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Abstract
The human prolyl isomerase PIN1, best known for its association with carcinogen-
esis, has recently been indicated in the disease of pancreatic ductal adenocarcinoma 
(PDAC). However, the functions of PIN1 and the feasibility of targeting PIN1 in PDAC 
remain elusive. For this purpose, we examined the expression of PIN1 in cancer, re-
lated paracarcinoma and metastatic cancer tissues by immunohistochemistry and 
analyzed the associations with the pathogenesis of PDAC in 173 patients. The func-
tional roles of PIN1 in PDAC were explored in vitro and in vivo using both genetic and 
chemical PIN1 inhibition. We showed that PIN1 was upregulated in pancreatic cancer 
and metastatic tissues. High PIN1 expression is significantly association with poor 
clinicopathological features and shorter overall survival and disease-free survival. 
Further stratified analysis showed that PIN1 phenotypes refined prognostication in 
PDAC. Inhibition of PIN1 expression with RNA interference or with all trans retinoic 
acid decreased not only the growth but also the migration and invasion of PDAC cells 
through regulating the key molecules of multiple cancer-driving pathways, simulta-
neously resulting in cell cycle arrest and mesenchymal-epithelial transition in vitro. 
Furthermore, genetic and chemical PIN1 ablation showed dramatic inhibition of the 
tumorigenesis and metastatic spread and then reduced the tumor burden in vivo. We 
provided further evidence for the use of PIN1 as a promising therapeutic target in 
PDAC. Genetic and chemical PIN1 ablation exerted potent antitumor effects through 
blocking multiple cancer-driving pathways in PDAC. More potent and specific PIN1 
targeted inhibitors could be exploited to treat this aggressive cancer.
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1  | INTRODUC TION

Pancreatic ductal adenocarcinoma (PDAC) is a devastating dis-
ease and is the fourth leading cause of cancer-associated mor-
tality.1 The difference between the incidence and the death rate 
is still small due to its early distant spread and the lack of effica-
cious current therapies.2,3 Whole exome and genome sequenc-
ing have identified PDAC as a disease of high genetic variability 
including core gene alterations and general copy number varia-
tions.4-6 However, for personalized treatment strategies, efforts 
to date in targeting key oncogenic pathways have reported un-
satisfied results.7,8 A wide range of interactive and/or redundant 
pathways may be simultaneous activated when blocking a single 
pathway, resulting in less effect in solid tumors, especially for ag-
gressive or drug-resistant tumors.9,10 Thus, targeting a variety of 
tumor-driven gene therapies will become an important strategy 
for PDAC.

Recently, human unique prolyl isomerase PIN1 has been indi-
cated to exhibit profound functions in pathogenesis of cancer dis-
ease by amplifying numerous oncoproteins and then disrupting its 
balance with tumor suppressors.11 PIN1 is a central controller in the 
regulation of proline-directed phosphorylation, which is a common 
event relating to tumorigenesis.12,13 Overactivation or upregulation 
of PIN1 contributes to carcinogenesis in the majority of human tu-
mors, including PDAC,14-19 whereas alteration of PIN1 single nu-
cleotide polymorphisms (SNP) at the promoter region has inverse 
results.20 In addition, PIN1 is likely to be an indispensable orchestra-
tor in the process of oncogene-driven carcinogenesis.21-24 Given that 
Pin1−/− homozygous mice grow normally and there are no general 
side effects on normal cells,25 PIN1 is a potential molecular target 
for cancer treatment. Notably, targeting of PIN1 has been achieving 
some promising results in animal studies on leukemia, triple nega-
tive breast cancer and hepatocellular carcinoma.26-29 However, little 
evidence on the function of PIN1 in the progression of PDAC has 
been seen.

The PIN1 inhibitor has been explored for 2 decades. Clinical use 
has not been widespread because of the lack of required specific-
ity and cell permeability, but this could change with the identifica-
tion of all trans retinoic acid (ATRA) as a PIN1 inhibitor based on 
high-throughput screen (HTS) technology.11,26 ATRA can induce cell 
cycle arrest, apoptosis and epithelial cell differentiation of PDAC to 
inhibit tumor cell growth.30,31 However, paradoxical results after 
ATRA treatment in different PDAC cells were observed.32,33 Similar 
findings26 were obtained regarding ATRA for different breast cancer 
cells. However, cellular susceptibility against ATRA depends on the 
level of PIN1 expression and the degree of phosphorylation at S71 
of PIN1.26 ATRA can bind to the catalytically active sites of PIN1 
and subsequently inhibit its activity, resulting in PIN1 protein degra-
dation. Furthermore, ATRA exerts potent antitumor activity against 
multiple refractory cancers through inhibiting and ablating PIN1 to 
inactivate multiple oncogenes or activate tumor suppressors simul-
taneously in vivo.26-29 However, the role of ATRA and its targeting 
PIN1 in PDAC remain elusive.

