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MAPKs such as ERK1/2 are dephosphorylated, and consequently inactivated, by dual specificity phospha-
tases(MKPs). InLeydigcells,LHtriggersERK1/2phosphorylationthroughtheactionofproteinkinaseA.We
demonstrate that, in MA-10 Leydig cells, LH receptor activation by human chorionic gonadotropin (hCG)
up-regulates MKP-2, a phosphatase that dephosphorylates ERK1/2, among other MAPKs. After 2 hours,
hCG and 8-bromo-cAMP (8Br-cAMP) significantly increased MKP-2 mRNA levels (3-fold), which declined to
basal levels after 6 hours. MKP-2 protein accumulation exhibited a similar kinetic profile. In cells transiently
expressing flag-MKP-2 protein, hCG/8Br-cAMP stimulation promoted the accumulation of the chimera
(2.5-fold after 3 h of stimulation). Pharmacologic and biochemical approaches showed that the accumu-
lationof flag-MKP-2 involvesaposttranslationalmodificationthat increasesMKP-2half-life.MKP-2down-
regulation by a short hairpin RNA (MKP-2 shRNA) raised the levels of phosphorylated ERK1/2 reached by
8Br-cAMP stimulation. This effect was evident after 180 min of stimulation, which suggests that MKP-2
down-regulates the late phase of cAMP-induced ERK1/2 activity. Also, MKP-2 down-regulation by MKP-2
shRNA increased the stimulatory effect of 8Br-cAMP on both promoter activity and messenger levels of
CYP11A1, which encodes for the steroidogenic enzyme P450scc and is induced by LH/hCG through protein
kinase A and ERK1/2 activities. Our findings demonstrate, for the first time, that LH/hCG tightly regulates
MKP-2 expression, which modulates the induction of CYP11A1 by 8Br-cAMP. MKP-2 up-regulation might
control ERK1/2 activity in a specific temporal frame to modulate the expression of a finite repertory of
ERK-dependent genes. (Endocrinology 154: 1488–1500, 2013)

The MAPK phosphatases (MKPs) constitute a family of
dual specificity phosphatases that down-regulate the

activity of MAPK family members, such as ERK1/2, c-Jun
NH2-terminal protein kinases (JNK1/2) and p38, through
tyrosine and threonine dephosphorylation (1–3). MAPKs

are key regulators of several biological processes like pro-
liferation, development, apoptosis, differentiation, and
inflammation (4–6). Therefore, the role of MKPs as reg-
ulatory components of such processes is now well
recognized.
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MKP family members can be subdivided into different
groups according to their catalytic properties and subcel-
lular localization (2). One group includes nuclear phos-
phatases such as MKP-1 and MKP-2. These enzymes dis-
play a rather broad specificity for inactivation of ERK1/2,
JNK1/2, and p38 and are induced by several stimuli albeit
with different kinetics. Indeed, MKP-1 mRNA levels are
increased after 15–20 minutes of stimulation whereas the
increase in MKP-2 mRNA levels requires a longer period
of time (2, 3, 7).

Due to their nuclear localization, MKP-1 and MKP-2
play an important role in the regulation of gene transcrip-
tion. Indeed, both enzymes are responsible for nuclear
MAPK inactivation and, ultimately, for regulating the ac-
tivity and/or expression of MAPK-dependent transcrip-
tion factors (2, 3, 8).

In steroidogenic cells, the corresponding trophic hor-
mones trigger MAPK signaling pathways (9, 10). Accord-
ingly, we and others have shown that ACTH (11, 12) and
angiotensin II (13) increase MKP-1 mRNA and protein
levels in adrenocortical cells. Moreover, we have recently
demonstrated that, in MA-10 Leydig cells, the stimulation
of the LH receptor (LHR) with human chorionic gonad-
otropin (hCG) promotes both MKP-1 gene transcription
and posttranslational modifications leading to transient
MKP-1 protein accumulation (14). In addition, we dem-
onstrated that MKP-1 induction contributes to the down-
regulation of steroid production (14). Although there is
certain evidence of MKP-1 regulation and function in ste-
roidogenic cells, to our knowledge, information about
MKP-2 in these cells is not yet available.

LH regulates Leydig cell function through a mechanism
that involves the activation of both protein kinase A (PKA)
and ERK1/2 in a PKA-dependent fashion (10, 15). The
rate-limiting step in steroid biosynthesis is the delivery of
cholesterol from the outer to the inner mitochondrial
membrane, a step that is facilitated by the steroidogenic
acute regulatory (StAR) protein (16, 17). LH regulates
steroidogenesis through the induction of StAR gene
(STARD1) (16, 17) and the activation of StAR protein (18,
19). LH also regulates the expression of other steroido-
genic genes (20, 21) such as CYP11A1, which encodes for
the enzyme involved in the first and common step of ste-
roid synthesis in all tissues: the cholesterol side-chain
cleavage enzyme cytochrome P450scc (20, 21). In Leydig
cells, CYP11A1 expression is high in basal conditions and
increases in response to cAMP, hCG, and LH, although it
does so later than STARD1 (21, 22). Although it is well
documented that ERK1/2 participate in STARD1 expres-
sion (14, 22) and StAR protein activation (19), the role of
these kinases in CYP11A1 expression in Leydig cells has
been scarcely analyzed. However, a recent study demon-

strates the participation of ERK1/2 in the expression of
CYP11A1. Indeed, in Leydig cells derived from mice car-
rying a Leydig cell-specific deletion of the MAPK kinase
upstream ERK1/2, hCG fails to induce ERK1/2 phosphor-
ylation and CYP11A1 exhibits a lower expression (23).
Therefore, in addition to PKA activity, the expression of
CYP11A1 involves ERK1/2 signaling and might, as a con-
sequence, be modulated by MKPs.

The aim of the present study was to determine whether
hCG regulates MKP-2 expression and the impact of this
regulation on hCG-induced ERK phosphorylation and
CYP11A1 expression. We report that hCG increases
MKP-2 protein levels through transcriptional and post-
translational mechanisms and that this effect contributes
to down-regulating ERK1/2 activity. Also, we report that
MKP-2 overexpression reduces the effects of cAMP on
CYP11A1 promoter activity and expression, whereas
its down-regulation by a specific short hairpin RNA
(shRNA) produces opposite effects. Because MKP-2 is ex-
pressed later than MKP-1, we conclude that these enzymes
act within different temporal frames to “turn off” ERK1/2
activity and, consequently, to modulate the action of hCG
Oand hence, LHO on the expression of key steroidogenic
genes and steroidogenesis.

Materials and Methods

Reagents
N-[2-(p-bromocynnamylamino)ethyl]-5-isoquinolinesulfon-

amide dihydrochloride (H-89), Z-Leu-Leu-Leu-al (MG132),
4H-1-benzopyran-4-one (PD98059), actinomycin D, cyclohex-
imide (CHX), 8-bromo-cAMP (8Br-cAMP), and monoclonal an-
tibody against FLAG M2 were purchased from Sigma Chemical
Co. (St Louis, Missouri). Antibody against MKP-2 was pur-
chased from Santa Cruz Biotechnology, Inc. (Santa Cruz,
California). Antibodies against phospho-ERK1/2 (P-ERK1/2),
ERK1/2, and Histone H2B were from New England Biolabs, Inc.
(Beverly, Massachusetts). Monoclonal mouse against �-tubulin
was purchased from Upstate Group, Inc (Temecula, California).
Horseradish peroxidase-conjugated goat-antirabbit and goat-
antimouse secondary antibodies and Immun-Blot polyvi-
nylidene difluoride membrane were purchased Bio-Rad Labo-
ratories (Hercules, California). All other reagents were of the
highest quality available.

