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Background: The physiological functions of the PRL phosphatases are poorly understood.
Results: PRL2 deficiency causes placental insufficiency, decreased spongiotrophoblast proliferation, and growth retardation.
Conclusion: PRL2 plays an important role in placental development by down-regulating PTEN and activating Akt.
Significance: This study provides the first evidence of an essential function for PRL2 and offers a biochemical basis for PRLs as
oncoproteins to repress PTEN expression.

ThePRL (phosphatase of regenerating liver) phosphatases are
implicated in the control of cell proliferation and invasion.
Aberrant PRL expression is associated with progression and
metastasis of multiple cancers. However, the specific in vivo
function of the PRLs remains elusive. Here we show that dele-
tion of PRL2, themost ubiquitously expressed PRL familymem-
ber, leads to impaired placental development and retarded
growth at both embryonic and adult stages. Ablation of PRL2
inactivates Akt and blocks glycogen cell proliferation, resulting
in reduced spongiotrophoblast and decidual layers in the pla-
centa. These structural defects cause placental hypotrophy and
insufficiency, leading to fetal growth retardation. We demon-
strate that the tumor suppressor PTEN is elevated in PRL2-de-
ficient placenta. Biochemical analyses indicate that PRL2 pro-
motes Akt activation by down-regulating PTEN through the
proteasome pathway. This study provides the first evidence that
PRL2 is required for extra-embryonic development and associ-
ates the oncogenic properties of PRL2 with its ability to nega-
tively regulate PTEN, thereby activating the PI3K-Akt pathway.

The PRL2 (phosphatase of regenerating liver) phosphatases
constitute a novel class of small, prenylated phosphatases
(PRL1, -2, and -3) that share a high degree (�76%) of sequence
identity (1–3). Unlike most protein phosphatases that counter-

act the activity of protein kinases, the PRLs play a positive role
in signaling and possess oncogenic properties (4, 5). PRL1 was
originally identified as an immediate early gene induced during
liver regeneration after partial hepatectomy (1). Subsequently,
PRL1 as well as the closely related PRL2 and -3were found to be
elevated in numerous tumor cell lines, and cells expressing high
levels of PRLs exhibited enhanced proliferation and anchorage-
independent growth (1, 2, 6–9). Recent studies revealed that
elevated PRL expression is also associated with cell invasion
and tumor metastasis. PRL3 was initially found overexpressed
in liver metastases of colorectal cancer, whereas its expression
in primary tumors and normal colorectal epitheliumwas unde-
tectable (10). Since then, up-regulation of PRLs has been shown
in many types of late stage tumors and/or metastatic lesions
from colorectal, gastric, breast, cervical, pancreatic, prostate,
melanoma, Hodgkin lymphoma, and lung cancer (5, 11–15).
Thus it appears that an excess of PRL is a key contributor to

the acquisition of the proliferative and metastatic properties of
cancer cells. Available biochemical data suggest that PRLs pro-
mote cell proliferation and migration through a number of sig-
naling pathways, including the Rho family of small GTPases,
Src, ERK1/2, and PI3K (9, 12, 13, 16). However, our current
understanding of PRLs came primarily from studies with cul-
tured cells aberrantly or ectopically expressing PRLs. Thus the
exact biological function for these phosphatases remains elu-
sive. Among the three PRL isoforms, PRL2 is the most abun-
dantly and ubiquitously expressed in adult human tissues,
whereas PRL1 has a somewhat more restricted pattern of
expression, with an overall lower level than PRL2 in the same
tissues or cell types (3, 17, 18). PRL3 is primarily expressed in
heart and skeletal muscle (3, 19). To investigate the physiolog-
ical role of the PRLs, we generated mice lacking PRL2. We
report that PRL2 deficiency causes growth retardation in both
embryos and adult mice. The embryonic growth retardation is
associated with placental insufficiency resulting from placental
hypotrophy in PRL2mutantmice. Severe cell loss is observed in
the spongiotrophoblast and decidual layers of PRL2�/� pla-
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centa, leading to altered structure and reduced labyrinth vol-
ume, which impairs nutrient transport. We show that loss of
PRL2 leads to an increase in PTEN, which in turn inactivates
Akt, leading to reduced cell proliferation in PRL2�/� placenta.
Together, these results provide the first evidence that PRL2 is
required for extra-embryonic development by promoting cell
proliferation via the PI3K-Akt signaling pathway.

