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Abstract

Luteinizing hormone and human chorionic gonadotropin (hCG) bind to the luteinizing hormone/

chorionic gonadotropin receptor (LHCGR). LHCGR is required to maintain corpus luteum 

function but the mechanisms involved in the regulation of LHCGR in human luteal cells remain 

incompletely understood. This study aimed to characterize the expression of LHCGR mRNA in 

primary human luteinized granulosa cells (hLGCs) obtained from patients undergoing in vitro 

fertilization and to correlate LHCGR expression with the response of hLGCs to hCG by assessing 

the expression of genes known to be markers of hCG actions. The results show that LHCGR 

expression is low in freshly isolated cells but recovers rapidly in culture and that hCG maintains 

LHCGR expression, suggesting a positive feedback loop. The activity of a LHCGR-LUC reporter 

increased in cells treated with hCG but not with follicle-stimulating hormone. Treatment with hCG 

also stimulated the expression of genes involved in steroidogenesis in a time-dependent manner. 

LHCGR promoter expression was found to be regulated by SP1, which we show is highly 

expressed in hLGCs. Moreover, SP1 inhibition prevented the stimulation of steroidogenic genes 

and the increase in LHCGR-LUC reporter activity by hCG. Finally, we provide evidence that a 

complex formed by SP1 and GATA4 may play a role in the maintenance of LHCGR expression. 

This report reveals the mechanisms involved in the regulation of the LHCGR and provides 

experimental data demonstrating that the proximal region of the LHCGR promoter is sufficient to 

drive the expression of this gene in primary hLGCs.
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Introduction

Luteinizing hormone (LH) and human chorionic gonadotropin (hCG) bind to the same 

receptor named luteinizing hormone/chorionic gonadotropin receptor (LHCGR). The 

expression of this receptor in theca and granulosa cells of ovarian follicles is essential to 

produce progesterone, androstenedione, and testosterone and consequently also for estradiol 

production via aromatization of androgens. The LHCGR is also required for ovulation, 

luteinization, and corpus luteum formation [1]. Luteinizing hormone receptor knockout 

female mice have small ovaries in which antral follicle formation can be recognized, but 

preovulatory follicles and corpora lutea are absent [2, 3]. Thus, the LHCGR is needed not 

only for corpus luteum function but also for follicular maturation and ovulation. The 

molecular mechanisms involved in the regulation of LHCGR in granulosa cells have been 

extensively studied [4–6], but these mechanisms remain unexplored in luteal cells, especially 

in humans.

Whereas low levels of LH are enough to sustain follicle growth and luteal function, 

ovulation requires high levels of LH that are triggered by the maturation of the preovulatory 

follicle, which signals its readiness to ovulate by increasing estradiol levels in circulation. 

This surge of LH causes ovulation, luteinization, and leads to the downregulation of the 

LHCGR at the protein and mRNA levels in the forming corpus luteum [7–9]. A decrease in 

Lhcgr mRNA half-life mediated by microRNAs including miR-122 and miR-136 appears to 

be involved in the rapid drop in Lhcgr mRNA expression associated with the LH surge [9–

12]. However, this drop in LHCGR expression is transient and Lhcgr mRNA levels are 

restored in luteal cells [8, 9, 13, 14]. Thus, LHCGR protein is highly expressed in the human 

corpus luteum [15]. Recently, it was reported that a progesterone receptor antagonist 

decreases LHCGR expression in human luteinized granulosa cells (hLGCs)[16], suggesting 

an autoregulatory mechanism by progesterone. FSH is the main regulator of LHCGR 

expression in granulosa cells, but FSH is not needed during the luteal phase. Therefore, the 

factors and mechanisms that control the reactivation of the LHCGR gene in luteal cells are 

not known, particularly in humans.

