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Abstract
Background  CircRNAs are critically involved in the development and progression of various cancers. However, their 
functions and mechanisms in pancreatic ductal adenocarcinoma (PDAC) remain largely unknown.

Methods  CircPHF14 (hsa_circ_0079440) was identified through the analysis of RNA sequencing data from PDAC 
and normal adjacent tissues. The biological functions of circPHF14 were then evaluated using CCK8, EdU, transwell, 
colony formation, wound healing assays, as well as pancreatic orthotopic xenograft and liver metastasis models. 
The interaction mechanisms between circPHF14 and PABPC1, which enhance the stability of WNT7A mRNA, were 
investigated through RNA pull-down, mass spectrometry, RNA Immunoprecipitation (RIP), and actinomycin D assays. 
The role of EIF4E in promoting circPHF14 biogenesis was examined using RIP, and western blotting.

Results  In this study, we observed a significant upregulation of circPHF14 in both clinical PDAC samples and cell 
lines. Functionally, circPHF14 enhanced PDAC proliferation and metastasis both in vitro and in vivo. Mechanistically, 
circPHF14 interacted with PABPC1 to stabilize WNT7A mRNA, thereby activating the Wnt/β-catenin pathway, which 
subsequently upregulated SNAI2 and initiated Epithelial-Mesenchymal Transition (EMT) in PDAC. Additionally, EIF4E 
was found to bind PHF14 pre-mRNA, facilitating circPHF14 biogenesis. Finally, we developed a lipid nanoparticle (LNP) 
formulation encapsulating sh-circPHF14 plasmids and confirmed its anti-tumor efficacy in a patient-derived xenograft 
(PDX) model.

Conclusion  EIF4E-mediated biogenesis of circPHF14 stabilizes WNT7A mRNA via interaction with PABPC1, which 
subsequently activates the Wnt/β-catenin pathway, promoting the growth and metastasis of PDAC. These findings 
indicate that circPHF14 holds promise as a biomarker and therapeutic target for PDAC.
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Introduction
Pancreatic ductal adenocarcinoma (PDAC) is a highly 
aggressive malignancy that accounts for over 90% of 
pancreatic cancer cases [1]. Its biological characteristics 
contribute to its invasive nature, including early infil-
tration of adjacent tissues, local lymph node metasta-
sis, and distant metastasis. With a 5-year survival rate 
of only 11%, PDAC is projected to become the second 
leading cause of cancer-related deaths by 2030 [2, 3]. 
Most PDAC patients are diagnosed at advanced stages, 
missing the window for curative surgery. Even for those 
eligible for surgery, long-term survival remains elusive 
[4]. Chemoradiotherapy and immunotherapy have lim-
ited efficacy in patients with unresectable PDAC [5]. 
Therefore, it is crucial to elucidate the molecular mech-
anisms underlying PDAC development, identify effec-
tive biomarkers, and develop novel molecular targets 
for its treatment.

Circular RNAs (circRNAs) are a class of endogenous 
non-coding RNAs. Unlike traditional linear RNAs, cir-
cRNAs lack both the 5’ cap and 3’ poly(A) tail, mak-
ing them more stable and less prone to degradation [6]. 
These intrinsic properties make circRNAs more suitable 
as effective cancer biomarkers and novel therapeutic 
targets [7, 8]. In recent years, studies have increasingly 
shown that circRNAs play extensive regulatory roles 
in PDAC, especially in its initiation, progression, and 
metastasis [9]. For example, our previous research dem-
onstrated that circBFAR promotes PDAC progression via 
the miR-34b-5p/MET/Akt axis [10]. However, most pre-
vious studies have focused primarily on circRNAs’ role 
as miRNA sponges. In fact, circRNAs perform various 
biological functions, including interacting with proteins, 
regulating transcription and splicing, or translating short 
peptides [7]. Recent studies suggest that aberrant regula-
tion of circRNA biogenesis significantly influences down-
stream signaling pathways, contributing to the onset 
and progression of various cancers [11]. For example, 
ZEB1 persistently promotes the biogenesis of circNIPBL, 
thereby enhancing bladder cancer metastasis [12]. The 
biogenesis of circRNAs is primarily mediated through 
selective back-splicing of precursor mRNAs [13]. Spe-
cific RNA-binding proteins (RBPs), such as QKI and 
FUS, can bind to defined regions of precursor mRNAs to 
facilitate circRNA formation [14, 15]. Nevertheless, the 
mechanistic role of circRNAs and their biogenesis in the 
development and progression of PDAC remains poorly 
understood and warrants further investigation.

The Wnt signaling pathway is a classical signal 
transduction cascade that plays a crucial regulatory 
role in cancer progression [16]. WNT7A, a ligand of 
the Frizzled family of seven-transmembrane recep-
tors, primarily mediates biological processes such as 
cell proliferation, differentiation, and migration by 

activating the canonical Wnt pathway [17]. Addition-
ally, Wnt signaling regulates β-catenin stability, which 
activates Epithelial-Mesenchymal Transition (EMT)-
related transcription factors such as SNAIL, SNAI2, 
and TWIST [18, 19]. These transcription factors 
suppress the expression of the key epithelial marker 
E-cadherin, resulting in reduced cell-cell adhesion 
and promoting a more migratory and invasive mesen-
chymal phenotype, which drives the progression and 
metastasis of various advanced cancers and is closely 
linked to poor prognosis [20]. Previous studies have 
shown that inhibiting WNT7A expression significantly 
suppresses tumor progression and distant metastasis 
in vivo [21]. Therefore, investigating the molecular 
mechanisms of sustained activation of the WNT7A-
mediated Wnt/β-catenin signaling pathway and its key 
regulatory molecules may provide potential therapeu-
tic targets for PDAC.

Nanomedicine has recently emerged as a promising 
strategy for cancer treatment. Nanoparticles exhibit high 
stability, encapsulate and deliver DNA, siRNA, mRNA, 
and small-molecule drugs, and possess excellent target-
ing capabilities [22, 23]. To explore the clinical potential 
of circRNAs in PDAC treatment, we developed a lipid 
nanoparticle (LNP) system that effectively regulates cir-
cRNAs expression in tumors, exerting anti-tumor effects.

In this study, we discovered that circular RNA cir-
cPHF14 (hsa_circ_0079440) is significantly upregu-
lated in PDAC and closely correlates with poor patient 
prognosis. Functional analyses revealed that circPHF14 
overexpression significantly enhances the migration 
and proliferation of PDAC cells in both in vitro and in 
vivo models. Mechanistically, circPHF14 recruits the 
PABPC1 protein to the 3’ untranslated region (3’-UTR) 
of WNT7A mRNA, stabilizing WNT7A mRNA and fur-
ther activating the WNT7A/β-catenin signaling pathway. 
Additionally, circPHF14 upregulates SNAI2 expression 
through the Wnt pathway, promoting EMT. We also 
found that EIF4E is another key molecule upregulated 
in PDAC tissues. EIF4E binds to intron 13 (125–176 nt) 
and intron 16 (32,726–32,777 nt) of PHF14 pre-mRNA, 
promoting back-splicing and accelerating circPHF14 for-
mation. Building on these findings, we developed an LNP 
system encapsulating sh-circPHF14 plasmid, which dem-
onstrated efficacy in inhibiting PDAC in patient-derived 
xenograft (PDX) models. These findings indicate that cir-
cPHF14 may serve as a promising therapeutic target for 
PDAC.