Plasmid constructs
The murine CYP11A1 promoter fused to the firefly luciferase

reporter gene construct (pGL3-CYP11A1) was generously pro-
vided by Dr. Bon-Chu Chung (Institute of Molecular Biology,
Academia Sinica, Nankang, Taipei, Taiwan).

FLAG-tagged MKP-2 expression vector (pFLAG-MKP-2)
was constructed using the p3xFLAG-CMVTM-7.1 vector.
Mouse total RNA was used to obtain total cDNA by reverse
transcription. From this sample, a fragment of 1294 kb corre-
sponding to the full coding region of MKP-2 (NM_176933.4)
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was amplified using the following primers: forward, TTGCG-
GCCGCTATGGTGACGATGGAG (which contains the cleav-
age site for NotI) and reverse, AAGGATCCGACTCCTGCA-
CACACATGCTC (which contains the cleavage site for BamHI).
This fragment was purified and fused in p3xFLAG-CMVTM-
7.1 NotI/BamHI site.

shRNA plasmid vector was constructed as follows: a pair of
60-nucleotide annealed DNA oligonucleotides (containing a 17-
nucleotide target sequence derived from murine MKP-2 mRNA)
was inserted between the BglII/HindIII restriction sites of the pSU-
PER.retro vector (OligoEngine, Seattle, Washington) in order to
express short hairpin small interfering RNA (shRNA) under the
control of the polymerase-III H1-RNA promoter. The set of 60-
nucleotide oligos containing this sequence for MKP-2 shRNA1 is
described below: sense, 5�-GATCCCCAGACTGTCCCAAT-
CACTTTTTCAAGAGAA AAGTGATTGGGA CAGTCTT
TTTTA-3�; and antisense, 5�-AGCTTAAAAAAGACTGTC-
CCAATCACTTTTCTCTTG AAAAAGTGATTGGGACAG
TCTGGG-3�. A second shRNA was used (targeting 821-839 bp of
MKP-2 cDNA, MKP-2 shRNA2). Control shRNA was also de-
signed as scrambled (Scr) sequences of MKP-2 shRNA1 and
MKP-2 shRNA2: 5�-ATCACAAGTTTGCTCCC-3� and 5�-
AAGTTCTCCCACTGATT-3�, Scr1 and Scr2, respectively. Cor-
rect in-frame insertions were verified by sequencing.

Cell culture
The MA-10 cell line, a clonal strain of mouse Leydig tumor

cells generously provided by Dr Mario Ascoli (University of
Iowa, College of Medicine, Iowa City, Iowa), was handled as
originally described (24, 25).

Cells were growth arrested by serum starvation for 24 hours.
After replacing the medium with fresh serum-free medium, the
cells were incubated with or without hCG or 8Br-cAMP or MG
132 or Actinomycin D or PD98059 or H-89 as stated in the
legend of the corresponding figures.

Transfection and luciferase assay
MA-10 cells were seeded the day before transfection and

grown up to 80% confluence, and then transiently transfected
for 6 hours with Lipofectamine 2000 reagent (Invitrogen, San
Diego, California) in Opti-MEM medium, according manufac-
turer’s instructions. After 24 hours in culture in serum-free me-
dium, cells were used for experiments. For luciferase assays,
transfections were carried out in 24-well plates using 0.6 �g of
pFLAG-MKP-2, MKP-2 shRNA1 or MKP-2 shRNA2, or Scr
vectors; 0.2 �g of pGL3-CYP11A1 vector and 10 ng of pRL
Renilla luciferase expression vector as an internal control for
transfection efficiency.

CYP11A1 promoter activity was evaluated in cells treated
with 0.5 mM 8Br-cAMP for 12 hours to achieve submaximal
stimulation. Luciferase activity was measured using the Dual
Luciferase Assay System (Promega Corp, Madison, Wisconsin)
and the Synergy HT luminometer (BioTek Instruments, Inc,
Winooski, Vermont).

RNA extraction and quantitative real-time PCR
Total RNA was extracted using TriZol reagent following man-

ufacturer’s instructions (Life Technologies, Gaithersburg, Mary-
land). The reverse transcription (RT) and PCR were conducted as
previously described (26). The RT and quantitative real-time PCR

analyses were done using 2 �g of total RNA. cDNA was amplified
in the ABI PRISM 7700 Sequence Detection System (Applied Bio-
systems [Foster City, California], Life Technologies). Reactions
were performed using the SYBR Green Master Mix reagent kit
(Applied Biosystems) and the following specific primers at a con-
centration of 0.3 �M in each reaction: MKP-2 cDNA forward,
5�-GCCTACCTGATGAAGAAGCG-3� and reverse, 5�-TGGT-
GAGCACCTGAGACTCA-3�; CYP11A1 cDNA forward, 5�-
GTGCCTCCAGACTTCTTTCG-3� and reverse, 5�-TTCTT-
GAAGGGCAGCTTGTT-3�; and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) cDNA forward, 5�-TGCACCAC-
CAACTGCTTAGC-3� and reverse, 5�-GGCATGGAC TGTG
GTCATGAG-3�.

Cycling conditions were as follows: step 1, 10 minutes at 95°C;
step 2, 15 seconds at 95°C; step 3, 60 seconds at 60°C for
CYP11A1 and GADPH or 51°C for MKP2, repeated 40 times
from step 2 to step 3. Data from the reactions were collected and
analyzed by the Sequence Detection Software (version 1.3; Applied
Biosystems). Melting curves were run to confirm specificity of the
signal. Relative quantification of gene expression was calculated
using standard curves and normalized to GADPH in each sample.
For the assessment of quantitative differences between samples in
the cDNA target, the mathematical model of Pfaffl (27) was ap-
plied. An expression ratio was determined for each sample by
calculating (Etarget)�Ct(target)/ (EGAPDH)�Ct(GAPDH), where
E is the efficiency of the primer set and �Ct � Ct (normalization
cDNA) � Ct experimental cDNA). The amplification efficiency of
each set of primers was calculated from the slope of a standard
amplification curve of log (ng cDNA) per reaction vs Ct value (E �
10 � [1/slope]). Efficiency values of 2.0 � 0.1 were considered
optimal.

Subcellular fractioning
Subcellular fractions were obtained by differential centrifu-

gation. Cells were washed in PBS and harvested in isotonic ho-
mogenization buffer, A Buffer (20 mM HEPES [pH 7.4], 250
mM sucrose, 1 mM EDTA, 10 mM KCl, 1.5 mM MgCl2) sup-
plemented with protease and phosphatase inhibitors. Samples
were then homogenized by mechanical disruption with a pellet
pestle motor (Kontes, Vineland, New Jersey) and passed through
a 75 �m-pore filter to remove unbroken cells. The homogenates
were centrifuged at 1000 � g for 10 minutes. The pellet con-
taining nuclei was resuspended in A Buffer and later submitted
to sonication. The supernatant was centrifuged at 105,000 � g
for 60 minutes in order to obtain cytosolic fractions as the su-
pernatant. All steps were performed on ice at 4°C. Purity of
subcellular fractions obtained was assessed by enzymatic anal-
ysis, and fractions were considered of appropriate purity when,
at least, 90% of the respective total enzymatic activity was
recovered.

Western blot analysis
Proteins were separated by SDS-PAGE and electrotrans-

ferred to polyvinylidene difluoride membranes as previously
described (11).