Thus, in this present study, we examined the expression of PIN1 and 
explored the role of PIN1 in the pathogenesis of PDAC. The association 
between PIN1 and clinical pathological features was also examined. We 
showed that PIN1 was upregulated in pancreatic cancer and metastatic 
tissues. High PIN1 expression is significantly associated with shorter 
survival and stratified with outcomes in patients. Genetic and chemical 
PIN1 inhibition decreased not only the growth but also the invasive-
ness of PDAC cells through regulating the key molecules of multiple 
cancer-driving signaling pathways simultaneously. Furthermore, such 
PIN1 ablation inhibited both the tumorigenesis and metastatic spread 
and reduced tumor burden in vivo. Thus, PIN1 may be a promising bio-
marker and a potential therapeutic target for PDAC disease.

2  | MATERIAL S AND METHODS

2.1 | Patients and tissues

A total of 173 consecutive cases at the First Affiliated Hospital of 
Fujian Medical University were collected from the years 2006 to 
2016. All original H&E slides were reviewed and patients’ clinical 
pathological parameters were retrieved from the medical records. 
Disease-free survival (DFS) was defined as the duration from the 
date of initial diagnosis to the first detection of pancreatic cancer-
specific relapse or death. Overall survival (OS) was defined as the 
duration from the date of initial diagnosis to the date of death. None 
of the patients were dead within 1 month after surgery. Tissue mi-
croarray (TMA) was constructed for immunohistochemistry (IHC). 
For the TMA construction, 3 representative regions of each H&E-
stained slides were chosen, from the center, the edge of the tumor 
and the peri-tumoral tissues, respectively; 2.5 mm cores at each 
corresponding area were taken and brought into “recipient” paraf-
fin blocks by manual operation. Serial 4-μm sections were cut and 
transferred to SuperfrostPlus glass slides (Matsunami Glass Industry, 
Japan). One section from each tissue array block was H&E stained 
to confirm the presence of representative tumors. IHC staining was 
performed with monoclonal antiPIN1 antibody provided by Dr Kun 
Ping Lu14 (Department of Medicine, Beth Israel Deaconess Medical 
Center, Harvard Medical School, Boston, MA, USA) using the Dako 
EnVision FLEX+ detection system (Dako, produktionsvej42, DK-2600 
Glostrup,Denmark). PIN1 staining was scored following the methods 
of Chen et al (2015)34 or analyzed by Image-Pro Plus soft, Version 6.0. 
For PIN1 score, we used the average of immunoscore as a cutoff to 
define PIN1 low and high expression. The research project has been 
approved by the Institutional Research Ethics Committee of the First 
Affiliated Hospital of Fujian Medical University (2018055).

2.2 | Cell culture, reagents and animals

Cell lines 293T, PANC1 and BXPC3, obtained from the Cell Bank of 
the Chinese Academy of Sciences, were cultured in DMEM (Hyclone, 
Xiamen, China) supplemented with 10% FBS (Gibco, Mexico) and 1% 
penicillin-streptomycin (Hyclone). The reagents and the primary an-
tibodies for the research are summarized in Table S1. For the present 
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study, 4-6-week-old female BALB/c nude mice (Shanghai SLAC labora-
tory Animal, Shanghai, China) were maintained in specific-pathogen-free 
conditions at the Laboratory Animal Center of Fujian Medical University. 
Animal care and experimental protocols were performed according to 
the Experimental Animal Ethics Committee of Fujian Medical University.

2.3 | Stable PIN1 knockdown cell construction

Cells for PIN1 knockdown (KD) were infected with the lenti-
viruses expressing PIN1 shRNA or Scrambled, selected with 
puromycin (2 μg/mL). Briefly, the validated PIN1 shRNA (5′-
CCACCGTCACACAGTATTTAT-3′)35,36 was subcloned into the 
pKLO.1 lentiviral vector and generated, and was transfected into 
293T cells with the helper plasmids (pVSVG, pMDL and pREV) for 
48-72 h. The supernatant containing virus was collected and stored. 
All the plasmids used were provided from Dr Kun Ping Lu as de-
scribed previously.