EXPERIMENTAL PROCEDURES

Generation of PRL2 Knock-out Mice—Heterozygous gene
trap embryonic stem (ES) cells (AQ0673; 129P2/OlaHsd;
Sanger Institute) containing an insertional mutation in mouse
Prl2 gene were injected into blastocysts from C57BL/6J mice,
and the resulting chimeric males with successful germline
transmission of the mutant allele were intercrossed with
C57BL/6J females to generate F1 offspring. Genotyping of F1
offspringwas performed by PCR. Primer sequences are listed in
supplemental Table 1. F1 mice with heterozygous PRL2 muta-
tion and their offspring used in this study are all on a C57BL6/
129P2 mixed genetic background.
RNA Extraction, Quantitative RT-PCR, and in Situ

Hybridization—Total RNA was extracted from tissues or cell
lines using Trizol reagent (Invitrogen) and treated with DNase
I (Promega). Reverse transcription was performed using the
SuperScript III one-step RT-PCR system (Invitrogen) at 55 °C
with gene-specific primers (supplemental Table 1). Quantita-
tive PCR was performed using SYBR Green I master mix on a
LightCycler 480 (Roche Applied Science), with RPL7 as the
housekeeping gene control. In situ hybridization was per-
formed as described (20). The PRL2 probe was amplified from
mouse PRL2 cDNA using primers listed in supplemental Table
1. The Tpbp probe was a generous gift of Dr Haibin Huang.
Antisense riboprobes were generated with digoxigenin-UTP
using the digoxigenin RNA labeling system (RocheApplied Sci-
ence) according to the manufacturer’s guidelines and hybrid-
ized with paraffin-embedded (for Tpbp) or frozen (for PRL2)
placental sections followed by detection with alkaline phospha-
tase-conjugated anti-digoxigenin antibody (Roche Applied
Science).
Histology—Tissues were fixed in 4% paraformaldehyde over-

night at 4 °C, embedded in paraffin, serially sectioned (7 �m),
and stainedwithH&E and periodic acid-Schiff (PAS) according
to standardmethods. For immunohistochemistry, deparaffined
sections were boiled in 10 mM sodium citrate (pH 6.0) for 10
min to unmask antigen. Sections were then incubated with
diluted antibodies (1:50–1:100) at 4 °C overnight. Signals were
detected by VECTASTAIN Elite ABC kit and developed using
diaminobenzidine substrate from Vector Laboratories (Burlin-
game, CA). For apoptosis, TUNEL staining was performed
using ApopTag fluorescein in situ apoptosis detection kit (Mil-
lipore) following the manufacturer’s instructions. For PAS
staining, tissues were fixed in ethanol:formalin (9:1) solution
and paraffin-embedded. After oxidation by periodic acid, sec-
tionswere immersed in Schiff’s reagent for 20min. Imageswere
captured on a Leica DM2500 stereomicroscope. All images are
representative of at least three samples.
Nutrient Transport Assay—Mice pregnant for 16.5 days were

anesthetized with an intraperitoneal injection of 20 �l/g Aver-

tin. An abdomen incision was made, and 3.5 �Ci of [14C]man-
nitol in 150 �l of PBS was injected into the inferior vena cava. 5
min later, uterus was removed. Fetuses were dissected out and
lysed at 55 °C overnight in 4ml of Biosol (National Diagnostics,
Atlanta, GA). Aliquots of fetal lysates were added to scintilla-
tion liquid for counting using a Beckman LS 6500 scintillation
counter (GMI Inc.). Average counting of PRL2�/� embryoswas
calculated as the percentage of that of wild typewithin the same
litter. Percentage values of all litters were then used to calculate
a mean.
Cell Culture and Stable Clone Selection—HEK293 cells were

grown in Dulbecco’s modified Eagle’s medium (DMEM) sup-
plemented with 10% fetal bovine serum (Invitrogen), penicillin
(50 units/ml), and streptomycin (50 �g/ml) under a humidified
atmosphere containing 5% CO2. Mouse PRL2 cDNA was
inserted into pCMV-FLAG expression vector and co-trans-
fected with pcDNA3.1/Hygro(�) into HEK293 cells using
Lipofectamine 2000 (Invitrogen) according to the manufactur-
er’s recommendations. 24 h after transfection, 200 �g/ml
hygromycin was added to the culture medium. Stable clones
were picked after 2 weeks of selection.
Cell Migration Assay—Cells were serum-starved overnight,

harvested with trypsin-EDTA, and washed twice with serum-
free DMEM. Cells (5 � 105) were then suspended in 1 ml of
serum-free DMEM and added to the upper insert of the Tran-
swell (Corning Costar, Cambridge, MA). The lower well was
added with 3 ml of DMEM medium plus 10% fetal bovine
serum. The migration was allowed for 16 h at 37 °C. Migratory
cells were collected by trypsinization and counted with a
hemocytometer.
Cell Proliferation Assay—5 � 103cells were plated in each

