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Despite a lack of mutations, accumulating evidence supports
an important role for the Wnt/�-catenin pathway in ovarian
tumorigenesis. However, the molecular mechanism that con-
tributes to the aberrant activation of the Wnt signaling cascade
in ovarian cancer has not been fully elucidated. Here, we found
that protein tyrosine phosphatase receptor type R (PTPRR) sup-
pressed the activation of the Wnt/�-catenin pathway in ovarian
cancer. We performed an shRNA-based biochemical screen,
which identified PTPRR as being responsible for tyrosine de-
phosphorylation of �-catenin on Tyr-142, a key site controlling
the transcriptional activity of �-catenin. Of note, PTPRR was
down-regulated in ovarian cancers, and ectopic PTPRR re-ex-
pression delayed ovarian cancer cell growth both in vitro and in
vivo. Using a proximity-based tagging system and RNA-Seq
analysis, we identified a signaling nexus that includes PTPRR,
�-catenin, �-catenin, E-cadherin, and AT-rich interaction
domain 3C (ARID3C) in ovarian cancer. Immunohistochemis-
try staining of human samples further suggested that PTPRR
expression is inversely correlated with disease prognosis.
Collectively, our findings indicate that PTPRR functions as a
tumor suppressor in ovarian cancer by dephosphorylating
and inactivating �-catenin. These results suggest that PTPRR
expression might have utility as a prognostic marker for pre-
dicting overall survival.

Ovarian cancer is one of the deadliest malignant tumors and
the fifth-leading cause of cancer-related death in women from

the United States (1, 2). Over the last 2 decades, advances have
greatly improved cancer therapy; however, the survival rate of
women with ovarian cancer has barely changed (3–5). Thus,
further research is needed to understand how different molec-
ular pathways contribute to tumorigenesis of ovarian cancer
and to discover potential therapeutic targets.

The Wnt signaling pathway comprises a large family of gly-
coproteins known mostly for their critical function in embry-
onic development, including cell fate determination, differen-
tiation, proliferation, and apoptosis (6, 7). As a result, mutations
in the Wnt pathway are often linked to birth defects, cancer,
and other diseases in humans (7). Several reports have shown
that Wnt/�-catenin signaling is frequently dysregulated in
ovarian cancers (8 –10). In a comprehensive analysis of 47 pri-
mary ovarian specimens, the Wnt/�-catenin pathway was
defective in nearly half of the samples (11). The key signaling
molecule of the canonical pathway, �-catenin, is often mutated
in endometrioid ovarian carcinomas (12–14). In serous, clear
cell, and mucinous ovarian carcinomas, although gene muta-
tions in the Wnt/�-catenin pathway are rare, hyperactivation of
the pathway and �-catenin–targeted genes are still required for
ovarian cancer development (10, 15–17). Therefore, the Wnt
pathway is investigated as a potential target in the treatment of
ovarian cancer, and the molecular mechanisms of aberrant acti-
vation in ovarian cancer should be further studied.

Among multiple tiers of regulation, tyrosine phosphoryla-
tion plays an important role in controlling the function of
�-catenin (18). Two tyrosine residues in �-catenin are the cen-
ter of this regulation: tyrosine 142 and 654. SRC, Fyn, and FER
kinases are responsible for phosphorylating these sites. Upon
phosphorylation, the E-cadherin–�-catenin–�-catenin com-
plex collapses at the plasma membrane, and the released
�-catenin translocates to the nucleus for its function as a tran-
scriptional factor (19 –23). Tyrosine 654 is indispensable for
association with E-cadherin (19, 23). More importantly, the
phosphorylation status of Tyr-142 of �-catenin determines the
switch between the adhesive and the transcriptional functions
of �-catenin. �-Catenin and nuclear factor BCL9-2 share an
overlapping binding site on �-catenin, which includes the first
armadillo repeat, where Tyr-142 resides (22, 24). Either tyro-
sine phosphorylation or a mutation to glutamic acid, which
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increases a negative charge on residue 142 in �-catenin, pro-
motes binding to BCL9-2 over �-catenin (24). This BCL9-2
binding stabilizes the phosphorylation of �-catenin and facili-
tates its nuclear translocation and further binding with LEF/
TCF proteins, resulting in increased transcription of Wnt/�-
catenin target genes (24, 25). Phosphorylation of Tyr-142 of
�-catenin thus becomes a reliable marker to illustrate the acti-
vation of Wnt/�-catenin signaling and assess the consequences
of perturbing this pathway to human disease.

In the current study, using a shRNA-based biochemical
screen, we determined that protein tyrosine phosphatase
PTPRR,4 which is down-regulated in ovarian cancers, is
responsible for tyrosine dephosphorylation of �-catenin on res-
idue 142. Ectopic expression of PTPRR decreases tyrosine phos-
phorylation of �-catenin, inhibits the �-catenin–mediated
transcriptional activation of downstream target genes, and sig-
nificantly delays ovarian cancer cell proliferation both in vitro
and in vivo. Overall, we reported a negative regulatory function
of PTPRR in ovarian cancer oncogenesis, and the expression
level of the phosphatase could be a good prognostic marker for
overall survival of patients.

Results

Aberrant activation of the Wnt/�-catenin pathway in ovarian
tumors and ovarian tumor– derived cell lines

Hyperactivation of �-catenin–mediated Wnt signaling is a
major contributing factor of ovarian tumorigenesis (17, 26).
Phosphorylation of tyrosine 142 of �-catenin provides a feasible
marker to quickly screen the activation status of pathways in
ovarian cancers, so we used specific pTyr-142 antibody against
�-catenin for immunohistochemistry analysis of tissue array
including 133 cases of serous carcinoma, 34 mucinous adeno-
carcinoma, 3 adenocarcinoma, 7 endometrioid adenocarci-
noma, 15 metastatic carcinoma, and 8 adjacent normal ovary
tissue. Whereas both adjacent normal ovary tissue and ovarian
tumor samples showed equivalent expression levels of total
�-catenin, the Tyr-142 phosphorylation signal in tumor sam-
ples was significantly higher than normal control (Fig. 1, A and
B). In total, 192 ovarian tumor samples were assessed: 20 of the
samples were pTyr-142 and �-catenin double-negative; 42
samples were �-catenin–positive but pTyr-142–negative; and
130 of the samples were pTyr-142 and �-catenin double-posi-
tive (Fig. 1B). The ratio of pTyr-142 �-catenin–positive sam-
ples was higher in tumor patients than in adjacent normal
controls (Fig. 1B). Moreover, the ratio of pTyr-142 �-catenin–
positive tumor samples was increased with grading advance-
ment of the disease (Fig. 1C). However, a similar trend was not
observed in terms of the stage of tumor samples (Fig. 1D). The
International Federation of Gynecology and Obstetrics (FIGO)
stage is classified according to the TNM Classification of Malig-

nant Tumors, which was closely related to the tumor metastasis
states. The tumor grade generally refers to the degree of differ-
entiation or maturity of the cells that make up the tumor within
the ovarian primary tumors. Because we analyzed the primary
tumor samples, we thought that the tumor grade was more
relevant than tumor stage in our scenario.

In addition, we did immunoblotting analysis to compare phos-
phorylation level of Tyr-142 �-catenin in both ovarian tumor
samples from patient and normal ovarian tissue control. Four
of eight tumor samples showed evidently high pTyr-142
�-catenin level, whereas all six normal ovarian tissues showed
trace amounts of pTyr-142 �-catenin (Fig. 1E).

