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Background: The PRLs are oncogenic when overexpressed but their physiological function is not well defined.
Results: PRL2-deficient mice exhibit testis hypotrophy, decreased sperm production, and impaired reproductive potential.
Conclusion: PRL2 promotes Kit signaling and germ cell survival by down-regulating PTEN.
Significance: The study reveals the biological importance of PRL2 in spermatogenesis and identifies PRL2 as a novel target for
cancer and male contraception.

The Phosphatase of Regenerating Liver (PRL) proteins pro-
mote cell signaling and are oncogenic when overexpressed.
However, our understanding of PRL function came primarily
from studies with cultured cell lines aberrantly or ectopically
expressing PRLs. To define the physiological roles of the PRLs,
we generated PRL2 knock-out mice to study the effects of PRL
deletion in a genetically controlled, organismal model. PRL2-
deficient male mice exhibit testicular hypotrophy and impaired
spermatogenesis, leading to decreased reproductive capacity.
Mechanistically, PRL2 deficiency results in elevated PTEN level
in the testis, which attenuates the Kit-PI3K-Akt pathway, result-
ing in increased germ cell apoptosis. Conversely, increased
PRL2 expression in GC-1 cells reduces PTEN level and pro-
motes Akt activation. Our analyses of PRL2-deficient animals
suggest that PRL2 is required for spermatogenesis during testis
development. The study also reveals that PRL2 promotes Kit-
mediated PI3K/Akt signaling by reducing the level of PTEN that
normally antagonizes the pathway. Given the strong cancer sus-
ceptibility to subtle variations in PTEN level, the ability of PRL2
to repress PTEN expression qualifies it as an oncogene and a
novel target for developing anti-cancer agents.

The phosphatase of regenerating liver (PRL)2 family of pro-
teins are potential targets in oncology (1–3). Of the three PRLs,
PRL2 is the most abundantly and ubiquitously expressed in
adult human tissues while PRL1 has a somewhat more
restricted pattern of expression and an overall lower level than
PRL2 (4 – 6). PRL3 is primarily expressed in heart and skeletal
muscle (5, 7). Unlike most protein phosphatases that function
to reverse the action of protein kinases, the PRLs play a positive

role in promoting cell proliferation and invasion (1–3). PRLs
are found elevated in colorectal (8, 9), liver (10), prostate (11),
pancreatic (12), and breast (13) cancers, as well as hematologi-
cal malignancies such as multiple myeloma (14, 15) and acute
myeloid leukemia (16, 17). Furthermore, elevated levels of PRL
are detected almost exclusively in late stage and metastatic
tumors, suggesting that they may play a role in malignancies (8,
9, 18 –21). Experimentally, overexpression of PRL in both non-
tumorigenic and tumor cell lines results in increased prolifera-
tion, anchorage-independent growth, and invasion (10, 22–25).
When injected into the tail vein of mice, PRL-overexpressing
cells induce rapid tumor growth and high levels of metastasis
(10, 25). Conversely, down-regulation of PRL reduces onco-
genic behaviors in melanoma, gastric, breast, and colon cancer
cell lines, and results in smaller tumors with less metastases in
mice (18, 26 –29). Thus, the PRL phosphatases possess onco-
genic potential when overexpressed.

Available biochemical data suggest that PRLs promote cell
proliferation and migration through activation of a number of
pathways, including those mediated by the Rho family of small
GTPases, Src, ERK1/2, and PI3K (23, 24, 26, 30). However, our
current understanding of PRLs came primarily from studies in
cancer cell lines ectopically overexpressing PRLs. Little is
known about the role of PRL in normal physiology. To define
the biological function of the PRLs, we generated PRL2 knock-
out mice to study the effects of PRL deletion in a genetically
controlled, organismal model. We previously reported that
PRL2 deficiency causes growth retardation in both embryos
and adult mice (31). The embryonic growth retardation was
attributed to placenta insufficiency. Decreased cell prolifera-
tion in PRL2�/� placenta appears to be caused by Akt inactiva-
tion as a result of up-regulation of the tumor suppressor PTEN.
These results provide the first evidence that PRL2 is required
for extra-embryonic development by promoting cell prolifera-
tion via the PI3K-Akt signaling pathway (31).

In addition to the placental phenotypes in females, PRL2-
deficient male mice exhibit testis hypotrophy, suggesting pos-
sible defects in spermatogenesis. Spermatogenesis is a highly
regulated process of proliferation and differentiation of sper-
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matogonia, the germline stem cells in testis, leading to succes-
sive production of mature spermatozoa throughout the period
of male sexual maturity (32). The balance between testicular
stem cell proliferation and differentiation is regulated by a com-
plex interplay of signaling events. While the self-renewal of
stem cell is primarily stimulated by Glial cell line-derived neu-
rotrophic factor (GDNF) produced by Sertoli cells (the somatic
cells supporting germ cells within seminiferous tubules) (33),
the differentiation of spermatogonia is heavily controlled by Kit
signaling (34). Kit is a proto-oncogene encoding a protein tyro-
sine kinase in the PDGF receptor family (35). Kit is activated
when bound to its ligand Stem Cell Factor (SCF) expressed in
Sertoli cells, and plays crucial roles in regulating proliferation,
migration, and survival of the Kit-positive cells, as well as the
entry of meiosis (36).

In the present study, we analyzed the effect of PRL2 defi-
ciency on male fertility and spermatogenesis at the cellular and
molecular levels. We show that PRL2-deficient mice have atro-
phied testis and low sperm count, leading to impaired repro-
ductive ability. Mechanistically, PRL2 deficiency results in ele-
vated PTEN expression in testis germ cells. This attenuates the
SCF-Kit stimulated Akt activation and increased germ cell
apoptosis, causing decreased production of spermatozoa.
Together, the data support an important role of PRL2 in sper-
matogenesis through regulation of the Kit signaling pathway.

EXPERIMENTAL PROCEDURES

Animals—Generation and genotyping of the PRL2�/� mice
were previously described (31). Mice used in this study were all
on a C57BL6/129P2 mixed genetic background. Experiments
on mice were carried out in accordance with the regulations of
The Institutional Animal Care and Use Committees at Indiana
University. PRL2 monoclonal antibodies were generated as pre-
viously described (37).

Cell Culture and Stable Clone Selection—GC-1 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. pCMV-Flag vector containing
mouse PRL2 cDNA was co-transfected with puromycin selec-
tion vector into GC-1 cells using Lipofectamine 2000 (Invitro-
gen). 24 h after transfection, 2 �g/ml puromycin was added to
the medium. Stable clones were isolated after 3 weeks selection.
Overexpression of PRL2 was determined by Western blot.

Reproductive Performance Evaluation—Age matched wild-
type and PRL2�/� males were each mated with 4 wild-type
virgin females every day for 6 consecutive days. Vaginal plugs
were monitored every morning, and plugged females were
removed and replaced with virgin females. After 6 days, the
total number of females plugged by each male was counted.
Plugged females were kept for an additional month to deter-
mine the number of pregnant mice and their litter sizes. The
percentage of pregnant mice among the plugged and the aver-
age litter size were calculated for each male.

Histology—Tissues were fixed in 4% paraformaldehyde (PFA)
overnight at 4 °C, embedded in paraffin, serially sectioned (7
�m), and stained with H&E according to standard methods. For
immunohistochemistry, de-paraffined and hydrated sections

were subjected to antigen retrieval by boiling in 10 mM sodium
citrate for 20 min. Sections were then incubated with diluted
antibodies (1:50 to 1:400) at 4 °C overnight. Signals were
detected by VECTASTAIN Elite ABC kit and developed using
DAB substrate from Vector laboratory (Burlingame, CA). Anti-
bodies used were PLZF, Kit (Santa Cruz Biotechnology),
Vimentin, PCNA and cleaved PARP (Cell Signaling Technol-
ogy). TUNEL staining was performed using ApopTag fluores-
cein in situ apoptosis detection kit (Millipore) following the
manufacturer’s instructions. For LacZ staining, testis was fixed
in 4% PFA on ice for 1 h, incubated in PBS/0.01%Nonidet P-40
for 4 h, and stained in �-gal substrate (1 mg/ml X-gal, 5 mM

K3Fe(CN)6, 5 mM K4Fe(CN)6, 1 mM EGTA, 0.01% Nonidet P-40
in 1� PBS) for 48 h at 37 °C. Testis was then embedded in
paraffin and sectioned. Images were captured on a Leica
DM2500 stereomicroscope. All images are representative of at
least three samples.

