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Role of noncoding RNA and protein interaction in pancreatic cancer
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Abstract
Noncoding RNAs (ncRNAs) are a class of RNA molecules with little or no protein-coding potential. Emerging evidence indicates 
that ncRNAs are frequently dysregulated and play pivotal roles in the pathogenesis of pancreatic cancer. Their aberrant expression 
can arise from chromosomal abnormalities, dysregulated transcriptional control, and epigenetic modifications. ncRNAs function 
as protein scaffolds or molecular decoys to modulate interactions between proteins and other biomolecules, thereby regulating 
gene expression and contributing to pancreatic cancer progression. In this review, we summarize the mechanisms underlying 
ncRNA dysregulation in pancreatic cancer, emphasize the biological significance of ncRNA–protein interactions, and highlight 
their clinical relevance. A deeper understanding of ncRNA–protein interactions is essential to elucidate molecular mechanisms and 
advance translational research in pancreatic cancer.
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Introduction

Pancreatic cancer is a highly aggressive malignancy with 
a 5-year survival rate of only 10% and a median survival  
time of 5–8 months.[1] According to global cancer sta-
tistics, 495,773 new cases of pancreatic cancer were 
diagnosed in 2020, with a nearly equivalent number of 
deaths worldwide.[2] The most common histological sub-
type is pancreatic ductal adenocarcinoma (PDAC), which 
accounts for 85% of all cases of pancreatic cancer. Due 
to the pancreas’s deep anatomical location, pancreatic 
cancer is often diagnosed at advanced stages when clini-
cal symptoms become apparent. At the time of diagnosis, 
only 10–15% of patients are eligible for surgical resection, 
while the majority present with either locally advanced 
unresectable disease (about 40%) or metastatic diseases 
(about 45%).[3] Even after surgical resection, the 5-year 
survival rate remains low (15–20%) because of high 
rates of local recurrence and distal metastasis.[4] Current 
first-line therapies, such as FOLFIRINOX or gemcitabine 
combined with nab-paclitaxel, have limited efficacy 
because of intrinsic or acquired resistance.[5] Although 
pancreatic cancer is a highly heterogeneous disease, 
mutations in the key driver genes, including KRAS, TP53, 
CDKN2A, and SMAD4, play a critical role in its malig-
nant transformation.[6] Further investigation into the 
cellular and molecular mechanisms underlying pancreatic 

cancer progression is urgently needed to identify novel 
therapeutic targets and develop treatment strategies.

Over the past two decades, a growing body of research has 
highlighted the importance of noncoding RNAs (ncRNAs) 
in the development of pancreatic cancer.[7,8] NcRNAs, 
which are RNA molecules with little or no protein-coding 
potential, have been recognized as functional regulators 
rather than transcriptional junk.[9] These ncRNAs include 
long ncRNAs (lncRNAs), circular RNAs (circRNAs), 
microRNAs (miRNAs), transfer RNAs (tRNA)-derived 
small RNAs (tsRNAs), P-element-induced wimpy tes-
tis-interacting RNAs (piRNAs), and small nucleolar 
RNAs (snoRNAs). Genomic and transcriptomic analyses 
of pancreatic cancer have identified profound alternations 
in ncRNAs,[10] underscoring their roles in pancreatic 
cancer progression. For instance, the hypoxia-inducible 
miR-210 regulates normoxic gene expression pathways 
involved in tumor initiation.[11] Similarly, the lncRNA 
GLS-AS is transcriptionally downregulated by nutrient 
stress-induced c-Myc, and its depletion promotes pancre-
atic cancer progression.[12]
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NcRNAs function in the regulatory networks of pancreatic 
cancer through diverse mechanisms, including interactions 
with other biomolecules and, in some cases, translation 
into functional peptides. Among these mechanisms, pro-
tein coupling is a major mode of action, where ncRNAs 
act as protein scaffolds or decoys, sequestering or tethering 
proteins to modulate their interactions with other mole-
cules. For example, the exosomal circRNA circPLEKHM1 
facilitates the interaction between poly(A)-binding pro-
tein cytoplasmic 1 (PABPC1) and eukaryotic translation 
initiation factor 4G (eIF4G), promoting the translation 
of oncostatin M receptor (OSMR), thereby driving mac-
rophage polarization and cancer metastasis.[13] Similarly, 
the overexpressed lncRNA LINC00842 induces metabolic 
remodeling in PDAC cells by blocking the interaction 
between the transcriptional coactivator PGC-1α and the 
deacetylase enzyme SIRT1, thus preventing the deacetylation 
of acetylated PGC-1α by SIRT1, contributing to tumor 
progression.[14] These examples underscore the important 
roles of ncRNA–protein interactions in regulating key 
cellular processes in pancreatic cancer.

Although the functions of ncRNAs, particularly miRNAs, 
in pancreatic cancer progression have been extensively 
reviewed,[8,15–20], the interactions between ncRNAs and 
proteins and their contributions to pancreatic cancer 
development remain poorly summarized. In the review, 
we provide a concise overview of different classes of 
ncRNAs, summarize the mechanism underlying their dys-
regulation in pancreatic cancer, emphasize the biological 
significance of ncRNA–protein interactions, and highlight 
their clinical relevance in pancreatic cancer.

Overview of Different NcRNAs

Based on their shape, ncRNAs are classified into circR-
NAs and linear ncRNAs. Linear ncRNAs are further 
categorized by length into lncRNAs and small ncRNAs 
that include miRNAs, tsRNAs, piRNAs, and snoRNAs.

CircRNAs

CircRNAs are a class of covalently closed, single-stranded 
RNA molecules generated through a noncanonical splic-
ing event called back-splicing, where a downstream 5′ 
splice site is joined with an upstream 3′ splice site. CircR-
NAs can originate from exons, introns, or a combination 
of them, and the majority of circRNAs are derived from a 
single exon or multiple exons of protein-coding genes.[21] 
The covalently closed structure confers circRNAs more 
stable because of resistance to exonuclease-mediated 
degradation, implying the potential of circRNAs as 
biomarkers.[22] CircRNAs exhibit distinct cell- and 
tissue-specific expression patterns, indicating their impor-
tant functions among different cells. For example, the 
circRNA ci-Ins2 is specifically expressed in β-cells of 
pancreatic islet, where it modulates insulin secretion and 
calcium signaling pathway. This regulatory function is 
mediated through its interaction with the RNA-binding 
protein TAR DNA-binding protein 43, which subse-
quently influences gene expression in pancreatic islets.[23] 
Similarly, circNfix is predominately enriched in adult 

cardiac tissue, and depletion of circNfix promotes cardio-
myocyte proliferation and angiogenesis while suppressing 
apoptosis after myocardial infarction.[24]

Increasing evidence proves that circRNAs act as miRNA 
sponges to regulate gene expression. A well-characterized 
example is the circRNA CDR1as (also known as ciRS-
7), which contains 63 conserved binding sites for miR-7. 
Overexpression of CDR1as has been shown to recapture 
the effects of miR-7 knockdown in model organisms 
such as zebrafish and mice, underscoring its role as a 
competitive endogenous RNA (ceRNA).[25–27] Beyond 
their role as miRNA sponges, circRNAs can also serve 
as molecular scaffolds to modulate protein interactions 
and functions. For instance, circCGNL1 interacts with the 
phosphorylase nudix hydrolase 4 (NUDT4) to promote 
the dephosphorylation and subsequent nuclear translo-
cation of HDAC4, thereby activating the proapoptosis 
RUNX2–GAMT axis.[28] In addition, a small subset of 
circRNAs can be translated into small functional peptides 
or proteins in a cap-independent manner. One such sam-
ple is circ-E-cad, which encodes a secretory E-cadherin 
variant to activate epidermal growth factor receptor 
(EGFR)-signal transducer and activator of transcription 
3 (STAT3) signaling.[29]

LncRNAs

LncRNAs are a class of ncRNA molecules longer than 200 
nucleotides, which are transcribed by RNA polymerase II. 
Although lncRNAs are generally expressed at lower levels 
compared with mRNAs, they share similar structural fea-
tures, including a 5′ cap and a 3′ poly(A) tail.[30] A single 
lncRNA gene can produce multiple transcript isoforms 
through alternative splicing, contributing to the vast 
complexity of the transcriptome. To date, over 100,000 
lncRNAs have been identified. Unlike protein-coding 
genes, lncRNAs exhibit lower evolutionary conservation 
at the sequence level, implying that their functional con-
servation may rely more on their structures rather other 
primary nucleotide sequences.[31]

LncRNAs exhibit cell-specific expression pattern and 
exert important functions under physiological condition. 
Moreover, lncRNA dysregulation has been implicated 
in the pathogenesis of various diseases.[32] For example, 
the lncRNA βFaar is dramatically downregulated in 
pancreas islet of obese mice, and its reduced expres-
sion contributes to β-cell dysfunction and apoptosis.[33]  
Conversely, the lncRNA HIF1A-AS1 is markedly upregulated 
in gemcitabine-resistant pancreatic cancer cells, where 
its overexpression promotes gemcitabine resistance by 
enhancing glycolysis metabolism.[34]