To further evaluate the activation status of the Wnt/�-
catenin pathway in ovarian tumors, we compared the distribu-
tion of �-catenin in 11 ovarian tumor-derived cell lines with
two human ovarian surface epithelial (HOSE) cell lines immor-
talized by the human papilloma viral oncogenes E6 and E7 as a
negative control (27). Sequences of �-catenin from these cell
lines were examined before the experiment, and no mutations
were detected. We observed a significant increase of nuclear
�-catenin in most ovarian cancer cells examined (Fig. 1F). Con-
sistently, phosphorylation of �-catenin on Tyr-142 was also
enhanced in these tumor-derived cell lines (Fig. 1G). Moreover,
several co-activators of �-catenin, including LEF1, TCF1,
TCF3, and TCF4, were selectively up-regulated in most ovarian
cancer-derived cell lines, whereas Wnt signaling antagonist
SFRP1 was underexpressed compared with normal controls
(Fig. 1G).

We also adopted the TOP/FOP reporter system to further
confirm Wnt signaling activation in ovarian cancer cell lines. As
shown in Fig. 1H, the intensity of TOP luciferase was signifi-
cantly higher in PA-1, CAOV4, and OVCAR5 compared with
HOSE cell lines. Collectively, all of this evidence suggested
aberrant activation of the Wnt/�-catenin pathway during the
oncogenesis of ovarian cancer.

A protein tyrosine phosphatase screen identified PTPRR as
one of the major tyrosine phosphatases responsible for
dephosphorylation of �-catenin at Tyr-142

We and others have reported previously that the protein
tyrosine kinase FER is a key regulator of Tyr-142 phosphoryla-
tion of �-catenin (28, 29). Furthermore, other kinases, includ-
ing SRC, have also been suggested to modulate this phosphor-
ylation event under different stimulation conditions (19). By
using phosphotyrosine antibody, several PTPs have been iden-
tified as �-catenin phosphatases (30). Given that multiple tyro-
sine residues within the �-catenin sequence could be phosphor-
ylated upon stimulation, these findings could not reveal which
phosphatase is responsible for dephosphorylation of �-catenin
at Tyr-142.

In an initial attempt to address this question, we infected
MCF10A cells with shRNA against each individual classical
protein tyrosine phosphatase (37 in total) and selected stable
cell lines with consistent expression of the designated shRNA.
The reasons we use normal breast cells (MCF10A) for screen-
ing purpose are as follows: 1) we prefer to use normal cell lines
rather than cancer cells, because some genes, like protein tyro-
sine phosphatases, are usually silenced in cancers; 2) we chose

4 The abbreviations used are: PTPRR, protein tyrosine phosphatase receptor
type R; FIGO, International Federation of Gynecology and Obstetrics;
HOSE, human ovarian surface epithelial; FBS, fetal bovine serum; EGF, epi-
dermal growth factor; qRT-PCR, quantitative RT-PCR; PUP-IT, pupylation-
based interaction tagging; ARID3C, AT-rich interaction domain 3C; CTG,
Cell Titer-Glo; ERK, extracellular signal-regulated kinase; HCD, higher-en-
ergy collisional dissociation; FDR, false discovery rate; TBS, Tris-buffered
saline; IHC, immunohistochemistry.

PTPRR dephosphorylates and inactivates �-catenin

J. Biol. Chem. (2019) 294(48) 18306 –18323 18307



PTPRR dephosphorylates and inactivates �-catenin

18308 J. Biol. Chem. (2019) 294(48) 18306 –18323



MCF10A rather than normal ovarian control HOSE11-12 and
HOSE6-3, because both of these ovarian cell lines are very dif-
ficult to subject to infection procedures to make stable cell lines
for further investigations. For each PTP, two shRNA constructs
were applied in this assay.

We collected cell lysates and performed immunoblotting
analyses to compare the tyrosine phosphorylation change of
�-catenin in the absence and presence of PTP shRNA. Under
normal fetal bovine serum (FBS)-containing medium, 8 of
37 classic PTPs showed enhanced tyrosine phosphorylation
of �-catenin upon shRNA knockdown: PTPN2, PTPN22,
PTPN23, PTPRH, PTPRK, PTPS31, PTPRR, and PTPRU. We
further stimulated cells with EGF to evaluate the function
of PTP knockdown on �-catenin phosphorylation, when
�-catenin SRC kinases were activated (Fig. 2A). Compared with
luciferase shRNA control, shRNA against both PTPN23, whose
function in dephosphorylating Tyr-142 of �-catenin has been
recently reported by us (31), and PTPRR demonstrated elevated
tyrosine phosphorylation of �-catenin on 142 (Fig. 2B). qRT-
PCR analysis was also performed to confirm the effectiveness of
shRNA knockdown in targeting all of these candidate tyrosine
phosphatases (Fig. 2C). These results strongly suggested that
PTPRR might be the tyrosine phosphatase controlling the phos-
phorylation level of �-catenin at Tyr-142.

PTPRR was down-regulated in ovarian carcinoma– derived cell
lines, and ectopic re-expression of PTPRR led to significantly
delayed cell growth in vitro and tumorigenesis in vivo

Next, we used immunoblotting to compare the expression of
PTP proteins between two HOSE cell lines and 11 ovarian
carcinoma-derived cell lines. In total, 13 PTP proteins were
probed, including all positive hits from previous studies. The
expression patterns of these 13 PTPs were divided into three
categories: diminished expression, which contained PTPRR,
PTPRM, and PTPRK; elevated expression, which contained
PTPN2, PTPN6, PTPN11, PTPN22, PTPRS, and PTPRH; and
unchanged expression, including PTPRU, PTPRJ, PTPRF, and
PTPN23. We observed that the level of PTPRR was significantly
down-regulated, relative to the HOSE control cells, in all ovar-
ian carcinoma-derived cell lines (Fig. 3A).

To further assess the biological consequences of PTPRR loss
in ovarian carcinoma– derived cells, we established stable lines
(OVCAR5 w/PTPRR and CAOV4 w/PTPRR) in which PTPRR
protein was ectopically expressed (Fig. 3, B and D). Ectopic
expression of PTPRR-WT, but not DA mutant (substrate-trap-
ping mutant of the phosphatase, lacking phosphatase activity),
decreased the phosphorylation level of ERK1/2, a known sub-
strate of the phosphatase (Fig. 3, B and D) (32). Concomitantly,
tyrosine phosphorylation of �-catenin, but not its activating
kinase SRC, was also decreased in the presence of ectopically

expressed tyrosine phosphatase PTPRR (Fig. 3, B and D). Con-
sistently, expression of WT PTPRR significantly decreased the
TOP luciferase intensity, implying the inactivation of Wnt sig-
naling (Fig. 3, C and E). We did notice a relatively mild but
statistically significant difference between the parental and
PTPRR-WT cell lines (Fig. 3C). We reasoned this to the poten-
tial functional redundancy of protein tyrosine phosphatases. As
showed in Fig. 2B, our shRNA screen identified that knock-
down of PTPRR, PTPN23, or PTPN22 could increase the phos-
phorylation level of �-catenin. Furthermore, restoration of
PTPRR expression in ovarian tumor cells delayed cell prolifer-
ation (Fig. 3, F and G). These effects were not observed in cells
with enzymatically dead trapping mutant of the phosphatase
(DA mutant) (Fig. 3, F and G) or cells with SHP1 expression
(Fig. 3, H and I), indicating that phosphatase activity of PTPRR
was required in cell proliferation regulation.