2.4 | Cell proliferation assays

Proliferation assays for cells with PIN1KD or ATRA (Innovative 
Research of America, Sarasota, FL, USA) treatments were deter-
mined by counting the number or using MTT assays. For colony 
formation assays, cells were seeded in each well of 6-well plates 
(Corning, Kennebunk, USA) and cultured for 2 weeks. The number 
of colonies per well were counted after staining with crystal violet 
(Hyclone, Xiamen, China).

2.5 | Migration and invasion assays

Migration and invasion assays for cells with PIN1KD or ATRA 
treatments were carried out with the Boyden Chamber system; 
200 μL of 5 × 104 cells starved in media with 1% FBS were placed 
in the upper chamber and 500 mL of media with 10% PBS were 
placed in the lower chamber (Corning). The cells were allowed 

Clinicopathological 
features Cases (n = 173)

PIN1 expression

P‐valueLow (n = 84) (%)
High (n = 89) 
(%)

Age

<60 83 42 (50.0) 41 (46.7) 0.605

≥60 90 42 (50.0) 48 (53.3)

Gender

Female 67 28 (33.3) 39 (43.8) 0.164

Male 106 56 (66.7) 50 (56.2)

Tumor sites

Head 136 67 (79.8) 69 (77.5) 0.853

Non-head 37 17 (20.2) 20 (22.5)

Histological grade

Well+moderate 87 53 (63.1) 34 (38.2) 0.001** 

Poor 86 31 (36.9) 55 (61.8)

Tumor diameters (cm)

<2 25 17 (20.2) 8 (9.0) 0.05

≥2 148 67 (79.8) 81 (91.0)

Lymph node involvements

Absence 97 56 (66.7) 41 (46.1) 0.009** 

Presence 76 28 (33.3) 48 (53.9)

Nerve invasion

Absence 60 38 (45.2) 22 (24.7) 0.006** 

Presence 113 46 (54.8) 67 (75.3)

Fisher's exact test, *P < 0.05; **P < 0.01.

TA B L E  1   Relationship between 
PIN1 expression and clinicopathological 
features

F I G U R E  1   PIN1 expression in pancreatic ductal carcinoma (PDAC) and association with outcomes. A, B, Representative immunochemical 
staining of PIN1 expression in paracarcinoma and tumor tissues (A, scale bar = 20 μm) and analyzed (B, n = 173). C, D, Kaplan-Meier analysis 
of overall survival (OS) (C) and disease-free survival (DFS) (D) according to PIN1 expression in PDAC. E, Representative illustrations of PIN1 
expression in primary tumor and its paired metastatic tissues and analyzed (scale bar = 20 μm, n = 30). F, G, H, Comparisons of OS between 
PIN1 expression in patients with TNM stage 2b (F), same moderate histological grade (G) and no lymph node involvement (H). (Fisher's exact 
test, the paired t test and the log-rank test were used; *P < 0.05, **P < 0.01, ***P < 0.001)
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to migrate for 24 h or 48 h and stained with crystal violet. For 
invasion assays, cells were inserted into the upper chamber 
with a Matrigel coated membrane (Sigma, St.Louis, MO, USA). 
Migrated cells adhering to the underside of the inserts were pho-
tographed (AXIO Observer Z1, Carl Zeiss, Gottingen, Germany) 
and counted.

2.6 | Western blotting analysis

Cells were lysed in ice cold RIPA buffer and quantified using a BCA 
Protein Assay Kit (Beyotime, Shanghai, China). Proteins were sepa-
rated and then transferred onto polyvinylidene difluoride mem-
branes. The membranes were blocked with 5% milk and incubated 
with primary antibodies. After washing, the membranes were incu-
bated with (HRP) conjugated secondary antibodies and enhanced 

with a chemiluminescence HRP substrate (Millipore, Burlington, MA, 
USA).