LncRNAs exert their regulatory functions by interacting 
with other biomolecules, such as RNAs, DNAs, or pro-
teins, to modulate gene expression.[35] For instance, H19 
acts as a ceRNA by sequestering members of the let-7 
family to regulate muscle differentiation.[36] Similarly, the 
lncRNA MEG3 contains GA-rich sequences, which ena-
ble it to form RNA-DNA triplex structures, facilitating 
its binding to chromatin and subsequently regulation of 
transforming growth factor (TGF)-β signaling.[37]
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MiRNAs

MiRNAs are a group of highly conserved ncRNAs,  
typically approximately 22 nucleotides in length. MiRNA 
genes are transcribed by RNA polymerase II into long 
primary transcripts (pri-miRNAs) with a 5′ cap and a 
3′ poly(A) tail, which are subsequently processed in the 
nucleus by the microprocessor complex, comprising the 
RNase III enzyme Drosha and the RNA-binding protein 
DGCR8, to generate precursor miRNAs (pre-miRNAs) 
with a stem-loop structure. After exporting from the 
nucleus to the cytoplasm via RAN/GTP/Exportin-5 com-
plex, pre-miRNAs undergo further cleavage by another 
RNase III enzyme called Dicer to produce mature miR-
NAs.[38]

Mature miRNAs are incorporated into Argonaute 
proteins to form the RNA-induced silencing complex 
(RISC) and guide RISC to target mRNAs through com-
plementary base pairing, primarily mediated by the 5′ 
seed sequence of miRNAs. In general, miRNAs bind to 
the 3′ untranslated regions (3′ UTR) of target mRNAs to 
repress protein translation or induce mRNA degradation, 
thus downregulating gene expression. Compelling evi-
dence indicates that miRNAs are frequently dysregulated 
in pancreatic cancer, where they can play oncogenic or 
tumor suppressive roles during tumor development.[39] 
For example, miR-25 has been shown to promote pan-
creatic cancer progression by inhibiting the expression 
of AKT phosphatase PHLPP2 to activate AKT-p70S6K 
signaling pathway.[40] Given that the functional roles and 
clinical implications of miRNAs in pancreatic cancer have 
been extensively reviewed,[41–45] such contents will not be 
discussed in detail in this review.

TsRNAs

TsRNAs, also referred to as tRNA-derived fragments 
(tRFs), represent a novel class of small ncRNAs produced 
by specific cleavage of precursor or mature tRNAs. Based 
on their cleaving sites, tsRNAs are classified into three 
main groups: (1) 3′U tRFs, which are 20–40 nucleotides in 
length and originate from the 3′ end of precursor tRNAs; 
(2) tRNA halves (also named tRHs or tiRNAs), which are 
30–40 nucleotides in length and are produced by cleavage 
within the anticodon-loop of mature tRNAs; (3) tRFs, 
including 5′-tRFs, 3′-tRFs, and inter tRF (i-tRF), which 
are 14–30 nucleotides in length.[46] Notably, tsRNAs are 
predominately derived from a limited set of tRNAs, and 
fragments from different regions of same tRNA exhibit 
different abundance. Although the precise mechanisms 
underlying tsRNA biogenesis remain incompletely under-
stood, posttranscriptional modifications of tsRNAs, such 
as 5-methylcytosine (m5C) and N7-methylguanosine 
(m7G), have been implicated in regulating tRNA cleavage 
and the generation of tsRNAs.[47]

Similar to miRNAs, tsRNAs can be incorporated 
into Argonaute proteins to induce cleavage of target 
RNAs. For example, tRF-33 is significantly downreg-
ulated in gastric cancer and inhibits tumor growth and 
metastasis by silencing STAT3 expression in an AGO2-de-
pendent manner.[48] Besides, tsRNAs can also interact 

with RNA-binding proteins to regulate gene expression. 
A notable example is tiRNA-Val-CAC-2, which potently 
promotes the metastatic potential of pancreatic cancer 
cells.[49] Mechanistically, tiRNA-Val-CAC-2 binds to the 
RNA-binding protein far upstream element binding pro-
tein 1 (FUBP1) to stabilize it, leading to more enrichment 
of FUBP1 in the promoter region of c-MYC gene and 
activating c-MYC transcription.

Notably, tsRNAs are abundantly presented in various 
body fluids, making them promising candidates for 
diagnostic and prognostic biomarkers in liquid biopsy 
applications.[50] For instance, Jin et al[51] identified serum 
tRF-Pro-AGG-004 and tRF-Leu-CAG-002 as potential 
biomarkers for the diagnosis of pancreatic cancer, even 
in the early stage. Moreover, the expression levels of these 
two tsRNAs in tumor tissues are found to correlate with 
patient outcomes, indicating their potential as prognostic 
biomarkers for predicting survival time in pancreatic can-
cer patients following surgery intervention. Besides, Xue 
et al[52] found that 45 tsRNAs are significantly upregu-
lated in the serum of patients with PDAC compared with 
healthy controls. Among these, the combination of serum 
tsRNA-MetCAT-37 or tsRNA-ValTAC-41 with CA19-9, 
a current biomarker for pancreatic cancer, significantly 
increases the area under the curve (AUC) of the receiver 
operating characteristic (ROC) curve, thereby improving 
the diagnostic accuracy for PDAC.

PiRNAs

PiRNAs represent a distinct class of small ncRNAs, typi-
cally ranging from 18 to 35 nucleotides in length, which 
are characterized by their specific association with the 
PIWI subfamily of Argonaute proteins and the presence 
of 2′-O-methyl modification at their 3′ terminus. Unlike 
miRNAs, piRNAs are transcribed from specific genomic 
loci and processed by various enzymes in a Dicer-inde-
pendent manner. Over 90% of piRNAs originate from 
piRNA clusters, where piRNAs line up end-to-end or 
overlap slightly.[53,54] Upon generation, piRNAs form 
functional complexes with PIWI proteins, enabling them 
to recognize and bind to target transcripts via base pairing. 
Currently, it is estimated that the human genome encodes 
approximately 23,000 piRNAs.[55]

Emerging evidence indicates that piRNAs are differentially 
expressed between pancreatic cancer tissues and normal 
tissues, implicating their roles in cancer progression. 
For instance, piR-017061 is significantly downregulated 
in pancreatic cancer and has been demonstrated to 
inhibit tumor cell proliferation through its binding 
with PIWIL1, leading to the degradation of oncogenic 
EFNA5 mRNA.[56] Furthermore, Saha et al[57] identified 
dysregulation of 36 piRNAs in pancreatic cancer tissues, 
with 11 of these piRNAs also showing altered expression 
in the plasma of pancreatic cancer patients. These observa-
tions suggest their roles in intercellular communication 
and highlight their potential as noninvasive biomarkers. 
In addition, Zhong et al[58] reported that small extracel-
lular vesicle piR-hsa-30937, originating from pancreatic 
neuroendocrine, neoplasms, targets PTEN to activate 
the AKT pathway and upregulates the expression of the 



Chinese Medical Journal 2025;138(9) www.cmj.org

1022

immune checkpoint molecule CD276 in tumor-associated 
macrophages (TAMs), thereby contributing to the sup-
pression of antitumor T-cell immunity.

SnoRNAs

SnoRNAs are a class of ncRNAs typically ranging from 
60 to 300 nucleotides in length, predominantly localized 
within the nucleolus.[59] These RNAs have specific 
secondary structures and are classified into three major 
categories: (1) C/D box snoRNAs (SNORDs), which 
contain C/D box motifs; (2) H/ACA box snoRNAs (SNO-
RAs), which feature H/ACA box motifs; and (3) small 
Cajal body-specific RNAs (SCARNAs), which include 
both C/D and H/ACA motifs.[60,61] SnoRNAs are primarily 
generated from the intronic regions of genes encoding pro-
teins involved in ribosome biogenesis and function. This 
genomic arrangement may facilitate the maintenance of 
an appropriate balance between ribosomes and associated 
snoRNAs.[62,63] Functionally, snoRNAs play an important 
role in the posttranscriptional modifications (e.g., 2′-O-ri-
bose methylation and psuedouridylation) of ribosomal 
RNAs (rRNAs) and small nuclear RNAs (snRNAs).[64]

Accumulating evidence indicates that snoRNAs are impli-
cated in the pathogenesis of human diseases, including 
pancreatic cancer.[59,65] For example, SNORA23 is upreg-
ulated in PDAC and promotes growth and metastasis of 
PDAC cells in vitro and in vivo through increasing the 
expression of spectrin repeat-containing nuclear enve-
lope 2 (SYNE2).[65] Given their dysregulation in disease 
states, snoRNAs have emerged as potential diagnostic 
biomarkers for pancreatic cancer. Notably, Kitagawa  
et al[66] identified that serum SNORA74A and SNORA25, 
when combined with the mRNA expression profiles of 
WASF2 and ARF6, exhibit strong diagnostic performance 
for the early detection of pancreatic cancer, achieving an 
AUC value exceeding 0.9.

NcRNA Dysregulation in Pancreatic Cancer

Extensive research documents that the expression of 
ncRNAs is dysregulated in pancreatic cancer.[7,8,16] Their 
dysregulation can be attributed to a variety of underly-
ing mechanisms, including chromosomal abnormalities,  
alterations in transcriptional control, epigenetic regulation, 
RNA modifications, and disruptions in the machinery 
responsible for ncRNAs biogenesis.

