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Tyrosine phosphatases in steroidogenic cells: Regulation and function
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Department of Biochemistry, School of Medicine, University of Buenos Aires, Paraguay 2155, 5th (C1121ABG) Buenos Aires, Argentina

bstract

In adrenocortical and Leydig cells PKA activation by trophic hormones increases the activity of protein tyrosine phosphatases and also induces

he expression of MAP kinase phosphatase 1 (MKP-1), a dual activity protein phosphatase (serine/threonine and tyrosine). This work summarizes
he knowledge on the regulation and the role played by cAMP-activated tyrosine phosphatases as well as MKP-1 in the hormonal activation of the
cute and chronic phases of steroidogenesis.
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. . . .

ated by the fine interplay of protein kinases and phosphatases.
hereas until 1980 only phosphoserine and phosphothreonine

ad been identified as phosphoamino acids naturally present in
he cellular proteins, today the role of tyrosine phosphorylation
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n important cellular processes as proliferation, differentiation
nd migration is well recognized (Walton and Dixon, 1993;
ourdeau et al., 2005).

Proteins with activity of tyrosine phosphatase include
classical” protein tyrosine phosphatases (PTPs) able to dephos-
horylate phosphotyrosine residues and “dual-specificity” phos-
hatases (DSPs) which act on phosphoserine/phosphothreonine
nd on phosphotyrosine residues (Walton and Dixon, 1993;
toker, 2005). Important members of DSPs group are the phos-
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

1. Introduction

Protein phosphorylation is an integral component of signal
transduction pathways within eukaryotic cells and it is regu-
hatases acting on the regulation of MAP kinases.
This work attempts to summarize the knowledge about the

ormonal action on tyrosine phosphatases and the role of these
nzymes in steroid-producing cells.

mailto:crispaz@fmed.uba.ar
dx.doi.org/10.1016/j.mce.2006.12.009
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. Activation of tyrosine phosphatases by PKA action in
teroid-producing cells

In steroidogenic cells, the hormonal regulation of members of
oth families of tyrosine phosphatases has been analyzed. One
f the early works about tyrosine dephosphorylation in steroid
roducing cells was reported by Han and Rubin (1996). They
bserved that increased cAMP content in Y1 adrenocortical
ells triggers the rapid and selective dephosphorylation of tyro-
ine residues on paxillin, a focal adhesion protein (Burridge et
l., 1992) which is maximally dephosphorylated before cAMP-
nduced changes in cell shape are detected. Notably, protein
yrosine phosphatase inhibitors abrogate all such effects of
AMP. Those investigators then postulated that cAMP may reg-
late the paxillin phosphorylation state by eliciting an increase in
yrosine phosphatase activity rather than by an inhibitory action
n tyrosine kinases. Later studies showed the induction of pax-
llin dephosphorylation by ACTH also in bovine adrenocortical
ells (Vilgrain et al., 1998). Nevertheless, none of these studies
ncluded a direct determination of an ACTH-dependent tyrosine
hosphatase activity. We demonstrated that in rat adrenal zona
asciculata (ZF) in vivo ACTH treatment reduces phosphoty-
osine content in endogenous proteins, one of them identified
s paxillin, and produces a transient increase of tyrosine phos-
hatase activity in the cytosolic fraction reaching a maximum
two-fold) after 15 min (Paz et al., 1999). In vitro incubation of
drenal ZF with 8Br-cAMP also produces tyrosine phosphatase
ctivation, suggesting that it is mediated by PKA-dependent
hosphorylation events.

Using an in gel tyrosine phosphatase assay, we showed that
CTH promotes the rapid activation of more than one tyrosine
hosphatase in rat adrenal ZF (Paz et al., 1999). These ACTH-
ctivated enzymes include a protein of 120 kDa whose activity
s increased by in vitro phosphorylation with PKA (Paz et al.,
000). To date our studies are focused on the identification of
he ACTH-activated tyrosine phosphatases from ZF. The fact
hat ACTH promotes the PKA-dependent phosphorylation and
ctivation of the phosphatase PTP1D in bovine adrenocortical
ells (Rocchi et al., 2000) strongly supports the notion that this
nzyme could be a target of ACTH action also in rat adrenal ZF.

In Leydig cells, the effects of cAMP on tyrosine phosphatase
ctivity seem to be similar to those observed in adrenocortical
ells. Indeed, we demonstrated the cAMP-dependent activation
f tyrosine phosphatases of 120 and 80 kDa in MA-10 cells
Cornejo Maciel et al., 2001).

. Transcriptional regulation of tyrosine phosphatases

.1. MAP kinases and MAP kinase phosphatases in ACTH-
nd LH-signaling pathway

MAP kinases (MAPKs: ERKs, JNKs/SAPKs and p38)
onstitute a family of cytoplasmic serine/threonine kinases

biquitously expressed that play a crucial role in transmitting
ransmembrane signals required for cell growth, differentiation
nd apoptosis (Kelly and Chu, 2000; Pearson et al., 2001). A
ommon feature of MAP kinases is the requirement of dual

e
b
i
a
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hreonine and tyrosine phosphorylation to display maximal
ctivity (Kelly and Chu, 2000). Upon stimulation, MAP kinases
ranslocate to the nucleus where they phosphorylate transcrip-
ion factors and thus, regulate gene transcription.

