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Follicle-stimulating hormone receptor (FSHR) and
luteinizing hormone receptor (LHR) belong to the super-
family of G protein–coupled receptors (GPCR); GPCRs
are negatively regulated by RGS (“regulators of G pro-
tein signaling”) proteins. In this study we evaluated the
effects of RGS3 and RGS10 on FSHR and LHR ligand
binding and effector coupling. FSHR and LHR ligand
binding were unchanged in the presence of RGS3 or
RGS10. However, signaling by FSHR and LHR was
diminished by RGS3 but not by RGS10. This constitutes
the first demonstration of an interaction between RGS
proteins and LH and FSH signaling pathways and iden-
tifies a mechanism for negative regulation of RGS3 on
FSHR and LHR signaling.
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Introduction

The follicle-stimulating hormone receptor (FSHR) and

luteinizing hormone receptor (LHR) belong to the G protein–

coupled receptor (GPCR) family (1,2). These receptors are

coupled to Gs�, which activates adenylyl cyclase in order

to increase the synthesis of the second messenger cyclic

AMP (cAMP) (3,4), and to Gq/11�, which activates phospho-

lipase-C and results in production of the second messengers

inositol 1,4,5-triphosphate (IP3) and diacylglycerol; it has

also been suggested that FSHR and LHR couple to Gi/0�

that inhibits the activation of the adenylyl cyclase (1,3).

The selectivity and intensity of the GPCR signals are regu-

lated by several mechanisms. A family of more than 20 known

proteins, the “regulators of G protein signaling” (RGS) pro-

teins, have been identified as components of signal transduc-

tion cascades generated by GPCR-G proteins. The main func-

tion of these proteins is to negatively regulate G proteins,

by acting as GTPase-activating proteins (GAPs), thereby

accelerating G protein–GTP hydrolysis (5–8) and decreas-

ing the length of time the G protein is in the activated state

(9). RGS proteins share a highly conserved domain of about

120 amino acids, which mediates the interaction of RGS

proteins with the G� subunit, considered to be the main con-

tributor to their intrinsic GAP activity (7,10). It has also

been shown that RGS proteins can have regulatory functions

other than as GAPs, they can increase the signaling of sev-

eral receptors and regulate gene transcription (10–12). RGS

proteins have been shown to mainly interact with Gq� and

Gi� subunits (13,14); nevertheless, there is evidence of an

effect of RGS proteins on the Gs� subunit (15–18).

In this study, we analyzed the effect of the RGS3 and

RGS10 proteins on FSHR and LHR expression, ligand bind-

ing, and signaling. Our observations show a previously unap-

preciated regulation of FSHR and LHR by RGS proteins.

Results

The expression of RGS3 and RGS10 in HEK-293 cells

after transfection of DNA for these proteins was verified

by Western blot. Expression of RGS3 or RGS10 proteins

resulted in bands of similar density for both proteins, and

when cells were transfected with the control vector, there

were no observable bands (Fig. 1).

Scatchard binding analysis of the FSHR and LHR in the

presence of RGS3 or RGS10 are shown in Figs. 2 and 3.

Cells that transiently express the FSHR or LHR and RGS3

or RGS10 had a similar receptor affinity and similar aver-

age number of receptors/cell compared to those cells ex-

pressing the receptors and the control vector, pcDNA3.1

(FSHR/pcDNA3.1 Kd = 1.3 ± 0.1 nM, receptors/cell =

29,781 ± 1,523; FSHR/RGS3 Kd = 1.3 ± 0.2 nM, receptors/

cell = 34,626 ± 2,114; FSHR/RGS10 Kd = 1.2 ± 0.2 nM,

receptors/cell = 32,692 ± 2,012; LHR/pcDNA3.1 Kd = 1.1

± 0.3 nM, receptors/cell = 30,315 ± 2,617; LHR/RGS3 Kd

= 0.8 ± 0.2 nM, receptors/cell = 26,400 ± 1,985; LHR/

RGS10 Kd = 1.0 ± 0.2 nM, receptors/cell= 26,809 ± 1,879).
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We analyzed the effect of RGS3 and RGS10 on cAMP

release from HEK-293 cells, transiently expressing the FSHR

or LHR, in response to increasing concentrations of the

agonists (0, 12.5, 25, 50 ng/500 µL of FSH or hCG, as noted)

(Figs. 4 and 5). RGS10 had no effect on the release of cAMP

from FSHR or LHR expressing cells. In contrast, RGS3

had a significant inhibition on cAMP released from FSHR

expressing cells. At the highest concentration of agonist stud-

ied, there was an approx 50% inhibition, compared to the

control values (Fig. 4A). RGS3 also had a significant inhi-

bition (approx 43% at the highest agonist concentration) on

cAMP released mediated through the LHR (Fig. 4B).

