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ABSTRACT
◥

Gastric cancer is the third leading cause of cancer-related death
worldwide. Diffuse type gastric cancer has the worst prognosis
due to notorious resistance to chemotherapy and enrichment of
cancer stem-like cells (CSC) associated with the epithelial-to-
mesenchymal transition (EMT). The unique proline isomerase
PIN1 is a common regulator of oncogenic signaling networks and
is important for gastric cancer development. However, little is
known about its roles in CSCs and drug resistance in gastric
cancer. In this article, we demonstrate that PIN1 overexpression is
closely correlated with advanced tumor stages, poor chemo-
response and shorter recurrence-free survival in diffuse type
gastric cancer in human patients. Furthermore, shRNA-
mediated genetic or all-trans retinoic acid–mediated pharmaceu-

tical inhibition of PIN1 in multiple human gastric cancer cells
potently suppresses the EMT, cell migration and invasion, and
lung metastasis. Moreover, PIN1 genetic or pharmaceutical inhi-
bition potently eliminates gastric CSCs and suppresses their self-
renewal and tumorigenicity in vitro and in vivo. Consistent with
these phenotypes, are that PIN1 biochemically targets multiple
signaling molecules and biomarkers in EMT and CSCs and that
genetic and pharmaceutical PIN1 inhibition functionally and
drastically enhances the sensitivity of gastric cancer to multiple
chemotherapy drugs in vitro and in vivo. These results demon-
strate that PIN1 inhibition sensitizes chemotherapy in gastric
cancer cells by targeting CSCs, and suggest that PIN1 inhibitors
may be used to overcome drug resistance in gastric cancer.

Introduction
Diffuse type gastric adenocarcinoma (DGC) is highly aggressive and

resistant to chemotherapy, and has the worst prognosis in stomach
cancer according to Lauren classification (1). It has been reported that
DGC originates from the cancer stem–like cells (CSC) localized in the
isthmus of the glands in gastric corpus (2). In the CSC model, a
relatively small population of CSCs or tumor-initiating cells (TICs) are
thought to be responsible for tumor initiation, progression, and
metastasis, as well as for tumor relapse and drug resistance because
they are not effectively targeted by current therapies (3, 4).

Gastric cancer stem-like cells (GCSC) have unlimited self-renewal
and heterogeneous differentiation, and are highly resistant to currently
available chemotherapy and targeted therapy in DGC (5). Recent
studies also indicate that GCSCs are highly regulated by many
potentially druggable signaling pathways, notably the Wnt/b-catenin
pathway (6). Furthermore, deregulated Wnt signaling has been

reported to increase “stemness” and trigger transformation of che-
moresistant CSCs (7, 8). Moreover, the E-cadherin/b-catenin complex
plays a vital role in maintaining gastric epithelial integrity. Loss of E-
cadherin promotes b-catenin release and facilitates the epithelial-to-
mesenchymal transition (EMT), which associates with CSCs in tumor
relapse and drug resistance in breast cancer (9). However, the use of
Wnt signaling antagonists in the treatment of gastric cancer remains
circumscribed in spite of its definitive deregulation in gastric
cancer (10).

A central signaling mechanism in regulating numerous oncogenic
signal pathways including Wnt/b-catenin signaling pathway is Pro-
directed Ser/Thr phosphorylation (11), and further controlled by a
single proline isomerase PIN1. PIN1 is overexpressed in many human
cancers and correlates with poor clinical outcome, whereas humans
with genetic polymorphisms that reduce PIN1 expression have a lower
risk for multiple cancers (12). PIN1 activates numerous oncoproteins
and inactivates many tumor suppressors (13). As a result, PIN1
knockout mice are highly resistant to tumorigenesis even amid over-
expression of oncogenes such as HER2 and RAS (14), MYC (15),
NOTCH3 (16), or after mutation (17) or ablation (18) of tumor
suppressors p53. PIN1 is also highly enriched within breast CSCs to
drive their self-renewal and tumor initiation (19, 20). Notably, PIN1
KOmice display no obvious defects over the first half of their lifespan
although they age prematurely (21). Targeting PIN1 represents a novel
nontoxic strategy to simultaneously block multiple cancer-driving
pathways and also eliminate CSCs (13). However, it was difficult to
evaluate this therapeutic approach due to lack of cell-permeable PIN1
inhibitors (22) until recently (23).

Through mechanism-based high-throughput screening, we have
recently shown that active PIN1 is a major drug target for all-trans
retinoic acid (ATRA); ATRA binds, inhibits and degrades PIN1,
thereby exerting anticancer activity against breast cancer and acute
myeloid leukemia by targeting multiple cancer pathways (23). The
ability of ATRA to inhibit PIN1 oncogenic function has been
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confirmed and expanded in breast and liver cancer (23, 24) and PIN1
inhibition also suppresses CSCs in breast cancer (19, 20, 25). We and
others have recently shown that PIN1 is overexpressed and correlated
with poor prognosis in gastric cancer (26, 27).We further demonstrate
that whereas PIN1 overexpression promotes cell transformation,
shRNA-mediated PIN1 knockdown, or ATRA-induced PIN1 inhibi-
tion suppresses tumor growth of gastric cancer in vitro and in vivo (27).
Notably, ATRA has been reported to decrease gastric CSCs properties
in vitro and inhibit tumor growth in vivo (28). However, themolecular
mechanisms underlying the ATRA action in gastric CSCs remained
elusive. So far, nothing is known about the role of PIN1 in the
development and treatment of the highly malignant phenotype of
DGC and especially its CSCs.