Although the acute and chronic regulation of adrenal function
y ACTH (Rae et al., 1979; Wong et al., 1992; Schimmer, 1995)
s primarily mediated by PKA-phosphorylated proteins (Podesta
t al., 1979; Rae et al., 1979; Sala et al., 1979), ACTH also
rompts the activation of members of MAP kinases (Watanabe
t al., 1997; Le and Schimmer, 2001). A similar set of protein
inases is also activated in Leydig cells by LH/CG (Dufau et al.,
977; Hirakawa and Ascoli, 2003).

The hormonal action on MAP kinases family members in
teroidogenic cells has been analyzed using several experimen-
al models. Watanabe et al. demonstrated that ACTH stimulates
NK activity three- to four-fold both in the adrenal cortex in vivo
nd in the Y1 mouse adrenocortical cell line through a PKC
nd Ca2+-dependent pathway (Watanabe et al., 1997). In Y1
ells, ACTH also stimulates the phosphorylation and activation
f ERK1/2 involving MAPK kinase MEK (Le and Schimmer,
001). Given that the ability of ACTH to activate MAPK path-
ay is not disrupted in the protein kinase A-defective Y1 mutant
in-8, the authors concluded that ACTH action on ERK1/2 acti-
ation is independent on PKA activity. A different mechanism
eems to be involved in the activation of ERK1/2 by LH in
eydig cells. In fact, the phosphorylation of ERK1/2 in MA-
0 Leydig cells is mediated by a PKA-dependent activation of
AS, a component upstream of ERK1/2 in the MAPK cascade

Hirakawa and Ascoli, 2003).
Since MAPK activation depends on phosphorylation pro-

esses, the magnitude and duration of their activity are linked to
he activity of phosphatases capable to prompt MAPK dephos-
horylation. MAPK phosphatases (MKPs) constitute a family
f dual specificity phosphatases specifically involved in the
ephosphorylation of all MAPK family members (Kelly and
hu, 2000; Keyse, 2000; Theodosiou and Ashworth, 2002).
everal distinct mammalian MKP family members have been

dentified and characterized and they can be divided in two
road classes. One group, typified by MKP-1, comprises nuclear
nzymes rapidly induced by growth factors or stress signals
Rohan et al., 1993; Keyse, 2000). The second group, typified
y MKP-3, includes predominantly cytosolic enzymes induced
ith delayed kinetics by specific stimuli, but not by environmen-

al stress (Groom et al., 1996; Dowd et al., 1998). Some aspects
f the expression of a MKP family member in steroid-producing
ells are presented in the following sections.

.2. ACTH action on MKP-1 gene expression in
drenocortical cells

The fact that ACTH increases MAPK activities suggests that
KPs could be also regulated by this hormone. Then, we ana-

yzed its effect on the dual phosphatase MKP-1 in Y1 cells (Bey

t al., 2003). This study showed that ACTH transiently increases
oth MKP-1 mRNA and protein levels. ACTH-mediated mRNA
ncrease is blunted by actinomycin D, denoting a hormonal
ction on MKP-1 gene transcription and not on mRNA stability.
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emporal profile of MKP-1 mRNA levels shows that the increase
s evident after 30 min, peaks at 1 h (six-fold) and returns to basal
evels thereafter. Whereas the temporal profile of MKP-1 mRNA
mounts induced by 8Br-cAMP resembles the effect elicited by
CTH, 8Br-cAMP produces a weaker effect (four-fold). Based
n this difference and on the results that show that PKA inhi-
ition abrogates the effect of 8Br-cAMP on MKP-1 messenger
ut only partially reduces the induction produced by ACTH, we
uggested that both, PKA-dependent and independent mecha-
isms participate in the rapid increase of MKP-1 (Bey et al.,
003).

Sewer and Waterman analyzed the hormonal regulation of
KP-1 also in human adrenocortical cells. They described that

n H295R human adrenocortical cells ACTH induces MKP-1
rotein and mRNA levels and that MKP-1 can be phosphorylated
y PKA action in both, in vivo and in vitro assays (Sewer and
aterman, 2003).