Finally, we examined the effect of RGS3 and RGS10 on

IP production from cells transiently expressing the FSHR

or LHR in response to increasing concentrations of the

agonists (0, 12.5, 25, 50 ng/500 µL of FSH or hCG, as noted)

(Fig. 5). When RGS10 was expressed with either FSHR or

LHR there was no difference in IP response from the con-

trol values; in contrast, RGS3 exhibited a significant inhi-

bition of IP production with all concentrations of agonists

Fig. 1. Expression of RGS3 and RGS10. Expression of (A) RGS3 and (B) RGS10 expressed in HEK-293 cells was confirmed by Western
blot, assayed as described in Materials and Methods. Three different experiments were performed with similar results to the represen-
tative one shown.

Fig. 2. Scatchard binding plots of FSHR and RGS10 or RGS3
coexpressing cells. Seventy-two hours after transfection, HEK-
293 cells co-expressing the FSHR and pcDNA3.1, RGS3, or RGS10
were exposed to increasing concentrations of [125I]FSH for 3 h
and binding was determined. Three different experiments were
performed with similar results.

Fig. 3. Scatchard binding plots of LHR and RGS10 or RGS3
coexpressing cells. Seventy-two hours after transfection, HEK-
293 cells co-expressing the LHR and pcDNA3.1, RGS3, or RGS10
were exposed to increasing concentrations of [125I]LH for 3 h and
binding was determined. Three different experiments were per-
formed with similar results.
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studied, including those values obtained when the receptor

was not stimulated.

Discussion

In this study, we observed that RGS3 negatively regulates

FSHR and LHR-mediated G protein signaling. The expres-

sion of RGS3 and RGS10 in HEK-293 cells was verified by

Western blot. The results observed suggest that both RGS

proteins express in HEK-293 cells after transfection; how-

ever, these proteins are not expressed in these cells when

transfection of RGS proteins is lacking. These results are

similar from some previously reported where they expressed

RGS3, RGS4, or RGS10 in HEK-293 cells (19).

When cells co-expressed either the FSHR or LHR and

RGS3 or RGS10, receptor–ligand affinity is unchanged, sug-

gesting that the RGS proteins are not involved in ligand

binding or expression of these receptors.

RGS3 inhibits cAMP response by negatively regulating

the FSHR and LHR signaling, while RGS10 does not have

Fig. 4. Effect of RGS3 or RGS10 on cAMP release in HEK-293
cells expressing FSHR or LHR. Concentration–response curves
for (A) FSH- or (B) hCG-stimulated cAMP release from HEK-
293 cells transiently expressing FSHR or LHR and pcDNA3.1,
RGS3, or RGS10 were assayed. Forty-eight hours after transfec-
tion, cells were stimulated for 24 h with the indicated concentra-
tions of FSH or hCG and cAMP release was measured by RIA.
Data are presented as the mean ± SE of triplicate transfections.
Three different experiments showed similar results.

Fig. 5. Effect of RGS3 or RGS10 on IP production of HEK-293
cells expressing FSHR or LHR. Concentration–response curves
for (A) FSH- or (B) hCG-stimulated IP production from HEK-
293 cells transiently expressing FSHR or LHR and pcDNA3.1,
RGS3, or RGS10 were assayed. Seventy-two hours after trans-
fection, cells were stimulated for 2 h with the indicated concen-
trations of FSH or hCG, and IP production was measured. Data
are presented as the mean ± SE of triplicate transfections. Three
different experiments showed similar results.
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an effect on cAMP release. There is little previous evidence

of the interaction of these proteins with the Gs� subunits.

It has been demonstrated that RGS2 inhibits Gs�-mediated

cAMP release (15–17) and it interacts directly with Gs� in

vitro (15). It has also been observed that a truncated form

of RGS3 (RGS3T) inhibits the Gs� subunit (18). In previ-

ous studies, we observed that expression of RGS10 resulted

in a diminished cAMP release compared to the control cells

in cells expressing the gonadotropin-releasing hormone re-

ceptor (GnRHR); however, this decrease seemed to be inde-

pendent of GnRHR stimulation since there was a decrease of

cAMP release even when the agonist was absent (20). In the

present study, we suggest that RGS3 might be acting as a

GTPase enhancer of Gs�, thereby inhibiting cAMP release.