Immunodetection was performed using the following anti-
body dilutions: mouse monoclonal anti-FLAG (1:10,000), rab-
bit polyclonal anti-phospho-ERK1/2 (1:5000), rabbit polyclonal
anti-MKP-2 (1:1000), mouse monoclonal anti-�-tubulin (1:
5000), rabbit polyclonal anti-ERK1/2 (1:20,000), rabbit poly-
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clonal anti-Histone H2B (1:5000). Bound antibodies were de-
veloped by incubation with secondary antibody (goat antirabbit
and goat antimouse horseradish peroxidase conjugated) and de-
tected by chemiluminescence using enhanced chemilumines-
cence detection reagent (GE Life Sciences, Princeton, New Jersey
and Bio-Lumina reagent from Productos Bio-Lógicos (Buenos
Aires, Argentina).

Pulse and chase assays
MA-10 Leydig cells were seeded into a 12-well plate. After

overnight culture, cells were transfected with pFLAG-MKP-2
and serum starved. After 24 hours, they were stimulated or not
with 0.5 mM 8Br-cAMP for 150 min and then incubated with 2
�g/�L of CHX for different times. Cells were processed at dif-
ferent times after CHX treatment, and total protein was sub-
jected to immunoblotting using FLAG antibody and �-tubulin
antibody after the stripping. The relative levels of flag-MKP-2
were expressed as a percentage, taking the value registered after
30 min of CHX treatment (time 0) as 100%.

Immunofluorescence and microscopy
MA-10 cells were grown on poly-L-lysine glass coverslips and

treated as previously described (28).
The glass coverslips were incubated with rabbit polyclonal

antibody anti-MKP-2 or mouse monoclonal antibody anti-
FLAG in a humidified chamber for 24 hours at 4°C. Primary
antibodies were detected by cy-2-conjugated goat antirabbit IgG
or cy-2-conjugated goat antimouse IgG, respectively (Molecular
Probes, Eugene, Oregon). Glass coverslips were mounted in Flu-
orSave reagent (Calbiochem, La Jolla, California) and examined
in an Olympus FV300 laser scanning confocal microscope.

Statistical analysis
Results are shown as the mean � SEM. Statistical significance

was evaluated using ANOVA followed by Tukey test. Differ-
ences were deemed significant when P � .05.

Results

hCG and 8Br-cAMP increase MKP-2 gene
transcription

MKP-2 mRNA levels from stimulated cells were eval-
uated by real-time PCR. LHR stimulation with hCG (20
ng/mL) produced a transient increase in MKP-2 mRNA
levels. The effect was statistically significant and maxi-
mum after 2 hours (�3-fold) and declined to basal levels
after 6 hours (Figure 1A). The kinetic profile of mRNA
accumulation caused by 8Br-cAMP (0.5 mM) resembled
the profile obtained under hCG stimulation (Figure 1B). In
addition, the increase in MKP-2mRNA levels was depen-
dent on hCG concentration. As shown in Figure 1C, the
minimal concentration that was effective in increasing
messenger levels was 5 ng/mL. Actinomycin D abolished
the effect of hCG, which indicates that LHR stimulation
promotes MKP-2 gene transcription (Figure 1D). H-89, a
PKA inhibitor, as well as PD98059, a MAPK kinase up-

stream ERK1/2 inhibitor, blunted MKP-2 gene induction
by hCG, which suggests that the hormonal effect is a PKA-
and ERK1/2-dependent event (Figure 1D).

MKP-2 protein levels were also increased after hCG
stimulation, which caused a significant increase in MKP-2
protein levels after 3 hours (�10-fold). This increase re-
mained fairly constant for the next hour (Figure 1E).

Posttranslational modifications triggered by hCG/
cAMP increase MKP-2 protein stability

In order to test whether hCG regulates the levels of
MKP-2 by posttranslational modifications, cells were
transiently transfected for the overexpression of recom-
binant flag-MKP-2 protein, the expression of which is
driven by a constitutively active promoter. Thus, moni-
toring recombinant protein levels is a useful approach to
assessing posttranslational effects of hCG, regardless of its
action on MKP-2 gene expression.

Western blot analysis of whole-cell extracts showed an
hCG- and 8Br-cAMP-promoted increase of flag-MKP-2
protein levels that was evident at 2 hours, peaked between
3 and 5 hours (�2.5-fold), and declined to basal levels at
7 hours (Figure 2, A and B). In addition, 8Br-cAMP stim-
ulation had no effect on the accumulation of other flag-
tagged proteins such as flag-ERK2, which indicates that
the effect of hCG/cAMP on flag-MKP-2 is specific for the
MKP-2 moiety of the chimera (Figure 2C). These results
and the fact that the chimera is expressed under a consti-
tutive promoter suggest that the accumulation of flag-
MKP-2 by hCG or 8Br-cAMP is due to an increase in
MKP-2 half-life mediated by these stimuli. The preincu-
bation of the cells with H-89, but not with PD98059,
blocked the accumulation of flag-MKP-2 triggered by 3
hours of hCG (Figure 2D) or 8Br-cAMP stimulation (Fig-
ure 2E). As expected, the addition of H-89 with or without
PD98059 had the same effect (Figure 2, D and E). Then,
we tested whether the hormonal regulation of MKP-2 in-
cludes a posttranslational modification that increases the
protein half-life. Pulse and chase experiments, performed
according to the incubation scheme shown at the top of the
figure, demonstrated that 8Br-cAMP increases flag-
MKP-2 half-life (Figure 3A). Moreover, hCG treatment
produced the same effect (data not shown). These results
are in accordance with the accumulation of recombinant
protein by these stimuli shown in Figure 2.

The levels of flag-MKP-2 were evaluated in cells incu-
bated with MG132, a well-recognized proteasome inhib-
itor. The results showed that MG 132 is able to accumu-
late flag-MKP-2 protein (Figure 3B). This effect was
significant after 1 hour and progressed in a time-depen-
dent way. Even after 3 hours of treatment, serine-protease
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inhibitor Tosyllysine Chloromethyl Ketone (TLCK) did
not increase the recombinant protein levels (Figure 3B).
Flag-MKP-2 levels accumulated after 3 hours of 8Br-
cAMP and MG132 treatment were similar and were not
increased when the cells were treated with both reagents
simultaneously (Figure 3C).

Flag-MKP-2 is accumulated in the
nucleus after cell stimulation

We also analyzed MKP-2 in MA-10 cells by
immunofluorescence and confocal micros-
copy. We found that, in basal conditions,
MKP-2 is barely detected (Figure 4A, left), in
concordance with the low levels of this protein
detected by Western blot in nonstimulated cells
(Figure 1E). The stimulation with 8Br-cAMP
(Figure 4A, left) intensified MKP-2 signal and
a predominantly nuclear localization was ob-
served. Similar results were obtained in hCG-
stimulated cells (data not shown). Because we
intended to use the recombinant protein flag-
MKP-2 in order to test the biological role of
MKP-2, we analyzed the subcellular localiza-
tion of the tagged protein in stimulated or con-
trol cells (Figure 4A, right), in order to confirm
that this chimera and the endogenous protein
behave in the same way. Flag-MKP-2 was even
detected in basal conditions, which coincides
with the detection of the recombinant protein
in nonstimulated cells by Western blot (Figure
2B). Noteworthy, in basal conditions the pro-
tein was detected in the extranuclear compart-
ment. 8Br-cAMP increased flag-MKP-2 signal,
predominantly in the nucleus.

