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Abstract

Background Cholangiocarcinoma (CCA), a primary hepatobiliary malignancy, is characterized by a poor prognosis and
a lack of effective treatments. Therefore, the need to explore novel therapeutic approaches is urgent. While the role of
Peptidylprolyl Cis/Trans Isomerase, NIMA-Interacting 1 (PIN1) has been extensively studied in various tumor types, its
involvement in CCA remains poorly understood.

Methods In this study, we employed tissue microarray (TMA), reverse transcription-polymerase chain reaction (RT-PCR),
and The Cancer Genome Atlas (TCGA) database to assess the expression of PIN1. Through in vitro and in vivo functional
experiments, we investigated the impact of PIN1 on the adhesion and metastasis of CCA. Additionally, we explored
downstream molecular pathways using RNA-seq, western blotting, co-immunoprecipitation, immunofluorescence, and
mass spectrometry techniques.

Results Our findings revealed a negative correlation between PINI1 overexpression and prognosis in CCA tissues.
Furthermore, high PIN1 expression promoted CCA cell proliferation and migration. Mechanistically, PIN1 functioned
as an oncogene by regulating ANXA2 phosphorylation, thereby promoting CCA adhesion. Notably, the interaction
between PIN1 and ANXA?2 was facilitated by RACKI1. Importantly, pharmacological inhibition of PIN1 using the FDA-
approved drug all-trans retinoic acid (ATRA) effectively suppressed the metastatic potential of CCA cells in a nude mouse
lung metastasis model.
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Conclusion Overall, our study emphasizes the critical role of the PINI/RACK1/ANXA2 complex in CCA growth and
functionality, highlighting the potential of targeting PIN1 as a promising therapeutic strategy for CCA.

Graphical Abstract
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PIN1 expression:

-Inhibited by ATRA

-Correlates with poor survival
-Promotes proliferation/migration

2. Main Results

PIN1 overexpression in CCA tissues: Negatively correlated
with patient prognosis.
High PIN1 expression: Promoted CCA cell proliferation and
migration.

¢ PIN1 functioned as oncogene by regulating ANXA2
phosphorylation, thereby promoting CCA adhesion.
PIN1/ANXA2 interaction facilitated by RACK1.
Pharmacological PIN1 inhibition using FDA-approved drug
ATRA suppressed metastatic potential of CCA cells in a nude
mouse lung metastasis model.

CCA.
1. Key Message

In cholangiocarcinoma: The PIN1/RACK1/ANXA2
complex plays a critical role in CCA growth and
functionality, highlighting the potential of targeting
PIN1 as a promising therapeutic strategy.
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Abbreviations

APL  Acute promyelocytic leukemia
ATRA All-trans-retinoic acid

ATO  Arsenic trioxide

CCA  Cholangiocarcinoma

CCK-8 Cell counting kit-8
DMSO Dimethyl sulfoxide

GEO  Gene expression omnibus

PIN1  Peptidylprolyl cis/trans isomerase,
NIMA-interacting 1

PDAC Pancreatic ductal adenocarcinoma

PBS  Phosphate-buffered saline

ICC Intrahepatic cholangiocarcinoma

1P Immunoprecipitation

IF Immunofluorescence

1 Introduction

Cholangiocarcinoma (CCA) is an aggressive malignancy
of the hepatobiliary system, exhibiting a dismal five-year
survival rate of less than 20% [1]. CCA is one of the most
lethal forms of cancer and is characterized by its aggres-
sive nature. Recurrence and metastasis play crucial roles in
determining patient survival outcomes. Even among
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individuals diagnosed at an early stage, the five-year sur-
vival rate remains below 25% [2—6]. Metastasis, the pro-
cess by which cancer cells spread from the primary site to
distant organs or tissues, plays a crucial role in the pro-
gression and mortality of CCA. Understanding the
mechanisms underlying the metastatic behavior of CCA
is essential for the development of targeted therapies and
improved patient management [7].

PIN1 belongs to the evolutionarily conserved family of
peptidyl-prolyl isomerases (PPlases), which catalyze iso-
merization by selectively recognizing the phosphorylated
Ser/Thr-Pro motif and modulating the conformational state
of the phosphorylated protein [8—10]. PIN1 is responsible
for regulating the functionality and stability of proteins, as
evidenced by previous investigations highlighting its criti-
cal involvement in modulating the synthesis of various
disease-associated proteins. Through manipulation of pro-
tein complex formation or facilitation of ubiquitin-
mediated proteasomal degradation, PIN1 exerts control
over cellular processes. Hence, PIN1 exerts a significant
influence on the initiation and/or progression of various
types of tumors. Notably, inhibition of PIN1 promotes the
degradation of the pathogenic fusion oncogene PML-
RARa in acute promyelocytic leukemia (APL), thereby



PIN1 promotes the metastasis of cholangiocarcinoma cells by RACK1-mediated phosphorylation of ANXA2 1235

enhancing self-renewal capabilities while impeding pro-
myelocytic differentiation [11]. Furthermore, targeted inter-
vention of PIN1 using all-trans-retinoic acid (ATRA) or
arsenic trioxide (ATO) disrupts pro-connective tissue
and the immunosuppressive tumor microenvironment
(TME), resulting in the upregulation of PD-L1 and ENT1.
Consequently, this blockade influences multiple cancer path-
ways in pancreatic ductal adenocarcinoma (PDAC) [12].