However, this effect could not be due to a direct interaction

of RGS proteins with Gs� subunits but rather regulate the

receptors signaling by secondary mechanisms.

We also analyzed the effect of RGS3 and RGS10 on IP

release. We observed that RGS10 has no effect on FSHR or

LHR signaling because there is no differential IP release

compared to the control values. In contrast, we saw that in

the presence of RGS3, there is a significant inhibition of IP

release with all concentrations of agonist studied for both

receptors, and even without agonist stimulation. In the case

of LHR, RGS3 greatly inhibited the IP response, but did not

alter the concentration–response characteristics; however,

for FSHR we see that the response is significantly inhibited

in agonist absence and with all the agonist concentrations

used. These results suggest that, although there is a probable

action of RGS3 on Gq�-mediated signaling via these recep-

tors, RGS3 inhibits the FSH signaling pathway with only a

modest effect on receptor activation, because there is atten-

uation of cAMP released even in basal levels. This suggests

that RGS3 might be interacting with this subunit by mecha-

nisms independent of receptor activation.

One possible explanation for the difference in the signal-

ing regulation of both RGS proteins could be that RGS10

has been shown to be primarily localized to the nucleus,

while RGS3 is found in the cytoplasm (21), accessible to

the G protein subunits, effectors, and GPCRs. The differ-

ential cellular localization of RGS proteins can provide

functional heterogeneity to the RGS proteins (22). It could

also be that these differential effects were a consequence

of modified interactions via diverse domains between the

receptors and RGS10 compared to RGS3, serving dissimi-

lar regulatory functions (10,11,23,24) or differential recog-

nition of conformational states of Gs� and Gq� exposed by

RGS10 or RGS3. Differential recognition has been observed

on serotonin 5-HT1A, 5-HT2A, and dopamine D2 recep-

tors, where it was demonstrated that RGSZ1, RGS2, RGS4,

RGS7, and RGS10 modulate diverse signaling pathways in

a different manner depending on the receptor on which its

action is taking place. They observed that domains which are

distinct from the conserved domain of RGS proteins confer

selectivity to the RGS protein toward some GPCRs, such

as the RGS4 N-terminal domain that discriminates between

GPCR signaling complexes (25).

The present study provides the first evidence of the inter-

action between any RGS protein and FSHR or LHR signal-

ing. FSHR or LHR signaling has been demonstrated to be

negatively regulated by RGS3 but not RGS10, suggesting

a different effect between RGS proteins on the diverse sys-

tems and on the different G� proteins involved. The reg-

ulatory mechanisms of the RGS proteins have been observed

to be diverse; they have a positive or negative regulation on

the GPCRs-mediated signaling, they directly regulate the

effectors, or they act as scaffolds by assembling protein com-

plexes and modulating their signaling (10,11,23). It is well

known that many RGS proteins can turn off signaling of

some GPCRs (7), and this is likely the case with the FSHR

and LHR. This negative regulation may play an important

role in the action of these receptors by modulating their re-

sponses when a modified environment is present. These reg-

ulatory mechanisms are important to further understand the

physiological role of the RGS proteins on GPCRs actions.

Materials and Methods

Materials

The RGS3 and RGS10 cDNAs and the RGS3 polyclonal

antibody were generously provided by P. Michael Conn (Ore-

gon National Primate Research Center, Oregon Health and

Science University, Beaverton, OR). The RGS10 polyclo-

nal antibody RGS10 (C-20) was purchased from Santa Cruz

Biotechnology, Inc. (Santa Cruz, CA). The agonists and

iodination grade LH and FSH were obtained from Calbio-

chem (San Diego, CA). TRIZol, pcDNA3.1/V5-His-TOPO-

TA, JM109 competent cells, PCR reagents, Dulbecco’s mod-

ified Eagle’s medium (DMEM), fetal calf serum (FCS), lipo-

fectamine reagent, OPTI-MEM, and bovine serum albumin

(BSA) were obtained from Invitrogen Life Technologies

(Grand Island, NY). Myo-[2-3H(N)]-inositol was obtained

from Perkin Elmer (Boston, MA). Iodine-125 was purchased

from Amersham Biosciences (Piscataway, NJ).