Testicular Cell Isolation, Stimulation, and Western Blot
Analysis—Testes isolated from wild-type or PRL2�/� males
were de-capsulated and digested in DMEM containing 1 mg/ml
collagenase I at 32 °C for 20 min with gentle agitation. Released
interstitial cells were removed, and seminiferous tubules were
washed twice with DMEM. Seminiferous tubules were then
subjected to second enzymatic digestion in DMEM with 1
mg/ml collagenase I, 0.5 mg/ml trypsin, 50 units/ml hyaluron-
idase, and 100 �g/ml DNase I at 32 °C for 30 min with gentle
agitation. Seminiferous tubules were pipetted up and down for
10 times to disassociate the cells. The cell clumps were removed
by passing through a 70-�m nylon filter, and the single cell
preparation was incubated in a culture dish in DMEM at 32 °C
with 5% CO2 for 3 h to allow Sertoli cells and peritubular cells to
attach. Germ cells in the suspension were then counted and
used immediately. For SCF stimulation, 1 � 106 cells were incu-
bated with or without SCF for indicated amount of time, lysed
in SDS protein sample buffer, separated by SDS-PAGE and sub-
jected to Western blot analysis. All the antibodies used in West-
ern blot analysis are from Cell Signaling Technology.

Sperm Count—Caudal epididymis were isolated from age-
matched wild-type or PRL2�/� mice, minced in 10 ml BWW
buffer (NaCl 5.54 g/liter, KCl 0.356 g/ liter, CaCl2�2H2O 0.250
g/ liter, KH2PO4 0.162 g/ liter, MgSO4�7H2O 0.294 g/ liter,
NaHCO3 2.1 g/ liter, glucose 1.0 g/ liter, sodium pyruvic acid
0.03 g/ liter, BSA 3.5 g/ liter), and incubated at 32 °C for 15 min.
After mixed by pipetting, the motile and total sperm numbers
were counted using hemocytometer.

Statistical Analysis—All statistical significant differences
were calculated using student’s t test and represented by aster-
isks: *, p � 0.05, **, p � 0.01, ***, p � 0.001.

RESULTS

PRL2�/� Male Mice Exhibit Impaired Reproductive Capacity
due to Reduced Sperm Production—Anatomical examination
revealed that the testis of PRL2�/� male are markedly smaller
than that of the wild-type (47.2 � 7.0 versus 103.0 � 15.6 mg)
(Fig. 1A). Since PRL2 deficient adult mice are �20% smaller
than wild-type littermates (31), we normalized the testis to
body weight and found that the PRL2�/� testes were still �30%
smaller compared with those of the wild-type littermates (Fig.
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1B). To determine whether the reduced testis size affects
PRL2�/� male reproductivity, wild-type and PRL2�/� males at
3 and 6 months old were mated with wild-type virgin females
for 6 consecutive days. At both ages PRL2�/� males produced
similar number of vaginal plugs as the matching wild-type ani-
mals (Fig. 1C), indicating that PRL2 deficiency did not affect the
sexual drive in PRL2 mutant animals. However, the average
litter size derived from PRL2�/� males was smaller than that
from females mated to wild-type males (Fig. 1D). In addition,
the percentage of pregnancy plugged by PRL2�/� males was
lower than that by wild-type males (Fig. 1E). The difference in
fertility was evident as early as 3 months of age and became
more pronounced at 6 months of age, when only 20% of females
plugged by PRL2�/� males became pregnant compared with
71% of females by the wild type (Fig. 1E). The reproductive
performance was also evaluated in younger (2–2.5 month) and
older (� 6 month) PRL2�/� and matched wild-type littermates.
At younger age, there was no significant difference in fertility
between the two genotypes (data not shown). PRL2�/� male
mice (n�30) manifested a full-penetrance of sterility when they
were beyond 9 months old while the wild-type at 1.5 year in our
colony were still able to sire with normal liter size (data not
shown). Thus, while the sexual drive appeared to be normal, the
reproductive ability of the PRL2�/� male was compromised,
and became progressively deteriorated as the mice aged. The
age-dependent impaired fertility in PRL2�/� male is likely a
cumulative effect due to a gradual decrease in spermatozoal
production (see below).

Testosterone plays an essential role in testis development
and function (38). Sertoli cell-specific deletion of androgen
receptor (AR), the receptor for testosterone, results in reduced
testis size and impaired spermatogenesis (39). The testicular
hypotrophy and decreased reproductive capacity of PRL2�/�

mice prompted us to examine whether testosterone level was

affected by deficiency of PRL2. However, measurement of
testosterone concentration in serum from 3 month old mice
did not reveal significant difference between wild-type and
PRL2�/� mice (data not shown), suggesting that the reduction
of testis in PRL2�/� mice was not due to changes in testoster-
one level. The homeostasis of prostate and seminal vesicles also
depends on proper testosterone level. Consistent with the nor-
mal level of blood testosterone in mutant mice, the prostates
and seminal vesicles in PRL2-deficient mice were comparable
in size to those in wild-type when normalized by their body
weights (data not shown). Sperm counts were next measured to
investigate the cause of reduced fertility in PRL2�/� male.
Indeed, PRL2�/� epididymis contained significantly fewer
spermatozoa than wild-type, especially at 6-month old (sperm
count 3.1 � 1.3 � 106 for PRL2�/� and 13.3 � 0.6 � 106 for
wild-type), although no significant difference in sperm motility
was observed (Fig. 1, F and G). These results suggest that the
impaired reproductive ability of PRL2�/� male is due to lower
sperm production.

PRL2 Deficiency Leads to Decreased Spermatogenesis—The
structure of PRL2�/� testes was analyzed histologically to
explore the cause for the reduced organ size and sperm count.
Similar to wild-type controls, the seminiferous tubules of 3
month old PRL2�/� mice contained well-structured Sertoli
cells, spermatogonia, primary and secondary spermatocytes,
round spermatids and enlongated spermatids (Fig. 2, A and B).
However, the diameter of seminiferous tubules of PRL2�/�

mice is nearly 20% shorter than that of wild-type (Fig. 2C), sug-
gesting a reduced cellularity in PRL2�/� tubules. In 3-month
old mutant testes, abnormal clusters of cells could be found in
the lumen of seminiferous tubules (Fig. 2, A and B). This is more
frequently observed in 6-month old mutant testes (Fig. 2, D and
E). In addition, seminiferous tubules either totally or partially
devoid of germ cells were observed in 6-month old PRL2�/�

FIGURE 1. PRL2�/� male has impaired reproductive ability due to reduced sperm number. A, picture of testis from wild-type and PRL2�/� littermates at 3
months old. B, testis/body weight ratio of wild-type and PRL2�/� mice. n � 5 for each genotype. C–E, mating experiment to assess the reproductive perform-
ance of wild-type and PRL2�/� males. As described under “Experimental Procedures,” each male was mated with 4 wild-type virgin females every day for 6
consecutive days. Plugged females were taken out and kept for pregnancy measurement. For 3 months old, WT: n � 5, KO: n � 8. For 6 months old, WT: n � 4,
KO: n � 4. Data represent mean � S.E. F–G, sperm counts of wild-type and PRL2�/� mice. Epididymis from one side of mice was removed, minced in BWW
buffer, and incubated at 32 °C for 15 min. Sperm suspension was then added to hemocytometer to count total and motile sperm number. n � 5 for each
genotype at each time point. Data represent mean � S.E. *, p � 0.05, **, p � 0.01.
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testes, indicating a severe cell loss in these tubules (Fig. 2, D
and E).