Materials and methods
Clinical samples
From October 2020 to October 2023, we collected pan-
creatic cancer tissue samples from 96 patients who 
underwent surgical treatment in the Department of 
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Fig. 1  Identification and characterization of circPHF14 in PDAC. (A) Volcano plot of differentially expressed circRNAs. (B) Schematic illustration of the 
screening process for upregulated circular RNAs in PDAC. (C) qRT-PCR analysis of circPHF14 expression in paired PDAC tissues (n = 96) and matched 
adjacent normal tissues (NATs, n = 96). (D) Kaplan-Meier analysis of OS in PDAC patients with low and high circPHF14 expressions. (E) Relative expression 
of circPHF14 across hTERT-HPNE, PANC-1, MiaPaCa-2, AsPC-1, BxPC-3, and Capan-2 cell lines, as measured by qRT-PCR. (F) Schematic representation of 
circPHF14 circularization and Sanger sequencing results at the splice junctions. (G) PCR analysis of circPHF14 and PHF14 in cDNA and gDNA from PANC-1 
and AsPC-1 cells, with GAPDH as the loading control. (H) qRT-PCR analysis of circPHF14 expression using random primers and oligo-dT primers. (I) qRT-
PCR analysis of circPHF14 and PHF14 mRNA expression in PANC-1 and AsPC-1 cells following RNase R treatment. (J, K) Stability assessment of circPHF14 
and PHF14 mRNA in PANC-1 cells using actinomycin D assay (J) and agarose gel electrophoresis (K). Statistical analysis was performed using the Mann-
Whitney U test in C and D, one-way ANOVA with Dunnett’s test in E, and two-tailed Student’s t-test in H, I, and J. Error bars represent the standard deviation 
from three independent experiments. *p < 0.05, **p < 0.01
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Pancreatic Surgery at Guangdong Provincial People’s 
Hospital in Guangzhou, China. Clinical data were 
obtained from medical records, and follow-up infor-
mation was gathered through telephone consultations 
or death certificates. This experimental protocol was 
approved by the Ethics Review Committee of Guangdong 
Provincial People’s Hospital (Ethics No.: KY2024-528), 
and all patients signed informed consent forms.

Western blot
Cells were lysed using Radioimmunoprecipitation Assay 
(RIPA) lysis buffer (CWBIO, China) supplemented with 
1% protease inhibitor and 1% phosphatase inhibitor. After 
centrifugation at 12,000 rpm for 30 min at 4 °C, the super-
natant was collected, and protein concentration was deter-
mined using a Bicinchoninic Acid (BCA) protein assay 
kit (CWBIO, China). Proteins were separated using SDS-
PAGE (Epizyme, China) and transferred onto PVDF mem-
branes (MERCK, Germany). Membranes were blocked 
with rapid protein-free blocking solution (Epizyme, China) 
and incubated overnight with primary antibodies at 4 °C. 
After three washes with Tris-Buffered Saline with Tween-
20 (TBST), membranes were incubated with secondary 
antibodies at room temperature for 1  h. Following three 
more washes with TBST, protein levels were detected 
using an ultrasensitive ECL chemiluminescence substrate 
(Tanon, China). Antibodies are listed in Table S3.

RNA pull-down assay
An RNA pull-down assay was conducted to identify cir-
cPHF14-binding proteins in PDAC cells. Biotinylated cir-
cPHF14 and NC probes were incubated with PDAC cell 
lysates overnight at 4  °C. The next day, the lysates were 
incubated with magnetic beads (Thermo Scientific, USA) 

at 4 °C for 3 h. Proteins bound to circPHF14 were eluted, 
stained using the Pierce Silver Stain Kit (Thermo Scien-
tific, USA), and differential bands were analyzed via mass 
spectrometry.

RNA immunoprecipitation (RIP) assay
The RIP assay was performed using an RNA immuno-
precipitation kit (BersinBio, China) following the manu-
facturer’s instructions. Briefly, 2 × 10⁷ PDAC cells were 
lysed using RIP lysis buffer. Anti-IgG, anti-AGO2, anti-
PABPC1, or anti-EIF4E antibodies were incubated with 
the cell lysate at 4 °C overnight. The following day, mag-
netic beads were added to the antibody-lysate complexes 
and incubated at 4  °C for 3  h. RNA samples were then 
precipitated, reverse-transcribed into cDNA, and ana-
lyzed by Quantitative Real-Time Polymerase Chain Reac-
tion (qRT-PCR).

The supplementary materials provide additional infor-
mation on the materials and methods employed.

Results
Identification of circPHF14 and circPHF14 is upregulated in 
PDAC
To identify key circRNAs involved in the proliferation 
and metastasis of PDAC, we conducted high-throughput 
sequencing on PDAC specimens and paired normal adja-
cent tissues (NATs) from three patients (Fig.  1A). Next, 
we cross-referenced our sequencing data (GSE289888) 
with publicly available circRNA data from the GEO 
database (GSE79634) and identified two circRNAs that 
were upregulated in PDAC tissues compared to NATs 
(logFC ≥ 1 and p < 0.05) (Fig. 1B). We subsequently eval-
uated the circRNAs identified from the screening in a 
cohort of 96 PDAC patients and found that circPHF14 

Table 1  Association between circPHF14 expression levels and clinicopathologic characteristics of PDAC patients
Characteristics No. of cases circPHF14 expression level

Low High p-valuea

Total cases 96 48 48
Gender 0.682
  Male 52 27 25
  Female 44 21 23
Age 0.092
  ≤ 60 36 14 22
  > 60 60 34 26
Differentiation 0.570
  Poor 4 3 1
  Moderate 32 15 17
  Well 60 30 30
TNM stage 0.008**

  Stage I 47 31 16
  Stage II 38 14 24
  Stage III 11 3 8
Abbreviations: No. of cases = number of cases. aChi-square test, *p < 0.05, **p < 0.01
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(hsa_circ_0079440) was significantly overexpressed in 
PDAC tissues (Fig.  1C). Kaplan-Meier survival analysis 
indicated that high circPHF14 expression correlated with 
shorter overall survival (OS) in PDAC patients (Fig. 1D). 
Additionally, Cox univariate and multivariate analyses 
identified circPHF14 expression as an independent pre-
dictor of poor prognosis (Table  1, S1). These findings 
suggest a potential role for circPHF14 in PDAC develop-
ment and progression.