In the realm of intrahepatic cholangiocarcinoma (ICC),
prior investigations have unveiled the functional signifi-
cance of the INK-PIN1 regulatory axis in governing pro-
liferation and provided substantial evidence supporting the
therapeutic potential of inhibiting PIN1 to target JNK
activation [13]. Nevertheless, the impact of PIN1 in the
treatment of ICC remains uncertain, and further investiga-
tions are needed to elucidate its potential therapeutic role.
Additionally, the effectiveness of PIN1 inhibitors in eradi-
cating solid malignant tumors is still a subject of ongoing
research and necessitates additional exploration. To further
investigate the role of PIN1 in CCA, our clinical observa-
tions revealed elevated levels of PIN1 expression in CCA
tissue compared to the surrounding paraneoplastic tissue.
Moreover, patients exhibiting high levels of PIN1 expres-
sion faced an unfavorable prognosis. Additionally, through
genetic or chemical inhibition of PIN1, we successfully
downregulated a multitude of signaling pathways that con-
tribute to cancer progression. This inhibition resulted in the
suppression of cell proliferation, colony formation, and
adhesion development across various CCA cell lines.

To summarize, these findings strongly suggest that
PIN1 is markedly overexpressed in human CCA, thereby
highlighting the prospective candidacy of ATRA as
a therapeutic agent to impede the metastatic progression
of this malignancy.

2 Materials and methods
2.1 Data acquisition

PIN1 expression was extracted from the TCGA, GTEX
and GEO databases, and all data were analyzed by
the Rj¢3-based bioinformatics online analysis website
[14, 15]. GSE26566 and GSE107943 were obtained from
the Gene Expression Omnibus (GEO) database.

2.2 CCA patients and tumor microarray (TMA)

The tissues of 227 confirmed CCA and corresponding
adjacent non-cancerous tissues treated at the First
Affiliated Hospital of Nanjing Medical University from
2010 to 2017 were collected and embedded in paraffin.
Relevant clinical information was obtained from

hospitalized cases and corresponding follow-up investiga-
tions of relevant patients. The study was conducted in
accordance with the Declaration of Helsinki, and written
informed consent was obtained from all patients. It was
also approved by the Ethics Committee of the First Clinical
Medical School of Nanjing Medical University. Overall
survival (OS) denotes the duration between the completion
of the surgical procedure and the demise of the subject
resulting from any cause. Disease-free survival (DFS), on
the other hand, refers to the period starting from the post-
operative phase until the onset of tumor recurrence or
metastasis, or the passing of the subject due to any cause.

2.3 Immunohistochemistry (IHC)

Immunohistochemistry was performed using the established
streptavidin-peroxidase method, following a standardized
protocol as previously described [16]. The anti-PIN1
antibody (Santa Cruz, USA; dilution 1:200; catalog number
Sc-46660) was employed for IHC, utilizing the avidin-biotin
complex technique. Microwave antigen retrieval was
conducted, and the tissue sections were incubated with the
primary antibody overnight at 4 °C. Next, the sections were
treated with a secondary antibody, and subsequently,
a diaminobenzidine solution was used for visualization
under a microscope. Counterstaining with hematoxylin was
performed. Negative control slides were included in all
experimental procedures.

2.4 Cell acquisition and culture

The human normal bile duct cell line HIBEpiC and CCA
cell lines QBC939, RBE, HuCCT1, and HCCC9810 used in
this study were purchased from the Chinese National Human
Genome Center (Shanghai, China). Cholangiocarcinoma
cells were cultured in Dulbecco’s modified Eagle medium
(DMEM, Gibco, USA) containing 10% fetal bovine serum
and antibiotics (1% penicillin/streptomycin; Gibco). All cells
were grown at 37 °C in a humidified incubator containing
5% CO..

2.5 Transfection of small interfering RNA (siRNA)
and lentivirus

Small interfering RNA (siRNA) specifically targeting
ANXA2, RACKI1, and a non-specific control (si-Ctrl)
were acquired from GenePharma (Shanghai, China)
for transfection. Lipofectamine 3000 (Thermo Fisher
Scientific, MA, USA) was employed as the transfection
reagent following the manufacturer’s protocol. The cells
were cultured until they reached a confluency of 30—40%.
The working concentration of siRNA is 50 nM. After a six-
hour transfection period, the medium containing the
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transfection reagents was replaced with fresh medium.
Total proteins and RNA were collected 48 h after transfec-
tion. The siRNA sequences for ANXA2 knockdown were
as follows:

si-ANXA2:

Sense: 5'-GCCGAGUGUACUACUUCAATT-3’
Antisense: 5'-UUGAAGUAGUACACUCGGCTT-3’
si-RACK1:

Sense: 5'-GCUACAUCCAGAAGAUCAATT-3’
Antisense: 5'-UUGAUCUUCUGGAUGUAGCTT-3’

To generate a PIN1 knockdown lentivirus, a lentivirus
targeting PIN1 was obtained from Shanghai GeneChem
Company. The shRNA target sequences were as follows:

shPIN1 sense: CAGGGAGATTGGATAGAAA
shCtrl sense: TTCTCCGAACGTGTCACGT

CCA cells were infected with the lentivirus for 48 h and
subsequently selected with puromycin at a concentration of
2 ng/ml for a duration of 2 weeks.

2.6 RNA extraction and reverse transcription

The adherent cells were harvested and extracted using
TRIzol reagent (Ambion, Texas, USA) for mRNA prepara-
tion. The total mRNAs were reversely translated using
HiScript IIT RT SuperMix (Vazyme, Nanjing, China), and
real-time PCR amplification was performed with AceQ
gPCR SYBR Green Master Mix (High ROX Premixed)
(Vazyme, Nanjing, China) using the 7900HT Fast Real-
Time PCR System (Thermo Fisher Scientific, MA, USA).

Primer sequences: PIN1
F-TCAGGCCGAGTGTACTACTTC
R-TCTTCTGGATGTAGCCGTTGA
B-Actin
F-ATTGCCGACAGGATGCAGAA
R-GCTGATCCACATCTGCTGG AA
gRT-PCR reaction procedure:

Step Temperature Time
Pre-denaturation 95°C 5 min
Denaturation 95°C 10s
Annealing/extension 60 °C 30s

2.7 Library construction and sequencing

A comprehensive analysis of gene expression was con-
ducted by extracting total RNA from SH-CON and SH-
PINT1 cells, with three samples included in each group. The
purified library products were subjected to rigorous evalua-
tion and subsequently sequenced on the Illumina NovaSeq
platform. Total RNA was prepared for RNA-seq analysis
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by Personalbio (Shanghai, China). P < 0.05 and |log2 FC]
> 1 between groups.

