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Background: PTPRU is an important signaling molecule that regulates a variety of cellular
processes; however, the role of PTPRU in cancer development has remained elusive. Here,
we report that PTPRU serves as a tumor suppressor that inhibits cancer stemness by
attenuating Hippo/YAP signaling pathway.

Methods: Primary cancer cells and cell line cells were used in the study. The gene
expression data were downloaded from R2 analysis and visualization platform and
Kaplan—Meier analysis was performed to study the relationship between survival and
PTPRU expression. qRT-PCR and Western blot were employed to study the expression of
target genes in tissues and cells. Sphere and colony formation, proliferation, migration
activities and the expression of stem cell and EMT markers were employed for characteriz-
ing the stemness. Gene manipulation was achieved by lentivirus-mediated gene delivery
system. Luciferase reporter gene assay was used to study the transcriptional activity of the
promoter, and ChIP-gPCR was employed to study the target binding sequence of the protein.
Spearman correlation analysis was performed to study the correlation between two genes.
Student’s #-test was used for determination of the significance between two experimental
groups.

Results: PTPRU is downregulated in colorectal and gastric cancer tissues and cancer stem
cells. High expression of PTPRU predicts poor prognosis. Overexpression of PTPRU
attenuates the stemness of gastric cancer stem cells and knockdown of PTRPU improves
the maintenance of the stemness of cancer stem cells. Mechanistic analysis showed that
PTPRU inhibits Hippo/YAP signaling by suppressing the expression of YAP in a transcrip-
tional level. Overexpression of YAP restored PTPRU-induced inhibited stemness of gastric
cancer stem cells.

Conclusion: PTPRU serves as a tumor suppressor that inhibits the stemness of cancer stem
cell by inhibiting Hippo/YAP signaling pathway.

Keywords: PTPRU, cancer stem cells, Hippo/YAP signaling, gastric cancer, colorectal
cancer

Introduction

Cancer is a major cause of death worldwide. Although several therapeutic strategies
have been developed, the incidence of solid tumor and leukemia is still increasing.’
Cancer stem cell is a key feature for cancer progression and is responsible for its
survival.>* Stem cells are capable to self-renew and to differentiate to diverse cell
types, and such capacities are comprised in the term stemness.”’ Cancer stem cells
are a small population of cells within tumor tissues maintaining stemness that sustain
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cancer progression.*'® Thus, understanding the mechan-
isms underlying the maintenance of the stemness of cancer
stem cells may provide more opportunities for effective
therapies.

Protein tyrosine phosphatase receptor U (PTPRU, also
known as PCP-2 or PTPA), belongs to the protein tyrosine
phosphatase (PTP) family.''™'* PTPs regulate a variety of
important cellular processes including cell growth, differ-
entiation and mitotic cycle.m‘]5 PTPRU represents a recep-
tor-type PTP consisting of an extracellular region, a single
transmembrane region and two tandem intracellular cataly-
tic tyrosine phosphatase domains.'® PTPRU is known to be
involved in cancer development'’; however, the reports of
the role of PTPRU expression in tumor progression are
contradictory. For instance, PTPRU has been reported to
inhibit cell proliferation and invasion by decreasing -cate-
nin tyrosine phosphorylation.'® In contrast, another study
showed that endogenous PTPRU is required for glioma
growth and motility, likely by activating -catenin signaling
and maintaining FA protein stability.'” It is also been
reported that knockdown of PTPRU inhibits cell growth
and motility of gastric cancer cells.”’ These findings sug-
gest that the role of PTPRU during cancer development
depends on the cellular signaling context and cell type.

The objective of this study is to investigate whether
PTPRU plays a role in cancer stem cells. In this report, we
show that PTPRU serves as a tumor suppressor that inhibits
cancer stemness by attenuating Hippo/YAP signaling pathway.

Methods

Cell Culture

SNU-16 cell was purchased from Chinese Academy of
Sciences (Shanghai, China) and cultured in Roswell Park
Memorial Institute (RPMI) 1640 media. Primary gastric
and colorectal cancer cells were isolated from cancer tis-
sues of patients with gastric and colorectal cancer and
Modified Essential Media
(DMEM) media. Cancer stem cells were isolated by sus-

cultured in Dulbecco’s
pension culture in ultra-low attachment multi-well plate
(Corning Incorporated, NY, USA) with serum-free med-
ium containing 100 pg/mL human bFGF, 20 pg/mL insu-
lin and 10 ng/mL human EGF.