2.7 | Animal studies

For xenograft experiments, 1-2.0 × 106 PANC1 cells were inocu-
lated subcutaneously into the mice. For ATRA treatments, the 
mice were grouped to receive different doses of ATRA-releasing 
pellets (Innovative Research of America) when tumor growth was 
approximately 50 mm3. All tumor sizes were recorded and tumor 
volumes were calculated using the formula: length*width*width/2. 
For tail vein transport experiments, 1.5-2.0 × 106 BXPC3 cells were 
injected into lateral tail veins of 6-week-old nude mice. Mice were 
killed at 50 days after tail vein injection for histopathologic evalua-
tion. The number of metastatic tumor nodules were counted under 

TA B L E  2   Multivariate Cox regression analysis on overall survival (OS) and disease-free survival (DFS) in patients with pancreatic ductal 
adenocarcinoma

Parameters

OS

Univariate analysis Multivariate analysis

HR 95% CI P‐value HR 95% CI P‐value

Age 1.291 0.899-1.854 0.166    

Gender 0.991 0.684-1.434 0.960    

Tumor sites 1.181 0.772-1.806 0.442    

Nerve invasion 1.089 0.745-1.592 0.661    

Grade 1.476 1.182-1.843 0.001 1.293 1.021-1.637 0.033

pT 1.345 1.042-1.736 0.023 1.314 1.002-1.723 0.048

pN 1.715 1.289-2.283 <0.0001 1.385 1.020-1.882 0.037

PIN1 2.165 1.469-3.190 <0.0001 1.621 1.062-2.447 0.025

Parameters

DFS

Univariate analysis Multivariate analysis

HR 95% CI P‐value HR 95% CI P‐value

Age 1.17 0.838-1.633 0.356    

Gender 1.082 0.768-1.523 0.653    

Tumor sites 1.163 0.779-1.736 0.460    

Nerve invasion 1.177 0.825-1.678 0.368    

Grade 1.399 1.148-1.704 0.001 1.282 1.045-1.572 0.017

pT 1.45 1.140-1.846 0.003 1.397 1.083-1.802 0.01

pN 1.718 1.328-2.222 <0.0001 1.472 1.121-1.933 0.005

PIN1 1.841 1.299-2.609 0.001 1.436 0.994-2.073 0.05

Multivariate analysis: adjusted by histological grade, pT, pN and PIN1 expression.

F I G U R E  2   Genetic PIN1 suppression affected pancreatic ductal carcinoma (PDAC) cell functions in vitro. Stable PIN1 knockdown (KD) 
of PANC1 and BXPC3 cells with RNA interference and their controls were used, respectively. A, PIN1 KD cells resulted in marked reduction 
of PIN1 expression determined by immunoblot. B, PIN1 KD decreased in cell proliferation. C, D, PIN1 KD decreased cell colony formation. 
E, F, PIN1 KD reduced both migration and invasion. G, Cell lysates of PIN1 KD and controls were performed by immunoblot with specific 
antibodies. (All experiments were performed independently at least 3 times. Data are shown as mean ± SEM. One-way ANOVA and 
Student's t test were used; *P < 0.05, **P < 0.01.)
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a microscope. For ATRA treatments, the mice were grouped into 
receive ATRA-releasing pellets after metastatic nodules were con-
firmed by histological evaluation. The time of death of the mice 
was recorded.

2.8 | Statistical analysis

The findings were analyzed using the statistical software SPSS for 
Windows, Version 18. χ2 analysis or Fisher's exact test was used to 
test for the association of PIN1 expression with clinicopathological 
parameters. Survival data were evaluated with Kaplan–Meier analy-
sis. Multivariate Cox regression analysis was performed. Student's 
t test was used in the in vitro and in vivo experiments. One-way 
ANOVA were performed for comparing means of multiple groups. 
Statistical significance was established at P < 0.05.

3  | RESULTS

3.1 | PIN1 highly expression is associated with 
poor clinicopathological features and stratified with 
outcomes in pancreatic ductal adenocarcinoma

PIN1 is prevalently overexpressed in common human tumors.17 To 
explore the role of PIN1 in PDAC, we detected the expression of 
PIN1 protein in tumors and their paired paracarcinoma tissues by 
IHC. For paracarcinoma tissues, acinar and ductal epithelial cells 
both showed patchy weak or negative staining. For cancer tissues, 
PIN1 expression was observed in both the cytoplasm and nucleus 
or in the cytoplasm in 127/173 cases (Figure 1A). PIN1 expression 
in cancer tissues was significantly stronger than that in the para-
carcinoma tissues (Figure 1B). To address the level of transcription 
and gene status of PIN1, we analyzed data in TCGA and Oncomine 
databases, respectively. The results showed that the transcrip-
tional level of PIN1 in PDAC dramatically increased in compari-
son with normal pancreas tissues according to TCGA (Figure S1A, 
P = 1.76 × 10−5) and Pei datasets (Figure S1B, P = 0.002). However, 
the gene copy number of PIN1 was increased only in a small frac-
tion of cases (Figure S1C) and no significant result was found in 
comparison with peripheral blood and pancreas tissues (Figure 
S1D, P = 0.293).