.3. Effects of cAMP and heat stress on MKP-1 gene
xpression in MA-10 Leydig cells

Given that ACTH and LH/CG share common events in their
ignaling cascades, PKA being one of the most characterized
omponents, the induction of MKP-1 by cAMP in Leydig cells
s expected. We demonstrated that in MA-10 Leydig cells 30 min
f stimulation with 8Br-cAMP are enough to increase MKP-1
RNA levels and that after 60 min the stimulation is maximal

four-fold) (Fig. 1Panel A).
In several systems, stimuli which prompt MAPK activation

lso induce MKP-1 (Kelly and Chu, 2000). Moreover, sev-
ral reports depict the action of MAPKs as component of the
ignaling cascade that lead to MKP-1 induction (Cook et al.,
997; Schliess et al., 1998). Our studies indicated that in MA-

0 Leydig cells the induction of MKP-1 triggered by cAMP is
ndependent of ERK1/2 since a Mek inhibitor (PD98059) has no
ffect on MPK-1 mRNA accumulation (Fig. 1Panel B). These
esults are in agreement with our current studies in Y1 cells,

i
e
a
p

ig. 1. 8Br-cAMP induces MKP-1 mRNA by an ERK independent mechanism in M
bsence (Panel A) or in the presence of PD98059 (Panel B). MKP-1 mRNA was anal
f a representative experiment. The autoradiograms were quantitated by scanning d
RNA. The graphs represent the results obtained from three independent experimen

riggered by 8Br-cAMP: *P < 0.05; **P < 0.01; ***P < 0.001, vs. time 0. Panel B: Effec
, P < 0.001 vs. non-stimulated cells; b, ns vs. non-PD treated cells.
Endocrinology 265–266 (2007) 131–137 133

here ACTH induces MKP-1 by a mechanism independent of
RK1/2 pathway.

Our finding showing that cAMP is able to induce MKP-
not only in adrenocortical cells, but also in Leydig cells

trengthens the putative participation of this phosphatase in
AMP-stimulated steroid production.

As previously mentioned, stress signals also are able to induce
KP-1. Leydig cells are highly sensitive to heat stress and

teroid production is severely but transiently reduced by this
tressor (Liu and Stocco, 1997; Murphy et al., 2001). With this
n mind, we demonstrated that in MA-10 cells, heat shock (HS,
0 min, 45 ◦C) induces not only the rapid and transient acti-
ation of MAPKs involved in the cell survival and cell death,
uch as ERK1/2 and JNK1/2, respectively, but also the induc-
ion of MKP-1 (Gorostizaga et al., 2005). HS-induced MKP-1

RNA level was significant at 30 min, reached a maximum at
0 min (three-fold) and declined thereafter. Moreover, the kinet-
cs of MKP-1 protein induction is congruent with the kinetics of

APK dephosphorylation, suggesting that MKP-1 recognizes
oth ERK1/2 and JNK1/2 as targets (Gorostizaga et al., 2005).

While 10 min at 45 ◦C blocks steroid production in MA-10
ells, this stress condition produces little or no effect on steroido-
enesis in Y1 cells (Murphy et al., 2001). This well documented
ifference suggests that the signal cascades triggered by HS
n MA-10 and Y1 cells are different. However, HS promotes
RK1/2 and JNK1/2 activation and MKP-1 induction in Y1 cells

n a similar way as detected in MA-10 Leydig cells (Gorostizaga
t al., 2004). Therefore, the minor sensitivity of adrenocortical
ells to HS could not be due to a differential expression of MKP-
. Whether or not this phosphatase is involved in the recovery
f the steroidogenic capability after HS remains undetermined.

As it was mentioned above, MKP-1 induction by cAMP in
eydig cells is independent of ERK1/2 activities. In contrast, the
nduction triggered by HS requires ERK1/2 action (Gorostizaga
t al., 2005). Therefore, the regulation of MKP-1 mRNA levels
ppears to be regulated by ERK1/2-dependent or independent
athways in a stimulus dependent fashion.

A-10 cells. Serum starved cells were stimulated with 8Br-cAMP (1 mM) in the
yzed by Northern blot using specific probes. The figure shows autoradiograms
ensitometry and MKP-1 signal was normalized against the signal of GAPDH
ts (mean ± S.D., in arbitrary units). Panel A: Time course of MKP-1 induction
t of PD98059 on MKP-1 induction after 60 min of stimulation with 8Br-cAMP:
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. Functional analysis of tyrosine phosphatases in the
ormonal regulation of steroidogenesis

.1. Potential targets of phosphatase activity

It is well established that ACTH and LH exert their stim-
latory action on steroid biosynthesis by evoking acute and
hronic responses stimulated by PKA. The chronic response
f ACTH and LH includes the induction of genes encoding
nzymes involved in steroid synthesis, mainly steroid hydroxy-
ases (CYPs) (Simpson et al., 1990). In contrast, in the acute
hase of steroidogenesis the levels of hydroxylases remain
nchanged (Koritz and Kumar, 1970).

Regarding the acute response to steroidogenic hormones, the
KA-mediated induction of the steroidogenic acute regulatory
StAR) protein is a well characterized early event in the hor-
onal action. StAR protein has a key role on the stimulation

f steroidogenesis (Clark et al., 1994; Stocco and Clark, 1996).
n fact, this protein increases cholesterol transport to the inner
itochondrial membrane, the rate limiting step in the stimu-

ation of steroidogenesis (Crivello and Jefcoate, 1980), where
teroid synthesis is initiated.

