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Pleiotropic actions of cocaine- and amphetamineregulated transcript (CART) are well described in
the central nervous system and periphery, but the
intracellular mechanisms mediating biological actions of CART are poorly understood. Although
CART is not expressed in mouse ovaries, we have
previously established CART as a novel intracellular
regulator of estradiol production in bovine granulosa
cells. We demonstrated that inhibitory actions of
CART on estradiol production are mediated through
inhibition of FSH-induced cAMP accumulation, Ca2ⴙ
influx, and aromatase mRNA expression via a Go/idependent pathway. We also reported that FSH-induced estradiol production is dependent on Erk1/2
and Akt signaling, and CART may regulate other signaling proteins downstream of cAMP essential for
estradiol production. Here, we demonstrate that
CART is a potent inhibitor of FSH-stimulated Erk1/2
and Akt signaling and the mechanisms involved.
Transient CART stimulation of bovine granulosa

cells shortens the duration of FSH-induced Erk1/2
and Akt signaling whereas a prolonged (24 h) CART
treatment blocks Erk1/2 and Akt activation in response to FSH. This CART-induced accelerated
termination of Erk1/2 and Akt signaling is mediated
both by induced expression and impaired ubiquitin-mediated proteasome degradation of dual
specific phosphatase 5 (DUSP5) and protein phosphatase 2A. Results also support existence of a negative feedback loop in which CART via a Go/i-MAPK
kinase dependent pathway activates Erk1/2, and the
latter induces DUSP5 expression. Moreover, small
interfering RNA mediated ablation of DUSP5
and/or protein phosphatase 2A prevents the
CART-induced early termination of Erk1/2 and Akt
signaling. Results provide novel insight into the
intracellular mechanism of action of CART in regulation of FSH-induced MAPK signaling. (Molecular
Endocrinology 22: 2655–2676, 2008)

P

established, the local regulatory molecules that influence gonadotropin action and their cognate signaling
pathways are not completely understood, especially
the inhibitory factors regulating E production. We have
recently published (1, 2) studies establishing a novel
intraovarian role for the cocaine and amphetamineregulated transcript (CART) peptide in negative regulation of E production in bovine granulosa cells (GCs).
CART peptides are well-established neuromodulators,
with wide expression (1–12) and varied pleiotropic actions (8, 13–16) in different tissues, suggesting diverse
physiological roles for CART. Despite numerous responses to CART, the intracellular mechanisms that
mediate the biological actions of CART are poorly
understood. Also, the CART receptor is yet to be identified although binding studies using the AtT20 cell line

RODUCTION OF ESTRADIOL (E) is critical both
within and outside the reproductive system and is
essential for reproductive success and women’s
health. Whereas the key role of pituitary gonadotropins
such as FSH in regulation of E production is well
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(17), PC12 cells (18), and primary neural cell cultures
(19) provide direct evidence for existence of a putative
CART receptor.
Our laboratory has established a direct link between
CART-induced signaling pathways and FSH-stimulated
E production in bovine granulosa cells (1, 2). We have
demonstrated that CART negatively regulates E production by GCs through inhibition of FSH-induced cAMP
accumulation, Ca2⫹ influx, and aromatase mRNA expression via a Go/i-dependent pathway (2). Furthermore, bovine GC CART expression is negatively associated with follicle health status and E-producing
capacity (1). Production of E is critical for follicle
growth, to trigger the preovulatory gonadotropin surge
and promote resumption of meiosis and ovulation (20–
24). Thus, CART inhibition of E production may have a
pivotal role in regulation of numbers of follicles that grow
and ovulate during reproductive cycles for single- vs.
multiple-ovulating species such as cattle and perhaps
human beings and may explain why studies in our laboratory (our unpublished data) as well as by Murphy et al.
(25) failed to detect CART expression in mouse ovaries
and CART mutant mice are fertile (26). Taken together,
these species-specific observations enhance the relevance and utility of the bovine vs. mouse model for
studies of CART signaling pathways that regulate FSH
signaling and E production.
Whereas above results support prominent effects of
CART on E production linked to inhibition of cAMP
production, evidence also supports potential regulation at the level of Erk1/2 and Akt. We have also
reported that FSH-induced E production is dependent
on Erk1/2 and Akt signaling, and pharmacological
stimulation of GCs by 8-bromo-cAMP fails to block the
inhibitory actions of CART on E production (2). This
suggests that reduced cAMP is not the sole factor
mediating the negative effects of CART on FSH-stimulated E production and that CART may regulate other
signaling proteins downstream of cAMP essential for E
production. Both Erk1/2 and Akt are important downstream convergence points for signaling pathways
regulating expression of genes necessary for follicular
development, selection, cell proliferation and differentiation, cell survival, and steroidogenesis (27–34).
The objectives of the present study were to determine
the effects of CART on FSH-induced Erk1/2 and Akt
activation in bovine GCs and the underling mechanisms
involved. Results suggest that CART treatment accelerates the dephosphorylation of phosphorylated Erk1/2
(pErk1/2) and Akt (pAkt), and this early termination of the
FSH-induced Erk1/2 and Akt signaling pathways by
CART is mediated by inducing the expression and decreasing the degradation of two MAPK phosphatases
(MKP), DUSP5 (dual specific phosphatase 5) and PP2A
(protein phosphatase 2A). Furthermore, in this study we
report the existence of a negative feedback loop in which
CART treatment stimulates expression [via a Go/i-, protein kinase C (PKC)-, MAPK kinase (MEK)-, and Erk1/2dependent pathway] of DUSP5 that, in turn, terminates
Erk1/2 signaling. Results provide novel insights into the
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mechanism of action of CART that are relevant to the
reproductive system and beyond.

RESULTS
Evidence of CART-Induced Early Termination of
Erk1/2 and Akt Activation
To investigate the effect of exogenous CART on FSHinduced Erk1/2 (Fig. 1) and Akt (Fig. 2) activation, GCs
were stimulated with FSH (25 ng/ml) or FSH ⫹ CART
(0.1 M; vehicle was water) for 0, 5, 15, 30, 60, 120,
240, and 480 min. Also, the effect of long-term CART
treatment on FSH-induced Erk1/2 and Akt activation
was studied by preincubating GCs with/without CART
(0.1 M) for 24 h before FSH stimulation for 0, 5, 15,
and 30 min. Thereafter, phosphorylated and total
Erk1/2 and Akt levels were determined using Western
blot analysis. Stimulation of GCs with FSH alone (Fig.
1A) resulted in an increase in Erk1/2 activation within
15 min (P ⬍ 0.01) that was maintained through 60 min
of stimulation and returned to basal levels by 120 min.
In contrast, when GCs were costimulated with FSH ⫹
CART (Fig. 1A), Erk1/2 activation was accelerated to
maximal levels within 5 min (P ⬍ 0.01) but linearly
decreased to basal values (P ⬍ 0.01) by 60 min of
stimulation, thus demonstrating an earlier termination
of Erk1/2 signaling. In contrast, pretreatment of GCs
with CART for 24 h completely blocked FSH-induced
Erk1/2 activation (P ⬍ 0.01; Fig. 1A). Panels B and C of
Fig. 1, are representative Western blots demonstrating
the pattern of Erk1/2 activation in GCs stimulated with
FSH alone (Fig. 1B) and FSH ⫹ CART (Fig. 1C)
whereas Fig. 1D demonstrates the pattern of Erk1/2
activation in GCs preincubated with/without CART (0.1
M) for 24 h before FSH stimulation. Activation of Akt
peaked by 30 min (P ⬍ 0.01) and was maintained
through 480 min of FSH stimulation (Fig. 2, A and B)
whereas FSH ⫹ CART treatment (Fig. 2, A and C) resulted in a decline (P ⬍ 0.01) in the activated levels of Akt
within 240 min of stimulation. Pretreatment (24 h) with
CART blocked FSH-induced Akt activation (Fig. 2, A and
D). To demonstrate specificity of the CART-induced accelerated termination of FSH-stimulated Erk1/2 and Akt
activation, GCs were costimulated with FSH and an inactive CART peptide 55–76 (0.1 M). The inactive CART
peptide did not have any effect on FSH-induced Erk1/2
(supplemental Fig. 1A published as supplemental data
on The Endocrine Society’s Journals Online web site at
http://mend.endojornals.org) and Akt (supplemental Fig.
1B) activation. Hence we conclude that CART treatment
results in early termination of FSH-induced Erk1/2 and
Akt activation in bovine GCs.
Acute CART Treatment Stimulates Erk1/2 But Not
Akt Activation
The increase in Erk1/2 activation to maximal levels within
5 min of FSH ⫹ CART costimulation (Fig. 1, A and C)
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Fig. 1. CART Regulation of FSH-Induced Erk1/2 Signaling
Time course of the relative increase in Erk1/2 activation (pErk/total Erk) vs. time zero observed for bovine GCs collected after
stimulation with 25 ng/ml FSH, 25 ng/ml FSH preceded by 24 h preincubation in the presence of 0.1 M CART, or after
costimulation with FSH ⫹ CART (A). Representative Western blots demonstrating the pattern of Erk1/2 activation in GCs
stimulated with FSH alone (B), FSH ⫹ CART; vehicle was water (C) or subjected to 24 h CART pretreatment followed by FSH
stimulation (D). The data depicted in panel A are represented as the mean ⫾ SEM from three replicate experiments and different
superscripts denote significant differences across and within treatments and time points (P ⬍ 0.05).