Human Samples

The gastric and colorectal cancer tissues were obtained from
Renji Hospital Shanghai Jiao Tong University School of
Medicine (Shanghai, China), which was approved by the

Institutional Review Board. All patients provided written
informed consent, and this was conducted in accordance
with the Declaration of Helsinki.

Plasmids

The coding sequence (CDs) regions of PTPRU and YAP
were generated by reverse-transcription polymerase chain
reaction (PCR). The shRNAs specifically against PPTRU
were synthesized exogenously (Shenggong Biotech,
Shanghai, China). The promoter region of YAP was also
generated by reverse-transcription PCR. For overexpression,
the CDs regions of PTPRU and YAP were cloned into pCDH
lentivirus vectors. For knockdown assay, the shRNAs were
cloned into pLKO.1 lentivirus vectors. For reporter gene
assay, the promoter of YAP was cloned into PGL3 plasmid
(Promega Corp., Madison, WI, USA). The sequences of PCR

primer and shRNAs are listed in Supplementary table 1 and

Supplementary table 2.

Antibodies And Reagents
The antibodies this
Supplementary table 3. All other reagents were purchased
from Sigma-Aldrich (St. Louis, MO, USA).

used in study are listed in

Lentivirus Package, Transfection And

Stable Cell Selection

Lentiviruses were generated by Lenti-X Packaging Single
Shots (Clontech Laboratories Inc, Palo Alto, USA) accord-
ing to the manufacturer’s manual. Media containing lenti-
virus particles were used to infect the cells. Stable cell line
was selected by treatment with puromycin for 15-20 days.
The efficiency was determined by Western blot assay.

Quantitative Real-Time Reverse-

Transcription PCR

Total RNA was isolated by RNeasy Mini Kit (Qiagen,
Hilden, Germany). cDNA was synthesized by SuperScript
II reverse transcriptase (Thermo Fisher Scientific, Waltham,
MA, USA). The gRT-PCR assay was then performed by
TagMan gene expression assay using specific primers
(Supplementary Table 1). The results were expressed by
comparative threshold cycle (Ct) method with GAPDH as a
control.

Western Blot

The Western blot assay was performed as previously

21-24
d.

describe Briefly, samples were separated by
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electrophoresis using 4-12% NuPAGE Bis-Tris gels
(Invitrogen, Carlsbad, CA). The samples were then trans-
ferred to nitrocellulose membranes. Membranes were
blocked with 5% non-fat milk for 2 hrs at room tempera-
ture. Membranes were incubated with first antibodies

(Supplementary Table 3) at 4°C overnight. After washing

in 0.05% Tween 20-TBS, membranes were incubated with
the appropriate horseradish peroxidase-conjugated second-
1.5 hrs at
Immunoreactive bands were detected by chemilumines-

ary antibodies for room temperature.
cence using SuperSignal chemiluminescent substrate

(Pierce Biotechnology, Rockford, IL, USA).

Reporter Gene Assay

The cells were transfected with PGL3 vector containing
the promoter of YAP and hRIuc/TK vector. Luciferase
activity was measured with Dual-Luciferases Reporter
Assay kit (Promega Corp., Madison, WI, USA) according

to the manufacturer’s manual.

Cell Proliferation

The cells were seeded into 96-well plates. After 2—3 days
of incubation, the cells were washed and incubated with 10
pL of Cell Counting Kit-8 (CCK-8) solution (Dojindo
Molecular Technologies Inc., Kumamoto, Japan). The
absorbance at 450 nm was detected by a microplate reader
(BioTek, Winooski, VT, USA).

Sphere Formation

The cells were cultured in ultra-low attachment multi-well
plate (Corning Incorporated, NY, USA) with serum-free
medium containing 100 pg/mL human bFGF, 20 ug/mL
insulin and 10 ng/mL human EGF. After 10-15 days, the

colonies were stained and counted.

Migration

The migration activities of the cells were measured by
transwell assay (Thermo Fisher Scientific, Waltham, MA,
USA) according to the manufacturer’s manual.