Arachidonic acid (AA) release is another event triggered
y PKA and involved in the delivery of cholesterol into the
itochondria. Our group has characterized a system that acts

n a concerted fashion to release AA in steroidogenic cells
Maloberti et al., 2002). This system is composed by an acyl-
oA synthetase (ACS4) and a thioesterase (Acot2) (Paz et al.,
994; Finkielstein et al., 1998). In turn, this AA and/or its
etabolites stimulate the access of cholesterol to the mitochon-

ria by an action on StAR induction (Maloberti et al., 2005).
KA regulates this pathway increasing Acot2 activity and up-
egulating ACS4 protein levels (Cornejo Maciel et al., 2005).
he crucial role of these enzymes in steroidogenesis is certainly
emonstrated by the fact that StAR expression and steroidoge-
esis are reduced in cells where Acot2 or ACS4 expression is
locked (Maloberti et al., 2005).

The knowledge summarized above indicates that StAR and
CS4 are key proteins of the acute hormonal response whereas

teroid hydroxylases are key proteins in the chronic response
o the hormone. A common feature of all these proteins is the
act that the hormonal action increases their levels by a PKA-
ependent mechanism. Moreover, several reports indicate that
rotein phosphatase activity could be another common event in
he mechanism of induction of these proteins.

.2. Role of cAMP-activated tyrosine phosphatases in
teroidogenesis

The role played by tyrosine phosphatase activity in the acute
teroidogenic response to cAMP was determined using tyro-
ine phosphatase cell permeant inhibitors: pervanadate (PV) and
henylarsine oxide (PAO). The results indicate that the action

f tyrosine phosphatase(s) in a site located downstream of PKA
nd upstream of the access of cholesterol to the inner mitochon-
rial membrane is a requirement for adrenal and Leydig cell
teroidogenesis (Paz et al., 1999; Cornejo Maciel et al., 2001).

d
t
p
t
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oreover, our results indicate that the action of tyrosine phos-
hatases on steroidogenesis is due to an action on StAR gene
xpression (Paz et al., 2002).

Recently, we demonstrated that inhibition of tyrosine
hosphatase activity abrogates the hormonal effect on ACS4
nd StAR protein levels (Cornejo Maciel et al., 2005; Cano
t al., 2006). Since exogenous AA is able to overcome the
ffect of a tyrosine phosphatase inhibitor on StAR protein level,
e proposed a model where the sequence of events triggered
y ACTH/LH/cAMP includes the PKA-mediated activation
f tyrosine phosphatase(s), the action of these enzymes on
CS4 induction, the AA release mediated by the system
CS4/Acot2 and the action of AA (or its metabolites) on StAR

nduction.
As it was mentioned, our works suggest the action of tyro-

ine phosphatases on StAR mRNA induction mediated by
AMP. Besides, the cAMP-mediated activation of tyrosine phos-
hatases in adrenocortical and Leydig cells is a rapid event.
oreover, PTP1D activation in bovine adrenocortical cells is

etected after a few minutes of ACTH stimulation. Thus, it is
roposed that the activation of a tyrosine phosphatase, instead of
he induction of a tyrosine phosphatase is responsible of both the
ncrease of tyrosine phosphatase activity and the activation of
tAR induction. In this context, ACS4 induction and AA release
ay be a link between tyrosine phosphatase activity and StAR

nduction, as we already proposed (Cornejo Maciel et al., 2005).
Another possible site of action in the acute stimulation of

teroidogenesis could be on the subcellular structures since
ytoskeleton components appear to have a role in steroidoge-
esis (Hall and Almahbobi, 1997). It was already mentioned
hat ACTH promotes tyrosine dephosphorylation of paxillin, a
ytoskeletal protein. Thus, it is plausible that at least one tyrosine
hosphatase activated by hormone action causes paxillin-
ssociated changes in the cellular architecture that impair the
ovements of cholesterol-containing lipid droplets towards the
itochondria.

.3. Role of hormone-induced MKP-1 in steroidogenesis

The findings on MKP-1 induction by ACTH reveal a role
f ACTH to counteract MAP kinase activation. Indeed, we
bserved that the rate of ERK dephosphorylation in ACTH-
timulated Y1 cells is slower than in cells stimulated in the
resence of a protein synthesis inhibitor (Bey et al., 2003). It
s possible to attribute these differences to the lack of MKP-1
n cells stimulated under conditions where MKP-1 synthesis is
locked. On the other hand, the fact that MKP-1 gene expression
s increased by a steroidogenic hormone such as ACTH raises
he question whether MKP-1 function is linked to the regula-
ion of steroid synthesis. Moreover, whereas MKP-1 induction
y ACTH could be related to the adrenocortical stress response,
he induction of MKP-1 by cAMP also in Leydig cells further
upports a common functional role of this enzyme in steroid pro-