The fact that the nuclear localization is ob-
served mainly in stimulated cell leads us to hy-
pothesize that the hormonal stimulation could
direct MKP-2 to the nucleus. To investigate
this possibility, cells were treated to accumu-
late flag-MKP-2 in the absence of hormonal
stimulation and then analyzed by immunoflu-
orescence and confocal microscopy. The accu-
mulation of the recombinant protein was per-
formed by the incubation with MG132 for 1
hour. Then, protein synthesis was stopped by
the addition of CHX to the culture media for
30 minutes. After that, 8Br-cAMP was added
or not to the media and the incubation was
prolonged for 15 minutes. Immunostaining
of control cells showed a strong signal mainly
in the extranuclear space (Figure 4B). How-
ever, this distribution changed after stimula-
tion, because a short period of 8Br-cAMP

treatment resulted in a weak signal in the extranuclear
compartment and a strong signal in the nucleus (Fig 4B).
Given that the stimulation was performed for a short pe-
riod and in the presence of a protein synthesis inhibitor,
the protein accumulated in the nucleus was not synthe-
sized during this period of stimulation. Rather, accumu-

Figure 1. hCG and 8Br-cAMP Increase MKP-2 Expression in MA-10 Leydig Cells.
MA-10 Leydig cells were serum starved and then stimulated with 20 ng/mL hCG (A)
or 0.5 mM 8Br-cAMP (B) for the indicated times or incubated for 120 minutes with
different concentrations of hCG (C), or for 30 minutes in the absence or presence of
5 �g/mL actinomycin D (ActD), 50 �M PD98059, or 10 �M H-89 and further
incubated for 120 minutes in presence or absence of 20 ng/mL hCG (D). Total RNA
was isolated and subjected to reverse transcription and real-time PCR with specific
primers for MKP-2 and GAPDH cDNA as loading control. MKP-2 mRNA levels were
normalized against the corresponding GAPDH mRNA levels. Data represent the
mean � SEM of three independent experiments. A, B, and C, *P � .05;
**P � .01; ***P � .001 vs nonstimulated cells. D, a, P � .001 vs nonstimulated
cells; b, P � .01, d and f, P � .05 vs nonstimulated cells; c, e, and g, P � .001 vs
hCG-stimulated cells. MA-10 Leydig cells were stimulated with 20 ng/mL hCG for
the indicated times. Total cell lysates were analyzed by Western blotting using an
anti-MKP-2 antibody (E). Specific bands were detected by enhanced chemilumine-
scence. Membranes were then stripped, and �-tubulin was detected as loading
control, using a specific antibody. Figure shows representative immunoblots (upper
panels). Integrated optical density of each band was quantitated and MKP-2 values
normalized against the loading control and expressed in arbitrary units. Data
represent the mean � SEM of three independent experiments (lower panels).
***, P � .001 vs nonstimulated cells.
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lated protein could come from the extranuclear space. To-
gether, these results suggest that 8Br-cAMP stimulation
promotes the nuclear localization through a posttransla-
tional mechanism. In accordance with these observations,
experiments of subcellular fractionation and subsequent
Western blot showed that 8Br-cAMP stimulation in-
creases flag-MKP-2 in the nuclear fraction whereas it de-
creases in the cytoplasmatic fraction (Figure 5A). More-
over, flag-MKP2 protein level accumulated by MG132

displays a similar pattern when cells
are stimulated under protein synthe-
sis inhibition (Figure 5B).

Down-regulation of MKP-2 by a
specific shRNA alters the
pattern of 8Br-cAMP-stimulated
ERK1/2 phosphorylation

Further experiments were con-
ducted to determine whether the
down-regulation of MKP-2 could
impact the kinetics or magnitude of
ERK1/2phosphorylation levels reached
by cAMP stimulation. For this, we de-
signed and cloned two specific short
hairpin RNA against MKP-2 (MKP-2
shRNA1 and MKP2 shRNA2), which
were effective in reducing flag-MKP-2
protein levels incontroland8Br-cAMP-
stimulated cells for 2.5 hours, but not in
reducing Flag-MKP-1 protein levels
(Figure 6, A and B). These conclusions
were obtained using the correspond-
ing empty vector as control (mock
transfections). However, it is impor-
tant to mention that plasmids carry-
ing the corresponding scrambled se-
quences (Scr) and empty plasmids
produced similar effects (data not
shown).

After testing the effectiveness of
shRNA1 and 2 in down-regulating
MKP-2 expression, we analyzed the
levels of P-ERK1/2 reached after
8Br-cAMP stimulation in cells ex-
pressing MKP-2 shRNA or not.
When the levels of P-ERK1/2 were
analyzed in nontransfected cells
stimulated with 8Br-cAMP (0–180
min), a rapid and transient increase
in P-ERK1/2 was observed (Figure
6C). Even when P-ERK1/2 signal
seemed to be extinguished after 120
min of stimulation, long exposure of

immunoblots showed higher P-ERK1/2 levels in cells stim-
ulated for long periods (120–180 min), as compared with
unstimulated cells (Figure 6C). Next, we focused on these
times of stimulation to assess the effect of MKP-2 shRNA
or Scr expression on P-ERK levels. Next, we focused on
these times of stimulation to assess the effect of MKP-2
shRNA or Scr expression on P-ERK levels. As shown in
Figure 6, the early phase of ERK phosphorylation was not

Figure 2. hCG Increases flag-MKP-2 Protein Levels by a Posttranslational Mechanism in MA-10
Leydig Cells. Cells were transfected with pFLAG-MKP-2 (A, B, D, and E) or pFLAG-ERK2 (C),
serum starved, and stimulated for the indicated times with 20 ng/mL hCG (A) or 0.5 mM 8Br-
cAMP (B and C) or incubated for 3 hours with 20 ng/mL hCG (D) or 0.5 mM 8Br-cAMP (E) after
preincubation for 30 minutes with 50 �M PD98059 or 10 �M H-89. Cells were then
homogenized, and total cell lysate proteins were analyzed by Western blotting using an anti-
FLAG M2 antibody. Specific bands were detected by enhanced chemiluminescence. Membranes
were then stripped, and �-tubulin was detected as loading control using a specific antibody.
Figure shows representative immunoblots (upper panels). Integrated optical density of each band
was quantitated, and flag-MKP-2 values were normalized against the loading control and
expressed in arbitrary units. Data represent the mean � SEM of three independent experiments.
A, and B, *P � .05; **P � .01; ***P � .001 vs nonstimulated cells. D and E, a, P � .001 vs
nonstimulated cells; b, P � .001 vs hCG- (D) or 8Br-cAMP- (E) stimulated cells.
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modified by MKP-2 shRNA expression (Figure 6D, left).
Moreover, we found that even up to 140 minutes of stim-
ulation, P-ERK1/2 levels were not significantly different in
MA-10 cells transfected with either MKP-2 shRNA or Scr
(Figure 6D, right panel). However, at 180 and 200 min of
stimulation, the levels of P-ERK1/2 in cells carrying shRNA
were significantlyhigher than the levelsdetected inScr-trans-
fected cells stimulated for the same times (Figure 6 D, right
panel). Results shown in Figure 6D were obtained with
MKP-2 shRNA1, which is indicated in this and subsequent
figures as MKP-2 shRNA. However, similar results were ob-
tained with MKP-2 shRNA2 (data not shown).

Down-regulation of MKP-2 increases the effect of
8Br-cAMP stimulation on both CYP11A1 promoter
activity and mRNA levels

CYP11A1 gene expression induced by LH/cAMP oc-
curs after a long period of stimulation and it is dependent
on ERK1/2 activity (21, 29). Thus, we hypothesized that
MKP-2 expression, by its action on ERK1/2 activity, could
contribute to regulating CYP11A1 expression much like
MKP-1 regulates the expression of STARD1 (14). To test

this possibility we assessed the effect of MKP-2
level variations, reached by transient transfec-
tions, on CYP11A1 promoter activity in-
creased by 8Br-cAMP. As indicated in Figure
7A, CYP11A1 promoter activity was blunted
by ERK1/2 inhibition (Figure 7A). Accord-
ingly, MKP-2 overexpression reduced 8Br-
cAMP-stimulated CYP11A1 promoter activity,
whereasthedown-regulationofMKP-2byMKP-2
shRNA displayed the opposite effect (Figure 7B).
Because we found no differences in promoter ac-
tivity in cells carrying the empty vector and those
carrying the Scr sequence, in the following experi-
ments only Scr-transfected cells were used as
control.