Regarding the potential significance of PIN1 location in can-
cer tissues, we analyzed the relationship between the different 
locations and the clinicopathological features regardless of the 
intensity of PIN1 staining. PIN1 expression both in the cytoplasm 

and nucleus was significantly associated with histological grade 
(P = 0.001) and nerve invasion (P = 0.007), whereas no significant 
results were found between the groups that were PIN1 negative 
and cytoplasmic positive (Table S2). However, with dichotomiza-
tion of PIN1 expression (average immunoscore = 97 as threshold) 
into high or low groups combining the percentage and intensity of 
PIN1 expression, high PIN1 expression was strongly significantly 
associated with tumor diameter (P = 0.05), histological grade 
(P = 0.001), lymph node involvement (P = 0.009) and nerve inva-
sion (P = 0.006) in PDAC (Table 1). PIN1 low or high expression 
was shown to be an independent prognostic factor by multivari-
ate Cox analysis for both DFS and OS in PDAC (Table 2). Patients 
with PIN1 high expression showed the worst OS (Figure 1C, Log-
rank = 16.77, HR = 2.001) and DFS (Figure 1D, Log-rank = 12.57, 
HR = 1.759). Furthermore, the results showed that PIN1 expres-
sion was stronger in metastatic tissues than in the corresponding 
primary cancer (Figure 1E). Of note, stratified analysis revealed 
that PDAC with the same histological grade, no lymph node in-
volvement and TNM 2b stage could be stratified into groups with 
different outcomes based on PIN1 expression. For TNM stage 2b 
(Figure 1F), cases with PIN1 low expression showed better OS. 
Similar trends were also shown in patients with the same moder-
ate histological grade (Figure 1G) or with no lymph node involve-
ment (Figure 1H).

3.2 | Genetic PIN1 suppression inhibits both 
proliferation and invasiveness of pancreatic ductal 
adenocarcinoma cells in vitro

PIN1 was upregulated in pancreatic cancer tissues and several 
human pancreatic ductal cells.19 Next, we verify the functions 
of PIN1 in PDAC using PANC1 (poorly differentiated cells)37 and 
BXPC3 (highly metastatic cells)38 cells with RNA interference. 
Stable PIN1 KD cells showed a dramatic decrease in endog-
enous PIN1 by immunoblot analysis (Figure 2A). After genetic 
PIN1 suppression, PDAC cells showed a dramatic decrease in 
cell proliferation, colony formation, migration and invasion 
(Figure 2B-F). Subsequently, cell cycle analysis (Doc S1) indi-
cated that the population of PIN1KD cells increased at G0/G1 
phase but decreasing at S phase (Figure S2A). Meanwhile, up-
regulation of the epithelial marker E-cadherin (E-cad) but down-
regulation of the mesenchymal markers Vimentin (Vim) were 
observed in PIN1KD cells by immunofluorescence staining (Doc 
S2, Figure S2B,C).

F I G U R E  3   Genetic PIN1 suppression affected pancreatic ductal carcinoma (PDAC) cell functions in vivo. Xenograft tumor and tail 
vein transport models were constructed with PANC1 and BXPC3 PIN1KD and their control cells, respectively. A, PIN1 knockdown (KD) 
modulated tumor volume growth in vivo (n = 6). B, Photographic illustration of tumors collected from nude mice. C, PIN1 KD-induced tumor 
weight lost in vivo (n = 6, measured at the end point). D, E, Representative illustrations of PIN1, Cyclin D1 and Ki67 expression in xenograft 
tumor tissues (D) and analyzed (E). F, Photographic illustrations of hearts and lungs collected from nude mice (red arrows indicate the tumor 
nodules). G, PIN1 KD decreased the capability of metastatic spread in vivo (n = 6). H, Representative histomorphology and expression of 
Vimentin and E-cadherin in lung metastatic nodules of mice. (Data are shown as mean ± SEM. One-way ANOVA and Student's t test were 
used; *P < 0.05, **P < 0.01, ***P < 0.001.)
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PIN1 can activate more than 40 oncogenes whereas inactivate 
at least 20 tumor suppressing genes.11 To address the underlying 
mechanisms of PIN1-mediated tumorigenesis, we detected down-
stream molecules that have been demonstrated to be substrates 
of PIN1. Monitors of G1/S phase transition, Notch1 signaling and 
AKT/mTOR pathway are the core signaling pathways in relation to 
pancreatic carcinogenesis,6 which could be regulated by PIN1.39-44 
As expected, PIN1KD cells decreased the expression of these on-
coproteins, including Cyclin D1, CDK2, Notch1 and pser473Akt, and 
increased suppressor p27kip. Changes in EMT-related protein were 
observed in PIN1KD cells. although notable downregulation of Vim 
was observed in PANC1 cells, there was notable upregulation of E-
cad in BXPC3 cells (Figure 2G).