Our observation that ovarian cancer cells with ectopically
expressed PTPRR showed a reduced rate of proliferation
prompted us to further investigate its role in vivo. We adopted
a xenograft mouse model with subcutaneous injection of either
parental or PTPRR-overexpressed OVCAR5 cells to evaluate
whether restoration of PTPRR affected the growth of ovarian
cancer cells. All cells were engineered with a luciferase cassette
so that we could easily monitor tumor growth in vivo. Results
showed that ectopic expression of PTPRR-WT, but not DA
mutant, significantly delayed xenograft tumor growth (Fig. 4
(A–C) and Fig. S1A). Compared with parental OVCAR5
cells and PTPRR-DA– overexpressed tumors, tumors with
PTPRR-WT overexpression showed less positive staining
of Ki-67 (Fig. 4, D and E), a standard marker for cell prolifera-
tion. Using immunohistochemistry staining, we also observed
decreased tyrosine phosphorylation of �-catenin on 142 in
tumors with PTPRR-WT overexpression (Fig. 4, D and E).

We also used an intraperitoneal injection mouse model to
further evaluate the regulatory function of PTPRR in ovarian
tumor growth in vivo. Consistent with a previous subcutaneous
injection mouse model, OVCAR5 cells with PTPRR-WT over-
expression significantly decreased the number of tumor forma-
tions in the small intestine (Fig. 4F and Fig. S1B). Mice injected
with PTPRR-WT– expressed tumor cells also showed less body
weight loss (Fig. 4G). In summary, the restoration of functional
PTPRR delays ovarian cancer cell proliferation both in vitro and
in vivo.

PTPRR-dephosphorylated �-catenin at Tyr-142 was
�-catenin– dependent

SRC, FER, and other tyrosine kinases are key regulators of
Tyr-142 phosphorylation of �-catenin. We therefore investi-
gated whether these kinases that induced phosphorylation of
�-catenin at Tyr-142 were also dephosphorylated by PTPRR.

Figure 1. Aberrant activation of the Wnt/�-catenin pathway in ovarian tumors and ovarian tumor– derived cell lines. A, ovarian cancer with adjacent
normal ovary tissue array was immunostained with antibodies against Tyr-142–phosphorylated and total �-catenin. Representative images are shown. B,
summary and statistical analysis of immunohistochemistry staining status of ovary cancer tissue array with antibodies against Tyr-142–phosphorylated and
total �-catenin. C, ratio analysis of pTyr-142 �-catenin–positive ovary tumor samples at different grades of the disease. D, ratio analysis of pTyr-142 �-catenin–
positive ovary tumor samples at different stages of the disease. E, immunoblot analysis of pTyr-142 �-catenin with adjacent normal tissue and ovary tumor
tissue. F, cytosolic and nuclear distribution of �-catenin in both control and ovarian carcinoma– derived cell lines. The blots were reprobed for lamin B and
tubulin as nuclear and cytosolic markers, respectively. G, total cell lysates from both control and ovarian carcinoma– derived cell lines were immunoblotted for
pTyr-142 and total �-catenin, as well as Wnt/�-catenin pathway activation markers LEF1, TCF1, TCF3, TCF4, and SFRP1, using GAPDH as a loading control. H,
TOP/FOP reporter assay with control and ovarian carcinoma– derived cell lines. Results represent mean � S.D. (error bars).
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Both substrate-trapping mutant (DA) and enzymatically dead
mutant (CS) were also included in this study, as indicated. The
results demonstrated that WT PTPRR, but not DA mutant,
could dephosphorylate �-catenin on Tyr-142 in 293T cells (Fig.
5A). Then we investigated whether PTPRR dephosphorylates
�-catenin by direct binding. The co-immunoprecipitation
experiment showed that none of the WT, DA mutant, and CS
mutant of PTPRR could form a complex with �-catenin (Fig.
5B).

We then concluded that PTPRR dephosphorylation of
�-catenin was via indirect binding. It has been reported that

E-cadherin, �-catenin, and �-catenin could form a complex at
the plasma membrane (19 –23). We then used a proximity-
based tagging system, PUP-IT (pupylation-based interaction
tagging) (33), to identify potential protein–protein interactions
between PTPRR and E-cadherin or �-catenin as well as other
proteins. A small protein tag, Pup (E), is covalently transferred
to proteins that interact with a PafA-fused bait (here PTPRR),
enabling transient and weak interactions to be enriched and
detected by MS. We first successfully engineered an inducible
ovarian cancer cell line expressing Pup (E) upon doxycycline
addition. The dephosphorylation function of PafA-fused

Figure 2. Protein tyrosine phosphatase screen identified PTPRR as one of the major tyrosine phosphatases responsible for dephosphorylation of
�-catenin at Tyr-142. A, MCF10A mammary epithelial cells with luciferase control or PTP shRNAs were stimulated with EGF for the indicated times. The efficacy
of the stimulation was determined by probing the activation of ERK1/2. Phosphorylation of �-catenin at Tyr-142 was also evaluated. B, immunoblot analysis of
pTyr-416 SRC and phospho-ERK with MCF10A cells stimulated with EGF. C, qRT-PCR showed the knockdown efficiency of the indicated shRNAs. Data are shown
as mean � S.D. (error bars). *, p � 0.05; **, p � 0.01; ****, p � 0.0001.

PTPRR dephosphorylates and inactivates �-catenin

18310 J. Biol. Chem. (2019) 294(48) 18306 –18323



PTPRR dephosphorylates and inactivates �-catenin

J. Biol. Chem. (2019) 294(48) 18306 –18323 18311



PTPRR was also confirmed by Western blotting (Fig. S2A). In
total, 41 single-cell clones were established, and clone 9 (Fig.
S2B) was chosen for further investigation due to its high effi-
ciency of doxycycline induction. Then we stably expressed
PTPRR (WT)-PafA or PTPRR (DA)-PafA in these inducible
cells and identified Pup (E)–labeled proteins as the potential
substrates for the phosphatase. The results have been deposited
to the ProteomeXchange Consortium (PXD015352). Consis-
tent with the co-immunoprecipitation experiment, we did not
observe any interaction between �-catenin and either WT or
DA mutant of PTPRR. We did observe strong binding between
PTPRR and MAPK1, the known substrates of the phosphatase;
however, the trapping mutant of the phosphatase did not show
preferential binding to this substrate. We also found that
�-catenin (CTNNA1) had similar strong binding to both WT
and DA mutant of PTPRR (Table S2).

We performed a biochemical pulldown assay in OVCAR5
cells to further confirm the results from the PTPRR PUP-IT
experiment. Using a reciprocal immunoprecipitation assay, we
found that PTPRR formed a complex with �-catenin (Fig. 5, C
and D). In line with previous reports, �-catenin also formed a
complex with E-cadherin and �-catenin in OVCAR5 cells (Fig.
5, E and F). These results implied that �-catenin may mediate
the recruitment of PTPRR near �-catenin for subsequent
dephosphorylation.

We then used shRNA to knock down �-catenin in both
parental and PTPRR-WT– expressed OVCAR5 cells to exam-
ine whether the recruitment of PTPRR by �-catenin was
required for �-catenin dephosphorylation on site 142 (Fig. 5, G
and H). First, PTPRR expression significantly reduced the phos-
phorylation level of Tyr-142 �-catenin (Fig. 5H, lane 1 versus
lane 4). Second, in parental OVCAR5 cells with no PTPRR
expression, loss of �-catenin had minimal effect on tyrosine
phosphorylation of �-catenin (Fig. 5H, lane 1 versus lanes 2 and
3). On the contrary, in OVCAR5 cells with ectopic PTPRR-WT
expression, tyrosine phosphorylation of �-catenin on Tyr-142
was increased upon �-catenin knockdown (Fig. 5H, lane 4 ver-
sus lanes 5 and 6). Third, cell fractionation analysis demon-
strated nuclear accumulation of pTyr-142, and total �-catenin
was reduced by PTPRR in an �-catenin–dependent manner (Fig.
S3). Taken together, our data demonstrated that �-catenin could
form a complex with E-cadherin, �-catenin, and PTPRR, and its
association with PTPRR is required for dephosphorylation and
nuclear accumulation of �-catenin by the phosphatase.