well of 96-well plates in DMEMmedium with 10% fetal bovine
serum. Seventy-two hours later, cells were incubated with
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
substrate (500 �g/ml) for 4 h. The culture medium was then
removed, and 100 �l dimethyl sulfoxide (DMSO) was added to
eachwell followed by a 30min incubation at room temperature.
The optical density was measured spectrophotometrically at
540 nm. Each experiment was repeated at least three times.
Western Blot Analyses—Tissues or cultured cells were lysed

with radioimmune precipitation buffer supplied with phospha-
tase and protease inhibitor mixture (Roche Applied Science).
Equal amounts of protein were resolved by SDS-PAGE, trans-
ferred to nitrocellulose membrane and subjected to immuno-
blotting. Anti-PRL2 antibody was a kind gift of Dr. Qi Zeng. All
other antibodies were from Cell Signaling Technology.
Cycloheximide Chase Experiment—2� 105 cells were seeded

into each well of a 12-well plate and cultured overnight. 100
�g/ml cycloheximidewas added to the plates, and the cells were
lysed at 0, 6, 12, 24, and 36 h after cycloheximide treatment. The
cell lysates were analyzed by immunoblotting to detect PTEN
and actin protein signals, the density of which was measured
using ImageJ, and the ratio of PTEN/actin was calculated for
each sample and plotted as -folds of time 0 for each cell line.
In Vitro PI3K Kinase Assay—Wild-type or PRL2�/� placen-

tas at E12.5 were lysed in 20 mM Tris-HCl, pH 7.4, 137 mM

NaCl, 1 mM CaCl2, 1 mM MgCl2, 1% Nonidet P-40, with phos-
phatase and proteinase inhibitor mixtures (Roche Applied Sci-
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ence). 4 mg of protein lysate from each placenta was subjected
to immunoprecipitation using anti-p85 antibody (Millipore).
To analyze the PI3K activity of the immunoprecipitants, the
beads were incubated in class I PI3K reaction buffer (Echelon)
with 5 mM DTT, 10 �M phosphatidylinositol 4,5-bisphosphate
diC8 (Echelon), 100 �M ATP, and 10 �Ci of [�-32P]ATP (3,000
Ci/mmol) (PerkinElmer Life Sciences) at 37 °C for 3 h. The
reaction was terminated by the addition of EDTA to 5 mM, and
the phospholipids were separated on a TLC plate as described
(21) followed by exposing to x-ray film. The position of phos-
phatidylinositol 3,4,5-trisphosphate diC8 on the TLC plate was
determined by phosphatidylinositol 3,4,5-trisphosphate diC8
standard (Echelon). The density of 32P-labeled phosphatidylinosi-
tol 3,4,5-trisphosphate product in each reaction was determined
by ImageJ.

RESULTS

Generation of PRL2-deficient Mice—PRL2 knock-out mice
were generated using a gene trap ES cell clone (AQ0673)
obtained from Sanger Institute, in which a gene trap cassette
pGT01 was inserted into the first intron of themouse Prl2 gene
(Fig. 1A). The single insertion site was confirmed by Southern
blot and sequencing analyses. Injection of the ES cells into
C57BL/6 blastocysts produced chimeric mice with successful
germline transmission. Cross-mating of F1 PRL2�/� mice gave
offspringwith all three genotypes (Fig. 1B). Targeted ablation of
PRL2 expression was confirmed by quantitative RT-PCR (Fig.
1C) and Western blot (Fig. 1D). No compensatory change in
PRL1 and -3 expression was observed in PRL2-deficient mice
(Fig. 1E).

PRL2�/� Mice Are Growth-retarded—Examination of about
500 pups from PRL2�/� intercrossing showed a Mendelian
ratio among wild-type, heterozygous, and homozygous mice.
Although viable, PRL2�/� newborns were 20% smaller when
compared with their wild-type littermates (Fig. 2, A and B).
Although the body weight of heterozygous mice was not differ-
ent from that of the wild type, homozygous mutant mice main-
tained a smaller size throughout their adulthood (Fig. 2, C and
D). The heart, liver, lung, kidney, spleen, thymus, and testis
from PRL2�/� mice weighed below normal. However, with the
exception of testis and spleen, the organ/whole body weight
ratio was similar between PRL2�/� and the wild type (supple-
mental Fig. S1). Histological examination did not reveal signif-
icant differences between wild-type and PRL2 mutant mice in
these proportionally smaller organs (supplemental Fig. S2). No
measurable difference in metabolites and electrolytes was
detected from blood samples of wild-type and PRL2�/� mice
(supplemental Fig. S3). The levels of growth axis hormones
(growth hormone, thyroid-stimulating hormone, and IGF1)
and other pituitary hormones (luteinizing hormone and
ACTH) were normal in PRL2�/� mice (supplemental Fig. S4),
indicating that the effect of PRL2 deletion on body mass is
unlikely a result of reduced hormone production. The mecha-
nism by which PRL2 deficiency causes postnatal growth reduc-
tion is under investigation. Collectively, PRL2�/� mice are
growth-retarded at birth and are 20% smaller than their wild-
type littermates throughout adulthood.
Placental Hypotrophy and Insufficiency in PRL2�/� Mice—

