in pancreatic cancer. Activating cytotoxic T cells with
they can participate in ubiquitin  anti-PD-L1 and a USP8 inhibitor reduced tumour development.
maturation, editing, and
recycling.
PROTACs form a ternary complex
;VrztjhaanpEr??Tflgsttlr?atf;?cto(Egl)es The "RC-U" "U-box-based" fusion E3 ligase successfully engaged,
PROTACs gase , . s ubiquitinated, and encouraged KRAS oncoprotein degradation at the 85
the target protein's lysine .
S e post-translational stage.
ubiquitination and subsequent
proteosomal destruction.
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It is known that both DNA and proteins react with this
extremely cytotoxic substance. Particularly vulnerable
to HNE alteration are exposed histidine, cysteine,
and lysine residues, which can result in inter- and
intramolecular cross-linking and protein aggregation and
inactivation.''"!"?

HNE addition has been connected to proteasome
suppression following oxidative stress and throughout
aging.'®*'%® HNE-modified proteasomes can be seen after
causing oxidative damage for a few hours, but complete
recovery occurs within 48 hours.!”® This period of
time fits the reported drop and rebound of proteasome
activity quite well.'® In unprocessed cell extracts as well
as purified proteasomes, oxidation-induced alterations in
proteasome activity may be seen, suggesting that processes
other than direct HNE addition to proteasomal subunits
are at play. For example, oxidative damage reduces all
three hydrolytic activities in rat heart extract, whereas
only the trypsin-like activity was reduced in the isolated
20S proteasome from the heart that had been treated with
HNE."® According to one explanation, the formation of
protein aggregates, or HNE-linked proteins, inhibits the
proteasome's ability to do its job.'* However, it's likely
that there are other oxidative proteasome modifications
at work as well. Proteasomal function was also shown to
be diminished by S-glutathionylation.!*>!*> 11 Inhibition
of chymotrypsin-like activity in mammals is correlated
with sglutathionylation of the 19S complex subunits Rpn1
and Rpn2.** However, the stability and integrity of the
26S particle are unaffected by this S-glutathionylation.
S-glutathionylation of the proteasome has been
demonstrated to reduce proteolytic activity in yeast.'”
S-glutathionylated proteins are quite uncommon in
general.'”

Even in normal growth settings, minor quantities of
S-glutathionylation have been seen in proteasomes,"*
although it is still wunclear what physiological
importance this finding holds. When glutathione is
taken out of the 20S protease in vitro by treatment
with, say, dithiothreitol, the proteolytic activity is fully
recovered."® Deglutathionylation of the proteasome
is most likely accomplished by enzymatic catalysis in
a healthy cell, though. Grx2, the main glutaredoxin in
yeast, may contribute to the glutathione's release from
20S proteasomes.''® The proteasome and the cytosolic
yeast thioredoxins Trxl and Trx2 interact,”” and in
vitro, Trx1 and Trx2 have the potential to catalyze the
deglutathionylation of the 20S proteasome.'® The 26S
proteasome consistently connects with the thioredoxin
Txnll in fission yeast and human cells."”®'? Txnll,
however, does not seem to encourage glutathione release
from the 26S proteasome.?!

A vicious cycle between the buildup of cross-linked
protein aggregates and the highly oxidized cellular
protein load results from the proteasome's function being

impaired.'* More evidence for the relationship between
the proteasome and oxidative stress comes from the
discovery that cells treated with proteasome inhibitors
have greater ROS levels."” Data show that NADH/
NAD"is essential for the proteasome's operation during
redox control. It has been demonstrated that NADH
keeps the proteasome concentrations within the normal
range.'”