ARID3C was identified as one of the major �-catenin
downstream targets in controlling ovarian cancer cell
proliferation

Next, we conducted RNA-Seq to further evaluate the impact
of PTPRR-mediated �-catenin dephosphorylation on changes
in transcription profiling in both ovarian cancer cells and xeno-
graft tumors. Results from OVCAR5 cells with or without
ectopic expression of either PTPRR-WT or DA mutant are
illustrated in Fig. 6A (and GEO database entry GSE135220),
with -fold change �2�(�0.5) or �2�(0.5) highlighted. Genes
meeting the following criteria were defined as responsive genes:
(i) -fold change �2�(�0.5) or �2�(0.5) in both parental
OVCAR5 and PTPRR-DA– overexpressed OVCAR5 cells;
(ii) 2�(�0.5) � -fold change � 2�(0.5) in PTPRR-WT–
overexpressed OVCAR5 cells. The experiment was repeated
twice. In total, 1,267 genes were identified (Fig. 6E), and KEGG
database analysis of these genes suggested that the Wnt signal-
ing pathway was significantly enriched (Fig. 6B).

We did the same RNA-Seq analysis in xenograft tumor sam-
ples (Fig. 6C and GEO database entry GSE135220). In total,
1,817 candidate genes that were significantly changed in
tumors with PTPRR-WT expression were identified (Fig. 6E).
To pinpoint PTPRR responsive genes, we analyzed RNA-Seq
data from both cell lines and xenograft tumor samples and
defined candidates as the overlapped significantly changed
genes. In total, 97 PTPRR responsive genes were identified and
illustrated in Fig. 6D. All of these genes were further filtered by
a previously published ChIP-Chip data set of �-catenin (34).
Through all of these analyses, ARID3C, PBXIP1, and DVL3
were demonstrated as �-catenin–targeted genes, and their
expression levels were regulated by PTPRR in ovarian cancer
cells (Fig. 6E).

We performed qRT-PCR to confirm the expression patterns
of these three genes in OVCAR5 cells with or without ectopic
expression of either PTPRR-WT or DA mutant, as well as in
xenograft tumor samples with injection of either parental,
PTPRR-WT, or PTPRR-DA– expressed OVCAR5 cells (Fig. 6,
F–H). Expression patterns of the three genes met the criteria of
“responsive gene” (the expression level must be significantly
down-regulated in cells with PTPRR-WT overexpression while
showing no significant difference in cells with PTPRR-DA over-
expression), with ARID3C (AT-rich interactive domain-con-
taining protein 3C) as the best fit (Fig. 6F). Furthermore, we did
ChIP-PCR analysis to further pinpoint the binding region of
�-catenin on the promoter of ARID3C (Fig. 6I). The result was

Figure 3. PTPRR was significantly down-regulated in ovarian carcinoma– derived cell lines and functioned as a tumor suppressor in vitro. A, two
immortalized human normal ovarian epithelial cell lines (HOSE11-12 and HOSE6-3) and 11 ovarian carcinoma-derived cell lines were examined by immuno-
blotting to demonstrate decreased expression of PTPRR in all of the ovarian carcinoma– derived cell lines compared with normal controls. Twelve additional
protein tyrosine phosphatases were also determined. GAPDH was probed as the loading control. B and D, retroviral constructs pWZL-PTPRR-WT and PWZL-
PTPRR-DA were used to generate stable cell lines OVCAR5 w/PTPRR (WT or DA) and CAOV4 w/PTPRR (WT or DA). Immunoblotting was performed to demon-
strate ectopic expression of PTPRR, both WT and inactive DA mutant, in ovarian carcinoma-derived cell lines OVCAR5 (B) and CAOV4 (D). Phosphorylation of
ERK1/2, �-catenin at Tyr-142, and SRC at Tyr-527 were also determined. C and E, TOP/FOP reporter assay with OVCAR5 (C) and CAOV4 (E) with either Luc control,
PTPRR-WT, or PTPRR-DA expression. Results represent mean � S.D. (error bars). Experiments were repeated three times. Statistic analysis were calculated using
a t test. F and G, ectopic expression of PTPRR decreased proliferation of ovarian carcinoma– derived cell lines OVCAR5 (F) and CAOV4 (G). Proliferation was
assessed by a Cell Titer-Glo luminescent cell viability assay at the indicated time intervals. Results represent mean � S.D. from three independent experiments.
H, immunoblot analysis to demonstrate ectopic expression of PTPRR, SHP1, and control vector (pCDNA3.1 vector) in ovarian carcinoma– derived cell lines
OVCAR5. Phosphorylation of �-catenin at Tyr-142 was determined. I, proliferation was assessed by the Cell Titer-Glo luminescent cell viability assay at the
indicated time intervals with cells with either control or SHP1 expression. Results represent mean � S.D. from three independent experiments. n.s., not
significant.
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consistent with the previous report (34), indicating that the
transcriptional regulation of ARID3C was under the control of
�-catenin.

To further evaluate the function of ARID3C in ovarian can-
cer cell proliferation, we performed shRNA knockdown of
ARID3C in both OVCAR5 cell lines with or without ectopic
PTPRR-WT (Fig. 6J), followed by a Cell Titer-Glo (CTG) assay.
We found that ARID3C knockdown could robustly inhibit
cell proliferation only in parental OVCAR5 cells and not in
cells with ectopic PTPRR-WT expression (Fig. 6K), revealing
ARID3C as one of the major downstream target genes of the
PTPRR-�-catenin signaling axis in controlling ovarian cancer
cell proliferation.

PTPRR was underexpressed in ovarian cancers, and its
down-regulation was inversely correlated with prognosis

In support of these functional studies of PTPRR in ovarian
cancer cells, we searched the Human Protein Atlas to compare
the protein expression level of the phosphatase between normal
ovary and malignant ovarian carcinomas. In line with our find-
ings, we observed lower expression of PTPRR in ovarian cancer
patient samples (Fig. 7A); in contrast, the phosphatase was
highly expressed in normal ovary tissue (Fig. 7A).

We collected normal fallopian tube and ovary samples (n �
12) as well as ovarian tumor samples (n � 18) to further explore
the expression differences of PTPRR and its impact on Tyr-142
phosphorylation of �-catenin by immunohistochemistry (Fig.
7B). Consistent with the results obtained from the Human Pro-
tein Atlas database, the expression level of PTPRR was signifi-
cantly decreased in ovarian cancer patient samples compared
with normal control (Fig. 7C). Furthermore, we observed a
higher extent of phosphorylation on �-catenin within the
patient cohort (Fig. 7D), and a significant negative correlation
between PTPRR expression and phosphorylation intensity of
Tyr-142 �-catenin was present among 18 tumor samples (Fig.
7E).

Finally, we analyzed clinical data from over 1,000 ovarian
cancer patients (http://kmplot.com/analysis/)5 (58) to further
investigate the relationship between PTPRR expression and
tumor progression. The data indicated that expression of
PTPRR was a good prognostic indicator for overall survival
parameters of the patient (Fig. 7F). The extent of separation was
even significant within patient cohorts suffering from grade 1
and grade 2 disease (Fig. 7G).