2.8 Western blot

Proteins were extracted from tissue or cell lysates [17] as
described previously, and protein samples were separated
by 10% dodecyl sodium sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) and transferred to polyvinyli-
dene difluoride membranes (Paarl, NY, USA), incubated
with primary and secondary antibodies, and visualized
using enhanced chemiluminescence detection reagents
(NemECL High, Suzhou, China). All antibodies are
shown in Supplementary Table S2.

2.9 Immunoprecipitation (IP), silver staining, and
mass spectrometry

Approximately 1 x 10° Cells were lysed with NP-40
(Beyotime, Shanghai, China) substitute. Protein complexes
were captured overnight at 4 °C using PIN1-specific anti-
bodies and IgG, and the next day, antigen-antibody com-
plexes were captured using protein A/G magnetic beads
(Beyotime, Shanghai, China). The antigen-antibody com-
plexes were obtained by mixing at room temperature for 2
h. The supernatant was discarded to obtain the antigen-
antibody complexes for subsequent experiments. The pro-
tein complexes were separated by SDS-PAGE and
detected by a protein blotting assay with the corresponding
antibodies. Visualization was performed using silver
staining according to the manufacturer’s instructions
(Beyotime, Shanghai, China). Candidate targets that dif-
fered significantly from the gel were then cut out and sent
to the company for mass spectrometry analysis for protein
identification.

2,10 CCK-8 assay

Cell Counting Kit-8 was purchased from Biosharp
(Shanghai, China). Cells were inoculated in 96-well plates
at a density of 1000 cells/well and cultured overnight in
complete medium. At 0, 24, 48, 72, 96, and 120 h, 10 ml of
CCK-8 solution was added to each well. After 2 h of
incubation, absorbance values at 450 nm were measured
using a spectrophotometer (Thermo Fisher Scientific,
Pittsburgh, PA, USA).

2.11 Cell cycle analysis

Forty-eight hours after transfection, the cells were sub-
jected to serum starvation overnight to synchronize
them. Subsequently, they were induced to re-enter the
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cell cycle by incubating them in medium containing
10% fetal bovine serum for 4 h. The cells were then
collected, washed with PBS, and fixed in pre-cooled
70% ethanol at 4 °C overnight. The next day, the cells
were washed twice with PBS and resuspended in RNase A,
followed by incubation at 37°C for 30 min. Propidium
iodide (PI) was added to the cells in the dark at 4 °C for an
additional 30 min. Finally, all samples were analyzed using
flow cytometry (BD, FACSCantoTM II).

2.12 5-Ethynyl-20-deoxyuridine (EdU) proliferation
assay

The EdU assay was performed by using the EdU
Admixture Assay Kit (Beyotime, Shanghai, China) to
assess cell growth capacity. Cells (5000/well) were inocu-
lated into 96-well plates and incubated for 12 h, followed
by incubation with EAU for 2 h and the remaining steps as
described previously [18].

2.13 Colony formation assay

Each experimental group was composed of three technical
replicates. A total of 1000 cells were inoculated into 6-well
plates containing complete medium. Every 72 h, the six-
well plates underwent a medium replacement procedure.
The cell culture process was terminated upon the observa-
tion of a considerable number of cellular colonies in the
control group’s six-well plates. Each well was washed with
phosphate-buffered saline (PBS) (%3) and then fixed with
formaldehyde for 30 min. This was followed by staining
with 1% crystalline violet for 20 min. The quantification of
clone cells was performed by counting the number of
clones in each well. Finally, the cellular clone count for
different experimental groups was calculated and subjected
to the appropriate statistical analysis.

2.14 Wound healing assay

Cells at appropriate densities were seeded in 6-well plates,
and monolayers were grown in medium without FBS for
24 h. Three replicate wells were established for each
experimental group. A vertical cross was gently drawn on
the bottom of the six-well plate using a 200-ul pipette tip.
The culture medium in the six-well plate was discarded,
and the plate was rinsed three times with 1x phosphate-
buffered saline (PBS) to remove any detached cells.

After scratching the cells, they were cultured in serum-
free high-glucose medium at 37°C in a CO, incubator.
Using a regular light microscope with a 10x objective,
photographs of the cell scratch were taken at 0, 24, and
48 h, respectively, and the width of the cell scratch was
measured and recorded.

2.15 Transwell assay

For the migration assay, 30,000 cells were diluted with
300 pL of serum-free medium in the upper chamber,
and an additional complete medium containing 20%
fetal bovine serum was placed in the lower chamber.
After 48 hours in the cell incubator, 4% paraformalde-
hyde was fixed for 30 minutes, and the cells in the
upper chamber were wiped with a cotton swab and
stained with 0.1% crystalline substrate for 30 min.
Three fields of view were randomly photographed
under a bright-field microscope, and the number
of cells was counted. For the invasion assay, the proce-
dure was the same as that for the migration assay,
except that the upper chamber contained a matrix gel
(BD Bioscience Pharmingen).

2.16 Cell adhesion

A 2:1 dilution of DMEM with Matrigel was prepared, and
50 wl of this mixture was incubated in a 96-well plate at 37
°C with 5% CO, for 4 h. Following the incubation period,
the supernatant was discarded. A trypsin-digested cell
solution containing 10,000 cells per well was inoculated
into the 96-well plates and incubated at 37 °C in a 5% CO,
incubator for either 1 or 3 h. After the designated incuba-
tion time, the 96-well plate was gently removed, and the
culture medium was carefully discarded. Subsequently, the
plate underwent two rounds of PBS washes to eliminate
any non-adherent cells. To each well, 100 pl of fresh
medium and 10 pl of CCKS8 were added, ensuring protec-
tion from light. Incubation in darkness continued for 2 h
before measuring the optical density (OD) value at 450 nm
using an enzyme marker.