The lower body weight of PRL2�/� mice at birth suggests
growth restriction during embryonic development. Timed
mating between heterozygous male and female mice was per-
formed, and the embryos were harvested at E16.5. The weight
of PRL2�/� embryos was 81% of that of the wild-type litter-
mates (Fig. 3, A and B). In addition, the placental weight of the
PRL2�/� embryos was reduced to 78% of that of the wild-type
littermates (Fig. 3, A and C), indicating impaired growth and

FIGURE 1. Generation and characterization of PRL2 knock-out mice.
A, structure of the mouse PRL2 locus and the mutant allele containing the
pGT01 gene trap cassette. The exons and the initiation codon (ATG) of PRL2
are indicated. Lac Z and neo: expression units of the �-galactosidase and neo-
mycin resistance genes. pA, polyadenylation signal. SA, splice acceptor. Solid
arrows indicate primer sites for PCR genotyping. B, representative PCR ampli-
fication fragments using primers indicated in A for genotyping. C, quantita-
tive RT-PCR analysis of PRL2 mRNA expression in tissues from PRL2�/�,
PRL2�/�, and PRL2�/� mice. n � 3 per group. D, Western blot analyses of
PRL2 protein levels in skeletal muscle from PRL2�/�, PRL2�/�, and PRL2�/�

mice. E, quantitative RT-PCR analysis of PRL1, PRL2, and PRL3 mRNA expres-
sion in E16.5 embryos with PRL2�/�, PRL2�/�, or PRL2�/� genotypes (n � 3
per genotype). The results were presented as the percentage of the wild
type � S.E.

FIGURE 2. PRL2 mutant mice are growth-retarded. A, gross appearance of
newborn PRL2 mutant and wild-type littermates. B, body weight of PRL2�/�

(n � 6), PRL2�/� (n � 15), and PRL2�/� (n � 6) mutant newborn mice
(mean � S.E. *, p � 0.01). C, gross appearance of 6-week-old PRL2 mutant and
wild-type littermates. D, body weight of PRL2�/�, PRL2�/�, and PRL2�/� mice
(males, n � 9, 12, and 10, respectively; females, n � 10, 11, and 11, respec-
tively) from 1 to 21 weeks of age. Data represent mean for PRL2�/� mice and
mean � S.E. for PRL2�/�and PRL2�/� mice (p � 0.01 for all time points except
1 week female).
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development of both the placenta and the embryo in PRL2�/�

mice.
Defects in placental development can negatively impact the

ability of the placenta to transport nutrients, thus leading to
restricted fetal growth or even embryonic death (22). H&E
staining revealed that PRL2�/� placenta had severely reduced

decidua and spongiotrophoblast layers (Fig. 3, D and E). Large
islands of glycogen cells in the spongiotrophoblast layer ofwild-
type placenta, readily recognizable by their vacuolated appear-
ance, were almost absent in PRL2mutant placenta. In addition,
massive invasion of glycogen cells in the decidual layer in wild-
type placenta was not observed in mutant placenta, likely
accounting for the lost volume of the decidual layer in PRL2
mutant mice (Fig. 3, F and G). These structural defects were
corroborated by marker analyses. In situ hybridization for
mRNA expression of Tpbp (23), a gene specifically expressed in
spongiotrophoblast and glycogen cells, confirmed that the
spongiotrophoblast and decidual layers were much thinner in
PRL2�/� placenta (Fig. 3,H and I). The number of spongiotro-
phoblast cells, the dark blue cells located in the spongiotropho-
blast layer, was much decreased in PRL2�/� placenta. In addi-
tion, glycogen cells identified as light blue Tpbp-positive cells
(Fig. 3,H and I) or pink cells with PAS-positive staining (Fig. 3,J
andK) in spongiotrophoblast and decidual layers were dramat-
ically reduced in PRL2-deficient placenta.
No appreciable change was observed in the density or orga-