To address this question, we firstly showed that PIN1 overexpres-
sion in DGC is associated with poor relapse-free survival, advanced
tumor–node–metastasis (TNM) stage, and poor therapy response.
PIN1 inhibition using validated specific shRNA and PIN1 chemical
inhibitor ATRA decreased the invasive ability, GCSCs properties in
HGC-27 and MKN45 gastric cancer cells. These results were further
confirmed in vivo lung metastasis models and increased tumor-
initiating frequency derived from HGC-27 cells with shRNA- and
ATRA-induced PIN1 inhibition. Moreover, genetic and pharmaceu-
tical Pin inhibition proved to enhance chemotherapy sensitivity to
5-FU or L-OHP in vitro, which was consistent with the significantly
inhibitory effects in HGC-27 xenograft models using combination of
ATRA 21-day sustained release pellets and L-OHP. Biomedical anal-
yses demonstrated that PIN1 inhibition disrupts the balance of
E-cadherin/b-catenin complexes involved in EMT, proapoptotic, and
antiapoptotic signal transduction and cell surface markers of stem-like
cells. These results provide the first evidence for a critical role of PIN1
in regulating gastric CSCs by acting on multiple signaling molecules
and biomarkers and, more importantly, demonstrate for the first time
that PIN1 inhibition drastically overcomes drug resistance of the most
aggressive form of gastric cancer by targeting CSCs.

Materials and Methods
Patients

Ethical approval was obtained from the Institutional Review Board
of Fujian Medical University (KMUH-IRB-2013033). Written
informed consent was signed by all participants in strict accordance
with the Declaration of Helsinki. Primary tumor tissues of gastric
adenocarcinomas (DGC) were gained from 180 patients undergoing
surgical gastrectomy in the First Affiliated Hospital of Fujian Medical
University between 2006 and 2014. An analysis of patient character-
istics and clinical outcomes were based on pathologic TNM stage and
follow-up. Patients are eligible to be included in the study were
referenced to the recent article written by Kim and colleagues (29).

Tissue microarray construction and IHC scoring
Tissue microarray (TMA) was constructed as described by Fowler

and colleagues (30). IHCwas used to detect PIN1, SOX-2,CD44,Ki-67,
CCND1, and b-catenin protein expression. All antibodies were pur-
chased from Cell Signaling Technology and diluted as described
in Supplementary Table S1. Immunohistostaining and scores were
performed as described previously (27).

Cell lines and cell culture and drugs and reagents
The purchase and culture of human HGC-27 and MKN45 gastric

cancer cells from the Cell Bank of the Chinese Academy of Sciences
(Shanghai, China) where they were characterized by mycoplasma

detection, STR Authentication and cell vitality detection. These cell
lines were immediately expanded for liquid nitrogen frozen storage
and restarted every 3 months for experiments. No further testing for
cell line authentication and mycoplasma was performed in the labo-
ratory. The purchase of ATRA from Sigma and 21-day sustained
release pellets from Innovative Research of America, as well as PIN1
knockdownusingPIN1 specific shRNAwerepreviouslydescribed (27).
Oxaliplatin (L-OHP, HY-17371) and fluorouracil (5-FU, HY-90006)
dissolved in PBSwere obtained fromMedchemexpress (MCE). Chem-
ical structure of drugs was showed in Supplementary Fig. S1A.

Transwell and migration assay
Transwell membranes were precoated with Matrigel for invasion

assays or without Matrigel for migration assays. A total of 5 � 104

HGC-27 cells and 1 � 105 MKN45 cells were seeded onto the upper
chamber with serum free RPMI1640 medium, then 500 mL medium
with 10% FBSwas added to the lower chamber. After incubation for 24
and 48 hours, cells on the upper surface were removed. The chambers
were immersed with 75% alcohol for 1 hour and stained with 0.1%
crystal violet. Photographs were taken under microscope (PrimoVert)
and counted.

Cell apoptosis analysis
Determination of mixed effects of ATRA and 5-FU /L-OHP on
HGC-27 and MKN45 cells.

EC50 value for 5-FU and L-OHP in HGC-27 andMKN45 cells were
determined in vitro by MTT assay–based dose–response curves gen-
erated in GraphPad Prism 7.0 with 5-FU and L-OHP from 2 mg/mL to
32 mg/mL. HGC-27 (5 � 103) and MKN45 (1 � 104) were seeded per
well in 96-well plates containing serum free RPMI1640 medium for
12 hours, then changed to RPMI1640mediumwith 5%FBS containing
the L-OHP and 5-FU as designed above in three repeated wells at each
concentration for 24 hours. EC50 of ATRA were determined as
before (27). Fa-CI Plot and dose–response curve were plotted using
CompuSyn and Sigmaplot software, respectively (Supplementary
Fig. S1).

Evaluation of apoptosis using Hochest33342/PI double
staining

The logarithmic phase of HGC-27 and MKN45 cells were digested,
suspended, and inoculated on 96-well plates (HGC-27: 5� 103 and 1�
104/well) with 5% RPMI1640 medium containing 5-FU (8 mg/mL) or
L-OHP (4 mg/mL). Cells were firstly stained with Hoechst 33342/PI
solution (Sigma) at final concentration of 5 mg/mL and incubated at
37�C for 10 minutes in dark after the 5-FU/L-OHP treatment for 12,
36, and 60 hours. Photographs were taken under fluorescence micro-
scope equipped with digital camera (DP71). Red fluorescence (RhoB)
and blue fluorescence (DAPI) indicate the dead and living cells stained
by PI and Hochest33342 respectively, which were counted using
Image-Plus Pro.