Depletion of NAD*in myeloma cells also increases the
effectiveness of the proteasome inhibitor bortezomib,
indicating an active interaction between NAD*and the
proteasome.' As previously indicated, Nrf2, which
is activated in response to oxidative stress, has been
demonstrated to control proteasome gene expression.'”
In Drosophila melanogaster, this adaptive reaction has
recently been shown to rely on both sex and age.’** It
has also been demonstrated that the Nrf2/Keap-1 axis is
crucial for stem cell development, where ROS levels are
continually changing. More precisely, after receiving
sulphoraphane therapy, Nrf2 is activated and manages
the expression and upregulation of the proteasome, which
controls the pluripotency of human embryonic stem
cells (hESCs)."”” UPS is compromised during oxidative
stress following As (III) exposure to Ub-deficient N2a
neuroblastoma cells. This impairment is brought on by an
increase in p65-Nrfl, a type of Nrfl that competes with
p95-Nrfl and Nrf2 in the nucleus and lowers proteasome
activity and expression.'?®
Transcription factors
Although gene expression is required for the development
of the proteasome, the control of proteasomal gene
expression has long been disregarded. In eukaryotes, the
yeast system provided the first example of coordinated
regulation of proteasomal gene expression. The
proteasome-associated control element (PACE), which is
frequently found upstream of genes that make proteasomal
components, is a cis-element that activates transcription
in Saccharomyces cerevisiae. The transcription factor
Rpn4 uses PACE as a target sequence to promote the
expression of the proteasomal gene.'” The extraordinarily
short-lived Rpn4 protein not only triggers transcription,
but it also serves as a substrate for the 26S proteasome. A
negative feedback loop is produced in yeast as a result of
this regulatory mechanism when the protein that initiates
the formation of the proteasomes is eliminated by the
newly formed proteasomes.”® Rpn4 is crucial for yeast
to have balanced amounts of proteasomal subunits and,
consequently, for yeast to preserve balanced intracellular
proteolysis. Rpn4 is in charge of the cell's capacity to make
up for decreased proteasome function, as shown by the
transcriptional profiling that showed a coordinated surge
in all proteasomal subunits when proteasome inhibitors
were applied.””! Over the past ten years, several groups
have shown that Rpn4 is a significant stress-responsive
mediator that is essential for cell survival under a variety
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of stressful circumstances.!3*13¢

In order to activate Rpn4, transducing transcription
factors must bind to the gene's promoter. These
transcription factors include Yapl, the heat-shock
transcription factor 1, and the Pdrl and Pdr3 drug
resistance-related transcription factors."”> '° As a
consequence, oxidative stress indirectly increases
proteasome  production  through  Yapl-mediated
activation of Rpn4. Additionally, the unfolded protein
response (UPR) or proteasome inhibition can directly
activate Rpn4."** The proteasome genes, genes producing
proteins associated with the proteasome, genes linked to
the ubiquitylation machinery, genes involved in DNA
repair, and many other cellular functions are all induced
by Rpn4 in response to stress.** No Rpn4 homologs or
transcriptional regulatory elements like PACE could be
found in higher eukaryotes, yet Drosophila and human
proteasome abundance is likewise regulated by negative
feed-back loops."?”!*® The 5' untranslated sections of the
mRNAs are necessary for the induction of proteasome
gene expression in Drosophila in response to proteasome
inhibitions.”” It is yet unknown what is mediating this
induction, though.

Extrinsic factors

E1 inhibitors

Only two inhibitors, PYZD-4409 and PYR-41, have been
recently introduced.”® ' PYR-41 controls the stability
of the NF-kB inhibitors, which appears to prevent the
nuclear factor -light-chain enhancer of activated B cells
(NF-kB) from becoming active (IkB). Additionally,
it prevents the tumour suppressor p53 from being
destroyed, which raises p53 transcription.'® PYZD-4409
slows the development of tumors by inducing stress-
induced apoptosis in leukemia mice model and cancer
cells.” Despite the fact that these results highlight the E1
enzymes' strong potential for cancer therapeutic targeting,
none of these inhibitors are currently clinically effective
due to their subpar pharmacokinetic features.

E2 inhibitors

CDC34, a typical E2 enzyme for cullin-ligase complexes,
is an allosteric enzyme that is inhibited by CCO0651.
CCO0651 can function as an effective inhibitor in clinical
applications because it stimulates tumour suppressors
to assemble and inhibits cell growth."! However, due
to pharmacokinetic issues, its development is fraught
with difficulties.”” UBC13 (encoded by UEV1A), an
E2 enzyme that controls the NF-kB pathway induction
by generating chains dependent on ubiquitin K63, is
yet another candidate for cancer treatment. It has been
verified that the NSC697923 inhibitor may prevent
UBC13 from forming K63 chains and can also influence
the survival and proliferative capacity of the bigger B
cells in lymphoma.'* IkB kinase can be inhibited by the
well-known NF-kB pathway inhibitor BAY-11-7082. As

a result of its ability to prevent ubiquitin from binding
to UBC13, it can also limit the production of the K63
chain, acting similarly to NSC697923 (a cell-permeable
and specific inhibitor of E2)."** Whereas the E2 enzyme
inhibitors offer a lot of potential for treating cancer, they
have only been tested in preclinical research thus far.'*
E3 inhibitors

The E3 enzyme, the final one in the ubiquitin cascade,
controls substrate specificity. Approximately 600 E3
ligases have been discovered so far. Since each E3 ligase
is capable of binding and ubiquitinating a specific set of
substrates, inhibition of one E3 is anticipated to only have
an impact on the pathways that are controlled by that
enzyme."*®'" In contrast to the case of proteasome or El
inhibitors, the selectivity of ubiquitination offered by the
E3s may solve, at least in part, the specificity issue raised
above. Theoretically, more precise targeting of a small
number of substrates might result in a focused therapy
with fewer hazardous side effects.'*’