To determine whether PRL2�/� seminiferous tubules were
hypocellular, we counted the total number of cells isolated from
seminiferous tubules of 3-month old PRL2�/� or wild-type tes-
tes. The results showed that the cell number in PRL2�/� sem-
iniferous tubules was only 47% of the wild-type (Fig. 2F), which
is consistent with the shorter diameter of seminiferous tubules
as well as the smaller testis size in PRL2�/� mice. Seminiferous
tubular cells consist of Sertoli cells, germ cells, and a small
amount of peritubular myoid cells. Sertoli cells nourish and
support the proliferation and differentiation of germ cell. Thus,
a reduction of Sertoli cell number could result in loss of germ
cells. To determine whether the development and growth of
Sertoli cells were normal in PRL2�/� testis, we performed
immunohistochemistry for vimentin, a Sertoli cell marker, to
visualize Sertoli cells in wild-type and PRL2�/� mutant testis.
Based on vimentin labeling, the number of Sertoli cells in each
seminiferous tubule was counted, and the average cell number
per tubule was found similar between the two genotypes (Fig. 2,
G–I). This analysis revealed that Sertoli cell development was
normal in PRL2�/� testes. Thus the hypo-cellularity observed
in PRL2�/� seminiferous tubule is likely attributed to loss of
germ cells, leading to impaired spermatogenesis in PRL2�/�

testes.
To determine where PRL2 is expressed in the testis, we took

advantage of LacZ expression that is under the control of
endogenous prl2 promoter in the mutant allele (31). Therefore,
endogenous PRL2 transcription can be monitored by LacZ
expression in heterozygous or homozygous PRL2 mutant mice.
Since PRL2�/	 testes were functionally and anatomically indis-
tinguishable from those of the wild-type (data not shown), they
were used to study endogenous PRL2 expression. As a specific-
ity control for the assay, wild-type samples were performed in
parallel. As expected, no X-gal staining was observed in wild-
type testis (Fig. 2J). In heterozygous samples (Fig. 2, K--M), the
interstitial tissue (yellow *), peritubular cells (black arrow), and
germ cells (red arrow) are all positive for X-gal staining, reveal-
ing a ubiquitous expression pattern of PRL2 gene expression at
the transcriptional level. The staining intensity within seminif-
erous tubule varies with spermatogenic stage as shown in Fig. 2,
K–M, suggesting a spermatogenic stage-dependent expression
pattern of PRL2 transcription. Because of the structural nature
(being branching) of Sertoli cells and the punctated pattern of
X-gal staining, whether PRL2 is expressed in Sertoli cells
remains to be fully documented.

FIGURE 2. PRL2�/� testis has hypotrophic seminiferous tubules. A and B,
H&E staining of wild-type (A) and PRL2�/� (B) testis sections at 3 months of
age. The black arrow shows aberrant cell cluster. C, seminiferous tubule diam-
eter of wild-type and PRL2�/� mice (% of WT). Seminiferous tubule diameters
were measured on testis sections of wild-type and PRL�/� littermates. For
each mouse at least 20 seminiferous tubules were measured. The average
diameter of PRL2�/� seminiferous tubules was then calculated as a percent-
age of that of wild-type littermates and plotted. n � 8 for each genotype. Data
represent mean � S.E. D and E, H&E staining of wild-type (D) and PRL2�/� (E)
testis sections at 6 months of age. Red arrows show aberrant cell clusters. Blue
stars mark empty seminiferous tubules. F, seminiferous tubule cell numbers
in wild-type and PRL2�/� testes. Seminiferous tubule cells from the testes of
3 month old wild-type or PRL2�/� mice were isolated and counted. n � 3 for
each genotype. Data represent mean � S.E. G and H, vimentin immuno-
staining on testis sections from wild-type (G) and PRL2�/� (H) mice of 3
months old. I, number of Sertoli cells per seminiferous tubule in wild-type and
PRL2�/� testis. Cross sections of testes from 3 month old wild-type and

PRL2�/� mice were immunohistologically stained for vimentin to label Sertoli
cells. Sertoli cells in each seminiferous tubule were counted. At least 10 sem-
iniferous tubules were counted for each mouse. Sertoli cell number per
tubule was then averaged and plotted. n � 5 for each genotype. Data repre-
sent mean � S.E. J–M, PRL2 expression indicated by LacZ expression under
control of the endogeous PRL2 promoter. J, testicular tube section from wild-
type serves as a negative control for LacZ activity-based staining (blue). K–M,
testicular tube sections from PRL2	/� mice representing stages III (K), I (L),
and XII (M) of spermatogenesis. PRL2 expression is specifically detected in
PRL2	/� section in a ubiquitous manner, in interstitial tissue (yellow *), peri-
tubular cells (black arrow), and spermatogenic cells (red arrow). While the
staining intensity in the interstitial tissue and peritubular cells are comparable
from stage to stage, the staining intensity in spermatogenic cells varies with
spermatogenic stage. **, p � 0.01.
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PRL2 Deficiency Promotes Apoptosis in Germ Cells—In mice,
spermatogenesis starts after birth (32). Along the process of the
first round spermatogenesis, different types of germ cells
appear in order of maturity, from undifferentiated spermatogo-
nia to differentiating spermatogonia, primary spermatocyte,
secondary spermatocyte, and lastly spermatid. To identify the
cell type(s) and developmental stages affected by PRL2 defi-
ciency, we analyzed wild-type and mutant testes at different
stages of development to establish when the loss of cellularity
occurs. At 1 week after birth, no structural difference could be
detected between the wild-type and PRL2�/� testes (Fig. 3, A
and B). The average diameter of the seminiferous tubules was
similar between the two genotypes (Fig. 3C). At this stage, the
majority of the cells inside the seminiferous tubules are Sertoli
cells and undifferentiated spermatogonia with differentiating
spermatogonia just starting to develop. We have shown that the

development of Sertoli cell was normal in PRL2�/� testes. To
determine the number of undifferentiated spermatogonia in
wild-type and mutant seminiferous tubules, we performed
immunohistological staining for PLZF, a transcription factor
specifically expressed in undifferentiated spermatogonia (40).
The result revealed that the number of PLZF-positive undiffer-
entiated spermatogonia was comparable between the two gen-
otypes (Fig. 3, D and E). This indicates that PRL2 deficiency
does not affect the migration of primordial germ cells into the
gonads during embryogenesis. Nor does PRL2 deficiency
impair the proliferation of undifferentiated spermatogonia at
this stage.

At 2 weeks of age, however, loss of cellularity became evident
in the PRL2�/� testes. The thickness of the seminiferous epi-
thelium was reduced (Fig. 3, F and G), and the diameter of
seminiferous tubules was shorter in PRL2�/� testes compared

FIGURE 3. Hypotrophy of PRL2�/� seminiferous tubules started at 2 weeks of age. A and B, H&E staining of testis sections from 1 week old wild-type (A) and
PRL2�/� (B) mice. C, seminiferous tubule diameter of wild-type and PRL2�/� testes at 1 week of age. n � 3 for each genotype. Data represent mean � S.E. D and
E, PLZF immunohistological staining of testis sections from 1-week old wild-type (D) and PRL2�/� (E) mice. F and G, H&E staining of testis sections from 2 weeks
old wild-type (F) and PRL2�/� (G) mice. H, seminiferous tubule diameter of wild-type and PRL2�/� testes at 2 weeks of age. n � 3 for each genotype. Data
represent mean � S.E. *, p � 0.05.
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with that in the wild-type (Fig. 3H). We therefore conclude that
the hypocellular phenotype of PRL2�/� testis started at 2 weeks
after birth. The cell types inside seminiferous tubules at 2 weeks
of age, in addition to Sertoli cells and undifferentiated sper-
matogonia, include differentiating spermatogonia and primary
spermatocytes, both of which express Kit (41). To delineate
which cell type was lost in PRL2�/� seminiferous tubule, we
examined PLZF and Kit positive cells by immunohistochemis-
try in wild-type and mutant testes. The number of PLZF-posi-
tive undifferentiated spermatogonia was comparable between
the two genotypes (Fig. 4, A–C). In contrast, the Kit-positive
population was significantly reduced in PRL2�/� testes (Fig. 4,
D–F). The difference was more pronounced in the mutant sem-
iniferous tubules featuring a thin seminiferous epithelium
(tubules with a blue star). Collectively, these analyses suggested
that the primary cell type that is affected by PRL2 deficiency in
2 weeks old PRL2�/� testes are Kit-positive cells.