Chromosomal abnormalities

Chromosomal abnormalities, such as amplifications, dele-
tions, and mutations in protein-coding genes, can change 
protein expression. Similar mechanisms are observed in 
the dysregulation of ncRNAs. Whole-genome analyses 
have revealed extensive chromatin abnormalities in non-
coding regions across various cancers, including pancreatic 
cancer.[67] These findings suggest that the dysregulation of 
ncRNAs may arise from genetic alternation in ncRNA- 
coding genes. Notably, recurrent mutations have been 
identified in noncoding regions of pancreatic cancer 
genomes, particularly in loci associated with lncRNAs, 

pseudogenes, miRNAs, and snRNAs.[10] A compelling 
example is the single nucleotide polymorphism (SNP) 
rs11655237 located in exon 4 of LINC00673, which is 
identified as a risk variant for pancreatic cancer in the Chi-
nese Han population.[68] This SNP creates a binding site 
for miR-1231, leading to the suppression of LINC00673 
in pancreatic cancer cells [Figure 1A]. Another case 
involves p53-transactivated miR-34a broadly influences 
gene expression and promotes apoptosis.[69] Given that 
the miR-34a gene locus is frequently deleted in pancreatic 
cancer, the p53-mediated regulatory network is likely 
disrupted, contributing to tumorigenesis [Figure 1B].

Alterations in transcriptional control

The expression of ncRNAs is tightly regulated by a variety 
of transcription factors, and dysregulation of these fac-
tors can lead to aberrant ncRNA expression. Specifically, 
transcription factors such as c-Myc and E2F1, which play 
critical roles in cell cycle progression, are frequently dys-
regulated in pancreatic cancer. For example, under acidic 
conditionS, c-Myc is significantly upregulated in pancreatic 
cancer cells, leading to the transcriptional repression of 
the lncRNA MTSS1-AS.[70] In addition, the promoter 
region of the lncRNA PLACT1 contains two binding sites 
for E2F1, and upregulation of E2F1 enhances the tran-
scription of PLACT1 in pancreatic cancer [Figure 1C].[71] 
The tumor microenvironment in pancreatic cancer is 
often characterized by severe hypoxia, which induces the 
expression of the transcript factor HIF1α. It has been 
reported that HIF1α promotes the transcription of several 
lncRNAs, including HIF1A-AS1[34] and PVT1,[72] in pan-
creatic cancer cells.

Epigenetic regulation

Aberrant DNA methylation and histone modifications 
are well-established epigenetic events to regulate gene 
expression in pancreatic cancer.[73] DNA methylation typi-
cally suppresses gene expression by recruiting proteins 
involved in gene repression or by hindering the binding 
of transcription factors to their target regions. For 
example, LINC00261 is dramatically downregulated in 
pancreatic cancer due to hypermethylation of its pro-
moter region. However, treatment with demethylation 
agents such as azacitidine or decitabine has been shown 
to markedly restore LINC00261 expression in pancreatic 
cancer cells [Figure 1D].[74] Similarly, histone modifica-
tions (e.g., methylation and acetylation) play critical roles 
in regulating the transcriptional activity of ncRNAs in 
pancreatic cancer. For instance, menin is a component 
of the multiprotein MLL complex that promotes H3K4 
trimethylation of chromatin. In pancreatic neuroendo-
crine tumors, the loss or inactivation of menin leads to 
the downregulation of the lncRNA MEG3, mediated 
by reduced H3K4 trimethylation and concurrent CpG 
hypermethylation within MEG3 promoter.[75] In addition, 
the lncRNA PACERR is highly expressed in pancreatic 
cancer. PACERR interacts with the transcription factor 
KLF12 to recruit the histone acetyltransferase EP300 to its 
promoter region, thereby enhancing H3K27 acetylation 
and promoting PACERR transcription [Figure 1E].[76]
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RNA modifications

RNA modifications, such as N6-methyladenosine (m6A) 
and m5C, serve as critical regulators of RNA splicing and 
stability. These modifications are reversible and subject 
to dynamic regulation by different factors. Consequently, 
dysregulation of RNA-modified enzymes contributes 
to aberrant expression of ncRNAs in pancreatic cancer. 
The m6A modification is catalyzed by a methyltrans-
ferase complex, with METTL3 acting as the principal 
catalytic subunit. In pancreatic cancer, overexpression 
of METTL3 has been shown to promote the cyclization 
and expression of circMYO1C by inducing m6A modifi-
cations at its flanking introns [Figure 1F].[77] In addition, 
IGF2BP2 is a m6A reader that recognizes and binds to 
m6A-modified transcripts, playing a pivotal role in the 
posttranscriptional regulation of RNA molecules. In pan-
creatic cancer, IGF2BP2 is upregulated and stabilizes the 
lncRNA DANCR through its interaction with the m6A 
modification site at adenosine 664.[78] Furthermore, Yuan 
et al[79] identified a panel of m5C-associated lncRNAs 
that exhibit dysregulation in pancreatic cancer and hold 
significant prognostic potential.

Disruption in ncRNA biogenesis machinery

The biogenesis of ncRNAs is tightly controlled by 
splicing factors and dysregulation of these factors can 
lead to aberrant ncRNA expression in pancreatic can-
cer. For example, serine/arginine-rich splicing factor 
3 (SRSF3) has been shown to promote gemcitabine 

resistance in PDAC cells by modulating the splicing and 
m6A methylation of the lncRNA ANRIL [Figure 1G].[80] 
In addition, the RNA-binding protein Quaking (QKI) 
is well-known for its regulatory function on circRNA 
biogenesis through its binding to the flanking introns 
of circRNAs. In KrasG12D PDAC cells, the isoform 
QKI-5 is significantly overexpressed and facilitates the 
biogenesis of circARFGEF2 by binding to its flanking 
introns [Figure 1H].[81] Furthermore, the upregulation of 
hsa_circ_0007919 in gemcitabine-resistant PDAC cells is 
attributed to the increased binding of QKI to the flanking 
introns of hsa_circ_0007919 pre-RNAs after gemcitabine 
treatment.[82]

NcRNA–protein Interactions in Pancreatic Cancer

The interactions between ncRNAs and proteins in pan-
creatic cancer can be classified into distinct mechanistic 
modes: (1) ncRNAs function as protein scaffolds, facilitat-
ing and stabilizing interactions between protein–protein, 
protein–mRNA, or protein–DNA/chromatin complexes; 
(2) ncRNAs act as protein sponges or decoys, sequester-
ing or tethering proteins to inhibit interactions between 
protein–protein, protein–mRNA, or protein–DNA/chro-
matin complexes; (3) ncRNAs mediate the translocation 
or redistribution of proteins to specific subcellular 
compartments. A comprehensive summary of studies 
about ncRNA–protein interactions in pancreatic cancer 
is provided in Supplementary Tables 1 and 2, http://links.
lww.com/CM9/C408.

Figure 1: Mechanisms underlying the dysregulation of ncRNAs in pancreatic cancer. (A and B) Effects of chromosomal abnormalities on ncRNA expression. (A) The SNP rs11655237 in 
LINC00673 creates a binding site for miR-1231, leading to the suppression of LINC00673 expression. (B) The miR-34a gene locus is frequently deleted in pancreatic cancer, resulting in 
the depletion of its expression. (C) The upregulation of PLACT1 is mediated by the enhanced expression and binding of the transcription factor E2F1 to its promoter region. (D and E) Effects  
of epigenetic modifications on ncRNA expression. (D) Hypermethylation of the promoter region of LINC00261 leads to its downregulation. (E) PACERR interacts with the transcription 
factor KLF12 and recruits the histone acetyltransferase EP300 to its promoter region, increasing H3K27 acetylation and promoting PACERR transcription. (F) The upregulation of METTL3 
promotes the cyclization and expression of circMYO1C by inducing m6A modification at its flanking introns. (G and H) Dysregulation of ncRNAs biogenesis machinery contributes to 
aberrant ncRNA expression. (G) SRSF3 overexpression promotes the alternative splicing of ANRIL, leading to the production of ANRIL-208 splic variant. (H) The upregulation of QKI-5 binds 
to the flanking introns of circARFGEF2, facilitating its biogenesis. Ac: Acetylated modification; ANRIL: antisense noncoding RNA in the INK4 locus; E2F1: E2F transcription factor 1; EP300: 
E1A binding protein P300; KLF12: KLF transcription factor 12; m6A: N6-methyladenosine; Me: Methylated modification; METTL3: Methyltransferase 3; ncRNA: noncoding RNA; PACERR: 
PTGS2 antisense NFKB1 complex-mediated expression regulator RNA; PLACT1: pancreatic cancer associated transcript 1; QKI-5: Quaking 5; SNP: Single nucleotide polymorphism; 
SRSF3: Serine/arginine-rich splicing factor 3.

http://links.lww.com/CM9/C408
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NcRNAs act as protein scaffold to enhance protein interaction 
with other molecules

NcRNAs may form multidomain structures capable of 
simultaneously binding to proteins and other effector mole-
cules, thereby serving as central platforms that facilitate 
the assembly of protein complexes.[83] A well-documented 
example is the lncRNA HOTAIR, which functions as a 
protein scaffold by bridging two distinct histone modifi-
cation complexes, PRC2 and LSD1, and directing them to 
chromatin to coordinately regulate H3K27 methylation 
and H3K4 demethylation.[84] Similarly, circ-Foxo3 acts as 
a scaffold to promote the association between cell cycle 
regulators CDK2 and p21, leading to the formation of 
circ-Foxo3-p21-CDK2 ternary complex that inhibits cell 
cycle progression in pancreatic cancer cells.[85]

Enhancing protein interaction with other proteins

NcRNAs have the capacity to interact with one or more 
protein molecules, thereby facilitating and stabilizing their 
molecular interactions. In such scenarios, protein A may 
undergo specific posttranslational modifications (PTMs) 
(e.g., ubiquitination, acetylation, or phosphorylation) 
mediated by the catalytic activity of protein B. Alterna-
tively, protein A may be transactivated by the regulatory 
function of protein B.