Three groups of E3s may be distinguished: those that
include RING, U-boxes, and HECTs. Both RING and
U-box operate by concurrently binding to E2, ubiquitin,
and substrate, but none has intrinsic catalytic activity.
Instead, they just act as a framework for the ubiquitination
process. Thus, the discovery of allosteric or protein-protein
inhibitors is required to target RING or U-box E3s. HECT
E3s, on the other hand, have inherent enzymatic activity;
therefore, inhibiting them entails blocking the catalytic
site."® Despite significant research efforts, there have
only been a small number of E3 inhibitors discovered,
in part because researchers have mostly concentrated on
interrupting the enzyme/substrate interaction, which is
thought to be more challenging to target than a catalytic
site. Because of this, despite the fact that HECT E3 offers
an easier and more promising druggable target than
RING enzymes, they haven't drawn as much interest as
prospective cancer therapies. Since RING-finger-type
enzymes are the focus of the bulk of small chemical
inhibitors identified so far, several are now being tested
in clinical studies.'*

A significant amount of research work has gone towards
finding E3 inhibitors for the handful of E3s that have been
identified to have a role in the growth of cancer. These
E3s include MDM2, IAP, and SCF. The three primary
approaches used to create inhibitors for E3 ligases are
(i) to block their enzymatic activity directly, (ii) to target
the substrate binding interface, and (iii) to interfere with
the protein's production by blocking transcription or
translation.'” Numerous E3s have an auto-ubiquitination
ability that typically promotes their degradation, which
is a problem when targeting the enzymatic activity.
Because of this, inhibiting E3 activity frequently
prevents autoubiquitination as well as substrate-directed
activity, stabilizing the E3 protein and its substrates in
the process.'” A stabilized pool of E3 that still binds to
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its substrates but does not ubiquitinate them could be
detrimental to the substrate activity. For instance, the
formation of E3-substrate complexes can make it more
difficult for other proteins to bind to the substrate.
Consideration should be given to the effects of completely
halting E3 activity in light of this concern.'*® Please see the
reference at https://doi.org/10.1098/rs0b.200390 to learn
more about E3 inhibitors."®

20S core inhibitors

Although it appears that proteasome alpha subunits
(PSMAs) have a role in the formation of human cancers,
the expression patterns and prognostic importance
of specific PSMAs in the bulk of these tumors are still
unclear. Only a small number of the seven alpha subunits
(PSMA1-7) have been demonstrated to be associated with
cancer. Because of this, despite the fact that inhibitors of
these subunits are rarely employed, PSMAs are involved
in a variety of human malignancies. Cron et al"** in 2013
investigation of whole-genome RNAi screens to find
knockdowns that consistently increase non-small cell
lung cancer (NSCLC) cytotoxicity was the only report
of their application to date. Despite receiving the best
possible radiation therapy (RT), chemotherapy, and/
or surgery, most patients with locally advanced NSCLC
fail to respond to treatment. Significantly, they utilize
doxycycline to inhibit PSMAL. It is interesting to note that
Cron et al found higher proteasome inhibition following
PSMA1 knockdown compared to when Bortezomib was
used, which may be related to Bortezomib's poor tumor
drug penetration.'” Despite this benefit, additional
research is necessary before these inhibitors may be used
in clinical settings.

The subunits are another target in the 20S core. Peptide
aldehydes, lactacystin, epoxomicin and epoxyketones,
lactone, peptide boronates, and vinyl sulfones are the
five primary groups of these proteasome inhibitors. The
original proteasome inhibitors were identified to be
peptide aldehydes, such as MG-132."*! These inhibitors,
however, have a number of drawbacks. For instance,
in cell culture, MG-132 quickly oxidizes and turns into
an inactive acid.'™ Peptide boronates are more potent
inhibitors than peptide aldehydes. Peptide boronates
dissociate at a slower rate, and the process is irreversible.'
Additionally, they don't oxidize, making them significantly
more stable.””? Epoxyketone is a subclass of proteasome
inhibitors, and Carfilzomib is the best-known member of
this subclass.’”® A nanopeptide inhibitor is lactacystin.'*
It's intriguing that it does not obstruct the proteasome
right away. It becomes clasto-lactacystin-lactone at
neutral pH, reactivating the proteasome.'”® In the end,
vinyl sulfones represent a different family of proteasome
inhibitors with simple and affordable production.'**