We assessed circPHF14 expression in five human pan-
creatic cancer cell lines (PANC-1, MiaPaCa-2, AsPC-1, 
BxPC-3, and Capan-2) and one human normal pancre-
atic ductal epithelial cell line (hTERT-HPNE). CircPHF14 
was found to be upregulated to varying degrees across 
all pancreatic cancer cell lines. The two cell lines with 
the highest expression levels, PANC-1 and AsPC-1, 
were selected for further investigation (Fig. 1E). To con-
firm the circular structure of circPHF14, we performed 
Sanger sequencing on qRT-PCR products amplified 
using circPHF14-specific primers, which verified its 
back-splicing junction (Fig. 1F). PCR analysis of comple-
mentary DNA (cDNA) and genomic DNA (gDNA) dem-
onstrated that PHF14 was present in both cDNA and 
gDNA, whereas circPHF14 was only detected in cDNA, 
indicating its formation via back-splicing rather than 
genomic rearrangement (Fig.  1G). Furthermore, reverse 
transcription using random primers revealed higher cir-
cPHF14 expression compared to oligo-dT primers, sug-
gesting that circPHF14 has fewer poly-A tails (Fig. 1H). 
After RNase R and actinomycin D treatments, circPHF14 
showed greater stability than linear PHF14 (Fig.  1I-1 
and Fig. S1A, B). Collectively, these results confirm that 
circPHF14 is a stable, covalently closed circular RNA 
derived from exons 14–16 of the PHF14 gene.

CircPHF14 promotes PDAC proliferation and migration in 
vitro
To elucidate the biological function of circPHF14 in 
PDAC, we modulated circPHF14 expression in PANC-1 
and AsPC-1 cells by transfecting them with small inter-
fering RNA (siRNA) and circPHF14 overexpression 
plasmids. These approaches successfully achieved down-
regulation and overexpression of circPHF14 (Fig.  2A, 2 
and Fig. S1C, D). We first assessed the effect of circPHF14 
on cell proliferation using Cell Counting Kit-8 (CCK-8), 
5-Ethynyl-2’-deoxyuridine (EdU), and colony formation 
assays. The results demonstrated that circPHF14 knock-
down inhibited the proliferation of PANC-1 and AsPC-1 
cells, whereas overexpression of circPHF14 had the oppo-
site effect (Fig. 2C-2 and Fig. S1E-G). Additionally, tran-
swell and wound healing assays revealed that circPHF14 
knockdown impaired cell migration, while overexpres-
sion of circPHF14 enhanced migration (Fig.  2F, 2 and 
Fig. S1H, I). Collectively, these findings indicate that 

circPHF14 overexpression enhances the proliferative and 
migratory capacity of PDAC cells.

CircPHF14 promotes tumorigenesis and development of 
PDAC in vivo
To investigate the in vivo effects of circPHF14 on PDAC, 
we injected PANC-1 cells stably transfected with sh-
circPHF14 or the corresponding control sh-NC, as well 
as PANC-1 cells stably overexpressing circPHF14 or the 
corresponding control vector, into nude mice (Fig. 3A, 3). 
An orthotopic xenograft tumor model was established, 
and the results showed that tumors in the circPHF14 
knockdown group were smaller and exhibited lower 
fluorescence intensity in In Vivo Imaging System (IVIS) 
images. In contrast, tumors derived from PANC-1 cells 
overexpressing circPHF14 displayed faster growth and 
higher fluorescence intensity compared to the control 
group (Fig. 3C, 3). Multiple immunohistochemical anal-
yses revealed decreased levels of Ki-67 and N-cadherin, 
and increased E-cadherin levels in the circPHF14 knock-
down group. Conversely, the circPHF14 overexpression 
group exhibited the opposite trend, indicating a corre-
lation between circPHF14 expression and the levels of 
Ki-67, E-cadherin, and N-cadherin (Fig. 3E). These find-
ings demonstrate that circPHF14 promotes tumorigen-
esis and progression of PDAC in vivo.

We developed a liver metastasis model to investigate 
the role of circPHF14 in promoting PDAC metastasis in 
vivo. The results demonstrated that mice injected with 
PANC-1 cells with circPHF14 knockdown exhibited a 
significant reduction in the number of liver metastatic 
nodules. Conversely, overexpression of circPHF14 in 
PANC-1 cells markedly enhanced the liver metastatic 
potential of PDAC (Fig. 3F, 3). These findings suggest that 
circPHF14 plays a critical role in promoting PDAC cell 
metastasis in vivo.

CircPHF14 regulates the Wnt/β-catenin signaling pathway 
in PDAC
To investigate the potential mechanism by which cir-
cPHF14 promotes PDAC proliferation and migration, 
we performed high-throughput RNA sequencing on 
PANC-1 cells overexpressing circPHF14 and their corre-
sponding controls. The results indicated that 3,215 genes 
were upregulated in circPHF14-overexpressing PANC-1 
cells (logFC ≥ 1, p < 0.05) (Fig.  4A). Kyoto Encyclopedia 
of Genes and Genomes (KEGG) pathway enrichment 
analysis suggested the activation of the Wnt signaling 
pathway (Fig.  4B). We then examined the expression 
profiles of key genes in this pathway. qRT-PCR analysis 
showed that WNT7A was significantly downregulated 
in circPHF14-knockdown PANC-1 cells and upregu-
lated in circPHF14-overexpressing cells, suggesting that 
WNT7A is a downstream target of circPHF14 (Fig.  4C, 
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Fig. 2 (See legend on next page.)
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4). Previous studies have demonstrated that WNT7A 
mediates biological processes by activating the canonical 
Wnt pathway [17]. To confirm whether circPHF14 pro-
motes PDAC proliferation and migration via the Wnt/β-
catenin pathway, we modulated circPHF14 expression 
in PANC-1 and AsPC-1 cells and assessed the expres-
sion of core regulators in this pathway through Western 
blotting. The results showed that circPHF14 knockdown 
reduced WNT7A and β-catenin expression, while cir-
cPHF14 overexpression significantly increased their lev-
els (Fig. 4E, 4).

We further investigated whether WNT7A, as a down-
stream target of circPHF14, promotes PDAC prolifera-
tion and metastasis. In vitro functional assays, including 
EdU, colony formation, Transwell, wound healing, and 
CCK-8 experiments, demonstrated that circPHF14 over-
expression enhanced the proliferation and migration of 
PDAC cells, whereas WNT7A knockdown abolished 
these effects (Fig. 4G-4 and Fig. S2 A-E). We next inves-
tigated the critical role of circPHF14-mediated WNT7A 
in PDAC progression. A xenograft tumor model was suc-
cessfully established using nude mice. Overexpression 
of circPHF14 significantly increased tumor volume and 
fluorescence intensity, as demonstrated by IVIS imag-
ing results. In contrast, WNT7A knockdown markedly 
reversed the tumor-promoting effects of circPHF14 in 
vivo, emphasizing its significant contribution to tumor 
growth regulation (Fig. S2 F–H). To examine the meta-
static characteristics of circPHF14-mediated WNT7A in 
PDAC in vivo, a liver metastasis model was constructed. 
The results indicated that WNT7A knockdown markedly 
reversed the metastasis-promoting effects of circPHF14, 
significantly reducing the number of liver metastatic 
nodules in mice (Fig. S2 I-K). Collectively, these findings 
demonstrate that circPHF14 promotes PDAC prolifera-
tion and metastasis by mediating WNT7A.