To determine whether the seminiferous hypocellularity was
due to decreased proliferation, increased apoptosis, or a com-
bination of both, we performed immunohistological staining
for PCNA (Proliferating Cell Nuclear Antigen, a proliferation
marker) and cleaved PARP (Poly ADP-Ribose Polymerase, an
apoptosis marker) on testis sections of PRL2�/� and wild-type
mice at 2 weeks of age. While the percentage of proliferating
cells in the testis was similar between the two genotypes (Fig. 5,

A–C), the labeling index for cleaved PARP was nearly 6-fold
higher in the mutant germ cells, indicating that PRL2 deficiency
primarily impair cell survival (Fig. 5, D–F). Consistent with the
cleaved PARP staining, the TUNEL (terminal deoxynucleotidyl
transferase-mediated dUTP nick end labeling) assay that
detects the DNA breaks in apoptotic cells also showed a signif-
icantly increased number of TUNEL-positive cells in mutant
testes (Fig. 5, G and H). Thus aberrant germ cell apoptosis pro-
vides a potential mechanism to explain the hypotrophy of sem-
iniferous tubules and testes in PRL2�/� mice.

Increased apoptosis was also observed at later stages in
PRL2�/� testis. Based on the cleaved PARP staining, the num-
ber of apoptotic germ cells was 6- and 9-fold higher in PRL2�/�

testes at 3 and 6 months of age, respectively, than that in the
wild-type animals (Fig. 6, A–D). This explained the progres-
sively reduced sperm production in PRL2�/� males. Continu-
ously elevated apoptosis will result in severe loss of germ cells,
therefore producing fewer sperm. The apoptotic germ cells
could be sloughed from the seminiferous epithelium and ulti-
mately reach the caudal epididymis. Indeed, we found abnor-
mal germ cell clusters in the lumen of the PRL2�/� testes.
Cleaved PARP staining indicated that most of them were apo-
ptotic cells (Fig. 6B, red arrow). Consistent with the histological
presentation in the testis, examination of the caudal epididymis
from 6 month old PRL2�/� mice revealed a scarcity of sperma-

FIGURE 4. PRL2�/� males have normal number of undifferentiated spermatogonia but lost Kit-positive cells at 2 weeks of age. A and B, PLZF immuno-
histological staining showing undifferentiated spermatogonia in testis sections from 2-week old wild-type (A) and PRL2�/� (B) mice. Blue stars marked the
PRL2�/� seminiferous tubules with very thin seminiferous epithelium. C, number of PLZF positive cells per seminiferous tubule in testis sections from 2 week
old wild-type and PRL2�/� mice. For each mouse, at least 20 tubules were counted for PLZF-positive cells. n � 3 for each genotype. Data represent mean � S.E.
D and E, Kit immunohistological staining showing Kit-positive cells in testis sections from 2-week old wild-type (D) and PRL2�/� (E) mice. Blue star marked the
PRL2�/� seminiferous tubule with very thin seminiferous epithelium. F, number of Kit-positive cells per seminiferous tubule in testis sections from 2 week old
wild-type and PRL2�/� mice. For each mouse, at least 20 tubules were counted for Kit-positive cells. n � 3 for each genotype. Data represent mean � S.E. ***,
p � 0.001.
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tozoa due to decreased spermatogenesis as well as an abun-
dance of ectopically released germ cells (Fig. 6, E and F).
Cleaved PARP staining showed that the majority of these ectop-
ically released germ cells in the epididymal lumen were apopto-
tic (Fig. 6, G and H), which provided another indicator for the
increased apoptosis in PRL2�/� testes.

PRL2 Deficiency Impairs Kit-mediated PI3K Signaling by Up-
regulating PTEN—Testis development is primarily controlled
by the GDNF-Ret and SCF-Kit signal pathways (42). GDNF-Ret
pathway is responsible for maintaining the self-renewal of
undifferentiated spermatogonia, while SCF-Kit pathway regu-
lates the proliferation and survival of differentiating spermato-

gonia and spermatocytes. The data described above showed
that in PRL2-deficient testes, the self-renewal of undifferenti-
ated spermatogonia appeared to be normal, while the Kit posi-
tive cells underwent increased apoptosis, suggesting that SCF-
Kit signaling might be compromised. To further substantiate
this conclusion, we stimulated germ cells isolated from
PRL2�/� and wild-type testes with SCF, and evaluated the acti-
vation status of down-stream effectors Akt and ERK1/2. As
shown in Fig. 7, A and B, the basal level of Akt phosphorylation
in PRL2�/� germ cells was only 47 � 3% of that in the wild-type
cells. As expected, SCF stimulation activated Akt in both geno-
types. However, the levels of Akt phosphorylation in PRL2�/�

FIGURE 5. PRL2 deficiency results in increased germ cell apoptosis at 2 weeks of age. A and B, PCNA immunohistological staining showing proliferating
cells in testis sections from 2 week old wild-type (A) and PRL2�/� (B) mice. C, percentage of PCNA-positive cells in testis sections from 2-week old wild-type and
PRL2�/� mice. For each mouse, PCNA-positive and negative cells in 4 random fields were counted (�2,000 total), and the percentage of PCNA-positive cells
were calculated. n � 3 for each genotype. Data represent mean � S.E. D and E, cleaved PARP immunohistological staining showing apoptotic cells in testis
sections from 2 week old wild-type (D) and PRL2�/� (E) mice. Red arrows mark the apoptotic germ cells. F, percentage of cleaved PARP positive cells in testis
sections from 2 week old wild-type and PRL2�/� mice. For each mouse, cleaved PARP-positive and negative cells in 4 random fields were counted (�2,000
total), and percentage of cleaved PARP-positive cells were calculated. n � 3 for each genotype. Data represent mean � S.E. G and H, TUNEL stain showing
apoptotic cells in testis sections from 2 week old wild-type (G) and PRL2�/� (H) mice with DAPI counterstain of nucleus. Green fluorescence labels the apoptotic
cells. ***, p � 0.001.
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germ cells after 10 and 30 min of SCF stimulation were 33 �
16% and 51 � 6% of those in the wild-type (Fig. 7, A and B). The
results indicate that PRL2 deficiency impaired both basal and
Kit-mediated Akt activation. Interestingly, no significant
change in ERK1/2 phosphorylation was observed upon SCF
stimulation in either wild-type or PRL2�/� germ cells (Fig. 7, A
and B).

To investigate the mechanism by which PRL2 attenuates Kit-
mediated Akt activation, we first analyzed Kit expression in
both wild-type and PRL2�/� germ cells. No change in Kit
expression was observed as a result of PRL2 deletion (Fig. 7, C
and D). We previously reported that in placenta, PRL2 defi-
ciency led to elevated PTEN expression, an antagonist of PI3K
signaling pathway, and therefore decreased Akt activation (31).
To examine whether this is also the case in testis, we measured
PTEN protein level in germ cells isolated from wild-type and
PRL2�/� testes. As shown in Fig. 7, C and D, PTEN expression
was 1.6 � 0.2-fold higher in PRL2�/� samples, consistent with
our observation in placenta. Therefore, impaired Akt activation
in PRL2�/� germ cells was due to increased PTEN expression,
which suppressed both the basal level and Kit-mediated Akt

phosphorylation. Given the critical role of PI3K-Akt signaling
in cell survival, it was not surprising that increased apoptosis, as
evidenced by a 1.8 � 0.1-fold increase in cleaved PARP protein
level, was detected in PRL2 deficient germ cells (Fig. 7, C and D),
which is in agreement with the immunohistochemistry data for
cleaved PARP (Fig. 6, B and D) in PRL2�/� testes. Together, the
data indicate that impaired spermatogenesis in PRL2�/� testis
is primarily, if not solely, due to blockage of Kit-PI3K-Akt sig-
naling, as a result of elevated PTEN expression.