19§ cap inhibitors
ATPase inhibitors
Six different ATPases known as Rptl-6 make up the

heterohexameric ring-like structure’** that is seen on top

of the 20S CP's alpha subunits'*® in the human proteasome.
It was discovered that RIP-1 inhibited Rpt1-6, particularly
Rpt4. However, further research is needed to demonstrate
that Rpt4 targeting is a workable toxicity mechanism. A
second ATPase that has an important role in the UPS in
addition to the Rpt subunits is p97 (also known as VCP,
or valosin-containing protein).”® Its overexpression
in several illnesses and tumors is significant since it
suggests it as a possible therapeutic target.”””'*8 P97 is
known to be inhibited by four inhibitors. A selective and
reversible p97 ATPase inhibitor, DBeQ can change the
autophagy pathway, decrease degradation connected to
the endoplasmic reticulum, and enhance cascades 3 and
7 activation in cancer cells. Similar to DBeQ, the ATP-
competitivep97 ATPaseinhibitor ML240 canboost caspase
3 and 7 activation and block the endoplasmic reticulum-
associated degradation (ERAD) pathway in a variety of
colon cancer cells. Furthermore, it affects the formation
of autophagosomes and may lead to the accumulation of
LC3-1I, a typical marker for autophagosomes. Another
inhibitor that can cause the unfolded protein response and
prevent the development of autophagosomes is NMS873,
a potent and precise p97 ATPase allosteric inhibitor. It
may also have an antiproliferative effect on cancer cells.'™
Finally, the polyphenol xanthohumol has been proposed
as another inhibitor lately.'®

Rpn-13 inhibitors

Two ubiquitin receptors of the 26S proteasome in the
19S RP are called Rpn-10 and Rpn-13. As was previously
indicated, the precise positioning of these ubiquitin
receptors at the 26S proteasome allows for the collection
and degradation of polyubiquitinated substrates. Rpn-
13 has received more attention than Rpn-10 up to this
point ' since it is unneeded in healthy cells and is
highly expressed in a number of malignancies, including
ovarian, MM, and gastric cancer. There are currently just
two known inhibitors of Rpn-13: KDT-11, a non-covalent
revocable peptoid, and RA190, a covalent irrevocable
chalcone. Since KDT-11 is a well-known 20S CP 5
inhibitor, it behaves similarly to RA190 in that it causes
MM cells to accumulate polyubiquitinated proteins, which
in turn triggers cell death. According to a competitive
fluorescence polarization (FP) experiment, KDT-11 and
RA-190 differ from each other in terms of how well they
bind to surfaces.'® Additionally, KDT-11 might either
bind to a brand-new surface on Rpn-13 or break up the
contact between Uch3 and Rpn-13. In conclusion, even
though KDT-11 has an advantage over RA190 due to its
selectivity for Rpn-13 in MM cells, further in vivo research
is required to optimize its physical characteristics.'**
DUBs inhibitors

Theaction of E3 ligasesis counteracted by deubiquitinating
enzymes (DUBs), also known as deubiquitinases, which
remove ubiquitin from their target proteins. Additionally,
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they can participate in ubiquitin maturation, editing,
and recycling.'*'® DUBs typically fall into one of six
subfamilies, including t monocyte chemotactic protein-
induced protein (MCPIP), he Machado-Joseph disease
protein domain proteases (M]Ds), ubiquitin carboxy-
terminal hydrolases (UCHs), ovarian-tumor proteases
(OTUs), ubiquitin-specific proteases (USPs), and JAB1/
MPN/Mov34 metallo Different inhibitors have been
created thus far that focus on various DUBs. For instance,
ML323, (ADC-01, ADC-03, HBX41108, HBX19818,
P5091, P22077), LND-57444, VLX1570, and 8-mercapto-
N-((tetrahydro-3-furanyl) methyl) -4-quinoline
carboxamide (1,2-b) PSMD14, 9-(ethoxyimino)-9H-
indeno, USP1, USP14, UCHLS5, USP9X, UCHL1, USP8,
USP11, USP7, and USP20 may all be inhibited by
pyrazine-2,3-dicarbonitrile, ~mitoxantrone, WP1130,
and GSK2643943A. Except for VLX1570, which is at the
clinical trial stage, all of these inhibitors are noticeably in
the preclinical stage.'®

PROTAC:s

Rapidly growing PROTACs are special dual-function
molecules that can facilitate protein breakdown and
are considered a preferable option to blocking small
molecules for disease-specific goals. In general, PROTACs
form a ternary complex with a protein of interest (POI)
and an E3 ligase that encourages the target protein's
lysine ubiquitination and subsequent proteosomal
destruction.'®®