In pancreatic cancer cells, the lncRNA MTSS1-AS binds 
to the transcription factor MZF1 through its nucleotide 
spanning positions 700–1018 and enhances the interaction 
between MZF1 and the E3 ubiquitin ligase STUB1, result-
ing in the polyubiquitination and subsequent proteasomal 
degradation of MZF1.[70] The downregulation of MZF1, 
in turn, upregulates the expression of the tumor suppressor 
gene MTSS1, thereby inhibiting acidity-induced metasta-
sis in pancreatic cancer. Besides, the lncRNA FGD5-AS1 
is upregulated by interleukin-6 (IL-6)/STAT3 signaling in 
pancreatic cancer cells and promotes tumor growth and 
metastasis by inducing M2 macrophage polarization.[86] 
Mechanistically, FGD5-AS1 strengthens the interaction 
between the histone acetyltransferase p300 and the 
transcription factor STAT3 by binding to p300 at its 5′ 
end and STAT3 at its 3′ end. This interaction leads to the 
acetylation of STAT3 at lysine 685 (K685), activating the 
STAT3/NF-κB signaling cascade in macrophages.

Tumor-associated nonmyelinating Schwann cells (TASc) 
have been implicated in poor prognosis and the establish-
ment of immunosuppressive microenvironment in patients 
with PDAC, primarily through excessive production of 
kynurenine. Depletion of TASc has been shown to repress 
PDAC tumor formation. Among the lncRNAs upregu-
lated in TASc, PVT1 is the most prominently expressed. 
Nucleotides 1200 to 1260 of PVT1 interact with the 
protein TDO2, an enzyme that converts l-tryptophan 
to N-formyl-l-kynurenine, and nucleotides 480-540 of 
PVT1 associate with the serine/threonine protein kinase 
RAF1. These interactions enhance RAF1-medicated 
phosphorylation and activation of TDO2 [Figure 2A], 
ultimately leading to the accumulation of kynurenine 
in PDAC microenvironment and contributing to tumor 
immune exclusion.[87]

Enhancing protein interaction with RNAs

NcRNAs can serve as molecular scaffolds to strengthen 
interactions between proteins and RNA molecules. These 
proteins are typically RNA-binding proteins (RBPs), which 
play an important role in posttranscriptional regulatory 
processes by binding to RNA transcripts.[88] In pancreatic 
cancer, interactions between ncRNAs and RBPs may 
enhance the association between RBPs and their target 
RNAs, thereby modulating RNA stability and translation.

CircMYO1C is significantly upregulated in PDAC tis-
sues and participates in tumor immune surveillance to 
promote tumor growth.[77] Mechanistically, circMYO1C 
interacts with KH3/KH4 domains of the RNA-binding 
protein IGF2BP2 through its m6A modification sites and 
then enhances the interaction between IGF2BP2 and PD-
L1 mRNA, which stabilizes PD-L1 mRNAs in PDAC cells 
[Figure 2B]. Similarly, the 5′ end region (nucleotides 1–293) 
of PACERR binds to KH1/KH2 domains of IGF2BP2 
to strengthen the association of IGF2BP2 to KLF12 and 
c-Myc mRNAs, thus enhancing their stability.[76] Con-
sequently, the upregulation of PACERR promotes the 
proliferation and metastasis of PDAC cells. In addition, 
the pseudogene WTAPP1 is dramatically upregulated in 
PDAC tumors and correlates with poor patient progno-
sis.[89] The exon 1-2 region of WTAPP1 RNA interacts 
with the mRNA of its protein-coding counterpart WTAP 
to strengthen the association of WTAP mRNAs with 
translation initiation factors, such as components of the 
EIF3 complex, thus promoting WTAP translation. Then, 
the elevated WTAP expression activates Wnt signaling and 
drives pancreatic cancer progression. Besides, extracellular 
vesicles (EV)-encapsulated lncRNA RP11-161H23.5 from 
cancer-associated fibroblasts (CAFs) contributes to PDAC 
immune evasion by downregulating expression of human 
leukocyte antigen HLA-A, a critical mediator of antigen 
presentation.[90] This effect is mediated by the interaction 
of RP11-161H23.5 with the RRM domain of CNOT4, a 
subunit of the CCR4-NOT mRNA deadenylase complex, 
which results in the shortening of HLA-A mRNA poly(A) 
tail and accelerates its degradation.

Enhancing protein interaction with DNA or chromatin

In addition to mediating protein–protein and protein–RNA 
interactions, ncRNAs are also reported to enhance protein 
interaction with DNA or chromatin. For example, hsa_
circ_0007919 has been implicated in enhancing the DNA 
damage response and promoting gemcitabine resistance in 
pancreatic cancer cells by upregulating the expression of 
LIG1, a key DNA ligase involved in DNA recombination 
and repair. Mechanistically, hsa_circ_0007919 binds to 
and recruits the transcriptional activator FOXA1 and the 
DNA methylhydroxylase TET1 to the promoter region 
of LIG1 gene, thus decreasing the methylation of LIG1 
promoter and enhancing its transcription [Figure 2C].[82]

In eukaryotic cells, genetic information is organized 
into chromatin, a dynamic structure regulated by post-
translational histone modifications, such as methylation 
and acetylation. These modifications are regulated by 
specific enzymes and involved in gene expression, DNA 
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replication, and DNA damage repair.[91] NcRNAs can 
interact with histone-modifying enzymes and enhance 
their binding with chromatin. For example, the lncRNA 
PLACT1 is highly overexpressed in PDAC tumors and 
promotes the proliferation and metastasis of PDAC cells 
in vitro and in vivo[71]. Mechanistically, PLACT1 interacts 
with the RNA-binding protein hnRNPA1 and also recruits 
the histone methyltransferase EZH2 to the promoter of 
IκBα gene, forming a DNA–RNA–protein triplex to 
promote H3K27 trimethylation at the IκBα promoter and 
activation of the NF-κB signaling pathway [Figure 2D]. 
Similarly, circ_0005397 is abundantly expressed in pan-
creatic cancer and inhibits ferroptosis by upregulating 
the expression of the RNA-binding protein PCBP2, 
which is important for iron transport.[92] The underlying 
mechanism is that circ_0005397 binds to the histone acet-
yltransferase KAT6A and directs it to the promoter region 
of the PCBP2 gene, thus increasing H3K9 acetylation at 
the PCBP2 promoter to promote PCBP2 expression.[93]

NcRNAs tether or sequester protein to block interaction with 
other molecules

NcRNAs can participate in the gene regulatory networks 
by acting as molecular sponges or decoys, sequestering 

target molecules and preventing their interactions with 
other binding partners. A well-characterized example is 
the lncRNA NORAD, which regulates genomic stability 
by sequestering PUMILIO proteins.[94,95] Similarly, the 
mitochondria-localized circRNA SCAR has been impli-
cated in the pathogenesis of nonalcoholic steatohepatitis 
(NASH). SCAR interacts to ATP5B and shuts down mPTP 
by blocking CypD-mPTP interaction, thus reducing 
mROS output.[96]

Blocking protein interaction with other proteins

The interaction between ncRNA and protein A may 
competitively inhibit the binding of protein A to protein 
B, thereby disrupting the posttranslational modifications 
(PTMs) of protein A that are typically catalyzed by pro-
tein B. In addition, such ncRNA-mediated interference 
can impede the transactivation of protein A by protein B.

In pancreatic cancer, circRTN4 interacts with the epithelial- 
to-mesenchymal transition (EMT)- driver RAB11FIP1 to 
block its ubiquitination site at Lys578, thus preventing 
the polyubiquitination and subsequent proteasomal deg-
radation of RAB11FIP1 in PDAC cells.[97] The lncRNA 
LINC00842 is induced by high concentration of glucose 