followed by a linear decline to basal levels suggests that
CART treatment may activate Erk1/2, leading to desensitization of GCs to subsequent FSH-induced Erk1/2
activation. Thus, to test the effect of acute CART treatment on Erk1/2 and Akt activation, GCs were stimulated
with CART (0.1 M) alone for 0, 5, 15, 30, and 60 min, and
phosphorylated and total Erk1/2 and Akt levels were
determined using Western blot analysis. Figure 3A is the
relative increase in phosphorylated/total ERK1/2 vs. time
zero whereas Fig. 3B is a representative Western blot of

CART-induced Erk1/2 activation over time. A transient
Erk1/2 activation was observed in GCs within 5–15 min
of treatment with CART alone (P ⬍ 0.01), and Erk1/2
activation returned to basal levels within 60 min (Fig. 3).
In contrast, treatment with CART alone did not stimulate
Akt activation (data not shown). It is well established that
cAMP activates Erk1/2 and Akt signaling in GCs (35–38)
as well as in other cell types (39, 40), and previously we
have reported that long-term CART treatment inhibits the
FSH-induced rise in intracellular cAMP levels (2). Thus, to
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Fig. 2. CART Regulation of FSH-Stimulated Akt Activation
Time course of the relative increase in Akt activation (pAkt-Ser473/total Akt) vs. time zero observed for bovine GCs collected
after stimulation with 25 ng/ml FSH, 25 ng/ml FSH preceded by 24 preincubation in the presence of 0.1 M CART, or after
costimulation with FSH ⫹ CART (A). Representative Western blots demonstrating the pattern of Akt activation in GCs stimulated
with FSH alone (B), FSH ⫹ CART; vehicle was water (C) or subjected to 24 h CART pretreatment followed by FSH stimulation (D).
The data depicted in panel A are represented as the mean ⫾ SEM from three replicate experiments, and different superscripts
denote significant differences across and within treatments and time points (P ⬍ 0.05).

confirm that the actions of CART on Erk1/2 and Akt are
cAMP independent, cAMP levels were measured after
acute CART stimulation. No effects of acute CART treatment on intracellular cAMP levels were observed (supplemental Fig. 2). Collectively, results indicate that CART
treatment stimulates bovine GC Erk1/2, but not Akt
activation.

CART Induces Erk1/2 Activation via a Go/i-, PKC-,
and MEK-Dependent Pathway
To elucidate the signaling pathways involved in CARTinduced Erk1/2 activation, GCs were preincubated with
media alone, with media containing 1 M of different
signaling protein inhibitors [protein kinase C (PKC), pro-
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Fig. 3. CART-Induced Erk1/2 Activation
Time course of the relative increase in Erk1/2 activation (pErk/total Erk) vs. time zero observed for bovine GCs collected after
stimulation with 0.1 M CART (A). Representative Western blots demonstrating the pattern of Erk1/2 activation in GCs stimulated
with CART (B). The data depicted in panel A are represented as the mean ⫾ SEM from three replicate experiments, and different
superscripts denote significant differences in Erk1/2 activation between time points (P ⬍ 0.05).

tein kinase A (PKA), phospho inositol-3 kinase (PI3K),
Go/i, MEK, MEK1/2, and receptor tyrosine kinase (RTK)]
or with media containing equivalent volume of dimethylsulfoxide (DMSO) (DMSO was vehicle used for PI3K
inhibitor-LY294002, genistein, and MEK inhibitors U0126
and PD98059; water was vehicle used for PKA inhibitor
peptide 14–22, PKC inhibitor peptide 19–27, and Go/i
inhibitor NF023) for 24 h followed by 15 min of CART
stimulation. Dose of inhibitors used was based on
results of our previous studies (2) in which similar
results were obtained when two concentrations (1 and
10 M) of each inhibitor were used, and a similar effect
was observed for both concentrations as well as
based on previous results in the literature referenced
below. Figure 4A demonstrates the relative decrease
in phosphorylated/total Erk1/2 (15 min after CART
treatment) in response to preincubation with various
signaling protein inhibitors relative to preincubation
control (media alone), and Fig. 4B is a representative
Western blot showing effects of treatments. Inhibition
of Go/i (NF023) and MEK (PD98059 and U0126) significantly decreased (P ⬍ 0.01) CART-induced Erk1/2
activation whereas the PKC inhibitor peptide 19–27
only partially blocked (P ⬍ 0.01) CART actions (Fig.
4A). None of the other signaling protein inhibitors or
DMSO (vehicle treatment) altered CART-stimulated
Erk1/2 activation. Results suggest that CART causes
Erk1/2 activation via a Go/i-, PKC-, and MEK-dependent pathway. To demonstrate the effectiveness and
specificity of the protein inhibitors used in this study
with bovine GCs and further confirm lack of nonspecific effects of corresponding vehicles for each inhibitor (described above), GCs were pretreated (24 h) with
each inhibitor (1 M), with equivalent volume of vehicle
(DMSO control and water control), or with media alone
followed by FSH (25 ng/ml) stimulation for 30 min.
Activation of Erk1/2 and Akt was then determined by
Western blot analysis (supplemental Fig. 3, A and B).
Consistent with previous reports, the PI3K inhibitor

LY294002 (31, 34) blocked FSH-induced Akt activation whereas the MEK inhibitors U0126 and PD98059
(32), genistein (32), and PKA inhibitor peptide 14–22
(myristoylated) (32) blocked FSH-induced Erk1/2 activation. The PKC inhibitor peptide 19–27 (myristoylated) significantly reduced, but did not totally block,
FSH-induced Erk1/2 activation, and no effect of respective vehicle treatments was observed (supplemental Fig. 3). We have also shown previously (2) that
the MEK and PI3K (LY294002) inhibitors used here
inhibit FSH-induced E production, thus demonstrating
that these inhibitors indeed block recognized physiological responses in bovine GCs. Moreover, the Go/i
inhibitor NF023, which is a suramin analog (41, 42) and
suppresses GTP␥S binding to the ␣-subunit of the Go/i
group and inhibits the formation of agonist-specific
ternary complex (agonist/receptor/G-protein) did not
have any effect on FSH-induced Akt and Erk1/2 activation. The Go/i inhibitor NF023 also did not have any
effect on FSH-induced cAMP, calcium, or E levels in
bovine GCs but specifically blocked the inhibitory effects of CART on FSH signaling (2).
CART-Induced Regulation of Phosphatase
Activity Is Dependent on de Novo
Protein Synthesis
To investigate potential involvement of increased
phosphatase activity in CART-induced early termination of Erk1/2 and Akt signaling, an in vitro phosphatase assay was performed as described in Materials
and Methods. Phosphatase activity was assessed by
Western blot analysis of phosphorylated and total
Erk1/2 after coincubation of protein from cell lysates
containing high levels of pErk1/2 (activated Erk standard pool; cells treated with FSH for 30 min) with
protein from lysates of cells (source of phosphatase
activity measured) stimulated with FSH (30, 60, and
120 min), FSH ⫹ CART (30 and 120 min) or CART
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Fig. 4. Signaling Pathways Involved in CART-Induced Erk1/2 Activation
Relative decrease in Erk1/2 activation (pErk/total Erk) vs. media alone control observed for bovine GCs preincubated in the
presence of 1 M of different signaling protein inhibitors (PKC, PKA, PI3K, Go/i, MEK, MEK1/2, and RTK) for 24 h followed by 15
min CART (0.1 M) stimulation (A). Representative Western blots demonstrating the pattern of Erk1/2 activation in GCs treated
with media containing equivalent volume of DMSO (vehicle) or with above signaling protein inhibitors for 24 h before CART
stimulation (B). The data depicted in panel A are represented as the mean ⫾ SEM from three replicate experiments, and different
superscripts denote significant differences between treatments (P ⬍ 0.05).