To further understand the significance of the Wnt/β-
catenin pathway in circPHF14-mediated PDAC pro-
gression, we added the Wnt inhibitor XAV939 in vitro 
to block the pathway. Functional assays revealed that 
circPHF14 overexpression enhanced the proliferation 
and migration of PDAC cells, whereas XAV939 effec-
tively abrogated these effects (Fig. 4L-4 and Fig. S3 A-D) 
These findings collectively demonstrate that circPHF14 

promotes PDAC proliferation and migration by activat-
ing the Wnt/β-catenin pathway.

CircPHF14 exerts its function in PDAC cells through direct 
interaction with PABPC1
We investigated the mechanism by which circPHF14 
upregulates WNT7A expression and activates the Wnt/
β-catenin pathway. Given the importance of cellular 
localization for circRNA function, we first performed 
RNA nuclear-cytoplasmic fractionation and fluorescence 
in situ hybridization (FISH), revealing that circPHF14 
is predominantly localized in the cytoplasm of PDAC 
cells (Fig. S4 A-D). Previous studies have suggested that 
cytoplasmic circRNAs primarily function by acting as 
molecular sponges or by interacting with RNA-binding 
proteins [6]. Initial RIP showed no significant enrich-
ment of circPHF14 with AGO2 relative to IgG antibod-
ies, suggesting that circPHF14 is unlikely to function as 
a miRNA sponge (Fig. S4 E). We then explored whether 
circPHF14 exerts its function through interactions with 
RNA-binding proteins.

To identify potential binding partners, we performed 
RNA pull-down assays using biotinylated probes tar-
geting the back-splicing junction of circPHF14. Silver 
staining revealed a distinct band around 70  kDa in the 
biotinylated circPHF14 probe group, which was identi-
fied as PABPC1 via mass spectrometry (Fig.  5A, 5 and 
Fig. S4 F). Subsequent Western blot analysis of RNA 
pull-down samples confirmed that circPHF14 signifi-
cantly enriched PABPC1 (Fig. 5C, 5). Similarly, RIP assays 
using anti-PABPC1 antibodies showed that circPHF14 
was significantly enriched compared to the IgG control 
(Fig.  5E and Fig. S4 G). Furthermore, FISH and immu-
nofluorescence analyses demonstrated co-localization of 
circPHF14 and PABPC1 in the cytoplasm of PDAC cells 
(Fig. 5F).

To further identify the PABPC1 binding site on cir-
cPHF14, we conducted consecutive deletion assays using 
truncated circPHF14 sequences. The results indicated 
that PABPC1 was enriched in the 201–291 nt region of 
circPHF14 (Fig.  5G, 5). Additionally, predictions from 
catRAPID (​h​t​t​p​​:​/​/​​s​e​r​v​​i​c​​e​.​t​​a​r​t​​a​g​l​i​​a​l​​a​b​.​​c​o​m​​/​p​a​g​​e​/​​c​a​t​r​a​p​i​
d​_​g​r​o​u​p) suggested that the 216–267 nt segment is the 
potential binding site of PABPC1 on circPHF14 (Fig. 
S4 H) [24]. RIP assays confirmed that mutation of the 

(See figure on previous page.)
Fig. 2  CircPHF14 promotes proliferation, migration, and invasion of PANC-1 cells in vitro. (A, B) qRT-PCR analysis of circPHF14 and PHF14 expression levels 
in PANC-1 cells with circPHF14 knockdown (A), overexpression (B), and paired control cells. (C) Cell viability in PANC-1 cells after circPHF14 knockdown or 
overexpression, assessed using CCK-8 assay. (D) Representative images and quantification of EdU assays in PANC-1 cells following circPHF14 knockdown 
or overexpression, scale bar = 50 μm. (E) Representative images and quantification of colony formation assays in PANC-1 cells with circPHF14 knockdown 
or overexpression. (F) Representative images and quantification of Transwell migration and Matrigel invasion assays in PANC-1 cells with circPHF14 knock-
down or overexpression, scale bar = 100 μm. (G) Representative images and quantitative analysis of wound healing assays in PANC-1 cells with circPHF14 
knockdown or overexpression, scale bar = 100 μm. Statistical differences in A, C, D, E, F, and G were assessed using one-way ANOVA with Dunnett’s test. 
The Two-tailed Student’s t-test was used for B, C, D, E, F, and G. Error bars represent the standard deviation of three independent experiments. *p < 0.05, 
**p < 0.01

http://service.tartaglialab.com/page/catrapid_group
http://service.tartaglialab.com/page/catrapid_group
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Fig. 3 (See legend on next page.)
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216–267 nt region of circPHF14 significantly reduced 
its enrichment with PABPC1 (Fig.  5I). Additionally, an 
RNA pull-down assay using a biotin-labeled probe tar-
geting the circPHF14 216–267 nt mutant revealed that 
this mutation abolished the ability of circPHF14 to enrich 
PABPC1 (Fig.  5J and Fig. S4 I). These findings indicate 
that the 216–267 nt sequence of circPHF14 is essential 
for its interaction with PABPC1.

To further investigate the functional role of PABPC1 
in circPHF14-mediated promotion of cell proliferation 
and migration, we conducted in vitro assays. The results 
demonstrated that PABPC1 knockdown reversed the 
circPHF14 overexpression-induced enhancement of cell 
proliferation and migration (Fig. S4 J-N). Moreover, com-
pared to wild-type circPHF14, the circPHF14 mutant 
(Δ216–267 nt), which cannot bind PABPC1, exhibited 
no significant effect on cell proliferation or migration 
(Fig. S5 A-E). Collectively, these results suggest that cir-
cPHF14 promotes PDAC cell proliferation and migration 
by directly interacting with PABPC1.

CircPHF14/PABPC1 complex promotes WNT7A mRNA 
stability
Previous studies have shown that circRNAs can regulate 
the expression of their associated RBPs [25]. However, 
western blot analysis confirmed that circPHF14 does not 
influence PABPC1 protein levels (Fig. S6 A-D). Given 
that WNT7A is a downstream target of circPHF14, 
we investigated whether PABPC1 cooperates with cir-
cPHF14 to regulate WNT7A expression. qRT-PCR and 
western blot analyses revealed that PABPC1 knock-
down significantly reversed the upregulation of WNT7A 
induced by circPHF14 overexpression (Fig.  5K and Fig. 
S6 E). Furthermore, the mutant circPHF14 (Δ216–267 
nt), which cannot bind PABPC1, showed no significant 
effect on WNT7A expression compared to the wild-type 
circPHF14 (Fig.  5L and Fig. S6 F). These findings sug-
gest that circPHF14 regulates WNT7A expression by 
forming a complex with PABPC1. Previous studies have 
also indicated that PABPC1 can regulate mRNA stability 
by binding to the 3’-UTR of target mRNAs [26, 27]. We 
further predicted the interaction between PABPC1 and 
the 3’-UTR of WNT7A mRNA using the RPISeq web-
site (​h​t​t​p​​:​/​/​​p​r​i​d​​b​.​​g​d​c​​b​.​i​​a​s​t​a​​t​e​​.​e​d​u​/​R​P​I​S​e​q​/) [28]. Scores 
from both the RF and SVM classifiers were greater than 
0.5, indicating a high likelihood of interaction between 
PABPC1 and the 3’-UTR of WNT7A mRNA (Fig. S6 G ).