As expected, the effect of MKP-2 protein on
CYP11A1 promoter activity was also observed
in the synthesis of the corresponding mRNA.
Indeed, the levels of CYP11A1 mRNA ob-
tained after 12 hours of 8Br-cAMP stimulation
were reduced by MKP-2 overexpression and
increased by the down-regulation of MKP-2 by
MKP-2 shRNA (Figure 7C). In Figure 6D we
already demonstrated that the down-regula-
tion of MKP-2 promotes an increase in 8Br-
cAMP-mediated ERK phosphorylation in the
period between 180 and 200 minutes of stimu-
lation. Because the down-regulation of MKP-2
also increases CYP11A1 expression, it is con-
cluded that CYP11A1 induction requires the ac-
tion of ERK1/2 in this period.

Discussion

In Leydig cells, LHR activation promotes a signal trans-
duction pathway that includes PKA activation, as well as
the transient activation of ERK1/2 dependent on PKA
(10). MKP-1 and MKP-2 are nuclear enzymes involved in
the inactivation of the three major classes of MAPKs:
ERKs, JNKs, and p38. The present study demonstrates
that hCG and 8Br-cAMP regulate MKP-2 expression in
MA-10 Leydig cells. To our knowledge, this is the first
study describing the hormonal regulation of MKP-2 in
steroidogenic cells. Our conclusion is supported by the
following findings in cells under hCG or 8Br-cAMP stim-
ulation: 1) increased MKP-2 mRNA and protein levels, 2)
increased MKP-2 protein stability, and 3) increased
MKP-2 accumulation in the nucleus. Moreover, our find-
ings also support a functional role of MKP-2 in steroid
synthesis. We found that MKP-2 shRNA increases the ef-
fect of 8Br-cAMP on: 1) P-ERK1/2 levels, mainly after

Figure 3. flag-MKP-2 Is Degraded through the Proteasome Pathway and Its Half-
Life Is Increased by 8Br-cAMP. MA-10 Leydig cells were transfected with pFLAG-
MKP-2, serum-starved, incubated with or without 0.5 mM 8Br-cAMP for 30 min
(upper and lower panel, respectively) and further incubated with 2 �g/�l CHX for
the indicated times (A) or incubated in the absence or presence of 10 �M MG-132
or 10 �M TLCK for the indicated times or left untreated (B) or incubated with 8Br-
AMPc for 3 hours, alone or plus MG132 or plus TLCK (C). Cells were then
homogenized, and total cell lysate proteins were analyzed by Western blotting using
an anti-FLAG M2 antibody. Specific bands were detected by enhanced
chemiluminescence. Membranes were then stripped and �-tubulin detected as
loading control. Data represent the mean � SEM of three independent experiments.
B and C, *,P � .05; **, P � .01; ***, P � .001 vs nonstimulated cells.
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180-200 minutes of stimulation, which indicates that
MKP-2 expression specifically down-regulates the de-
layed phase of ERK1/2 activity and 2) CYP11A1 promoter
activity andmessenger levels.Wehavepreviously reported
that, in MA-10 Leydig cells, hCG and cAMP rapidly in-
duce MKP-1 expression, which contributes to both early
P-ERK1/2 dephosphorylation after hCG/cAMP stimula-
tion, and the regulation of a key protein in the acute reg-
ulation of steroidogenesis, ie, StAR protein (14). There-
fore, these facts, together with the present data showing
the regulation and function of MKP-2, demonstrate that
hCG not only promotes ERK1/2 activation but also exerts
a strict temporal control on the inactivation of ERK1/2 to
differentially modulate gene expression.

The increase in MKP-2 mRNA is detected after 2 hours
of hCG or 8Br-cAMP stimulation, which indicates that the
kinetics of MKP-2 mRNA accumulation is slower than the
kinetics of MKP-1 mRNA accumulation. Indeed, 15 min-
utes of stimulation with hCG or 8Br-cAMP are sufficient
to produce a significant increase in MKP-1 mRNA in
MA-10 Leydig cells (14). Moreover, hCG treatment
causes MKP-2 protein accumulation after approximately
2 hours of treatment, whereas a robust amount of MKP-1
protein is detected after 15 minutes of stimulation (14). In
accordance with our results, Zhang and Roberson (30)
demonstrated that GnRH, which promotes MAPK acti-
vation in gonadotropes, induces both MKP-1 and MKP-2
with different temporal profiles. Therefore, these and our
results suggest differential roles for these MKPs in the reg-
ulation of MAPK activity.

The increase in MKP-2 mRNA levels by hCG mainly
occurs through de novo gene transcription and is depen-

dent on PKA and ERK1/2 activities.
In line with our results, MKP-2 ex-
pression by GnRH also requires
MAPK activation. Indeed, the inhi-
bition of ERK1/2 or JNK1/2 is
sufficient to block GnRH-induced
MKP-2 expression (31). In MA-10
Leydig cells the activation of ERK1/2
by hCG is a PKA downstream event
(10). This characteristic, together
with the fact that a MEK inhibitor
blunted the action of hCG on MKP-2
mRNA levels (Figure 1C), suggests
that hCG promotes MKP-2 gene ac-
tivation mainly through ERK1/2 ac-
tivity triggered by PKA action. Thus,
it is suggested that MKP-2 gene in-
duction by hCG only involves events
downstream of PKA that are depen-
dent on ERK1/2.

The increase in flag-MKP-2 levels by hCG/8Br-cAMP
could be linked to a decrease in the rate of degradation, be-
cause the chimera is expressed under a constitutive pro-
moter and, consequently, displays a constant rate of pro-
duction. Indeed, 8Br-cAMP stimulation resulted in an
increase in flag-MKP-2 half-life. This result, together with
the fact that PKA activation and the inhibition of protea-
some have no accumulative effect on the amount of flag-
MKP-2, supports the notion that a posttranslational mod-
ification triggered by hCG or cAMP prevents MKP-2
degradation, thus leading to its stabilization.

Peng et al. (32) have demonstrated that MKP-2 is phos-
phorylated by ERK1/2 on Serine 386 and Serine 391 in
serum-exposed human breast cancer cells, which leads to
protein stabilization. In our experiments, MA-10 Leydig
cells were serum depleted for 24 h and further stimulated
by hCG or 8Br-cAMP for different periods. Under these
experimental conditions, which resulted in transient
ERK1/2 activation, we showed a null effect of a MEK
inhibitor on flag-MKP-2 accumulation. This result ex-
cludes the possibility of ERK1/2 participation in the sta-
bilization of the chimera mediated by a posttranslational
modification.

It is important to mention that MKP-2 sequence anal-
ysis reveals the presence of several PKA phosphorylation
consensus sites. Therefore, MKP-2 could be a direct target
of PKA in MA-10 cells under hCG stimulation. However,
the posttranslational modification of MKP-2 induced by
hCG and 8Br-cAMP in MA-10 Leydig cells remains
undetermined.

