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Prolactin (PRL) is essential for normal reproduction and
signals through two types of receptors, the short (PRL-RS) and
long (PRL-RL) form. We have previously shown that transgenic
mice expressing only PRL-RS (PRLR™/~RS) display abnormal
follicular development and premature ovarian failure. Here,
we report that MAPK, essential for normal follicular develop-
ment, is critically inhibited by PRL in reproductive tissues of
PRLR™/~RS mice. Consequently, the phosphorylation of MAPK
downstream targets are also markedly inhibited by PRL without
affecting immediate upstream kinases, suggesting involvement
of MAPK specific phosphatase(s) in this inhibition. Similar
results are obtained in a PRL-responsive ovary-derived cell line
(GG-CL) that expresses only PRL-RS. However, we found the
expression/activation of several known MAPK phosphatases
not to be affected by PRL, suggesting a role of unidentified
phosphatase(s). We detected a 27-kDa protein that binds to
the intracellular domain of PRL-RS and identified it as dual spe-
cific phosphatase DUPD1. PRL does not induce expression of
DUDP1 but represses its phosphorylation on Thr-155. We also
show a physical association of this phosphatase with ERK1/2
and p38 MAPK. Using an in vitro phosphatase assay and over-
expression studies, we established that DUPD1 isa MAPK phos-
phatase. Dual specific phosphatase inhibitors as well as siRNA
to DUPD1, completely prevent PRL-mediated MAPK inhibition
in ovarian cells. Our results strongly suggest that deactivation of
MAPK by PRL/PRL-RS contributes to the severe ovarian defect
in PRLR™/"RS mice and demonstrate the novel association of
PRL-RS with DUPD1 and a role for this phosphatase in MAPK
deactivation.

PRL,* a versatile hormone synthesized and secreted princi-
pally by the pituitary, plays a key role in normal ovarian devel-
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opment and function (reviewed in Refs. 1—4). It affects the sur-
vival and steroidogenic capacity of both the follicles and corpus
luteum (1, 2, 5, 6) by activating its receptor (PRLR), a member of
the cytokine receptor superfamily that lacks intrinsic tyrosine
kinase activity. Two isoforms of the PRLR have been identified
in several species (4, 7-10). They are generated by alternative
splicing, differ in the length and composition of their cytoplas-
mic tail, and are referred to as short (PRL-RS) and long (PRL-
RL). The most extensively characterized isoform is the PRL-RL,
which transduces both mitogenic and differentiative signals
(11-14). It is known to activate the Jak/Stat pathway, a proto-
type signaling pathway used by all cytokines. As to PRL-RS, it
has been cloned from several species including humans (15), rat
(16), mouse (9), cow, and sheep (17). In rats, only one PRL-RS
isoform is generated by alternative splicing, whereas three iso-
forms have been described in mice (9, 18). Among these, one
clone (PR-1) is highly homologous to that of the rat (5) and
contains a potential signal transduction motif (3).

Conflicting results on the function of the PRL-RS have been
reported. PRL-RS was originally considered as an inactive
receptor that acts as a dominant negative to PRL-RL, prevent-
ing Jak2 activation and cell proliferation (19, 20). However, a
signaling role for this receptor was proposed by Das and Von-
derhaar (21), who showed that activation of the mouse PRL-RS
in NIH-3T3 fibroblasts induces MAPK activity and suggested
that it may be involved in cell proliferation. The human PRL-RS
can also activate MAPK in cultured cells, although this activa-
tion is delayed and prolonged, and therefore a role in differen-
tiation rather than proliferation was suggested (22). Using a
transgenic mouse model, Binart et al. (23) reported that over-
expression of PRL-RS in PRLR™/~ mice can rescue a mammo-
poiesis defect in the heterozygote mice. This led to the conclu-
sion that, in mammary glands, PRL acting through PRL-RS may
mediate activation of MAPK. Generation of transgenic mice
expressing only the PRL-RS in the background of PRLR null
mice has recently established that iz vivo activation of PRL-RS
by PRL elicits profound effects in the ovary, causing a clear
defect in follicular development leading to premature ovarian
failure and repression of key transcription factors essential for
ovarian function (5, 24).

Recent investigations have established a key role for MAPK
in the normal development and function of the ovary. Genera-
tion of mice with granulosa cell-specific deletion of ERK1 and
ERK2 (25) revealed a critical role for these kinases in granulosa
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cell differentiation and ovulation, whereas expression of a con-
stitutively active K-RAS mutant causes impaired follicular
development and premature ovarian failure, presumably be-
cause of inappropriate activation of ERK1/2 in granulosa cells
of growing follicles (26).

The abnormal follicular development and premature ovarian
failure observed in the ovary of transgenic mice expressing only
PRL-RS led us to examine whether MAPK signaling is defective
in the ovary. Because MAPK also plays an important role in
normal formation of the decidua (27-29), another important
target tissue of PRL (8, 30, 31), we examined whether PRL acti-
vation of PRL-RS impacts MAPK activation in this tissue as
well. In addition, using cells expressing only PRL-RS, we exam-
ined the mechanism by which PRL regulates MAPK activation.
Our results obtained both in vivo and in cell culture show
clearly and in complete opposition to previous reports (20, 22),
that PRL signaling through PRL-RS deactivates both ERK1/2
and p38 MAPK pathways. We established the novel finding that
this deactivation involves the association of a novel phospha-
tase DUPD1 with PRL-RS and with both ERK1/2 and p38 and
established a novel PRL signaling mechanism through PRL-RS.