Statistics

Each experiment was performed at least three times. Data
were represented as mean =+ s.d. Student’s 7-test was used
for determination of the significance between two experi-
mental groups.

Results

PTPRU Is Downregulated In Colorectal
And Gastric Cancer Tissues And Stem
Cells And Predicts Good Prognosis

To investigate the effect of PTPRU in cancer development,
we first examined the expression level of PTPRU in color-
ectal and gastric cancer tissues. As shown in Figure 1A,
the results from qRT-PCR show that the mRNA level of
PTPRU is downregulated in cancer tissues, which indi-
cated that PTPRU may play a tumor suppressor role in
cancer development. We then isolated the cancer stem
cells from gastric and colorectal cancer tissues by suspen-
sion culture and tested the expression of PTPRU in adher-
ent cells, suspension cells and re-adherent cells. As shown
in Figure 1B (left), the mRNA level of PTPRU was down-
regulated in primary spheres and was recovered in re-
adherent cells, which suggested that downregulation of
PTPRU is associated with stemness maintenance of cancer
stem cells. This result was subsequently confirmed in
gastric and colorectal cancer cell lines (SNU-16 and
HCT-116) (Figure 1B (right)).

To confirm this hypothesis, we investigated the correlation
between PTPRU and cancer stem cell markers (CD44 and
CD133). The total mRNA was isolated from gastric cancer
tissue and the expression of PTPRU, CD44 and CD133 was
examined by qRT-PCR, and Spearman correlation analysis
was performed. As shown in Figure 1C, the expression of
PTPRU was negatively correlated with CD133 (R=—0.4074,
P<0.001) and CD44 (R=-0.5706, P<0.001). Next, we down-
loaded the tumor gene expression and clinical data of colon
cancer patients from R2 analysis and visualization platform
(http://hgserverl.amc.nl/cgi-bin/r2/main.cgi) and performed

Kaplan—Meier analysis. As shown in Figure 1D, high expres-
sion of PTPRU predicts good prognosis.

Taken together, these results suggested that downregu-
lation of PTPRU may play an important role in the main-
tenance of the stemness of cancer stem cells.

Ectopic Expression Of PTPRU Attenuates

The Stemness Of Cancer Stem Cells

To confirm the role of PTPRU in cancer stem cells main-
tenance, we employed lentivirus-based gene delivery system
to overexpress PTPRU in gastric cancer cell SNU-16 and
primary gastric cancer cells (Supplementary Figure 1A). We

first examined the activities of sphere formation, migration,
proliferation and colony formation of the cells. As shown in

OncoTargets and Therapy 2019:12

submit your manuscript

8097

Dove


https://www.dovepress.com/get_supplementary_file.php?f=218125.docx
http://hgserver1.amc.nl/cgi-bin/r2/main.cgi
https://www.dovepress.com/get_supplementary_file.php?f=218125.docx
http://www.dovepress.com
http://www.dovepress.com

Gu et al Dove
A
Primary cells :
Colorectal cancer (n=50) Gastric cancer (n=50) e/ Cell lines
1.54 * 1.54
20- 15+ = RS - - o ax
g = ;&_‘ L — -+
3 ] = = —
3 3 S 1.0 3 1.01
[
£ £ s =
2 2 € 0.5 € 0.5
(S o o o
& & 2 &
s s
& &
0 r r 0.04 0.0+
> @ & S @S > 2D S @&
A"go”' ‘,& & & q,’gf & & & Q}e? & Q}q? & & q,’g?
& & §F Iy § & SRS g
& 5 XN ¥ gr X P
2 < & & ¢ &
O O
Yé.@ Y&@ Gastric cells  Colorectal cells SNU-16 HCT-116
D
C Tumor Colon MSI-status (Core Exon)-Sveen-95
1.00 7,
15+ 15+ _ oood | High (n=81)
. g 0084 |y Low (n=14)
3 S 1
< 104 e * oo & 104 o & . o o 5 0.06 4 | AN
3 r*':-'c.‘.&r"‘ a b Y £5005 ‘
.
- o S = 22 N\ 2 50.04 4
(8 s 1) o o~ a
J 51 . S s 5 S 0034
& o e € 002
R =-0.366 . R =-0.600 0.01
p< 005 p< 0.001 o | p <0.001
0 T T 1 0 T T 1 000 r T .A T lJ L lJ L
0 -5 10 15 0 5 10 15 ©O NS N8 S § 2 %‘
ACT PTPRU ACT PTPRU Follow up in months