When both the POI'and E3 ligase targets are involved in
PROTAG, a ternary complex is created. The two proteins
interact with one another through protein-protein
interactions that are mediated by PROTAC as a result of
this binding activity.'® The protein interface has to possess
the following properties or characteristics in order to
produce the ternary complex: 1) reducing PPIs that cause
electrostatic or spatial barriers next to the newly formed
protein interface; 2) increasing PPIs that encourage
structural integration at the new protein interface; and
3) using an adequate E3 ligase in the direction of proper
binding to facilitate ubiquitination of the target POI'°
The evaluation of thermodynamic parameters is also
used to explain a collection of crucial energy needs for
ternary set efficiency, which are collectively referred to
as "cooperativity".!”! According to this theory, a ternary
complex whose elements "cooperate” to create an ideal
free energy change stimulates well-organized protein
breakdown (DG).

We can maximize PROTAC-induced PPIs, which
promote structural integration at the interface and the
general affinity of contacts, and raise the optimum DH for
the ternary complex in order to achieve an optimal free
energy change and a creative ternary complex through the
PROTAC design. Additionally, entropic change (DS) for
complex formation can be achieved by optimizing ligand
flexibility, protein solubility, and/or ternary complex
solubility.'”

UPS; A novel target in pancreatic cancer

As mentioned, current chemotherapy agents such as
gemcitabine, nab-paclitaxel, and FOLFIRINOX have
the potential to rapidly confer resistance in pancreatic
tumor cells. Therefore, it is imperative to create more
potent therapies in order to cure this terrible disease.
Pancreatic cancer cells undergo apoptotic cell death
as a result of inhibition of the ubiquitin-proteasome
system.” Pancreatic cancer cells are more susceptible to
ER stress and apoptosis when treated with bortezomib.
Additionally, by triggering the action of the proteasome,
proteasome activator subunit 3 (PSME3) encourages
the development of pancreatic cancer. As a result, the
proteasome is a desirable therapeutic target for pancreatic
cancer (Table 2).”

USP21

In patient samples, Hou et al demonstrated a favorable
correlation between USP21 (Ubiquitin Specific Peptidase
21) overexpression and its nuclear location with the
development of PDAC illness. Mouse PDAC development
and tumor-initiating potential are promoted by USP21.'7
Additionally, =~ USP21  increases  PanIN-to-tumor
development of the hTERTHPNE E6/E7 xenografts in
vivo and enhances colony formation and cell proliferation
of immortalized human pancreatic ductal epithelial cells
(hTERT-HPNE E6/E7 cells) in vitro. In order to stimulate
gene expression in the Wnt network, USP21 interacts with
deubiquitin and stabilizes the Wnt pathway transcription
factor TCF7 (Fig. 3). Their combined research identifies
USP21 as a PDAC oncogene and possible treatment
target.'”

USP9X

Recent research has revealed that the deubiquitinating
protease known as ubiquitin-specific peptidase 9X
(USP9X) is essential for the growth of cancer. It's
interesting to note that USP9X can function either as a
tumor suppressor or an oncogene, depending on the kind
of cancer."® USP9X has been shown to control chemo-
resistance in various malignancies. Due to its capacity
to prevent USP9X deubiquitination, WP1130, a partly
selective deubiquitinating enzyme inhibitor, has been
speculated to be a possible chemosensitizer. The function
of USP9X in pancreatic cancer is debatable, and nothing
is known about its possible contribution to chemo-
resistance. In the early stages of the disease, USP9X
may largely act as a tumor suppressor, but as the disease
progresses, it may enhance the proliferation of tumor
cells. '

UbcH10

The UbcH10 gene, which is located on human
chromosome 20q13.12, encodes UbcH]10, also known as
UBE2C. A crucial player in the ubiquitin-proteasome-
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mediated protein degradation process, UbcH10 is a
member of the family of ubiquitin-conjugating enzymes
(Fig. 4)."** Zhao et al show that the clinical stage, level of
histological differentiation, and lymph node metastasis
are all correlated with the up-regulation of UbcHI0.