3.3 | Genetic PIN1 suppression inhibits tumor 
growth and metastatic spread for pancreatic ductal 
adenocarcinoma cells in vivo

To explore whether targeting PIN1 could affect tumorigenesis and 
metastatic spread for PDAC cells in vivo, we performed xenograft 
tumor and tail vein transport experiments in mice. For xenograft tu-
mors, PANC1 PIN1KD and their paired controls were expanded and 
subcutaneously injected into the left and right flanks of the same 
mice, respectively. Tumor growth curves were established over time 
by measuring the tumor size every week until sacrifice criteria were 
met in the first mice. All the tumors were extracted and photographed 
and weighed. Compared to the controls, the PANC1 PIN1KD group 
showed significant growth inhibition, as illustrated by the tumor 
growth decrease (Figure 3A) and tumor weight lost (Figure 3B,C). 
Further analysis was undertaken by IHC for PIN1, Cyclin D1 and Ki67 
to verify the function of PIN1 on tumor cell proliferation in vivo. As 
expected, the density and mitosis of tumor cells with PIN1KD obvi-
ously decreased, with dramatically lower expression of Cyclin D1 and 
Ki67 index (Figure 3D,E).

For tail vein transport experiments, BXPC3 PIN1KD and their 
paired controls were expanded and injected into the lateral tail 
vein of mice. Mice were monitored by weight and vital signs until 
being killed at 50 days after tail vein injection. All the hearts and 
lungs of mice were extracted and photographed. The size and 
the number of metastatic tumor nodules of heart and lung tis-
sues significantly decreased in the PIN1KD group (Figure 3F,G). 
To further verify the functions of PIN1 on EMT in vivo, we de-
tected the protein expression of E-cad and Vim in the lung tissues 
of mice. As results in vitro, both enhanced expression of E-cad 
and reduced expression of Vim were observed in PIN1KD group 
(Figure 3H).

3.4 | PIN1 chemical inhibitor all trans retinoic 
acid inhibits both proliferation and invasiveness of 
pancreatic ductal adenocarcinoma cells through PIN1 
ablation in vitro

Given the oncogenic role of PIN1 in PDAC, we wondered whether 
targeting PIN1 with chemical inhibitor ATRA would show any 
therapeutic benefits. First, we treated PANC and BXPC3 cells 
with different doses of ATRA to detect PIN1 expression. The 
results showed that ATRA could induce PIN1 degradation in a 
dose-dependent manner (Figure S3A). After chemical PIN1 sup-
pression, PDAC cells exhibited similar changes as with genetic 
PIN1 suppression, with dramatic decreases in cell proliferation, 
colony formation, migration and invasion (Figure 4A-F). However, 
the functions of ATRA on cell growth inhibition and invasiveness 
disappeared with PIN1 ablation in PDAC cells (Figure S3B-E). 
Similarly, results of G0/G1 cell phase increasing with decreas-
ing proportion in S phase and changes of MET were also found 
in cells with ATRA treatments (Figure S4A,B). Furthermore, for 
PIN1 downstream oncoproteins, changes in the core signaling 
pathways and EMT-related proteins under ATRA treatments 
occurred, with similar tendencies to the results of PIN1KD 
(Figure 4G).

3.5 | PIN1 chemical inhibitor all trans retinoic acid 
exerts potent anticancer activity against pancreatic 
ductal adenocarcinoma in vivo

Regarding targeting, PIN1 with chemical inhibitor ATRA has re-
ceived noticeable results in vitro; we thus examined the func-
tions of ATRA in vivo. Because regular ATRA is a light-sensitive 
drug with a half-life of 45 minutes in humans,45,46 we used slow-
releasing ATRA to maintain a relatively stable drug level in blood 
for 21 days, as done previously.26 Mice were grouped to receive 
5 or 10 mg ATRA or placebo pills implanted under the skin in 
the back of the neck, and tumor growth was then measured 
every 3 days. As revealed by tumor growth curves or final tumor 
weights, 5 and 10 mg ATRA both significantly inhibited PANC1 
tumor growth (Figure 5A,B,D). To verify if ATRA could induce 
PIN1 degradation in vivo, total protein of tumor was obtained. 
The level of expression of PIN1 decreased with ATRA treatments, 
as indicated by PIN1 immunoblot (Figure 5C). Furthermore, the 
results of immunofluorescence staining indicated the lower ex-
pression of PIN1 and Ki67 under ATRA treatments (Figures 5E,F, 
S4C); results of proliferation inhibition were similar to those with 
PIN1 genetic inhibition.