Figure | PTPRU is downregulated in cancer stem cells and predicts good prognosis. (A) The mRNA level of PTPRU in colorectal cancer and adjacent normal tissues. (B)
The mRNA level of PTPRU in adherent, sphere and re-adherent primary gastric and colorectal cancer cells. (C) The correlation analysis of the expression of CD44 (left),
CD133 (right) and PTPRU. (D) Kaplan—Meier analysis of the survival rate of colon cancer patients with high (blue) or low (red) PTPRU expression with gene expression
dataset downloaded from R2 analysis and visualization platform (http://hgserver|.amc.nl/cgi-bin/r2/main.cgi). Data are represented as mean+SD; *P<0.05, **P<0.0l,

#©4P<0.001; two-tailed Student’s t-test.

Figure 2A (left), the number of the spheres is decreased by
PTPRU overexpression. And the sphere size is also reduced
by PTPRU overexpression (Figure 2A right). In addition, as
shown in Figure 2B, the migration activities of the cells were
attenuated by PTPRU overexpression. Moreover, ectopic
expression of PTPRU decreased the number of the prolifer-
ated cells (Figure 2C). Furthermore, overexpression of
PTPRU decreased the colony-formation activities of the
cells (Figure 2D).

To further investigate the relationship between PTPRU
and cancer stem cells, we investigated the relationship
between PTPRU and the regulation of the expression of
cancer stem cell markers (CD44 and CD133). As shown in
Figure 2E, the expression of stem cell markers was
decreased in cells with PTPRU overexpression. In addition,
the mRNA levels of epithelial-mesenchymal transition
(EMT) markers (Slug and Vimentin) were also downregu-
lated in PTPRU-overexpressing cells (Figure 2F).

Taken together, these results demonstrated that overexpres-
sion of PTPRU attenuates the stemness of cancer stem cells.

Knockdown Of PTPRU Improves The

Maintenance Of Cancer Stem Cell Stemness
To confirm the suppressor role of PTPRU in the maintenance
of cancer stem cell stemness, we next knocked down PTPRU
in gastric cancer cells (SNU-16) and primary gastric cancer
cells (Supplementary Figure 1B). As shown in Figure 3A,
knockdown of PTPRU increased both the number and the
size of spheres. In addition, the migration ability of the cells
is also increased by PTPRU knockdown (Figure 3B).
Moreover, the proliferation and the colony-formation activities
were improved after PTPRU depletion (Figure 3C and D).
Furthermore, the expression of stem cell markers (CD44 and
CD133) as well as EMT markers (Slug and Vimentin) was
elevated by knockdown of PTPRU (Figure 3E and F).
Collectively, the above results demonstrated that PTPRU
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Figure 2 Ectopic expression of PTRPU attenuates the stemness of gastric cancer stem cells. (A) Sphere-formation activities of SNU-16 cells transfected with PTPRU and
empty control vectors were detected by sphere-formation assay. (B) Migration activities of indicated cells were tested by transwell assay. (C) The proliferation activities of
indicated cells were tested by CCK-8 assay. (D) The colony-formation activities of indicated cells were examined by colony-formation assay. (E, F) qRT-PCR analysis of the
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Student’s t-test.

serves as a tumor suppressor that inhibits the maintenance of
the stemness of cancer stem cells.

PTPRU Inhibits Hippo/YAP Signaling

Pathway

To investigate the underlying mechanisms for PTPRU inhibits
the stemness of cancer stem cells, we performed bioinformatic
analysis. The gene expression dataset was downloaded from
R2 analysis and visualization platform (http://hgserverl.amc.

nl/cgi-bin/r2/main.cgi). As shown in Figure 4A, results from

Spearman correlation analysis showed that the expression of
PTPRU was negatively correlated with YAP target genes
(ARGE, Myc and CCND2). We subsequently performed
gRT-PCR to confirm this phenomenon. As shown in
Figure 4B and C, the results of qRT-PCR also show that the
mRNA levels of YAP target genes were negatively regulated

by PTPRU in gastric cancer cells (SNU-16). This result was
subsequently confirmed by Western blot (Figure 4D). As YAP
translocates into the nucleus to affect the transcription of its
target genes, we then examined the abundance of nuclear YAP
and phosphorylated YAP in the nucleus by Western blot. As
shown in Figure 4E, the levels of both YAP and phosphory-
lated YAP in the nucleus were downregulated in PTPRU-
overexpressing cells. These results thus demonstrated that
PTPRU inhibits Hippo/YAP signaling pathway.