FSH and LH Receptor Cloning

Female Sprague-Dawley rats of 28 d of age were used

in agreement with the ethical committee guides from the

Hospital de Pediatría del Centro Médico Nacional Siglo

XXI, Instituto Mexicano del Seguro Social. The brain and

ovaries were extracted and homogenized using 5 mL of

TRIZol Reagent for every 250 mg of tissue. Total RNA was

obtained and purified, cDNA was synthesized, and FSHR

and LHR cDNAs were amplified using specific primers in

a touchdown PCR. The, FSHR sense primer was (5') AAG

AGC CTG GGG AAT CTG TGG AAG and the antisense

primer was (3') CAG TAG GAT TGC CAT TTA GTC CAT

G, the LHR sense primer was (5') T CCT TTG TTA ACT
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CTA GAA AGA ATG CAA AG and the antisense primer

was (3') CGT CCT CTG AAG CAG GTA CAA TTC. The

cDNAs were cloned into pcDNA3.1/V5-His-TOPO-TA vec-

tor and were transformed into JM109 competent cells and

amplified. The cDNA clones were sequenced in an automa-

tic sequencer PE Applied Biosystems 373A (Perkin Elmer,

Foster City, CA).

Transient Co-transfections of FSHR

or LHR and RGS3 or RGS10

The human embryonic kidney-derived cell line HEK-

293 was maintained in DMEM/10% FCS/20 µg/mL gen-

tamicin (DFG), in a 5% CO2 atmosphere at 37°C; 105 cells/

0.5 mL DFG were plated in a 24-well plate. Twenty-four

hours later, the cells were transfected with 50 ng of FSHR

or LHR cDNA and 50 ng of RGS3, RGS10, or control

pcDNA3.1 vector cDNA, per well, using 2 µL of lipofec-

tamine in 0.25 mL of OPTI-MEM, after 5 h 0.25 mL of

DMEM/20% FCS was added. Proteins were allowed to

express for 72 h after transfection (26).

Scatchard Binding Assay

Scatchard binding was assessed in a range of concentra-

tions of [125I]FSH or LH, from 62,500 to 1,000,000 cpm.

Fifty-one hours after transfection the cells were washed

with DMEM/0.1% BSA containing 20 µg/mL gentamicin

(DBG), and plain DMEM was added. Seventy-two hours

after transfection, the cells were washed twice with 0.5 mL

cold DMEM/BSA/10 mM HEPES. The radioactivity was

added to each well in the same medium and the cells were

allowed to incubate for 3 h at 4°C. The cells were washed

twice with 1 mL of cold PBS, and 0.5 mL of 0.2 M NaOH/

0.1% SDS was added to each well. The cell lysate was

aspirated and radioactivity was determined using a Packard

gamma counter (Downers Grove, IL). Scatchard transfor-

mation of the binding data was employed to determine the

number of membrane-expressed receptors and to calculate

receptor–ligand affinity. The x-intercept was taken as max-

imal binding; this number was used to convert the number

of molecules bound to average number of receptors ex-

pressed on each in the cell population. To determine the

effect of RGS proteins on the affinity of the FSHR and the

LHR for ligand, the slope of the curve was calculated using

the x and y intercepts (27).

Quantification of cAMP Release

Forty-eight hours after transfection, cells were washed

twice with DBG and then stimulated with 0, 12.5, 25, or 50

ng of FSH or LH per 0.5 mL DBG containing 0.2 mM

methylisobutylxanthine (to prevent cAMP degradation) for

24 h at 37°C. After stimulation, the medium from each well

was collected into tubes containing 50 µL of 10 mM theo-

phylline (also to prevent cAMP degradation). The samples

were heated at 95°C for 5 min to disrupt enzyme activity

and the amount of medium-released cAMP was determined

by radioimmunoassay (RIA) as previously described (26).

Quantification of IP Accumulation

Fifty-four hours after transfection, cells were washed

twice with DBG, and incubated in 0.5 mL/well DMEM

(inositol-free) containing 4 µCi/mL of [3H]inositol for 18

h at 37°C. The cells were washed twice with 0.5 mL DMEM

(inositol-free) containing 5 mM LiCl and stimulated with

0, 12.5, 25, or 50 ng of FSH or LH per 0.5 mL of the same

DMEM/LiCl (inositol-free) for 2 h at 37°C. The treatment

solutions were removed, and 1 mL of 0.1 M formic acid was

added to each well. The cells were frozen and thawed to dis-

rupt cell membranes, and the intracellular IP accumulation

was determined by Dowex anion exchange chromatogra-

phy and liquid scintillation spectroscopy (28).

Data Analysis

Data are presented as the means ± SEM of triplicate assay

wells in each experiment. The data were analyzed using

one-, two-, or three-way ANOVA followed by the Tukey’s

HSD test, and by the Student’s t test; p < 0.05 was consid-

ered significant.
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