Evaluation of apoptosis using FITC Annexin V Apoptosis
Detection Kit with 7-AAD

The logarithmic phase of HGC-27 and MKN45 cells described
above were inoculated again on 6-well plates (HGC-27: 2 � 105 and
MKN45 5 � 105/well). After 60 hours of 5-FU/L-OHP treatment as
described above, cells were harvested and then washed and suspended
with 500 mL binding buffer (1�) containing 1 mL PE-conjugated
Annexin V and 7-AAD, respectively, and incubated in dark for 15
minutes on ice. Then, cells were analyzed on a flow cytometry (BD
FACSVerse).
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In vitro tumorsphere formation assays
The tumorsphere medium is composed of serum free DMEM/F12

medium containing 1% B27 Supplement (50 �, Thermo Fisher
Scientific), 20 ng/mL EGF and bFGF (BD Biosciences), 4 mg/mL
Heparin (Sigma), 20 mg/mL Insulin (Invitrogen), and 1% penicillin/
streptomycin. Cells were pretreated and divided as described above,
(HGC-27: 2,000 cells) and (MKN45: 3,000 cells) were respectively
cultured in ultra-low attachment 6-well plates (Corning, Sigma), cells
were centrifuged at 500 rpm for 3 minutes to remove the supernatant
every 3 to 4 days. Tumorspheres were digested with 0.05% trypsin and
cultured again. Images were taken under an inverted microscope
(Olympus) measured using Image-Plus Pro. ATRA treatment were
maintained in the course of tumorsphere culture.

Expression of ALDH1A1 and CD44 in gastric cancer cells using
flow cytometry

Both Aldeflour Kit (STEMCELL Technologies) and FITC-
conjugated CD44 antibody (IM7, 1:1,000, BD Biosciences) were used
to detect HGC-27 and MKN45 stem cell like markers using flow-
cytometry. A total of 4 � 105 cells were suspended in 600 mL
ALDEFLUOR assay buffer containing 5 mL ALDH enzyme substrate
BODIPY-aminoacetaldehyde (BAAA) after trypsinization, half of
which were transferred to the negative control tube with the specific
ALDH inhibitor diethylaminobenzaldehyde (DEAB) and incubated at
37�C for about 40 minutes. Also, 4� 105 cells were added with 100 mL
PBE (PBS 40 mL þ 0.5% BSA þ 0.5 mol/L EDTA) containing 0.1 mL
FITC conjugated CD44 antibody and mouse IgG for negative control.
Flow cytometry sorting (FACS, BD Biosciences) was conducted after
rinsing twice.

Animal studies
All male BALB/c mice (Weight:20-22grams) were maintained and

used in accordance with the guidelines of Laboratory Animal Centre of
Fujian Medical University and Declaration of Helsinki. All of the
experimental procedures were compiled with the EU Directive 2010/
63/EU andARRIVE guides for animal experiments. BALB/cmicewere
obtained from Shanghai Laboratory Animal Co., Ltd. (SLAC).

In vivo modeling metastasis
Mice received HGC-27 cell injections via tail vein. Mice were

sacrificed at the time of dying. Lungs were harvested and processed
for hematoxylin and eosin (H.E.) staining and slide scanning. The
size and number of metastases were determined using digital
camera (Nikon, D3400). For ATRA therapeutic experiments,
HGC-27 cells were transduced with lentivirus expressing the firefly
luciferase under the control of the PGK promoter (Promega, USA)
for in vivo imaging using In vivo Imaging Systems (IVIS, Perki-
nElmer) every 7 days. Mice were randomized into 5 mg ATRA
treated groups (21 days sustained and controlled release pellets)
and vehicle control. ATRA were subcutaneously embedded in the
cervix of the experimental groups with the indication of fluorescent
signal.

Limiting dilution cell transplantation assay
Twenty-four BALB/ c nude mice were divided into 4 groups by

random number. Control and PIN1 knockdown HGC-27 cells were
firstly serially diluted as described in Fig. 5C, each tube containing 200
mL Matrigel/PBS mixture (1:1) and subcutaneously injected into
bilateral axillary of BALB/c mice, respectively. Mice were surveilled
for weight and tumor size every 3 days. The tumor size was calculated
as follows: tumor volume (mm3)¼ (a)� (b^2)/2, a¼ long axis and b¼

short axis. Mice were sacrificed after 21 days of inoculation with
maximum diameter more than 15 cm. Tumor initiating cell (TIC)
frequency was determined by the web-based ELDA program (http://
bioinf.wehi.edu.au/software/elda/index.html; ref. 31). For ATRA ther-
apeutic experiments, HGC-27 cells were pretreated with DMSO and
ATRA (20 mmol/L) for six days and serially diluted as described
in Fig. 5E, then repeated the experimental procedure.

In vivo evaluation of antitumor effects of L-OHP and ATRA
combination therapy

HGC-27 cells (4� 106) without pretreatment were subcutaneously
into the bilateral axillary of BALB/c mice. After 14 days of inoculation
when xenograft tumors were palpable with an average volume of
50 mm3, 24 BALB/c nude mice were divided into 4 groups randomly,
which were treated with vehicle, L-OHP (10 mg/kg/week, i.p.), ATRA
(21 days sustained and controlled release pellets) 5 mg, L-OHP, and
ATRA combination therapy respectively. Mice weight, tumor size and
weight supervise and tumor harvest were described as above (27). And
all tumor tissues were either immunohistochemical or snap-frozen for
molecular analyses.

Immunofluorescence analysis
Tumorsphere slides were prepared using Thinprep cytologic test

(Hologic) and performed according to the instruction. Immunofluo-
rescence analysis of PIN1, b-catenin, and CD44 for HGC-27 and
MKN45 cells in tumorsphere growth were performed as described
before (27).

Western blot analysis
Protein lysates were harvested with RIPA buffer and run on SDS-

PAGE gels. Blots were probed with antibodies listed in Table S1.
Western blot assays were performed and analyzed as described
previously (27).

Statistical analysis
The relationship between IHC expression and clinicopathologic

parameters was analyzed using c2 test. Survival curves were plotted
using the Kaplan–Meier method in SPSS 17.0 software. Forest plot for
Cox proportional hazards model was plotted using R/ggforest pro-
gram. P value less than 0.05 was considered as statistical significance.
Means between the groups or within the groups were compared with
the one-way ANOVA, while comparison of two means using t test in
GraphPad Prism 7.0.

