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Tumor suppressor PTEN (phosphatase and tensin homologue deleted
on chromosome 10) levels are frequently found reduced in human
cancers, but how PTEN is down-regulated is not fully understood. In
addition, although a compelling connection exists between PRL
(phosphatase of regenerating liver) 2 and cancer, how this phospha-
tase induces oncogenesis has been an enigma. Here, we discovered
that PRL2 ablation inhibits PTEN heterozygosity-induced tumorigen-
esis. PRL2 deficiency elevates PTEN and attenuates AKT signaling,
leading to decreased proliferation and increased apoptosis in tumors.
We also found that high PRL2 expression is correlated with low PTEN
level with reduced overall patient survival. Mechanistically, we iden-
tified PTEN as a putative PRL2 substrate and demonstrated that
PRL2 down-regulates PTEN by dephosphorylating PTEN at Y336,
thereby augmenting NEDD4-mediated PTEN ubiquitination and pro-
teasomal degradation. Given the strong cancer susceptibility to sub-
tle reductions in PTEN, the ability of PRL2 to down-regulate PTEN
provides a biochemical basis for its oncogenic propensity. The results
also suggest that pharmacological targeting of PRL2 could provide a
novel therapeutic strategy to restore PTEN, thereby obliterating
PTEN deficiency-induced malignancies.
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The PRL (phosphatase of regenerating liver) phosphatases
(PRL1, 2, and 3) are overexpressed in a wide range of human

cancers, where their expression is correlated with late-stage
metastasis as well as poor clinical outcomes (1, 2). Although
there is a compelling connection between PRLs and cancer, the
mechanism by which they promote tumorigenesis is unknown. To
elucidate the biological function of the PRLs, the effect of PRL
deletion was analyzed at the organismic level (1). Mice lacking
Prl2, the most ubiquitously and abundantly expressed PRL, dis-
play developmental abnormalities associated with placenta in-
sufficiency, impaired spermatogenesis, and hematopoietic stem
cell self-renewal, likely due to impaired AKT activity as a result
of increased level of PTEN (phosphatase and tensin homologue
deleted on chromosome 10) in affected tissues (3–5). However,
the oncogenic role of PRL2 in the context of tumorigenesis has
not been fully evaluated in vivo. Interestingly, AKT is among the
most hyperactivated oncoproteins (6), whereas PTEN is the sec-
ond most frequently inactivated tumor suppressor after p53 in
human cancers (7, 8). The discovery that phosphatidylinositol
3,4,5-phosphate (PIP3) is a PTEN substrate places this phospha-
tase into one of the most commonly abrogated signaling pathways
in cancer, the phosphoinositide 3-kinase (PI3K) pathway. Hence,
a decrease in PTEN activity will trigger a rise in PIP3 concen-
tration, leading to unopposed activation of the protooncogene
AKT. Thus, our previous findings with Prl2−/− mice (3–5) suggest
that PRL2 may function to amplify AKT signaling by reducing the
level of PTEN that normally antagonizes PI3K activity.
Unlike classical tumor suppressors, PTEN is haploinsufficient

and Pten heterozygous mice develop tumors spontaneously (9–14).
Importantly, decreased PTEN or partial loss of PTEN function is

prevalent in human cancers, and PTEN deficiency in the absence
of genetic loss or mutation can increase cancer risk in a PTEN
dose-dependent manner (7, 15–19). Given the strong cancer sus-
ceptibility to subtle variations in PTEN level, the ability of PRL2
to down-regulate PTEN offers a plausible mechanism for PRL2-
mediated tumorigenesis. However, the detailed molecular mech-
anism underpinning PRL2-mediated PTEN down-regulation re-
mains unclear due to the lack of credible substrates identified
for PRL2.
To unequivocally define the role of PRL2 in oncogenesis and to

elucidate the mechanism by which PRL2 down-regulates PTEN,
we studied the effect of PRL2 ablation on PTEN heterozygosity-
induced tumorigenesis. We discovered that deletion of Prl2 in
Pten+/− mice potently impedes tumor progression and prolongs
survival. We found that PRL2 deficiency increases the level of
PTEN and reduces AKT signaling, leading to decreased cell
proliferation and increased survival. Consistent with the mouse
genetic data, we uncovered that high PRL2 expression is corre-
lated with low PTEN level and decreased overall clinical outcome.
Mechanistically, we identified PTEN as a putative PRL2 substrate
and demonstrated that PRL2 down-regulates PTEN by dephos-
phorylating Y336 in PTEN, thereby stimulating NEDD4-mediated
PTEN ubiquitination and proteasomal degradation. Collectively,
the work establishes that PRL2 promotes tumorigenesis by

Significance

The PRL phosphatases are highly oncogenic when overexpressed.
However, the mechanism bywhich they promote tumorigenesis is
unknown. Here, we reveal PTEN as a putative PRL2 substrate and
define amechanism for PTEN degradation through PRL2-mediated
PTEN dephosphorylation. These insights immediately place the
PRL2 phosphatase into the PI3K/AKT pathway, one of the critical
signaling networks altered in cancer. We further demonstrate in a
preclinical model that removal of Prl2 in Pten+/− mice increases the
level of PTEN and inhibits PTEN heterozygosity-induced tumori-
genesis. Given the observed inverse correlation between PRL2
expression and PTEN level, targeting PRL2 serves as a potential
PTEN restoration strategy to treat cancers caused by PTEN
deficiency.

Author contributions: Q.L., Y.B., and Z.-Y.Z. designed research; Q.L., Y.B., G.Y., O.A.,
F.N.M., and C.C. performed research; Q.L., Y.B., L.T.L., and Z.-Y.Z. analyzed data; and
Q.L., Y.B., L.T.L., and Z.-Y.Z. wrote the paper.

The authors declare no competing interest.

This article is a PNAS Direct Submission. V.S. is a guest editor invited by the
Editorial Board.

Published under the PNAS license.
1Q.L. and Y.B. contributed equally to this work.
2To whom correspondence may be addressed. Email: zhang-zy@purdue.edu.

This article contains supporting information online at https://www.pnas.org/lookup/suppl/
doi:10.1073/pnas.2002964117/-/DCSupplemental.

First published August 11, 2020.

20538–20548 | PNAS | August 25, 2020 | vol. 117 | no. 34 www.pnas.org/cgi/doi/10.1073/pnas.2002964117

https://orcid.org/0000-0002-1322-8288
https://orcid.org/0000-0001-8635-865X
https://orcid.org/0000-0001-8542-0343
https://orcid.org/0000-0001-5527-7910
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2002964117&domain=pdf
https://www.pnas.org/site/aboutpnas/licenses.xhtml
mailto:zhang-zy@purdue.edu
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2002964117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2002964117/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.2002964117


lowering PTEN and unveils a mechanism for PTEN down-
regulation. The results also provide support for targeting PRL2
as a therapeutic approach for PTEN restoration to treat cancers
caused by PTEN deficiency.