To further confirm the interaction between PABPC1 
and the 3’-UTR of WNT7A mRNA, a dual-luciferase 
assay was performed. Overexpression of circPHF14 sig-
nificantly enhanced luciferase activity associated with the 
WNT7A mRNA 3’-UTR, an effect that was reversed by 
PABPC1 knockdown (Fig. 5M and Fig. S6 H). In contrast, 
the mutant circPHF14 (Δ216–267 nt) had no significant 
effect on luciferase activity linked to the WNT7A mRNA 
3’-UTR (Fig.  5N and Fig. S6 I). These results support 
the hypothesis that the circPHF14/PABPC1 complex 
regulates WNT7A expression via the WNT7A mRNA 
3’-UTR.

Next, we examined the effect of circPHF14 on WNT7A 
mRNA stability using actinomycin D assays. The results 
revealed that circPHF14 downregulation significantly 
shortened the half-life of WNT7A mRNA (Fig. 5O, 5 and 
Fig. S6 J, K). Conversely, overexpression of circPHF14 
extended the half-life of WNT7A mRNA, an effect that 
was reversed by PABPC1 knockdown (Fig. 5Q, 5 and Fig. 
S6 L, M). The mutant circPHF14 (Δ216–267 nt) similarly 
exhibited no significant effect on the stability of WNT7A 
mRNA (Fig. 5S, 5 and Fig. S6N, O). Moreover, PABPC1 
overexpression extended the half-life of WNT7A mRNA, 
which was reversed by circPHF14 knockdown (Fig. 5U, 5 
and Fig. S3 P, Q). These findings indicate that circPHF14 
stabilizes WNT7A mRNA in PDAC cells by forming 
a complex with PABPC1 and targeting the 3’-UTR of 
WNT7A mRNA.

Previous studies have highlighted the importance of 
direct interactions between specific sequences of the 
3’-UTR enriched with adenosine and uridine (AU)-rich 
elements (AREs) in stabilizing target gene mRNAs [29]. 
We performed RIP assays and observed that PABPC1 
significantly binds to the 3’-UTR of WNT7A mRNA 
(Fig.  5W). Using AREsite2 and catRAPID, we predicted 
two potential PABPC1 binding sequences on the 3’-UTR 
of WNT7A mRNA with high ARE abundance, identified 
as 1,624–1,650 nt (S1) and 3,280–3,311 nt (S2) (Fig. S6 
R) [24, 30]. RIP assays showed that mutation of the S1 
sequence significantly impaired the interaction between 
PABPC1 and the 3’-UTR of WNT7A mRNA, while muta-
tion of the S2 sequence had no effect (Fig.  5X and Fig. 
S6 S). Actinomycin D assays further demonstrated that 
mutation of the S1 segment on the 3’-UTR of WNT7A 
mRNA abolished PABPC1’s ability to extend the half-life 
of WNT7A mRNA (Fig. 5Y, 5 and Fig. S6 T, U).

(See figure on previous page.)
Fig. 3  CircPHF14 promotes PDAC growth and metastasis In vivo. (A, B) Schematic representation of the xenograft tumor model in nude mice. (C, D) 
IVIS images (C) and harvested pancreatic tumors (D) from the orthotopic xenograft tumor model, along with statistical analysis (n = 5 mice per group).
(E) Representative images of multiplex immunohistochemical staining for pan-CK, Ki-67, E-cadherin, and N-cadherin in the orthotopic xenograft tumor 
model. Scale bar = 100 μm. (F, G) IVIS images (F) and harvested liver metastases with HE staining (G) from the liver metastasis model, along with statistical 
analysis (n = 5 mice per group). Statistical analysis in C, D, F, and G was performed using a two-tailed Student’s t-test. Error bars represent the standard 
deviation from three independent experiments. *p < 0.05, **p < 0.01

http://pridb.gdcb.iastate.edu/RPISeq/
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Collectively, these findings indicate that circPHF14 
enhances the stability of WNT7A mRNA by binding 
to the 1,624–1,650 nt region of the 3’-UTR of WNT7A 
mRNA through PABPC1.

CircPHF14 promotes EMT by activating the Wnt pathway 
in PDAC
Previous studies have reported a correlation between the 
Wnt signaling pathway and EMT, as well as poor progno-
sis in PDAC [31, 32]. Therefore, we examined the expres-
sion of EMT-related genes in PDAC cells using qRT-PCR. 
The results showed that circPHF14 knockdown led to a 
downregulation of SNAI2, whereas overexpression of cir-
cPHF14 resulted in an upregulation of SNAI2 (Fig.  6A, 
6). These findings were further confirmed by Western 
blot analysis (Fig. 6C, 6 and Fig. S7 A, B). Notably, when 
the Wnt pathway inhibitor XAV939 was applied to PDAC 
cells, qRT-PCR and Western blot analyses revealed that 
the upregulation of SNAI2 induced by circPHF14 overex-
pression was reversed (Fig. 6E, 6 and Fig. S7 C, D).

Additionally, Western blot and immunofluorescence 
(IF) analyses confirmed that circPHF14 knockdown 
increased the expression of the epithelial marker E-cad-
herin and inhibited the expression of the mesenchymal 
marker N-cadherin (Fig.  6G, 6 and Fig. S7 E, H). Con-
versely, circPHF14 overexpression exhibited the opposite 
effect (Fig. 6H, 6 and Fig. S7 F, I). Furthermore, XAV939 
treatment reversed the circPHF14-mediated downregu-
lation of E-cadherin and upregulation of N-cadherin in 
PDAC cells (Fig. 6I, 6 and Fig. S7 G, J). These results sug-
gest that circPHF14 promotes EMT in PDAC through 
the Wnt signaling pathway.

Functionally, transwell and wound healing assays 
demonstrated that SNAI2 knockdown reversed the pro-
migration and pro-invasion effects induced by circPHF14 
overexpression in PDAC cells (Fig. 6M, 6 and Fig. S7 K, 
L). In conclusion, these findings indicate that circPHF14 
induces EMT in PDAC by upregulating SNAI2 expres-
sion through activation of the Wnt signaling pathway.

EIF4E binds to the flanking introns of circPHF14 splicing 
exons to accelerate circPHF14 biogenesis in PDAC
To elucidate the molecular mechanism underlying cir-
cPHF14 upregulation in PDAC, we first used CircIn-
teractome to predict potential RBPs interacting with 
circPHF14 [33]. The results suggested that EIF4A3 could 
bind to circPHF14; however, EIF4A3 depletion did not 
affect circPHF14 expression in PANC-1 cells (Fig. S8 A).

Given previous findings that 103 RBPs influence cir-
cRNA biogenesis [34]. Given the upregulation of cir-
cPHF14 in PDAC, it is likely that the RBPs promoting 
its biogenesis are also upregulated in this context. To 
investigate this, we analyzed the expression levels of 
these RBPs in PDAC tissues using data from The Cancer 
Genome Atlas (TCGA) database. Our analysis identified 
four RBPs that were significantly upregulated in PDAC 
(logFC ≥ 2, q-value < 0.01) (Fig.  7A). Next, we knocked 
down these four RBPs in PANC-1 cells and found that 
only EIF4E affected circPHF14 expression (Fig. 7B).