Results
PIN1 overexpression is correlated with poor therapeutic
response and prognosis in DGC

Because PIN1 overexpression is correlated with poor prognosis in
gastric cancer (26, 27) and diffuse type gastric adenocarcinoma (DGC)
is notoriously aggressive (1), we wondered whether PIN1 was differ-
entially expressed between DGC and non-DGC tumors in human
patients. Indeed, PIN1 overexpression in DGC highly and positively
correlated with advanced TNM stage (P ¼ 2.71 � 10�9; Fig. 1B) and
with poor therapy response (P ¼ 1.39 � 10�7'; Fig. 1C), although no
significant difference was observed in the depth of invasion (Fig. 1A),
indicating the oncogenic potential of PIN1 in diffuse type gastric
adenocarcinoma. Kaplan–Meier survival plots of DGC showed that
significant differences in relapsed free survival exited between cancer
patients with PIN1 low expression and PIN1 high expression (40.12 vs.
28.62 months, P < 0.001; Fig. 1D); stage IIIA–IIIB and stage IIIC–IV
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(35.23 vs. 26.59 months, P < 0.001; Fig. 1E), T3 and T4 (33.55 vs.
29.06 months, P ¼ 0.017; Fig. 1F) and chemotherapy response well
and poorly (33.66 vs.29.80 months, P ¼ 0.001; Fig. 1G). Multivariate
cox regression proportional hazards regression analysis indicated that
PIN1 expression levels (HR ¼ 2.6, P¼ 0.002), TNM stage (HR ¼ 2.4,
P¼ 2.44� 10�5), and chemotherapy response (HR¼ 1.7, P¼ 0.008)
were independent prognostic factors in DGC (Fig. 1H). These results
indicated that in human DGCs, PIN1 is highly overexpressed and its
levels are correlated with poor therapeutic response and worse
prognosis.

Genetic and chemical PIN1 inhibition blocks HGC-27 cell
migration and invasion in vitro

Given the correlation of PIN1 overexpression with the worse
outcome in DGC, we then examined the effects of PIN1 inhibition
on the migration and invasion of gastric cancer cells in vitro. shRNA
induced PIN1 knockdown in HGC-27 and MKN45 human gastric
cancer cells inhibited cell growth and induced cell morphologic
changes from an elongated shape to rounded appearance typical of
epithelium, consistent with reversing the epithelial-mesenchymal
transition (EMT). Furthermore, they also reduced cell migration and

Figure 1.

PIN1 overexpression in DGC is correlated
with poor clinical outcome.A–C,Clustered
bar charts used for datasets with three
variables: PIN1 expression levels denote
as “low expression” (black) and “high
expression” (gray) according to the medi-
an immunostaining scores. T stage, TNM
stage, and therapy response were dichot-
omized as “T3” and “T4”, stage IIIA þ IIIB
and IIIC þ IV, well (CRþPR) and poor
(SDþPD) therapy response. y-axis repre-
sents the proportion of T4 stage, stage IIIC
þ IV, poor therapy response. x-axis indi-
cated the Lauren classification; DGC were
defined as the poorly differentiated cells
>90% of the tumor. DAG with PIN1 high
expression correlated with advanced
TNM stage and poor therapy response
(P ¼ 2.71 � 10�9 and 1.39 � 10�7, respec-
tively). There was no statistical signifi-
cance for degrees of PIN1 expression in
T stage. D–G, Kaplan–Meier curve of
relapse-free survival according to PIN1
expression, TNM stage, T stage, chemo-
therapy response, P values were comput-
ed by log-rank test, n¼ 180. H, Forest plot
for multivariate cox proportional hazards
model. PIN1 expression and clinical para-
meters for 60-month relapse-free survival
of 180 patients with diffuse type gastric
adenocarcinoma. The squares represent
the HR and the horizontal lines show the
confidence intervals. Gray zone indicates
the reference groups of each parameters.
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invasion of cancer cells in vitro (Supplementary Fig. S2A and S2C;
Supplementary Fig. S3A and S3C, P < 0.001, respectively). More-
over, the effects of ATRA induced PIN1 chemical inhibition on cell
migration and invasion as well as mesenchymal to epithelioid
transition were dose-dependent (Supplementary Fig. S2B and
S2D; Supplementary Fig. S3B and S3D, P < 0.001, respectively).
These results imply that PIN1 inhibition impairs the migration and
invasion of gastric cancer cells likely by altering morphologic
characteristics of cells.

Genetic and chemical PIN1 inhibition suppresses lung
metastasis and increases overall survival of gastric
cancer in mice

The above results suggest that PIN1 inhibition might affect metas-
tasis of gastric cancer cells. To examine this possibility, we established
in vivo mouse models of pulmonary metastasis using tail intravenous
injection of HGC-27 gastric cancer cells to investigate their metastatic
ability. In this mouse lung metastasis model, we first found that PIN1
knockdown cells showed fewer number and smaller diameter of lung
metastases than those of control cells (Fig. 2A and C, P < 0.001); To
confirm these results, we used 5 mg 21 days slow-releasing ATRA
pellets that were subcutaneously implanted in the back of the neck of
each mouse after lung metastasis was confirmed using the positive
fluorescent signals (Supplementary Fig. S4) because regular ATRA has
a very short half-life of 45 minutes in humans and this slow-releasing
formulation is able to maintain ATRA at a constant level sufficient to
inhibit and degrade PIN1 (24, 32). Again, the ATRA treated group had
significantly fewer number and smaller diameter of lung metastases
than those of the placebo-treated group (Fig. 2B and D, P < 0.001).
Moreover, Kaplan–Meier survival plots also clearly depicted the
survival difference between control and PIN1 knockdown groups or
placebo- and ATRA-treated groups respectively (Fig. 2E and F, P ¼
0.0372 and P ¼ 0.0135, respectively). These tumor metastatic pheno-
types were further supported by IHC analysis of HGC-27 lung
metastatic tumors for PIN1, E-cadherin, and vimentin. Both PIN1
knockdown and PIN1 inhibitor ATRA led to downregulation of PIN1
and vimentin and upregulation of E-cadherin expression, as compared
with control groups (Fig. 2G andH). These results indicate that PIN1
inhibition by specific genetic knockdown or PIN1 inhibitor ATRA
effectively blocks lung metastasis and improves overall survival of
gastric cancer, which is consistent with their ability to reversing the
EMT phenotype in vitro.