Results
PRL2 Deficiency Increases PTEN Protein In Vivo.To determine whether
PRL2 promotes tumorigenesis by down-regulating PTEN, we in-
vestigated whether loss of PRL2 increases PTEN and reduces
tumor formation in the context of PTEN heterozygous deficiency.
Pten+/− mice display an increased incidence of cancers (10, 12, 13,
20) and serve as an excellent model for PTEN deficiency-induced
human cancers. We generated wild-type (WT), Prl2−/−, Pten+/−,
and Pten+/−;Prl2−/− mice on a C57BL/6 genetic background
(Fig. 1A). As reported previously, we did not observe Pten−/− mice,
as they die early during embryogenesis, indicating that PRL2 is
upstream of PTEN and loss of PRL2 cannot rescue embryonic
lethality resulting from homozygous PTEN deletion. Similarly,
Prl2−/− mice were 20% smaller when compared with WT or
Pten+/− littermates (4) (SI Appendix, Fig. S1A), and the body
weight of Pten+/− mice was not different from that of the WT
controls. Interestingly, however, the body weight of male
Pten+/−;Prl2−/− mice was 10% greater than that of Prl2−/− male
mice, although that of female mice was similar between Prl2−/−

and Pten+/−;Prl2−/− (SI Appendix, Fig. S1A). These data suggest
that PTEN heterozygous deletion can partially rescue the stunted
growth caused by PRL2 deficiency, supporting that PTEN is
downstream of PRL2.
Similar to previous findings (3–5), PTEN levels were 25%

higher in Prl2-deficient mice than in the WT controls (Fig. 1 B
and C and SI Appendix, Fig. S1 B and D). Importantly, we also
observed a 35.7% increase of PTEN in Pten+/−;Prl2−/− mice in
comparison with Pten+/− mice (Fig. 1 B and C). The levels of
PTEN increase determined by Western blots are in agreement
with immunohistochemistry measurements (SI Appendix, Fig.
S1 C, E, and F). PRL2 deletion did not affect PTEN transcrip-
tion, since Pten messenger RNA (mRNA) levels were similar in
WT and Prl2−/− mice (SI Appendix, Fig. S1G). To further cor-
roborate that PRL2 functions to suppress PTEN protein, we
performed immunofluorescence analysis of cells stably express-
ing Myc-tagged PTEN. As expected, PRL2, but not its catalyti-
cally inactive mutant CS/DA (where the active-site nucleophilic
C101 and the general acid/base D69 were mutated to S and A,
respectively), is able to suppress the PTEN level inside the cell
(Fig. 1 D and E and SI Appendix, Fig. S1 H and I). These results
further demonstrate that deletion of PRL2 increases PTEN
protein in vivo, and PRL2 functions to down-regulate PTEN in a
phosphatase activity-dependent manner.

Loss of PRL2 Suppresses Tumor Development and Extends Life Span. To
determine the impact of PRL2 removal on PTEN heterozygosity-
induced tumorigenesis, we monitored a cohort of WT (n = 87),
Prl2−/− (n = 89), Pten+/− (n = 125), and Pten+/−;Prl2−/− (n = 85)
mice for 17 mo for survival and tumor formation. In agreement with
previous studies (10, 12, 13), ∼80% of Pten+/− mice developed tu-
mors during the first 2 to 17 mo of age, and 80% of them died
before 17 mo (Fig. 2 A and B and SI Appendix, Table S1). The mean
survival for Pten+/− mice was 9 mo. In contrast, tumor onset was
dramatically delayed in the Pten+/−;Prl2−/− cohort, with the first
tumor appearing at 7 mo, and 80% of Pten+/−;Prl2−/− mice survived
past the 17-mo observation window (Fig. 2 A and B). In addition,
significantly fewer and smaller tumors were found in Pten+/−;Prl2−/−

mice compared with the Pten+/− cohort (Fig. 2 C and D and SI
Appendix, Fig. S2 and Table S1). Detailed characterization of tu-
mors in Pten+/− and Pten+/−;Prl2−/− mice is provided in SI Appendix.
Overall, Pten+/− mice harbored 71 tumors (78.9%) while
Pten+/−;Prl2−/− mice only had 11 tumors (19.3%). None of the WT
and Prl2−/− mice developed tumors (Fig. 2B) during the same

period of time. These in vivo data show that PRL2 deficiency
dramatically reduces the tumor-forming potential and considerably
increases the tumor-free survival of Pten+/− mice, indicating a
central role for PRL2 in PTEN deficiency-induced tumorigenesis.

Fig. 1. PRL2 deficiency increases PTEN protein in vivo. (A) Representation of
the crossing scheme used to produce Pten+/−;Prl2−/− mice. Four experimental
mice, WT, Prl2−/−, Pten+/−, and Pten+/−;Prl2−/−, are marked as bold. Mouse 4
indicates experimental Pten+/−;Prl2−/− mice. KO, knockout. (B) Western
blotting analysis of PTEN, PRL1, and PRL2 expression in 3-mo-old WT, Prl2−/−,
Pten+/−, and Pten+/−;Prl2−/− mouse spleen tissue. Anti–β-actin and GAPDH
served as the loading controls. (C) Quantification of PTEN levels corre-
sponding to B, showing PTEN levels in mouse spleen tissue. Each bar rep-
resents the mean SD from three independent experiments. *P < 0.01, ***P <
0.0001. (D) Immunofluorescence analysis showing decreased PTEN protein
levels in PRL2-overexpressing cells. Cells were stained with Myc-PTEN (green)
and Flag-PRL2 (red). (D, Right) Overlay of PRL2, PTEN, and DAPI staining of
the same field. (Scale bar, 10 μm.) (E) Relative fluorescence intensity values
corresponding to D were detected by ImageJ software. Each bar represents
the mean SD from three independent experiments. **P < 0.001.
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Deletion of PRL2 Decreases Proliferation and Increases Apoptosis in
the Tumor. Given that loss of PRL2 attenuates tumor progression,
we examined primary lymphomas, the most predominant cancer
type in Pten+/− mice (13) (SI Appendix, Table S1), from the
Pten+/− and Pten+/−;Prl2−/− cohorts in order to determine the
mechanism by which PRL2 obliteration inhibits tumorigenesis.
We first evaluated whether PRL2 deficiency has any effect on
angiogenesis. We stained the lymphomas (and adrenal tumors) for
the endothelial marker CD31 and observed no differences in
microvessel density between tumors in Pten+/− and Pten+/−;Prl2−/−

mice (SI Appendix, Fig. S3 A–D). By contrast, the number of Ki-
67–positive cells in lymphomas was 44.5% lower in Pten+/−;Prl2−/−

mice as compared with Pten+/− mice (Fig. 3 A and B). In addition,
cleaved PARP expression and the number of TUNEL (terminal
deoxynucleotidyl dUTP nick end labeling)-positive cells were in-
creased by 50 and 107%, respectively, in lymphomas from
Pten+/−;Prl2−/− mice compared with those from Pten+/− mice
(Fig. 3 C–F). Taken together, these data indicate that PRL2-
deficient tumor cells are less proliferative and more apoptotic
than their PRL2-containing counterparts. The decreased prolif-
erative and survival propensities exhibited by PRL2-deficient cells
impede cellular growth and tumorigenesis.