MKP-2 lacks the classical motif of nuclear localization
but it has two nuclear localization sequences (NLSs), and

Figure 4. 8Br-cAMP Promotes the Nuclear Accumulation of flag-MKP-2. MA-10 Leydig cells
were grown on coverslips, serum starved, stimulated or not (Control) with 0.5 mM 8Br-cAMP for
2.5 hours, fixed, subjected to immunofluorescence staining using an antibody against MKP-2,
and analyzed by confocal microscopy (A, left). Cells were grown on coverslips, transfected with
pFLAG-MKP-2, serum starved, and finally stimulated or not (Control) with 0.5 mM 8Br-cAMP for
2.5 hours (A, right) or incubated for 1 hour in the presence of 10 �M MG132, and further
incubated with 8Br-cAMP for 15 minutes in the presence of CHX added 30 minutes before 8Br-
cAMP (B). Cells were then fixed, stained with an anti-FLAG M2 antibody, and subjected to
immunofluorescence and confocal microscopy (A, right, and B).
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both participate in the nuclear localization of MKP-2
(NLS-1 and NLS-2) (33). We showed that, in cells exposed
to a proteasome inhibitor, flag-MKP-2 is accumulated in
the cytoplasm, and a short period of 8Br-cAMP stimula-
tion causes its localization in the nucleus. Given that the
stimulation was performed in the presence of a protein
synthesis inhibitor, this study suggests that 8Br-cAMP
promotes an MKP-2 posttranslational modification lead-
ing to its nuclear localization. Our current efforts aim to
characterize this modification.

In gonadotropes, GnRH triggers both ERK1/2 and
JNK1/2 phosphorylation and MKP-2 induction, after
which JNK1/2 are dephosphorylated mainly by MKP-2
(30). In MA-10 Leydig cells, ERK phosphorylation by
hCG stimulation is well documented (10). In contrast, to
our knowledge, JNK1/2 phosphorylation under this con-
dition has not been described. In our experiments, hCG
stimulation resulted in strong phosphorylation of ERK1/2
but no apparent phosphorylation of JNK1/2 (data not
shown). Therefore, JNK1/2 is unlikely to be a physiolog-
ical substrate of MKP-2 in MA-10 cells under hCG stim-
ulation. Our studies demonstrate that MKP-2 expression
is linked to the late stage of ERK1/2 phosphorylation.
MKP-2 may thus complete the dephosphorylation of
ERK1/2, which, as we have demonstrated in previous
work (14), is initiated by MKP-1.

In the search for the functional role of MKP-2 in MA-10
Leydig cells, we focused on the regulation of CYP11A1.
The expression of this gene fulfills two essential require-
ments: 1) it is dependent on hCG/cAMP through an

ERK1/2-dependent pathway (23); and 2) it occurs in a
temporal frame compatible with the regulation exerted
by MKP-2, in the sense that 8Br-cAMP increases MKP-2
protein levels before significantly raising the level of
P450scc mRNA. Our studies demonstrate that MKP-2
down-regulation increases the effect of 8Br-cAMP on
P-ERK1/2 levels and also on CYP11A1 promoter activ-
ity and mRNA levels, which suggests that hCG- and
cAMP-induced MKP-2 modulates CYP11A1 gene ex-
pression. This modulation occurs through the dephos-
phorylation of P-ERK1/2, which, in turn, leads to the
inactivation of at least one ERK-dependent protein in-
volved in CYP11A1 expression.

It is well recognized that the regulation of CYP11A1
promoter by gonadotropins and cAMP involves transcrip-
tion factors such as steroidogenic factor 1 (SF1), GATA4,
cAMP response element-binding protein-1, and AP-1 fam-
ily members (cFos and c-Jun), although the profile of tran-
scription factors involved in this regulation exhibits tissue-
specific differences (21, 34). Regarding the mechanism
through which MKP-2 regulates the induction of
CYP11A1 by cAMP, one possibility points at SF1 regu-
lation. It is known that ERK1/2 promotes the phosphor-
ylation of SF1 and its activity on STARD1 expression (22).
Therefore, through its action on ERK1/2, MKP-2 could
reduce the phosphorylation level of SF1, which would re-
sult in lower SF1 transcriptional activity. However, the
phosphorylation of SF1 seems to have a different effect on
the regulation of steroidogenic genes such as STARD1 and
CYP17 (which encodes for P450c17). Indeed, it has been

Figure 5. 8Br-cAMP Promotes the Nuclear Accumulation of flag-MKP-2. MA-10 Leydig cells were transfected with pFLAG-MKP-2, serum starved,
and stimulated with 0.5 mM 8Br-cAMP (A) or incubated for 1 hour in the presence of 10 �M MG132, and further incubated with 8Br-cAMP for
15 minutes in the presence of CHX added 30 minutes before 8Br-cAMP (B). Cells were then homogenized and subjected to subcellular fractioning,
and nuclear and cytosolic proteins were analyzed by Western blotting using an anti-FLAG M2 antibody. Specific bands were detected by enhanced
chemiluminescence. Membranes were then stripped, and �-tubulin and histone H2B were detected as loading controls for total cytosolic or
nuclear proteins, respectively. Figures show representative immunoblots (upper panels). Integrated optical density of each band was quantitated
and flag-MKP-2 or MKP-2 values were normalized against the corresponding loading control and expressed in arbitrary units. Data represent the
mean � SEM of three independent experiments (lower panels).*P � .05; **P � .01; ***P � .001 vs the corresponding fraction from
nonstimulated cells.
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documented that ACTH-mediated MKP-1 induction pro-
motes SF1 dephosphorylation, which, in turn, leads to an
increase in SF1-mediated CYP17 transcription in adreno-
cortical cells (12).

Winnay et al. (35) have demonstrated that ACTH re-
ceptor gene expression by ACTH involves a cyclic pattern
of SF1-dependent transcriptional activation, which, they
postulate, could be modulated by MKP-1 expression.

Figure 6. Effect of the Down-Regulation of MKP-2 by shRNA on ERK1/2 Phosphorylation. MA-10 Leydig cells were cotransfected with the empty
vector pSUPER.retro (Mock) or pSUPER.retro-MKP-2 (MKP-2 shRNA) from two different clones (clone 1 and clone 2) together with the expression
vectors pFLAG-MKP-2 (A) and pFLAG-MKP-1 (B). In C and D, cells were either not transfected or transfected with pSUPER.retro-scramble (Scr) or
pSUPER.retro-MKP-2 (MKP-2 shRNA), respectively. Next day they were serum starved and then stimulated with 8Br-cAMP (0.5 mM) for the times
indicated. Cells were then homogenized and total cell lysate proteins were analyzed by Western blotting using an anti-FLAG M2 antibody (A and
B) and anti-P-ERK 1/2 antibody (C and D). Specific bands were detected by enhanced chemiluminescence. Membranes were then stripped, and
�-tubulin (A and B) or total ERK1/2 (C and D) were detected as loading control. Figure shows representative immunoblots (upper panels).
Integrated optical density of each band was quantified and flag-MKP-2 (A), flag-MKP-1 (B), and P-ERK (C and D) values were normalized against
the corresponding loading control and expressed in arbitrary units. A, B, and D, Data represent the mean � SEM of three independent
experiments. A: a and b, P � .001 vs mock transfected cells. B: a, P � .001 vs the respective nonstimulated transfected cells. D: a, P � .001 vs
nonstimulated cells expressing pSUPER.retro-MKP-2 (MKP-2 shRNA); b, P � .01, and c, P � .05 vs nonstimulated cells expressing pSUPER.retro-
scramble (Scr); d, P � .05; e, P � .001 vs cells expressing pSUPER.retro-scramble (Scr) and stimulated with 8Br-cAMP for the same period. C, Data
corresponding to a representative experiment.
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Whether MKP-2 coordinates a similar cyclic pattern of
regulation of CYP11A1 is still to be elucidated.