In humans, the luteal phase usually lasts 14–16 days, at the end of which progesterone 

production ceases. Premature luteolysis is recognized clinically as a cause of an abnormally 

short luteal phase, abnormal vaginal bleeding in the luteal phase, and infertility [17]. Luteal 

regression occurs in the presence of constant LH pulsatile secretion, suggesting that the 

responsiveness to LH decreases as the corpus luteum ages [18–20]. In fact, although human 

luteal cells express LHCGR intensely at the mid-luteal phase, LHCGR is almost 

undetectable during luteolysis [15, 21]. Similarly, in the rhesus monkey, LHCGR expression 

increases from the early to mid-luteal phase, remains high until the late luteal phase, and 

then decreases during the very late luteal phase [22]. The factors causing this loss in LH 

sensitivity during the late luteal phase are not known. In case of fertilization and 

implantation, hCG secreted by the syncytiotropho-blast activates the LHCGR and sustains 

corpus luteum function. Thus, in cynomolgus monkeys, the administration of exponentially 

increasing levels of hCG prolongs the functional lifespan of the corpus luteum [18]. 

Therefore, the mechanisms involved in the regulation of LHCGR expression are also 

essential during early pregnancy in primates.

Convissar et al. Page 2

J Steroid Biochem Mol Biol. Author manuscript; available in PMC 2020 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



The aim of this study was to characterize the expression of Lhcgr mRNA in hLGCs obtained 

from patients undergoing in vitro fertilization and to examine the response of hLGCs to hCG 

on the expression of several genes known to be markers of LH action in luteal cells. Our 

findings reveal, for the first time, an autoregulatory effect of hCG on Lhcgr mRNA in 

primary hLGCs and provide evidence suggesting that SP1 and GATA4 could cooperate to 

regulate the LHCGR and steroidogenesis in luteal cells.

Material and Methods

Human luteinized granulosa cell culture

Primary hLGCs were obtained from the follicular aspirates of egg donors or women 

undergoing in vitro fertilization due to male infertility at the University of Illinois at Chicago 

Fertility Center under Institutional Review Board approval and with the patient’s consent. 

After controlled ovarian hyperstimulation, patients were administered hCG, underwent 

transvaginal oocyte retrieval, and follicular aspirates were collected from the ovarian 

follicles 35 to 36 h after hCG. The hLGCs were isolated from the aspirate milieu after 

centrifugation at 1000 g for 5 min. An aliquot of cells was processed immediately for RNA 

isolation as an uncultured ex vivo control group (0d). The rest of the cells were resuspended 

in 2 ml of serum-free cell culture medium (DMEM/F12, 0.25% BSA, 1 × antibiotic-

antimycotic) and applied to a 50% Percoll (Invitrogen) gradient to eliminate contaminating 

erythrocytes and centrifuged for 20 min at 1000 g. The cellular interphase was collected, 

pipetted through a 70 μm filter and resuspended in 5 ml of cell culture medium. Cells were 

cultured for 1, 2, 3, 4, 5 or 6 days in the presence or absence of recombinant hCG (50 ng/

ml). This concentration of hCG was chosen because it is widely used in the literature [23–

25]. Media and treatment hormones were replaced every two days.

Promoter reporter assays

Promoter reporters were generated by cloning the 174 bp upstream region of the human 

Lhcgr proximal promoter followed by the firefly luciferase cDNA into pTRIP plasmid [26]. 

Lentiviruses containing wild-type or SP1-mutant constructs were generated as previously 

described [27]. All reporter constructs contain an expression cassette for green fluorescence 

protein to determine infection efficiency, which was greater than 90 percent in all 

experiments. Empty pTRIP plasmids were used as controls (Luc). To analyze promoter 

activity, cells were infected with lentiviral constructs for 48 h following treatments as 

described in the figure legend. Luciferase activity was determined in 50 μl of cell lysate as 

previously described [27].

Total RNA isolation and quantification of gene expression

RNA was isolated using Trizol reagent (Thermo Fisher Scientific, Waltham, MA, USA) 

according to the manufacturer’s instructions. For reverse transcription, we added anchored 

Oligo DT primers (IDT) to each sample and incubated the samples at 70°C for 5 min. 