Genetic and chemical PIN1 inhibition reduces GCSC marker
expression in vitro

The EMT has not only been implicated in the initiation of tumor
invasion and metastasis, but also associated with the stemness of
gastric cancer cells (33). Thus, we wondered that PIN1 affects cancer
stem-like cells in diffuse type gastric adenocarcinoma. Because
ALDH1A1 and CD44 have been identified as markers of GCSCs (28),
we performed flow cytometry to examine the effects of PIN1 down-
regulation on ALDH1A1 and CD44 expression in gastric cancer cells.
Both shRNA mediated PIN1 knockdown or ATRA-mediated PIN1
chemical inhibition significantly reduced ALDH1A1-positive cells in
HGC-27 (Fig. 3A, B and E; P < 0.001, respectively) as well as
MKN45 gastric cancer cells (Supplementary Fig. S5A, S5B, and
S5E, P < 0.001, respectively) either in adherent 2D cultures or in
3D cultures as tumorspheres. CD44 detection also showed the similar
expression trend as ALDH1A1 in HGC-27 (Fig. 3C, D and F, P <
0.001, respectively) and MKN45 gastric cancer cells (Supplementary
Fig. S5C, S5D and S5F, P < 0.001, respectively). Moreover, PIN1

inhibition exhibited stronger effects on ALDH1A1 and CD44
expression especially in HGC-27 and MKN45 3D cultures than
those in 2D cultures. For example, ATRA (5 mmol/L) displayed
significant inhibitory effects on ALDH1A1 and CD44 expression in
HGC-27 and MKN45 tumorsphere culture cells compared with
vehicle groups (Fig. 3C, D and F; Supplementary Fig. S5C, S5D and
S5F, P < 0.001, respectively). These results shown that genetic and
chemical PIN1 inhibition potently reduces GCSC marker expres-
sion in vitro.

Genetic and chemical PIN1 inhibition suppresses GCSC signaling
networks

To further confirm the effects of genetic and chemical PIN1 inhi-
bition on GCSC marker expression, we examined whether PIN1
inhibition affects the core signaling networks that are known to play
an important role in GCSCs, including phosphoprotein and transcript
factors. Western blot analysis showed that shRNA or ATRA induced
PIN1 inhibition both in HGC-27 and MKN45 gastric cancer cells
downregulated stem cell markers like Sox-2, CD44, and ALDH1A1
(Fig. 4A). Furthermore, PIN1 inhibition in HGC-27 and MKN45
gastric cancer cells also led to the upregulation of E-cadherin and
downregulation of vimentin, N-cadherin and SNAIL, consistent with
reversed EMT phenotype (Fig. 4A). These results support the rela-
tionship between EMT plasticity and activation of gastric cancer stem
cells mediated by PIN1. Although regulatory networks that govern
gastric cancer stem cells are very complex, a well-known pathway
critical for EMT, CSCs, and tumor initiation and relapse is canonical
Wnt/ b-catenin signaling pathway (34). Therefore, we wondered
whether PIN1 affects activation of Wnt/b-catenin pathways. Indeed,
PIN1 downregulation resulted in the reduced expression of non-
phosphorylated (active) b-catenin and downstream transcription fac-
tors like CCND1 and MYC. Furthermore, immunofluorescence cost-
aining showed that PIN1 overexpression colocalized with b-catenin
or CD44 in HGC-27 and MKN45 tumorspheres (Supplementary
Fig. S6A–S6D). More importantly, in human DGC tumor samples,
PIN1 overexpression also colocalizedwith increased nuclear expression
of b-catenin, CCND1, SOX2, and CD44 (Fig. 4B). These results
demonstrate that genetic and chemical PIN1 inhibition not only
reduces GCSC marker expression, but also suppresses GCSC signaling
networks.

Genetic and chemical PIN1 inhibition suppresses the expansion,
self-renewal activity, and tumorigenicity of GCSCs in vitro and
in vivo

Given that PIN1 inhibition reduces GCSC marker expression and
signaling networks, a critical question is whether PIN1 affects the
function of GCSCs such as the unlimited capability of self-renewal and
tumor initiation. Tumorsphere formation in 3D cultures has been
considered as the efficient and low-cost assay for the self-renewal
activity of cancer stem cells (35). Using this assay, we found that
shRNA or ATRA mediated PIN1 downregulation reduced tumor-
sphere formation of both HGC-27 and MKN45 gastric cancer cells as
compared with the control groups (Fig. 5A). Moreover, ATRA
inhibited tumorsphere formation in a dose-dependent manner
(Fig. 5B). To further confirm these results, we performed the serial
tumor transplantation assay in mice, which is a “gold standard” for
identifying and quantifying CSCs because it can assess both self-
renewal and multipotency (36). As shown in Fig. 5C–F, PIN1 knock-
down or ATRA treated cells formed significantly less and smaller
tumors within the same periods compared with control groups.
Importantly, the CSC frequency was significantly lower in PIN1
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knockdown cells as compared with control groups (1/920,277 vs. 1/
136,155, P ¼ 0.00283). PIN1 inhibitor ATRA-treated HGC-27 cells
before xenotransplantation assay also displayed significantly lower
CSC frequency than DMSO treated cells (1/215,933 vs. 1/12,511, P ¼
6.87 � 10�5). These CSC-related phenotypes of genetic and chemical
PIN1 inhibition were further supported by reduced expression of stem
cell markers including SOX2, ALDH1A1, and CD44 in xenografted
tumors, as compared with control groups (Fig. 5G and H). These
results indicate that genetic and chemical PIN1 inhibition suppresses
the expansion, self-renewal activity, and tumorigenicity of GCSC
in vitro and in vivo.