alone (60 min). Figure 5A illustrates changes in phosphatase activity (denoted as percent of Erk phosphorylation) whereas Fig. 5B is a corresponding representative Western blot showing the decrease in Erk
phosphorylation in response to coincubation with lysates from cells exposed to the various treatments
mentioned above. Lane 1 (Fig. 5) depicts the percent
of pErk1/2 in cells treated with FSH alone for 30 min
(standard pool of activated Erk1/2). A maximum decrease (P ⬍ 0.01) in levels of phosphorylated Erk1/2
(Fig. 5A) was detected when lysates harvested within
30 and 120 min of FSH ⫹ CART stimulation (lanes 2
and 3), as well as when lysates harvested within 60 min
of treatment with CART alone (lane 4), were coincubated with those stimulated with FSH alone (standard

pool of activated Erk1/2). In contrast, a linear decrease
(P ⬍ 0.01) in percent of pErk1/2 was observed after
coincubation of lysates from GCs stimulated for 30,
60, and 120 min with FSH alone (lanes 1, 5, and 6,
respectively; Fig. 5A). To demonstrate the specificity
of the observed phosphatase activity, GCs were preincubated for 120 min with phosphatase inhibitors [sodium orthovanadate (1 mM), a tyrosine phosphatase
inhibitor; and okadaic acid (50 nM; OA), a serine/threonine phosphatase inhibitor] followed by stimulation
with FSH ⫹ CART for 120 min. Protein isolated from
these cells was subjected thereafter to phosphatase
assay as described above. Combined pretreatment of
GCs with both the serine/threonine (OA) and tyrosine
(Na3VO4) phosphatase inhibitors almost completely
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Fig. 5. CART-Induced Phosphatase Activity
Decrease in percentage of Erk1/2 phosphorylation (phosphatase activity) observed after coincubation of 100 g protein collected from bovine GCs containing high levels of
phosphorylated Erk1/2 (activated Erk standard pool; GCs
treated with 25 ng/ml FSH for 30 min; lane 1) with 100 g of
protein from lysates of GCs stimulated with FSH (25 ng/ml) ⫹
CART (0.1 M) for 30 (lane 2) and 120 min (lane 3), CART (0.1
M) for 60 min (lane 4), FSH (25 ng/ml) for 60 (lane 5) and 120
min (lane 6) and from GCs preincubated for 120 min with
phosphatase inhibitors [sodium orthovanadate (1 mM); a tyrosine phosphatase inhibitor and OA (50 nM); a serine/threonine phosphatase inhibitor] and then stimulated with FSH ⫹
CART for 120 min (lane 7) (A). Representative Western blots
demonstrating decrease in phosphorylated Erk1/2/total
Erk1/2 induced by coincubation of activated Erk lysate (standard pool) with the above-mentioned samples (lanes 1–7
denoted in panel A, source of phosphatase activity being
quantified). Lysates of GCs treated with media alone were
also used as a control (lane C) (B). The data depicted in panel
A are represented as the mean ⫾ SEM from three replicate
experiments, and different superscripts denote significant
differences between treatments (P ⬍ 0.05).

blocked the dephosphorylation of Erk1/2 by lysates from
FSH ⫹ CART-stimulated cells (lane 7; Fig. 5, A and B),
suggesting that cotreatment of GCs with FSH ⫹ CART
induces maximal phosphatase activity at an earlier time
point than in GCs treated with FSH alone.
To examine whether the CART-induced increase in
phosphatase activity is transcription and (or) translation dependent, GCs were preincubated in the presence of the protein synthesis inhibitor cycloheximide
(CHX; 30 M), the transcription inhibitor, actinomycin D
(ActD; 1 g/ml), or media alone for 120 min followed
by FSH ⫹ CART stimulation. Furthermore, to identify
the class of phosphatases involved, GCs were also
preincubated with the above described serine/threonine or tyrosine phosphatase inhibitors [Na3VO4 (1 mM)
or OA (50 nM)] for 120 min followed by FSH ⫹ CART
stimulation. The effective concentrations of CHX,
ActD, Na3VO4, and OA used in this study have been
previously established (43–46). Figure 6 depicts the
observed increase in phosphorylated/total ERK1/2 rel-
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ative to time zero (Fig. 6, A and B) and respective
representative Western blots (Fig. 6, C–G) for GCs
treated with media alone (Fig. 6, A and C), CHX (Fig. 6,
A and D), ActD (Fig. 6, B and E), OA (Fig. 6, B and F),
and Na3VO4 (Fig. 6, B and G). As demonstrated above,
in GCs pretreated with media alone followed by FSH ⫹
CART stimulation, levels of pErk1/2 peaked (P ⬍ 0.01)
within 5 min of stimulation, began to decline (P ⬍ 0.01)
within 15 min, and reached basal levels by 60 min (Fig.
6F). In contrast, blocking transcription or translation by
pretreatment with ActD or CHX, respectively, resulted
in maintenance (P ⬍ 0.01) of Erk1/2 activation through
480 min of stimulation (Fig. 6F). Pretreatment with OA
and Na3VO4 also delayed (P ⬍ 0.01) the dephosphorylation of Erk1/2 for up to 60 min and 120 min, respectively, after FSH ⫹ CART treatment (Fig. 6G). Levels of
pErk1/2 ultimately declined to basal values, suggesting the involvement of both classes of phosphatases in
regulating Erk1/2 signaling.
Because Akt is activated by phosphorylation at
serine/threonine residues (47), the effects of OA only
(serine/threonine-specific phosphatase inhibitor) on
Akt activation in GCs stimulated with FSH ⫹ CART
were investigated. Panels A and B of Fig. 7 are representative Western blots demonstrating differences in
the pattern of changes in phosphorylated and total Akt
in GCs treated with/without OA followed by FSH ⫹
CART treatment, respectively. Figure 7C depicts a
comparison of the FSH ⫹ CART-induced changes in
Akt activation over time (relative to time zero) for bovine GCs pretreated with OA vs. controls pretreated
with media alone. Pretreatment with OA resulted in
maintenance of Akt activation (Fig. 7C) through 480
min after FSH ⫹ CART stimulation (P ⬍ 0.01). However, because OA alone enhanced basal Akt phosphorylation (Fig. 7, A and B), the effects of OA specifically on CART-induced early termination of FSHinduced Akt activation were difficult to interpret. Taken
together, results suggest that CART-induced acceleration of dephosphorylation of pErk1/2 is mediated, at
least in part, by increased tyrosine phosphatase
and/or serine/threonine phosphatase activity that is
transcription and translation dependent, and CARTinduced acceleration of termination of Akt signaling is
potentially serine/threonine phosphatase mediated.
CART-Induced Expression and Regulation of
Specific Phosphatase Isoforms
CART regulation of specific phosphatase isoforms
was investigated by Western blot analysis. Based on
the pattern of Erk1/2 activation (Fig. 1) and results of
phosphatase activity assay (Fig. 5), 30 and 120 min
were selected as the time points to investigate the
expression and role of specific phosphatase isoforms
in the termination of Erk1/2 signaling. Results demonstrate that abundance of DUSP5 (Fig. 8, A and B) and
PP2A (Fig. 8, C and D) is elevated in response to FSH
and/or CART treatment. The antibody used against
PP2A (PP2A-C) is specific for the catalytic subunit of
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Fig. 6. Effect of Transcription, Translation, and Serine/Threonine and Tyrosine Phosphatase Inhibitors on CART-Induced Phosphatase Activity
Relative increase in Erk1/2 activation (pErk/total Erk) vs. time zero observed after preincubation of bovine GCs in media alone,
CHX (30 M), and ActD (1 g/ml) for 120 min followed by FSH (25 ng/ml) ⫹ CART (0.1 M) stimulation (A). Relative increase in
Erk1/2 activation vs. time zero after preincubation of GCs in media alone, OA (50 nM) and Na3VO4 (1 mM) for 120 min followed
by FSH ⫹ CART stimulation (B). Representative Western blots demonstrating the pattern of Erk1/2 activation in GCs preincubated
with media alone (C), CHX (D), ActD (E), OA (F), or Na3VO4 (G) for 120 min followed by FSH ⫹ CART stimulation. The data depicted
in panels A and B are represented as the mean ⫾ SEM from three replicate experiments, and different superscripts denote
significant differences across and within treatments and time points (P ⬍ 0.05).