EXPERIMENTAL PROCEDURES

Animal Model and Tissue Preparation—Generation of trans-
genic mice expressing PRL-RS in the background of PRLR ™/~
(PRLR™/~RS) has been described previously (5, 23). The mice
were genotyped by PCR using genomic DNA isolated from tail
as described previously (5). The mice were kept at 25 °C with a
14-h light/10-h dark cycle and fed a commercial pellet diet ad
libitum. All of the experimental procedures were performed in
accordance with the principles of the National Institutes of
Health Guide for the Care and Use of Laboratory and approved
by the Institutional Animal Care and Use Committee. Pseudo-
pregnant PRLR™/"RS mice were prepared as previously
described (24). In brief, PRLR /RS females were mated with
vasectomized males to induce pseudopregnancy and treated
with progesterone from the day a vaginal plug was found.
Decidualization was induced with an intrauterine oil injection
on day 4 of pseudopregnancy. On day 9, the mice were treated
with ergocryptine to block endogenous PRL secretion followed,
6 h later, with an intraperitoneal injection of either recombi-
nant ovine PRL (60 pg, purchased from Dr. Arieh Gertler, Pro-
tein Laboratories Rehovot Ltd., Rehovot, Israel) or vehicle (0.1%
BSA). The mice were sacrificed 15, 30, and 120 min later.
Ovaries and decidua were isolated, frozen in liquid nitrogen,
and stored at —80 °C until processing for RNA or protein
extraction.

Cell Culture—GG-CL cells, a rat ovarian cell line generated
in our laboratory (35), were incubated in a humidified atmo-
sphere of 5% CO, at 33 °C. For transient transfection, the cells
are grown at 50—60% confluency in 2% CDT-FBS (Hyclone,
Logan, UT) in 6-well plates. The cells were transfected using
Lipofectamine 2000 (Invitrogen) or Effectene (Qiagen) accord-
ing to the manufacturer’s protocol. The cells were transfected
with rat PRL-RS or PRL-RL expression vectors (24), each at 0.8
pg/well. For overexpression of DUPD1-GFP, GG-CL cells were
co-transfected with PRL-RS (0.8 ng) and DUPD1-GEP (catalog
number RG214361; OriGene Technologies, Inc., Rockville,
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MD) at various concentrations, and the total amount of DNA
was adjusted with pcDNA. For co-transfection of DUPD1
siRNA (siRNA 1, Santa Cruz Biotechnology, catalog number
sc-156160; siRNA 2, Ambion, catalog number 4390771) or con-
trol siRNA with PRL-RS expression vector. Lipofectamine 2000
(Invitrogen) or Attractene reagent (Qiagen) were used accord-
ing to the manufacturer’s protocol. After 48 h, the cells were
serum-starved for 2 h and treated thereafter with either PRL (1
png/ml) or vehicle. For inhibitor studies, all of the inhibitors
were treated 1 h prior to PRL treatment. The concentrations of
inhibitors are protein-tyrosine phosphatase 1B inhibitor (250
nm), NSC87877 (50 wm), okadaic acid (100 nm), AG490 (25
um), NSC95397 (30 um), and NSC663284 (10 um). All of the
inhibitors were obtained from Calbiochem and EMD Crop Bio-
science, Inc. (Brookfield, WT). At different time points, the cells
were rinsed twice with PBS and were frozen at —80 °C until
RNA and protein extraction.

RT-PCR and qPCR—Total RNA was extracted from ovary
and decidua using TRIzol reagent (Invitrogen) according to the
manufacturer’s instructions. One microgram of total RNA is
reverse transcribed using Superscript Polymerase II kit accord-
ing to the manufacturer’s instructions (Invitrogen). The result-
ing cDNA was then diluted to a total volume of 100 ul with
sterile H,O. Rat PRL-RS and PRL-RL expressions were detected
using procedures described previously (24). The primers used
were as follows: a common sense primer (5'-AAG TAT CTT
GTC CAG ACT CGC TG-3') was combined with a specific
PRL-RS antisense primer (5'-TTG TAT TTG CTT GGA GAG
AGC CAG-3’) or a specific PRL-RL antisense primer (5'-AGC
AGT TCT TCA GAC TTG CCC TT-3'). The PCR products
were then separated by gel electrophoresis on a 0.7% agarose
gel, and the intensity was measured using UV transilluminator
and a digital camera (Eastman Kodak Co., New Haven, CT).

Each qPCR consisted of 5 ul of diluted RT product, 1 X SYBR
Green PCR Master Mix (PE Applied Biosystems, Foster City,
CA), and 50 nMm forward and reverse primers. The reactions
were carried out on an ABI PRISM 7700 sequence detection
system (PE Applied Biosystems) for 40 cycles (95 °C for 15 s and
60 °C for 1 min) after an initial 10-min incubation at 95 °C. The
primer sets used for JPCR are as follows: PRL-RS (5'-CCT GCA
TCT TTC CAC CAG TTC-3' and 5'-GCA CTC AGC AGT
TCT TCA GAC TTG-3'), PRL-RL (5'-CCT GCA TCT TTC
CAC CAG TTC-3' and 5'-GAT CCA CCT TGT ATT TGC
TTG GAG-3'), MKP1 (5'-AGC ACC CCT CTC TAC GAC
CAG-3' and 5'-AAT TGG CCG AGA CGT TGA TC-3'),
MKP3 (5'-GCC AGC TGC TTG ACT TTG-3' and 5'-GAG
GGC GCG GTG AAG TAG A-3'), MKP5 (5'-CTC AGT CTG
TCCCCT CCACC-3" and5'-CTGAGCATCCTGCTCATT
GC-3'), and DUPD1 (5'-TCC TGG TTC ACT GTG CCA
TG-3" and 5'-CGG TTC TTA GCC ACT TGT TGG-3'). The
fold change in expression of each gene was calculated using the
AAC, method, with the ribosomal protein 36B4 mRNA as an
internal control.