Genetic and chemical inhibition of PIN1 enhances
chemosensitivity of gastric cancer cells

Chemotherapy-resistant subpopulations in gastric cancer cells have
been reported to be enrichedCSCs andmolecularly associatedwith the
EMT-induced metastatic phenotype (37). Our findings of the potent
effects of PIN1 inhibition on GCSCs would suggest that PIN1 inhi-
bition might enhance sensitivity of gastric cancer cells to cytotoxic
chemotherapy drugs such as 5-FU or L-OHP, which are commonly
used to treat gastric cancer (38). Indeed, PIN1 knockdown or PIN1
inhibitor ATRA potently enhanced the ability of 5-FU or L-OHP to
induce significant cell apoptosis inHGC-27 andMKN45 gastric cancer

Figure 2.

PIN1 inhibition suppresses lungmetas-
tasis and increases overall survival of
gastric cancer in mice. A and B, Rep-
resentative scanning photographs of
H&E staining demonstrated the num-
ber and size of metastatic lung foci
in groups with shRNA- or ATRA-
mediated PIN1 inhibition and control
groups. Arrows indicate the metastat-
ic colonization of tumor cells. C and D,
shRNA- andATRA-mediated PIN1 inhi-
bition showed smaller and less meta-
static lung foci compared with control
groups (P ¼ 0.013 and P ¼ 0.005
respectively). E and F, Kaplan–Meier
survival curves of mice with PIN1
knockdown (black line) and control
(red line, n ¼ 8, P ¼ 0.0372) or ATRA
(black line) and control (red line, n ¼
12, P ¼ 0.0135). G and H, Representa-
tive photographs of IHC staining of
PIN1, E-cadherin, vimentin in lung
metastasis sections from each group,
which showed PIN1 and vimentin
downregulation and E-cadherin upre-
gulation in PIN1 knockdown or ATRA-
treated groups andadverse phenotype
in control groups.
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Figure 3.

Genetic and chemical PIN1 inhibition reduces CSC subpopulation of gastric cancer cells in vitro.A andB, shRNA- or ATRA-induced PIN1 downregulation results inmild
decrease of ALDH expression in adherent growth pattern but remarkable reduction of ALDH expression in tumorsphere growth pattern compared with control
groups.C andD, shRNA- orATRA-induced PIN1 downregulation showed significantly decreasedCD44 activity in HGC-27 cellswith tumorsphere growthpattern than
those in adherent growth pattern, which is consistent with ALDH activity. E and F,Data were presented as mean� SEM for three repeated experiments (�� , P < 0.01;
��� , P < 0.001).
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compared with control groups in vitro, as shown by Hochest33342/ PI
double staining (Fig. 6A–F; Supplementary Fig. S7A–S7F, P < 0.0001,
respectively) and flow cytometry analysis (Fig. 6G–J; Supplementary
Fig. S7G–S7J, P < 0.0001, respectively), which was notable after
addition of low concentration 5-FU/L-OHP for 60 hours. Moreover,
5 mg 21-day ATRA slow-release pellets combined with L-OHP
synergistically and markedly exerted potent antitumor activity
in vivo (Fig. 7A–D). Single L-OHP injection and the combination of
L-OHP and ATRA reduced tumor weights to 30% (P < 0.05) and 70%
(P < 0.001) respectively, as compared with vehicle groups (Fig. 7D).
These were consistent with those of final tumor volumes (831.0 mm3

vs. 118.8 mm3 vs. 20.19 mm3; P < 0.001) and necrotic areas (Fig. 7B
and C) . In addition, while L-OHP significantly reduced mouse body
weight reduction, as compared with control groups (P < 0.001), ATRA
(5 mg) control released pellets did not significantly affect the body
weight either alone or in combination with L-OHP (P > 0.05, Fig. 7E).

The results were further supported by the findings that PIN1 knock-
down or ATRA-mediated PIN1 downregulation led to imbalance of
anti-apoptotic proteins MCL1 and survivin and pro-apoptotic pro-
teins like BAX in gastric tumors (Fig. 7F). Collectively, these results
indicate that genetic or chemical PIN1 inhibition not only potently
eliminates GCSCs, but alsomarkedly enhances the therapeutic efficacy
of chemotherapy against gastric cancer.

Discussion
Cancer stem-like cells (CSC) and EMT, which shares many com-

mon molecular features, has been reported to play key roles in
chemotherapy resistance and cancer metastasis in several human
malignancies including gastric cancer (37). Our results demonstrated
that PIN1 overexpressed in advanced gastric cancer positively corre-
lated with advanced TNM stage and poor chemotherapy, especially in

Figure 4.

Genetic and chemical PIN1 inhibition
impairs Wnt signaling, EMT, and can-
cer stem cell phenotype. A, After
shRNA and ATRA-mediated PIN1
inhibition, Western blot assays dis-
played decreased levels of nonpho-
sphorylated (active) b-catenin, inac-
tive GSK-3b(Ser9), MYC, CCND1,
cancer stem cell markers ALDH,
CD44, and SOX2 and reversal of epi-
thelial-to-mesenchymal phenotype.
B, Representative immunostaining
photograph of PIN1, CD44, SOX2,
Ki-67, CCND1, E-cadherin, vimentin,
and b-catenin in human tumor
samples, which showed synergic
upregulation except E-cadherin with
incomplete membrane staining.
Arrows indicate nuclear positivity of
PIN1 and b-catenin. magnification: top
100� and bottom 400�, scale bars:
100 mm and 20 mm.
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Figure 5.