nization of trophoblasts in the labyrinth layer of PRL2�/� pla-
centa, based on stainingwith alkaline phosphatase (supplemen-
tal Fig. S5, A and B), which is expressed only in trophoblast
liningmaternal blood sinus. There also appeared to be no alter-
ation in fetal vascular structure based on CD31 staining of the
endothelial cells (supplemental Fig. S5, C andD). However, the
area of the labyrinth layer in PRL2�/� placentamid-sectionwas
20% smaller than that in the wild type (Fig. 3L), suggesting that
the PRL2�/� labyrinth has a smaller volume. To determine the
functional consequence from the structural defects in PRL2�/�

placenta, we assessed the nutrient transport capacity of wild-
type and PRL2-deficient placentas within the same uterine
horn by measuring the transfer of [14C]mannitol from the
maternal blood stream to the embryos within 5 min, when
transfer is essentially unidirectional without backflux (24).
When compared with the wild type, the amount of [14C]man-
nitol transferred by mutant placentas was reduced by 29% (Fig.
3M). Taken together, PRL2 deficiency decreases the number of
spongiotrophoblast and glycogen cells, causing substantially
reduced spongiotrophoblast and decidual layers as well as lab-
yrinth volume. These structural defects in PRL2�/� placenta
impair nutrient transport, whichmay lead to embryonic growth
retardation.
Spongiotrophoblast and Glycogen Cell Loss Occurs at Midg-

estational Stage due to Reduced Cell Proliferation—To investi-
gate at what gestational stage the spongiotrophoblast cell loss
occurs, we analyzed thewild-type andmutant placenta at E12.5,
a time point when the three-layer placenta is just established
and glycogen cells start to differentiate (25, 26). Although not as
pronounced as those observed at E16.5, the spongiotrophoblast
and decidual layers of mutant placenta were already thinner
than the wild type at E12.5 (Fig. 4, A and B). Thus significant
loss of spongiotrophoblast and glycogen cells in the spongiotro-
phoblast layer of PRL2�/� mice occurred at or before E12.5.

To determinewhether the cell loss in the spongiotrophoblast
layer is due to increased apoptosis, TUNEL assays were per-
formed on wild-type and PRL2�/� placenta at E12.5 (supple-
mental Fig. S6,A–C). There was no difference in the number of

FIGURE 3. Placental hypotrophy and insufficiency in PRL2�/� mice.
A, embryos and their connected placentas of a PRL2�/� mouse and its wild-
type littermate at E16.5. B, weight of wild-type and PRL2�/� embryos at E16.5
(n � 9 for each genotype). *, p � 0.005. C, weight of wild-type and PRL2�/�

placentas at E16.5 (n � 9 for each genotype). *, p � 0.01. D–K, histological
examination of wild-type and PRL2�/� placentas at E16.5. D and E, H&E stain-
ing at 25�. F and G, H&E staining at 100�. Arrows designate islands of glyco-
gen cells. H and I, in situ hybridization using Tpbp probe marking spongiotro-
phoblast cells (dark blue) and glycogen cells (light blue). J and K, PAS staining
for glycogen-containing cells (pink signal). Arrows designate islands of glyco-
gen cells. De, deciduas; Sp, spongiotrophoblast; La, labyrinth. L, labyrinth area
on the midline section (the largest section of continuous sections) from
PRL2�/� or wild-type placentas was measured using ImageJ (n � 6 for each
genotype). Data represent mean � S.E. *, p � 0.01. M, [14C]mannitol trans-
ported by PRL2�/� or wild-type placentas. Data are presented as mean (per-
centage of wild type) � S.E. n � 6 litters, *, p � 0.005.
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apoptotic cells in wild-type and PRL2mutant placenta, indicat-
ing that PRL2 deficiency does not induce cell apoptosis. In con-
trast, marked reduction in the number of proliferating cells was
observed in the mutant spongiotrophoblast layer (Fig. 4, C and
D). Thus decreased cell proliferationmay be responsible for the
reduced cell number and compromised development of the
spongiotrophoblast layer in mutant PRL2 placenta. In situ
hybridization showed that PRL2mRNA is present in all types of
trophoblast cells in wild-type placenta at E12.5 and highly
enriched in glycogen cells (Fig. 4, E and F). Consequently,
decreased cell proliferation in spongiotrophoblast layer is likely
a direct effect of PRL2 deficiency in these cells.
PRL2 Deficiency Results in Decreased Akt Phosphorylation in