PP2A and, unless otherwise mentioned, PP2A-C has
been referred to as PP2A throughout the study. Panels
A and C of Fig. 8 depict representative Western blots
for DUSP5 (Fig. 8A) and PP2A (Fig. 8C), and panels B
and D are graphic depictions of the relative increase in
DUSP5 and PP2A abundance vs. time zero, respectively, in GC-stimulated with FSH, FSH ⫹ CART, or
CART alone. FSH alone induced a time-dependent
linear increase (P ⬍ 0.05) in DUSP5 expression with
highest levels of DUSP5 observed after only 120 min
of stimulation whereas in GCs treated with FSH ⫹
CART, expression of DUSP5 reached maximum (P ⬍
0.01) levels within 30 min of stimulation (Fig. 8B).
Moreover, maximum (P ⬍ 0.01) levels of DUSP5 expression were also achieved after 60 min of CART

stimulation. In contrast, expression of PP2A was not
increased in response to FSH treatment and was observed to be solely regulated by CART, reaching maximal (P ⬍ 0.01) levels within 30 min of stimulation (Fig.
8D). In addition, expression of MKP-1 and -3 in GCs was
also observed. Increased levels of MKP-1 were observed after 120 min of stimulation by FSH and FSH ⫹
CART, whereas elevated but lower levels were also
observed in response to 60 min CART treatment (P ⬍
0.01; supplemental Fig. 4, A and B). MKP-3 was not
regulated in response to FSH and CART treatment
(data not shown). Expression of MKP-2 was not detected in bovine GCs. These results indicate that the
CART-induced increase in DUSP5 and PP2A proteins
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Fig. 7. Serine/Threonine Phosphatase Inhibitor Effects on Akt Activation in Response to FSH ⫹ CART Treatment
Representative Western blots demonstrating the pattern of phosphorylated (Ser473) and total Akt in bovine GCs preincubated
with media alone (A) or with 50 nM OA (B) for 120 min followed by FSH (25 ng/ml) ⫹ CART (0.1 M) stimulation. Relative increase
in Akt activation (pAkt-Ser473/total Akt) vs. time zero observed for GCs subjected to above treatments (C). The data depicted in
panel C are represented as the mean ⫾ SEM from three replicate experiments. Different superscripts denote significant differences
across and within treatments and time points (P ⬍ 0.05).

may promote accelerated termination of Erk1/2 and
Akt signaling.
Next, we investigated the signaling pathways and
the underlying mechanisms mediating the CART-induced increase in DUSP5 and PP2A. GCs were preincubated in the presence or absence of inhibitors (1
M) of MEK and PKC for 24 h (d 6) and then subjected
to FSH (0 and 30 min), CART (60 min), and FSH ⫹
CART (30 min) stimulation on d 7 of culture. Figure 9A
depicts representative Western blots illustrating the
effects of preincubation with respective signaling protein inhibitors on changes in DUSP5 and PP2A protein
abundance in response to above treatments, and panels B and C of Fig. 9 graphically depict the effect of
pretreatment with respective inhibitors on the relative
increase (vs. time zero) in DUSP5 (Fig. 9B) and PP2A
(Fig. 9C) in GCs stimulated with FSH, FSH ⫹ CART, or
CART alone. Stimulation of GCs with FSH ⫹ CART or
CART alone for 30 and 60 min, respectively, induced

DUSP5 expression to maximum levels (P ⬍ 0.01) as
compared with FSH treatment alone (Fig. 9B). Inhibition of MEK by U0126 completely blocked (P ⬍ 0.01)
the FSH ⫹ CART and CART-stimulated increase in
DUSP5 protein levels, whereas the PKC inhibitor was
ineffective in blocking the increase in DUSP5 (Fig. 9B).
In contrast, inhibition of both MEK and PKC did not
have any effect on PP2A expression (Fig. 9C).
To further demonstrate that the increase in DUSP5
and PP2A in response to CART stimulation is regulated at the transcription level, GCs were preincubated
(2 h) with the transcription inhibitor ActD (1 g/ml), and
DUSP5 and PP2A levels were visualized by Western blot
analysis (Fig. 10A) and quantified using computeraided densitometry (Fig. 10, B and C). Inhibition of
transcription in GCs stimulated with FSH ⫹ CART (30
and 120 min) and CART (60 min) alone, completely
blocked the increase in DUSP5 (Fig. 10B; P ⬍ 0.01). In
contrast, inhibition of transcription only partially sup-
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Fig. 8. CART-Induced Expression of DUSP5 and PP2A
Representative Western blots demonstrating levels of DUSP5 in bovine GCs stimulated with FSH (25 ng/ml) for 0, 30, and 120
min, CART (0.1 M) for 60 min, or FSH ⫹ CART for 30 and 120 min (A). Relative increase in expression of DUSP5 vs. time zero
observed in response to above treatments (B). Representative Western blots demonstrating levels of PP2A-catalytic subunit
(PP2A) in GCs stimulated with FSH (25 ng/ml) for 0, 30, and 120 min, CART (0.1 M) for 60 min, or FSH ⫹ CART for 30 and 120
min (C). Relative increase in expression of PP2A vs. time zero observed in response to above treatments (D). The data in panels
B and D are represented as the mean ⫾ SEM from three replicate experiments, and different superscripts denote significant
differences between treatments (P ⬍ 0.05).

pressed (P ⬍ 0.01) the increase in PP2A (Fig. 10C),
suggesting a contribution of a transcription-independent mechanism to PP2A regulation by CART. Collectively, results demonstrate the existence of a negative
feedback loop whereby CART treatment stimulates
Erk1/2 activation that induces the expression of
DUSP5. The latter, in turn, causes deactivation of
Erk1/2 signaling. We also conclude that CART treatment induces an increase in PP2A via transcriptiondependent and -independent mechanisms.