Western Blot Analysis—For Western blots, 25 ug of protein
was resolved on SDS-PAGE, transferred to PVDF membranes,
and blocked for nonspecific binding. The membranes were
then incubated with the appropriate primary antibodies over-
night at 4 °C. After a series of washes, the blots were incubated
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with a secondary antibody linked to horseradish peroxidase for
1 h. The bands were detected by using an enhanced chemilu-
minescence system. Antibodies to phospho-p90RSK, phospho-
ATEF2, phospho-ELK1, phospho-MEK1/2, phosphp-MKK3/6,
total p38, phospho-ERK1/2 (catalog number 9101), and phos-
pho-RXRXX(S/T) (catalog number 9611) were from Cell Sig-
naling, Denvers, MA. Other primary antibodies used were
phospho-p38 MAPK (Promega, Madison, WI), total ERK1/2
(Upstate Biotechnology, Lake Placid, NY), B-Actin (Abcam
Inc., Cambridge, MA), and DUPDI (Santa Cruz Biotechnology;
sc-79465 and sc-79462).

GST Pulldown Assay—Construction and expression of the
fusion protein containing the cytoplasmic domain of PRL-RS
tagged with glutathione S-transferase (RS-GST) was described
previously (33). Decidual and GG-CL protein extracts were
incubated with glutathione-agarose beads for 60 min at room
temperature to remove proteins that bound nonspecifically
(precleaned). The samples were centrifuged at 1,000 X g, and
the supernatant was recovered and adjusted to 1% CHAPS.
Fusion protein containing PRL-RS were isolated on glutathi-
one-agarose beads, and the beads were then incubated over-
night at 4 °C with 300 g of precleaned protein lysates. GST
alone (C-GST) was used as control. Following incubation, the
beads were collected by centrifugation and washed in ice-cold
phosphate-buffered saline. PRL-RS fusion proteins or C-GST
and their attached proteins were then eluted by boiling for 5
min with SDS-PAGE sample buffer. Eluted proteins were ana-
lyzed by SDS-PAGE. After electrophoresis, the proteins were
stained directly with silver staining (34) or transferred to PVDF
for Western blot analysis with DUPD1 antibody.

Immunoprecipitation—GG-CL cell lysates were solubilized
in 1% Nonidet P-40 or 1% CHAPS and 0.25% deoxycholate. 300
ug of solubilized proteins were incubated with polyclonal total
ERK1/2 (12.5 ug/ml), DUPD1 (15 pg/ml) polyclonal antibod-
ies, monoclonal antibody to phosphotyrosine (Upstate or Mil-
lipore Corp.), or nonspecific rabbit/goat/mouse IgG (Santa
Cruz Biotechnology) for overnight at 4 °C with shaking. 30 ul of
protein G-agarose (Santa Cruz Biotechnology) beads were
added into the immune complexes and incubated at 4 °C or
room temperature for 30 min. The beads were collected by
centrifugation and washed extensively. The beads were then
suspended in 30 ul of SDS-PAGE sample buffer and subjected
to SDS-PAGE. The proteins were transferred to PVDF mem-
branes and analyzed by Western blotting as described above.

Immunocytochemistry—GG-CL cells were grown for 24 h in
M199 medium supplemented with 2% CDT-FBS on Lab-Tek
chamber slides (Nalge Nunc International, Rochester, NY). The
cells were transfected with PRL-RS or empty vector using Effect-
ene transfection reagent for 12 h. The cells were washed, serum-
starved, and then cultured with recombinant PRL (1 ug/ml) or
vehicle for 30 min and processed for immunocytochemistry as
described previously (35). Antibody to p-ERK1/2 (1:100) and
DUPD1 (1:100) were used as primary antibodies, whereas Cy2-
conjugated donkey anti-rabbit IgG and Cy3-conjugated donkey
anti-goat IgG (1:800; Jackson ImmunoResearch Laboratories,
West Grove, PA) were used as secondary antibodies.

Immunohistochemistry—Paraffin-embedded sections were
subjected to the avidin-biotin-peroxidase complex method
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using a Vectastain ABC kit (Vector Laboratories, Inc., Burlin-
game, CA) as described previously with some modifications (5).
Briefly, formalin-fixed, paraffin-embedded sections (5 um)
were deparaffinized, hydrated, and blocked with 5% normal
donkey serum. The slides were then incubated overnight at 4 °C
with a polyclonal antibody to DUPDI1 (Santa Cruz Biotechnol-
ogy) at 1:100. The slides were then exposed for 4 h at room
temperature to Cy3-conjugated donkey antigoat IgG (Jackson
ImmunoResearch Laboratories) at a 1:800 dilution. The slides
were washed, and the procedure was repeated with polyclonal
antibody to ERK1/2 and Cy2-conjugated donkey anti-rabbit
IgG as primary and secondary antibodies, respectively. The
slides were mounted in Vectashield medium (Vector Laborato-
ries) containing a counterstain for DAPI and were observed
with a Carl Zeiss (Oberkochen, Germany) LSM 510 laser con-
focal microscope equipped with a 63X water immersion objec-
tive lens (NA 1.2).

In Vitro Phosphatase Assay—DUPD1 was immunoprecipi-
tated from GG-CL cells expressing PRL-RS by polyclonal anti-
body to DUPD1 as described in the previous section. As con-
trol, cell lysates were immunoprecipitated with goat IgG. The
immunoprecipitates were resuspended in phophatase assay
buffer (36) and incubated for 1 h in the presence of recombinant
active p38 (Cell Signaling, Danvers, MA). The reaction was
stopped by adding SDS-PAGE loading buffer. The samples
were boiled for 5 min and resolved by SDS-PAGE and immu-
noblotted for phospho-p38, DUPD], and total p38.