PRL2 Deficiency Attenuates Tumorigenesis by Up-Regulating PTEN to
Reduce AKT Activity. We posited that PRL2 promotes tumorigen-
esis by down-regulating PTEN and that deletion of PRL2 should
restore PTEN, thereby obliterating PTEN deficiency-induced
malignancies. Indeed, PTEN protein level was 50% higher in
lymphomas from Pten+/−;Prl2−/− mice compared with those from
Pten+/− mice (Fig. 4 A and B). Similar results were obtained from
immunohistochemistry staining of the tumor tissues (Fig. 4C).
Together, the data indicate that loss of PRL2 also increases PTEN
in lymphomas. As observed previously (4), PRL2 deletion has no
effect on either PI3K expression or activity (SI Appendix, Fig. S3 E
and F). Theoretically, an increase in PTEN will decrease PIP3
concentration, which reduces AKT localization to the membrane,

where it can be activated by phosphorylation (6). To ascertain
whether an increase in PTEN leads to a hypoactive AKT kinase,
we measured the activating phosphorylation status of AKT. We
found that pAKT/T308 and pAKT/S473 were 36 and 15% lower in
tumors from Pten+/−;Prl2−/− mice, respectively (Fig. 4 A and B).
We did not detect any change in the levels of PH-domain leucine-
rich repeat protein phosphatases (PHLPP1 and 2) (SI Appendix,
Fig. S3G), which dephosphorylates AKT at S473 (21). Therefore,
the lower AKT phosphorylation (and activity) in Pten+/−;Prl2−/−

tumors is most likely due to up-regulation of PTEN as a result of
PRL2 deletion.
To further substantiate that impaired tumorigenesis in

Pten+/−;Prl2−/− mice is indeed due to increased PTEN expression
and decreased AKT activity, we investigated several pathways that
are known to be regulated by AKT (6). AKT promotes cell growth
through activation of mammalian target of rapamycin complex 1
(mTORC1). To determine whether deletion of PRL2 reduces
mTORC1 signaling, we analyzed the activation status of mTOR
and its downstream target, the S6 kinase, in lymphomas from
Pten+/− and Pten+/−;Prl2−/− mice. Consistent with our expectation,
we found that p-mTOR/S2448 and pS6K/T389 were 19 and 20%
lower in tumors from Pten+/−;Prl2−/− mice, respectively (Fig. 4 A
and B). AKT also promotes cell proliferation and metabolism by
exerting an inhibitory phosphorylation on Ser9 of GSK3β, thereby
blocking the accessibility of GSK3β substrates. We observed a
47% decrease in pGSK3β/S9 in Pten+/−;Prl2−/− lymphomas com-
pared with those from Pten+/− mice (Fig. 4 A and B). These data
indicate that loss of PRL2 may decrease tumor cell proliferation
and growth by inhibiting the mTORC1/S6K pathway and acti-
vating GSK3β, consistent with AKT inactivation in Prl2−/− cells.
AKT can also regulate cell survival through direct phosphory-

lation of BAD and FoxOs (6). No notable differences in pBAD/
S136 and pFoxO1(T24)/pFoxO3(T32)/pFoxO4(T28) were ob-
served between tumors from Pten+/− and Pten+/−;Prl2−/− mice (SI
Appendix, Fig. S3G). We then explored whether the phosphory-
lation of MDM2, another substrate of AKT and the E3 ubiquitin
ligase for the tumor suppressor p53, is altered. Phosphorylation of
MDM2 on S166 by AKT triggers its translocation from the cyto-
plasm to the nucleus and/or increases its ubiquitin ligase activity,
both of which promote p53 degradation. Therefore, we analyzed
pMDM2/S166 and p53 levels as well as several p53 target genes
from lymphoma samples derived from Pten+/− and Pten+/−;Prl2−/−

mice. Deletion of Prl2 in Pten+/− mice decreased the pMDM2/
S166 level by 42%, leading to a 53% increase in p53 protein
(Fig. 4 D and E).
p53 activates the intrinsic cell-death pathway by directly up-

regulating the proapoptotic Bcl-2 family member Bax as well as
the BH3-only proapoptotic protein PUMA (p53 up-regulated
modulator of apoptosis) (22). Consistent with the increase in
p53, we found that the levels of PUMA and Bax proteins are 1.74-
and 1.70-fold higher in tumors from Pten+/−;Prl2−/− mice than
those from Pten+/− mice, respectively (Fig. 4 D and E). In line with
these findings, the mRNA levels of PUMA and Bax are also in-
creased by 2.2- and 2.5-fold, respectively, in lymphomas from
Pten+/−;Prl2−/− mice (Fig. 4F). Interestingly, deletion of PRL2 has
no effect on the level of Noxa (Fig. 4F), another BH3-only
proapoptotic protein that is also p53-dependent. No change in
cyclin-dependent kinase (CDK) inhibitor p21 protein (Fig. 4 D
and E) or mRNA (Fig. 4F) was observed when PRL2 was deleted
from Pten+/− tumors. We also found no change in cyclin D1, one
of the major cyclins for CDKs (SI Appendix, Fig. S3G). These
observations indicate that p53-dependent cell-cycle progression
was not affected by PRL2 deletion. Taken together, these results
suggest that the increased apoptosis in Pten+/−;Prl2−/− cells is
likely brought about by p53-mediated selective expression of
proapoptotic Bcl-2 family proteins Bax and PUMA, as a result of
impaired AKT phosphorylation on MDM2.

Fig. 2. Loss of PRL2 suppresses tumor development and extends the life
span. (A) Comparative analysis of Kaplan–Meier curves showing survival
rates for WT (n = 87), Prl2−/− (n = 89), Pten+/− (n = 125), and Pten+/−;Prl2−/−

(n = 85) mice up to 17 mo of age. Black line, WT mice; gray line, Prl2−/− mice;
red dashed line, Pten+/− mice; blue dashed line, Pten+/−;Prl2−/− mice. ***P <
0.0001 by log-rank test. (B) The percentage of tumor-free mice. PRL2 defi-
ciency suppresses tumor formation in Pten+/−;Prl2−/− mice (n = 57) compared
with Pten+/− mice (n = 90). ***P < 0.0001 by log-rank test. (C) Deletion of
PRL2 suppresses lymphoid tumor growth (P < 0.04). (D) Deletion of PRL2
suppresses adrenal tumor growth. Adrenal tumor size was decreased in the
Pten+/−;Prl2−/− group compared with Pten+/− mice (P < 0.05).
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We also analyzed if any other previously implicated PRL-
mediated pathways are also perturbed when PRL2 is deleted
in PTEN heterozygosity-induced tumors. Ectopic PRL expres-
sion in cultured cells activates several signaling pathways, in-
cluding the Rho family of small GTPases, Src, ERK1/2, STAT3,
and AKT (1). However, no appreciable changes were observed
in the phosphorylation status of pSrc/Y527, pERK1/2, and
pSTAT3/Y705 (SI Appendix, Fig. S3 G and H). We also did not
find any change in Jak2 or variation in RhoA and Ras activity (SI
Appendix, Fig. S3 G–I). PRLs have been reported to regulate
intracellular [Mg2+] in cell culture through interaction with the
CNNM family of proteins (2). However, no differences in
CNNM1 and 3 expression or Mg2+ concentration were found
between samples from Pten+/− and Pten+/−;Prl2−/− mice (SI
Appendix, Fig. S4). Taken together, these results indicate that
ablation of PRL2 attenuates tumorigenesis primarily through up-
regulating PTEN and impeding AKT activity.

PRL2 Expression Is Inversely Correlated with PTEN Level in Human
Cancers. To assess the clinical relevance of PTEN regulation by
PRL2, we investigated whether there is a correlation between
PRL2 and PTEN in human cancers. From the cBioPortal data-
base (www.cbioportal.org/), we discovered that PRL2 is ampli-
fied in many cancers (SI Appendix, Fig. S5A). PTEN levels are
frequently down-regulated in human malignancies, even in the
absence of genetic loss or mutation (19). Furthermore, partial
loss of PTEN function or decreased PTEN expression is

sufficient to promote tumor progression (7, 17). Consistent with
the mouse genetic data, we found that PRL2 mRNA inversely
correlated with PTEN protein with statistical significance in
multiple human cancers (Fig. 5 B, E, and H and SI Appendix, Fig.
S5 D and G). In line with the inverse correlation between PRL2
and PTEN, we also observed that PRL2 mRNA expression
positively correlated with the activation of the PI3K/AKT path-
way components pAkt/S473, p-mTOR/S2448, pS6K/T389, pS6/
S235/S236, and pS6/S240/S244 in prostate adenocarcinoma (SI
Appendix, Fig. S5B), consistent with our biochemical findings
(Fig. 4 A and B). Furthermore, when these samples were divided
into two groups based on PRL2 mRNA level (low and high), the
mean PTEN protein level was significantly lower in the group
with high PRL2 expression compared with the group with lower
PRL2 expression (Fig. 5 A, D, and G and SI Appendix, Fig. S5 C
and F), supporting an inverse correlation between PRL2 mRNA
and PTEN protein in these cancer patients. More importantly,
cancer patients with a high PRL2 mRNA level have a worse
prognosis for survival than those with a lower PRL2 expression
(Fig. 5 C, F, and I and SI Appendix, Fig. S5 E and H). In contrast,
a high PRL2 level has little predictive value in assessing patient
survival in cancer types where there is no clear correlation be-
tween PRL2 mRNA and PTEN levels (SI Appendix, Fig. S5 I and
J). The results are in accordance with our findings that removal
of PRL2 in Pten+/− mice increases the level of PTEN and inhibits
PTEN heterozygosity-induced tumorigenesis and suggest that
PRL2 overexpression could contribute to the reduced survival