If PRL2 deficiency elevates PTEN level, then excess amount
of PRL2 should reduce PTEN expression. To test this hypoth-
esis, we generated GC-1 cell lines stably overexpressing Flag-
tagged PRL2. GC-1 cell was derived from mouse spermatogonia
(43), which is physiologically relevant to the present study. As
shown in Fig. 8, A and B, increased PRL2 expression (1–2-fold
over endogenous PRL2) in GC-1 cell lines results in 28 � 5%
reduction in PTEN level compared with the GC-1 vector con-
trol cells. Accordingly, PI3K-Akt signaling was activated, as evi-
denced by the 3.0 � 0.3-fold increase in Akt phosphorylation in
PRL2 overexpressing GC-1 cells. Similar to results in germ cells,
ERK1/2 phosphorylation was not affected when PRL2 expression
was altered. To determine whether PRL2 controls PTEN at the
level of protein stability as reported previously (31), GC-1 cells
were treated with the protein synthesis inhibitor cycloheximide.
As expected, PRL2 overexpression promotes PTEN degradation,
and reduces PTEN’s half-life from much greater than 30 h to 24 h
in GC-1 cells (Fig. 8, C and D). Thus, PRL2 overexpression acti-
vates PI3K-Akt signaling by destabilizing PTEN, which is consist-
ent with results obtained from germ cells lacking PRL2 showing
elevated PTEN and decreased PI3K-Akt activity.

One mechanism by which PTEN protein could be stabilized is
through formation of a complex with MAGI2 and �-catenin at the
adherens junction, which prevents PTEN from degradation (44).
The adherens junction component Vinculin plays an important
role in maintaining the stability of the complex, because the com-
plex is disrupted and PTEN level is reduced in cells lacking vincu-
lin. We previously documented that Vinculin level is inversely cor-
related with PRL2 expression (31). In line with this observation, we
found that Vinculin expression decreased 41 � 13% in PRL2 over-
expressing GC-1 cells (Fig. 8, A and B). Moreover, �-catenin
expression was also reduced by 29 � 13% upon increased
PRL2 expression (Fig. 8, A and B), whereas a 30 � 10% increase in
�-catenin was observed in PRL2 null germ cells (Fig. 7, C and D).
These observations support the notion that PRL2 down-regulates
PTEN via inhibition of vinculin and �-catenin expression, which
likely leads to disruption of the PTEN-MAGI2-�-catenin complex
and exposes PTEN for degradation. Interestingly, the rate of
�-catenin degradation was also increased in PRL2-overexpressing
GC-1 cells (Fig. 8, C and D). More importantly, it appears that
�-Catenin degradation (t1/2 16 h) precedes that of PTEN, indicat-
ing that the disassembly of the PTEN-MAGI2-�-catenin complex
may be responsible for PTEN degradation. Taken together, these
results are in agreement with studies in HEK293 cells overexpress-
ing PRL2 (31) and suggest that PRL2 functions to destabilize the
PTEN-MAGI2-�-catenin adherens junction complex to down-
regulate PTEN leading to enhanced PI3k-Akt signaling.

FIGURE 6. PRL2 deficiency results in increased germ cell apoptosis at 3
and 6 months of age. A and B, cleaved PARP immunohistological staining
showing apoptotic cells in testis sections from 3 month old wild-type (A) and
PRL2�/� (B) mice. Red arrow marks the apoptotic cell cluster. C and D, cleaved
PARP immunohistological staining showing apoptotic cells in testis sections
from 6 month old wild-type (C) and PRL2�/� (D) mice. Red arrows mark the
apoptotic cell cluster. E and F, H&E staining of the epididymis sections from 6
month old wild-type (E) and PRL2�/� (F) mice. G and H, cleaved PARP immu-
nohistological staining showing apoptotic cells in epididymis sections from 6
month old wild-type (G) and PRL2�/� (H) mice.

PRL2 Plays an Important Role in Spermatogenesis

3806 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 289 • NUMBER 6 • FEBRUARY 7, 2014



DISCUSSION

This study reveals an important role for PRL2 in spermato-
genesis. PRL2�/� male mice display testis hypotrophy,
impaired reproductivity, and decreased sperm production as a
result of compromised spermatogenesis. Ablation of PRL2
expression causes germ cell apoptosis, which primarily affects
the Kit-positive cell population. Mechanistically, PRL2 deletion
results in increased expression of PTEN, which antagonizes
PI3K by degrading phosphatidylinositol (3, 4, 5) triphosphate
(PIP3). In line with this observation, we show that both the basal
and SCF/Kit induced Akt phosphorylation are decreased in
PRL2�/� germ cells compared with those in wild-type. The
Kit-mediated PI3K-Akt pathway is known to play an essential
role for the survival of Kit-positive cells (45). PRL2 deficiency,
therefore, impaired the survival of Kit-positive cells by attenu-
ating Akt activation. Together, the results suggest that PRL2
promotes Kit-mediated PI3K-Akt activation by down-regulat-
ing PTEN, and establish PRL2’s critical and non-redundant role
in promoting germ cell survival and maintaining normal level of
spermatogenesis.

In support of a role for PRL2 in promoting Kit-mediated
spermatogenesis, the testicular phenotypes seen in prl2-null
mice are reminiscent to those of animal models with Kit path-
way component mutation or functional impairment. Germline
homozygous-null mutations of either SCF or Kit cause infertil-
ity in male mice owing to failure of germ cell development (46,
47). Spermatogenesis is reduced in KitW-lacZ/	 mice: increased
apoptosis, a smaller seminiferous tubule diameter and a lower
ratio of differentiating spermatogonia to undifferentiated sper-

matogonia were observed in testes of the heterozygous mice
due to Kit haplodeficiency (48). Application of a Kit-blocking
antibody was shown to deplete the differentiating spermatogo-
nia from the testis (49). The importance of Kit-mediated PI3K
activation in the spermatogenic process is also well established.
Mice bearing a point mutation in Kit to specifically disrupt p85
binding exhibit male sterility (50, 51). The mutant males failed
to produce sperm due to decreased proliferation and increased
apoptosis of spermatogonia. Knock-in male mice with inactive
p110�, an isoform of PI3K, are sub-fertile due to severe loss of
Kit-positive cells (52). In addition, since Kit-mediated cell sur-
vival is carried out by Akt (53), it is understandable that Akt1
knock-out male mice are also sub-fertile with decreased semi-
niferous tubule diameter, attenuated spermatogenesis and
increased germ cell apoptosis (54, 55). Akt1 has also been
reported to protect germ cells from radiation-induced apopto-
sis in testis (56), demonstrating an important survival function
of Akt1 in spermatogenesis. Taken together the data support an
essential role for the Kit-PI3K-Akt pathway in regulating the
growth and survival of spermatogonia. Our results reveal that
PRL2 promotes Akt activation in the testis by down-regulating
PTEN. Thus it is not surprising that PRL2 deficiency attenuates
the Kit-PI3K-Akt pathway leading to germ cell apoptosis and
testis hypotrophy.