Statistical Analysis—The data were examined by one-way
analysis of variance followed by the Tukey test using Prism soft-
ware (GraphPad Software Inc., San Diego, CA). The values were
considered statistically significant at p < 0.05 (*) and p < 0.01

)

RESULTS

Inhibition of MAPK Activity by PRL Signaling through
PRL-RS—We examined whether PRL administered in vivo to
pseudopregnant mice expressing only PRL-RS (Fig. 14) regu-
lates MAPK activity in the ovary and decidua. Surprisingly and
in sharp contrast to results reported in cell culture by others
(21), we found that PRL administration iz vivo induces a rapid
decrease in ERK1/2 as well as p38 MAPK phosphorylation in
both ovary (Fig. 1B) and decidua (Fig. 1C) of PRLR /™ RS mice.

We further established that PRL represses MAPK phosphor-
ylation in an ovarian cell line (GG-CL) generated in our labora-
tory (37) and transfected with PRL-RS. As shown in Fig. 1D,
PRL-RS is well expressed after transfection. The level of
PRL-RS expression is not affected by PRL at any time point
examined. However, PRL treatment caused a dramatic inhibi-
tion in the state of ERK1/2 phosphorylation as shown by both
Western analysis and immunocytochemistry (Fig. 1E). The
time course of this inhibition was very similar to the one
observed in vivo in PRL-RS-expressing mice (Fig. 1A). Interest-
ingly, this PRL-RS-mediated inhibition of MAPK is totally pre-
vented when cells were co-transfected with PRL-RL (Fig. 1F).

Downstream Targets of MAPK but Not the Upstream Kinases
Are Affected by PRL Signaling through PRL-RS in Vivo and in
Vitro—The results shown in Fig. 2 indicate that PRL treatment
in vivo inhibits markedly the phosphorylation of ERK1/2 down-
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FIGURE 1. PRL mediated inhibition of MAPK in ovary, decidua, and GG-CL cells expressing only PRL-RS. A, PRL-RS and PRL-RL expression were examined
by gPCR in ovaries of wild type (PRLR*/*) and PRLR ™/~ RS mice. The expression of PRL-RS was not significantly different from wild type, whereas expression of
PRL-RL was not detected in PRLR ™/~ RS ovaries. Band C, pseudopregnant PRLR ™/~ RS mice were injected with ergocryptine (200 ug, subcutaneously) to inhibit
endogenous PRL secretion and were treated 6 h later with a single IP injection of PRL (60 ug). Activation status of ERK1/2 and p38 MAPK were measured by
Western blot analysis using phosphospecific ERK1/2 (Thr-202/Tyr-204) and p38 MAPK (Thr-180/Tyr-182) antibodies in either ovaries or decidua. Total ERK1/2
and total p38 were used as loading controls. D, GG-CL cells were transfected with either PRL-RS or PRL-RL expression vectors, and specific expression of either
receptor was analyzed by RT-PCR (upper panel). PRL treatment had no effect on PRL-RS expression (lower panel). E, activation status of ERK1/2 was measured by
Western blot analysis using phospho-antibodies against ERK1/2 in GG-CL cells. Total ERK1/2 was used as loading control. Density of p-ERK was plotted against
T-ERK (upper panel). GG-CL cells transfected with PRL-RS were treated with either PRL (1 wg/ml) or vehicle, and localization of active ERK1/2 was analyzed by
immunocytochemistry as described under “Experimental Procedures.” Lower panel, green, p-ERK1/2; blue, DAPI. F, GG-CL cells transfected with PRL-RS, PRL-RL,
or both were treated with PRL for different time points as indicated. Activation status of ERK1/2 was measured by Western blot analysis using phosphospecific

ERK1/2 (Thr-202/Tyr-204) antibody. The values are expressed as the means * S.E. (n = 3).*, p < 0.05; **, p < 0.01 versus 0 min.

stream targets (p9ORSK and ELK-1) as well as that of p38
MAPK (ATF-2) in both ovary (Fig. 2, A and B) and decidua (Fig.
2, C and D). Interestingly, however, the phosphorylation of
MEK1/2 and MKK3/6, upstream kinases of ERK1/2 and p38,
respectively, are not affected by PRL at any time investigated in
either ovary (Fig. 2, A and B) or decidua (Fig. 2, Cand D). Similar
results are seen in cell culture (Fig. 3) where PRL induces a
dephosphorylation of downstream MAPKs targets but not
upstream kinases. This strongly suggests that the dephosphor-
ylation of p38 MAPK and ERK1/2 by PRL signaling through
PRL-RS is not due to deactivation of upstream kinases but
rather due to activation of specific phospahatase(s).

Inhibition of ERK1/2 Activity and Effect of Phosphatase Inhib-
itors in GG-CL Cells Expressing PRL-RS—To determine the
phosphatase(s) responsible for PRL-mediated inhibition of
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MAPK activity, we treated GG-CL cells expressing PRL-RS
with PRL in the presence or absence of protein-tyrosine phos-
phatase 1B inhibitor, SHP2 inhibitor (NSC 87877), and PP1 and
PP2A inhibitor (okadaic acid) and with Jak2 inhibitor (AG490).
As shown in Fig. 44 (top and middle panel), these inhibitors do
not prevent PRL-mediated inhibition of ERK1/2, although all of
the inhibitors used beside SHP2 inhibitors enhance the basal
activity of ERK1/2.