Fig. 3. Deletion of PRL2 decreases proliferation and increases apoptosis in the tumor. (A) Representative Ki-67 staining from lymphomas of Pten+/− and
Pten+/−;Prl2−/− mice. (Scale bars, 50 μm.) (B) Quantification of Ki-67–positive cells per area unit. Reduction of Ki-67–positive cells in Pten+/−;Prl2−/− mouse tumor
cells compared with Pten+/− mice. Error bars show SD from three independent experiments. ***P < 0.001. (C) Western blotting analysis showing increased
cleaved PARP level in lymphoma samples of Pten+/−;Prl2−/− compared with Pten+/−. Anti–β-actin and GAPDH served as the loading controls. (D) Quantification
of cleaved PARP protein levels in mouse lymphomas corresponding to C. Error bars represent SD from three independent experiments. ***P < 0.001. (E)
Representative TUNEL staining from lymphomas of Pten+/− and Pten+/−;Prl2−/− mice. (Scale bar, 100 μm.) (F) Quantification of the apoptotic index corre-
sponding to E. Error bars represent SD from three independent experiments. *P = 0.02.
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rate in multiple human cancers by down-regulating PTEN. To
further corroborate the inverse correlation between PRL2 and
PTEN, we examined the relationship between PRL2 amplifica-
tion and PTEN deletion in The Cancer Genome Atlas (TCGA)
database. We found 466 patients with PTEN deletion, but only 4
had PRL2 amplification. Moreover, we found 61 patients with
PRL2 amplification, but 57 out of the 61 exhibited no PTEN
deletion. These observations suggest that these two events,
namely PRL2 amplification and PTEN deletion, are most likely
mutually exclusive, which is in line with the model proposed.

PRL2 Promotes NEDD4-Mediated PTEN Polyubiquitination and
Degradation. The results described above suggest that PRL2 pro-
motes AKT signaling by down-regulating PTEN. To determine
how PRL2 controls PTEN, we found that PRL2-overexpressing
cells, but not the vector control or the catalytically inactive mutant
PRL2 CS/DA cells, exhibit accelerated PTEN protein degradation
(Fig. 6 A and B). Furthermore, treatment of cells with the pro-
teasome inhibitor MG132 restored PTEN protein levels in PRL2-
overexpressing cells but not in the PRL2 CS/DA and vector

control cells (Fig. 6C). These results indicate that PRL2 reduces
PTEN through proteasome-dependent degradation and that
PRL2 phosphatase activity is essential for PRL2-mediated PTEN
down-regulation.
We next determined whether PRL2 promotes proteasome-

dependent PTEN degradation by increasing PTEN polyubi
quitination. We discovered that PTEN is heavily ubiquitinated in
the presence of PRL2 but not the catalytically inactive CS/DA
mutant (Fig. 6D). Conversely, the level of ubiquitination on en-
dogenous PTEN in PRL2-deficient mouse embryonic fibroblast
(MEF) cells was markedly lower than that from WTMEF cells (SI
Appendix, Fig. S6A). In addition to PRL2, PRL1 and PRL3 can
also promote PTEN polyubiquitination (SI Appendix, Fig. S6B),
indicating that this might be a general mechanism for all PRLs. We
also established that PRL2-mediated PTEN polyubiquitination is
linked through K48 (Fig. 6E), further confirming that PRL2 pro-
motes PTEN degradation through the proteasome pathway.
Several PTEN-specific E3 ubiquitin ligases have been de-

scribed, including NEDD4, WWP2, and XIAP (23–25). To de-
termine which E3 ligase is responsible for PRL2-induced PTEN

Fig. 4. PRL2 deficiency attenuates tumorigenesis by up-regulating PTEN to reduce ATK activity. (A) Western blotting analysis of mouse lymphoma samples
showing that deletion of PRL2 increases PTEN and decreases AKT signaling as measured by pAKT(S473), pAKT(T308), p-mTOR(S2448), pS6K(T389), and
pGSK3β(S9). Anti–β-actin and GAPDH served as the loading controls. (B) Quantification of protein levels in mouse lymphomas corresponding to A. Error bars
show SD from three independent experiments. *P < 0.01, **P = 0.004, ***P < 0.001. (C) Deletion of PRL2 increases PTEN protein expression in the tumor.
Immunohistochemistry (IHC) staining of mouse lymphomas from each genotype with an anti-PTEN antibody. (Scale bars, 50 μm.) (D) Deletion of PRL2 sig-
nificantly increases p53-mediated apoptosis. Western blotting analysis of p53, MDM2, pMDM2(S166), PUMA, Bax, and p21 protein expression from Pten+/−

and Pten+/−;Prl2−/− mouse lymphomas. (E) Quantification of protein levels in D. Error bars represent SD from three independent experiments. *P < 0.01, **P <
0.001, ***P < 0.0001. (F) qRT-PCR analysis showing deletion of PRL2 increases transcriptional levels of p53 downstream target genes. Primer sequences are
listed in SI Appendix, Table S2. Error bars represent SD from three independent experiments. ***P < 0.0001.
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ubiquitination, we showed that PRL2, but not its CS/DA inactive
mutant, is able to increase PTEN polyubiquitination (Fig. 6F),
likely through endogenous E3 ligases. Strikingly, expression of
NEDD4, but not XIAP and WWP2, dramatically elevated PTEN
polyubiquitination in both vector control cells (containing en-
dogenous PRL2) and cells ectopically expressing Flag-tagged
PRL2 (Fig. 6F). Conversely, CRISPR-Cas9–mediated deletion
of NEDD4 in HEK293 cells largely abolished PRL2-induced
PTEN ubiquitination, leading to an increase in PTEN (SI Ap-
pendix, Fig. S6C), and nearly doubled the PTEN half-life (SI
Appendix, Fig. S6D). Taken together, these results suggest that
PRL2 down-regulates PTEN by promoting NEDD4-mediated
K48-linked polyubiquitination and degradation of PTEN.