Figure 2: NcRNAs function as protein scaffolds to enhance protein interaction with other molecules. (A) PVT1 interacts with TDO2 at nucleotides 1200–1260 and RAF1 at nucleotides 
480–540, enhancing RAF1-medicated phosphorylation of TDO2. (B) circMYO1C binds to the KH3 and KH4 domains of IGF2BP2 and promotes its association with PD-L1 mRNA, increasing 
the stability of PD-L1 mRNA. (C) hsa_circ_0007919 interacts with and recruits the transcriptional activator FOXA1 and the DNA methylhydroxylase TET1 to the promoter region of LIG1, 
promoting promoter demethylation and enhancing the transcription of LIG1. (D) PLCAT1 forms a DNA–RNA–protein triplex in the IκBα promoter and promotes H3K27 trimethylation at 
the IκBα promoter through its interaction with hnRNPA1 and EZH2. EZH2: Enhancer of zeste homolog 2; FOXA1: Forkhead box A1; hnRNPA1: Heterogeneous nuclear ribonucleoprotein A1; 
LIG1: DNA ligase I; Me, methylated modification; Me3: H3K27 trimethylation; ncRNA: Noncoding RNA; P: phosphorylated modification; PLACT1: pancreatic cancer associated transcript 1; 
PD-L1: Programmed cell death 1 ligand 1; PVT1: Plasmacytoma variant translocation 1; RAF1: Raf-1 proto-oncogene, serine/threonine kinase; TDO2: Tryptophan 2,3-dioxygenase; TET1: 
Tet methylcytosine dioxygenase 1.
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in PDAC cells, and its overexpression confers metabolic 
remodeling of PDAC cells by regulating the transcrip-
tional co-regulator PGC-1α.[14] Mechanistically, the 
5′-end region (nucleotides 1-690) of LINC00842 binds to 
the repression domain (amino acids 181-460) of PGC-1α, 
and such interactions hinder the access of the deacetylase 
enzyme SIRT1 to acetylated PGC-1α, thus preventing the 
inactivated PGC-1α from deacetylation and activation by 
SIRT1 [Figure 3A]. In addition, the lncRNA DDIT4-AS1 
is upregulated in PDAC tumors and promotes stemness 
properties and gemcitabine sensitivity of pancreatic 
cancer cells by downregulating DDIT4, a negative regu-
lator of mTOR signaling.[98] Binding of DDIT4-AS1 to 
UPF1, a well-known RNA helicase involved in nonsense- 
mediated mRNA decay, blocks the association of UPF1 
with the protein phosphatase PP2A, thus increasing UPF1 
phosphorylation and DDIT4 mRNA degradation and 
eventually activating mTOR pathway to promote stemness.

Blocking protein interaction with RNAs

As previously discussed, ncRNA-protein interactions may 
also disrupt the binding of RBPs with target RNAs, thus 
influencing RNA stability and degradation. In pancreatic 
cancer, the lncRNA MALAT1 is highly expressed to 
promote the proliferation and metastasis of PDAC cells 
via stimulating TIA-1-mediated autophagy.[99] MALAT1 

binds to the RNA-binding protein HuR and prevents the 
binding of HuR to the 3′UTR of TIA-1 mRNAs, thus 
increasing the autophagic flux by post-transcriptional 
downregulation of TIA-1 mRNAs in PDAC cells [Figure 3B].  
Besides, hsa_circ_0007590 is upregulated in PDAC tumors  
and promotes proliferation, migration, and invasion 
of PDAC cells by downregulating PTEN expression 
and subsequently activating PI3K/Akt/mTOR signal-
ing.[100] Mechanistically, hsa_circ_0007590 binds to the 
RNA-binding protein PTBP1 and reduces the mRNA 
stability of PTEN in a m6A-dependent manner.

Blocking protein interaction with DNAs or chromatin

NcRNA-protein interactions may tether or sequester 
proteins to block the binding of protein with DNA or 
chromatin. In pancreatic cancer, the lncRNA ZNFTR is 
significantly downregulated, and its enforced expression 
suppresses proliferation, metastasis, and proangiogenic 
abilities of pancreatic cancer cells through ZNF24-de-
pendent downregulation of VEGFA. Mechanistically, the 
194-493 nucleotide segment of ZNFTR interacts with 
the transcription factor ATF3 and sequesters ATF3 away 
from the ZNF24 promoter, which consequently enhances 
ZNF24 expression [Figure 3C].[101] The upregulation 
of ZNF24, in turn, represses VEGFA transcription in 
pancreatic cancer cells. In addition, LINC00261 is 

Figure 3: NcRNAs sequester or tether proteins to inhibit interactions with other molecules. (A) The 5′ end region of LINC00842 binds to the repression domain of PGC-1α, blocking the 
access of the deacetylase enzyme SIRT1 to acetylated PGC-1α, preventing the deacetylation and subsequent activation of PGC-1α by SIRT1. (B) MALAT1 binds to HuR and prevents its 
binding to the 3′UTR of TIA-1 mRNA, decreasing the stability of TIA-1 mRNA. (C) The 194-493 nucleotide segment of ZNFTR interacts with ATF3, sequestering it and preventing its binding 
to the promoter region of ZNF24. Consequently, this sequestration enhances ZNF24 transcription. (D) LINC00261 binds to the Bromo domain of p300/CBP and prevents its binding to c-Myc 
promoter, downregulating H3K27 acetylation and c-Myc expression. Ac: Acetylated modification; ATF3: Activating transcription factor 3; CBP: CREB binding protein; HuR: Human antigen R; 
MALAT1: Metastasis associated lung adenocarcinoma transcript 1; ncRNA: Noncoding RNA; p300: E1A binding protein p300; PGC-1α: PPARG coactivator 1 alpha; SIRT1: Sirtuin 1; TIA-1: 
T-cell-restricted intracellular antigen-1; ZNF24: Zinc finger protein 24; ZNFTR: ZNF24 transcription regulator.
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dramatically downregulated in pancreatic cancer tis-
sues and its expression is positively associated with the 
prognosis of pancreatic cancer patients.[74] LINC00261 
physically interacts and binds with the Bromo domain 
of p300/CBP, thus preventing the recruitment of p300/
CBP to the promoter region of c-Myc, decreasing the 
H3K27Ac level and eventually repressing c-Myc tran-
scription in pancreatic cancer cells [Figure 3D]. Therefore, 
LINC00261 overexpression inhibits the proliferation and 
metastasis of pancreatic cancer cells

NcRNAs translocate or redistribute proteins to specific 
subcellular compartments

NcRNAs can bind with proteins to translocate or 
redistribute them to specific subcellular compartments. 
For example, P53RRA is a cytosolic lncRNA, and the 
interaction between P53RRA and G3BP1 protein in the 
cytoplasm disrupts the G3BP1-p53 complex, promoting 
nuclear retention of p53.[102] Circ-Foxo3 is primarily 
localized in the cytoplasm, where it interacts with nuclear 
transcription factors E2F1 and HIF1α, thus sequestering 
them in the cytoplasm.[103] Besides, circSKA3 has been 
reported to recruit Tks5 to the cell membrane and induce 
the formation of invadopodia.[104]

In pancreatic cancer, circRNAs have been shown to 
translocate or redistribute proteins to specific sub-
cellular compartments. For example, circCGNL1 is 
predominantly distributed in the cytoplasm of pancreatic 
cancer cells, where it enhances the interaction between 

the phosphorylase NUDT4 and HDAC4 to promote 
NUDT4-dependent dephosphorylation of HDAC4, lead-
ing to its nuclear translocation [Figure 4A].[28] Another 
example is circBIRC6, which contributes to oxaliplatin 
resistance in pancreatic cancer cells and organoids by 
regulating the nonhomologous end joining (NHEJ)  
dependent DNA repair. Mechanistically, circBIRC6 directly 
binds with XRCC4, an important DNA repair protein, 
and strengthens the interaction of XRCC4 with the E1 
SUMO-activating enzyme SAE1, thus promoting XRCC4 
SUMOylation at lysine 155 (K155) and subsequent chro-
matin localization of XRCC4 in pancreatic cancer cells 
[Figure 4B].[105] In addition, the cytoplasmic circEIF3I 
facilitates the recruitment of SMAD3 to early endosomes 
to promote TGF-β signaling pathway in PDAC. In detail, 
circEIF3I directly binds to the transcription factor SMAD3 
and increases SMAD3 phosphorylation by strengthening 
the interactions between SMAD3 and TGFβRI on early 
endosomes. Furthermore, AP2A1, a protein plays crucial 
role in Clathrin-mediated endocytosis, directly binds to 
circEIF3I and promotes circEIF3I-bound SMAD3 recruit-
ment to TGFβRI on early endosomes [Figure 4C].[106] 
These events eventually lead to the nuclear translocation 
of phosphorylated SMAD3 to regulate gene expression in 
PDAC cells.

Roles of NcRNA–protein Interaction in the Progression of 
Pancreatic Cancer

Compelling evidence indicates that ncRNAs are dysregu-
lated and participate in pancreatic cancer progression 

Figure 4: ncRNAs mediate protein translocation or redistribution to specific subcellular compartments. (A) circCGNL1 binds to the phosphorylase NUDT4 and HDAC4 in the cytoplasm, 
facilitating HDAC4 dephosphorylation and subsequent nuclear translocation. (B) circBIRC6 interacts with XRCC4 and enhances its association with SAE1, promoting XRCC4 SUMOylation 
and subsequent localization to chromatin. (C) circEIF3I binds to AP2A1 and SMAD3 in the cytoplasm, promoting the recruitment of TGFβRi to early endosomes and increased phosphorylation 
of SMAD3. AP2A1: Adaptor related protein complex 2 subunit alpha 1; HDAC4: Histone deacetylase 4; ncRNA: Noncoding RNA; NUDT4: Nudix hydrolase 4; P: Phosphorylation modification; 
S: SUMOylation modification; SAE1: SUMO1 activating enzyme subunit 1; SMAD3: SMAD family member 3; TGFβRI: Transforming growth factor beta receptor 1; XRCC4: X-Ray repair 
cross complementing 4. 
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through affecting tumor growth, metastasis, cell death, 
drug resistance, metabolic remodeling, stemness, and 
immunosuppressive microenvironment.[8,19,107–109] Nota-
bly, different kinds of ncRNAs may coordinate to regulate 
the same biological functions, as they can influence the 
expression of genes converging on the common signaling 
pathway. Besides, ncRNAs may function as ceRNAs and 
share common interaction partners, thus being functional 
redundancy during evolution.[110] Here, we summarize 
and discuss the roles of ncRNA-protein interaction in the 
progression of pancreatic cancer [Figure 5].