Interestingly, two dual specific phosphatase inhibitors (NSC
95397 and NSC 663284) completely reversed the inhibition of
ERK1/2 phosphorylation by PRL signaling through PRL-RS
(Fig. 4A, bottom panel). NSC 95397 is known to inhibit the
MAPK phosphatases MKP1 and MKP3, two phosphatases
whose recognized mode of regulation is by rapid induction in
response to activating stimulus. We therefore analyzed the
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FIGURE 2. Downstream targets of MAPK are affected by PRL/PRL-RS but
not the upstream kinases in PRLR™/RS mice. Decidualization in pseudo-
pregnant PRLR™/~RS mice was induced as described under “Experimental
Procedures.” PRLR™/~RS mice were injected with ergocryptine (200 ug, sub-
cutaneously) for 6 h followed by a single IP injection of PRL (60 ug). ERK1/2
and p38 MAPK cascades were examined by Western blot analysis in the ovary
(A and B) and decidua (C and D) using phospho-specific antibodies to ELK1,
P90RSK, ATF2, MEK1/2, and MKK3/6. Total ERK1/2 or B-actin was used loading
control.
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FIGURE 3. Downstream targets of MAPK are affected by PRL/PRL-RS but not
the upstream kinases in GG-CL cells expressing PRL-RS. GG-CL cells were
transfected with PRL-RS and treated with PRL as indicated. Total protein extracts
were analyzed for activated ERK1/2 (A) or activated p38 MAPK pathway (B) by
Western analysis using phospho-specific antibodies to ELK1, ATF2, MEK1/2, and
MKK3/6. Total ERK1/2 and total p38 were used as loading controls.

expression levels of MKP1/3 mRNA and also that of MKP5,
another inducible MAPK phosphatase, by qPCR. As shown in
Fig. 4B, PRL treatment had no significant effect on the expres-
sion of any of the MKPs examined.

Identification of DUPDI as PRL-RS Associated Protein—To
find out whether phosphatase(s) associates with PRL-RS, fusion
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proteins with glutathione S-transferase containing the cyto-
plasmic domain of PRL-RS (RS-GST) were produced, purified,
and applied to glutathione-Sepharose columns. Cell extracts,
obtained from either PRLR /RS mice decidua (Fig. 54) or
GG-CL cells (Fig. 5B) treated with PRL, were applied to the
columns and eluted with SDS-PAGE sample buffer. Eluted pro-
teins were analyzed by SDS-PAGE and silver staining. RS-GST
pulls down a band approximately at 27 kDa both in decidual
and GG-CL extracts (Fig. 5, A and B). PRL treatment had no
effect on the association of this protein with PRL-RS. RS-GST
alone (without cell lysates, RS) was eluted at ~25 kDa.

A dual specific phosphatase (DUSP) of similar molecular
mass was recently cloned, and an antibody against it was gen-
erated (38, 39). The 220-amino acid active human DUSP
(human chromosome 10) was named DUSP27 by Friedberg
et al. (38). However, throughout the text we refer to this protein
by its official name, DUPD1.* We examined the possibility that
DUPD1 associates with PRL-RS using RS-GST pulldown assay
followed by Western analysis with DUPD1 antibody. As shown
in Fig. 5C, DUPDI1 was clearly detected in association with the
RS-GST but not with the control GST. The association of
DUPD1 with the PRL-RS occurred in the absence of PRL, sug-
gesting a constitutive association irrespective of ligand activa-
tion. Moreover, PRL had no effect on the localization of this
protein in GG-CL cells (supplemental Fig. S1).

We examined whether PRL affects the expression and/or the
state of phosphorylation of DUPD1 in GG-CL cells. The results
shown in Fig. 5 (D and E) indicate that PRL does not induce
rapidly the expression of DUPD1 mRNA and protein levels to
account for early ERK1/2 and p38 dephosphorylation (Figs. 1
and 2). Although a delayed stimulation was observed, this stim-
ulation occurred long after MAPKs were dephosphorylated.

Motif scan analysis (40) of the rat DUPD1 sequence (supple-
mental Fig. S2) revealed two putative tyrosine phosphorylation
sites at Tyr-32 and Tyr-100. As shown in Fig. 6 (A and B),
DUPD1 is phosphorylated on tyrosine; however, this phosphor-
ylation is not affected by PRL treatment. Furthermore, treat-
ment with AG490, a Jak2 inhibitor, had no apparent effect on
tyrosine phosphorylation of DUPDI1 at any time point of PRL
treatment (Fig. 6B).

Motif scan analysis of the rat DUPD1 also revealed two puta-
tive serine/threonine phosphorylation sites at Ser-153 and Thr-
155 (supplemental Fig. S3). GG-CL extracts immunoprecipi-
tated with DUPDI1 antibody and immunoblotted with a
targeted antibody against the Thr-155 site, which lies within the
RXRXXT motif, indicates that DUPD1 is phosphorylated on
threonine and that this phosphorylation is markedly inhibited
by PRL (Fig. 6C).