PRL2 Dephosphorylates PTEN at Y336 to Promote NEDD4-Mediated
PTEN Polyubiquitination. Given the requirement of PRL2 phos-
phatase activity for PTEN ubiquitination, we sought to identify
the PRL2 substrate(s) in order to understand how PTEN is
down-regulated by PRL. The “substrate-trapping” approach
(26), by which a catalytically inactive PRL2 mutant (C101S [CS]
or C101S/D69A [CS/DA]), which retains the ability to bind
substrates but is unable to carry out substrate turnover, was used
to capture the PRL2 substrate(s) (SI Appendix). Among the

phosphorylated proteins isolated by the PRL2 substrate-trapping
mutants was a 56-kDa protein, shown to be PTEN (SI Appendix,
Fig. S7 A–C). To validate PTEN as a genuine PRL2 substrate, we
overexpressed the vector, Flag-tagged PRL2, or the CS/DA
mutant in HEK293 cells. As shown in Fig. 7A, the CS/DA mutant
pulled down more tyrosine-phosphorylated proteins than did the
wild-type PRL2 from the cells. Again, endogenous PTEN (∼56
kDa) was identified as one of the PRL2 substrates.
Phosphorylation of PTEN C-terminal Ser/Thr residues (S380/

T382/T383) enhances PTEN stability (8). However, PRL2 dis-
plays no detectable activity toward these sites (4). Interestingly,
the Src family tyrosine kinase RAK is able to block the NEDD4-
mediated PTEN ubiquitination by phosphorylating PTEN at
Y336 (27). We hypothesized that PRL2 promotes PTEN ubiq-
uitination by directly dephosphorylating Y336, thereby enhanc-
ing PTEN’s binding affinity for its E3 ligase NEDD4. Using a
pPTEN(Y336)-specific antibody, we showed that PTEN cap-
tured by the CS/DA mutant was indeed phosphorylated on Y336
(Fig. 7A). Furthermore, PRL2, but not the phosphatase-dead
mutant, substantially reduced both the overall PTEN tyrosine
phosphorylation (as measured by the 4G10 anti-pTyr antibodies)
and specific pPTEN(Y336) phosphorylation (Fig. 7B). In contrast,
no change in PTEN C-terminal S380/T382/T383 phosphorylation

Fig. 5. PRL2 expression is inversely correlated with PTEN level in human cancers. (A) Boxplots of RPPA data showing the reverse correlation between the
mRNA levels of PRL2 and protein levels of PTEN in kidney renal clear cell carcinoma patients (n = 476). Patient samples were divided into two groups (low PRL2
and high PRL2) based on the mean PRL2 mRNA level, and then the PTEN protein levels of the two groups were plotted. PTEN protein level was significantly
lower in the high PRL2 mRNA group than the low PRL2 mRNA group by Mann–Whitney U tests. (B) The mRNA level of PRL2 and protein level of PTEN from
KIRC were plotted and Spearman rank-correlation analyses were performed. Negative correlation coefficients suggest an inverse correlation between PRL2
mRNA and PTEN protein in the cancer samples. (C) Patients with high PRL2 mRNA levels have significantly reduced overall survival in KIRC by Kaplan–Meier
survival analysis. HR, hazard ratio. (D) Reverse correlation of PRL2 mRNA and PTEN protein levels in liver hepatocellular carcinoma (n = 181). (E) The mRNA
level of PRL2 and protein level of PTEN from LIHC were plotted and Spearman rank-correlation analyses were performed. (F) Patients with high PRL2 mRNA
levels have significantly reduced overall survival in LIHC by Kaplan–Meier survival analysis. (G) Reverse correlation of PRL2 mRNA and PTEN protein levels in
pancreatic adenocarcinoma (n = 116). (H) The mRNA level of PRL2 and protein level of PTEN from PAAD were plotted and Spearman rank-correlation analyses
were performed. (I) Patients with high PRL2 mRNA levels have significantly reduced overall survival in PAAD by Kaplan–Meier survival analysis.
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was detected upon increased PRL2 expression (Fig. 7B). Con-
versely, both the total tyrosine and Y336 phosphorylation in
PTEN were markedly increased in Prl2−/− MEF cells, while
PTEN/S380/T382/T383 phosphorylation remained unchanged

upon PRL2 deletion (Fig. 7C). These data indicate that PRL2
dephosphorylates PTEN on Y336 inside the cell.
We next showed that PRL2, but not its catalytically inactive

mutant, can directly dephosphorylate PTEN at Y336 using
recombinant PRL2 and PTEN as well as RAK immunoprecipi-
tated from H1299 cells (27) (Fig. 7D). To provide a quantitative
assessment of PRL2’s substrate specificity for PTEN, we com-
pared the ability of PRL2 and SHP2 (a member of the PTP
family) to dephosphorylate p-nitrophenyl phosphate (pNPP), a
commonly used generic small-molecule PTP substrate, the
pY336-containing phosphopeptide (DKANRpY336FSPNF) de-
rived from PTEN, and the Y336-phosphorylated PTEN protein
(SI Appendix, Figs. S7 H–L and S8). The kcat/Km (a measure of
catalytic efficiency and substrate specificity) values for PRL2-
catalyzed hydrolysis of pNPP (0.89 ± 0.06 M−1s−1) and
DKANRpY336FSPNF (0.048 ± 0.005 M−1·s−1) were 1,570- and
18,400-fold lower than those of the SHP2 reactions (1,400 ±
71 M−1·s−1 for pNPP and 885 ± 115 M−1·s−1 for the peptide).
Strikingly, the kcat/Km for PRL2-catalyzed dephosphorylation of
pPTEN(Y336) was 587 ± 76 M−1·s−1, whereas no appreciable
dephosphorylation of pPTEN(Y336) was observed in the pres-
ence of SHP2, even after a 20-h incubation (SI Appendix, Fig.
S7 H–L). Thus, even though SHP2 exhibits robust activity toward
pNPP and DKANRpY336FSPNF, it fails to dephosphorylate the
pPTEN(Y336) protein. In contrast, the catalytic efficiency/sub-
strate specificity for the PRL2-catalyzed pPTEN(Y336) dephos-
phorylation is 660- and 12,230-fold higher than those toward pNPP
and the DKANRpY336FSPNF peptide. Collectively, the results in-
dicate that pPTEN(Y336) is a specific substrate for PRL2.
To further demonstrate that PRL2 can dephosphorylate Y336

from PTEN inside the cell, we transfected HEK293 cells with
hemagglutinin (HA)-tagged RAK, Myc-tagged PTEN or PTEN/
Y336F, in which Y336 was replaced with a nonphosphorylatable
phenylalanine, and Flag-tagged PRL2. Consistent with the lack
of phosphorylation at residue 336, the association between
NEDD4 and the PTEN/Y336F mutant was considerably stronger
in comparison with that between NEDD4 and wild-type PTEN,
which can be phosphorylated by RAK at Y336 (Fig. 7E). As
expected, overexpression of PRL2 greatly reduced RAK-mediated
PTEN/Y336 phosphorylation and increased the amount of NEDD4
bound to PTEN (Fig. 7E). Collectively, these results support that
PRL2 augments PTEN–NEDD4 interaction by dephosphorylating
PTEN at Y336 both in vitro and in vivo. In addition, PRL1 and
PRL3 could also oppose the RAK-mediated PTEN phosphoryla-
tion, suggesting that all PRL family members are able to dephos-
phorylate PTEN at Y336 (SI Appendix, Fig. S7D).
To furnish more evidence that PRL2-catalyzed pY336 de-

phosphorylation enhances PTEN binding with its E3 ligase
NEDD4, we compared the effect of PRL2 on ubiquitination of
wild-type PTEN and PTEN/Y336F. As observed previously (27),
PTEN/Y336F displayed increased basal ubiquitination and lower
protein level compared with wild-type PTEN (Fig. 7F). As noted
in Fig. 6D, overexpression of PRL2, but not the CS/DA mutant,
enhanced PTEN polyubiquitination (Fig. 7F). However, unlike
wild-type PTEN, PRL2 failed to increase the polyubiquitination of
PTEN/Y336F (Fig. 7F), suggesting that PRL2 promotes PTEN
polyubiquitination through Y336 dephosphorylation. We then
showed that in the presence of V5-tagged NEDD4, PTEN/Y336F
displays considerably elevated ubiquitination as well as increased
interaction with NEDD4 over wild-type PTEN (Fig. 7F). More-
over, the association between PTEN and NEDD4 is substantially
enhanced by PRL2, whereas PTEN/Y336F and NEDD4 associa-
tion remains the same with or without PRL2 (Fig. 7F). PRL2 could
further augment NEDD4-mediated PTEN polyubiquitination, but
has no effect on PTEN/Y336F ubiquitination (Fig. 7F). Taken
together, these data indicate that PRL2-catalyzed pPTEN(Y336)
dephosphorylation promotes the interaction between NEDD4 and
PTEN as well as NEDD4-mediated PTEN polyubiquitination.