Cancer growth

Cancer is characterized by the uncontrolled proliferation 
of cells. Typically, normal cell cycle progression is tightly 

controlled by the balance between intracellular programs 
and extracellular signals, but cancer cells disrupt this 
balance by evading from growth suppressors and main-
taining persistent proliferative signals. The discovery of 
ncRNAs and their protein interaction add a new dimen-
sion to understanding how pancreatic cancer cells grow 
beyond control.

C-Myc is one of the most important transcription factors 
to control cell growth. It is common that c-Myc is upregu-
lated in various types of cancers including pancreatic 
cancer and sustains cancer cell proliferation by enabling 
them to reenter the cell cycle and inhibiting cell-cycle 
checkpoints.[111] It can also alter cancer cell metabolism 
to support rapid growth and proliferation.[112] In pan-
creatic cancer, ncRNA-protein interaction may regulate 
c-Myc expression to enhance cancer proliferation. For 

Figure 5: The functional roles of ncRNA-protein interactions in pancreatic cancer progression. ATF3: Activating transcription factor 3; ANXA2: Annexin A2; ARP3: Actin related protein 
3; BIN1: Bridging integrator 1; CAV1: Caveolin 1; CBP: CREB binding protein; CNOT4: CCR4-NOT transcription complex subunit 4; EIF3: Eukaryotic translation initiation factor 3; FUBP1: 
Far upstream element binding protein 1; FOXA1: Forkhead box A1; FOXM1: Forkhead box M1; HNRNPA2B1: Heterogeneous nuclear ribonucleoprotein A2/B1; hnRNPK: Heterogeneous 
nuclear ribonucleoprotein K; hnRNP L: Heterogeneous nuclear ribonucleoprotein L; MZF1: Myeloid zinc finger 1; ncRNA: Noncoding RNA; NUDT4: Nudix hydrolase 4; KAT6A: Lysine 
acetyltransferase 6A; KLF12: KLF transcription factor 12; Ku70: 70 kDa subunit of Ku antigen; Ku80: 86 kDa subunit of Ku antigen; NUDT4: Nudix hydrolase 4; p300: E1A binding protein 
p300; PCBP3: Poly(RC) binding protein 3; PGC-1α: PPARG coactivator 1 alpha; PGK1: Phosphoglycerate kinase 1; PTBP1: Polypyrimidine tract binding protein 1; PTPN11: Protein tyrosine 
phosphatase non-receptor type 11; SNRPA: Small nuclear ribonucleoprotein polypeptide A; STAT3: Signal transducer and activator of transcription 3; SRSF3: Serine/arginine-rich splicing 
factor 3; TDO2: Tryptophan 2,3-dioxygenase; TET1: Tet methylcytosine dioxygenase 1; UBE2K: Ubiquitin conjugating enzyme E2 K; UPF1: UPF1 RNA helicase and ATPase; WDR5: WD repeat 
domain 5; XRCC4: X-Ray repair cross complementing 4; YB1: Y-Box binding protein 1.
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instance, m6A-modified lncRNA BCAN-AS acts as a 
scaffold to facilitate the formation of a ternary complex 
together with c-Myc and SNIP1, thus preventing c-Myc 
from SKP2-mediated ubiquitination and degradation.[113] 
On the contrary, LINC00261 binds to the acetylase com-
plex p300/CBP and prevents its binding to the promoter 
of c-Myc gene, thus decreasing H3K27 acetylation and 
c-Myc transcription in pancreatic cancer cells.[74]

The PI3K/Akt signaling is frequently activated in human 
cancers and plays important roles in promoting cell survival 
and cell cycle progression.[114] PTEN is a negative regu-
lator for the PI3K/Akt signaling. In pancreatic cancer, 
different kinds of ncRNAs are reported to coordinately 
regulate PTEN expression and PI3K/Akt signaling. For 
example, hsa_circ_0007590 promotes the proliferation 
of PDAC cells via downregulating PTEN expression 
and consequently activating PI3K/Akt signaling.[100] In 
contrast, the lncRNA KCNK15-AS1 upregulates PTEN 
expression to inactivate the Akt pathway and suppress the 
proliferation of pancreatic cancer cells.[115] Mechanically, 
KCNK15-AS1 binds to the E3 ubiquitin ligase MDM2 
and transcription factor REST together, enhancing  
ubiquitination and degradation of REST, and transcrip-
tionally promoting PTEN expression.

Cancer metastasis

Metastasis is a major cause of cancer-related death 
in pancreatic cancer. It is a complicated process and 
encompasses a series of biological events, including dis-
semination, dormancy, and colonization.[116] EMT, a shift 
of proliferative epithelial state to migratory mesenchymal 
state of cells, is considered an early and key step for tumor 
metastasis.[117] EMT triggers the disassociation of carci-
noma cells from their primary sites and promotes their 
migration and dissemination to distant organs. Increasing 
reports demonstrate that ncRNAs are involved in EMT 
regulation in pancreatic cancer.

ZEB1 is a primary EMT-related transcription factor implicating 
cellular plasticity, dissemination and the dormant-to-pro-
liferative phenotypic switch of cancer cells.[118] Under 
the metabolic stress of glucose or glutamine deprivation, 
pancreatic cancer cells undergo EMT and acquire increased 
migratory and invasion abilities. For example, the lncRNA 
ZFAS1 is induced by glucose/glutamine deprivation in 
pancreatic cancer cells, and its overexpression confers an 
EMT phenotype.[119] Mechanistically, ZFAS1 enhances the 
interaction between AMP-activated protein kinase (AMPK) 
and ZEB1, resulting in phosphorylation and subsequent 
stabilization of ZEB1 to induce EMT.

TGF-β signaling elicits a variety of context-dependent 
cellular responses, which induce cell growth arrest at the 
early stage but promote metastasis at the late stage during 
cancer progression.[120] In pancreatic cancer, TGF-β signal-
ing is overactivated and associated with poor prognosis by 
facilitating EMT, angiogenesis, and cancer stemness.[121] 
Recently, ncRNAs have been reported to regulate TGF-β 
signaling and cancer metastasis. For example, circEIF3I is 
highly expressed in PDAC tissues and is associated with 
poor prognosis in patients with PDAC.[106] CircEIF3I 

directly binds to AP2A1 and SMAD3 and recruits TGFβRi 
on early endosomes, which leads to the activation of 
TGF-β signaling and metastasis of PDAC cells.

Cell death

Cells may undergo self-destruct to maintain biological 
homeostasis and prevent against harmful substances. Cell 
death can be genetically programmed, such as apoptosis, 
necroptosis, and pyroptosis, or induced by dysregulated 
metabolism, such as that in ferroptosis.[122,123] A hallmark 
of cancer cells is evading cell death, a feature crucial for 
drug treatment resistance and cancer recurrence. Increas-
ing studies indicate that ncRNAs are important regulators 
for cell death in pancreatic cancer.

Apoptosis is a form of regulated cell death that is exten-
sively studied. It functions as a natural barrier against 
malignancy. In pancreatic cancer, circCGNL1 is down-
regulated and its overexpression promotes apoptosis of 
pancreatic cancer cells via upregulating the expression 
of guanidinoacetate N-methyltransferase (GAMT), an 
essential enzyme in the creatine-biosynthesis pathway, and 
subsequently activating the proapoptotic AMPK-AKT-
Bad signaling.[28] As mentioned earlier, hsa_circ_0007919 
prevents gemcitabine-induced apoptosis by facilitating 
LIG1-dependent DNA damage repair.[82]

Ferroptosis is a form of cell death driven by iron-dependent 
lipid peroxidation.[124] Initially described as Ras-dependent 
cell death, ferroptosis is involved in drug resistance and 
progression of pancreatic cancer.[125,126] SLC7A11 is an 
important regulator of ferroptosis by regulating cystine 
import for glutathione biosynthesis and antioxidant defense. 
In pancreatic cancer, LINC00578 is elevated and inhibits 
ferroptosis events, including cell proliferation, reactive 
oxygen species (ROS) generation, and mitochondrial mem-
brane potential (MMP) depolarization.[127] Mechanically, 
LINC00578 directly binds with the ubiquitin-conjugating 
enzyme UBE2K to decrease the ubiquitination of SLC7A11, 
thus promoting SLC7A11 expression. In addition, the 
lncRNA A2M-AS1 promotes ferroptosis in pancreatic 
cancer cells because it directly interacts with the poly (rC) 
binding protein 3 (PCBP3), which plays a pivotal role in 
iron metabolism, thus promoting p38 activation and inhibit-
ing Akt-mTOR signaling.[128]

Chemoresistance

The FOLFIRINOX regimen and gemcitabine in com-
bination with nab-paclitaxel represent the primary 
chemotherapeutic options for the treatment of advanced 
pancreatic cancer. However, the development of chemore-
sistance is a critical factor contributing to adverse clinical 
outcomes and poor prognosis.[129] Although the underly-
ing mechanism for chemoresistance in pancreatic cancer 
remains obscure, ncRNAs are recently reported to be 
involved in the chemoresistance of pancreatic cancer.