Furthermore, compared to individuals with low UbcH10

Table 2. Targeting UPS in PAC

expression, PDA patients with high UbcH10 expression
have considerably shorter life expectancies. For PDA
patients with high UbcH10 expression, UbcH10 may act
as a prognostic marker and a possible biological target for
tumor treatment.'®®

Name of the current
. .. Method of
autophagy chemotherapy Pathway of action Effectivity stud Results Reference
modifying agent agents v
USP21 int t
with deIEb(ieri?tisn Nuclear USP21 up-regulates
USP21 increases PanIN- K .q ! Whnt pathway signalling and
and stabilizes the IR
to-tumor development enhances tumor-initiating
Whnt pathway s
of the hTERTHPNE E6/ L potential in PDAC cells, as
L transcription .
E7 xenografts in vivo and factor TCE7 demonstrated by the findings
enhances colony formation K ; In vivo & in that WT-USP21 and NLS-USP21
usP21 None . ) Their combined ) L 73
and cell proliferation of research vitro supported efficient tumour
immortalized human identifies formation at 50%-80% with five
pancreatic ductal epithelial USP21 as a iKPC cells, compared with 10%-
cells (N\TERT-HPNE E6/E7 20% efficiency for five iKPC
Lo PDAC oncogene X
cells) in vitro. ) cells overexpressing ED-USP21
and possible
or GFP controls.
treatment target.
Utilising well-
established
human
pancreatic
tumour
cell lines
(PANC1 and
MIAPACA2)
as well as four A small-molecule Usp9x
spontaneously inhibitor was expected to
inth | immortalised  have a significant influence on
USPI9X has been shown to ': the eafrt\r/] human cancer therapy as the disease
control chemo-resistance in y .ages ot the pancreatic got worse.
. . . disease, USP9X .
various malignancies. Due patient-
. . may largely .
to its capacity to prevent derived
G9 treatment o act as a tumor
S USP9X deubiquitination, tumour (PDX) 174,175
USPI9X (an inhibitor of . suppressor, but . :
WP1130, a partly selective ) cell lines, we
USP9X) L as the disease
deubiquitinating enzyme K conducted
. progresses, it .
inhibitor, has been gain- and loss-
. may enhance the X
speculated to be a possible X . of-function
" proliferation of . .
chemosensitizer. investigations.
tumor cells. - -
Usp9x conditional deletion
worked in tandem with
KrasG12D to significantly speed
up pancreatic carcinogenesis
in mice, demonstrating the
Cell model genetic connection between
the two. Thus, USP9X is
proposed as a significant novel
tumour suppressor gene with
therapeutic and prognostic
significance in PDA.
UbcH10
Compared to expression
individuals with was examined
The clinical stage, level of low UbcH10 using real-time For PDA patients with high
histological differentiation,  expression, PDA  quantitative UbcH10 expression, UbcH10
UbcH10 None and lymph node metastasis  patients with RT-PCR in may act as a prognostic marker 176
are all correlated with the high UbcH10 20 pairs of and possible biological target
up-regulation of UbcH10. expression have  PDA and for tumor treatment.

considerably
lower life times.

surrounding
non-cancerous
tissues.

14 | Biolmpacts. 2025;15:29993



Shateri Amiri et al

Table 2. Continued

Name of the current
. .. Method of
autophagy chemotherapy Pathway of action Effectivity tud Results Reference
modifying agent agents A
Apolipoprotein Al (APOA1),
the primary HDL component
involved in lipid transport
and metabolism, may be
one of TRIM15's binding Via controlling
partners. TRIM15 promoted lipid metabolism Inhibiting triglyceride
Inhibitors of APOAL1 polyubiquitination through the Bioinformatics production by targeting the
TRIM15 triglyceride via its RING domain and APOA1-LDLR axis, analysis & cell TRIM15-APOA1-LDLR axis may 7
production interacted with APOA1 TRIM15 could culture be a method to prevent PDAC
through its PRY/SPRY encourage PDAC metastasis.
domain. In pancreatic metastasis.
cancer cells, APOA1
degradation accelerated
lipid droplet formation and
boosted lipid anabolism.
Direct interaction between  Both in vitro For patients with pancreatic
. an ODC and a protein and in vivo, cancer, targeted degradation
The ornithine ™ L
decarboxylase/ substrate can facilitate the ~ KRAS levels of the KRAS oncoprotein via
R Y protein's breakdown by the were reduced, Cell culture the ODC/AZ pathway at the

antizyme . .

(0DC/AZ) 26S proteasome without and PANC-1 cell post-translational level may
ubiquitination, and AZ can  proliferation was represent a promising future
accelerate this action. inhibited. treatment approach