To visualize cell adhesion, calcein AM (Beyotime,
Shanghai, China) was employed to stain the cells. The
subsequent steps followed the aforementioned protocol,
culminating in visualization using a fluorescence micro-
scope to capture images. Subsequently, the number of
adherent cells was determined through appropriate
calculations.

2.17 Immunofluorescence assay (IF)

Approximately 1 x 10° Cells were fixed with 4% parafor-
maldehyde at 37°C for 30 min and lysed with
0.3% Triton X-100 for 30 min. Cells were then blocked
with 5% donkey serum for 1 h and incubated overnight
at 4 °C with a specific primary antibody. We incubated for 2
h at room temperature with 488 and 594-labeled goat anti-
rabbit IgG. Cell nuclei were stained with DAPL
Fluorescence images were captured by confocal fluores-
cence microscopy.
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2.18 In vivo animal assay

Animal studies were approved by the Nanjing Medical
University (NJMU) Institutional Animal Care and Use
Committee (Quorum No. IACUC-2203004). BALB/c
nude mice (6 weeks old, female) were purchased from
the Model Animal Research Centre of Nanjing University.
Mice were randomly divided into two groups for tumor
xenograft experiments (eight mice in each group). HuCCT]1
cells stably expressing SH-PIN1/SH-NC transfected cells
were injected subcutaneously into the left inguinal region
of the mice. When the tumor became macroscopic, the
tumor size was measured every four days for 24 days,
and the formula (width? x length)/2 was used to calculate
the tumor volume. A portion of the tumors was preserved
in a neutral fixative solution for subsequent tissue immu-
nohistochemistry experiments to assess the expression of
PINI1 and Ki-67 within the tumor tissue.

For the tail vein tumor metastasis study, a volume of 0.1
ml consisting of cell suspensions containing 1 x 10° stable
cells was intravenously injected into the lateral tail veins of
ten mice per experimental group. Subsequently, at the end
of a period of 5 weeks, the mice were euthanized, and their
lungs were meticulously extracted and fixed using a 4%
paraformaldehyde solution. Each lung tissue sample was
precisely sectioned at two specified regions, and the pre-
sence of lung metastatic nodules was confirmed through
microscopic examination of hematoxylin and eosin (HE)-
stained sections.

2,19 Statistical analysis

All statistical analyses were performed using SPSS v22.0
(IBM, SPSS, Chicago, Illinois, USA) and GraphPad
Prism 9.1 (GraphPad Software, La Jolla, CA, USA). The
differences between the two groups were analyzed by
Student’s t-test. The X2 test was used to analyze the
correlation between PIN1 expression and clinicopathologi-
cal variables. The Kaplan-Meier method was used to ana-
lyze overall survival (OS) and disease-free survival, and
the logarithmic rank test was used for comparison.
Multivariate analysis using the Cox proportional hazards
regression model. The difference is considered statistically
significant when p < 0.05, “p < 0.01, or *"p < 0.001.

3 Results

3.1 PIN1 overexpression predicts unfavorable
prognosis in cholangiocarcinoma

The TCGA database pan-cancer study revealed upregula-
tion of PIN1 expression in various malignancies, including
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CCA (Fig. 1A). To validate this finding in CCA, we uti-
lized two datasets (GSE26566 and GSE107943) from the
GEO database, which confirmed the upregulation of PIN1
in CCA tissues compared to adjacent non-cancerous tissues
(Fig. 1B, C) [19, 20]. Moreover, we analyzed both PINI
mRNA and protein levels in tissue samples, consistently
observing a significant increase in CCA tissue samples
(Fig. ID-G). These results provide evidence suggesting
the involvement of PIN1 in CCA development.

Continuing our investigation, we examined the correla-
tion between PIN1 expression and clinicopathological vari-
ables to assess its clinical significance in CCA tissues. The
results revealed a significant association between PIN1
expression and several factors, including age, sex,
N-stage, lymph node metastasis, bile duct invasion, and
tumor grade (Table 1). Subsequently, by utilizing immuno-
histochemistry on tissue microarrays and analyzing follow-
up data, we found that higher PIN1 expression was asso-
ciated with worse overall survival (OS, p = 0.0451) and
disease-free survival (DFS, p = 0.0044) in CCA patients
(Fig. 1H, I).

To further determine the independent prognostic
value of PINI1, multivariate Cox regression models
were applied, adjusting for N-stage, lymph node metas-
tasis, tumor stage, and PIN1 expression (Supplementary
Table S1). Remarkably, PIN1 expression remained an
independent prognostic factor for DFS in CCA patients.
These findings highlighted that N-stage, lymph node
metastasis, tumor stage, and PINI1 expression could
serve as prognostic indicators for OS and DFS in
CCA patients. In summary, our results demonstrate
the overexpression of PIN1 in CCA tissues and suggest
that PIN1 may serve as a predictor of prognosis
for CCA.