Small Interfering RNA (siRNA)-Mediated Ablation
of DUSP5 and PP2A in Bovine GCs Prevents
CART-Induced Early Termination of Erk1/2 and
Akt Activation
To demonstrate a direct relationship between CARTinduced expression of DUSP5 and PP2A and observed early termination of Erk1/2 and Akt activation,
GCs were treated with siRNA delivery media alone or
with delivery media containing siRNAs targeting
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Fig. 9. Signaling Pathways Involved in CART-Induced Expression of DUSP5 and PP2A
Representative Western blots demonstrating levels of
DUSP5 and PP2A-catalytic subunit (PP2A) in bovine GCs
preincubated with media alone or with 1 M MEK1/2 inhibitor
(U0126) or 1 M PKC peptide inhibitor 19–27 for 24 h before
stimulation with FSH (25 ng/ml) for 0 and 30 min, CART (0.1
M) for 60 min, or FSH ⫹ CART for 30 min (A). Relative
increase in GC expression of DUSP5 (B) and PP2A (C) vs.
time zero observed in response to above treatments. The
data depicted in panels B and C are represented as the
mean ⫾ SEM from three replicate experiments. Different superscripts denote significant differences between treatments
(P ⬍ 0.05).
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Fig. 10. Transcriptional Dependence of CART-Induced Regulation of DUSP5 and PP2A
Representative Western blots demonstrating levels of
DUSP5 and PP2A-catalytic subunit (PP2A) in bovine GCs
preincubated with media alone or with ActD (1 g/ml) for 120
min before stimulation with FSH (25 ng/ml) for 0 and 30 min,
CART (0.1 M) for 60 min, or FSH ⫹ CART for 30 min (A).
Relative increase in GC expression of DUSP5 (B) and PP2A
(C) vs. time zero observed in response to above treatments.
The data depicted in panels B and C are represented as the
mean ⫾ SEM from three replicate experiments, and different
superscripts denote significant differences between treatments (P ⬍ 0.05).
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DUSP5, PP2A, DUSP5 siRNA ⫹ PP2A siRNA, or with
a nonspecific siRNA control. Approximately 96 h after
siRNA delivery, GCs were stimulated with FSH ⫹
CART, and cells were harvested at 0, 5, 15, 30, 60,
120, 240, and 480 min after stimulation. Effects of
treatments on DUSP5 and PP2A expression levels, as
well as phosphorylated and total Erk1/2, were determined using Western blot analysis. Figure 11A depicts
quantification of effects of treatment with respective
siRNAs on the time course of Erk1/2 activation in
response to FSH ⫹ CART treatment. Figure 11B depicts a representative Western blot illustrating the effects of the above described siRNA treatments on
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abundance of DUSP5 and PP2A proteins whereas
panels C–F of Fig. 11 depict Western blots demonstrating the pattern of Erk1/2 activation in GCs treated
with the various combinations of DUSP5, PP2A, and
nonspecific siRNAs. As shown in Fig. 11B, treatment
with siRNA for DUSP5 resulted in a dramatic decrease
in DUSP5 protein abundance in bovine GCs, with no
effect on PP2A abundance. Likewise, treatment with
PP2A siRNA also resulted in a significant decrease in
PP2A protein abundance with no effect on DUSP5
protein abundance, and coincubation with both siRNAs was effective in reducing abundance of both
DUSP5 and PP2A. Effects of the nonspecific siRNA or

Fig. 11. Effect of siRNA-Mediated Knockdown of DUSP5 and PP2A on CART-Induced Early Termination of Erk1/2 Activation
Time course of the relative increase in Erk1/2 activation (pErk/total Erk) vs. time zero observed in response to stimulation with
25 ng/ml FSH and 0.1 M CART for bovine GCs pretreated with siRNAs targeting DUSP5, PP2A-catalytic subunit (PP2A), DUSP5
siRNA ⫹ PP2A siRNA, or Accell nontargeting pool (nonspecific negative control) siRNAs (A). Representative Western blots
illustrating effects of above described siRNA treatments on GC abundance of DUSP5 and PP2A proteins (B) and effects of
treatment with DUSP5 siRNA (C), PP2A siRNA (D), DUSP5 siRNA ⫹ PP2A siRNA (E), or Accell nontargeting pool (nonspecific
negative control) siRNA (F) on the pattern of Erk1/2 activation in GCs stimulated with FSH⫹CART. The data depicted in panel A
are represented as the mean ⫾ SEM from three replicate experiments, and different superscripts denote significant differences
between treatments (P ⬍ 0.05).
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the siRNA delivery media alone on DUSP5 and PP2A
protein abundance were not observed (Fig. 11B). Furthermore, off-target effects of the DUSP5 and PP2A
siRNAs on MKP1 protein abundance in bovine GCs
were not observed (data not shown). Ablation of
DUSP5 resulted in sustained Erk1/2 activation for up
to 120 min after FSH ⫹ CART treatment, after which
activated Erk1/2 levels declined slightly but were still
significantly higher (P ⬍ 0.01) than basal levels (Fig.
11, A and C). In GCs in which PP2A was knocked
down, Erk1/2 activation was prolonged through 120
min of FSH ⫹ CART treatment, and basal levels were
reached by 240 min after stimulation (Fig. 11, A and D).
In contrast, ablation of both DUSP5 and PP2A completely blocked the CART-induced early termination of
Erk1/2 activation for the full 8-h sampling period after
FSH ⫹ CART treatment (Fig. 11, A and E). The pattern
of Erk1/2 activation in GCs treated with a nonspecific
siRNA (Fig. 11, A and F) was used as a control and was
similar to GCs stimulated with FSH ⫹ CART alone.
In contrast to the observed effect of PP2A knockdown on Erk1/2 activation, PP2A siRNA treatment
completely abolished (P ⬍ 0.01) the early termination
of Akt activation in FSH ⫹ CART-stimulated GCs (Fig.
12A). Panels B and C of Fig. 12 are representative
Western blots demonstrating the pattern of Akt activation in GCs treated with PP2A and nonspecific
siRNA before FSH ⫹ CART stimulation as described
above. Collectively, results provide functional evidence that CART-induced expression of both DUSP5
and PP2A is required for observed early termination of
Erk1/2 signaling in bovine GCs in response to FSH ⫹
CART treatment, whereas PP2A is involved in CARTinduced termination of FSH-induced Akt activation.
CART Inhibits Proteasome Degradation of
Phosphatase Isoforms
Above results also support a transcription-independent mechanism for CART regulation of PP2A (Fig.
10C). Previous studies have shown that proteasomal
inhibition by benzyloxycarbonyl-leu-leu-phenylalaninal (Z-LLF-CHO) alone induces increased protein
phosphatase levels in unstimulated cells, resulting in
deactivation of MAPK signaling (48). Thus, we investigated whether regulation of proteasome degradation
contributes to CART regulation of DUSP5 and/or
PP2A and thus Erk1/2 and Akt signaling. Granulosa
cells were preincubated (240 min) in the presence or
absence of the proteasome inhibitor, Z-LLF-CHO (10
M), and then stimulated with FSH alone or FSH ⫹
CART for 30 min (Fig. 13). Panels A–C of Fig. 13 depict
representative Western blots demonstrating the effect
of proteasome inhibition on FSH and FSH ⫹ CARTinduced DUSP5 and PP2A expression and Erk1/2 activation, respectively. Panels D and E of Fig. 13 depict
quantification of effects of treatments on DUSP5 (Fig.
13D) and PP2A (Fig. 13E) protein abundance. As demonstrated above, FSH ⫹ CART treatment significantly
increased (P ⬍ 0.01) DUSP5 and PP2A expression in
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comparison with FSH alone. In contrast, treatment
with Z-LLF-CHO mimicked CART actions. Inhibition of
proteasome activity increased (P ⬍ 0.01) levels of both
DUSP5 (Fig. 13D) and PP2A (Fig. 13E) relative to GCs
stimulated with FSH alone. Moreover, Z-LLF-CHO
pretreatment before FSH ⫹ CART stimulation further
increased (P ⬍ 0.05) DUSP5 but not PP2A expression
above that observed in GCs stimulated with FSH ⫹
CART alone. The increase in DUSP5 and PP2A in
response to proteasome inhibition is accompanied by
decreased pErk1/2 levels in response to the same
treatments (Fig. 13C). Furthermore, to establish that
proposed CART-induced impairment of ubiquitin-mediated proteasome degradation is linked to increased
accumulation of DUSP5 and PP2A, we measured the
amount of polyubiquitinated proteins in GCs stimulated with FSH (0 and 30 min), CART (60 min), FSH ⫹
CART (30 and 60 min), or GCs preincubated with
Z-LLF-CHO (240 min) followed by FSH (30 min) treatment (Fig. 14). CART treatment increased the accumulation of polyubiquitinated GC proteins, which appear as a smear (Fig. 14), as compared with FSH
treatment alone for 0 and 30 min. The CART-induced
increase in accumulation of polyubiquitinated proteins
was mimicked in GCs pretreated with Z-LLF-CHO
(240 min) followed by FSH (30 min) stimulation (Fig.
14). Results suggest that CART-induced up-regulation
of DUSP5 and PP2A, leading to termination of Erk1/2
and Akt signaling, is mediated, at least in part, by an
impairment in the proteasome-mediated degradation
process for these specific phosphatase isoforms.