Consistent with our finding that increased PTEN expression
in PRL2-deficient mice leads to apoptosis of spermatogonia,
loss of heterozygosity in PTEN	/� mice causes testicular germ
cell cancer (57). Thus, the biochemical mechanism for PRL2
function in testis is similar to that in the placenta, where PRL2

FIGURE 7. PRL2 deficiency decreases Kit induced PI3K signaling by elevating PTEN level. A, PRL2�/� germ cells showed reduced basal and SCF-induced
Akt phosphorylation. Germ cells were isolated from 3 month old wild-type and PRL2�/� testes using stepwise enzyme digestion as specified under “Experi-
mental Procedures.” 1 � 106 cells were resuspended in 1 ml of serum-free DMEM media and stimulated with 10 ng/ml SCF for 10 min, 30 min, or left
unstimulated. Cells were collected at the end of stimulation, lysed in SDS sample buffer and subjected to Western blot. B, quantification of blots from A was
performed with ImageJ by measuring the intensity and calculating pAkt473/Akt and pERK1/2/ERK1/2 relative level. C, PRL2�/� germ cells expressed higher
level of PTEN. 1 � 106 germ cells from wild-type or PRL2�/� testes were lysed in SDS sample buffer and subjected to Western blot for protein signals as indicated
in the figure. D, quantification of blots from C was performed with ImageJ by measuring the intensity of Kit, �-catenin, PTEN, cleaved PARP, and PCNA, and
normalized by actin.
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down-regulates PTEN and promotes PI3K/Akt signaling for
proper placenta development (31). The fact that the same
mechanism was identified in two very different organs suggests
a general role for PRL2 to suppress PTEN protein levels. PTEN
is one of the most frequently mutated tumor suppressors, and
notably, PTEN expression is also commonly down-regulated in
cancer (58). Loss of function mutations in PTEN or even a mod-
est reduction in PTEN (as low as 20%) amplify PI3K signaling
and promote tumorigenesis in a variety of experimental models
of cancer (59). Our finding that PRL2 can down-regulate PTEN
offers a plausible explanation for the oncogenic potential of
PRL2 to promote cell proliferation, migration, and survival.
Furthermore, it identifies PRL2 as a potential drug target to
manipulate PTEN expression. Adenoviral-mediated PTEN
expression significantly inhibits tumor growth in multiple ani-
mal models (60 – 63), indicating that restoration of PTEN level
may be an effective strategy for tumor therapy. While effective
gene delivery system is not clinically available, inhibition of
PRL2 with small molecule inhibitors may increase PTEN
expression. Unlike inhibitors of the PI3K-Akt pathway, PRL2

inhibitors may restore not only the canonical PTEN function
but also tumor-suppressive nuclear activities of PTEN that are
unrelated to its lipid phosphatase activity (64). Furthermore,
PRL2 inhibitors may also serve as new therapeutic approaches
to male contraception as well as a number of malignancies asso-
ciated with gain-of-function mutations in the Kit gene. Finally,
given the role of Kit in stem cell maintenance and the ability of
PRL2 to promote Kit-PI3K signaling by reducing the level of
PTEN that normally antagonizes the pathway, we predict that
PRL2 may also regulate the self-renewal and/or survival of
other stem cells in addition to spermatogonia.

REFERENCES
1. Stephens, B. J., Han, H., Gokhale, V., and Von Hoff, D. D. (2005) PRL

phosphatases as potential molecular targets in cancer. Mol. Cancer Ther.
4, 1653–1661

2. Bessette, D. C., Qiu, D., and Pallen, C. J. (2008) PRL PTPs: mediators and
markers of cancer progression. Cancer Metastasis Rev. 27, 231–252

3. Al-Aidaroos, A. Q., and Zeng, Q. (2010) PRL-3 phosphatase and cancer
metastasis. J. Cell Biochem. 111, 1087–1098

4. Dumaual, C. M., Sandusky, G. E., Crowell, P. L., and Randall, S. K. (2006)

FIGURE 8. Overexpression of PRL2 in GC-1 cells increases PTEN degradation by down-regulating adherens junction proteins vinculin and �-catenin.
A, PRL2-overexpressing GC-1 stable cell lines have decreased PTEN expression and increased PI3K/Akt signaling. Stable cell lines were generated as described
under “Experimental Procedures.” Control cells and PRL2-overexpressing cells were collected and analyzed by Western blot. B, quantification of blots from A
was performed with ImageJ by measuring the band intensity and calculating vinculin/actin, �-catenin/actin, PTEN/actin, pAkt473/Akt, and pERK1/2/ERK1/2
relative level. C, GC-1-PRL2 stable cell line and its vector control cell line were treated with cycloheximide (CHX) at 5 �g/ml for indicated times, and cell lysates
were analyzed for �-catenin, PTEN and actin proteins by Western blot. Data represent three independent experiments. D, quantification of blots from C was
performed with ImageJ by measuring the intensity and calculating �-catenin/actin and PTEN/actin relative level at different time point, and plotted as Fold of
time 0 for each cell line.

PRL2 Plays an Important Role in Spermatogenesis

3808 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 289 • NUMBER 6 • FEBRUARY 7, 2014



Cellular localization of PRL-1 and PRL-2 gene expression in normal adult
human tissues. J. Histochem. Cytochem. 54, 1401–1412

5. Zeng, Q., Hong, W., and Tan, Y. H. (1998) Mouse PRL-2 and PRL-3, two
potentially prenylated protein tyrosine phosphatases homologous to
PRL-1. Biochem. Biophys. Res. Commun. 244, 421– 427

6. Zhao, Z., Lee, C. C., Monckton, D. G., Yazdani, A., Coolbaugh, M. I., Li, X.,
Bailey, J., Shen, Y., and Caskey, C. T. (1996) Characterization and genomic
mapping of genes and pseudogenes of a new human protein tyrosine
phosphatase. Genomics 35, 172–181

7. Matter, W. F., Estridge, T., Zhang, C., Belagaje, R., Stancato, L., Dixon, J.,
Johnson, B., Bloem, L., Pickard, T., Donaghue, M., Acton, S., Jeyaseelan, R.,
Kadambi, V., and Vlahos, C. J. (2001) Role of PRL-3, a human muscle-
specific tyrosine phosphatase, in angiotensin-II signaling. Biochem. Bio-
phys. Res. Commun. 283, 1061–1068

8. Peng, L., Ning, J., Meng, L., and Shou, C. (2004) The association of the
expression level of protein tyrosine phosphatase PRL-3 protein with liver
metastasis and prognosis of patients with colorectal cancer. J. Cancer Res.
Clin. Oncol. 130, 521–526

9. Saha, S., Bardelli, A., Buckhaults, P., Velculescu, V. E., Rago, C., St Croix,
B., Romans, K. E., Choti, M. A., Lengauer, C., Kinzler, K. W., and Vogel-
stein, B. (2001) A phosphatase associated with metastasis of colorectal
cancer. Science 294, 1343–1346

10. Wu, X., Zeng, H., Zhang, X., Zhao, Y., Sha, H., Ge, X., Zhang, M., Gao, X.,
and Xu, Q. (2004) Phosphatase of regenerating liver-3 promotes motility
and metastasis of mouse melanoma cells. Am. J. Pathol. 164, 2039 –2054

11. Wang, Q., Holmes, D. I., Powell, S. M., Lu, Q. L., and Waxman, J. (2002)
Analysis of stromal-epithelial interactions in prostate cancer identifies
PTPCAAX2 as a potential oncogene. Cancer Lett. 175, 63– 69

12. Stephens, B., Han, H., Hostetter, G., Demeure, M. J., and Von Hoff, D. D.
(2008) Small interfering RNA-mediated knockdown of PRL phosphatases
results in altered Akt phosphorylation and reduced clonogenicity of pan-
creatic cancer cells. Mol. Cancer Ther. 7, 202–210

13. Hardy, S., Wong, N. N., Muller, W. J., Park, M., and Tremblay, M. L. (2010)
Overexpression of the protein tyrosine phosphatase PRL-2 correlates with
breast tumor formation and progression. Cancer Res. 70, 8959 – 8967

14. Broyl, A., Hose, D., Lokhorst, H., de Knegt, Y., Peeters, J., Jauch, A.,
Bertsch, U., Buijs, A., Stevens-Kroef, M., Beverloo, H. B., Vellenga, E.,
Zweegman, S., Kersten, M. J., van der Holt, B., el Jarari, L., Mulligan, G.,
Goldschmidt, H., van Duin, M., and Sonneveld, P. (2010) Gene expression
profiling for molecular classification of multiple myeloma in newly diag-
nosed patients. Blood 116, 2543–2553