Discussion

The core Wnt/�-catenin signaling pathway signal transduc-
tion cascade is one of the main regulators of development

throughout the animal kingdom (35). Mutated Wnt pathway
components are causative in multiple types of cancers (36 –38).
However, the frequencies of mutations in the Wnt/�-catenin
pathway are relatively low in serous, clear cell, and mucinous
ovarian carcinomas (11). But the components of the pathway
and �-catenin targeted genes are still important in ovarian can-
cer development (10). Phosphorylation of two tyrosine residues
in �-catenin, tyrosine 142 and 654, activates the Wnt/�-catenin
pathway (20). Tyrosine kinases, including SRC, Fyn, and FER,
are responsible for phosphorylation of these sites (19 –23).
Whereas several PTPs have been suggested as �-catenin phos-
phatases (30), the identity of the phosphatase that is responsible
for dephosphorylation of �-catenin at Tyr-142 is still missing,
especially within the ovarian cancer context.

In this study, we revealed aberrant activation of the Wnt/�-
catenin pathway in ovarian patient samples and ovarian tumor-
derived cell lines. Through selection with shRNA against all 37
classic protein tyrosine phosphatases, we identified PTPRR as
one of the major tyrosine phosphatases responsible for dephos-
phorylation of �-catenin at Tyr-142. We found that PTPN23
knockdown also up-regulated the phosphorylation of Tyr-142
�-catenin (Fig. 2B), but the expression of PTPN23 was not
down-regulated in ovarian cancer cell lines (Fig. 3A). Thus, we
focused on PTPRR in our studies. The PTPRR gene maps to
chromosome 12, and the protein encoded by this gene is a
member of the protein tyrosine phosphatase (PTP) family. By
methylomic approaches, PTPRR was discovered to be methyl-
ation-silenced in invasive cervical cancer (39). In acute myeloid
leukemia patients, somatic mutations of PTPRR are identified
using a whole-genome sequencing approach (40). Expression of
PTPRR was reported to be low in oral squamous cell carcinoma
(41), prostate cancer cells (42), and pancreatic cancer patient
samples (43). In addition, ectopic expression of PTPRR by site-
specific lentiviral injections in a mouse model resulted in
increased ERK dephosphorylation, which revealed that ERK
might be one of the substrates of PTPRR (44). Our study
showed that decreased PTPRR expression–induced hyperacti-
vation of �-catenin was required for ovarian cancer oncogene-
sis. All of these studies and ours reinforce the importance of
PTPRR in tumor progression and its tumor suppressor func-
tions. It is thus essential to identify the physiological substrates
of PTPRR and the relevant signaling pathways it regulates.

We next combined PTP substrate trapping strategy with the
PUP-IT system to identify the potential binding partner of
PTPRR. Consistent with the co-immunoprecipitation experi-
ment, we did not observe any interaction between �-catenin
and PTPRR. However, �-catenin showed similar strong binding
to either WT or DA mutant of PTPRR. By knocking down
�-catenin, we found that the dephosphorylation of Tyr-142
�-catenin by PTPRR was suppressed (Fig. 5H), indicating the

5 Please note that the JBC is not responsible for the long-term archiving and
maintenance of this site or any other third party hosted site.

Figure 4. Ectopic re-expression of PTPRR led to significantly delayed tumorigenesis in vivo. A, at the indicated time points, mice injected with OVCAR5
cells expressing either luciferase control (n � 6), WT PTPRR (n � 6), or DA mutant PTPRR (n � 6) were imaged using IVIS-200 bioluminescence imaging.
Representative images are shown. B and C, measurements of subcutaneous tumor volume (B) and weight (C) for mice injected with either Luc control,
PTPRR-WT, or PTPRR-DA cells. Results represent mean � S.D. (error bars). n � 6. D, immunohistochemistry staining (pTyr-142 and total �-catenin, PTPRR, and
Ki-67) of subcutaneous tumor sections from mice injected with OVCAR5 cells expressing either luciferase control, WT PTPRR, or DA mutant PTPRR. E, statistical
analysis of immunohistochemistry staining (pTyr-142 and total �-catenin, PTPRR, and Ki-67). Results represent mean � S.D. *, p � 0.05; **, p � 0.01; ***, p �
0.001; n.s., not significant. F and G, measurements of tumor number (F) and body weight (G) for mice intraperitoneally injected with either Luc control,
PTPRR-WT, PTPRR-DA, or SHP1 cells. Results represent mean � S.D. n � 5.
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necessity of �-catenin during this dephosphorylation. We also
confirmed that �-catenin formed a complex with �-catenin and
E-cadherin in ovarian cancer cell lines by immunoprecipita-
tion. Thus, we concluded that PTPRR dephosphorylation of
�-catenin is �-catenin– dependent.

With RNA-Seq and ChIP-PCR analysis, we found that
ARID3C is a novel downstream target of the PTPRR-�-catenin
cascade in ovarian cancer cells. ARID3C was recently charac-
terized as one of the AT-rich interactive domain (ARID) family
proteins featuring a highly conserved, helix-turn-helix DNA-
binding domain (45, 46). Proteins with this domain bind to the
major groove of DNA and are involved in functions ranging
from chromatin remodeling to cell cycle control (45, 47).
Although studies on ARID3C are still limited, its two closely
related paralogues, ARID3A and ARID3B, are reported to be
associated with tumorigenesis (48 –50). In particular, ARID3B
is elevated in serous ovarian cancer patients (51, 52), and over-
expression of ARID3B in ovarian cancer cells accelerates tumor
growth in vitro and in vivo (53). Therefore, it will be interesting
to further characterize the function of ARID3C, a novel down-
stream target of the Wnt/�-catenin pathway, in PTPRR-defi-
cient ovarian cancer cells.

Overall, through a shRNA screen among all classic tyrosine
phosphatases, we identified the protein-tyrosine phosphatase
PTPRR responsible for tyrosine dephosphorylation of �-catenin
on Tyr-142, a key site controlling transcriptional activity of
�-catenin. Remarkably, PTPRR was down-regulated in ovarian
cancers, and ectopic re-expression of the phosphatase led to
significantly delayed ovarian cancer cell growth in vitro and in
vivo. The results of this study suggest that the expression level
of the phosphatase could be a good prognostic marker for over-
all survival of patients.

Experimental procedures

Tissue array analysis

A commercial ovarian tissue array was used for this analysis
(OV2001a, Biomax US). This tissue array includes both eight
adjacent normal ovary tissues, which are widely used as normal
control, and ovarian tumors, including 133 cases of serous car-
cinoma, 34 mucinous adenocarcinoma, 3 adenocarcinoma, 7
endometrioid adenocarcinoma, and 15 metastatic carcinoma.
This tissue array also includes information about TNM and
FIGO classification and staging of tumors of the ovary, fallopian
tube, and primary peritoneal carcinoma. Antibodies used in
this staining were pTyr-142 and total �-catenin (CP1081 and
CM1181, ECM Bioscience).

PTP shRNA library construction and infection

The details for PTP shRNA library construction, including
shRNA sequences, were described by Lin et al. (54). In brief,

a retroviral expression vector, pMLP (MSCV-based vector
expressing shRNA in a miR30 context), was used to construct
this shRNA library. This vector contains puromycin resistance
marker and an EGFP marker for stable cell line selection. The
RNAi Codex program (59) was applied to generate shRNA
sequence for each protein tyrosine phosphatase. shRNA retro-
virus was generated in Phoenix-Ampho packaging cells by co-
transfecting plasmids, including pMLP, VSVG, and the pCL-
Ampho retrovirus packaging vector, at a ratio of 3:1:1. 24 h after
transfection, recombinant retrovirus supernatants were har-
vested. The cleared supernatants were then incubated with
MCF10A cells in the presence of Polybrene (8 mg/ml final con-
centration). 24 h after infection, cells were placed under puro-
mycin selection (2 mg/ml final concentration) for generating a
PTP knockdown stable cell line.