DISCUSSION
Results of the present studies (in bovine GCs) demonstrate for the first time that CART shortens the duration of FSH-induced Erk1/2 and Akt activation.
Based on these results, we propose a model (Fig. 15)
to describe the cross talk between CART and FSH
signaling in bovine GCs. We show that the inhibitory
action of CART on FSH-induced Erk1/2 and Akt signaling is mediated through increased phosphatase activity attributed to up-regulation of specific MAPK
phosphatase isoforms (DUSP5, PP2A) through transcription-dependent mechanisms and via inhibition of
their degradation via the proteasome. Erk1/2 and Akt
are important downstream signaling proteins involved
in a wide variety of cellular functions (49–56), and
duration of Erk1/2 and Akt activity plays an important
role in regulating the specificity of cellular outcomes in
response to multiple external stimuli in different cell
types (54, 57–59). Both Erk1/2 and Akt are involved in
FSH signaling (37, 60, 61), and our previous studies
demonstrated that FSH-stimulated E production in
GCs is Erk1/2 and Akt dependent whereas CART inhibits FSH-stimulated E production (2). In an in vivo
context, during follicular development, there are
marked differences in Erk1/2 and Akt signaling among
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Fig. 12. Effect of siRNA-Mediated Knockdown of PP2A on CART Regulation of FSH-Induced Akt Signaling
Time course of the relative increase in Akt activation (pAkt-Ser473/total Akt) vs. time zero observed in response to stimulation
with 25 ng/ml FSH and 0.1 M CART for bovine GCs pretreated with siRNAs targeting PP2A-catalytic subunit (PP2A) or Accell
nontargeting pool (nonspecific negative control) siRNAs (A). Representative Western blots illustrating effects of treatment with
PP2A siRNA (B) or Accell nontargeting pool (nonspecific negative control) siRNA (C) on the time course of Akt activation in GCs
stimulated with FSH ⫹ CART. The data depicted in panel A are represented as the mean ⫾ SEM from three replicate experiments,
and different superscripts denote significant differences across treatments (P ⬍ 0.05).

dominant vs. subordinate follicles, which suggest that
both these signaling proteins play an important role in
regulating the fate of GCs during follicular development (27, 28). Thus, this study not only sheds novel
insight into the intracellular mechanism of CART action but also provides a greater understanding of regulation of Erk1/2 and Akt signaling during follicular
development.
We propose that CART may function as a gatekeeper of the ovulatory quota in monoovulatory species. In the bovine ovary, CART mRNA and peptide are
present in granulosa and cumulus cells, and the oocyte and GC CART mRNA and follicular fluid concen-

trations of CART peptide are higher in estrogen inactive atretic subordinate vs. estrogen active healthy
dominant follicles (1). In cattle and humans, growth of
antral follicles occurs in a characteristic wave-like pattern, and a single follicle gets selected from the original
cohort that achieves dominance (62–66). Enhanced
capacity of the dominant follicle to produce E is critical
to sustain dominant follicle growth and trigger the
preovulatory gonadotropin surge, resumption of meiosis, and ovulation (21, 22) whereas in subordinate
follicles, E producing capacity is lost much before
morphological signs of atresia (64, 67). Given the
higher expression of CART in GCs of subordinate vs.
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Fig. 13. CART Regulation of Proteasomal Degradation of DUSP5 and PP2A
Representative Western blots demonstrating the effect of treatment of bovine GCs with the proteasome inhibitor Z-LLF-CHO
(10 M) on FSH (25 ng/ml) and FSH ⫹ CART (0.1 M)-induced protein expression for DUSP5 (A) and PP2A-catalytic subunit (PP2A)
(B) and on Erk1/2 activation (pErk/total Erk) (C). Relative increase in GC expression of DUSP5 (D) and PP2A (E) proteins vs. time
zero observed in response to above treatments. The data depicted in panels D and E are represented as the mean ⫾ SEM from
three replicate experiments, and different superscripts denote significant differences across treatments (P ⬍ 0.05).

dominant follicles and the negative effects of CART on
FSH signaling and E production, we speculate that
CART plays an important role in negative regulation of
FSH action in monoovulatory species, such as the cow
and perhaps the human, and is critical to dominant
follicle selection. In contrast, we hypothesize that the
mouse, being a polyovulatory species, requires a less
stringent selection mechanism to ovulate multiple follicles, as a result of which CART is not expressed in the
ovary and CART mutant mice are fertile. However,
further studies are required to substantiate this hypothesis. Moreover, what regulates differential expression of CART between subordinate vs. dominant
follicles is still unknown.
A transient activation of Erk1/2, but not Akt, in response to acute CART treatment was observed in the
described studies. Similar to published studies using
the AtT20 cell line (68) and primary cortical neurons
(69), we too observed that acute CART-induced
Erk1/2 activation in bovine GCs occurs via a Go/iMEK-dependent pathway. However, partial inhibition
of CART-stimulated Erk1/2 activation in response to
pretreatment with a PKC inhibitor suggests a potential
role for PKC in CART signaling. In human T cells PLC/
PKC and Erk1/2 signaling pathways are activated via a
Go/i-coupled receptor (70, 71), and a substantial
amount of literature also indicates existence of PKCdependent and -independent pathways of Erk1/2 ac-

tivation (39). Thus, as represented in the model (Fig.
15), it is possible that CART via a Go/i-dependent
pathway activates MEK-Erk1/2 in a PKC-dependent
and -independent fashion. More importantly, our results clearly show that PKA, PI3K, and RTK are not
involved in CART-induced Erk1/2 activation.
It is well established that FSH induces an increase in
cAMP levels (60), and cAMP activates both Erk1/2 and
Akt signaling pathways in GCs (35–38) as well as in
other cell types (39, 40). Therefore, it was conceivable
that the CART-induced early termination of FSH-stimulated Erk1/2 and Akt activation may be due to a
negative effect of CART on FSH-induced cAMP accumulation. However, acute CART treatment did not
have any effect on intracellular cAMP levels, suggesting that the early transient deactivation of Erk1/2 and
Akt by CART is not due to a decrease in cAMP levels
(termination of positive signal) but is mediated by a
different mechanism. In contrast, we have previously
reported that CART pretreatment (24 h) decreases
FSH-induced intracellular cAMP accumulation (2),
which may be one of the causes for the complete
inhibition of FSH-induced Erk1/2 and Akt activation by
long-term (24 h) CART treatment observed in this
study. It is also possible that prolonged CART treatment induces FSH receptor internalization, resulting in
the desensitization of GCs to subsequent FSH-induced Erk1/2 and Akt activation. However, further
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Fig. 14. CART Regulation of Accumulation of Polyubiquitinated Proteins
Representative Western blot for polyubiquitinated proteins
in cell lysates from bovine GCs stimulated with FSH (25
ng/ml) for 0 and 30 min, CART (0.1 M) for 60 min, FSH ⫹
CART for 30 and 60 min, or preincubated with the proteasome inhibitor, Z-LLF-CHO (10 M) for 240 min followed by
stimulation with FSH for 30 min. Polyubiquitinated proteins
detected appear as a smear. Corresponding Western blot for
actin was used as a loading control.

studies are required to prove this hypothesis. Thus, in
bovine GCs the effect of CART on FSH-induced
Erk1/2 and Akt signaling and the underlying mechanism involved varies based on the duration of CART
treatment.
Regulation of Erk1/2 and/or Akt activity involves
different intracellular mechanisms (39, 49, 72, 73) and
MKPs play a significant role in regulating the duration
of Erk1/2 and Akt signaling (74, 75). We observed that
whereas inhibition of tyrosine or serine/threonine
phosphatases individually extended the duration of
Erk1/2 activation, effects were only partial, implying
that both classes of phosphatases are involved in
CART-induced deactivation of Erk1/2 signaling. More
convincing evidence was obtained from results of the
phosphatase activity assay in which a more pronounced inhibition of CART-induced Erk1/2 deactivation was observed in GCs cotreated with both types of
phosphatase inhibitors (OA and Na3VO4). In contrast,
because Akt activation involves phosphorylation of
serine/threonine residues (47), inhibition of the serine/
threonine phosphatases by OA was potent enough to
completely maintain Akt activation over time.
Results show that the pattern of DUSP5 and PP2A
expression is inversely related to activated Erk1/2 levels and correlates with phosphatase activity observed
in GCs stimulated with FSH, FSH ⫹ CART, or CART