We further investigated the mechanism by which 
EIF4E regulates circPHF14 expression. It is well known 
that circRNA biogenesis arises from back-splicing of 
pre-mRNA [35]. Thus, we explored whether EIF4E pro-
motes circPHF14 biogenesis by regulating PHF14 pre-
mRNA splicing. qRT-PCR analysis showed that in PDAC 
cells, EIF4E knockdown or overexpression reduced 
or increased circPHF14 levels, respectively, without 
affecting PHF14 pre-mRNA expression (Fig. S8 B-E). 
Additionally, in PANC-1 cells, EIF4E knockdown or over-
expression decreased or increased the ratio of circPHF14 
to PHF14 mRNA, respectively (Fig. 7C, 7). These results 
suggest that EIF4E likely promotes circPHF14 biogen-
esis rather than enhancing the expression of the parental 
gene.

To confirm this, we constructed a dual color fluo-
rescence reporter system [14, 36], which enables 
IRES-mediated GFP translation from circPHF14 bio-
genesis and mCherry expression from the linear PHF14 
pre-mRNA generated by the reporter (Fig.  7E). The 
results showed that EIF4E knockdown in PDAC cells 
significantly decreased the GFP/mCherry ratio, as con-
firmed by Western blotting, which showed reduced GFP 

(See figure on previous page.)
Fig. 4  CircPHF14 regulates the activation of the Wnt/β-catenin signaling pathway in PDAC. (A) Volcano plot of differentially expressed genes between 
the circPHF14 overexpression group and the control group. (B) KEGG pathway analysis of differentially expressed genes between the circPHF14 overex-
pression group and the control group. (C, D) qRT-PCR analysis of Wnt signaling pathway-related genes in PDAC cells with circPHF14 knockdown (C) or 
overexpression (D). (E, F) Western blot analysis of WNT7A and β-catenin expression levels in PDAC cells after circPHF14 knockdown (E) or overexpression 
(F). (G) EdU assay showing the proliferation of specified PANC-1 cells. Scale bar = 50 μm. (H) Representative images and statistical analysis of colony forma-
tion assays for specified PANC-1 cells. (I) Representative images and quantification of Transwell migration and Matrigel invasion assays for specified PANC-
1 cells, Scale bar = 100 μm. (J) Representative images and statistical analysis of wound healing assays for specified PANC-1 cells, Scale bar = 100 μm. (K, L) 
CCK-8 assays for specified PANC-1 cells. (M) EdU assay showing the proliferation of specified PANC-1 cells. Scale bar = 50 μm. (N) Representative images 
and statistical analysis of colony formation assays for specified PANC-1 cells. (O) Representative images and statistical analysis of wound healing assays for 
specified PANC-1 cells, Scale bar = 100 μm. (P) Representative images and quantification of Transwell migration and Matrigel invasion assays for specified 
PANC-1 cells. Scale bar = 100 μm. Statistical differences in C, G, H, I, J, K, L, M, N, O, and P were analyzed using one-way ANOVA with Dunnett’s test, and D 
was analyzed using a two-tailed Student’s t-test. Error bars represent the standard deviation from three independent experiments. *p < 0.05, **p < 0.01
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expression and increased mCherry expression. EIF4E 
overexpression showed the opposite effect (Fig. 7F-7 and 
Fig. S8 F-I). These results indicate that EIF4E mediates 
circPHF14 biogenesis in PDAC.

Previous studies have shown that circRNA biogen-
esis is regulated by RBPs through direct binding to the 
flanking introns of splicing exons, inducing circRNA 
circularization [6]. To determine whether EIF4E directly 
binds to PHF14 pre-mRNA, we conducted RIP assays 
(Fig. 7J and Fig. S8 J). We then designed primers target-
ing the introns adjacent to the circPHF14 formation 
exons and found that the binding of EIF4E to these adja-
cent regions (introns 13 and 16) was significantly higher 
compared to other distant regions of PHF14 pre-mRNA 
(Fig. 7K). To identify the exact binding sites of EIF4E on 
PHF14 pre-mRNA, we performed pull-down assays with 
truncated sequences of introns 13 and 16. Western blot 
analysis showed that intron 13 (100–200 nt) and intron 
16 (32,500 − 33,000 nt) were particularly enriched with 
EIF4E (Fig. 7L, 7 and Fig. S8 K, L). Using catRAPID, we 
further predicted the specific binding sites of EIF4E on 
PHF14 pre-mRNA. The results showed that mutations in 
intron 13 (125–176 nt) and intron 16 (32,726 − 32,777 nt) 
disrupted EIF4E binding to PHF14 pre-mRNA, indicating 
that EIF4E directly binds to these regions (Fig. 7N-7 and 
Fig. S8 M, N). Additionally, complementary sequences 
for EIF4E binding were found near intron 13 (125–176 
nt) and intron 16 (32,726 − 32,777 nt) (Fig. 7R).

To assess whether the interaction between EIF4E and 
PHF14 pre-mRNA affects circPHF14 production in 
PDAC, we performed CRISPR/Cas9-mediated deletions 
of intron 13 (125–176 nt) and intron 16 (32,726 − 32,777 
nt) in PHF14 pre-mRNA. These deletions significantly 
reduced the EIF4E-mediated upregulation of circPHF14 
(Fig. 7S and Fig. S8 O-Q).

In conclusion, our results indicate that EIF4E promotes 
circPHF14 biogenesis in PDAC by binding to specific 
regions of PHF14 pre-mRNA (intron 13 [125–176 nt] 
and intron 16 [32,726 − 32,777 nt]).

LNP-encapsulated sh-circPHF14 plasmid reveals a new 
therapeutic strategy for PDAC
The LNP delivery strategy represents a revolutionary 
advancement in therapeutics, effectively protecting and 
delivering a range of therapeutic molecules, including 
siRNA, mRNA, DNA, and small-molecule drugs. This 
approach ensures that these molecules are shielded from 
degradation and precisely delivered to target cells or tis-
sues [37]. To explore the therapeutic potential of LNP 
delivery in PDAC, we encapsulated sh-circPHF14 plas-
mid and its control sh-NC plasmid into LNPs using lipo-
some and microfluidic technologies (Fig.  8A). Electron 
microscopy revealed the structural characteristics of the 
LNPs (Fig.  8B). Dynamic light scattering (DLS) results 
indicated that the average diameters of LNP-sh-NC and 
LNP-sh-circPHF14 were 182.9 nm and 186.8 nm, respec-
tively (Fig.  8C). Agarose gel electrophoresis confirmed 
that LNP-sh-NC and LNP-sh-circPHF14 exhibited no 
electrophoretic shifts compared to free plasmid, suggest-
ing successful encapsulation of sh-NC and sh-circPHF14 
plasmids into LNPs (Fig. 8D).