Fig. 6. PRL2 promotes NEDD4-mediated PTEN polyubiquitination and
degradation. (A) PRL2 destabilizes PTEN through the proteasomal pathway.
Wild-type PRL2 but not the catalytically inactive mutant promotes PTEN
degradation in cells. HEK293 control vector cells, PRL2-overexpressing stable
cells, and PRL2 mutant cells were treated with cycloheximide (CHX) at 100
μg/mL for the indicated times, and cell lysates were analyzed by Western
blotting. Data represent three independent experiments. Anti–β-actin and
GAPDH served as the loading controls. (B) Quantification of the results in A.
PTEN and actin signals were measured using the ImageJ program. The ratio
of PTEN/actin was determined for each sample and plotted as fold of time
0 for each cell line. Each bar represents the mean SD from three independent
experiments. (C) Overexpression of PRL2 decreases PTEN protein level. PTEN
levels (relative to β-actin) were measured using ImageJ. Data are represen-
tative of at least three independent experiments. Anti–β-actin and GAPDH
served as the loading controls. (D) Ubiquitination of PTEN was accelerated in
the presence of PRL2. HEK293 cells were cotransfected with plasmids
encoding HA-tagged ubiquitin, Flag-PRL2, Flag-PRL2 CS/DA, and Myc-PTEN.
Forty-eight hours after transfection, cells were harvested and lysed. Myc-
tagged PTEN was pulled down with Myc antibody and subjected to immu-
noblotting against the HA tag to detect ubiquitinated PTEN. IB, immuno-
blotting; IP, immunoprecipitation. (E) PRL2-mediated PTEN ubiquitination is
K48-linked polyubiquitination. HEK293 cells transfected with Flag-PRL2 and
Myc-PTEN in the presence of HA-tagged WT-Ub or lysine mutants Ub-K48R
or Ub-K63R. The expressed PTEN was pulled down by Myc antibody. HA-
tagged ubiquitin was used to detect ubiquitinated PTEN. (F) PRL2 in-
creases NEDD4-catalyzed PTEN ubiquitination. HEK293 cells were cotrans-
fected with plasmids encoding for HA-tagged ubiquitin, Flag-tagged PRL2,
mutant PRL2 CS/DA, Myc-tagged PTEN, and V5-tagged NEDD4, XIAP, and
WWP2. The expressed PTEN was pulled down from cell lysates by Myc an-
tibody. Subsequently, Western blotting against HA-tagged ubiquitin was
performed to detect ubiquitinated PTEN. Anti–β-actin and GAPDH served as
the loading controls.
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In line with the results in HEK293 cells, PTEN polyubiquitination
was considerably decreased in tumors from Pten+/−;Prl2−/− mice
compared with those from Pten+/− mice (Fig. 7G). Additionally,
both Y336 phosphorylation and total tyrosine phosphorylation, but
not the C-terminal S380/T382/T383 phosphorylation, were elevated

in PTEN from the Pten+/−;Prl2−/− samples (Fig. 7G). Consistent with
the higher PTEN level and reduced PTEN polyubiquitination, loss
of PRL2 greatly decreased PTEN binding to NEDD4 in lymphomas
from Pten+/−;Prl2−/− mice (Fig. 7G). Collectively, the results dem-
onstrate that PRL2 down-regulates PTEN through direct

Fig. 7. PRL2 dephosphorylates PTEN at Tyr336 to promote NEDD4-mediated PTEN polyubiquitination. (A) PTEN is a substrate of PRL2. Overexpressing control
vector and Flag-PRL2 and Flag-PRL2 CS/DA mutants were transfected into HEK293 cells. Twenty-four hours after transfection, cells were treated with per-
vanadate for 30 min and the medium was replaced with fresh medium for another 30 min. Then the cells were lysed and immunoprecipitated by Flag beads
and detected by anti-Flag, anti-PTEN, and anti-PTEN(Y336) antibodies. An asterisk indicates the potential PTEN position. PD, pull down. (B) Overexpression of
PRL2 dephosphorylates endogenous PTEN at Tyr336 in HEK293 cells. PRL2 and PRL2 CS/DA mutant were transfected into HEK293 cells. Twenty-four hours
after transfection, cells were treated with pervanadate for 30 min and the medium was replaced with fresh medium for another 30 min. Then the cells were
lysed and immunoprecipitated with PTEN antibody and detected by anti-PTEN(Y336), 4G10(pY), pPTEN(S380/T382/T383), PTEN, Flag(PRL2), and β-actin. (C)
PRL2 dephosphorylates endogenous PTEN at Tyr336 in MEFs. Control WT MEFs and Prl2 KO MEFs were treated with pervanadate for 30 min and the medium
was replaced with fresh medium for another 30 min. Then the cells were lysed and immunoprecipitated with PTEN antibody and detected by anti-PTEN(Y336),
4G10(pY), pPTEN(S380/T382/T383), PTEN, Flag(PRL2), and β-actin. (D) PRL2 dephosphorylates RAK-mediated PTEN phosphorylation at Tyr336 in vitro. In vitro
phosphorylation assay was performed by incubating purified His-PTEN with HA-RAK immunoprecipitated from H1299 cells for 30 min at room temperature.
Then the in vitro dephosphorylation assay was performed by treating RAK-phosphorylated PTEN (10 μM) with either control buffer or purified recombinant
GST-PRL2 or GST-PRL2 CS/DA (10 μM) for another 30 min at 37 °C. The level of PTEN phosphorylation was detected by 4G10(pY), pPTEN(Y336), PTEN, and PRL2
antibodies. pPTEN(Y336) levels (relative to PTEN) were measured using ImageJ (58 ± 18% in the presence of PRL2, and 96 ± 19% in the presence of PRL2/
CSDA). Data are representative of three independent experiments. (E) PRL2 dephosphorylates RAK-mediated PTEN phosphorylation at Tyr336 in vivo. HA-
RAK and Myc-PTEN or Myc-PTENY336F were cotransfected with or without Flag-PRL2 in HEK293 cells. Then the cells were lysed and immunoprecipitated with
Myc antibody, and detected by pPTEN(Y336), 4G10(pY), Myc, HA, Flag(PRL2), and NEDD4 antibodies. (F) PRL2 enhances PTEN–NEDD4 association. HEK293 cells
were cotransfected with plasmids encoding for HA-tagged ubiquitin, Flag-tagged PRL2, mutant PRL2 CS/DA, Myc-tagged PTEN, mutant PTENY336F, and V5-
tagged NEDD4. The expressed PTEN was pulled down from cell lysates by Myc antibody. Subsequently, Western blotting against HA-tagged ubiquitin was
performed to detect ubiquitinated PTEN. Anti–β-actin and GAPDH served as the loading controls. (G) Deletion of PRL2 decreases PTEN polyubiquitination and
PTEN–NEDD4 association in mouse lymphomas. Lymphoma tissue samples were immunoprecipitated with anti-PTEN antibody and blotted with pPTEN(Y336),
4G10(pY), pPTEN (S380/T382/T383), PTEN, NEDD4, PRL1/2, GAPDH, and β-actin antibodies.
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dephosphorylation of Y336 in PTEN, leading to enhanced
PTEN–NEDD4 interaction and NEDD4-mediated PTEN poly-
ubiquitination, followed by proteasomal degradation. Consistent
with this model, we determined the stoichiometry of PTEN Y336
phosphorylation in HEK293 cells (SI Appendix, Fig. S7 E–G) and
found that expression of PRL2 reduced PTEN Y336 phosphoryla-
tion by 33%, in line with the observed changes in PTEN levels (25
to 40%) in vivo (Figs. 1 B and C and 7G) and up to 50% in
HEK293 cells (Fig. 6C).