3.2 Suppression of PIN1 attenuates
cholangiocarcinoma proliferation in vitro and
in vivo

Based on the PIN1 expression profile in CCA cell lines
(Fig. 2A), we successfully established two stable knock-
down cell lines (SH-PIN1 knockdown group and SH-NC
control group), using lentiviral-mediated techniques
in HuCCT1 and QBC-939 cells (Fig. 2B, C). To elucidate
the functional relevance of PIN1 in CCA cell proliferation,
we initially employed the CCK-8 assay. Our results
unequivocally demonstrate a significant reduction in
cell proliferation upon depletion of PIN1 expression in
both HuCCT1 and QBC-939 CCA cells (Supplementary
Fig. S1A). Furthermore, consistent with these findings, the
EDU (Fig. 2D) and colony formation experiments (Fig. 2E)
conducted in HuCCT1 and QBC-939 cells provided addi-
tional evidence supporting the inhibitory effect of PINI
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Fig. 1 Elevated PIN1 expression in cholangiocarcinoma correlates
with unfavorable prognosis. A PIN1 expression in different cancer
types in TCGA and overexpression in cholangiocarcinoma. B, C
Increased PIN1 mRNA expression in cholangiocarcinoma datasets
derived from the GEO database (GSE26566 and GSE107943). D
Comparative analysis of PIN1 mRNA expression between tumor
tissues and matched paracancerous tissues using RT-PCR (n = 37).
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E Western blot results illustrate elevated PIN1 protein expression in
cholangiocarcinoma. F, G Immunostaining of tissue microarrays
(TMAs) confirming PIN1 overexpression in cholangiocarcinoma (n
=227). H, I High PIN1 expression in CCA patients is associated with
poorer overall survival and disease-free survival. All data are pre-
sented as the mean + standard deviation (SD). *p < 0.05, **p < 0.01,
**xp < 0.001
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Table 1 PIN1 staining and clinicopathological characteristics of
CCA patients

Variable PIN1(staining) Total P-value
Low- High-
expression  expression
Age P =0.0454"
>50 72 100 172
<50 31 23 54
Total 103 123 226
Gender P=0.0337"
Male 46 60 106
Female 62 45 107
Total 108 105 213
T P =0.4343
T1&2 68 89 157
T3&4 30 31 61
Total 98 120 218
N P = 0.0464"
NO 79 80 159
N1&2 22 41 63
Total 101 121 222
CA-199(ng/mL) p =0.2231
<37 8 13 21
>37 45 40 85
Total 53 53 106
LN metastasis P =0.0368"
Positive 25 47 72
Negative 73 74 147
Total 98 121 219
Bile duct P =10.0251"
violations
Positive 22 10 32
Negative 88 98 186
Total 110 108 218
Nerve p = 0.4651
violations
Positive 45 58 103
Negative 45 47 92
Total 90 105 195
Tumor grade p=0.6317
1&I1 53 58 111
&IV 44 55 99
Total 97 113 210
Tumor staging P =10.0338"
1&I1 62 55 117
HI&Iv 39 62 101
Total 101 117 218

The bold P values typically indicate statistical significance
*P values are from ¥ test
Some cases were not available for the information

knockdown on cellular proliferation compared to the nega-
tive control (SH-NC) group.

In addition, we investigated alterations in key prolifera-
tion-related markers upon PIN1 knockdown. Intriguingly,
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the results revealed a marked suppression in the expression
levels of MMP2, CyclinD1, and PCNA in response to
PIN1 knockdown (Fig. 2F), indicating the regulatory role
of PIN1 in CCA cell proliferation.

Based on our current findings, we aimed to investigate
the underlying mechanism by which PIN1 knockdown
inhibited the proliferation of cholangiocarcinoma (CCA)
cells. To assess whether the inhibition was due to cell
cycle arrest in a specific phase, cell cycle analysis was
conducted. Flow cytometric analysis revealed that the down-
regulation of PIN1 led to a significant increase in the per-
centage of cells in the GO/G1 phase, while the distribution
of cells in the S and G2 phases decreased (Fig. 2G). These
results suggest that the downregulation of PIN1 inhibits the
G1/S phase transition in the cell cycle, potentially contribut-
ing to the suppression of CCA cell proliferation.

To corroborate our in vitro observations and ascertain
the proliferative ability of PIN1 in vivo, we subcutaneously
implanted HuCCT1 cells into nude mice (Fig.2H).
Remarkably, the knockdown of PIN1 led to a substantial
reduction in tumor volume and weight compared to the
control group (Fig. 2I). This finding was further supported
by histological examination through hematoxylin and eosin
(HE) staining and immunohistochemistry (IHC) analysis,
which confirmed the favorable effect of PIN1 on CCA
proliferation (Fig.2J). Collectively, our comprehensive
findings from both in vitro and in vivo experiments unequi-
vocally indicate that PIN1 plays a pivotal role in promoting
CCA cell proliferation.

3.3 PIN1 promoted invasion, migration, and
adhesion of CCA cells in vitro and in vivo

To gain insights into the molecular mechanisms underlying
PIN1 involvement in CCA, we conducted an RNA-
sequencing analysis to compare the differential expression
profiles between HuCCT1-SH-NC and HuCCT1-SH-PIN1
cells. This analysis revealed 294 genes that exhibited
differential expression, with 202 being up-regulated and
92 down-regulated (Supplementary Fig. SIB). Through
KEGG enrichment analysis (Fig.3A), we observed that
the cell adhesion pathway ranked among the top 20 signal-
ing pathways based on P-values. Cell adhesion is a com-
plex process involving numerous molecular interactions
that facilitate the attachment and migration of cancer
cells to distant sites [21]. We aimed to explore the role of
PIN1 in modulating the adhesive properties of CCA cells.
Consequently, we performed cell adhesion experiments to
assess CCA adhesion following PIN1 knockdown. Our
results indicated that the depletion of PINI significantly
reduced the adhesion capability of CCA cells (Fig. 3B, C).

Furthermore, we investigated the impact of PIN1 on
CCA cell migration and invasion using wound-healing
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assays and transwell assays, respectively. Our observa-
tions demonstrated that decreased PINI expression
impaired both processes (Fig. 3D, E). Subsequently, we
examined the expression levels of molecules involved in
epithelial-to-mesenchymal transition (EMT), a critical
event facilitating tumor invasion and metastasis.
Notably, PIN1 knockdown resulted in increased expres-
sion of E-cadherin (E-CA) and decreased expression of
N-cadherin (N-CA), SNAIL, and SLUG, while vimentin
(VIM) expression remained unchanged (Fig. 3F).