F I G U R E  4   PIN1 chemical inhibitor all trans retinoic acid (ATRA) affected pancreatic ductal carcinoma (PDAC) cell functions in vitro. 
Both PANC1 and BXPC3 cells were performed with different doses of ATRA treatments. A, B, ATRA inhibited cell proliferation. C, D, ATRA 
decreased cell colony formation. E, F, ATRA reduced both migration and invasion. G, Cell lysates with ATRA treatments were performed by 
immunoblot with specific antibodies. (All experiments were performed independently at least 3 times. Data are shown as mean ± SEM. One-
way ANOVA and Student's t test were used; *P < 0.05, **P < 0.01,***P < 0.001.)
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PDAC is a lethal disease with an overall 5-year survival rate of 
less than 5% due to early distant spread.1 To determinate if chemical 
PIN1 suppression could inhibit metastatic spread of PDAC cells in 
vivo and prolong the OS of mice, we used BXPC3 cells to construct 
tail vein transport models for verification. To verify success in met-
astatic tumor models, a mouse was confirmed to have metastatic 
tumor nodules by histological evaluation at 20 days after tail vein 
injection. Then, mice were grouped to receive 2.5 or 5 mg slow-re-
leasing ATRA pellets or placebo pills and monitored by weight and 
vital signs until death occurred. Compared to the controls, the re-
sults showed that 2.5 mg and 5 mg ATRA both significantly reduced 
tumor burden (Figure 5G) and improved the OS of mice, as revealed 
by Kaplan-Meier analysis (Figure 5H). Similar to the results in vitro, 
both enhanced expression of E-cad and reduced expression of Vim 
were observed in tumor cells under ATRA treatments (Figure. 5I).

4  | DISCUSSION

The search for an alternative means or a targeted agent for PDAC 
management has been ongoing for several years. Traditional prog-
nostic tools and common therapeutic targets have not achieved sat-
isfactory results in clinical studies of high intratumor heterogeneity 
in PDAC.7,8 Targeting PIN1, to block multiple signaling pathways, has 
been demonstrated to exhibit potent antitumor effects in tumors 
with poor prognosis but limited therapeutic efficiency in clinical 
practice.26-29,47 As for the devastating disease of PDAC, our present 
study indicated that PIN1 may be an attractive predictive marker 
and targeting PIN1 could exert potent antitumor activity. Our results 
showed PIN1 overexpression in most PDAC without an increase in 
the gene copy number. PIN1 may be aberrantly activated by numer-
ous mechanisms, including various signaling pathways, epigenetic 
regulation and post-translational modification.11 High PIN1 expres-
sion showed significant association with poor outcomes and could 
further refine prognostication in PDAC. Especially for the heteroge-
neous category of TNM stage 2b, which comprises the vast majority 
of PDAC patients, the tools of PIN1 expression will greatly facilitate 
clinical management and prognostication. Not only that but genetic 
and chemical inhibition of PIN1 both significantly inhibited tumor 
growth and metastatic spread in vivo. Thus, PIN1 could be an impor-
tant agent for targeting therapy in PDAC.

Pancreatic ductal adenocarcinoma is fundamentally a genetic 
disease with frequent genetic mutations.4-6 As Hong et al48 in-
dicated, specific genetic disorders are strongly correlated with 