Discussion
PRLs garner considerable interest as novel anticancer targets (1,
2). However, the underlying mechanisms for how PRLs promote
tumorigenesis are unknown. Although PRL phosphatase activity
is essential for their oncogenic potential, no credible substrates
have been identified for PRLs. This has greatly hampered our
ability to understand their roles in cancer and devise therapeutic
strategies to target these phosphatases. We previously uncovered
that mice lacking PRL2 display an elevated level of PTEN and
attenuated AKT activity (3–5). Given that even a subtle reduc-
tion in PTEN can result in cancer susceptibility and tumor pro-
gression (7, 15–19), we speculated that PRL2 may promote
tumorigenesis by down-regulating PTEN and that PRL2 inhibi-
tion could restore PTEN, thereby blocking PTEN deficiency-
induced malignancies. Here we show that deletion of Prl2 in
Pten+/− mice markedly protects these animals from developing
tumors and dramatically increases their overall survival. As an-
ticipated, this is achieved through up-regulation of PTEN,
leading to a reduction in AKT activity in PRL2-deficient ani-
mals. This finding is in line with early observations that PTEN
overexpression in mice confers cancer resistance (28) and re-
moval of AKT1 or hypomorphic mutation of PDK1 suppresses
tumorigenesis in Pten+/− mice (29, 30). Consistent with the im-
pairment of AKT activity, tumors from Pten+/−;Prl2−/− mice
exhibit substantially decreased cell proliferation and increased
apoptosis, as a consequence of diminished mTORC1/S6K and
GSK3β signaling and induction of p53 and its proapoptotic tar-
get proteins PUMA and Bax. Our results provide compelling
biochemical and genetic evidence that PRL2 promotes tumori-
genesis by down-regulating PTEN to amplify the prooncogenic
AKT pathways.
PTEN level is often decreased in cancer (7, 15–18), yet the

mechanism for PTEN loss has not been well-defined. Our data
indicate that PTEN itself is a substrate for PRL2. We show that
PRL2 can dephosphorylate PTEN at Y336, thereby augmenting
PTEN binding to NEDD4, leading to increased PTEN ubiq-
uitination and proteasomal degradation. We find that PRL1 and
PRL3 can also remove the phosphoryl group from pY336 in
PTEN and promote PTEN ubiquitination. We previously
reported that PRL1 and PRL2 may have functional redundancy,
at least in the context of PTEN regulation during spermatogenesis
(31). PRL3 expression in DLD-1 colon cancer cells could also
down-regulate PTEN and activate AKT (32). Thus, the mecha-
nism we defined for PRL2-mediated PTEN down-regulation and
tumorigenesis may apply to PRL1 and PRL3 as well.
Although the rate for PRL2-catalyzed pPTEN(Y336) de-

phosphorylation, as measured with recombinant proteins in
vitro, may seem slower than what one might have expected for an
enzymatic reaction, the impact of PRL2 on PTEN half-life oc-
curs on a timescale (Fig. 6A and SI Appendix, Fig. S6D) com-
patible with PRL2-mediated substrate turnover (SI Appendix,
Fig. S7H). Thus, the phosphatase activity exhibited by recombi-
nant PRL2 toward pPTEN(Y336) could be physiologically rel-
evant when placed in the context of PRL2-mediated PTEN
degradation inside the cell. Nevertheless, additional factors, such
as PRL2 prenylation, trimerization, membrane colocalization
with PTEN, and potential cofactors may further enhance the rate
of pPTEN(Y336) dephosphorylation by PRL2 in vivo. Although

our data indicate that PRL2’s phosphatase activity is required for
PRL2-mediated PTEN dephosphorylation, ubiquitination, and
degradation, there is still the possibility of PRL2 regulating a
different phosphatase for pPTEN(Y336) that has much higher
levels of PTEN phosphatase activity. Further investigation is
needed to ascertain if these and other factors are involved in
regulating PTEN dephosphorylation by the PRL2 phosphatase
in vivo.
PRLs are also reported to play a role in modulating intracel-

lular Mg2+ levels through direct binding interaction with the
CNNM family of proteins (2). However, this finding is based
primarily on experiments with cultured cell lines ectopically
expressing or knocking down either PRL or CNNM. It remains
to be seen whether changes in PRL expression can lead to sig-
nificant perturbation in Mg2+ levels in vivo and whether such
changes exert an effect on physiological and pathological pro-
cesses. We found no appreciable differences in CNNM1 and
CNNM3 expression in tumors from Pten+/− and Pten+/−;Prl2−/−

mice (SI Appendix, Fig. S4E). We also found no appreciable
differences in Mg2+ concentrations between tumor, kidney, and
serum samples from Pten+/− and Pten+/−;Prl2−/− mice (SI Ap-
pendix, Fig. S4). Thus, the inhibitory effect of PRL2 ablation on
PTEN heterozygosity-induced tumorigenesis is unlikely mediated
by the proposed role of PRL in modulating Mg2+ homeostasis.
In addition to defining an oncogenic role for PRL2 and

uncovering a regulatory mechanism for PTEN, this work also
suggests a therapeutic approach for neoplasia caused by PTEN
deficiency. Monoallelic PTEN loss is regularly observed in a
considerable fraction of human malignancies, such as glioma,
prostate, mammary, colon, and lung cancer (17, 33). PTEN ex-
pression is also frequently decreased in cancer patients even in
the absence of genetic loss or mutation, and PTEN deficiency
increases cancer susceptibility in a dose-dependent manner (7,
15–19). For example, low PTEN levels are observed in 70% of
surgically removed prostate tumors (34). PTEN protein levels
are reduced in at least 50% of breast cancers (35, 36). Indeed,
even a 20% reduction in PTEN level could dramatically increase
breast cancer susceptibility (15).
PTEN antagonizes the PI3K-AKT pathway by dephosphor-

ylating PIP3. Thus, a gradual reduction in PTEN will result in a
concomitant progressive dose-dependent activation of the PI3K-
AKT pathway, which is inappropriately activated in many human
cancers. Current efforts targeting this pathway have focused on
PI3K, AKT, or mTOR (37). However, inhibitors targeting these
kinases have had suboptimal therapeutic efficacy due to both on-
and off-target side effects and activation of alternative signaling
cascades (38). Identifying new therapeutic strategies to block
PI3K-AKT pathway activation in tumors with PTEN deficiency is
of paramount importance.
Our findings that removal of Prl2 in Pten+/− mice increases