To further elucidate the potential role of PINI in CCA
adhesion and metastasis, we established a lung metastasis
model using a CCA cell line with stable PIN1 knockdown.
Remarkably, compared to control groups, mice injected with
SH-PIN1 cells exhibited minimal metastases in the lungs, as
evidenced by histological analysis (Fig. 3G). Overall, our
findings provide compelling evidence that PIN1 enhances
CCA cell metastasis both in vitro and in vivo.

3.4 PIN1-mediated modulation of ANXA2
phosphorylation enhances cholangiocarcinoma
adhesion

In order to gain insight into the molecular mechanisms
by which PIN1 regulates adhesion, we performed silver
staining and liquid chromatography—mass spectrometry/
tandem mass spectrometry (LC-MS/MS) to identify
proteins that interact with PIN1 in HuCCT1 cells
(Supplementary Fig. S1C). Distinct and discernible
bands within the molecular weight range of 30-50 kDa
were visually detected, subsequently isolated, and sub-
jected to identification. Among the identified bands, we
identified Annexin A2 (ANXA2) (Supplementary Table
S3). Notably, ANXA2, a member of the membrane-linked
protein family, has been reported to be significantly asso-
ciated with adhesion [22, 23]. Building upon these findings,
we postulate that ANXA?2 interacts directly with PIN1. To
validate this hypothesis, co-immunoprecipitation (co-IP) and
immunofluorescence co-localization assays were performed
(Fig.4A, B), confirming the direct interaction between
ANXA?2 and PINI.

To determine whether PINI regulates the expression
of ANXA2, we investigated ANXA2 levels using
Western blot analysis. However, the absence of PINI1
did not have any noticeable effect on ANXA2 expression
(Supplementary Fig. SID). Previous studies have indicated
that ANXA2 phosphorylation can influence adhesion cap-
ability [24]. Given the role of PIN1, we hypothesized that
PIN1 modulates CCA adhesion through the alteration of
ANXA?2 phosphorylation. Our results showed a significant
reduction in ANXA2 phosphorylation upon stable knock-
down of PINI, indicating a relationship between PINI and
ANXA2 (Fig. 4C).

3.5 PY-60 rescues the PIN1-induced reduction in
ANXA2 phosphorylation

To investigate whether PIN1 regulates CCA cell adhesion
through ANXA?2 phosphorylation, we explored the effects
of PY-60, a compound targeting ANXA2, on PINI-
regulated adhesion [25]. Stable PIN1 knockdown cell
lines (QBC-939 and HuCCT1) were treated with PY-60
during cultivation. Western blot analysis revealed that the
reduction in ANXA2 phosphorylation caused by PINI
knockdown was significantly reversed by PY-60 treatment
(Fig. 4D). Co-IP revealed that the treatment with PY-60
effectively enhanced the phosphorylation levels of
ANXAZ2, while having no impact on the interaction
between ANXA2 and PIN1 (Supplementary Fig. S1E).
To validate our findings, we employed wound healing
assays, transwell assays, and adhesion experiments. The
results demonstrated that PY-60 effectively reversed the
inhibitory effects of PIN1 knockdown on cell migration,
adhesion, and invasion (Fig. 4E-G).

Furthermore, we investigated whether PY-60 could
reverse the reduced metastatic capacity induced by
PIN1 knockdown in vivo. For this purpose, we utilized
a nude mouse lung metastasis model. The results demon-
strated a significant augmentation in the extent of CCA
cell metastasis, characterized by an increased number
and area of metastatic lesions in the lung tissue of mice
treated with PY-60, as compared to the PIN1 knockdown
group (Fig. 4H).

Overall, our findings suggest that the overexpression of
PIN1 can enhance CCA metastasis by activating ANXA2
phosphorylation. These results provide valuable insights
into the molecular mechanisms underlying PIN1-mediated
regulation of adhesion and metastasis in CCA.

3.6 RACK1 facilitates the interaction between PIN1
and ANXA2

To thoroughly explore the intricate relationship between
PIN1 and ANXA2, we integrated our LC-MS/MS find-
ings with relevant literature (Supplementary Table S3).
Previous studies have shed light on the pivotal role of
RACKI as a bridging agent in mediating molecular inter-
actions. Building upon this knowledge, we postulated
that RACK1, a scaffolding protein involved in protein—
protein interactions and cellular signaling (Supplementary
Fig. S1C), might serve as a crucial mediator in facilitating
the interaction between PIN1 and ANXA2. To validate
this hypothesis, we conducted co-immunoprecipitation
(co-IP) experiments to investigate the potential interac-
tions among RACKI, PIN1, and ANXA2. The results
undeniably demonstrated robust interactions among
these three molecules (Supplementary Fig. SIF-H).
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Moreover, immunofluorescence co-localization analy-
sis confirmed the presence of a specific colocalization
pattern among PIN1, ANXA2, and RACKI1 (Fig. 5A, B).
Considering the possible involvement of RACKI in
ANXA2 phosphorylation, we employed si-RACKI to
knock down RACKI1 expression. This depletion led to
a significant reduction in ANXA2 phosphorylation
(Fig. 5C).

Given previous evidence indicating RACK1’s ability to
mediate interactions between molecules, we hypothesized
that RACK1 may facilitate the interaction between PINI
and ANXAZ2. To test this assumption, we examined the
impact of RACK1 on the binding of PIN1 and ANXA2.
Our results revealed a decrease in the interaction between
PIN1 and ANXA?2 in the absence of RACKI (Fig.5D).
Additionally, we explored the effect of PIN1 on the asso-
ciation between RACKI1 and ANXA2. Knocking down
PIN1 did not affect the expression levels or binding of
RACKI1 and ANXA?2 proteins in the two CCA cell lines
(Fig. 6A). Furthermore, we investigated whether ANXA2
was necessary for the interaction between PIN1 and
RACKI. The results indicated that the knockout of
ANXA2 had no effect on the expression of RACKI or
PIN1, nor did it impact the interaction between RACKI
and PIN1 (Fig. 6B).