Hippo/YAP Signaling Pathway Is Necessary
For PTPRU Inhibiting The Stemness Of

Cancer Cells

To confirm the role of Hippo/YAP signaling in PTPRU inhibit-
ing the stemness of cancer cells, we overexpressed YAP in
PTPRU-overexpressing cells (Supplementary Figure 1C). As
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Figure 3 Knockdown of PTRPU improves the stemness of gastric cancer stem cells. (A) Sphere formation activities of indicated cells were detected by sphere formation
assay. (B) Migration activities of indicated cells were tested by transwell assay. (C) The proliferation activities of indicated cells were tested by CCK-8 assay. (D) The colony
formation activities of indicated cells were examined by colony formation assay. (E,F) qRT-PCR analysis of the expression levels of stem cell markers (E) and mesenchymal
markers (F) in indicated cells. Data are represented as meanSD; ***P<0.001; two=tailed Student’s t-test.

shown in Figure SA and B, overexpression of YAP restored the
sphere-formation activity in both PTPRU-overexpressing
SUN-16 and primary cells. In addition, the migration activity
was also restored by YAP overexpression in PTPRU-overex-
pressing SUN-16 and primary cells (Figure 5C). Moreover,
ectopic expression of YAP restored PTPRU-induced decreased
proliferation and colony-formation activities in these cells
(Figure 5D and E). Furthermore, the expression of cancer
stem cell markers and EMT markers was also restored by
YAP overexpression in PTPRU-overexpressing SNU-16 and

primary gastric cancer cells (Figure SF and G). These results
thus demonstrated that Hippo/YAP signaling pathway is neces-
sary for PTPRU inhibiting the stemness of cancer cells.

PTPRU Inhibits YAP Transcription By
Directly Binding To YAP Promoter

To investigate the mechanism underlying PTPRU inhibit-
ing Hippo/YAP signaling pathway, we performed bioinfor-
matic analysis to investigate whether there were key
components in Hippo/YAP signaling pathway regulated
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by PTPRU. We found that the expression of YAP is
negatively regulated by PTRPU (Figure 6A). This result
was subsequently demonstrated by qRT-PCR and Western
blot assay (Figure 6B and C). Next, to investigate whether
PTPRU regulates the expression of YAP in a transcrip-
tional level, we performed reporter gene assay. As shown
in Figure 6D, the result from gene reporter assay shows
that PTPRU inhibits the transcription activity of YAP
promoter. These results suggested that PTPRU inhibits
the expression of YAP at a transcriptional level.

Next, we investigate whether PTPRU inhibits YAP tran-
scription by directly binding to YAP promoter, and we per-
formed Western blot assay and found that PTPRU does
translocate into nucleus and its abundance in the nucleus was
upregulated in PTPRU-overexpressing cells (Figure 6E). And
the result from ChIP-qPCR showed that PTPRU directly bind
to YAP promoter (Figure 6F). These results demonstrated that
PTPRU inhibits YAP transcription by directly binding to YAP
promoter.

In summary, our study demonstrated that PTPRU
serves as a tumor suppressor that inhibits cancer stem

cell stemness by inhibiting Hippo/YAP signaling path-
way (Figure 6G).

