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A specific luteinizing hormone receptor (LHR) mRNA binding protein (LRBP) has been identified 
and purified. This LH receptor mRNA binding protein selectively binds to the polypyrimidine rich 
bipartite sequence in the coding region of the LHR mRNA and accelerates its degradation. In response 
to preovulatory LH surge, the LH receptor expression in the ovary undergoes downregulation by 
accelerated degradation of LH receptor mRNA through the involvement of this RNA binding protein. 
Here we describe the intracellular mechanism triggered by LH/hcg (human chorionic gonadotropin) 
that leads to the regulated degradation of LH receptor mRNA. Downregulation of LH receptor mRNA 
was induced by treatment of cultured human granulosa cells with 10 IU of hcg. Activation of downstream 
target, extracellular signal-regulated protein kinase 1 and 2 (ERK 1/2) showed an increase within five 
min and sustained up to 1 h. confocal analysis showed that ERK1/2 translocates to the nucleus after 15 
min of hcg treatment. This leads to an increase in LRBP expression which then causes downregulation 
of LH receptor mRNA by accelerating its degradation. Treatment with UO126 or transfection with ERK 
specific siRNA (small interfering RNA) resulted in the abolishment of ERK activation as well as LHR 
mRNA downregulation. RNA electrophoretic mobility gel shift assay of the cytosolic fractions showed 
that hcg-induced increase in the LH receptor mRNA binding activity was also abrogated by these 
treatments. These results show that LH/hcg-induced LH receptor mRNA downregulation is initiated 
by the activation of ERK1/2 pathway by regulating the expression and activity of LH receptor mRNA 
binding activity. 
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Introduction 

 The LH/hCG (luteinizing hormone/human 
chorionic gonadotropin) receptor (LHR) expressed 
in the gonads regulates the ovarian and testicular 
function1-3. Although gonadal tissues are the primary 
sites of its expression, it is now well-established 

that LHR is also expressed in many non-gonadal 
tissues4. LHR along with follicle stimulating hormone 
(FSH) receptor and thyroid stimulating hormone 
(TSH) receptor belongs to the family of rhodopsin/
β2 adrenergic receptor subfamily of G protein 
coupled receptors5. Binding of the LH or hCG to the 
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extracellular domain of LHR causes a conformational 
change leading to guanosine di-and triphosphate 
(GDP-GTP) exchange on the cognate G protein. This 
results in the dissociation of the inhibitory beta-gamma 
subunit from the alpha subunit leading to the activation 
of adenylatecyclase to increase the intracellular 
concentration of adenosine cyclic 3’, 5’ cyclic 
monophosphate (cAMP). Cyclic AMP then activates 
protein kinase cascade and activates multiple signaling 
pathways culminating in increased steroidogenesis 
and stimulation of other cellular functions. It has been 
shown that at higher concentrations, LH or hCG can also 
activate phospholipase C resulting in the formation of 
inositoltriphosphate (IP3) and diacylglycerol (DAG)6-9. 
The physiological significance of this pathway in LH-
regulated ovarian function is not clearly understood. 

 LHR is expressed in the follicles, theca cells and 
corpus luteum of the ovary and the expression pattern 
shows considerable changes throughout ovarian 
cycle10-12. In growing follicles, LHR expression is 
regulated by the combined actions of FSH and estradiol. 
Consequently, the expression of LHR increases during 
follicular growth as it acquires the ability to secrete 
estrogens13. The receptor expression is transiently 
downregulated in response to pre-ovulatory LH surge, 
which then recovers from down-regulation after 72 h 
reaching maximum level by the mid luteal phase10-12,14. 
The LHR level falls off as the corpus luteum undergoes 
regression. The molecular mechanism underlying the 
regulation of LHR expression has been investigated in 
depth in our laboratory. Using rodent and human ovarian 
models, we have determined that the regulation of 
LHR occurs through post-transcriptional mechanisms 
mediated by a specific LHR mRNA binding protein15,16. 
This article will focus on the signaling pathways 
involved in the post-transcriptional regulation of LHR 
expression. 