MCF10A cells were lysed in radioimmune precipitation
buffer (50 mM Tris-Cl, pH 7.4, 150 mM NaCl, 1% Nonidet P-40,
1% sodium deoxycholate, 0.1% SDS, 50 mM NaF, 1 mM Na3VO4,
10% glycerol, protease inhibitor mixture from Roche Applied
Science) at 4 °C for 30 min.

Cell culture

Ovarian carcinoma– derived cell lines were cultured in Dul-
becco’s modified Eagle’s medium supplemented with 10% FBS,
penicillin (100 units/ml), and streptomycin (100 �g/ml). Nor-
mal HOSE11-12 and HOSE6-3 control cell lines were grown in
199/MCDB 105 (1:1) medium containing 10% FBS. Cells were
maintained at 37 °C in an atmosphere of 5% CO2.

Cell transfection

PTPRR cDNA (NM_002849 658aa) was used in this study.
The DA mutant of PTPRR was a point mutation at D554A
based on PTPRR-WT cDNA. The CS mutant of PTPRR was a
point mutation at C588S based on PTPRR-WT cDNA. These
cDNAs were cloned into the expression plasmids pCDNA3.1
and pWZL.

Cells were transfected with plasmids by using transfection
reagent Mirus (TransIT-2020, Mirus Bio), following the suppli-
er’s guidance. Briefly, cells were plated in a 6-well plate on the
first day. TransIT:DNA complexes were prepared by combin-
ing Opti-MEM I reduced-serum medium, plasmid DNA, and
TransIT� reagent and adding to cells on the second day. Cells
were harvested for further studies 24 h after the transfection.

TOP/FOP reporter assay

We transfected cells with TOP or FOP flash plasmids along
with SV40-Renilla plasmid (control for transfection) using
transfection reagent Mirus (TransIT-2020, Mirus Bio). Two
days after transfection, we detected luciferase activity using the

Figure 5. PTPRR dephosphorylated �-catenin at Tyr-142 was �-catenin– dependent. A, 293T cells were transiently transfected with SRC, PTPRR-WT, or DA
mutant (in pCDNA3.1 vector), as indicated. Tyrosine phosphorylation of �-catenin at Tyr-142 was compared. Expression of �-catenin, PTPRR, and loading
control actin were also probed. B, after transient transfection with �-catenin, SRC, Myc-tagged PTPRR-WT, DA, or CS mutant (in pCDNA3.1 vector), as indicated,
PTPRR was immunoprecipitated with resin against Myc tag and probed for association with �-catenin and SRC. C–F, 293T cells were transiently transfected with
Myc-tagged PTPRR-WT or DA mutant (in pCDNA3.1 vector), as indicated. PTPRR (C), �-catenin (D), E-cadherin (E), and �-catenin (F) were immunoprecipitated.
The association of PTPRR, �-catenin, �-catenin, and E-cadherin was assessed. G, representative qRT-PCR analysis detecting CTNNA1 expression level in OVCAR5
cells with or without CTNNA1 knockdown. The experiment was done in triplicate. Data are shown as means � S.E. (error bars). H, OVCAR5 cells and PTPRR-WT
ectopically expressed OVCAR5 cells were stably transfected with CTNNA1 shRNA as indicated. Tyrosine phosphorylation of �-catenin at Tyr-142 were normal-
ized to total expression level of �-catenin. Expression of �-catenin, PTPRR, and loading control actin were also probed.
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Dual-Luciferase reporter assay system (FR201-01, Transgen
Biotech) according to the manufacturer’s protocol.

Cell proliferation assay

The Cell Titer-Glo (CTG) luminescent cell viability assay
(Promega) was used to evaluate the role of PTPRR in ovarian
cancer cell proliferation. In brief, 1.5 � 103 cells (OVCAR5 and
CAOV4) per well were seeded in a 96-well plate and grown for
the indicated time intervals. CTG reagent was added to each
well and mixed for �15 min on an orbital shaker to induce cell
lysis, followed by luminescence reading. Results represent
mean � S.E. from three independent experiments.

Cell fractionation assay

We used the NE-PER nuclear and cytoplasmic extraction
reagents kit (catalog no. 78833) to extract nuclear and cytosolic
compartments of control and ovarian cancer cell lines, follow-
ing the manufacturer’s protocol. Lamin B and tubulin were
used as nuclear and cytosolic markers, respectively.

PUP-IT mass spectrometry

The experimental procedure was modified based on a previ-
ous study (33). To generate iPUP (inducible Pup) cell lines, we
produced lentivirus with the PUP (E) plasmid (Bio-Pup (E)-
IRES-BFP within the Tet-On system) and infected OVCAR5
cells for 48 h. 2 �g/ml doxycycline (SELLECK, S4136) was
added into the culture medium for another 24 h. After that,
BFP-positive cells were sorted into 96-well plates for single
clone selection. Two weeks later, each clone was examined for
BFP expression by flow cytometry with or without doxycycline.
The expression of Bio-Pup (E) in BFP-positive cells was also
confirmed by Western blot analysis.

To further stably express PTPRR (WT)-PafA or PTPRR
(DA)-PafA in iPUP OVCAR5 cells, we subcloned PTPRR-WT
or -DA, respectively, into the PafA-IRES-EGFP plasmid. Each
plasmid was packed into a lentivirus and then transduced into
iPUP OVACR5 cells for 48 h. GFP-positive cells were sorted by
flow cytometry. The expression of PTPRR (WT)-PafA and
PTPRR (DA)-PafA was confirmed by Western blot analysis.

PTPRR (WT)-PafA or PTPRR (DA)-PafA expressed iPUP
OVCAR5 cells were grown to a cell density of about 75% on
10-cm dishes. We followed the protocol established in the study
by Liu et al. (33). We used trypsin to generate peptides. To
prepare PUP-IT samples for MS analysis, we used doxycycline

induction, biotin labeling, cell lysis, streptavidin magnetic
beads pulldown, trypsin digestion, and peptide cleaning.

An Easy-nLC 1000 system coupled to a Q Exactive HF (both
from Thermo Scientific) was used to separate and analyze pep-
tides (33). About 1 �g of peptides were separated in an Easy-
Spray C18 column (75 �m � 50 cm, 2 �m, 100 Å, Thermo
Scientific) at a flow rate of 250 nl/min at 50 °C. Mobile phase A
(0.1% formic acid in water) and mobile phase B (0.1% formic
acid in 98% acetonitrile) were used to establish a 60-min gradi-
ent composed of 1 min of 4% B, 48 min of 4 –26% B, 1 min of
26 –30% B, 1 min of 30 –70% B, and 9 min of 70% B. Electrospray
was set to 2.35 kV for ionizing peptides. The following condi-
tions were used to acquire a full MS spectrum (300 –1400 m/z
range): resolution of 120,000 at m/z 200 and a maximum ion
accumulation time of 20 ms. Dynamic exclusion was 30 s. Res-
olution for HCD MS/MS spectra was 30,000 at m/z 200. The
automatic gain control settings of MS1 and MS2 were 3E6 and
1E5, respectively. The 20 most intense ions above a 3.3E4 count
threshold were selected for fragmentation by HCD with a max-
imum ion accumulation time of 60 ms. An isolation width of 1.6
m/z units was used for MS2. We excluded single and unas-
signed charged ions from MS/MS. Normalized collision energy
was 25% for HCD.