the Placenta—To define the mechanism by which PRL2 defi-
ciency decreases cell proliferation, we analyzed the activation
status of several previously implicated PRL-mediated pathways
in cell culture studies. As shown in Fig. 5A, Western blot of
lysates prepared fromwild-type and PRL2�/� placenta showed
that the phosphorylation levels of Src, ERK1/2, and p38 are not
altered in PRL2 mutant mice. In contrast, Akt phosphorylation
is 70% lower in the PRL2�/� samples. This result is confirmed
by immunohistochemical staining of wild-type andmutant pla-
centa using antibodies against phosphorylated Akt (Fig. 5, B
and C). Consistent with the decreased cell proliferation in the
spongiotrophoblast layer, the signal for phospho-Akt in the
spongiotrophoblast layer of PRL2�/� placenta is much weaker
than that in the wild-type placenta. Furthermore, decreased
(64%) phosphorylation of GSK3�, a well established Akt sub-
strate, was also evident inmutant PRL2 placenta by bothWest-

ern blot (Fig. 5A) and immunohistochemistry in the spong-
iotrophoblast layer (Fig. 5, D and E). A decrease in GSK3�
phosphorylation is expected to activate GSK3�, which in turn
phosphorylates and inhibits glycogen synthase, leading to
reduced glycogen production in PRL2 mutant placenta. These
results suggest that PRL2 deficiency impairs placental develop-
ment by inactivating Akt. Interestingly, the retarded fetal and
placental growth observed in PRL2�/� mice is reminiscent of
the phenotype observed in mice with Akt1 deficiency (27).
Akt1�/� placenta exhibits significant hypotrophy with marked
reduction of the decidual layer and nearly complete loss of gly-
cogen-containing cells in the spongiotrophoblast layer.
Overexpression of PRL2 in HEK293 Cells Enhances EGF- and

IGF2-induced Akt Activation—Development of spongiotro-
phoblast and glycogen cells is regulated by EGF and IGF2.
Egfrwa2 homozygous mice have smaller embryo and placenta
featuring a reduced spongiotrophoblast layer and loss of spon-
giotrophoblast and glycogen cells (28). IGF2-null mice also
showed growth retardation of both fetus and placenta with a
marked reduction in the number of glycogen cells (29). The
strikingly similar phenotypes between epidermal growth factor
receptor (EGFR) hypomorphic/IGF2-null and PRL2�/� mice
and the decreased Akt phosphorylation in PRL2�/� placenta
prompted us to examinewhether PRL2modulates EGF- and/or
IGF2-induced Akt activation. When compared with vector
control, HEK293 cells stably expressing FLAG-tagged PRL2

FIGURE 4. PRL2 mutant placenta has significantly lower amount of spon-
giotrophoblast and glycogen cells due to reduced proliferation. A–D, his-
tological examination of wild-type and PRL2�/� placentas at E12.5. A and B,
PAS glycogen staining. Arrows designate islands of glycogen cells. C and D,
immunohistochemistry using antibody against Ki67 to monitor proliferating
cells. The blue line shows the boundary between labyrinth and spongiotro-
phoblast layers. De, deciduas; Sp, spongiotrophoblast; La, labyrinth. E, in situ
hybridization using PRL2 probe showing PRL2 mRNA expression on frozen
section of E12.5 wild-type placenta. Arrows show PRL2-positive cells in the
decidual layer. F, PAS glycogen staining on the section adjacent to E. Arrows
show glycogen-containing cells. Note the overlap of PRL2-positive cells and
glycogen cells. FIGURE 5. Activation of Akt was reduced in PRL2-deficient placenta.

A, analyses of phospho (p) and total protein levels of signaling molecules by
Western blot using tissue lysates isolated from E12.5 PRL2�/� or wild-type
placentas. B–E, immunohistochemical analyses of E12.5 PRL2�/� or wild-type
placentas for phospho-Akt473 (B and C) or phospho-GSK3� (D and E) levels.
De, deciduas; Sp, spongiotrophoblast; La, labyrinth.
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displayed a higher proliferation rate and increased migration
(Fig. 6, A and B), as well as a higher basal Akt phosphorylation
(Fig. 6C). Furthermore, PRL2 expression prolonged the EGF-
induced Akt activation, whereas elevated Akt phosphorylation
was observed in PRL2-expressing cells upon IGF2 stimulation
(Fig. 6D). The data indicate that overexpression of PRL2 aug-
ments EGF- and IGF2-mediated Akt activation and suggest
that PRL2 deficiency could abrogate EGF- or IGF2-mediated
Akt activation in the PRL2 mutant placenta, causing impaired
placental development.
PRL2 Activates Akt by Down-regulating PTEN Expression—As