“The phosphatase cloned, characterized, and renamed (DUSP27) by Fried-
berg et al. (38) is currently known as DUPD1, consistent with the official
human gene symbol indicated by HUGO Gene Nomenclature Committee
(DUPD1; HGNC:23481), the official mouse gene symbol according to
Mouse Genome Database (Dupd1; MGI:3647127), and the official rat
nomenclature according to the Rat Genome Database (Dupd1; RGD:
1310229). The reason we use its official name (DUPD1) is to avoid confu-
sion with the large 1100-amino acid inactive human phosphatase (human
chromosome 1), which is now designated officially as DUSP27 (HGNC:
25034).
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FIGURE 4. Effect of various phosphatase inhibitors on the PRL-mediated inhibition of ERK1/2 and mRNA expression of MKPs. A, GG-CL cells transfected
with PRL-RS were treated with PRL (1 wg/ml) for 15 min in the presence of protein-tyrosine phosphatase 1B (PTP1B) inhibitors, SHP2 inhibitor, okadaic acid,
AG-490, NSC95397, and NSC663284 as described under “Experimental Procedures.” Activation status of ERK1/2 was measured by Western blot analysis using
phospho-antibodies against ERK1/2. Total ERK1/2 was used as loading control. B, GG-CL cells transfected with PRL-RS were treated with PRL (1 pg/ml) for
several time points as indicated. The mRNA levels of MKP1, MKP3, and MKP5 were analyzed by qPCR in these cells, and the expression levels were normalized
to L19 or 36B4.
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FIGURE 5. Identification of DUPD1 as PRL-RS associated protein. PRL-RS-GST (RS-GST) fusion proteins were prepared as described under “Experimental
Procedures.” RS-GST interacting proteins were pulled down using decidual cell extracts from PRLR™/~ RS mice treated with PRL (60 wg/animal) or vehicle (A) or
GG-CL cells transfected with PRL-RS and treated with PRL (1 wg/ml) for different time points (B). The bands were detected by silver staining. The molecular mass
markers (lanes M) were as indicated to determine the size of the bands. As a control, a well of pre-pulldown PRL-RS-GST (RS) was loaded showing a band of 25
kDa.The band (27-30 kDa) pulldown from decidual and GG-CL cell lysates by RS-GST fusion protein is indicated by arrow. C, RS-GST pulldown samples of GG-CL
celllysates were analyzed by Western blot using a polyclonal antibody to DUPD1. To show the specific interaction of DUPD1 with RS-GST, GST alone (C-GST) was
used to pull down GG-CL cell lysates as a control. GG-CL cells were transfected with PRL-RS and treated with PRL (1 ng/ml) for different time points. Expression
of DUPD1 was measured by qPCR (D) or Western analysis (E). ¥, p < 0.05 versus 0 min.

DUPDI Physically Associates with ERK1/2 and p38 MAPK—  or by immunoblotting with DUPD1 antibody. Whereas silver-
We examined whether DUPD1 associates with MAPK by stained gels showed association of ERK1/2 with a band ~27
immunoprecipitating total protein extracts from GG-CL cells kDa (supplemental Fig. S4), results shown in Fig. 7A clearly
with antibody against either ERK1/2 or DUPD1. The ERK1/2  depict that DUPD1 co-immunoprecipitates with ERK1/2. Fig. 7
immunoprecipitates were analyzed either by gel silver staining  also shows efficient depletion of DUPD1 in the flow through as
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FIGURE 6. DUPD1 is a phosphoprotein. A, GG-CL cells were transfected with
PRL-RS and treated with PRL for different time points. Total cell lysates were
immunoprecipitated with anti-phosphotyrosine antibody or control IgG and
immunoblotted for DUPD1. B, GG-CL cells were transfected with PRL-RS and
treated with PRL in the presence or absence of AG490. Total cell lysates were
immunoprecipitated with anti-phophotyrosine antibody and immuno-
blotted for DUPD1. Density of DUPD1 was plotted against IgG. C, GG-CL cells
were transfected with PRL-RS and treated with PRL. Total cell lysates were
immunoprecipitated with DUPD1 and immunoblotted with an anti-phos-
pho-RXRXX(S/T) antibody. The density of phospho-DUPD1 was plotted
against IgG. *, p < 0.05 versus 0 min.

compared with pre-immunoprecipitation (IP) samples and
immunoprecipitation with ERK1/2 antibody but not with IgG.
Conversely, immunoprecipitation with DUPD1 antibodies
shows (Fig. 7B) that ERK1/2 as well as p38 MAPK co-precipi-
tate with DUPD1, but not with control IgG. These results taken
together demonstrate that DUPDI1 physically associates with
both ERK1/2 and p38 MAPK.

To determine the specificity of ERK1/2 association with
DUPD1, we examined whether CDC25A also associates with
this kinase. This DUSP phosphatase was selected because of its
sensitivity to NSC 95397 and NSC 663284, which prevent PRL-
mediated ERK1/2 inhibition (Fig. 4). The results (Fig. 7C) indi-
cate no association of ERK1/2 with CDC25A. This was also
confirmed by the fact that an equal amount of proteins was
eluted in the flow through as that of pre-IP samples.

The immunofluorescence studies shown in Fig. 7, D and E,
further confirm the association of ERK1/2 or phospho-
ERK1/2 with DUPDL1. They co-localize in GG-CL cells, and
in the ovary of PRLR™/"RS mice, a strong coexpression of
this kinase and the phosphatase is apparent in theca cells as
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well as in oocytes. Co-localization is also observed in granu-
losa cells (Fig. 7E).

DUPDI Is Responsible for PRL-mediated MAPK Inhibition—
We examined whether DUPD1 is a MAPK phosphatase using
an in vitro phosphatase assay. As shown in Fig. 84 (lanes 3 and
4), DUPD1 was efficiently and specifically immunoprecipitated
from GG-CL cells by DUPDI1 antibody. The phosphatase assay
was carried out using excess recombinant phosphorylated p38
MAPK. As shown in Fig. 84 (lanes 5 and 6), incubation of p38
substrate with DUPDI1 substantially reduced its state of phos-
phorylation. We also examined whether DUPD1 causes the
dephosphorylation of ERK1/2. However, because an ERK1/2
phosphorylated substrate that can be differentiated from the
endogeneous ERK1/2 (by molecular mass) is not available for
the in vitro phosphatase assay, we transfected GG-CL cells
with DUPD1-GFP expression vector and examined the state of
phosphorylation of the endogenous ERK1/2. We found (Fig.
8B) a dose-dependant inhibition in ERK1/2 phosphorylation by
overexpression of DUPD1-GFP.

We further established, using siRNA to silence DUPD1, that
this phosphatase is involved in PRL-mediated dephosphory-
lation of MAPK. As shown in Fig. 8C (top panels) DUPD1 siRNA
1, but not control siRNA, represses the expression of DUPD1
protein levels in GG-CL cells. PRL induces down-regulation of
ERK1/2 as well as p38 phosphorylation in GG-CL transfected
with control siRNA (left panels). This PRL effect is totally
reversed in the DUPD1 siRNA transfected group (right panels).