To further evaluate the antitumor effects of LNP-sh-
circPHF14, we established a PDX model using PDAC 
tissues to assess the therapeutic efficacy of LNP-sh-cir-
cPHF14 (Fig. 8E). When PDX tumors reached 150 mm³, 
NSG mice were randomly assigned to two groups and 
administered LNP-sh-NC or LNP-sh-circPHF14 via tail 
vein injection twice a week for five weeks. The results 
showed that LNP-sh-circPHF14 treatment significantly 
inhibited tumor growth in the PDX model compared 

(See figure on previous page.)
Fig. 5  CircPHF14 interacts with PABPC1 to promote WNT7A mRNA stability in PDAC cells. (A, B) Silver staining image (A) and mass spectrometry analysis 
(B) of PABPC1 protein identified by RNA pull-down assay using a circPHF14 probe. (C, D) Western blot analysis of the interaction between circPHF14 and 
PABPC1. (E) RIP assay confirming the enrichment of circPHF14 with PABPC1 in PANC-1 cells. (F) Representative images showing the colocalization of cir-
cPHF14 and PABPC1. Scale bar = 20 μm. (G, H) Sequence deletion analysis confirming that the 201–291 nt region of circPHF14 is critical for its binding to 
PABPC1. (I) RIP assay detecting the interaction after deleting the 216–267 nt region of circPHF14. (J) Western blot analysis of the interaction between the 
circPHF14 mutant and PABPC1 in PANC-1 cells. (K, L) qRT-PCR and Western blotting analysis of WNT7A expression levels in designated PANC-1 cells. (M, N) 
Luciferase reporter assay analyzing the activity of the WNT7A mRNA 3’-UTR in designated PANC-1 cells. (O-V) Quantification and representative agarose 
gel electrophoresis images of WNT7A mRNA stability detected by actinomycin D treatment in designated PANC-1 cells. (W) RIP assay investigating the 
interaction between PABPC1 and the WNT7A mRNA 3’-UTR. (X) RIP assay analyzing the interaction between mutated S1 and S2 sequences of the WNT7A 
mRNA 3’-UTR and PABPC1. (Y, Z) Quantification and representative agarose gel electrophoresis images of WNT7A mRNA stability in designated PANC-
1 cells detected by actinomycin D treatment. Statistical differences in K, L, M, N, O, Q, S, U, and Y were analyzed using one-way ANOVA with Dunnett’s 
test, and E, I, W, and X were analyzed using a two-tailed t-test. Error bars represent the standard deviation of three independent experiments. *p < 0.05, 
**p < 0.01
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to the control group (Fig.  8F). Additionally, analysis of 
downstream molecules in PDX tumors revealed that 
silencing circPHF14 significantly reduced the expression 
of WNT7A, β-catenin, and SNAI2 compared to the con-
trol group (Fig. 8G).

These findings demonstrate that LNP-sh-circPHF14 
effectively suppresses PDAC progression and suggest 
that the use of LNP-encapsulated sh-circPHF14 plas-
mid offers a promising and safe therapeutic strategy for 
PDAC.

Discussion
Despite recent advances in research and treatment, the 
prognosis for PDAC remains poor. The absence of spe-
cific biomarkers and effective therapies is widely consid-
ered the primary cause of the poor prognosis in PDAC 
patients [4]. Advances in RNA sequencing technology 
have led to the identification of numerous circRNAs that 
play significant roles in tumorigenesis, disproving their 
previous classification as transcriptional “noise” [6]. Cir-
cRNAs, which are covalently closed circular structures 
with greater stability than traditional mRNAs, have gar-
nered considerable attention from cancer researchers. 
CircRNAs are increasingly regarded as potential tumor 
biomarkers or therapeutic targets [38, 39]. Thus, investi-
gating key circRNAs that drive PDAC proliferation and 
metastasis, along with their molecular mechanisms, is 
crucial for advancing PDAC diagnosis and treatment.

Our study identified that circPHF14 is highly expressed 
in PDAC and correlates with poor patient prognosis. 
In vivo and in vitro experiments confirmed that cir-
cPHF14 promotes PDAC cell growth and metastasis. 
Transcriptome sequencing revealed that overexpression 
of circPHF14 in PDAC cells significantly activated the 

canonical Wnt signaling pathway compared to controls. 
The Wnt pathway is crucial for regulating cancer pro-
gression, cell migration, and proliferation in multiple 
cancers [16, 40]. However, the mechanism by which Wnt 
signaling is activated in PDAC remains unclear. Our 
study is the first to report that circPHF14 activates the 
Wnt signaling pathway by stabilizing WNT7A mRNA, 
which in turn upregulates SNAI2, promoting EMT in 
PDAC. SNAI2 directly suppresses epithelial markers and 
activates mesenchymal markers. This disruption of cell 
adhesion facilitates the transition from an epithelial to a 
mesenchymal phenotype, leading to loss of polarity and 
adhesion, and enhancing cell migration and invasion [18, 
20].

Our findings highlight the importance of WNT7A and 
SNAI2 in PDAC progression. Both may serve as prom-
ising therapeutic targets, warranting further investiga-
tion. Inhibition of the Wnt signaling pathway with the 
XAV939 inhibitor partially mitigated the pro-tumor 
effects of circPHF14 in PDAC cells in vitro. However, the 
promotive role of Wnt signaling in PDAC has not been 
extensively validated in vivo. Further studies are required 
to clarify the clinical relevance of the WNT7A/SNAI2 
axis in PDAC.

CircRNAs have diverse biological functions, with ear-
lier research primarily highlighting their role as miRNA 
sponges in regulating cellular functions. Recently, 
researchers have discovered that circRNAs can interact 
with proteins [7]. Through protein interactions, circRNAs 
can either sequester or activate proteins, thereby regulat-
ing cellular signaling pathways, among other functions 
[41]. In this study, RNA pull-down assays and mass spec-
trometry confirmed the interaction between circPHF14 
and PABPC1. PABPC1, part of the PABP family, plays 

(See figure on previous page.)
Fig. 6  CircPHF14 promotes EMT by activating the WNT7A/SNAI2 axis in PDAC. (A, B) qRT-PCR analysis of EMT-related gene expression in PANC-1 cells 
with circPHF14 knockdown (A) or overexpression (B). (C, D) Western blot analysis of SNAI2 expression in PANC-1 cells with circPHF14 knockdown (C) or 
overexpression (D). (E, F) qRT-PCR (E) and Western blot (F) analysis of SNAI2 expression in specified PANC-1 cells. (G, H) Western blot analysis of E-cadherin 
and N-cadherin expression in PANC-1 cells with circPHF14 knockdown (G) or overexpression (H). (I) Western blot analysis of E-cadherin and N-cadherin 
expression in specified PANC-1 cells. (J, K) IF analysis of E-cadherin and N-cadherin expression in PANC-1 cells with low (J) and high (K) circPHF14 expres-
sion, scale bar = 20 μm. (L) IF analysis of E-cadherin and N-cadherin expression in specified PANC-1 cells, scale bar = 20 μm. (M) Representative images 
and quantification of Transwell migration and Matrigel invasion assays in specified PANC-1 cells, scale bar = 100 μm. (N) Representative images and 
quantification of wound healing assays in specified PANC-1 cells, scale bar = 100 μm. Statistical differences in A, E, M, and N were assessed using one-
way ANOVA with Dunnett’s test, while two-tailed t-tests were used in B. Error bars represent the standard deviation of three independent experiments. 
*p < 0.05, **p < 0.01
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critical roles in gene expression, particularly by binding 
to the 3’-UTR of mRNA to regulate stability [26, 42]. Our 
study first demonstrated that PABPC1 enhances WNT7A 
mRNA stability, a process mediated by circPHF14. While 
PABPC1 binds various RNAs and performs diverse func-
tions, its precise regulatory mechanisms remain unclear, 
and further investigation is needed.