In summary, these findings suggest that RACK1 acts as
a scaffold molecule, facilitating the interaction between
PIN1 and ANXAZ2. This reveals a potential molecular
mechanism through which PIN1 and ANXA?2 are intercon-
nected, mediated by RACK1 in CCA cells.

3.7 ATRA, a PIN1 inhibitor, suppresses
cholangiocarcinoma cell migration, invasion, and
adhesion in vitro through PIN1 downregulation

In our study, we investigated the role of all-trans retinoic
acid (ATRA), a chemical targeting inhibitor, in inhibiting
the carcinogenic effect of CCA, focusing on the involve-
ment of PINI. Previous studies have shown that active
PIN1 is a key target of ATRA in other cancers [11].
ATRA has been demonstrated to degrade PINI1, thereby
blocking the carcinogenic pathway regulated by PIN1 in
various malignant tumors, including acute promyelocytic
leukemia (APL), cancer, and hepatocellular carcinoma
[11, 26, 27].

We treated QBC-939 and HuCCT1 CCA cells with
different concentrations of ATRA and observed a signifi-
cant inhibition of PIN1 expression at various concentra-
tions (Fig. 6C). In the CCK-8 cell proliferation assay, we
observed a significant decrease in cell proliferation in both
cell lines treated with ATRA compared to the control group
(Supplementary Fig. S11, J). To further investigate the bio-
logical function of PIN1 in CCA metastasis, we evaluated

the effects of ATRA treatment. Wound healing assays
showed that ATRA significantly reduced the migration
ability of CCA cells (Fig. 7A). Transwell analysis revealed
a significant reduction in the number of migrating and
invading cells upon ATRA treatment (Fig. 7B). Moreover,
we validated the effect of ATRA on the adhesion ability of
CCA cells and found that it inhibited adhesion (Fig. 7C, D).
The changes in epithelial-mesenchymal transition (EMT)-
related molecules were consistent with previous results,
further supporting the inhibitory effect of ATRA on CCA
metastasis by suppressing PIN1 expression (Fig. 7E).

Furthermore, we sought to ascertain the potential of
ATRA in impeding the metastatic capability of CCA in
an in vivo setting employing a nude mouse lung metastasis
model. Encouragingly, the outcomes revealed a substantial
reduction in the extent of CCA cell metastasis within the
pulmonary tissue of ATRA-treated mice in comparison to
the control group (Fig. 7F).

Overall, our research results suggest that ATRA can
inhibit the metastatic potential of CCA by targeting
PIN1. These findings provide important insights into the
potential therapeutic application of ATRA in suppressing
CCA metastasis through PIN1 inhibition.

4 Discussion

Cholangiocarcinoma is a malignancy of epithelial cells that
arise from various locations within the biliary tree and
exhibit markers of cholangiocyte differentiation [28].
Tumor recurrence is a major obstacle to CCA patient
survival [29]. However, the strategies for the diagnosis
and treatment of recurrent CCA metastases are limited.
Current strategies primarily revolve around chemotherapy
and immune checkpoint inhibitors, the efficacy of targeted
therapies is limited to patients carrying specific genetic
mutations, such as IDH1 and FGFR2 mutations. Even
with radical surgical resection for early-stage tumors, the
recurrence rate is alarmingly high. Consequently, identify-
ing novel therapeutic targets to aid in the treatment of
advanced CCA and prevent postsurgical recurrence is
critical. Previous studies have illuminated various roles of
PIN1 in different tumors. For instance, targeting PIN1 in
hematologic tumors significantly increases treatment effi-
cacy [30]. Moreover, PINI is prevalently upregulated in
pancreatic cancer and has emerged as an adverse prognos-
tic indicator that maintains redox homeostasis through the
c-Myc/NRF2/ARE axis. Encouragingly, combining immu-
notherapy with PIN1-targeting therapies has shown pro-
mising results in reducing pancreatic tumor size in patients
with PDAC [12, 31]. KRAS and P53 mutations represent
two of the prevailing genetic events in both human CCA
and PDAC. PIN1, acting as a pivotal effector within the
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Western blot after treatment of CCA cells with ATRA. F
Representative images and HE staining of metastatic nodules in the
lungs of mice. ATRA-releasing pellets were obtained from Innovative
Research of America. All data presented are expressed as the mean +
SD. *p < 0.05, **p < 0.01, ***p < 0.001
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Kras/ERK axis, synergistically orchestrates a multitude of
cellular processes [31]. Furthmore, as an integral part of
physiological checkpoint mechanisms, PIN1 can be
hijacked during tumorigenesis, assuming a critical role in
amplifying the oncogenic functions of mutant p53 [32].
Given the shared biological behaviors and molecular
mechanisms observed in pancreatic cancer and cholangio-
carcinoma, we aim to evaluate the therapeutic potential
associated with targeting PIN1 in this context.
Additionally, our research is focused on unraveling the
intricate molecular mechanisms governed by PIN1 specifi-
cally in cholangiocarcinoma.