ucing cells rather than a specific role in adrenocortical cells. In
his regard, recent works highlight the relevance of protein phos-
hatase activity in steroid hormone biosynthesis by its action on
he expression of steroidogenic enzymes.
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SF-1 is an orphan nuclear hormone receptor which partici-
ates in the expression of genes encoding proteins involved in
teroidogenesis: cytochrome P450 side-chain cleavage enzyme,
everal steroid hydroxylases (CYPs) (Lee et al., 1996; Hu et
l., 2001), StAR (Sugawara et al., 1996) and melanocortin 2
eceptor (Mc2R) (Naville et al., 1999). Thus, the action of SF-
is a common component in early and delayed transcriptional

vents triggered by hormonal action in steroidogenic systems.
t was demonstrated that serine/threonine and tyrosine phos-
hatase inhibitors block the cAMP-inducible binding of SF-1 to
he promoter of the human CYP17 (hCYP17) gene and also the
xpression and transcriptional activity of the hCYP17 (Sewer
nd Waterman, 2002), suggesting that a dual activity phos-
hatase could be involved in this process. Later, Sewer and
aterman (2003) demonstrated that ACTH and cAMP increase
KP-1 expression in H295R human adrenocortical cells and

hat the overexpression of this enzyme increases the transcrip-
ional activity of a human CYP17 promoter-reporter construct.
hese results, in addition to the facts that cAMP induces SF1
ephosphorylation and that cAMP-stimulated hCYP17 expres-
ion is attenuated by silencing MKP-1 expression, highlight the
ole of MKP-1 on cAMP-dependent transcriptional activation
f hCYP17. Moreover, all this summarized knowledge strongly
uggests that in addition of CYP17 other SF-1-regulated genes
ould be targets of MKP-1.

StAR gene expression is another process involving SF-1 par-
icipation. In Y1 adrenocortical cells and MA-10 Leydig cells
ormone-dependent ERK activation results in enhanced phos-
horylation of SF-1 and increased steroid production through
ncreased transcription of StAR gene (Gyles et al., 2001). Then,

KP-1 could impair StAR gene expression by its action on
RK activity, revealing opposite effects of MKP-1 on CYPs and
tAR expression. However, it is unlikely that MKP-1 interferes

n StAR gene expression since ERK activation and SF-1 binding
o StAR promoter precede the increase in MKP-1 protein levels.
ather, it is possible that a coordination of the phosphorylation
nd dephosphorylation of SF-1 leads to the temporal activation
f specific sets of SF-1-regulated genes. Indeed, a kinetic model
f SF-1 transcriptional activation has been recently proposed
Winnay and Hammer, 2006).

. Conclusions, remarks and perspectives

All recent works summarized in this review reveal that
teroidogenic hormones can modulate tyrosine phosphatase
ctivity and also the level of expression of these enzymes. One
yrosine phosphatase which expression is induced by hormonal
ction is MKP-1; however, we cannot rule out that other tyrosine
hosphatases – “classical” PTPs or DSPs – could be also target
f hormonal modulation at transcriptional level. Regarding tyro-
ine phosphatases activated by hormonal action, the knowledge
s more limited. Indeed, whereas in bovine adrenocortical cells
t was determined that PTP1D is activated by ACTH/cAMP,

e have demonstrated the activation of tyrosine phosphatases
f 120, 80 and 50 kDa in rat ZF whose identification remains
lusive. The most important challenge for our future work is to
dentify these proteins – as well as the corresponding substrate

D
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since this is the only way to determine the true role of each
ormone-activated tyrosine phosphatase in the biology of the
teroid-producing cells. In this context, the knowledge on MKP-
expression triggered by cAMP has contributed to elucidate the
echanism by which the second messenger regulates the expres-

ion of steroid hydroxylases. Moreover, important advances in
he knowledge surrounding the relationship between MKP-1 and
F-1 highlight the participation of this enzyme in determining

he dynamic character of SF-1 transcriptional activity and also
n its potential action on the expression of other genes related to
he steroidogenic function. In this regard, even merely specula-
ive, ACS4 could be target of SF-1 and consequently, subjected
o MKP-1 modulation.

cknowledgements

Thanks are due to Douglas Stocco, Mario Ascoli and Bernard
chimmer for their contributions in cells and antibodies. This
ork was supported by CONICET, UBA and ANPCyT.

eferences

ey, P., Gorostizaga, A.B., Maloberti, P.M., Lozano, R.C., Poderoso, C.,
Cornejo Maciel, F., Podesta, E.J., Paz, C., 2003. Adrenocorticotropin induces
mitogen-activated protein kinase phosphatase 1 in Y1 mouse adrenocortical
tumor cells. Endocrinology 144, 1399–1406.

ourdeau, A., Dube, N., Tremblay, M.L., 2005. Cytoplasmic protein tyrosine
phosphatases, regulation and function: the roles of PTP1B and TC-PTP. Curr.
Opin. Cell Biol. 17, 203–209.

urridge, K., Turner, C.E., Romer, L.H., 1992. Tyrosine phosphorylation of
paxillin and pp125FAK accompanies cell adhesion to extracellular matrix:
a role in cytoskeletal assembly. J. Cell Biol. 119, 893–903.