15. Fagerli, U. M., Holt, R. U., Holien, T., Vaatsveen, T. K., Zhan, F., Egeberg,
K. W., Barlogie, B., Waage, A., Aarset, H., Dai, H. Y., Shaughnessy, J. D. Jr.,
Sundan, A., and Børset, M. (2008) Overexpression and involvement in
migration by the metastasis-associated phosphatase PRL-3 in human my-
eloma cells. Blood 111, 806 – 815

16. Yagi, T., Morimoto, A., Eguchi, M., Hibi, S., Sako, M., Ishii, E., Mizutani, S.,
Imashuku, S., Ohki, M., and Ichikawa, H. (2003) Identification of a gene
expression signature associated with pediatric AML prognosis. Blood 102,
1849 –1856

17. Zhou, J., Bi, C., Chng, W. J., Cheong, L. L., Liu, S. C., Mahara, S., Tay, K. G.,
Zeng, Q., Li, J., Guo, K., Tan, C. P., Yu, H., Albert, D. H., and Chen, C. S.
(2011) PRL-3, a metastasis associated tyrosine phosphatase, is involved in
FLT3-ITD signaling and implicated in anti-AML therapy. PLoS One 6,
e19798

18. Polato, F., Codegoni, A., Fruscio, R., Perego, P., Mangioni, C., Saha, S.,
Bardelli, A., and Broggini, M. (2005) PRL-3 phosphatase is implicated in
ovarian cancer growth. Clin. Cancer Res. 11, 6835– 6839

19. Li, Z. R., Wang, Z., Zhu, B. H., He, Y. L., Peng, J. S., Cai, S. R., Ma, J. P., and
Zhan, W. H. (2007) Association of tyrosine PRL-3 phosphatase protein
expression with peritoneal metastasis of gastric carcinoma and prognosis.
Surg. Today 37, 646 – 651

20. Miskad, U. A., Semba, S., Kato, H., and Yokozaki, H. (2004) Expression of
PRL-3 phosphatase in human gastric carcinomas: close correlation with
invasion and metastasis. Pathobiology 71, 176 –184

21. Radke, I., Götte, M., Kersting, C., Mattsson, B., Kiesel, L., and Wulfing, P.
(2006) Expression and prognostic impact of the protein tyrosine phospha-
tases PRL-1, PRL-2, and PRL-3 in breast cancer. Br. J. Cancer 95, 347–354

22. Cates, C. A., Michael, R. L., Stayrook, K. R., Harvey, K. A., Burke, Y. D.,
Randall, S. K., Crowell, P. L., and Crowell, D. N. (1996) Prenylation of
oncogenic human PTP(CAAX) protein tyrosine phosphatases. Cancer
Lett 110, 49 –55

23. Fiordalisi, J. J., Keller, P. J., and Cox, A. D. (2006) PRL tyrosine phospha-
tases regulate rho family GTPases to promote invasion and motility. Can-
cer Res. 66, 3153–3161

24. Liang, F., Liang, J., Wang, W. Q., Sun, J. P., Udho, E., and Zhang, Z.-Y.
(2007) PRL3 promotes cell invasion and proliferation by down-regulation
of Csk leading to Src activation. J. Biol. Chem. 282, 5413–5419

25. Zeng, Q., Dong, J. M., Guo, K., Li, J., Tan, H. X., Koh, V., Pallen, C. J.,
Manser, E., and Hong, W. (2003) PRL-3 and PRL-1 promote cell migra-
tion, invasion, and metastasis. Cancer Res. 63, 2716 –2722

26. Achiwa, H., and Lazo, J. S. (2007) PRL-1 tyrosine phosphatase regulates
c-Src levels, adherence, and invasion in human lung cancer cells. Cancer
Res. 67, 643– 650

27. Kato, H., Semba, S., Miskad, U. A., Seo, Y., Kasuga, M., and Yokozaki, H.
(2004) High expression of PRL-3 promotes cancer cell motility and liver
metastasis in human colorectal cancer: a predictive molecular marker of
metachronous liver and lung metastases. Clin. Cancer Res. 10, 7318 –7328

28. Li, Z., Zhan, W., Wang, Z., Zhu, B., He, Y., Peng, J., Cai, S., and Ma, J. (2006)
Inhibition of PRL-3 gene expression in gastric cancer cell line SGC7901 via
microRNA suppressed reduces peritoneal metastasis. Biochem. Biophys.
Res. Commun. 348, 229 –237

29. Qian, F., Li, Y. P., Sheng, X., Zhang, Z. C., Song, R., Dong, W., Cao, S. X.,
Hua, Z. C., and Xu, Q. (2007) PRL-3 siRNA inhibits the metastasis of
B16-BL6 mouse melanoma cells in vitro and in vivo. Mol. Med. 13,
151–159

30. Wang, H., Quah, S. Y., Dong, J. M., Manser, E., Tang, J. P., and Zeng, Q.
(2007) PRL-3 down-regulates PTEN expression and signals through PI3K
to promote epithelial-mesenchymal transition. Cancer Res. 67,
2922–2926

31. Dong, Y., Zhang, L., Zhang, S., Bai, Y., Chen, H., Sun, X., Yong, W., Li, W.,
Colvin, S. C., Rhodes, S. J., Shou, W., and Zhang, Z.-Y. (2012) Phosphatase
of regenerating liver 2 (PRL2) is essential for placental development by
down-regulating PTEN (Phosphatase and Tensin Homologue Deleted on
Chromosome 10) and activating Akt protein. J. Biol. Chem. 287,
32172–32179

32. Phillips, B. T., Gassei, K., and Orwig, K. E. (2010) Spermatogonial stem cell
regulation and spermatogenesis. Philos. Trans. R. Soc. Lond. B Biol. Sci.
365, 1663–1678

33. Meng, X., Lindahl, M., Hyvönen, M. E., Parvinen, M., de Rooij, D. G., Hess,
M. W., Raatikainen-Ahokas, A., Sainio, K., Rauvala, H., Lakso, M., Pichel,
J. G., Westphal, H., Saarma, M., and Sariola, H. (2000) Regulation of cell
fate decision of undifferentiated spermatogonia by GDNF. Science 287,
1489 –1493

34. Schrans-Stassen, B. H., van de Kant, H. J., de Rooij, D. G., and van Pelt,
A. M. (1999) Differential expression of c-kit in mouse undifferentiated and
differentiating type A spermatogonia. Endocrinology 140, 5894 –5900

35. Yarden, Y., Kuang, W. J., Yang-Feng, T., Coussens, L., Munemitsu, S., Dull,
T. J., Chen, E., Schlessinger, J., Francke, U., and Ullrich, A. (1987) Human
proto-oncogene c-kit: a new cell surface receptor tyrosine kinase for an
unidentified ligand. EMBO J. 6, 3341–3351

36. Zhang, L., Tang, J., Haines, C. J., Feng, H. L., Lai, L., Teng, X., and Han, Y.
(2011) c-kit and its related genes in spermatogonial differentiation. Sper-
matogenesis 1, 186 –194

37. Li, J., Guo, K., Koh, V. W., Tang, J. P., Gan, B. Q., Shi, H., Li, H. X., and
Zeng, Q. (2005) Generation of PRL-3- and PRL-1-specific monoclonal
antibodies as potential diagnostic markers for cancer metastases. Clin.
Cancer Res. 11, 2195–2204

38. Ruwanpura, S. M., McLachlan, R. I., and Meachem, S. J. (2010) Hormonal
regulation of male germ cell development. J. Endocrinol. 205, 117–131

39. De Gendt, K., Swinnen, J. V., Saunders, P. T., Schoonjans, L., Dewerchin,
M., Devos, A., Tan, K., Atanassova, N., Claessens, F., Lécureuil, C., Heyns,
W., Carmeliet, P., Guillou, F., Sharpe, R. M., and Verhoeven, G. (2004) A
Sertoli cell-selective knockout of the androgen receptor causes spermato-
genic arrest in meiosis. Proc. Natl. Acad. Sci. U.S.A. 101, 1327–1332