LHR downregulation 

 The downregulation of LHR occurs in response 
to preovulatory LH surge or in response to the 
administration of a pharmacological dose of LH or 
hCG. The loss of the ligand binding activity is closely 
coupled to the loss of the steady state levels of LHR 
mRNA. In human, this phenomenon occurs during 
ovulation induction by the administration of hCG 
prior to ovum retrieval for in vitro fertilization16. 
Granulosa cells isolated from the retrieval fluids 
showed complete loss of LHR mRNA on the day of 
retrieval, when examined by Northern blot analysis 

(Fig. 1)16. The granulosa cells were then cultured for 
different periods of time and RNA was extracted from 
the harvested cells for examination of the reappearance 
of LHR mRNA. The recovery from down regulation 
began approximately 48 h later and reached maximum 
level by day 4 in culture (Fig. 1). This phenomenon 
can be demonstrated in a pseudopregnant rat model by 
treatment with a single dose of 50 IU of hCG to down 
regulate LHR. The loss of LHR mRNA transcripts 
during down regulation is shown in Fig. 2A17. The 
left hand panel shows the expression of LHR mRNA 
transcripts in the saline treated control ovaries. The 
expression of LHR mRNA transcripts in response to 
the administration of hCG that mimics preovulatory 
LH surge is shown on the right hand panel. The LHR 

Fig. 1. Northern blot analysis of LHR mRNA in human granulosa 
cells immediately after retrieval (D1) and after 4 days of incubation 
in serum free media (D4).Total RNA was extracted from granulosa 
cells from day 1 and four days of incubation (D4) to recover from 
downregulation. RNA was separated on agarose-formaldehyde gel, 
transferred to nitrocellulose membranes, hybridized with the 32P-
labelled hLHRcDNA, and exposed to X-ray film. To monitor RNA 
loading, the blot was stripped and rehybridized with radiolabelled 
cDNA for 18S rRNA. The blot shown is one representative of three 
experiments with similar results. (Source: Ref. 16, Reproduced 
with permission).
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mRNA expression remains suppressed up to 48 hours 
and recovers from downregulation by 72 h10,15. The loss 
of receptor mRNA could be either due to a decrease in 
the rate of synthesis or due to increased degradation. To 
examine these possibilities, nuclear run-on assays were 
performed to determine the transcription rate during 
hCG-induced LHR downregulation15. The results 
showed that the transcription rate remained identical 
in both control and hCG treated groups suggesting that 
the loss of the steady state levels of LHR mRNA is 
not due to decreased transcription, but rather resulted 
from increased degradation15. Furthermore, the half-
life of LHR mRNA was significantly reduced in the 
hCG treated group when compared to the mRNA 
decay rate of the control group (Fig. 2B). There was 
approximately a three-fold decrease in mRNA half-life 
in the down- regulated group.

 The steady state level of mRNA, in general, is 
controlled by the rate of its synthesis and the rate of 
degradation. It is now clear that highly regulated 
mRNAs are controlled, at least in part, by modulating 
their degradation. In the majority of instances of post-
transcriptional regulation of mRNA, the changes in 
the stability of mRNA appear to result from changes 
in the binding of cytoplasmic proteins, known as 
trans factors, to defined sequences or structures, 
known as cis elements, in the target mRNA, forming 
a ribonucleoprotein complex. These trans factors can 
either increase or decrease the stability of RNA. The 

binding of proteins to mRNAs can occur either on 3’ 
end, 5’ end or on the coding sequence18-24. On the basis 
of these facts, the possible existence of an LHR mRNA 
binding protein was examined in the cytosolic fractions 
from the ovaries after injection with a dose of hCG that 
is known to downregulate LHR mRNA expression. 

Identification of LHR mRNA binding protein

 Our first attempt was to examine whether a specific 
LHR mRNA binding protein participates in LH/hCG 
regulated downregulation of LHR mRNA expression. 
Cytosolic fractions from control and downregulated 
ovaries were prepared and the ability of these fractions 
to bind LHR mRNA was examined by performing 
RNA electrophoretic mobility shift assay (REMSA)17. 
A 100,000 x g supernatant (S100) fraction of the 
ovarian homogenate was incubated with [32P] labelled 
LHR mRNA that was prepared by transcribing the full 
length cDNA encoding the LHR in the presence of 
[α32P] UTP. After treatment with RNAses to degrade 
unreacted [32P] labelled RNA, the ribonucleoprotein 
complex was subjected to electrophoresis under 
non-denaturing conditions, and autoradiography. 
We compared the ability of the S100 fractions from 
the control and hCG downregulated ovaries to bind 
radiolabelled LHR mRNA. The results showed that 
there were two prominent bands designated as LRBP-1 
and LRBP-2 (LHR binding protein), corresponding to  
molecular weight 50 and 45 kDa, respectively, in both 