Sen et al. • CART Signaling in Bovine Granulosa Cells

alone. Here we propose that CART-induced rapid induction of DUSP5 and PP2A expression accounts for
the early termination of FSH-induced Erk1/2 and Akt
signaling in bovine GCs (Fig. 15). Rapid (within 30 min)
ligand-induced MKP expression is a common mechanism of MAPK regulation and has also been reported
in breast cancer cells (76), cardiac myocytes (77), and
endothelial cells (78). We also observed that both FSH
and CART regulate the expression of MKP-1, but
given the fact that MKP-1 expression increased only
after 120 min of FSH and/or CART stimulation, we
believe that MKP-1 is not involved in the CART-induced early termination of Erk1/2 and Akt signaling.
The increase in the duration of Erk1/2 activation
when DUSP5 or PP2A were knocked down demonstrates a direct functional relationship between the
CART-induced increase in DUSP5 and PP2A expression and early termination of Erk1/2 and Akt activation.
However, when DUSP5 and PP2A were knocked
down separately, the effect was only partial, suggesting a cooperative role for the two phosphatases. In
contrast, ablation of both DUSP5 and PP2A completely blocked the CART-induced early termination of
Erk1/2 activation. Similar results were also observed
when OA and/or Na3VO4 treatments were used as
described above. Thus, taken together, these experiments establish that both DUSP5 and PP2A are the
major protein phosphatases involved in CART regulation of Erk1/2 and Akt signaling in bovine GCs.
Although the structure and substrate specificity of
DUSP5 and PP2A are well established, understanding
of the mechanisms regulating their expression is limited. Based on the cell type, different factors probably
regulate the expression of DUSP5 in an Erk1/2-dependent manner. For example, in T cells, IL-2 activates
DUSP5 (79), whereas in human kidney-2 cells DUSP5
expression is regulated by epidermal growth factor
(80). Woods and Johnson (43) reported that TGF␣
regulation of DUSP5 expression in hen GCs is Erk1/2
dependent. As depicted in Fig. 15, results of this study
establish the existence of a CART-induced negative
feedback loop in bovine GCs in which Erk1/2 activation induces the expression of DUSP5 that, in turn,
helps terminate FSH-induced Erk1/2 signaling. In contrast, whereas substrate specificity and posttranslational regulation (81–83) of PP2A has been extensively
investigated, very little is known about the regulation
of PP2A gene expression. In our study, CART stimulation of PP2A accumulation was regulated partially at
the transcription level and independent of PKC and
Erk1/2, thereby suggesting the involvement of a possible prominent secondary mechanism mediating the
CART-induced increase in PP2A levels.
Regulation of phosphatase degradation is another
well-established intracellular mechanism controlling
the duration of Erk1/2 and Akt activation (84, 85).
Based on results of the present study, we propose
(Fig. 15) that, in addition to inducing DUSP5 and PP2A
expression, CART also inhibits the ubiquitin-mediated
proteasome degradation of such phosphatases, re-
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Fig. 15. Proposed Model for the Intracellular Mechanism of CART Action in Bovine GCs
FSH stimulates Erk1/2 and Akt activation whereas CART treatment accelerates the termination of FSH-induced Erk1/2 and Akt
signaling. CART stimulation alone also induces Erk1/2 activation in bovine GCs via a Go/i-PKC-MEK-dependent pathway.
Whether the CART-induced Go/i protein directly phosphorylates PKC, which in turn activates MEK and thus Erk1/2, or whether
Erk1/2 is also activated in a PKC-independent manner is not clear. However, the CART-stimulated Erk1/2 activation is independent of PKA, PI3K, and RTK. Expression of DUSP5 is dependent on Erk1/2, thereby exhibiting a negative feedback loop in which
activated Erk1/2 induces DUSP5 expression, which in turn terminates Erk1/2 activation. CART-induced DUSP5 expression is
functionally required for CART-induced termination of Erk1/2 signaling and is mediated by Erk1/2- and transcription-dependent
mechanisms. CART increases PP2A expression, which is also functionally required for CART-induced termination of Erk1/2 and
Akt activation, and CART regulation of PP2A expression is mediated by transcription-dependent and -independent mechanisms.
CART treatment also impairs the proteasomal degradation of both DUSP5 and PP2A, resulting in their accumulation. FSHR, FSH
receptor.

sulting in observed accumulation of DUSP5 and PP2A
in response to CART treatment. A link between regulation of proteasome degradation, MKP accumulation,
and MAPK signaling is well established, and studies
indicate that the underlying mechanism of regulation
of MKPs differs among cell types and MKP isoforms
(43, 85–92). Our data suggest that in bovine GCs there
may be different underlying mechanisms involved in
CART regulation of DUSP5 and PP2A. The observed
complete inhibition of CART-induced DUSP5 expression by ActD pretreatment, along with the observed
increase in DUSP5 accumulation in GCs pretreated
with Z-LLF-CHO before FSH ⫹ CART stimulation,
suggests that CART regulation of DUSP5 is primarily
at the transcription level. In contrast, the partial inhibitory effects of ActD on CART-induced PP2A expression and maximal accumulation of PP2A within 30 min
of FSH ⫹ CART stimulation with no further effect in
response to Z-LLF-CHO pretreatment suggests that
inhibition of proteasome degradation may be the pre-

dominant mechanism of CART-induced regulation of
PP2A. Whereas our results clearly demonstrate a
CART-induced increase in accumulation of polyubiquitinated proteins, the underlying mechanism(s) involved in CART regulation of the ubiquitin-proteasome
pathway are unclear. Interferon-␥ and TGF␤ regulate
proteasome degradation by altering proteasome subunit composition (93) whereas another way of blocking
the ubiquitin-proteasome pathway is by inhibiting the
ubiquitination process (94). However, because we observed an accumulation of polyubiquitinated proteins
in response to CART treatment in this study, it is likely
that CART impairs proteasome activity and the degradation process rather than the ubiquitination pathway. Further studies are needed to understand the
mechanism of how CART inhibits ubiquitin-mediated
proteasome degradation. In summary, we suggest that
FSH or CART stimulation alone results in Erk1/2 activation and DUSP5 expression but at a latter time point (120
and 60 min), costimulation of GCs with FSH ⫹ CART
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results in accelerated Erk1/2 activation to maximal
levels within 5 min of stimulation, which in turn induces
a rapid expression of DUSP5 that reaches peak level
within 30 min of stimulation. CART also induces PP2A
expression by transcription-dependent and -independent mechanisms; the underlying mechanism of transcription-independent regulation is unknown, but
most probably involves impairment of the proteasome
degradation process. This rapid expression and accumulation of DUSP5 and PP2A by CART, in turn, cause
an early termination of FSH-induced Erk1/2 and Akt
signaling (Fig. 15). Results of the present studies provide extensive novel insight into the cross talk between CART and FSH signaling and establish CART as
an important regulator of the duration of Erk1/2 and
Akt signaling. More importantly, our results not only
demonstrate CART as a novel inducer of DUSP5 and
PP2A expression, but also implicate CART for the first
time as an inhibitor of the proteasome degradation
process. Given the importance of FSH signaling to E
production and wide expression and varied functions
of CART across species and cell/tissue types, results
of described studies form a foundation for future studies of CART signaling pathways critical to relevant
physiological processes within and beyond the reproductive system.