ano, F., Poderoso, C., Cornejo Maciel, F., Castilla, R., Maloberti, P., Castillo,
F., Neuman, I., Paz, C., Podesta, E.J., 2006. Protein tyrosine phosphatases
regulate arachidonic acid release, StAR induction and steroidogenesis acting
on a hormone-dependent arachidonic acid-preferring acyl-CoA synthetase.
J. Steroid Biochem. Mol. Biol. 99, 197–202.

lark, B.J., Wells, J., King, S.R., Stocco, D.M., 1994. 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. 269,
28314–28322.

ook, S.J., Beltman, J., Cadwallader, K.A., McMahon, M., McCormick, F.,
1997. Regulation of mitogen-activated protein kinase phosphatase-1 expres-
sion by extracellular signal-related kinase-dependent and Ca2+-dependent
signal pathways in Rat-1 cells. J. Biol. Chem. 272, 13309–13319.

ornejo Maciel, F., Poderoso, C., Gorostizaga, A., Paz, C., Podesta, E.J., 2001.
LH/chorionic gonadotropin signaling pathway involves protein tyrosine
phosphatase activity downstream of protein kinase A activation: evidence of
an obligatory step in steroid production by Leydig cells. J. Endocrinol. 170,
403–411.

ornejo Maciel, F., Maloberti, P., Neuman, I., Cano, F., Castilla, R., Castillo,
F., Paz, C., Podesta, E.J., 2005. An arachidonic acid-preferring acyl-CoA
synthetase is a hormone-dependent and obligatory protein in the signal
transduction pathway of steroidogenic hormones. J. Mol. Endocrinol. 34,
655–666.

rivello, J.F., Jefcoate, C.R., 1980. Intracellular movement of cholesterol in
rat adrenal cells. Kinetics and effects of inhibitors. J. Biol. Chem. 255,

8144–8151.

owd, S., Sneddon, A.A., Keyse, S.M., 1998. Isolation of the human genes
encoding the pyst1 and Pyst2 phosphatases: characterization of Pyst2 as a
cytosolic dual-specificity MAP kinase phosphatase and its catalytic activa-
tion by both MAP and SAP kinases. J. Cell Sci. 111, 3389–3399.



1 lular

D

F

G

G

G

G

H

H

H

H

K

K

K

L

L

L

M

M

M

N

P

P

P

P

P

P

R

R

R

S

S

S

S

S

S

S

S

S

T

V

36 A. Gorostizaga et al. / Molecular and Cel

ufau, M.L., Tsuruhara, T., Horner, K.A., Podesta, E., Catt, K.J., 1977. Inter-
mediate role of adenosine 3′:5′-cyclic monophosphate and protein kinase
during gonadotropin-induced steroidogenesis in testicular interstitial cells.
Proc. Natl. Acad. Sci. U.S.A. 74, 3419–3423.

inkielstein, C., Maloberti, P., Mendez, C.F., Paz, C., Cornejo Maciel, F.,
Cymeryng, C., Neuman, I., Dada, L., Mele, P.G., Solano, A., Podesta,
E.J., 1998. An adrenocorticotropin-regulated phosphoprotein intermediary
in steroid synthesis is similar to an acyl-CoA thioesterase enzyme. Eur. J.
Biochem. 256, 60–66.

orostizaga, A., Brion, L., Maloberti, P., Poderoso, C., Podesta, E.J., Cornejo
Maciel, F., Paz, C., 2004. Molecular events triggered by heat shock in Y1
adrenocortical cells. Endocr. Res. 30, 655–659.

orostizaga, A., Brion, L., Maloberti, P., Cornejo Maciel, F., Podesta, E.J., Paz,
C., 2005. Heat shock triggers MAPK activation and MKP-1 induction in
Leydig testicular cells. Biochem. Biophys. Res. Commun. 327, 23–28.

room, L.A., Sneddon, A.A., Alessi, D.R., Dowd, S., Keyse, S.M., 1996. Dif-
ferential regulation of the MAP, SAP and RK/p38 kinases by Pyst1, a novel
cytosolic dual-specificity phosphatase. EMBO J. 15, 3621–3632.

yles, S.L., Burns, C.J., Whitehouse, B.J., Sugden, D., Marsh, P.J., Persaud,
S.J., Jones, P.M., 2001. ERKs regulate cyclic AMP-induced steroid synthesis
through transcription of the steroidogenic acute regulatory (StAR) gene. J.
Biol. Chem. 276, 34888–34895.

all, P.F., Almahbobi, G., 1997. Roles of microfilaments and intermediate fila-
ments in adrenal steroidogenesis. Microsc. Res. Tech. 36, 463–479.

an, J.D., Rubin, C.S., 1996. Regulation of cytoskeleton organization and pax-
illin dephosphorylation by cAMP. Studies on murine Y1 adrenal cells. J.
Biol. Chem. 271, 29211–29215.