In Y1 adrenocortical cells, basal and cAMP-stimulated
expression of CYP11A1 involves the homeodomain-in-
teracting protein kinase 3, which triggers both JNK1/2
and c-Jun phosphorylation (36). It is demonstrated that
the stimulation with 8Br-cAMP raises the levels of phos-
phorylated c-Jun in a delayed fashion, starting after 3
hours, which promotes SF1 activation and CYP11A1 ex-

pression (36). JNK1/2 phosphorylation by hCG was not
detected in our system. However, even if hCG activated
JNK1/2 with kinetics similar to c-Jun phosphorylation,
MKP-2 would seem unlikely to have a role in the inacti-
vation of JNK1/2, because this would imply a simultane-
ous increase in both phosphorylated JNK1/2 and MKP-2.
Nevertheless, it is worth pointing out that our experiments
were carried out in different experimental conditions, and
that, when arrested by serum depletion, as we have pro-
ceeded, MA-10 Leydig cells could display different re-
quirements for full stimulation.

Figure 8. Proposed Model for the Role of MKP-2 in Steroidogenesis. LHR
activation by LH/hCG triggers PKA activation, which leads to the rapid
phosphorylation and activation of ERK1/2. Activated ERK (P-ERK)
translocates to the nucleus where it phosphorylates and activates
transcription factors (TF). TF activated by P-ERK, together with TF activated
by PKA, lead to CYP11A1 induction. CYP11A1 encoded product, P450scc
protein, acts in the mitochondria in steroid synthesis. Simultaneously,
activated PKA and P-ERK also induce DUSP4 gene transcription (DUSP4 or
dual-specificity phosphatase-4: name of gene encoding MKP-2 protein).
PKA also promotes MKP-2 protein stabilization through a still unknown
posttranslational mechanism that leads to MKP-2 accumulation in the cell.
In turn, MKP-2 protein induces ERK1/2 dephosphorylation after
approximately 180 minutes of LH stimulation, generating a late negative
feedback mechanism on its own expression, which contributes to
“turning off” the ERK1/2-dependent events involved in steroidogenesis.
Direct effects are indicated by solid lines, whereas indirect effects are
indicated as dotted lines. A question mark indicates an unknown
posttranslational modification. Levels of P-ERK decline markedly in the
period between 15 and 90 minutes of hormone stimulation. Between 90
and 180 minutes, P-ERK levels remain unchanged. After 180 minutes a
second step of dephosphorylation, due to MKP-2 expression, occurs and
P-ERK levels reach the control levels.

Figure 7. Effect of Overexpresion and Silencing of MKP-2 on both
CYP11A1 Promoter Activity and mRNA Levels. MA-10 cells were
cotransfected with the reporter vector pGL3-CYP11A1 and the control
pRL Renilla luciferase vector, together (B) or not (A) with the expression
vectors pFLAG-MKP-2 (MKP-2 cDNA), pSUPER.retro-MKP-2 (MKP-2
shRNA), or pSUPER.retro-scramble (Scr). After 48 hours, cells were
stimulated with 0.5 mM 8Br-cAMP for 12 hours in the presence or
absence of 50 �M PD98059 (A), and luciferase activity (RLU) was
detected in cell lysates. Each value was normalized against the Renilla
luciferase activity. The results are expresed as the mean � SEM of
three independent experiments. A: a, P � .001 vs unstimulated cells
incubated in absence of PD98059; b, P � .001 vs 8Br-cAMP-stimulated
cells incubated in absence of PD98059. B: a, P � .001 vs
nonstimulated mock-transfected cells; b, P � .001 vs 8Br-cAMP-
stimulated mock-transfected cells and c, P � .05 vs 8Br-cAMP-
stimulated mock-transfected cells. C, MA-10 cells were transfected
with pFLAG-MKP-2 (MKP-2 cDNA), pSUPER.retro-MKP-2 (MKP-2
shRNA), or pSUPER.retro-scramble (Scr) as indicated. Cells were serum
starved, stimulated for 12 hours with 0.5 mM 8Br-cAMP, and total
RNA was isolated and subjected to reverse transcription and
quantitative real-time PCR with specific primers for CYP11A1 and
GAPDH cDNA as loading control. CYP11A1 levels were normalized
against the corresponding GAPDH mRNA levels. Data represent the
mean � SEM of three independent experiments. *P � .05;
***P � .001.
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The present work demonstrates the regulation of
MKP-2 by hCG in MA-10 Leydig cells. Although it could
be argued that this regulation does not operate in untrans-
formed cells or in the whole animal, studies using an in
vivo mouse model strongly suggest that the hormonal reg-
ulation of MKP-2 is a common mechanism in cell biology
to counteract MAPK activity (30).

In summary, we have reported, for the first time, the
up-regulation of MKP-2 in MA-10 Leydig cells elicited by
hCG and cAMP. This regulation involves the ERK-depen-
dent MKP-2 gene induction and a posttranslational mod-
ification that increases MKP-2 half-life. We also provide
evidence that MKP-2 induction might contribute to the
down-regulation of both ERK activity and CYP11A1 ex-
pression after LHR stimulation. Figure 8 shows a cartoon
depicting the regulation of MKP-2 by hCG and its role in
CYP11A1 expression.

Acknowledgments

We thank Dr. Mario Ascoli (University of Iowa, College of Med-
icine, Iowa City, Iowa) for kindly providing MA-10 cells. We
also thank Dr. Bon-Chu Chung (Institute of Molecular Biology,
Academia Sinica, Nankang, Taipei, Taiwan) for kindly provid-
ing the murine CYP11A1 promoter fused to the Firefly luciferase
reporter gene construct (pGL3-CYP11A1), and Dr. Melanie
Cobb (Department of Pharmacology, University of Texas South-
western Medical Center, Dallas, Texas) for providing valuable
FLAG-ERK2 plasmid.

Address all correspondence and requests for reprints to: Cris-
tina Paz, PhD, Institute for Biomedical Research (INBIOMED).
Department of Biochemistry, School of Medicine, University of
Buenos Aires. Paraguay 2155, fifth floor (C1121ABG) Buenos
Aires, Argentina. E-mail: crispaz@fmed.uba.ar.

This work was supported by grants from: Universidad de
Buenos Aires (UBA) (to C.P. and E.J.P.), Consejo Nacional de
Investigaciones Científicas y Técnicas (CONICET) (to C.P.,
E.J.P., and C.F.M.), and Agencia Nacional de Promoción Cientí-
fica y Tecnológica (ANPCYT) (to E.J.P.).

Disclosure Summary: The authors have nothing to disclose.

References

1. Dickinson RJ, Keyse SM. Diverse physiological functions for dual-
specificity MAP kinase phosphatases. J Cell Sci. 2006;119:4607–
4615.

2. Keyse SM. Dual-specificity MAP kinase phosphatases (MKPs) and
cancer. Cancer Metastasis Rev. 2008;27:253–261.

3. Boutros T, Chevet E, Metrakos P. Mitogen-activated protein (MAP)
kinase/MAP kinase phosphatase regulation: roles in cell growth,
death, and cancer. Pharmacol Rev. 2008;60:261–310.

4. Cagnol S, Chambard JC. ERK and cell death: mechanisms of ERK-

induced cell death–apoptosis, autophagy and senescence. FEBS J.
2010;277:2–21.

5. Ashwell JD. The many paths to p38 mitogen-activated protein ki-
nase activation in the immune system. Nat Rev Immunol. 2006;6:
532–540.