MATERIALS AND METHODS
Long-Term Bovine GC Culture
Serum-free long-term bovine GC culture was performed as
described previously (2) before initiation of indicated
treatments.
Treatment Administration
For studies of CART regulation of FSH-induced Erk1/2 activation, GCs were stimulated on d 7 of culture with 25 ng/ml
of FSH (NIDDK-oFSH-20, Harbor-University of California Los
Angeles Research and Education Institute, Los Angeles, CA)
⫹ water (vehicle for CART), CART peptide 55–102 (0.1 M;
American Peptide Co., Sunnyvale, CA), FSH ⫹ CART or FSH
⫹ inactive CART peptide 55–76 (American Peptide), or preincubated with/without (vehicle only) CART (0.1 M) for 24 h
(d 6) before FSH (25 ng/ml) stimulation. Cells were then
harvested at 0, 5, 15, 30, 60, 120, 240, and 480 min after
stimulation. GCs were also stimulated with CART (0.1 M)
alone for 0, 5, 15, 30, and 60 min. For studies of signaling
pathways and mechanisms involved in CART-induced Erk1/2
activation, GCs were preincubated with media containing
equivalent volume of vehicle or with media containing 1 M of
signaling protein inhibitors [PI3K inhibitor LY294002, PKA
inhibitor peptide 14–22 (myristoylated), PKC inhibitor peptide
19–27 (myristoylated), Go/i inhibitor NF023, MEK1/2 inhibitor
U0126, and MEK inhibitor PD98059; Calbiochem, San Diego,
CA] for 24 h (d 6), whereas in experiments with the transcription (1 g/ ml ActD; Sigma Chemical Co., St. Louis, MO),
translation (30 M CHX; Sigma), or phosphatase inhibitors (50
nM OA; and/or 1 mM sodium orthovanadate; Sigma) GCs
were pretreated for only 120 min before CART (0.1 M), FSH
(25 ng/ml), or FSH ⫹ CART stimulation for different time
points on d 7 of culture. GCs were also preincubated (d 7)
with the proteasome inhibitor, Z-LLF-CHO (10 M; Calbio-
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chem) for 240 min followed by FSH (25 ng/ml) or FSH ⫹
CART (0.1 M) stimulation for 0, 30, or 60 min. After the
stipulated duration of treatments, cells were harvested and
pooled from four wells for each treatment/time point of stimulation and stored at ⫺80 C until Western blot analysis.
Western Blot Analysis
Western blot analysis was performed as described previously
(95–98). Briefly, protein was isolated from GCs by sonication
and protein concentration was determined spectrophotometrically (at 280 nm). After Western blot analysis of increasing protein concentrations from cell lysates, the optimal protein amount to quantify Erk1/2, pErk1/2, Akt, and pAkt was
determined to be 10 g/lane whereas 25 g/lane of total
protein was used to detect the MAPK phosphatase isoforms.
The following primary antibodies were used in this study at
dilutions indicated: mouse anti-actin monoclonal antibody
[1:5000 (vol/vol), Calbiochem], rabbit anti-Erk2 (C-14) polyclonal antibody, mouse anti-pErk (E-4) monoclonal antibody,
rabbit anti-PP2A-C (FL-309) polyclonal antibody (detects catalytic subunit), rabbit anti-MKP-1(V-15) polyclonal antibody,
rabbit anti-MKP-2 (S-18) polyclonal antibody, rabbit antiMKP-3 (H-130) polyclonal antibody (Santa Cruz Biotechnology, Inc., Santa Cruz, CA) rabbit anti-Akt polyclonal antibody,
rabbit anti-pAkt (Ser473) antibody (Cell Signaling Technology, Inc., Danvers, MA), rabbit anti-DUSP5 polyclonal antibody [1:1000 (vol/vol), Abcam, Inc., Cambridge, MA], and Ub
(P4D1) mouse monoclonal antibody [1:250 (vol/vol), Santa
Cruz Biotechnology]. After detection of pErk1/2 or pAkt,
membranes were stripped by treatment with restore Western
blot stripping buffer and reprobed for total Erk1/2 or Akt to
confirm equal loading. Validation of the Western blot analysis
and stripping conditions has been determined previously (95–
98). Phosphorylated and total Erk1/2 and Akt levels were
determined using computer-aided densitometry, and Erk1/2
and Akt activation was expressed as relative increase in
phosphorylated/total Erk1/2 and Akt vs. time 0, respectively.
Expression of MAPK phosphatase isoforms was normalized
to corresponding actin levels.
In Vitro Phosphatase Assay
An in vitro phosphatase assay was performed as described
by Woods and Johnson (43) with slight alterations. Briefly,
GCs were stimulated with 1) FSH (25 ng/ml) ⫹ CART (0.1 M)
for 30 and 120 min, 2) CART (0.1 M) for 60 min, and 3) FSH
(25 ng/ml) for 30, 60, and 120 min. Thereafter, media were
removed, cells were washed with PBS, and cell lysates were
prepared by sonication in phosphatase buffer [10 mM EDTA,
10 mM EGTA, 50 mM HEPES (pH 7.6), 1 mM phenylmethylsulfonyl fluoride, 10 mg/ml leupeptin, 10 mg/ml aprotinin].
Phosphatase activity in each sample was assessed by coincubating (60 min at 30 C) 100 g of protein from cell lysates
containing high levels of pErk1/2 (activated Erk standard
pool; cells treated with FSH for 30 min) with 100 g of protein
from lysates of cells subjected to the above mentioned treatments. Thereafter, Western blot analysis was used to determine decrease in pErk/Erk induced by coincubation of activated Erk lysate (standard pool) with the above-mentioned
samples (source of phosphatase activity being quantified).
Lysates of GCs treated with media alone (no pErk1/2) were
used as a control. Based on a preliminary study involving
different coincubation times (0–60 min), 60 min was established as the optimal incubation time to detect maximal phosphatase activity (data not shown). In a separate experiment,
cells were preincubated for 120 min with phosphatase inhibitors
[sodium orthovanadate (1 mM); a tyrosine phosphatase inhibitor
and okadaic acid (50 nM; OA); a serine/threonine phosphatase
inhibitor] followed by stimulation with FSH ⫹ CART for 120 min.
Thereafter, media was removed, cells were washed with PBS,
and cell lysates were prepared by sonication in phosphatase
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buffer before coincubation of lysates with the standard pool of
activated Erk1/2 (as described above). Relative levels of phosphorylated Erk1/2/total Erk1/2 were determined by Western blot
analysis. The decrease in percent of Erk phosphorylation (pErk/
Erk) in response to coincubation with lysates from cells exposed
to various treatments was used as an indicator of phosphatase
activity.
RNA Interference in Bovine GCs in Vitro
Granulosa cells were cultured for 4 d in the long-term bovine
GC culture system (2) with media changed every 48 h. Thereafter, the cells were cultured in 1) Accell siRNA delivery media
alone or in Accell siRNA delivery media containing 2) DUSP5
siRNA, 3) PP2A siRNA, 4) DUSP5 ⫹ PP2A siRNA, or 5) Accell
nontargeting pool (negative control) siRNA for an additional
3 d. Based on a preliminary dose-response experiment for
DUSP5 and PP2A siRNAs (data not shown), a 10 M concentration of siRNA was selected for use in all experiments.
All siRNAs were designed by custom Accell SMARTpool
(Dharmacon, Inc. Chicago, IL) against the bovine sequences
for DUSP5 (GenBank accession no. XM_583612) and PP2A
(GenBank accession no. NM_181031). The Accell nontargeting pool siRNA (Dharmacon) that was used as negative control is a pool of four siRNAs designed not to target any genes
in human, mouse, or rat genomes and is microarray tested.
The Accell siRNA delivery media (Dharmacon) was supplemented with HEPES (20 mM), antibiotics (100 IU/ml penicillin
and 0.1 mg/ml streptomycin), fungizone-amphotericin B (250
g/ml), long R3-IGF-I (Sigma; 1 ng/ml), and androstenedione
(Sigma; 10⫺7 M). After 72 h of siRNA delivery (d 7 of culture), the
Accell siRNA delivery media were removed, and fresh long-term
GC culture media were added. On d 8 (96 h after siRNA delivery)
GCs were stimulated with FSH (25 ng/ml) ⫹ CART (0.1 M), and
cells were harvested at 0, 5, 15, 30, 60, 120, 240, and 480 min
after stimulation. Cell viability was determined by the trypan blue
exclusion method. Approximately 75% of cells were viable on d
8 of culture, and there was no effect of treatments on cell
viability (data not shown). Thereafter, cells from four wells were
pooled per treatment for each time point of stimulation and
phosphorylated, and total Erk1/2 levels were determined using
Western blot analysis as described above. Specificity and efficacy of above siRNA treatments (treatments 1–5 described
above) in reducing abundance of DUSP5 and PP2A protein
were determined by Western blot analysis of cell lysates harvested 30 min after treatment with FSH ⫹ CART.
Statistical Analysis
Generalized mixed linear models were fit to the data using the
MIXED procedure of the statistical software SAS (version 9.1;
SAS Institute Inc., Cary, NC). In all cases, model assumptions
were evaluated and considered to be appropriately met. Multiple comparisons between treatments were performed using
Tukey-Kramer adjustments. P ⬍ 0.05 was considered significant. All experiments were replicated at least three times.
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