Fig. 2. Hormonal control of LHR mRNA expression in the ovary. A. Northern blot hybridization analysis of steady state LHR mRNA levels 
during hCG-induced downregulation. Autoradiogram of Northern blot hybridization analysis of total RNA isolated at the indicated times 
from the ovaries of saline-injected (control) (lanes 1-6) or hCG-injected (downregulated) (lanes 7-11) rats. Blots were probed using a labelled 
cDNA encoding the LHR carboxyl terminus and a portion of the 3’-UTR (nucleotides 1936-2682). B. LHR mRNA half-life determination 
in control and 12 h downregulated rat ovaries. Cell suspensions were incubated with 10 µg/ml actinomycin D for 2h. Duplicate aliquots of  
20 x 106 cells were removed at the indicated times. Total RNA was isolated and assayed for LHR mRNA by solution hybridization. Each data 
point represents the average of duplicate determinations. ▀ Contol, ▲ downregulated. (Source: Ref. 17, Reproduced with permission).
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the control and down regulated ovaries17. The intensity 
of LRBP-1 was 3-fold higher in the downregulated 
group compared to the saline treated control. No 
significant change in the intensity in LRBP-2 was 
noticed. Since the hormonal induction of LRBP-1 was 
significantly higher, we focused our attention only on 
LRBP-1. 

 Studies were carried out to determine the nucleotide 
sequence involved in the interaction of LHR mRNA 
with proteins in the S100 fraction. Truncated segments 
of the full length LHR mRNA were incubated with 
ovarian S-100 fractions and electrophoretic mobility 
shift assays were performed to localize the region 
of LHR mRNA that interacted with the protein. The 
results of these studies coupled with the results from 
RNA hydroxyl radical foot- printing revealed that the 
contact site of the interaction of LRBP-1 with LHR 
mRNA consisted of a bipartite polypyrimidine- rich 
sequence corresponding to the nucleotides 203-220 
located in the region encoding the amino terminus of 
LHR25.

 After establishing the existence of an inducible 
RNA binding protein that recognizes a specific structure 
of the LHR mRNA, we examined the LHR mRNA 
binding activity under conditions that mimic follicle 
maturation and the LH surge26. Since the expression 
of the LHR is increased during follicle maturation and, 
conversely, the LHR expression is decreased during 
downregulation, these two paradigms were selected 
to examine whether changes in LHR expression have 
any bearing on the LHR mRNA binding activity. In 
response to treatment of 23 day old rats with pregnant 
mare's serum gonadotropin (PMSG), as expected, there 
was an increase in the expression of LHR mRNA by 
56 h due to the induction of LHR mRNA by the FSH 
type of activity associated with pregnant mare’s serum 
gonadotropin (PMSG). Fifty six hours after PMSG 
treatment, administration of 50 IU of hCG caused a 
transient decrease in LHR mRNA expression during the 
ensuing 24 h period as a result of downregulation. The 
LHR mRNA level returned to the hCG pretreatment 
level by 72 h. Thus, the changes in LHR mRNA were 
consistent with the expected up- and downregulation 
following the treatments. The LHR mRNA binding 
activity showed a strikingly different pattern in response 
to these treatments. When the expression of LHR mRNA 
was high in response to PMSG treatment, the LRBP 
activity showed a decrease. Conversely, an increased 
expression of LHR mRNA binding activity was seen 
when LHR mRNA expression was low in response to 

LHR downregulation26. Thus, there appeared to be an 
inverse relationship between the expression of LHR 
mRNA binding activity and LHR mRNA expression. 
These results have clearly pointed out that LRBP is a 
regulator of LHR mRNA expression. 