In this study, we observed elevated levels of PINI
mRNA and protein in CCA tissues vs. normal controls.
We found that high expression of PINI is correlated with
a poorer prognosis, which is consistent with the findings of
previous research [13, 33-36]. Furthermore, our experi-
ments demonstrated that PIN1 enhanced the proliferation
and metastasis of CCA both in vitro and in vivo. While
existing evidence suggests the vital role of PIN1 in CCA,
the specific molecular mechanisms involved, particularly
the specific targets of direct target of PIN1, remain unclear
[33]. Through RNA-seq analysis of CCA cells with PIN1
knockdown, we revealed the potential of PIN1 to promote
invasive metastasis by modulating adhesion. In order to
further investigate the specific molecular mechanisms
underlying PIN1 involvement in cholangiocarcinoma, by
employing LC-MS/MS, we identified ANXA2 as
a molecule that interacts with PIN1 and functions as
a cancer initiator, promoting the formation and progression
of CCA. ANXA2, a transmembrane protein, has been
implicated in multiple biological processes and clinical
associations related to cancer progression [37-41].
Additionally, ANXA2 has been shown to enhance cell
migration in ovarian cancer through interactions with
HE4 and to control endometrial adhesion via RhoA activa-
tion in the endometrium [42, 43]. Intriguingly, our data did
not support the initial assumption that PINI1 regulates
ANXA?2 by altering protein levels, as knocking down
PIN1 had no effect on ANXA2 abundance. Previous stu-
dies have indicated that ANXA2 phosphorylation can
influence adhesion capability [24]. Building upon the find-
ings of previous studies, we propose that PIN1 influences
CCA adhesion by modulating ANXA2 phosphorylation.
Consistent with this hypothesis, we observed decreased
ANXA2 phosphorylation upon PIN1 depletion, resulting
in a reduced adhesion capacity of CCA cells. The rescue
experiment in our study demonstrated that the addition of
PY-60 (a compound targeting ANXA2) significantly atte-
nuated the decrease in adhesion ability caused by PIN1
knockdown. As we all know, PIN1-mediated phosphoryla-
tion governs the regulation of signal transduction pathways
that rely on phosphorylation, consequently leading to

alterations in protein structure, function, and stability.
This observation strongly indicates the critical role of
ANXA2 phosphorylation in mediating the effects of PIN1
on CCA cell adhesion capacity.

To further investigate the potential mechanisms by
which PIN1 regulates the phosphorylation of ANXA2,
according to our LC-MS/MS data, RACK1 was identified
as a prominent protein among the identified candidates.
RACKI1, which is well known for its involvement in various
malignancies, acts as a critical scaffolding protein that
governs the complex processes of migration and invasion
[44-48]. As a member of the WD-repeat protein family
[45], RACKI! is associated with the epithelial-to-
mesenchymal transition (EMT) of cells in the tumor
microenvironment [46]. Notably, in multidrug-resistant
breast cancer cells, RACKI1 acts as a scaffold, promoting
invasiveness by increasing the binding affinity between
P-glycoproteins and ANXA2 and Src [48, 49]. Moreover,
RACKI exerts a modulatory effect on the tyrosine phos-
phorylation of ANXA?2 through a Src-dependent mechan-
ism [47]. In our investigation, we discerned the capacity
of RACKI1 to act as a scaffold for PIN1 and ANXA2,
facilitating the regulatory effects of PIN1 on ANXAZ2.
Our results revealed a decrease in the interaction between
PIN1 and ANXAZ2 in the absence of RACKI.

This reveals a potential molecular mechanism that estab-
lishes an interconnection between PIN1 and ANXA2,
mediated by RACK1 in CCA cells. Subsequently, we delved
into the feasibility of targeting PIN1 as a therapeutic
approach. Research has suggested that ATRA treatment
can modulate the expression and activity of PIN1 in certain
cancer types. ATRA has yielded promising outcomes in
cancer therapy, as evidenced by its profound ability to
exert antitumor effects through multiple mechanisms.
Primarily, ATRA has been extensively studied for its
capacity to induce cellular differentiation and impede
proliferation across diverse tumor types. Notably, its dif-
ferentiation-promoting effect is assumed to be highly
important in APL, where ATRA-mediated differentiation
therapy has revolutionized treatment outcomes [50].
ATRA, functioning as a PIN1 inhibitor, binds to and
inhibits the activity of PIN1. Additionally, ATRA induces
the degradation of PINI, leading to the destabilization of
its substrate PML-RARa. This mechanism has shown
promising results in treating acute promyelocytic leuke-
mia (APL) in both cellular and animal models, as well as
in human patients [11]. Importantly, our experimental
findings demonstrated that ATRA effectively inhibits the
proliferation and metastasis of CCA cells. In vivo experi-
ments have demonstrated a significant reduction in lung
metastasis of cholangiocarcinoma following the adminis-
tration of ATRA. In light of these compelling findings,
the utilization of ATRA as a precision-targeted modality
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against PIN1 has emerged as a highly auspicious therapeutic
approach for inhibiting CCA metastasis. Notably, the
ongoing clinical trials investigating this strategy in diverse
solid malignancies (ClinicalTrials.gov: NCT04113863)
serve as an additional testament to its accelerated transla-
tional potential. Further comprehensive investigations are
imperative to optimize its clinical implementation and ascer-
tain synergistic combinations with established therapeutic
modalities.

While our research represents significant progress, sev-
eral limitations should be acknowledged. Mechanistically,
we have established a connection between PIN1/RACK1/
ANXA2 but did not identify the exact binding site or
define the region where PIN1 induces ANXA2 phosphor-
ylation. However, our study provides novel evidence sup-
porting the oncogenic role of PIN1 in CCA and highlights
its clinical and biological significance.

In conclusion, we propose that PIN1 is a prognostic
biomarker for patients with CCA and represents a potential
therapeutic target for inhibiting the metastasis of this dis-
ease. The potential mechanism underlying the interaction
between PIN1 and ANXA?2 mediated by RACK1 warrants
further investigation.

5 Conclusion

Our study demonstrates that PIN1 regulates the adhesive
capacity of CCA by modulating the phosphorylation of
ANXA2. Furthermore, the discovery of the RACKI-
mediated interaction between PIN1 and ANXA2 provides
valuable insights into the complex molecular mechanisms
driving CCA progression and identifies potential therapeu-
tic targets. Based on these findings, we propose that tar-
geted inhibition of PIN1 could emerge as a novel
anticancer strategy for treating CCA. The potential appli-
cation of ATRA offers a promising avenue for future
investigations and the development of innovative therapeu-
tic approaches in the treatment of CCA.
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