he RC-U fusi
KRAS A “U-box-based” fusion ’IEESeIi gsz allj:clon 8,178,179
E3 ligase named “RC- g Successful ubiquitination of
" successfully .
U” was generated that protein substrates reduces
. ) ) ) slowed down the . ) - “ ]
Engineering effectively interacted roliferation of Invitro and in  the efficiency of “degradation
PROTACS with, ubiquitinated, P R vivo of proteins by the UPS,” as
the pancreatic . .
and promoted KRAS . well as restricts the possible
; . cancer cell lines - ;
oncoprotein degradation at applications to a certain extent.
the post-translational level PANC-1 and
P " MIAPaCa-2
SMAD signaling is a key
diator of th ical
g subunit of Protein SCFSkp2 complex plays a
factor B (TGFB) pathway, . ) o ) )
. SCFSkp2, was interaction significant role in causing
with important and often ) . .
SCFSkp2 . ) discovered to screen with cancer mutations of
Smad4 contradictory roles in A ) ) - 180,181
complex physically interact an antibody- Smad4 to transition to
PDAC. Loss of SMAD4 . e
X . with Smad4 at based array polyubiquitination-dependent
Is Associated With Poor . . .
. the physiological method degradation
Tumor Immunogenicity and levels
Reduced PD-L1 Expression ’
in Pancreatic Cancer.
Regardless of Employing
the presence or high- Without causing any host
A2 blocks MDMs  TECIS S0 R combimaton it gemctabine
MDM2 MA242 NFAT1-mediated & 182
transcription cell growth and cell-based suppressed the development
ption. caused apoptosis  screening and spread of pancreatic
in pancreatic assays, In vitro tumours.
cancer cell lines.  analysis
TRIM15 Sun et al showed that PDAC tissues had higher TRIM15

The TRIM15 family member, a member of the tripartite
motif, has been linked to the emergence of cancer.
According to a bioinformatics study, TRIM15 may have
a role in controlling the spread of pancreatic cancer.
Patients with PDAC frequently experience metabolic
reprogramming, including dysregulated lipid synthesis.
PDAC treatment plans have been presented that target
lipid anabolism."”

expression and that this elevated expression is linked
to a poor prognosis. Pancreatic cancer cell invasion
and migration were inhibited by TRIM15 knockdown.
Apolipoprotein Al (APOA1), the primary HDL
component involved in lipid transport and metabolism,
may be one of TRIM15's binding partners, according to the
mass spectrometry investigation, which is significant.””
Additional research revealed that TRIM15 promoted
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Fig. 3. Targeting USP21 in PAC (Designed by InShot & PicsArt). In order
to stimulate gene expression in the Wnt network, USP21 interacts with
deubiquitin, and stabilizes the Wnt pathway transcription factor TCF7.

histological
differentiation
lymph node metastasis

Fig. 4. Targeting UbcH10 in PAC (Designed by InShot & PicsArt).
UbcH10 is a member of the family of ubiquitin-conjugating enzymes.
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By
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g
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PDAC metastasis
through controlling APOA1 - LDLR axis

Fig. 5. Targeting TRIM15 in PAC (Designed by InShot & PicsArt).
TRIM15 promoted APOA1 polyubiquitination via its RING domain and
interacted with APOA1 through its PRY/SPRY domain.

AWAYTOPREVENT
PDACMETASTASIS

APOAL1 polyubiquitination via its RING domain and
interacted with APOA1 through its PRY/SPRY domain
(Fig. 5). In pancreatic cancer cells, APOAI degradation
accelerated lipid droplet formation and boosted lipid
anabolism. Furthermore, by controlling lipid metabolism
through the APOA1-LDLR axis, TRIM15 could encourage

PDAC metastasis. Therefore, inhibiting triglyceride
production by targeting the TRIM15-APOA1-LDLR axis
may be a method to prevent PDAC metastasis."”

Targeting degradation of the KRAS
The ornithine decarboxylase/antizyme (ODC/AZ)
A process for protein breakdown that can be found in
nature is the ornithine decarboxylase/antizyme (ODC/
AZ) system. Direct interaction between an ODC and a
protein substrate can facilitate the protein's breakdown
by the 26S proteasome without ubiquitination, and AZ
can accelerate this action.”® A chimeric fusion protein
was created and recreated by Yihui Ma and colleagues.
In a co-immunoprecipitation assay, the engineered
fusion protein RC-ODC was shown to interact with the
mutant KRAS oncoprotein, and in vitro, the introduction
of both RC-ODC and AZ caused the exogenous and
endogenous mutant KRAS oncoprotein to degrade at the
posttranslational level without ubiquitination. Both in
vitro and in vivo, KRAS levels were reduced, and PANC-
1 cell proliferation was inhibited. At the same time,
phosphorylated extracellular signal-regulated kinase 1/2
(ERK1/2) was downregulated. For patients with pancreatic
cancer, targeted degradation of the KRAS oncoprotein via
the ODC/AZ pathway at the post-translational level may
represent a promising future treatment approach.'”
Engineering PROTACS
By successfully removing their matching protein
substrates from cells, a few reconstructed fusion E3 ligases
and proteolysis-targeting chimeric molecules (PROTACs)
have been created, which can considerably affect the
malignant features of tumours in vitro and in vivo.*® A
"U-box-based" fusion E3 ligase with the designation "RC-
U" was developed in a study that efficiently interacted
with, ubiquitinated, and promoted post-translational
degradation of the KRAS oncoprotein. Importantly, the
pancreatic cancer cell lines PANC-1 and MIAPaCa-2
were successfully stopped from proliferating by the RC-U
fusion E3 ligase.?>%¢