We further examined whether DUPD1 knockdown affects
ERK1/2 upstream kinase. As shown in Fig. 8D, DUPD1 siRNA
significantly down-regulates endogeneous DUPD1 in GG-CL
cells without affecting the state of MEK1/2 phosphorylation.
Here also, PRL-mediated inhibition of ERK1/2 is totally pre-
vented by the second set of DUPD1 siRNA.

DISCUSSION

The results of the present investigation reveal the original
finding that PRL acting through PRL-RS inhibits ERK1/2 and
p38 MAPK activity as well as their downstream targets in two
PRL reproductive target tissues: the ovary and decidua. This
PRL/PRL-RS-mediated inhibition is clearly detectable in whole
animal as well as in cultured cells expressing PRL-RS. The
results also demonstrate that deactivation of the MAPKs is not
due to dephosphorylation of upstream kinases but is rather due
to PRL/PRL-RS activation of a novel member of the DUSP
phosphatase family, DUPDI. In addition, our results show that
DUPD1 binds to the intracellular domain of PRL-RS and also
associates with ERK1/2 and p38. Finally, we have shown that
PRL activation of PRL-RS induces the dephophorylation of
DUPD1 and have established an as yet undiscovered role for
DUPDL1 in the dephosphorylation of both MAPKs.

The present finding of MAPK inhibition sharply contrast
with the previous report indicating activation of MAPK by PRL
in NIH3T3 cells expressing PRL-RS (21). Another study (41)
has shown that PRL can activate ERK phosphorylation in PC3
or DU145 cells expressing human PRL-RS isoforms. However,
this activation did not occur with PRL but only in response to
S$179D PRL, a molecular mimic of the phosphorylated form of
PRL. Activation of ERK1/2 by PRL/PRL-RS may be unique to
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A, total protein extracts were subjected to IP with T-ERK1/2 or rabbit IgG, and immunocomplexes were resolved on SDS-PAGE, transferred onto PVDF
membrane, and immunoblotted against DUPD1 or T-ERK1/2s. Lanes 1 and 2, IP with IgG (0 and 30 min PRL-treated samples); lanes 3 and 4, IP with T-ERK1/2 (0
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IP with DUPD1 antibody or goat IgG, and immunocomplexes were resolved and immunoblotted as described for A. C, cells were immunoprecipitated with
T-ERK1/2 antibody or goat IgG, and immunocomplexes were resolved and immunoblotted against CDC25A and T-ERK1/2. D, GG-CL cells were transfected with
PRL-RS and treated with PRL for 30 min. Co-localization of T-ERK1/2 (green) and DUPD1 (red) was examined by immunocytochemistry using specific antibodies.
Blue, DAPI. E, paraffin-embedded ovary sections from PRLR™/"RS mice (2.5 days pregnant) were analyzed for co-localization of active ERK1/2 (green) and

DUPD1 (red).

these cell lines, or alternatively PRL may have different signal-
ing mechanisms in reproductive tissues.

The MAPK family has a central role in various cellular
responses including cell proliferation, differentiation, survival,
and apoptosis (42, 43). Recently, it was shown that MAPK crit-
ically regulate the fate of ovarian granulosa cells (25, 42). Acti-
vation of p38 MAPK by FSH leads to phosphorylation of
HSP-27 in granulosa cells, resulting in cell rounding and aggre-
gation promoting microfilament reorganization and stabiliza-
tion (44), suggesting a role in granulosa cell survival. Attenua-
tion of Raf-1-MEK-ERK signaling pathway has also been shown
to correlate with granulosa cell apoptosis (45). Deletion of
ERK1/2 at relatively advanced stages of follicular development
prevents follicular differentiation and ovulation (25). Our pres-
ent results demonstrate that the PRL/PRL-RS elicits repression
of ERK1/2 and p38 MAPK as well as that of their downstream
targets; these repressions may well be associated with the rec-
ognized severe defects in follicular development and premature
ovarian failure that occur in response to exclusive PRL-RS stim-
ulation (5). We have previously shown that PRL-RL prevents
the deteriorative effect of PRL signaling through PRL-RS (5).
This finding is further supported by our present results indicat-
ing that PRL-mediated inhibition of MAPK is totally prevented
when PRL-RL is coexpressed with PRL-RS.