40. Buaas, F. W., Kirsh, A. L., Sharma, M., McLean, D. J., Morris, J. L., Gris-

PRL2 Plays an Important Role in Spermatogenesis

FEBRUARY 7, 2014 • VOLUME 289 • NUMBER 6 JOURNAL OF BIOLOGICAL CHEMISTRY 3809



wold, M. D., de Rooij, D. G., and Braun, R. E. (2004) Plzf is required in adult
male germ cells for stem cell self-renewal. Nat. Genet. 36, 647– 652

41. Vincent, S., Segretain, D., Nishikawa, S., Nishikawa, S. I., Sage, J., Cuzin, F.,
and Rassoulzadegan, M. (1998) Stage-specific expression of the Kit recep-
tor and its ligand (KL) during male gametogenesis in the mouse: a Kit-KL
interaction critical for meiosis. Development 125, 4585– 4593

42. de Rooij, D. G. (2001) Proliferation and differentiation of spermatogonial
stem cells. Reproduction 121, 347–354

43. Hofmann M. C., Narisawa S., Hess R. A., and Millán J. L. (1992) Immor-
talization of germ cells and somatic testicular cells using the SV40 large T
antigen. Exp. Cell Res. 201, 417– 435

44. Subauste, M. C., Nalbant, P., Adamson, E. D., and Hahn, K. M. (2005)
Vinculin controls PTEN protein level by maintaining the interaction of
the adherens junction protein �-catenin with the scaffolding protein MA-
GI-2. J. Biol. Chem. 280, 5676 –5681

45. Rönnstrand, L. (2004) Signal transduction via the stem cell factor recep-
tor/c-Kit. Cell Mol. Life Sci. 61, 2535–2548

46. Reith, A. D., Rottapel, R., Giddens, E., Brady, C., Forrester, L., and Bern-
stein, A. (1990) W mutant mice with mild or severe developmental defects
contain distinct point mutations in the kinase domain of the c-kit recep-
tor. Genes Dev. 4, 390 – 400

47. Gilbert, D., Rapley, E., and Shipley, J. (2011) Testicular germ cell tumours:
predisposition genes and the male germ cell niche. Nat. Rev. Cancer 11,
278 –288

48. Guerif, F., Cadoret, V., Rahal-Perola, V., Lansac, J., Bernex, F., Panthier,
J. J., Hochereau-de Reviers, M. T., and Royere, D. (2002) Apoptosis, onset
and maintenance of spermatogenesis: evidence for the involvement of Kit
in Kit-haplodeficient mice. Biol. Reprod. 67, 70 –79

49. Yoshinaga, K., Nishikawa, S., Ogawa, M., Hayashi, S., Kunisada, T., and
Fujimoto, T. (1991) Role of c-kit in mouse spermatogenesis: identification
of spermatogonia as a specific site of c-kit expression and function. Devel-
opment 113, 689 – 699

50. Blume-Jensen, P., Jiang, G., Hyman, R., Lee, K. F., O’Gorman, S., and
Hunter, T. (2000) Kit/stem cell factor receptor-induced activation of
phosphatidylinositol 3
-kinase is essential for male fertility. Nat. Genet.
24, 157–162

51. Kissel, H., Timokhina, I., Hardy, M. P., Rothschild, G., Tajima, Y., Soares,
V., Angeles, M., Whitlow, S. R., Manova, K., and Besmer, P. (2000) Point
mutation in kit receptor tyrosine kinase reveals essential roles for kit sig-
naling in spermatogenesis and oogenesis without affecting other kit re-
sponses. EMBO J. 19, 1312–1326

52. Ciraolo, E., Morello, F., Hobbs, R. M., Wolf, F., Marone, R., Iezzi, M., Lu,
X., Mengozzi, G., Altruda, F., Sorba, G., Guan, K., Pandolfi, P. P., Wymann,
M. P., and Hirsch, E. (2010) Essential role of the p110� subunit of phos-
phoinositide 3-OH kinase in male fertility. Mol. Biol. Cell 21, 704 –711

53. Blume-Jensen, P., Janknecht, R., and Hunter, T. (1998) The kit receptor
promotes cell survival via activation of PI 3-kinase and subsequent Akt-
mediated phosphorylation of Bad on Ser136. Curr. Biol. 8, 779 –782

54. Chen, W. S., Xu, P. Z., Gottlob, K., Chen, M. L., Sokol, K., Shiyanova, T.,
Roninson, I., Weng, W., Suzuki, R., Tobe, K., Kadowaki, T., and Hay, N.
(2001) Growth retardation and increased apoptosis in mice with homozy-
gous disruption of the Akt1 gene. Genes Dev. 15, 2203–2208

55. Kim, S. T., Omurtag, K., and Moley, K. H. (2012) Decreased spermatogen-
esis, fertility, and altered Slc2A expression in Akt1�/� and Akt2�/� testes
and sperm. Reprod. Sci. 19, 31– 42

56. Rasoulpour, T., DiPalma, K., Kolvek, B., and Hixon, M. (2006) Akt1 sup-
presses radiation-induced germ cell apoptosis in vivo. Endocrinology 147,
4213– 4221

57. Suzuki, A., de la Pompa, J. L., Stambolic, V., Elia, A. J., Sasaki, T., del Barco
Barrantes, I., Ho, A., Wakeham, A., Itie, A., Khoo, W., Fukumoto, M., and
Mak, T. W. (1998) High cancer susceptibility and embryonic lethality
associated with mutation of the PTEN tumor suppressor gene in mice.
Curr. Biol. 8, 1169 –1178

58. Salmena, L., Carracedo, A., and Pandolfi, P. P. (2008) Tenets of PTEN
tumor suppression. Cell 133, 403– 414

59. Alimonti, A., Carracedo, A., Clohessy, J. G., Trotman, L. C., Nardella, C.,
Egia, A., Salmena, L., Sampieri, K., Haveman, W. J., Brogi, E., Richardson,
A. L., Zhang, J., and Pandolfi, P. P. (2010) Subtle variations in Pten dose
determine cancer susceptibility. Nat. Genet. 42, 454 – 458

60. Anai, S., Goodison, S., Shiverick, K., Iczkowski, K., Tanaka, M., and Rosser,
C. J. (2006) Combination of PTEN gene therapy and radiation inhibits the
growth of human prostate cancer xenografts. Hum. Gene Ther. 17,
975–984

61. Liu, Z., Li, J., Huang, J., Ke, F., Qi, Q., Jiang, X., and Zhong, Z. (2012)
Mannan-modified Ad5-PTEN treatment combined with docetaxel im-
proves the therapeutic effect in H22 tumor-bearing mice. Int. J. Nano-
medicine 7, 5039 –5049

62. Saito, Y., Swanson, X., Mhashilkar, A. M., Oida, Y., Schrock, R., Branch,
C. D., Chada, S., Zumstein, L., and Ramesh, R. (2003) Adenovirus-medi-
ated transfer of the PTEN gene inhibits human colorectal cancer growth
in vitro and in vivo. Gene Ther. 10, 1961–1969

63. Stewart, A. L., Mhashilkar, A. M., Yang, X. H., Ekmekcioglu, S., Saito, Y.,
Sieger, K., Schrock, R., Onishi, E., Swanson, X., Mumm, J. B., Zumstein, L.,
Watson, G. J., Snary, D., Roth, J. A., Grimm, E. A., Ramesh, R., and Chada,
S. (2002) PI3 kinase blockade by Ad-PTEN inhibits invasion and induces
apoptosis in RGP and metastatic melanoma cells. Mol. Med. 8, 451– 461

64. Bassi, C., Ho, J., Srikumar, T., Dowling, R. J., Gorrini, C., Miller, S. J., Mak,
T. W., Neel, B. G., Raught, B., and Stambolic, V. (2013) Nuclear PTEN
controls DNA repair and sensitivity to genotoxic stress. Science 341,
395–399

PRL2 Plays an Important Role in Spermatogenesis

3810 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 289 • NUMBER 6 • FEBRUARY 7, 2014