Discussion
In this study, we revealed a novel mechanism underlying
cancer stem cell stemness maintenance that PTPRU, as a
tumor suppressor, inhibits the stemness of cancer stem cells.
Cancer is still a major cause of death worldwide. Although
therapeutic strategies for cancer management have been devel-
oped, the incidence of solid tumor and leukemia is still
increasing.' Identification of cancer stem cells (CSCs) might
lead to a new thinking on cancer treatments as cancer stem
cells are responsible for tumor initiation, growth, metastasis as
well as therapeutic resistance.”* Similar to stem cells, cancer
stem cells display high resistance to genotoxic agents.””’
Conventional chemotherapy may shrink the tumor volume
but cannot eliminate cancer.® '° Therefore, eradication of can-
cer stem cells would be a novel therapeutic strategy. Thus,
understanding the mechanisms underlying the maintenance of

the stemness of cancer stem cells and identification of novel
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Figure 5 Hippo/YAP signaling is necessary for PTPRU inhibit the stemness of cancer cells. (A,B) The number (A) and size (B) of sphere generated from indicated cells were
detected by sphere-formation assay. (C) Migration activities of indicated cells were tested by transwell assay. (D) The proliferation activities of indicated cells were tested by
CCK-8 assay. (E) The colony-formation activities of indicated cells were examined by colony-formation assay. (F,G) qRT-PCR analysis of the expression levels of stem cell
markers (F) and mesenchymal markers (G) in indicated cells. Data are represented as meanSD; *P<0.05, **P<0.01, **P<0.001; two-tailed Student’s t-test.

cancer stem cell drug targets is important for the development
of novel cancer therapeutic strategies.
PTPRU belongs to the protein tyrosine phosphatase (PTP)

=13 that regulates a variety of important cellular

family
processes.'*'> The role of PTPRU in tumor progression is
contradictory.” PTPRU has been reported to inhibit cell pro-
liferation by decreasing B-catenin tyrosine phosphorylation.'®
In contrast, another study showed that endogenous PTPRU is
required for glioma growth.'” It is also reported that knock-
down of PTPRU inhibits cell growth and motility of gastric
cancer cells.?’ These findings suggested that the role of
PTPRU during cancer development depends on the cellular
signaling context and cell type. However, the role of PTPRU
in cancer stemness has remained elusive.

In our study, we showed that PTPRU inhibits the stem-
ness of cancer stem cells. The expression of PTPRU is

downregulated in gastric and colorectal cancer stem cells

(Figure 1B) and is negatively correlated with cancer stem
cell markers (Figure 1C). In addition, overexpression of
PTPRU inhibited the stemness of gastric cancer stem cells
(Figure 2). Moreover, knockdown of PTPRU improved the
stemness of gastric cancer stem cells (Figure 3). These results
demonstrated that PTPRU inhibits the stemness of cancer
stem cells.

Both Hippo/YAP and Wnt signaling pathways are impor-
tant for regulation of the stemness of cancer stem cells, and
they crosstalk in the cells.”>*° By bioinformatic analysis, we
found that the expression of PTPRU is negatively correlated
with YAP target genes (Figure 4A). The qRT-PCR and Western
blot results confirmed this phenomenon (Figure 4B-D). To
confirm that PTPRU inhibits Hippo/YAP signaling pathway,
we found that the level of nuclear YAP is negatively correlated
with PTPRU (Figure 4E), which demonstrated that PTPRU
inhibits Hippo/YAP signaling pathway. The subsequent rescue
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Figure 6 PTPRU inhibits YAP transcription by directly binding to YAP promoter. (A) The correlation analysis of YAP and PTPRU in colorectal cancer samples with gene
expression dataset (Sieber Smith dataset) downloaded from R2 analysis and visualization platform. (B) qRT-PCR analysis of the expression of YAP in indicated cells. (C)
Western blot analysis of the expression of YAP in indicated cells. (D) The transcriptional activity of YAP promoter was analyzed by reporter gene assay. (E) Western blot
analysis of the abundance of nuclear YAP in indicated cells. (F) ChlP analysis the binding between PTPRU and YAP promoter. (G) The mechanism underlying PTPRU inhibits
the stemness of cancer cells. Data are represented as meanSD; **P<0.01, ***P<0.001; two-tailed Student’s t-test.

experiment and ChIP study demonstrated the necessary role
Hippo/YAP signaling and the mechanism that PTPRU inhibits
YAP transcription by directly binding to YAP promoter
(Figures 5 and 6). Our work thus revealed a novel mechanism
of the regulation of the stemness of cancer stem cells.

Conclusion

In summary, this study revealed a novel mechanism under-
lying cancer stem cell stemness maintenance that PTPRU, as a
tumor suppressor, inhibits the stemness of cancer stem cells.
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