Chemotherapeutic agents, including gemcitabine and 
oxaliplatin, exert their antitumor effects by inhibiting 
cell cycle progression and inducing DNA damage. 
Consequently, alterations in the DNA damage repair 
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machinery contribute to chemoresistance. For example, 
CAFR is a cancer-associated fibroblast cell line derived from 
platinum-resistant pancreatic cancer patients. Paracrine 
IL-8 secreted by CAFR induces Oxaliplatin resistance and 
upregulates the lncRNA UPK1A-AS1 in pancreatic cancer 
cells.[130] Mechanistically, UPK1A-AS1 promotes oxalip-
latin resistance by strengthening the interaction between 
Ku70 and Ku80, two critical proteins involved in the repair 
of DNA double-strand break (DSB), to facilitate NHEJ 
and enhance DSB repair. SRSF3, a member of the serine/
arginine-rich (SR) family of RNA-binding proteins, plays 
crucial roles in RNA splicing. In pancreatic cancer cells, 
SRSF3 confers resistance to gemcitabine by modulating the 
alternative splicing of the lncRNA ANRIL, leading to the 
production of the ANRIL-208 splice variant that enhance 
DNA homologous recombination repair (HR) capacity by 
forming a complex with Ring1b and EZH2.[80]

Alterations in tumor metabolism have been implicated in 
chemoresistance development in pancreatic cancer.[131,132] 
For example, the circRNA cNEK6 induces gemcitabine 
resistance by promoting glycolysis in PDAC cells.[133] 
cNEK6 binds to the RNA-binding protein SNRPA and 
prevents K48 ubiquitination of SNRPA from the BTRC, 
a ubiquitin E3 ligase. Then the accumulated SNRPA 
binds to the G-quadruplexes within the 5′ UTR of PP2Ac 
mRNAs, thus repressing PP2Ac translation and activating 
the mTORC1 pathway. Besides, the lncRNA HIF1A-AS1 
promotes gemcitabine resistance of pancreatic cancer 
cells through enhancing HIF-1α-dependent glycolysis.[34] 
In detail, HIF1A-AS1 facilitates the interaction between 
the transcription factor YB1 and the kinase AKT to pro-
mote the phosphorylation of YB1 (pYB1). Meanwhile, 
HIF1A-AS1 recruited pYB1 to HIF1α mRNA that con-
sequently promoted translation of HIF1α.

Cancer stemness

Stemness refers to the capacity of a cell to self-renew, 
differentiate into multiple cell types, and communicate 
with its microenvironment to maintain a balance between 
quiescence, proliferation, and regeneration.[134] Emerging 
evidence indicates the presence of pancreatic cancer stem 
cells (PCSCs), which exhibit stemness properties that 
drive tumor progression, chemoresistance, and recur-
rence.[135] Furthermore, some studies suggest the roles of 
ncRNA-protein interactions in regulating the stemness of 
pancreatic cancer cells.

In pancreatic cancer, circFARP1 is derived from CAFs, 
and positively correlated with gemcitabine resistance 
and poor survival in patients with advanced PDAC.[136] 
Mechanistically, circFARP1 promotes gemcitabine resistance  
of pancreatic cancer cells by enhancing stemness 
properties. Specifically, circFARP1 binds to caveolin 1 
(CAV1) and blocks the interaction of CAV1 with the E3 
ubiquitin ligase ZNRF1 to prevent CAV1 degradation, 
which increases the secretion of leukemia inhibitory 
factor (LIF) by CAFs. Given that LIF is a member of 
the IL-6 cytokine family to regulate stem cell identity 
and proliferation,[137] elevated LIF secretion reinforces 
stemness and gemcitabine resistance in pancreatic cancer  
cells.

The Wnt/β-catenin signaling is one of the key pathways 
to regulate development and stemness. Modulation of 
Wnt/β-catenin singling has been shown to influence 
the stemness properties of pancreatic cancer cells. For 
instance, circRREB1 is frequently upregulated in PDAC 
tissues, and its overexpression promotes glycolysis and 
enhances stemness in PDAC cells.[138] Mechanistically, 
circRREB1 directly interacts with the RNA-binding pro-
tein YBX1 and facilitates its nuclear translocation, thus  
promoting WNT7B transcription to activate Wnt/β-catenin 
signaling.

Metabolic reprogramming

Dysregulated metabolism is a hallmark of cancer, charac-
terized by the reprogramming of metabolic processes to 
support uncontrolled proliferation and adaption to the 
hostile tumor microenvironment. Key metabolic alterna-
tions include (1) a shift from oxidative phosphorylation 
to aerobic glycolysis (the Warburg effect), (2) enhanced 
glutamate metabolism to facilitate NADPH regeneration, 
and (3) upregulation of lipid uptake and lipogenesis.[139] 
NcRNA-protein interactions have been implicated in 
mediating these metabolic reprogramming events in pan-
creatic cancer.

Altered energy metabolism is a biochemical hallmark 
of cancer cells, characterized by a preferential reliance 
on glycolysis. As previously discussed, dysregulation of 
glucose metabolism contributes to chemoresistance in 
pancreatic cancer. In addition, reprogramming of glucose 
metabolism drives tumor progression. For example, the 
hypoxia-induced circPDK1 promotes proliferation and 
metastasis of pancreatic cancer cells by enhancing aerobic 
glycolysis.[140] Mechanistically, circPDK1 interacts with 
the RNA-binding protein BIN1 to strengthen its inter-
action with the ubiquitin-conjugating enzyme UBE2O, 
thus promoting the ubiquitination and degradation of 
BIN1. The downregulation of BIN1 elevates c-Myc tran-
scriptional activity, thereby further enhancing aerobic 
glycolysis and supporting tumor growth.

Glutamate metabolism plays an important role in support-
ing macromolecule biosynthesis and maintaining redox 
homeostasis, thereby facilitating cancer cell growth and 
survival.[141] In pancreatic cancer, the absence of lncRNA 
XLOC_006390 is associated with reduced levels of 
alpha-ketoglutarate (aKG), a key metabolite predominately 
controlled by glutamate dehydrogenase 1 (GDH1).[142] 
XLOC_006390 binds to c-Myc to prevent its ubiquitination 
and degradation, which in turn enhances the transcriptional 
activation of GDH1. Through the XLOC_006390/c-Myc 
axis, glutamate metabolism is upregulated and promotes 
tumor progression in pancreatic cancer.

Lipid metabolism, particularly fatty acid synthesis, plays 
an essential role in converting nutrients into metabolic 
intermediates for energy storage and membrane biogenesis. 
Emerging evidence indicates that enhanced fatty acid 
synthesis contributes to tumorigenesis and cancer pro-
gression.[143] For example, the lncRNA LINC00842 
is upregulated under high glucose conditions, and its 
overexpression causes metabolic remodeling from 
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mitochondrial oxidative catabolic process to fatty acid 
synthesis. This shift promotes the malignant progression 
of PDAC cells.[14]

Immune microenvironment

Pancreatic cancer is among the most immune-resistant 
malignancies, exhibiting an immunologically “cold” 
tumor microenvironment characterized by impaired 
adaptive T-cell immunity, the accumulation of immuno-
suppressive cell populations, and resistance to immune 
checkpoint blockade (ICB) therapy.[144,145] Modulating 
the immunosuppressive tumor microenvironment is a 
promising strategy to overcome immune resistance and 
improve therapeutic outcomes in pancreatic cancer.

Recent evidences demonstrate that intratumoral T cells 
exhibit functional impairment due to multifaceted sup-
pressive signals within the tumor microenvironment.[146] 
Prolonged antigen exposure within the tumor microen-
vironment induces T-cell exhaustion, characterized 
by a hierarchical loss of effector functions, reduced 
proliferation capacity, and altered transcriptional and 
metabolic profiles. Thus, reinvigoration of T-cell func-
tion by ncRNAs may offer an opportunity to promote 
antitumor therapy. For example, circPTPN22 is highly 
upregulated in pancreatic cancer tissues and its silencing 
enhances the infiltration and activation of cytotoxic CD8+ 
T cells in the mice models bearing pancreatic cancer xen-
ografts.[147] Mechanistically, circPTPN22 interacts with 
STAT3, a key regulator of anti-tumor immune responses, 
and promotes it acetylation by inhibiting its association 
with the deacetylase enzyme SIRT1. This modulation of 
STAT3 activity subsequently promotes antitumor T cell 
immunity. Besides, the upregulated lncRNA PVT1 in TAS 
cells promotes the excessive production of kynurenine to 
construct an immunosuppressive microenvironment in 
PDAC.[87] Moreover, depletion of TASc or PVT1 effec-
tively sensitized PDAC to immunotherapy.