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

u, M.C., Hsu, N.C., Pai, C.I., Wang, C.K., Chung, B., 2001. Functions of
the upstream and proximal steroidogenic factor 1 (SF-1)-binding sites in
the CYP11A1 promoter in basal transcription and hormonal response. Mol.
Endocrinol. 15, 812–818.

elly, K., Chu, Y., 2000. The regulation of MAP kinase pathways by MAP kinase
phosphatases. In: Gutkin, J.S. (Ed.), Signaling Networks and Cell Cycle
Control: The Molecular Basis of Cancer and Another Diseases. Humana
Press, New Jersey, pp. 165–182.

eyse, S.M., 2000. Protein phosphatases and the regulation of mitogen-activated
protein kinase signaling. Curr. Opin. Cell Biol. 12, 186–192.

oritz, S.B., Kumar, A.M., 1970. On the mechanism of action of the adrenocor-
ticotrophic hormone. The stimulation of the activity of enzymes involved in
pregnenolone synthesis. J. Biol. Chem. 245, 152–159.

e, T., Schimmer, B.P., 2001. The regulation of MAPKs in Y1 mouse adreno-
cortical tumor cells. Endocrinology 142, 4282–4287.

ee, S.L., Sadovsky, Y., Swirnoff, A.H., Polish, J.A., Goda, P., Gavrilina, G.,
Milbrandt, J., 1996. Luteinizing hormone deficiency and female infertil-
ity in mice lacking the transcription factor NGFI-A (Egr-1). Science 273,
1219–1221.

iu, Z., Stocco, D.M., 1997. Heat shock-induced inhibition of acute steroido-
genesis in MA-10 cells is associated with inhibition of the synthesis
of the steroidogenic acute regulatory protein. Endocrinology 138, 2722–
2728.

aloberti, P., Lozano, R.C., Mele, P.G., Cano, F., Colonna, C., Mendez, C.F.,
Paz, C., Podesta, E.J., 2002. Concerted regulation of free arachidonic acid
and hormone-induced steroid synthesis by acyl-CoA thioesterases and acyl-
CoA synthetases in adrenal cells. Eur. J. Biochem. 269, 5599–5607.

aloberti, P., Castilla, R., Castillo, F., Cornejo Maciel, F., Mendez, C.F., Paz,
C., Podesta, E.J., 2005. Silencing the expression of mitochondrial acyl-
CoA thioesterase I and acyl-CoA synthetase 4 inhibits hormone-induced
steroidogenesis. FEBS J. 272, 1804–1814.

urphy, B.D., Lalli, E., Walsh, L.P., Liu, Z., Soh, J., Stocco, D.M., Sassone-

Corsi, P., 2001. Heat shock interferes with steroidogenesis by reducing
transcription of the steroidogenic acute regulatory protein gene. Mol.
Endocrinol. 15, 1255–1263.

aville, D., Penhoat, A., Durand, P., Begeot, M., 1999. Three steroidogenic
factor-1 binding elements are required for constitutive and cAMP-regulated

W

Endocrinology 265–266 (2007) 131–137

expression of the human adrenocorticotropin receptor gene. Biochem. Bio-
phys. Res. Commun. 255, 28–33.

az, C., Dada, L., Cornejo Maciel, F., Mele, P., Cymeryng, C., Neuman, I.,
Mendez, C., Finkielstein, C., Solano, A., Minkiyu, P., Fisher, W.H., Towbin,
H., Scartazzini, R., Podesta, E.J., 1994. Purification of a novel 43-kDa protein
(p43) intermediary in the activation of steroidogenesis from rat adrenal gland.
Eur. J. Biochem. 224, 709–716.

az, C., Cornejo Maciel, F., Mendez, C., Podesta, E.J., 1999. Corticotropin
increases protein tyrosine phosphatase activity by a cAMP-dependent mech-
anism in rat adrenal gland. Eur. J. Biochem. 265, 911–918.

az, C., Cornejo Maciel, F., Poderoso, C., Gorostizaga, A., Podesta, E.J., 2000.
An ACTH-activated protein tyrosine phosphatase (PTP) is modulated by
PKA-mediated phosphorylation. Endocr. Res. 26, 609–614.

az, C., Cornejo Maciel, F., Maloberti, P., Walsh, L.P., Stocco, D.M., Podesta,
E.J., 2002. Protein tyrosine phosphatases are involved in LH/chorionic
gonadotropin and 8Br-cAMP regulation of steroidogenesis and StAR protein
levels in MA-10 Leydig cells. J. Endocrinol. 175, 793–801.

earson, G., Robinson, F., Beers Gibson, T., Xu, B.E., Karandikar, M.,
Berman, K., Cobb, M.H., 2001. Mitogen-activated protein (MAP) kinase
pathways: regulation and physiological functions. Endocr. Rev. 22, 153–
183.

odesta, E.J., Milani, A., Steffen, H., Neher, R., 1979. Steroidogenesis in
isolated adrenocortical cells. Correlation with receptor-bound adenosine e
3′:5′-cyclic monophosphate. Biochem. J. 180, 355–363.

ae, P.A., Gutmann, N.S., Tsao, J., Schimmer, B.P., 1979. Mutations in cyclic
AMP-dependent protein kinase and corticotropin (ACTH)-sensitive adeny-
late cyclase affect adrenal steroidogenesis. Proc. Natl. Acad. Sci. U.S.A. 76,
1896–1900.