However, proper spatial geometric structure is necessary
for the development of the designed E3 ligase and protein
substrate complex, which enables ubiquitin-conjugating
enzymes (E2s) to catalyse the addition of ubiquitin
molecules onto particular lysine residues in the protein
substrate.’”!#8 Because of the stiffness mismatch between
protein substrates and E3 ligases, proper ubiquitination
of protein substrates may be challenging, according to
the particular requirements for the structure.'”” The fact
that only RC-U efficiently interacted with, ubiquitinated,
and promoted KRAS oncoprotein degradation despite
attempts to design and reconstruct some chimeric fusion
E3 proteins suggests that successful ubiquitination
of protein substrates reduces the effectiveness of
"degradation of proteins by the UPS" and limits the
potential applications to some extent.'”
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Smad4

One method for deactivating Smad4 has been identified
as the ubiquitin-proteasome pathway. An ubiquitin E3
ligase for Smad4 mutations in cancer is SCESkp2. Skp2,
an F-box subunit of SCFSkp2, was discovered by Liang
et al to physically interact with Smad4 at physiological
levels. Numerous unstable mutants from cancer showed
markedly enhanced binding to Skp2, which expedited their
proteolysis and elevated ubiquitination. These findings
imply that the SCFSkp2 complex plays a significant role
in causing cancer mutations in Smad4 to transition to
polyubiquitination-dependent degradation.'®!

MDM2

An E3 ubiquitin ligase encoded by the oncogene MDM2,
which is overexpressed in pancreatic tumors, is also a
therapeutic target. The majority of pancreatic cancer
cells do not express full-length P53; hence, the MDM2
inhibitors that are now available do not affect these cells
because they do not interfere with the interaction between
MDM2 and P53. Wang et al created MA242, which, in
pancreatic cancer cell lines, regardless of the presence
or absence of p53, reduced cell growth and promoted
apoptosis. Without causing any host damage, MA242
alone or in combination with gemcitabine suppressed the
development and spread of pancreatic tumours.™

Concluding remarks
Typically, unchecked pancreatic cell proliferation results
in the development of pancreatic cancer, which has
the potential to spread to other bodily organs. About
90% of instances of pancreatic cancer are pancreatic
adenocarcinomas, and occasionally "pancreatic cancer"
is used exclusively to describe this subtype. Gemcitabine,
nab-paclitaxel, and FOLFIRINOX are examples of
modern chemotherapeutic drugs that have the ability
to quickly confer resistance in pancreatic tumor cells.
Therefore, in order to treat this dreadful condition, it is
essential to develop more effective medicines.
Interestingly, researcher’s achievements emphasizing
the increased susceptibility of pancreatic cells to ER stress
and apoptosis when treated with bortezomib have gained
lots of attention as triggering proteasomes as a desirable
therapeutic target for pancreatic cancer. However, despite
the positive in vitro and in vivo outcomes of UPS-based
therapeutics, the clinical outcomes are not as encouraging
as anticipated. Therefore, a thorough comprehension
of it is necessary to get the best outcomes. Up to now,
many targets have been studied in this system, but there
are more targets that can be triggered. For instance, in a
groundbreaking finding, Rui-Hong Gong et al describe
how WNT974 and ART work together to cause KRAS
protein degradation in colorectal cancer. The combo
therapy greatly upregulates the production of GSK-3 and
the E3 ligases ANAPC2 and -TrCP, which promote the

Research Highlights

What is the current knowledge?

o Despite the favorable results of UPS-based therapies in
vitro and in vivo, the clinical results are not as promising
as expected.

What is new here?
o Gathering UPS-based therapies together in order to find
the most effective one.

destruction of the KRAS protein through the ubiquitin-
proteasome pathway.'® Additionally, they discovered
that combo therapy inhibits the downstream of KRAS
PI3K/Akt/mTOR signaling pathway. This research offers
compelling scientific justification for the development
of WNT974 and ART as KRAS-targeting therapies for
the treatment of colorectal cancer.'® Because similar
pathways are also involved in PDCA pathogenesis,
scientists can investigate these therapies in this disease,
just like colorectal cancer. There are many more examples,
and therefore, further research is still needed in order to
achieve the best treatment for pancreatic adenocarcinoma.
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