We have examined the mechanism by which PRL activation
of PRL-RS leads to MAPK inhibition as well as their down-
stream substrates. Our finding that MEK1/2 and MKK3/6, the
upstream dual specific kinases that phosphorylate tyrosine and
threonine residues in the ERK1/2 or p38 activation loops,
remain unchanged in response to PRL suggested to us that PRL/
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PRL-RS activates a MAPK specific phosphatase and that this
phosphatase most likely has affinity for both ERK1/2 and p38.
We examined the role of PRL on known inducible MAPK phos-
phatases in PRLR™/~RS mice and found no PRL-mediated
stimulation. Because not many phosphatase inhibitors can be
used in vivo, we transfected an ovarian cell line generated in our
laboratory with PRL-RS and established that PRL causes similar
inhibition to the one seen in vivo in terms of MAPK signaling.
Treatment with an array of phosphatase inhibitors revealed
that only the DUSP inhibitors (NSC 95397 and NSC6 663284)
could prevent PRL-mediated ERK1/2 dephosphorylation, sug-
gesting involvement of a DUSP in this process. There are sev-
eral known dual specificity MKPs that dephosphorylate and
inactivate MAPK isoforms in mammalian cells (46). Among
these MKPs, MKP1 and MKP3 are known to be induced rapidly
in granulosa cells, are inhibited by NSC 95397, and regulate
ERK1/2 activity negatively (26, 47). This led us to examine
whether the rapid increase in the expression levels of these
phosphatases could play a role in PRL-mediated inhibition of
ERK1/2; however, we found no such PRL-mediated stimula-
tion. NSC 663284, the other DUSP inhibitor that prevents PRL-
mediated down-regulation of ERK1/2 phosphorylation, is
known to inhibit CDC25 (48), a DUSP known to be involved in
the cell cycle and to inhibit the ERK1/2 pathway upstream of
the MEK kinase level (49). We examined whether PRL causes a
physical association of CDC25 family with ERK1/2. We found
no such association in either the presence or absence of PRL,
ruling out the involvement of CDC25 in the PRL-mediated
inhibition of ERK1/2 activity. All of these results suggest that
the phosphatase is a DUSP but not a known MPK phosphatase.
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proteins were resolved on SDS-PAGE and immunoblotted against p-p38 to examine the remaining substrate. The blot was also reprobed for DUPD1 and T-p38.
Lane 1,flow through after the IP; lane 2, pre-IP; lane 3, IP with IgG alone; lane 4, IP with DUPD1 alone; lane 5, IP with IgG and rp-p38 (after the assay); lane 6, IP with
DUPD1 and rp-p38 (after the assay). B, GG-CL cells were co-transfected with PRL-RS and increasing doses of DUPD1-GFP expression vectors or empty vectors.
Phosphorylation status of ERK1/2 was examined using phospho-specific antibody. Expression of exogenous DUPD1 was measured by Western blot against
GFP antibody. Total ERK1/2 and GAPDH were used as loading controls. The density of p-ERK1/2 was plotted against T-ERK1/2. *, p < 0.05 versus 0 ug. C, GG-CL
cells were co-transfected with PRL-RS and DUPD1 siRNA (siRNA # 1) or a control siRNA. After 48 h, the cells were treated with or without PRL for 15 min. DUPD1,
p-ERK1/2, and p-p38 were measured in the total cell lysates by Western blotting. Total ERK1/2 was used as loading control. D, GG-CL cells were co-transfected
with PRL-RS and DUPD1 siRNA (siRNA # 2) or a control siRNA. After 48 h, the cells were treated with or without PRL for 15 min. DUPD1, p-MEK1/2 and p-ERK1/2
were measured in the total cell lysates by Western blotting. Total ERK1/2 was used as a loading control.

Luckily, we found a dual specific phosphatase DUPDI1 to be
physically associated with PRL-RS. We discovered that DUPD1
not only interacts with PRL-RS but also co-localizes and asso-
ciates with ERK1/2 and p38 MAPK in both ovaries and an ovar-
ian cell line expressing only the PRL-RS. We have established,
using in vitro phosphatase assay and DUPD1 overexpression,
that ERK1/2 and p38 are dephosphorylated by DUPD1. Most
importantly we have shown that knockdown of endogenous
DUPD1 can completely prevent PRL-mediated MAPK inhibi-
tion without affecting upstream kinase, establishing a key role
for this phosphatase in PRL-mediated dephosphorylation of
MAPK.

A previous study predicted DUPD1 to have 446 amino acid
residues with a pro-isomerase domain and a cyclophilin-like
domain in addition to its catalytic phosphatase domain (38).
When it was expressed, it was found to have an open reading
frame that translates into a 220-amino acid protein with a cal-
culated molecular mass of 25.33 kDa. However, the recombi-
nant protein runs slightly higher than this size (38), suggesting
post-translational modifications. Indeed, our pulldown as well
as Western analysis detected DUPD1 at ~27 kDa. Other mem-
bers of the DUSP family such as DUSP15 have been shown to
be myristoylated and can be targeted to plasma membrane.
Whether such post-translational modification of DUPDI1
occurs and whether this facilitates interaction with PRL-RS are
not known. Previously, our lab has shown that another micro-
somal protein, PRAP, is associated with PRL-RS (33). However,
very little is known about how molecules associate with PRL-
RS. One possibility is that ligand binding causes Jak2 activation,
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which allows recruitment of these factors. However, in the case
of DUPDJI, this is unlikely because DUPD1 can efficiently bind
to the receptor without PRL stimulation. Moreover, Jak2 kinase
inhibitor had no effect on PRL-mediated ERK1/2 inhibition.
Therefore, it appears that Jak2 is not involved in either associ-
ation or activation of DUPDI1 and that both Jak2 and DUPD1
are constitutively associated with PRL-RS. Because other
DUSPs have been shown to be early inducible genes (50), we
examined whether DUPDI is induced by PRL. We found no
increase in DUPD1 expression related to MAPK dephosphory-
lation. Post-translation modifications of DUSPs are known to
affect their phosphatase activity. Acetylation of MKP-1 pro-
motes the interaction of MKP-1 with its substrate p38 MAPK,
which results in dephosphorylation of p38 MAPK (51). How-
ever, PRL/PRL-RS-mediated activation of DUPD1 does not
involve acetylation because no acetyl modification was detected
on DUPDL1 in response to PRL treatment (results not shown).
Phosphorylation of DUSPs has been shown to regulate their
activity (52). Whether DUPD1 function is modified by phos-
phorylation is not yet known. However, our results indicate that
PRL activation of PRL-RS causes a significant inhibition in
DUPD1 phosphorylation at threonine 155. Interestingly, the
targeted threonine, threonine 155, lies just three residues
C-terminal to the absolute required arginine at residue 152
within the catalytic core of the phosphatase. Therefore, it is
highly possible that phosphorylation on threonine 155 prevents
its catalytic activity and PRL induces its activity by causing
dephosphorylation on this site. Further studies are necessary to
examine the intriguing possibility that inhibition of this phos-
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phorylation site may be involved in the stability or activation of
this phosphatase.
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