a key component of the PI3K pathway, Akt is activated by PI3K
and repressed by PTEN. To determine whether the decreased
Akt phosphorylation in PRL2�/� placenta is due to reduced
PI3K activity, we measured the kinase activity of PI3K immu-
noprecipitated from placentas. No difference in PI3K activity
was observed between the wild-type and PRL2�/� placenta
(supplemental Fig. S7). We then examined whether PRL2 con-
trols the level of PTEN, a negative regulator ofAkt.Overexpres-
sion of PRL2 in HEK293 cells led to a 40% decrease in PTEN,
whereas deletion of PRL2 gave rise to a 1.7-fold increase in
PTEN in PRL2-deficient placenta (Fig. 7A). Taken together, the
results suggest that PRL2 promotes Akt activation by down-
regulating PTEN.
PTEN can be regulated at bothmRNA and protein levels. To

determine whether PRL2 influences PTEN transcription, we
measured PTENmRNAby quantitative RT-PCR. Fig. 7B shows
that PTEN mRNA levels were similar in wild-type and mutant
placenta at developmental stages from E12.5 to E16.5. Thus
PRL2 deficiency-induced up-regulation of PTEN may occur at

the post-transcriptional level. To determine whether PRL2
affects PTEN protein stability, PRL2-transfected or control
cells were treated with cycloheximide, which blocks protein
synthesis. As shown in Fig. 7, C and D, PRL2 overexpression
promotes PTEN degradation, reducing its half-life from more
than 36 h to around 10 h. Treatment with 20 �M of the protea-
some inhibitorMG132did not significantly affect PTEN level in
control cells, but did potently increase PTEN in PRL2-express-
ing cells (Fig. 7E). Collectively, the results indicate that PRL2
down-regulates PTEN through the proteasomal pathway. It fol-
lows that PRL2 deficiency leads to elevated PTEN level as
observed in PRL2�/� placenta.

Phosphorylation of PTEN at Ser-380, Thr-382, and Thr-383
enhances PTEN stability by protecting it from the proteasome-
mediated degradation (30). Because PRL2 is a protein phospha-
tase, we tested the hypothesis that PRL2 destabilizes PTEN by

FIGURE 6. PRL2 overexpression enhanced EGF- and IGF2-induced Akt
activation in HEK293 cells. A, proliferation rate of HEK293-PRL2 stable cell
lines (PRL #1 and #2) and vector control cells. Cell numbers were determined
after a 72-h culture by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide assay measured as optical density at 540 nm (OD 540). Data
represent mean of three experiments � S.E. *, p � 0.01. B, migration rate of
HEK293-PRL2 and vector control cells determined by the Transwell migration
assay. Cells that migrated to the lower chamber were collected and counted
with a hemocytometer. Data represent mean of three experiments � S.E. *,
p � 0.001. C, Western blot showing FLAG-tagged PRL2 expression and Akt
phosphorylation in HEK293-PRL2 cells. pAkt473, phospho-Akt473. D, respon-
siveness of HEK293-PRL2 and vector control cells to EGF and IGF2. Cells were
serum-starved overnight, stimulated with 2 ng/ml EGF or 5 ng/ml IGF2 for the
indicated times, lysed, and subjected to Western blot for phosphorylated Akt
and total Akt signals. pAkt473, phospho-Akt473.

FIGURE 7. PRL2 destabilized PTEN protein by reducing vinculin expres-
sion. A, lysates from E12.5 PRL2�/� or wild-type placentas as well as HEK293-
PRL2 stable cell lines (PRL2 #1 and #2) and their vector controls were analyzed
by Western blot for PTEN, phospho-PTEN (pPTEN), and vinculin expression.
B, PTEN mRNA levels in PRL2�/� or wild-type placentas at E12.5, E14.5, and
E16.5 were determined by quantitative RT-PCR (n � 5 for each genotype at
each stage). Data represent mean � S.E. C, HEK293-PRL2 stable cell line and its
vector control were treated with cycloheximide (CHX) at 100 �g/ml for the
indicated times, and cell lysates were analyzed for PTEN and actin protein
levels by Western blot. Data represent three independent experiments.
D, quantification of the results in C. PTEN and actin signals were measured
using ImageJ. The ratio of PTEN/actin was determined for each sample and
plotted as -folds of time 0 for each cell line. E, HEK293-PRL2 cell line and its
vector control were treated with 20 �M MG132 for 6 h. Cells were lysed, and
PTEN and actin protein levels were analyzed by Western blot. PTEN and actin
signals were measured using ImageJ, and the ratio of PTEN/actin was deter-
mined. Data are representative of three independent experiments.
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removing phosphates from these sites. We analyzed PTEN
phosphorylation at the Ser-380/Thr-382/Thr-383 cluster and
the total PTEN protein in vector control- and PRL2-expressing
cells, as well as in wild-type and PRL2�/� placenta (Fig. 7A).
The ratios of phospho-PTEN/total PTENwere found to be con-
stant as the levels of PRL2 varied. Moreover, no appreciable
changes in PTEN phosphorylation were observed when PTEN
immunoprecipitated from HEK293 cells was treated with
recombinant PRL2 (supplemental Fig. S8). Thus it appears that
PRL2 does not control PTEN phosphorylation.
PTENprotein stability could also be regulated by its interact-