PTEN level and suppresses tumor progression establish that
targeting PRL2 could serve as a potential PTEN restoration
strategy for treating human malignancies caused by PTEN defi-
ciency. PTEN restoration represents a direct therapeutic para-
digm for PTEN deficiency-induced cancers, as it offers the
exciting possibility that the full complement of PTEN functions
(including protein phosphatase and nuclear function) could be
restored in a straightforward manner. In addition, PTEN resto-
ration could improve already available target therapies when
administered simultaneously, since treatments with PTK inhibi-
tors have significantly better outcome when patients still have
functional PTEN (33). Indeed, adenoviral-mediated PTEN ex-
pression significantly inhibits tumor growth in multiple animal
models (39–42), indicating that restoration of PTEN may be an
effective strategy for tumor therapy.
In support of the therapeutic applicability of the PTEN res-

toration approach, overexpression of PTEN in cells with physi-
ological PTEN levels had little adverse effect (42), and mice with
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systemic elevated PTEN display healthy phenotypes and are
characterized by heightened resistance to cancer (28). While
genetically introducing PTEN or deleting PRL2 is not currently
feasible in the clinic, targeting PRL2 with small-molecule in-
hibitors may be an effective strategy to increase PTEN level and
thereby obliterate PTEN deficiency-induced malignancies. As
revealed in this study, cancers showing high PRL2 expression
and low PTEN level will be prime targets for PRL2-based PTEN
restoration therapy. Finally, given the potential functional re-
dundancy for PTEN regulation by the PRLs and their universal
linkage to cancer when overexpressed, a pan-PRL inhibitor may
prove to be more effective than compounds that target only one
PRL isoform in a clinical setting.

Materials and Methods
Please refer to SI Appendix, Materials and Methods for other materials and
methods, including detailed characterization of tumors in Pten+/− and
Pten+/−;Prl2−/− mice, substrate trapping, antibodies and Western blot anal-
ysis, cell culture and transfection, histology analysis and pathologic grading,
immunohistochemistry, immunofluorescence, immunoprecipitation and
pull-down assays, TUNEL assay, in vitro PI3K assay, effector pull-down assay,
measurement of magnesium concentration, RNA isolation assay, qRT-PCR
and cycloheximide chase assay, generation of NEDD4 knockout cells, Phos-
tag stoichiometry measurement, and PRL2 phosphatase activity assay.

Generation of Mice. The pure C57BL/6 mice and EIIA-Cremice were purchased
from The Jackson Laboratory. The Prl2 genetic knockout mouse (Prl2−/−)
used in this study was described previously (4). The conditional Pten
knockout mouse was originally developed by Lloyd C. Trotman (14). Briefly,
conditional Pten knockout mice were crossed with the EIIA-Cre mouse to
generate Pten+/−, and then Pten+/− mice were cross-bred with Prl2+/− mice to
generate Pten+/−;Prl2+/−. The Pten+/−;Prl2+/− littermates were then bred with
each other to generate Pten+/−;Prl2−/−, Prl2−/−, Pten+/−, and WT mice. All
DNA used for genotyping our experimental mice was gathered from toe
tissue clipped from 7- to 10-d-old pups. The tissue was then lysed in tissue
lysis buffer (200 mM NaCl, 100 mM Tris, pH 8.0, 5 mM ethylenediaminetet-
raacetate [EDTA], 0.5% sodium dodecyl sulfate [SDS], 100 μg/mL proteinase
K) overnight at 55 °C. The DNA was then isolated from solution with iso-
propanol and resuspended in TE buffer (10 mM Tris, pH 8.0, 1 mM EDTA) for
long-term storage. All mice were maintained in the Purdue University Ani-
mal Facility according to institutional animal care and use committee-
approved protocols and kept in Thorensten units with filtered germ-free air.

TCGA Analysis. TCGA level 3 RNAseqV2 gene expression, reverse-phase pro-
tein array (RPPA), and clinical data of primary patient clinical samples from
kidney renal clear cell carcinoma (KIRC; n = 537), liver hepatocellular carci-
noma (LIHC; n = 377), pancreatic adenocarcinoma (PAAD; n = 185), prostate
adenocarcinoma (PRAD; n = 499), and thyroid carcinoma (THCA; n = 503)
were downloaded from the Broad Institute’s Firehose (gdac.broadinstitute.
org). Patients were separated into two subgroups (low PRL2 and high PRL2)
based on their PRL2 mRNA expression levels using mean value as cutoff for
PTEN RPPA analysis and Kaplan–Meier survival analysis. The correlation co-
efficient between PRL2 mRNA and PTEN protein level was measured by
Spearman rank-correlation analysis.

In Vitro Substrate-Trapping Assay. The most commonly used substrate-
trapping mutant is one in which the PTP active-site nucleophilic Cys resi-
due is replaced by a Ser (e.g., PRL2/C101S or CS). Evidence suggests that the
substrate-trapping efficiency of the CS mutant can be further improved by
substitution of the general acid/base Asp with an Ala (e.g., PRL2/C101S/D69A
or CS/DA) (26). HEK293, Kasumi-1, or K562 cells (1 × 109) were treated with
1 mM pervanadate for 30 min and collected by centrifugation. The cell pellet
was lysed with 3 mL lysis buffer (20 mM Tris, pH 7.5, 100 mM NaCl, 1% Triton
X-100, 10% glycerol, 5 mM iodoacetic acid, 1 mM orthovanadate, protease
inhibitors). Dithiothreitol (10 mM) was added to the lysate and incubated for
15 min on ice to inactivate any unreacted iodoacetic acid and pervanadate.
Supernatant was collected by centrifugation at 14,000 rpm for 15 min.
Glutathione S-transferase (GST), GST-PRL2, or GST-PRL2/CS/DA, or His-tagged
PRL2 or His-tagged PRL2/CS (25 μg) was coupled to GST beads or Ni-NTA
beads, respectively, in lysis buffer (50 mM Tris·HCl, pH 7.5, 150 mM NaCl,
10% glycerol, 1% Triton X-100), and incubated at 4 °C for 1 h. Cell lysates
were incubated with PRL2 proteins conjugated to beads at 4 °C for 2 h. The
beads were pelleted and washed three times for 5 min with lysis buffer.
Bound proteins were resuspended in 15 μL Laemmli sample buffer and
boiled for 5 min, and the samples were resolved by SDS/polyacrylamide gel
electrophoresis (PAGE).

In Vivo Substrate-Trapping Assay. HEK293 cells in 15-cm dishes were trans-
fected with Flag-PRL2 or Flag-PRL2/CS/DA. The transfected cells were treated
with 300 μM pervanadate for 30 min, the medium was replaced with fresh
medium for another 30 min, and the cells were collected by centrifugation.
The cell pellet was lysed with 1 mL lysis buffer (50 mM Tris·HCl, pH 7.5,
150 mM NaCl, 10% glycerol, 1% Triton X-100, supplemented with a com-
plete protease inhibitor and phosphatase inhibitor) on ice for 1 min and
then spun at 14,000 rpm at 4 °C for 30 min, and the supernatant was
transferred to a fresh tube and Flag agarose beads added and incubated at
4 °C for 3 h. Beads were collected by centrifugation at 3,000 rpm for 1 min
and the supernatant was removed. Beads were washed three times with
1.5 mL lysis buffer (50 mM Tris·HCl, pH 7.5, 150 mM NaCl, 10% glycerol, 1%
Triton X-100). Bound proteins were resuspended in 15 μL Laemmli sample
buffer and boiled for 5 min, and the samples were resolved by SDS/PAGE.

Quantification and Statistical Analysis. Datasets were analyzed by the Stu-
dent’s t test or Mann–Whitney U test according to the experiments using
GraphPad Prism software, unless otherwise described in methods or figure
legends. Tumor volumes at different times and final tumor weights were
compared using the Student’s t test. Survival analysis was performed
according to the Kaplan–Meier method and the log-rank test. Error bars in
figures indicate SD or SEM for the number of replicates, as indicated. A P
value less than 0.05 was considered statistically significant.

Data Availability. All data discussed in this study are included in the main text
and SI Appendix.
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