Current studies indicate that PD-1/PD-L1 blockade 
monotherapy has limited effect in pancreatic cancer, 
underscoring the need for combined therapeutic strate-
gies.[148] Targeting functional ncRNAs may enhance the 
efficacy of PD-1/PD-L1 blockade and improve therapeutic 
outcomes in pancreatic cancer. For example, the lncRNA 
RP11-161H23.5 promotes the degradation of HLA-A 
mRNA and immune evasion of PDAC cells. Notably, 
targeting RP11-161H23.5 by engineered vesicle-loaded 
siRNA significantly enhances the sensitivity of dual ICB 
therapy (anti-PD-L1 and anti-CTLA-4).[90]

The M1/M2 macrophage polarization paradigm plays 
a crucial role in tumor progression. Polarization of 
macrophage toward M2 subtype is associated with anti- 
inflammatory responses, an immunosuppressive tumor 
microenvironment, and tumor-promoting effects.[149] 
Disruption of the balance between M1 and M2 mac-
rophage polarization can contribute to PDAC progression. 
For instance, the highly expressed exosomal lncRNA 
FGD5-AS1 promotes M2 macrophage polarization by 
activating STAT3/NF-κB signaling, thus enhancing the 
proliferation and metastasis potential of pancreatic cancer 

cells.[86] In addition, the lncRNA PACERR is upregulated 
in TAMs and induces protumour macrophages. Moreover, 
increasing infiltration of PACERR+ TAMs is correlated 
with poor clinical outcomes in PDAC patients.[76]

Diagnostic and Therapeutic Potential of NcRNAs in Pancreatic 
Cancer

Pancreatic cancer is frequently diagnosed at advanced 
stages due to its insidious onset and the anatomical com-
plexity of the pancreas. Current noninvasive diagnostic 
methods, including abdominal computed tomography 
(CT), magnetic resonance imaging (MRI), and the pancreatic 
cancer-specific biomarker CA19-9, exhibit significant 
limitations in detecting the disease at early stages.[150,151] 
Therefore, there is an urgent need to develop novel bio-
markers for pancreatic cancer diagnosis and treatment. 
As previously discussed, ncRNAs are dysregulated in 
pancreatic cancer, with their expression levels strongly 
correlating with disease progression. Furthermore, dys-
regulated ncRNAs can be detected in body fluids, such as 
plasma, urine, and saliva, highlighting their potential as 
noninvasive biomarkers.

NcRNAs as potential diagnostic and prognostic markers

Accumulating evidence indicates that ncRNAs are aber-
rantly expressed in pancreatic cancer tissues, and their 
expression levels exhibit significant correlations with 
disease severity, making them promising candidates for 
diagnostic and prognostic biomarkers. For instance, the 
expression of circ-LDLRAD3 is markedly upregulated in 
pancreatic cancer tissues and is positively associated with 
venous invasion, lymphatic invasion, and metastatic pro-
gression.[152] Circ-LDLRAD3 demonstrates potential as a 
diagnostic biomarker, with an AUC value of 0.67 when 
used alone, which increases to 0.87 when combined with 
the established biomarker CA19-9. Similarly, Ma et al[153] 
identified a panel of immune-related lncRNAs, including 
LINC02325 (AUC = 0.80), FNDC1-AS1 (AUC = 0.76), 
and ZEB2-AS1 (AUC = 0.75), in pancreatic cancer tissues. 
These lncRNAs exhibit strong predictive efficacy for the 
5-year survival of pancreatic cancer patients.[153] Further-
more, Ørbeck et al[154] investigated the prognostic potential 
of circRNAs in PDAC using frozen tissue specimens and 
revealed that circ_02984 (AUC = 0.70), circPNLIP 
(AUC = 0.67), and circMBOAT2 (AUC = 0.64) hold 
promise as prognostic markers for patients with PDAC.

Liquid biopsy represents a widely utilized noninvasive 
approach for the real-time monitoring and diagnosis of 
cancer. Given that ncRNAs are frequently dysregulated 
and abundantly secreted into the tumor microenviron-
ment in pancreatic cancer, they hold significant potential 
as biomarkers for liquid biopsy applications. For example, 
Xu et al[155] identified a panel of five circRNAs (hsa_
circ_0060733, hsa_circ_0006117, hsa_circ_0064288, 
hsa_circ_0007895, and hsa_circ_0007367) in plasma- 
based liquid biopsies, which demonstrated robust per-
formance in detecting PDAC and distinguishing between 
early-stage (stage I/II) and late-stage (stage III/IV) disease. 
The AUC values for this circRNA panel are 0.83 and 0.81 



Chinese Medical Journal 2025;138(9) www.cmj.org

1032

in the training and validation cohorts, respectively, and 
increased to 0.94 when combined with CA19-9. Similarly, 
Xie et al[156] identified salivary lncRNAs HOTAIR and 
PVT1 as novel biomarkers for the early detection of pan-
creatic cancer. Compared with healthy controls, HOTAIR 
and PVT1 exhibited AUC values of 0.880 and 0.870, 
respectively, and their combination further improved the 
AUC value to 0.909. Notably, these salivary lncRNAs 
are also capable of distinguishing pancreatic cancer from 
benign pancreatic tumors. In another study, Jin et al[51] 
identified two serum tsRNAs, tRF-ProAGG-004 and 
tRF-Leu-CAG-002, which demonstrated good diagnostic 
performance in differentiating pancreatic cancer patients 
from healthy controls. In a validation cohort comprising 
150 pancreatic cancer patients and 100 healthy controls, 
the AUC values for tRF-ProAGG-004 and tRF-Leu-
CAG-002 are 0.90 and 0.78, respectively, while their 
combination achieved an AUC value of 0.94.

NcRNAs as potential therapeutic targets

The involvement of aberrant ncRNA expression in 
cellular biological processes associated with pancreatic 
cancer suggests that targeting these ncRNAs could offer 
therapeutic potential. The most widely utilized strategies 
for targeting ncRNAs are small interfering RNAs (siR-
NAs) and antisense oligonucleotides (ASOs), which can 
be effectively delivered through different delivery systems, 
such as nanoparticles, exosomes, and liposomes.

The lncRNA RP11-161H23.5 has been shown to 
promote immune evasion in PDAC. To target RP11-
161H23.5, engineered extracellular vesicles are used 
to deliver RP11-161H23.5-specific siRNA (siRP11). 
When combined with immune checkpoint inhibitors 
(anti-PD-L1 and anti-CTLA-4), the codelivery of these 
engineered extracellular vesicles significantly suppresses 
RP11-161H23.5 expression and enhances the efficacy of 
dual ICB therapy.[90] In addition, circBIRC6 has been linked 
to oxaliplatin resistance in patients with PDAC. An ASO 
inhibitor targeting circBIRC6 has been developed, and the 
combination of ASO-circBIRC6 with chemotherapy drugs 
such as olaparib and oxaliplatin significantly improves 
therapeutic outcomes in PDAC mouse models, highlight-
ing its potential as a synergistic treatment strategy.[105]

Engineered circRNAs have recently emerged as a useful 
platform for protein expression and targeted therapy. 
The unique covalently closed-loop structure confers cir-
cRNAs resistance to exonucleases, thus exhibiting greater 
stability compared with linear RNAs. Notably, circRNAs 
possess the capacity to encode proteins, making them 
an attractive tool for targeted gene expression.[157,158] 
Furthermore, synthesized circRNAs exhibit minimal 
immunogenicity, which enhances their safety for in vivo 
applications.[159] A landmark study indicates the potential 
of engineered circRNAs as mRNA vaccines, exemplified 
by the development of a circRNA-based vaccine for 
SARS-CoV-2.[160] Beyond infectious diseases, circRNA 
vaccines have also shown promise in cancer immunotherapy.  
For instance, Amaya et al[161] developed a circOVA cancer 
vaccine that effectively activates dendritic cells and induces 
potent antitumor T-cell responses in a murine melanoma 

model. Recently, an in vitro transcribed engineered cir-
cRNA (called GSDMDENG circRNA) has been designed 
and encapsulated in lipid nanoparticles (LNPs), effectively 
inhibiting EIF4G2+/PTBP1+ PDAC xenograft growth.[162]

Conclusions

The human genome harbors a vast number of non-coding 
genes that are actively transcribed into a diverse array of 
ncRNA molecules.[163] Advances in sequencing technologies 
and bioinformatics tools have led to the discovery of an 
increasing number of ncRNAs in recent years. To date, com-
pelling evidence underscores the critical roles of ncRNAs 
in the pathogenesis and progression of pancreatic cancer. 
Although ncRNAs primarily exert their functions through 
interactions with proteins and other biomolecules, the ter-
tiary structures of ncRNA-protein complexes remain poorly 
understood. In addition, RNA modifications have emerged 
as critical regulators for RNA stability and function. 
However, knowledge about ncRNA modifications—such 
as the crosstalk tween different RNA modifications, their 
dynamic change, and their effects on interactions with pro-
teins—remains limited. Therefore, it is essential to develop 
novel technologies to elucidate the molecular mechanisms 
underlying ncRNA–protein interactions and to characterize 
their dynamic change during pancreatic cancer progression.

Although ncRNAs have shown considerable promise 
as diagnostic and prognostic biomarkers, as well as 
therapeutic targets for pancreatic cancer, several critical 
challenges must be addressed to advance their clinical 
translation. First, the clinical feasibility of ncRNAs as 
biomarkers requires further validation through large-
scale, multicenter retrospective, and prospective studies 
involving diverse patient cohorts. Such studies are crucial 
to establish robust and reproducible evidence support-
ing their utility in clinical practice. Second, the lack of 
standardized and reliable protocols for ncRNA detection 
limits their widespread clinical application. Furthermore, 
a major obstacle to leveraging ncRNAs as therapeutic 
targets is the development of efficient delivery systems 
for ncRNA-based therapies, as current delivery platforms 
face limitations in specificity, stability, and cellular uptake 
efficiency. Addressing these challenges will be essential to 
realizing the full potential of ncRNA-based diagnostics 
and therapeutics in pancreatic cancer.
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