ing proteins such as MAGI2 (31). PTEN forms a complex with
MAGI2 and �-catenin at cell adherens junction, which pre-
vents PTEN from degradation, and this complex is maintained
by the adherens junction component vinculin. In vinculin-null
cells, the complex is disrupted and PTEN level is reduced (32).
This led us to examine whether PRL2 altered the expression of
vinculin. Lysates fromwild-type and PRL2�/� placenta, as well
as vector- and PRL2-transfected cells, were analyzed for vincu-
lin byWestern blot. The results showed that vinculin is up-reg-
ulated in PRL2-deficient placenta and down-regulated in PRL2
overexpressing cells (Fig. 7A). Thus one mechanism by which
PRL2 down-regulates PTEN may be via inhibition of vinculin
expression, which disrupts the PTEN-MAGI2-�-catenin com-
plex, exposing PTEN for degradation.

DISCUSSION

Despite awealth of data obtained in cultured cells supporting
a role for PRLs in tumorigenesis and metastasis, there is little
evidence that these enzymes play important physiological roles
in mammals.We provide the first genetic evidence of an essen-
tial function for a member of this subfamily of phosphatases in
placental development and fetal growth. PRL2 deficiency
impairs glycogen-containing cell proliferation, leading to
reduced spongiotrophoblast and decidual layers in the pla-
centa. These structural defects cause placental hypotrophy and
insufficiency, likely responsible for the fetal growth retardation.
The placental development and fetal growth phenotypes
observed in PRL2�/� mice are reminiscent of mice carrying an
Akt1-nullmutation (27). Interestingly, Akt activity in the PRL2-
null placenta is notably lower than in the wild-type counterpart
(Fig. 5). Given the importance of IGF2 in embryonic growth
(33) and our results showing that PRL2 augments IGF2-in-
duced Akt activation, the embryonic growth restriction in
PRL2�/� mice may also be caused by impairment in IGF2 sig-
naling, in addition to placental dysfunction.
Akt is a major downstream effector of PI3K pathway, which

promotes proliferation and survival. PTEN is one of the most
common tumor suppressors frequently lost in human cancer
and mutated in inherited cancer predisposition syndromes.
PTEN negatively regulates Akt activation by converting phos-
phatidylinositol triphosphate (PI(3,4,5)P3) into phosphatidyli-
nositol 4,5-bisphosphate (PI(4,5)P2) (34). Thus down-regula-
tion of PTEN is expected to activate PI3K-Akt signaling, which
has been associated with the development of cancer. We dis-
covered that PTEN level is elevated in PRL2-deficient placenta,
consistent with the decreased Akt activity and glycogen
cell proliferation. Conversely, increased PRL2 expression in

HEK293 cells reduces PTEN level, which promotes Akt activa-
tion and cell proliferation. Moreover, overexpression of PRL3
in the DLD1 colorectal cancer cell line also results in decreased
PTEN protein and increased Akt phosphorylation (16). Taken
together, our results suggest that PRL2 activates Akt by down-
regulating PTEN. In support of our finding that PRL2 functions
as a negative regulator of PTEN, “Super-PTEN” transgenic
mouse lines with higher PTEN expression also show reduced
body size due to decreased cell proliferation (35). Recent stud-
ies reveal that even a subtle reduction of PTEN expression can
substantially increase tumor formation in mice (36). Given the
strong cancer susceptibility to subtle variations in PTEN dos-
age, the ability of PRL2 to repress PTEN expression provides a
biochemical basis for it to serve as an oncogene. Our data sug-
gest that PRL2 down-regulates PTEN through the proteasomal
pathway, likely via inhibition of vinculin expression, which dis-
rupts the PTEN-MAGI2-�-catenin complex, exposing PTEN
for degradation. Ongoing efforts are devoted to understand the
exact mechanism by which PRL2 controls PTEN stability. The
PRL2�/� mice offer a powerful system to define the roles of
PRL in both development and tumorigenesis.
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