Signaling mechanism involved in LRBP-mediated 
LHR mRNA degradation

 The cellular mechanism that triggers the LRBP 
expression in response to LH/hCG treatment that 
leads to LHR mRNA downregulation was examined 
using cultured human granulosa cells. Specifically, 
the participation of protein kinase A (PKA) and ERK 
signaling pathways, the two downstream signaling 
molecules involved in LH action was examined during 
hCG- induced downregulation of LHR expression. 
First, we examined the possible participation of 
PKA in this process by blocking PKA activity by 
pretreatment with 10 micromolar concentrations of 
a pharmacological inhibitor, H89 prior to treatment 
with 10 IU of hCG for 12 h to down regulate LH 
receptor. The effect of blockade of PKA by H89 on 
the downregulation of LHR and induction of LRBP 
were determined by performing real time PCR. The 
results showed that, as expected, treatment with hCG, 
resulted in downregulation of LHR mRNA (Fig. 3A)27. 
This down-regulation was abolished when cells were 
preincubated with H89 prior to hCG addition. These 
results showed that the hCG-induced activation of PKA 
is required for inducing downregulation of LHR27.

 Since LH/hCG- induced LHR mRNA 
downregulation is mediated by LRBP16,25,26,28, the 
effect of preincubation with H89 on the expression of 
LRBP was examined27. The results showed that while 
treatment with hCG alone caused an increase in LRBP 
expression (Fig. 3B), more importantly, treatment 
with H89 prior to hCG treatment caused a significant 
reduction in the expression of LRBP. From these 
results, we concluded that abolition of hCG-induced 
PKA activation abrogated both LRBP expression and 
downregulation of LHR mRNA. 

 It has been shown that ERK is downstream of 
PKA in G protein-coupled receptor (GPCR) mediated 
signaling pathways29-32. To demonstrate that this is 
also true in human granulosa cells, the sensitivity of 
H89 on ERK1/2 activation in response to hCG was 
examined. Treatment of granulosa cells with hCG 
markedly increased the phosphorylation of ERK1/2 in 
a time dependent manner, starting as early as 5 min and 
lasting upto 30 min, but decreased to control levels by 
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1 h (Fig. 4A)27. Pretreatment with the PKA inhibitor, 
H89 blocked this increase clearly showing that ERK1/2 
is downstream of PKA in human granulosa cells (Fig 
4B).Therefore, the involvement of ERK1/2 in hCG-
mediated downregulation of LHR mRNA, the effect 
of blocking ERK activation on LHR downregulation 
and LRBP expression were examined by depleting 
ERK using siRNA technique. First, the effectiveness 
of ERK specific siRNA to suppress ERK expression 