occhi, S., Gaillard, I., van Obberghen, E., Chambaz, E.M., Vilgrain, I.,
2000. Adrenocorticotrophic hormone stimulates phosphotyrosine phos-
phatase SHP2 in bovine adrenocortical cells: phosphorylation and activation
by cAMP-dependent protein kinase. Biochem. J. 352, 483–490.

ohan, P.J., Davis, P., Moskaluk, C.A., Kearns, M., Krutzsch, H., Siebenlist,
U., Kelly, K., 1993. PAC-1: a mitogen-induced nuclear protein tyrosine
phosphatase. Science 259, 1763–1766.

ala, G.B., Hayashi, K., Catt, K.J., Dufau, M.L., 1979. Adrenocorticotropin
action in isolated adrenal cells. The intermediate role of cyclic AMP
in stimulation of corticosterone synthesis. J. Biol. Chem. 254, 3861–
3865.

chimmer, B.P., 1995. The 1994 Upjohn Award Lecture. Molecular and genetic
approaches to the study of signal transduction in the adrenal cortex. Can. J.
Physiol. Pharmacol. 73, 1097–1107.

chliess, F., Heinrich, S., Haussinger, D., 1998. Hyperosmotic induction of the
mitogen-activated protein kinase phosphatase MKP-1 in H4IIE rat hepatoma
cells. Arch. Biochem. Biophys. 351, 35–40.

ewer, M.B., Waterman, M.R., 2002. Transcriptional complexes at the CYP17
CRS. Endocr. Res. 28, 551–558.

ewer, M.B., Waterman, M.R., 2003. cAMP-dependent protein kinase enhances
CYP17 transcription via MKP-1 activation in H295R human adrenocortical
cells. J. Biol. Chem. 278, 8106–8111.

impson, E.R., Lund, J., Ahlgren, R., Waterman, M.R., 1990. Regulation by
cyclic AMP of the genes encoding steroidogenic enzymes: when the light
finally shines. Mol. Cell. Endocrinol. 70, C25–C28.

tocco, D.M., Clark, B.J., 1996. Regulation of the acute production of steroids
in steroidogenic cells. Endocr. Rev. 17, 221–244.

toker, A.W., 2005. Protein tyrosine phosphatases and signalling. J. Endocrinol.
185, 19–33.

ugawara, T., Holt, J.A., Kiriakidou, M., Strauss 3rd, J.F., 1996. Steroidogenic
factor 1-dependent promoter activity of the human steroidogenic acute reg-
ulatory protein (StAR) gene. Biochemistry 35, 9052–9059.

heodosiou, A., Ashworth, J.A., 2002. MAP kinase phosphatases. Genome Biol.
3, REVIEWS3009.

ilgrain, I., Chinn, A., Gaillard, I., Chambaz, E.M., Feige, J.J., 1998. Hormonal

regulation of focal adhesions in bovine adrenocortical cells: induction of
paxillin dephosphorylation by adrenocorticotropic hormone. Biochem. J.
332, 533–540.

alton, K.M., Dixon, J.E., 1993. Protein tyrosine phosphatases. Annu. Rev.
Biochem. 62, 101–120.



lular

W

W

Wong, M., Krolczyk, A.J., Schimmer, B.P., 1992. The causal relationship
A. Gorostizaga et al. / Molecular and Cel

atanabe, G., Pena, P., Albanese, C., Wilsbacher, L.D., Young, J.B., Pestell,

R.G., 1997. Adrenocorticotropin induction of stress-activated protein kinase
in the adrenal cortex in vivo. J. Biol. Chem. 272, 20063–20069.

innay, J.N., Hammer, G.D., 2006. Adrenocorticotropic hormone-mediated
signaling cascades coordinate a cyclic pattern of steroidogenic factor 1-
dependent transcriptional activation. Mol. Endocrinol. 20, 147–166.
Endocrinology 265–266 (2007) 131–137 137
between mutations in cAMP-dependent protein kinase and the loss of
adrenocorticotropin-regulated adrenocortical functions. Mol. Endocrinol. 6,
1614–1624.


	Tyrosine phosphatases in steroidogenic cells: Regulation and function
	Introduction
	Activation of tyrosine phosphatases by PKA action in steroid-producing cells
	Transcriptional regulation of tyrosine phosphatases
	MAP kinases and MAP kinase phosphatases in ACTH- and LH-signaling pathway
	ACTH action on MKP-1 gene expression in adrenocortical cells
	Effects of cAMP and heat stress on MKP-1 gene expression in MA-10 Leydig cells

	Functional analysis of tyrosine phosphatases in the hormonal regulation of steroidogenesis
	Potential targets of phosphatase activity
	Role of cAMP-activated tyrosine phosphatases in steroidogenesis
	Role of hormone-induced MKP-1 in steroidogenesis

	Conclusions, remarks and perspectives
	Acknowledgements
	References