Understanding circRNA biogenesis in PDAC could 
enhance our knowledge of how circRNAs are specifically 
produced and accumulated during PDAC progression. 
However, research in this area remains limited. CircRNA 
biogenesis primarily occurs via back-splicing [43], with 
splicing factors such as RBPs (e.g., QKI and FUS) pro-
moting circRNA formation by binding to pre-mRNA 
[14]. For instance, Jiang et al. reported that FUS enhances 
circRHOBTB3 production, promoting PDAC prolifera-
tion [44]. Our study is the first to experimentally confirm 
that EIF4E binds to the 125-176nt region of intron 13 and 
the 32,726-32,777nt region of intron 16 of PHF14 pre-
mRNA, regulating its splicing and promoting circPHF14 
biogenesis.

Although primarily known for promoting mRNA 
translation, EIF4E also contributes to mRNA splicing and 
post-transcriptional regulation [45]. Reports of EIF4E’s 
role in regulating circRNA biogenesis are rare. Our find-
ings open new avenues for studying EIF4E and its role 
in mRNA splicing. However, whether EIF4E generally 
promotes circRNA biogenesis in PDAC remains to be 
determined and requires further validation. The litera-
ture indicates that EIF4E is involved in the Wnt pathway, 
primarily by promoting the translation of associated 
mRNAs. For example, Wang et al. demonstrated that 
targeting and inhibiting the MNK/EIF4E axis reduces 
nuclear β-catenin levels, thereby suppressing the Wnt 
signaling pathway and ultimately inhibiting the prolifera-
tion, invasion, and metastasis of nasopharyngeal carci-
noma [46]. Similarly, research by Patil et al. revealed that 

phosphorylation of EIF4E at Ser209 specifically enhances 
the translation of components within the Wnt signal-
ing pathway, playing a critical role in sustaining synaptic 
activity-induced long-term potentiation [47]. Further-
more, this study confirmed that EIF4E accelerates the 
biogenesis of circPHF14, which subsequently activates 
the downstream Wnt pathway. These findings provide 
a novel perspective on the mechanisms through which 
EIF4E regulates the Wnt pathway.

Although circRNAs hold great promise for cancer 
therapy, effectively targeting circRNAs at tumor sites 
remains a major challenge. LNPs can encapsulate nucleic 
acids (e.g., siRNA, mRNA, shRNA, circRNA) or small 
molecule drugs, enabling targeted cancer therapy [48]. 
Some researchers suggest that this challenge can be effec-
tively addressed. For instance, Li et al. developed LNPs 
encapsulating plasmids carrying circUGP2, successfully 
targeting intrahepatic cholangiocarcinoma in mice and 
confirming its anti-tumor effects [49]. This LNP strategy 
shows considerable potential for clinical applications but 
also presents specific challenges.

Building on this approach, we developed LNPs encap-
sulating sh-circPHF14 plasmids and validated their 
anti-tumor efficacy in a PDX model. However, achiev-
ing efficient targeted delivery of LNPs continues to be a 
significant challenge. Our next step is to optimize LNPs 
by modifying their surface with ligands to enhance their 
targeting specificity in tumor models [50]. Further vali-
dation of LNP-sh-circPHF14’s efficacy in treating PDAC 
is necessary. Consequently, we should validate its effec-
tiveness in additional xenograft models to establish a safe 
and effective anti-tumor strategy for PDAC.

In conclusion, our study advances the understand-
ing of PDAC tumorigenesis and progression and may 
offer novel therapeutic targets and strategies for PDAC 
patients.

(See figure on previous page.)
Fig. 7  EIF4E binds to flanking introns of circPHF14 splicing exons to accelerate circPHF14 biogenesis in PDAC. (A) Schematic diagram screening four RBPs 
potentially affecting circRNA production in PDAC. (B) qRT-PCR analysis of circPHF14 expression after knockdown of RBMS1, EIF4E, LRRFIP1, and SRP14. 
(C, D) Relative expression of the circPHF14/PHF14 pre-mRNA ratio after EIF4E knockdown (C) or overexpression (D). (E) Schematic diagram of dual color 
fluorescence reporter (F) Representative images and quantification of circPHF14 and PHF14 mRNA expression in EIF4E knockdown PANC-1 cells, scale 
bar = 50 μm. (G) Western blotting analysis of GFP and mCherry expression in EIF4E knockdown PANC-1 cells. (H) Representative images and quantifica-
tion of circPHF14 and PHF14 mRNA expression in EIF4E overexpression PANC-1 cells, scale bar = 50 μm. (I) Western blotting analysis of GFP and mCherry 
expression in EIF4E overexpression PANC-1 cells. (J) RIP assay exploring the interaction between EIF4E and PHF14 pre-mRNA in PANC-1 cells. (K) RIP assay 
exploring the interaction between EIF4E and introns 11–16. (L, M) RNA pull-down assays using truncated sequences of intron 13 (L) and intron 16 (M) to 
identify regions necessary for interaction with EIF4E. (N, O) Schematic diagrams predicting binding sites of EIF4E on intron 13 (N) and intron 16 (O). (P, Q) 
RIP assays exploring the interaction between EIF4E and intron 13 (125-176nt) (P) and intron 16 (32,726-32,777nt) (Q) after point mutations. (R) Schematic 
diagram of complementary reverse sequences in introns 13 and 16. (S) Expression of circPHF14 in PANC-1 cells after knocking out EIF4E binding sites in 
introns 13 and 16. Statistical differences in B, C, F, and S were assessed using one-way ANOVA with Dunnett’s test, while two-tailed Student’s t-tests were 
used in D, H, J, K, P, and Q. Error bars represent the standard deviation of three independent experiments. *p < 0.05, **p < 0.01
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Conclusions
In conclusion, our study reveals that circPHF14 is mark-
edly upregulated in both PDAC cells and clinical samples. 
Mechanistically, we identified that EIF4E-mediated cir-
cPHF14 stabilizes WNT7A mRNA through its inter-
action with PABPC1, leading to the activation of the 
Wnt/β-catenin pathway in PDAC. Furthermore, cir-
cPHF14 upregulates SNAI2 expression via the Wnt/β-
catenin pathway, which significantly enhances PDAC 
proliferation and metastasis. These findings suggest that 
circPHF14 may serve as a promising diagnostic bio-
marker and therapeutic target for PDAC.
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