was assessed by incubating human granulosa cells 
with ERK-specific siRNA for 48 h. The results showed 
that ERK specific siRNA was effective in significantly 
reducing ERK expression while a non-specific siRNA 
produced no change in ERK level (Fig. 5A)27. After 
establishing the effectiveness of ERK specific siRNA 
to block ERK expression, the effect of ERK depletion 
on LHR mRNA downregulation was examined. Human 
granulosa cells were exposed to ERK-specific siRNA 
for 48 h to knockdown ERK expression and the ability 
of hCG to downregulate LH receptor was tested by 
incubating with 10 IU of hCG for 12 h. The results 
showed that while hCG alone caused downregulation 
of LHR, this downregulation by hCG was not seen 
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Fig. 3. Effect of PKA inhibitor H-89 on the expression of LHR 
mRNA and LRBP protein in human granulosa cells. Day 3 
granulosa cells were serum-starved, treated with hCG (10 IU/ml) 
with or without the PKA inhibitor H-89 (10 µM; 1 h pretreatment) 
for a total of 12 h, and were either processed for total RNA 
isolation or lysed using RIPA buffer. A. Total RNAs were reverse 
transcribed, and the resulting cDNAs were subjected to real-time 
PCR quantitation using specific primers and probes for LHR. 
The graph represents changes in mRNA levels normalized to 18S 
rRNA, shown as fold change vs. control. Error bars, mean ± SE. *, 
P < 0.05 vs. control CTL; #, P < 0.05 vs. hCG; n = 4. B. Cell lysates 
were subjected to Western blot analysis to detect LRBP using 
LRBP antibody. The membranes were then stripped and reprobed 
for β-tubulin. The lower panel represents densitometric scanning 
of the LRBP normalized for tubulin and expressed as fold change 
vs. CTL. The blot shown is representative of three independent 
experiments, and the results in the bar graph are average and SE 
of three experiments. *, P < 0.05 vs. CTL; #, P < 0.05 vs. hCG. 
(Source: Ref 27, Reproduced with permission).
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Fig. 4. Activation of ERK1/2 in human granulosa cells. Day 4 
granulosa cells were serum-starved, treated with hCG (10 IU/ml) 
alone for different time intervals (5 min, 15 min, 30 min, and 1 h; (A) 
or in the presence of H-89 (10 µM; 1 h pretreatment) for 15 min (B) 
and were lysed using RIPA buffer. The cell lysates were subjected 
to Western blot analysis to detect p-ERK1/2. The membranes were 
then stripped and reprobed for total ERK2. Lower panels represent 
densitometric scanning of the p-ERK1/2 signals normalized with 
ERK2 and expressed as fold change vs. CTL. The blots shown are 
representative of three independent experiments, and the results in 
the bar graphs are average and SE of three experiments. *, P < 0.05 
vs. CTL; #, P < 0.05 vs. hCG. (Source: Ref. 27, Reproduced with 
permission).
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Fig. 5. ERK1/2 silencing inhibits hCG-induced decrease in LHR mRNA levels and increases in LRBP protein expression and binding activity. 
Granulosa cells were transfected with either control siRNA (CTLsi) or ERK 1/2 siRNA (ERKsi) and cultured for 48 h. After serum-starving 
for another 24 h, cells were treated with hCG (10 IU/ml) for 12 h and processed for total RNA isolation, for Western blot analysis, or for 
REMSA. A. ERK1/2 silencing was confirmed by the Western Blot analysis of cell lysates using total ERK2 antibody. B. Total RNAs were 
reverse transcribed, and the resulting cDNAs were subjected to real-time PCR quantitation using LHR-specific primers and probes. The graph 
represents changes in mRNA levels normalized to 18S rRNA and are shown as fold change vs. control. Error bars, mean ± SE. *, P < 0.05 vs. 
CTL; #, P < 0.05 vs. hCG; n = 3. c. Cell lysates were subjected to Western blot analysis to detect LRBP using specific antibody. The same 
membranes were then stripped and reprobed for ERK2 and β-tubulin. The blot shown is a representative of three independent experiments.  
D. G el mobility shift analysis was performed with [32P]-labelled rat LBS (1.5 × 105 cpm) and S100 fractions containing equal amounts of 
total protein extracted from the different treatment groups. The autoradiogram shown is representative of three independent experiments. 
(Source: Ref. 27, Reproduced with permission).

in cells pretreated with ERK specific siRNA (Fig. 
5B). Furthermore, hCG-induced LRBP expression 
and activity were also significantly reduced in cells 
where ERK expression was knocked down by siRNA 
compared to controls treated with a non-specific siRNA 
(Fig. 5C and D).These results clearly demonstrated 
that LH-mediated ERK activation is required for LHR 
downregulation and that this response is mediated by 
LRBP27.

conclusion

 In summary, based on the present and ongoing 
studies, we propose a model for the mechanism 
for LH/hCG-mediated downregulation of LHR 
mRNA expression, as depicted in Fig. 627. In 
response to preovulatory LH surge or in response 

to hCG administration to induce ovulation, the 
initial interaction of LH with its receptor results in 
increased cyclic AMP production. This increase leads 
to activation of PKA and ERK signaling cascade to 
increase LRBP expression. LRBP in turn binds LHR 
mRNA and forms an untranslatable ribonucleoprotein 
complex and targets LHR mRNA for degradation in 
P bodies. Thus, accelerated degradation results in 
the transient loss of LH receptor. This loss of LH 
receptor causes a temporary halt in the LH/hCG-
mediated signaling during the differentiation of 
granulosa cells to luteal cells. Thus, LH signaling 
through PKA and ERK1/2 pathway is required for 
LHR down regulation in response to preovulatory LH 
surge or in response to hCG treatment for ovulation 
induction. 
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