6. Raman M, Chen W, Cobb MH. Differential regulation and prop-
erties of MAPKs. Oncogene. 2007;26:3100–3112.

7. Hömme M, Schmitt CP, Mehls O, Schaefer F. Mechanism of mito-
gen-activated protein kinase inhibition by parathyroid hormone in
osteoblast-like cells. J Am Soc Nephrol. 2004;15:2844–2850.

8. Fuller SJ, Davies EL, Gillespie-Brown J, Sun H, Tonks NK. Mitogen-
activated protein kinase phosphatase 1 inhibits the stimulation of
gene expression by hypertrophic agonists in cardiac myocytes.
Biochem J. 1997;323(Pt 2):313–319.

9. Le T, Schimmer BP. The regulation of MAPKs in Y1 mouse adre-
nocortical tumor cells. Endocrinology. 2001;142:4282–4287.

10. Hirakawa T, Ascoli M. The lutropin/choriogonadotropin receptor-
induced phosphorylation of the extracellular signal-regulated ki-
nases in Leydig cells is mediated by a protein kinase A-dependent
activation of ras. Mol Endocrinol. 2003;17:2189–2200.

11. Bey P, Gorostizaga AB, Maloberti PM, et al. Adrenocorticotropin
induces mitogen-activated protein kinase phosphatase 1 in Y1
mouse adrenocortical tumor cells. Endocrinology. 2003;144:1399–
1406.

12. Sewer MB, Waterman MR. CAMP-dependent protein kinase en-
hances CYP17 transcription via MKP-1 activation in H295R human
adrenocortical cells. J Biol Chem. 2003;278:8106–8111.

13. Casal AJ, Ryser S, Capponi AM, Wang-Buholzer CF. Angiotensin
II-induced mitogen-activated protein kinase phosphatase-1 expres-
sion in bovine adrenal glomerulosa cells: implications in mineralo-
corticoid biosynthesis. Endocrinology. 2007;148:5573–5581.

14. Brion L, Maloberti PM, Gomez NV, et al. MAPK phosphatase-1
(MKP-1) expression is up-regulated by hCG/cAMP and modulates
steroidogenesis in MA-10 Leydig cells. Endocrinology. 2011;152:
2665–2677.

15. Podesta EJ, Dufau ML, Catt KJ. Adenosine 3�,5�-monophosphate-
dependent protein kinase of Leydig cells: in vitro activation and
relationship to gonadotropin action upon cyclic AMP and steroid-
ogenesis. FEBS Lett. 1976;70:212–216.

16. Clark BJ, Wells J, King SR, Stocco DM. The purification, cloning,
and expression of a novel luteinizing hormone-induced mitochon-
drial protein in MA-10 mouse Leydig tumor cells. Characterization
of the steroidogenic acute regulatory protein (StAR). J Biol Chem.
1994;269:28314–28322.

17. Stocco DM, Clark BJ. Role of the steroidogenic acute regulatory
protein (StAR) in steroidogenesis. Biochem Pharmacol. 1996;51:
197–205.

18. Arakane F, King SR, Du Y, et al. Phosphorylation of steroidogenic
acute regulatory protein (StAR) modulates its steroidogenic activity.
J Biol Chem. 1997;272:32656–32662.

19. Poderoso C, Converso DP, Maloberti P, et al. A mitochondrial ki-
nase complex is essential to mediate an ERK1/2-dependent phos-
phorylation of a key regulatory protein in steroid biosynthesis. PLoS
One. 2008;3:e1443.

20. Payne AH, Youngblood GL. Regulation of expression of steroido-
genic enzymes in Leydig cells. Biol Reprod. 1995;52:217–225.

21. Lavoie HA, King SR. Transcriptional regulation of steroidogenic
genes: STARD1, CYP11A1 and HSD3B. Exp Biol Med (Maywood).
2009;234:880–907.

22. Gyles SL, Burns CJ, Whitehouse BJ, et al. ERKs regulate cyclic AMP-
induced steroid synthesis through transcription of the steroidogenic
acute regulatory (StAR) gene. J Biol Chem. 2001;276:34888–
34895.

23. Yamashita S, Tai P, Charron J, Ko C, Ascoli M. The Leydig cell
MEK/ERK pathway is critical for maintaining a functional popu-
lation of adult Leydig cells and for fertility. Mol Endocrinol. 2011;
25:1211–1222.

doi: 10.1210/en.2012-2032 endo.endojournals.org 1499

mailto:crispaz@fmed.uba.ar


24. Castillo AF, Maciel FC, Castilla R, et al. cAMP increases mitochon-
drial cholesterol transport through the induction of arachidonic acid
release inside this organelle in Leydig cells. FEBS J. 2006;273:5011–
5021.

25. Ascoli M. Characterization of several clonal lines of cultured Leydig
tumor cells: gonadotropin receptors and steroidogenic responses.
Endocrinology. 1981;108:88–95.

26. Castilla R, Gadaleta M, Castillo AF, et al. New enzymes involved in
the mechanism of action of epidermal growth factor in a clonal strain
of Leydig tumor cells. Endocrinology. 2008;149:3743–3752.

27. Pfaffl MW. A new mathematical model for relative quantification in
real-time RT-PCR. Nucleic Acids Res. 2001;29:e45.

28. Maloberti P, Castilla R, Castillo F, et al. Silencing the expression of
mitochondrial acyl-CoA thioesterase I and acyl-CoA synthetase 4
inhibits hormone-induced steroidogenesis. FEBS J. 2005;272:
1804–1814.

29. Martinelle N, Holst M, Soder O, Svechnikov K. Extracellular signal-
regulated kinases are involved in the acute activation of steroido-
genesis in immature rat Leydig cells by human chorionic gonado-
tropin. Endocrinology. 2004;145:4629–4634.

30. Zhang T, Roberson MS. Role of MAP kinase phosphatases in
GnRH-dependent activation of MAP kinases. J Mol Endocrinol.
2006;36:41–50.

31. Zhang T, Mulvaney JM, Roberson MS. Activation of mitogen-ac-
tivated protein kinase phosphatase 2 by gonadotropin-releasing
hormone. Mol Cell Endocrinol. 2001;172:79–89.

32. Peng DJ, Zhou JY, Wu GS. Post-translational regulation of mitogen-
activated protein kinase phosphatase-2 (MKP-2) by ERK. Cell Cy-
cle. 2010;9:4650–4655.

33. Sloss CM, Cadalbert L, Finn SG, Fuller SJ, Plevin R. Disruption of
two putative nuclear localization sequences is required for cytosolic
localization of mitogen-activated protein kinase phosphatase-2.
Cell Signal. 2005;17:709–716.

34. Guo IC, Huang CY, Wang CK, Chung BC. Activating protein-1
cooperates with steroidogenic factor-1 to regulate 3�,5�-cyclic aden-
osine 5�-monophosphate-dependent human CYP11A1 transcrip-
tion in vitro and in vivo. Endocrinology. 2007;148:1804–1812.

35. Winnay JN, Hammer GD. Adrenocorticotropic hormone-mediated
signaling cascades coordinate a cyclic pattern of steroidogenic factor
1-dependent transcriptional activation. Mol Endocrinol. 2006;20:
147–166.

36. Lan HC, Li HJ, Lin G, Lai PY, Chung BC. Cyclic AMP stimulates
SF-1-dependent CYP11A1 expression through homeodomain-in-
teracting protein kinase 3-mediated Jun N-terminal kinase and c-Jun
phosphorylation. Mol Cell Biol. 2007;27:2027–2036.

Mark Your Calendar for the Reducing Health Disparities Summit, 
March 22-23, 2013, Sheraton Baltimore Inner Harbor  

www.endo-society.org

1500 Gómez et al MKP-2: Regulation by hCG and Functional Role Endocrinology, April 2013, 154(4):1488–1500