Genetic and chemical PIN1 inhibition suppresses the self-renewal and tumorigenicity of gastric cancer cells in vitro and in vivo.AandB,Representative photographs of
HGC-27 and MKN45 tumor spheroids under microscope (magnification, 200 �; bar scale, 50 mm). Tumorsphere formation ability reduced in shRNA- or ATRA-
mediated PIN1 inhibition groups compared with control or vehicle groups. C–F, Limiting dilution assay and serial xenograft transplantation show that shRNA- and
ATRA-mediated PIN1 knockdown reduced tumor-initiating capability of HGC-27 cells in vivo. The number of mice that grew tumors out of total 6 mice per group is
tabulated. Tumor-initiating cells (TIC) frequency was calculated online. Tables C and E showed that TICs in shRNA-transfected groups or ATRA-treated groupswere
6 times and 10 times higher than those in control groups (P¼0.00283 andP¼6.87� 10�5, respectively),which are consistentwith tumorweight differencesbetween
two groups. Datawere represented asmean� SEMderived from six samples.G andH,Diagramof heterogenous expression of PIN1, ALDH, CD44, and SOX2 in tumor
samples detected by Western blot analyses in different groups. PIN1 together with stem cell markers downregulated in tumors originated from shRNA- and ATRA-
treated HGC-27 cells.
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Figure 6.

Genetic and chemical PIN1 inhibition induced apoptosis of gastric cancer cells in vitro. A and B, Representative photograph of PI/Hochest33342 positive cells in
scramble group, shRNA group, ATRA- and DMSO-treated groups that were dosed as described above. C–F, The ratio of PI/Hochest33342–stained cells were
calculated using image-plus pro and data of three independent experiments were represented as line chart with error bars. G and H, PE-conjugated Annexin V and
7-AAD double stain assay and flow cytometry analysis were further performed to confirm cell apoptosis at 60 hours of combination therapy in different groups as
described above. I and J, Bar graphs indicate the quantification of late apoptotic cells (7AADþ/Annexin Vþ), which increased remarkably in shRNA or ATRA
mediated PIN1 inhibition cells compared with control groups (� , P < 0.05; �� , P < 0.01; ��� , P < 0.001).
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Figure 7.

ATRA and L-OHPmarkedly and synergistically inhibit tumor growth of gastric cancer cells in vivo.A,Diagramof antitumor effects of controlled releaseATRA alone or
in combination with L-OHP in a tumor xenograft mouse model. B, Tumor volume were measured as (width)2� length/2 and plotted as line chart with mean� SEM
(n ¼ 8, �� , P < 0.01; ��� , P < 0.001). C, Representative H&E staining of xenograft tumor tissues (magnification 400 �, scale bar, 50 mm). Arrows indicate regions of
tumor necrosis. D, Column graph represents tumor weight measured at 24 days after drug administration (�� , P < 0.01; ��� , P < 0.001). E,While L-OHP significantly
reduced mouse body weight, as compared with control groups, ATRA (5 mg) control released pellets did not significantly affect the body weight either alone or in
combination with L-OHP (ns, nonsignificant, ��� , P < 0.001). F, RepresentativeWestern blot analysis of PIN1, MCL1, survivin, and BAX proteins obtained from tumors
treated with vehicle, ATRA, L-OHP single or in combination, ACTIN served as internal loading control. G,Amodel for PIN1 function in regulating the EMT and CSCs in
gastric cancer. As it is showed in the diagram, shRNA- or ATRA-mediated PIN1 knockdown in gastric cancer cells lead to the inhibition of canonical GSK3b/Wnt/
b-catenin signaling axis, the GSK-3b (Ser9) is desphosphorylated and b-catenin (Ser33/37/Thr41) is phosphorylated following degradation. Moreover, b-catenin
inactivation leads to the transcription factorMYCandCCND1 downregulation anddisruption of E-cadherin/b-catenin complex,which are associatedwith cell survival,
proliferation, EMT, and cancer stem cell. Thus, genetic and chemical inhibition of PIN1 seems promising to eliminate stem-like cells, which are root of chemotherapy
resistance and tumor relapse.
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diffuse type gastric adenocarcinoma. Furthermore, shRNA induced
PIN1 knockdown or ATRA dose-dependent PIN1 inhibition and
degradation in gastric cancer cells reversed the mesenchymal–
epithelial phenotype and reduced cell migration and invasion, as well
as prevented gastric cancer lung metastasis and improved overall
survival in mice. Moreover, genetic and chemical PIN1 inhibition
also potently suppressed the stemness properties and tumorigenicity of
GCSCs and drastically enhanced chemotherapy sensitivity to 5-FU or
L-OHP. Thus, PIN1 plays a critical role in regulating gastric CSCs by
acting on multiple signaling molecules and biomarkers and PIN1
inhibition drastically overcomes drug resistance of themost aggressive
form of gastric cancer by targeting CSCs.