pathological and clinical findings in PDAC. PIN1 ablation has been 
demonstrated to induce cell apoptosis to inhibit tumor growth of 
KRAS-mutated PDAC cells by mediating mitochondrial dysfunc-
tion.19 Similar findings of tumor proliferation inhibition were found 
after PIN1 suppression in our PDAC cells, which show less depen-
dence on KRAS.37 Furthermore, PIN1 suppression could dramati-
cally inhibit invasiveness and metastatic spread in our studies. PIN1 
can induce EMT,36,49 which is often considered to increase invasive-
ness and metastatic potential of cancer cells.9,50 In addition, PIN1 
inhibition could downregulate oncoproteins of Notch1, pSer473Akt, 
Cyclin D1 and CDK2, and upregulate suppressor p27kip, resulting in 
cell cycle arrest and phenotypic changes in EMT. The Notch1 sig-
naling pathway is 1 of the 12 core signal pathways of aberration in 
PDAC, which is frequently upregulated in PDAC tissues and induces 
cell proliferation and EMT consistent with cancer stem phenotype 
in pancreatic cancer cells.4,5,51 Akt is a key molecule in PI3K/Akt/
mTOR signaling pathways, which is a significant prognostic indicator 
for PDAC.52 Continuous activity of the Akt molecule is dependent 
on phosphorylation of Ser473, which is a downstream molecule of 
PIN1.43 Cyclin D1, CDK2 and p27kip are coordinated in the progres-
sion of G1-S phase transition in the cell cycle, and the overexpression 
of Cyclin D1 contributes to tumorigenesis.53 Although the effects 
of the single client proteins followed by PIN1 inhibition were indi-
cated to be only moderate, accumulative amplified effects of can-
cer-related phenotypes depending on PIN1 function were observed. 
Therefore, the simultaneous impairment of Notch1, pser473Akt, 
Cyclin D1, CDK2 and p27kip resulted in a dramatic specifically for 
tumor invasiveness in our presented study after PIN1 ablation.

Targeting PIN1 using chemical inhibitor ATRA exhibits ther-
apeutic benefits on PDAC, as shown in breast cancer and liver 
cancer.26,28,29 ATRA could dramatically inhibit tumor growth and 
metastatic spread in a dose-independent manner by inducing PIN1 
degradation and blocking multiple signaling pathways. In prac-
tice, ATRA has been used to treat APL for decades but with less 
efficiency against solid tumors, including PDAC,54,55 for which the 
reason is partly the underlying molecular determinants. 26 Retinoic 
acid receptors (RAR) are as a major substrate of ATRA. However, 
more effective targeting drugs, including ATRA analogues and reti-
noid derivatives against RAR, have not been confirmed thus far for 
treatment of APL.56,57 Recent series of studies have demonstrated 
that PIN1 degradation majorly influenes the effects of ATRA treat-
ments.26-29 For normal immortalized cells or hepatocelluar carci-
noma cells with PIN1KD, ATRA treatments showed no effect on 
inhibition of cell proliferation,26,29 which was also observed in our 

F I G U R E  5   PIN1 chemical inhibitor all trans retinoic acid (ATRA) affected pancreatic ductal carcinoma (PDAC) cell functions in vivo. 
Xenograft tumor and tail vein transport models were constructed with PANC1 and BXPC3 cells, respectively. Different doses of slow-
releasing ATRA pellets were given for 21 d. A, ATRA decreased tumor volumes in vivo. B, Photographic illustration of tumors collected 
from nude mice. C, ATRA induced endogenous PIN1 degradation determined by immunoblot in xenograft tumor samples. D, ATRA induced 
tumor weight lost in vivo (measured at the end point). E, F, Statistical analysis on PIN1 (E) and Ki67 (F) expression in xenograft tumor 
tissues. G, ATRA reduced metastatic nodules in vivo. H, Kaplan-Meier survival analysis for ATRA-treated and control mice. I, Representative 
histomorphology and expression of Vimentin and E-cadherin in lung metastatic nodules of mice. (Data shown as mean ± SEM. One-way 
ANOVA, Student's t test and the log-rank test were used, respectively; *P < 0.05, **P < 0.01,***P < 0.001.)
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PIN1KD cells. Thus, PIN1 is a mainly target for ATRA treatment 
and PIN1 degradation is important for anticancer therapy in PDAC. 
When we used slow-releasing ATRA pellets that can maintain ATRA 
serum concentrations in mice constantly enough to induce PIN1 in-
hibition,26 ATRA exhibited great potent anticancer effects in tumor 
models. This formulation of ATRA significantly reduced tumor bur-
den and improved the OS of mice. Thus, it is urgent to develop a new 
longer-acting ATRA or a more specific and potent PIN1 inhibitor to 
treat PDAC.

In summary, the results of this study support the role of PIN1 
in PDAC progression. We found that PIN1 was highly expressed in 
most PDAC tissues and significantly correlated with the worst out-
comes in patients. Here, we provided further evidence for the use 
of PIN1 as a promising therapeutic target in PDAC. Genetic and 
chemical PIN1 inhibition exerted potent antitumor activity through 
blocking multiple cancer-driving pathways in PDAC. Longer half-life 
ATRA or more potent and specific PIN1 targeting inhibitors could be 
exploited to treat this aggressive cancer.
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