The raw data were processed and searched with MaxQuant
version 1.5.4.1 with MS tolerance of 4.5 ppm and MS/MS
tolerance of 20 ppm. The UniProt human protein database
(release 2016_07, 70,630 sequences) and a database for pro-
teomics contaminants from MaxQuant were used for database
searches. Reversed database searches were used to evaluate
false discovery rate (FDR) of peptide and protein identifica-
tions. Two missed cleavage sites of trypsin were allowed. Oxi-
dation (M), pyro-Glu (Gln at peptide N terminus), acetyl (Pro-
tein N-term), deamidation (NQ), and GGE (K) were set as
variable modifications. We set the FDR of both peptide identi-
fication and protein identification to 1%. We also enabled the
options of “Second peptides,” “Match between runs,” and
“Dependent peptides.” Label-free quantification was used to
quantify the difference in protein abundances between differ-
ent samples.

We compared the difference in terms of binding proteins
between OVCAR5 cells with PTPRR-WT expression and cells
with PTPRR-DA expression. To obtain reliable quantification
measurement, each group sample was triplicated. To analyze

Figure 6. ARID3C was identified as one of the major �-catenin downstream targets in controlling ovarian cancer cell proliferation. A, comparison of
steady-state RNA levels are shown as reads per million (rpm), from pre-injected OVCAR5 cells, PTPRR-WT expressed OVCAR5 cells, and PTPRR-DA expressed
OVCAR5 cells. Dashed lines, 2�0.5-fold changes. All genes above this threshold are represented as red dots. The average of two replicates is shown. B, KEGG
pathways commonly containing significantly changed DEGs. C, comparison of steady-state RNA levels are shown as reads per million, from tumor cells derived
from OVCAR5 cell, PTPRR-WT– expressed OVCAR5 cell, and PTPRR-DA– expressed OVCAR5 cell injection. Dashed lines, 2�0.5-fold changes. All genes above this
threshold are represented as red dots. The average of three replicates is shown. D, heat map of significantly changed genes in both cell line RNA-Seq and tumor
tissue RNA-Seq. E, overlap of significantly changed genes from ovarian cancer cell line RNA-Seq and tumor tissue RNA-Seq with targeted genes from the
CTNNB1-CHIP promoter array (GSE21151). F, representative qRT-PCR analysis detecting ARID3C expression level in cells and tumors from OVCAR5 cell,
PTPRR-WT– expressed OVCAR5 cell, and PTPRR-DA– expressed OVCAR5. The experiment was done in triplicate. Data are shown as means � S.E. (error bars). G,
representative qRT-PCR analysis to detect the PBXIP1 expression level in cells and tumors from OVCAR5 cells, PTPRR-WT– expressed OVCAR5 cell, and PTPRR-
DA– expressed OVCAR5. The experiment was done in triplicate. Data are shown as means � S.E. H, representative qRT-PCR analysis detecting DVL3 expression
level in cells and tumors from OVCAR5 cells, PTPRR-WT– expressed OVCAR5 cells, and PTPRR-DA– expressed OVCAR5. The experiment was done in triplicate.
Data are shown as means � S.E. I, ChIP-PCR assay confirming the binding of CTNNB1 to the promoter region of ARID3C in OVCAR5 and PTPRR-DA– expressed
OVCAR5 cells but not PTPRR-WT– expressed OVCAR5 cells. J, representative qRT-PCR analysis detecting ARID3C expression level in OVCAR5 cells and PTPRR-
WT– expressed OVCAR5 cells with or without ARID3C shRNA knockdown. The experiment was done in triplicate. Data are shown as means � S.E. K, cell
proliferation assay on OVCAR5 and PTPRR-WT– expressed OVCAR5 cells with and without ARID3C knockdown. The experiment was done in hexatriplicate. Data
are shown as means � S.E. n.s., not significant.
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the different proteins between OVCAR5 cells with PTPRR-WT
and PTPRR-DA expression, we calculated the -fold change of
LFQ intensity and used a t test to calculate the p value. -Fold
change �2 or �0.5 and a p value �0.05 were regarded as sig-
nificantly different proteins. Then the data were plotted using
GraphPad Prism.

Immunoblotting and immunoprecipitation
Cell extracts were prepared in 1% Nonidet P-40 lysis buffer

(20 mM Hepes, pH 7.5, 150 mM NaCl, 1% Nonidet P-40, 50 mM

NaF, 1 mM Na3VO4, 10% glycerol, and protease inhibitor mix-
ture from Roche Applied Science) at 4 °C for 30 min. Total
protein concentration was determined using the Bradford

Figure 7. PTPRR was significantly underexpressed in ovarian cancers, and its down-regulation was inversely correlated with prognosis. A, represen-
tative tissue microarray cores showing diminished expression of PTPRR in malignant ovarian carcinoma sections compared with normal ovary. Data were taken
from the Human Protein Atlas. B, summary of the immunohistochemistry results for PTPRR protein. C, immunohistochemistry staining (pTyr-142 �-catenin and
PTPRR) of normal (n � 12) and ovarian carcinoma (n � 18) samples. Results represent mean � S.D. (error bars). D, statistical analysis of PTPRR H score between
normal (n � 12) and ovarian carcinoma (n � 18) samples. Results represent mean � S.D. E, correlation analysis of pTyr-142 �-catenin and PTPRR H score in
ovarian carcinoma (n � 18) samples. F, PTPRR expression was stratified as high versus low against median expression. Overall survival within previously
published data sets was analyzed using km Plotter (http://kmplot.com/analysis/)5 (58). G, PTPRR expression was stratified as high versus low against median
expression. Overall survival within patients identified at disease grades 1 and 2 was further analyzed using km Plotter (http://kmplot.com/analysis/)5 (58).
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assay. Proteins were resolved by SDS-PAGE and transferred to
a nitrocellulose membrane. Membranes were blocked in 5%
BSA in TBST (TBS/Tween 20: 20 mM Tris/HCl, pH 7.6, 136 mM

NaCl, and 0.1% Tween 20) and incubated at 4 °C overnight with
primary antibody. Proteins were detected with horseradish
peroxidase– conjugated secondary antibodies (Jackson Labora-
tory) and ECL (Pierce). The primary antibodies used in this
study were as follows: pTyr-142 �-catenin (CP1081, ECM Bio-
science) diluted 1:500, �-catenin (CM1181, ECM Bioscience)
diluted 1:500, �-catenin (A5635, Abclonal) diluted 1:1,000,
lamin B (sc-6216, Santa Cruz Biotechnology, Inc.) diluted
1:500, �-tubulin (T6557, Sigma) diluted 1:1,000, actin (A2066,
Sigma) diluted 1:10,000, GAPDH (NB300-221E, Novus Biolog-
icals) diluted 1:1,000, LEF1 (catalog no. 2230, Cell Signaling
Technology) diluted 1:1,000, TCF1 (catalog no. 2203, Cell Sig-
naling Technology) diluted 1:1,000, TCF3 (catalog no. 2883,
Cell Signaling Technology) diluted 1:1,000, TCF4 (catalog no.
2569, Cell Signaling Technology) diluted 1:1,000, SFRP1 (cata-
log no. 3534, Cell Signaling Technology) diluted 1:1,000,
pERK1/2 (Thr-202/Tyr-204) (catalog no. 4377, Cell Signaling
Technology) diluted 1:1,000, ERK1/2 (catalog no. 4695, Cell
Signaling Technology) diluted 1:1,000, PTPN6 (catalog no.
3759, Cell Signaling Technology) diluted 1:1,000, PTPN11 (cat-
alog no. 3397, Cell Signaling Technology) diluted 1:1,000, pTyr-
416 Src (catalog no. 2101, Cell Signaling Technology) diluted
1:1000, pTyr-527 Src (catalog no. 2105, Cell Signaling Technol-
ogy) diluted 1:1,000, Src (catalog no. 2110, Cell Signaling Tech-
nology) diluted 1:1,000, E-cadherin (catalog no. 3195, Cell Sig-
naling Technology) diluted 1:1,000, PTPRR (PA5-29243,
Invitrogen) diluted 1:1,000, PTPRH (diluted 1:1,000, PA5-
31340, Invitrogen), PTPRS (AF3430, R&D Systems) diluted
1:1,000, PTPRU (MAB7475, R&D Systems) diluted 1:1,000,
PTPRU (610350, BD Bioscience) diluted 1:1,000, PTPRU
(610350, BD Bioscience) diluted 1:1,000, and PTPN22
(H00026191-M01, Abnova) diluted 1:1,000. Primary antibod-
ies, including PTPRM, PTPN2, and PTPRJ, were gifts from
Prof. N. K. Tonks (Cold Spring Harbor Laboratory). PTPRK
primary antibody was a gift from Prof. A. Ullrich (Max-Planck).
PTPN23 primary antibody was a gift from Prof. A Pause
(McGill University).