EMT program is critical in regulating CSC phenotype and under-
lining a possible mechanism for tumor heterogeneity and drug
resistance (37). Moreover, multiple redundant signal transduction
pathways are often dysregulated in CSCs, which poses a big challenge
for stem cell targeted therapies in clinical trials (39). In our studies, we
provide preclinical evidence that PIN1 is potential for CSC-targeting
therapies in poorly differentiated gastric cancer. First of all, PIN1 was
overexpressed in diffuse type gastric adenocarcinoma and correlated
with poor therapeutic response and worse prognosis. Furthermore,
PIN1 overexpression was correlated with stem cell markers like SOX2
and CD44 in the tissue samples of advanced gastric adenocarcinoma.
Moreover, genetic and chemical PIN1 inhibition in gastric cancer cells
resulted in tumor initiation, expansion and reduced expression of
hypothetical stem-cell surface markers like ALDH and CD44, which
endow PIN1 as an ideal GCSC-targeted molecule in poorly differ-
entiated gastric adenocarcinoma with therapy resistance. In addi-
tion, PIN1 exerts unique and multipotent therapeutic effects for
GSCSs treatment due to its function of regulating a spectrum of
proteins, including 43 oncogenes and 20 suppressor genes through
isomerizing phosphorylated Ser/Thr-Pro motif, which is a central
common signaling mechanism in numerous cancer driving path-
ways (13). In this context, PIN1 inhibition is preponderant in the
prevention of activation of multiple redundant oncogenic pathways
as the results of dynamic tumor heterogeneity during cancer
progression and therapy.

As GCSCs are suggested to be drug resistance and roots of
metastasis and relapse due to their self-renewal and heterogeneous
differentiation ability (40). We found that shRNA transfection or
ATRA treatment mediated PIN1 downregulation enhanced the
5-FU or L-OHP induced apoptosis in gastric cancer cells, which
might account for the impaired tumor initiating and expansion of
GCSCs as described above. Rustighi and colleagues have also shown
that PIN1 suppression in breast cancer recovered drug sensitivity
via CSC eradiation and changing aggressive phenotypes (20). Fur-
thermore, we supposed that PIN1 inhibition may produce dramatic
chemotherapy responses which results in stable remission in the
long run via targeting multiple phosphorylated signaling pathways
in breast cancer (13, 23). Notably, PIN1 KO mice develop normally
to adult without obvious defects (21) and are highly resistant to
overexpression of oncogenes or loss of tumor suppressors (41).
These results suggest that PIN1 targeted inhibitor block multiple
cancer pathways in cancer and cancer stem cells without major
generate toxicity.

ATRA exerts antitumor efficiency on solid cancers such as GC,
which is supposed to involve GCSCs targeting (28, 42), but the
molecular mechanism remained unclear. In our study, we suggested
that ATRA sensitize gastric cancer cells to chemotherapy via PIN1 and
stem cell target as ATRA induced PIN1 downregulation in a dose-
dependent manner and showed similar phenotype as PIN1 knock-

down in aspects of GCSCs proliferation or stem cell markers expres-
sion in vitro and in vivo. These are consistent with previous findings
that ATRA targets gastric cancer stem cells and efficiently inhibit
tumor growth in patient-derived gastric carcinoma and prolong
overall survival (28, 43). It has been reported that ATRA enhances
the cytotoxicity of CDDP and 5-FU in vitro (44). We have further
demonstrated the synergistic antitumor effects of ATRA controlled
release pellets and L-OHP in vivo xenograft models. ATRA is
considered as effective treatment for acute promyelocytic leukemia
(APL) by specifically targeting RARa to promote degradation of
PML-RARa fusion protein (45). However, it also exhibits potent
anticancer activity in tumors without PML-RARa translocation
such as in breast cancer, in which ATRA caused a dose-dependent
of decreased PIN1 protein expression and targeted multiple sub-
strate oncoproteins (23). And this is consistent with our hypothesis
that PIN1 as one of the direct targets for ATRA may confers
multipotent anti-cancer effects in tumors via targeting GCSCs and
multiple cancer-driving pathways simultaneously, which seems
more prospective for poorly differentiated, highly aggressive and
drug-resistant DGC as it is reported in hepatocyte cancer (24).
Moreover, ATRA medicated PIN1 inhibition is the better option
than shRNA medicated knockdown in case of off-target or quick
therapeutic effects.

Our study systematically explores the function of genetic and
ATRA induced PIN1 inhibition in the emerging regulation of EMT,
GCSCs and chemotherapy resistance of advanced gastric adeno-
carcinoma. However, the downstream signal transduction of PIN1
in gastric cancer remained unclarified. CDH1 gene mutation and
downregulation of E-cadherin are frequent events in poorly differ-
entiated gastric cancer, which also played a crucial role in EMT and
MET transformation during the course of tumor dissemination or
implantation (46). We did find either genetic or chemical PIN1
inhibition displayed upregulation of E-cadherin and downregula-
tion of Vimentin via western blot analysis, which indicates the
reverse EMT phenotype in gastric cancer cells. CDH1 downregula-
tion was reported to correlate with activation of Wnt/b-Catenin
signaling pathway (47), PIN1 was also demonstrated to regulate
translocation or prolong retention of nuclear b-catenin via adeno-
matous polyposis coli (APC; ref. 48), which results in activation of
Wnt signaling pathway, concomitant disruption of the E-cadherin/
b-catenin complex, impaired epithelial barrier and a key step to
initiate EMT (49). Moreover, shRNA or ATRA induced PIN1
downregulation resulted in reduced expression levels of inactive
GSK3b (Ser9) and non-phospho (active) b-catenin (Ser33/37/
Thr41), which illustrated that PIN1 maintain stability of b-catenin
via phosphorylated modification as described before (50). Finally,
synergistic PIN1, b-catenin and CD44 overexpression in tumor-
sphere enriched for GCSCs and tumor samples demonstrated their
interactive relationship in GCSCs regulation. We provide first
evidence that PIN1 mediated regulatory function of E-cadherin/
b-catenin on EMT and GCSCs of advanced gastric adenocarcinoma.

In summary, our study uses both genetic and chemical PIN1
inhibition to demonstrate a critical role of PIN1 in regulating gastric
CSCs and their drug resistance andPIN1 inhibitors having a promising
therapeutic efficacy for treating poorly differentiated gastric adeno-
carcinoma with aggressive and chemotherapy resistant potential by
targeting multiple signaling molecules and biomarkers in EMT and
CSCs.
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