For immunoprecipitation, precleared cell extracts were incu-
bated with the indicated antibody for 4 h in a cold room with
rotation followed by 1 h of pulldown by 1:1 Protein A/G-aga-
rose beads. Immunoprecipitates were washed with lysis buffer
three times before electrophoresis.

ChIP-PCR

OVCAR5 cells or OVCAR5 cells expressing WT or trapping
mutant of PTPRR were cross-linked with 1% formaldehyde for
5 min at room temperature, lysed by SDS lysis buffer, and son-
icated to generate DNA fragments with an average size of 500
bp. After preclearing with Protein A/G beads, antibodies
against �-catenin (610154, BD Biosciences) or control mouse
IgG was added to cell lysate and incubated at 4 °C overnight.
DNA cross-linked with �-catenin was pulled down with Pro-
tein A/G beads and washed and purified with the MinElute PCR
purification kit (catalog no. 28004, Qiagen). Aliquots of CHIP-

enriched DNA and whole-cell lysate DNA were subjected to
PCR analyses.

qRT-PCR

Total RNAs were prepared as described previously (6, 55)
and retrotranscribed into first-strand cDNA using the first-
strand synthesis system following the manufacturer’s protocol
(catalog no. 1708840, Bio-Rad). qRT-PCR was performed using
an ABI 7500 sequence detection system (PerkinElmer Life Sci-
ences). Primer sequences are listed in Table S1.

Gene knockdown using shRNAs

Lentivirus-mediated delivery of shRNAs directed against
ARID3C and CTNNA1 (�-catenin) were performed as de-
scribed previously (55). shRNAs were packaged in lentiviral
particles by co-transfection with packaging plasmids into HEK-
293T cells, and the filtered cell culture supernatant was then
used to infect cells. The shRNA sequences are listed in Table S1.

RNA-Seq and bioinformatics analysis

Total RNAs from OVCAR5 cells, OVCAR5 cells expressing
WT or trapping mutant of PTPRR as well as xenograft tumors
from OVCAR5 cells, or OVCAR5 cells expressing WT or trap-
ping mutant of PTPRR were used for RNA-Seq analysis. We
aligned the reads to hg19 using Tophat2, and gene counts were
calculated by htseq-count tools.

Animal work

All study protocols involving mice were approved by the
institutional animal care and use committee of ShanghaiTech
University and conducted in accordance with governmental
regulations of China for the care and use of animals.

In the subcutaneous injection model, 1 � 106 OVCAR5 cells
or OVCAR5 cells expressing WT or trapping mutant of PTPRR
were suspended in 100 �l of 1:1 mixture with Dulbecco’s mod-
ified Eagle’s medium and growth factor-reduced Matrigel (BD
Biosciences) and subcutaneously injected into nude mice. All
cells were engineered with a luciferase expression cassette. Sub-
cutaneous tumor growth was monitored periodically by inject-
ing 100 �l of 15 mg/kg D-luciferin (PerkinElmer Life Sciences)
intraperitoneally and imaging the animal using a Xenogen
imager (Xenogen IVIS-200 optical in vivo imaging system).
Tumor volume (formula: volume � width2 � length/2; in mm3)
and weight (g) of all subcutaneous tumors were measured.

In the intraperitoneal injection model, 5 � 106 OVCAR5
cells or OVCAR5 cells expressing WT, DA mutant of PTPRR,
or SHP1 were suspended in 100 �l of 1:1 1� PBS and into the
peritoneum (body cavity) of nude mice at 6 weeks. Mice were
analyzed 6 weeks after injection.

Immunohistochemistry staining

Tissues were fixed in 10% buffered formalin for 24 h, fol-
lowed by a gentle wash and transfer to PBS. Then paraffin-
embedded tissues were sectioned to 6-�m-thick, placed on
charged glass slides, and stained with hematoxylin and eosin or
appropriate immunohistochemical stains. Antigen retrieval
was performed by incubating the slides in 0.01 mol/liter citric
acid buffer (pH 6.0) at 95 °C for 15 min. Slides were then
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allowed to cool to room temperature for 20 min in a citric acid
buffer. After the slides were washed with deionized water, they
were transferred to TBS (pH 7.4) for 5 min. Slides were counter-
stained in Mayer’s hematoxylin, dehydrated, cleared, and cover-
slipped. Negative control slides were run without primary anti-
body. Control slides known to be positive for each antibody were
incorporated. Antibodies used in this staining were pTyr-142 and
total �-catenin (ECM Bioscience) and PTPRR (Invitrogen).

Sections were first blocked with 5% normal horse serum and
1% BSA (in TBS) for 1 h at room temperature, and then the
primary antibodies were diluted, as suggested by the manufac-
turer, and incubated overnight at 4 °C. Following three 10-min
washes with TBS, sections were incubated with biotinylated
secondary antibody for 30 min at room temperature and rinsed
with TBS three times for 10 min. Finally, the sections were
treated with diaminobenzidine for 3 min and rinsed with dis-
tilled water to end the reaction, mounted on gelatin-coated
slides, air-dried, dehydrated with 70 –100% alcohol, cleared
with xylene, and coverslipped for microscopic observation.
After examination of all immunohistochemical and special
stains, stained slides were digitally scanned using the Aperio
ScanScope software. Staining strength was classified into three
levels.

H score was used for statistical analysis and calculated as
positive staining percentage multiplied by staining strength
(56). Briefly, all specimens were evaluated in a blinded setting to
evaluate staining intensity of analyzed cells (on a scale of 0 –3)
and the fraction of cells staining at each intensity. We adopted
a scoring system to calculate the score of intensity times the
percentage of the stained tumor cells. For sections with analyz-
able tumor cells, staining intensity was scored in four catego-
ries: no staining (0), weak staining (1	), intermediate staining
(2	, between 1	 and 3	), and strong staining (3	). The per-
centages of tumor cells showing the different staining intensi-
ties were assessed visually. We used the prospectively collected
IHC data to generate IHC scores on a continuous scale of
0 –300. By integration of the data relating to the intensity and
frequency of staining, the IHC score was calculated with the
formula, 1 � (percentage of cells staining weakly (1	)) 	 2 �
(percentage of cells staining moderately (2	)) 	 3 � (percent-
age of cells staining strongly (3	)).
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(1999) Regulation of E-cadherin/catenin association by tyrosine phosphor-
ylation. J. Biol. Chem. 274, 36734 –36740 CrossRef Medline

20. Piedra, J., Miravet, S., Castaño, J., Pálmer, H. G., Heisterkamp, N., Garcı́a
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