Elongation was performed at 37°C for 1 hour using Moloney Murine Leukemia Virus 

reverse transcriptase (200U/sample; Thermo Fisher Scientific) in buffer containing 10 mM 

Tris-HCL pH 8.3, 75 mM KCl, 3 mM MgCl2, 10% Glycerol, 10 mM DTT, 1mM dNTP, and 

0.5 U/ul RNase Inhibitor Cocktail (Amresco, Solon, OH, USA). Reverse transcriptase 
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inactivation was performed at 95°C for 5 min, and the resulting cDNA was diluted to a final 

concentration of 10 ng/μL in RNase and DNase free water. Quantitative real-time PCR 

(qPCR) was performed using intron-spanning primers. All determinations were performed in 

duplicate and the number of mRNA copies for each gene was calculated against a standard 

curve. Primer sequences are shown in table 1. Gene expression was normalized to the 

expression of RPL19, an internal control. Real-time quantification was performed using an 

iQcycler Real-Time PCR machine (Bio-Rad, Hercules, CA, USA) using the following 

protocol: denaturation at 95°C for 2 min followed by 40 cycles of 95°C for 5 sec, 60°C for 

10 sec, and 72°C for 40 sec. At the end of each amplification, a melting curve determination 

was performed for each primer set. PCR products were sequenced to verify the amplification 

of a single product.

Protein isolation, immunoprecipitation, and western blotting

Cells were homogenized in ice-cold immunoprecipitation lysis buffer (50 mM Tris-HCl pH 

7.4, 1% NP-40, 0.25% Na-deoxycholate, 150 mM NaCl, 1 mM EDTA) supplemented with 

inhibitors of phosphatase activity (1 mM PMSF, 1 mM Na3VO4, 1 mM NaF), and a protease 

inhibitor cocktail (Sigma, St. Louis, MO, USA). The protein concentration was determined 

using a BCA assay with BSA as a standard. All samples were denatured and reduced in 

sample buffer (0.555 mM bis-Tris, 4.44% sodium dodecyl sulfate, 0.333 mM HCl, 30% 

glycerol, 2.22 mM EDTA, 10% β-mercapto-ethanol, 0.04% bromophenol blue) and heated 

for 10 min at 90°C. Proteins were separated on a 12% bis-Tris-PAGE gel run for 1.5 h at 120 

V. Samples were transferred to nitrocellulose membranes for 2.5 h at 150 mA followed by 

blocking in 5% milk for 2 h. Next, the membranes were incubated overnight at 4 °C with 

antibodies against SP1 and ACTB (Abcam, Cambridge, MA, USA). The membranes were 

then washed three times in Tris-buffered saline + 1% Tween 20 followed by a 2-hour 

incubation at room temperature with a species-specific secondary antibody conjugated to 

horseradish peroxidase (Jackson Immunoresearch, West Grove, PA, USA). Protein-antibody 

bound complexes were visualized by chemiluminescence using horseradish peroxidase 

conjugated secondary antibodies. Detection was performed using a BioRad ChemiDoc XRS 

System and the signal intensity was analyzed and quantified with BioRad Image Lab 

Software. Protein expression was normalized to the expression of ACTB (loading control), 

for each sample.

Total cell extracts were used to immunoprecipitate SP1 (Abcam) or GATA4 (Cell Signaling, 

Danvers, MA, USA) using previously described protocols [28]. Western blotting of 

immunoprecipitated proteins was performed as described above.

Statistics

The number of patient samples used for each experiment is indicated in the corresponding 

figure legend. Data for continuous variables are presented as mean values ± SEM. Statistical 

comparisons of mean values between groups were performed with paired t-tests, and 

multiple comparisons were performed with one-way ANOVA with repeated measures 

followed by Bonferroni adjustment where appropriate. Differences were considered 

statistically significant if the P values were less than 0.05.
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Results

Characterization of the response of hLGCs to hCG in an extended cell culture

Total RNA was isolated from hLGCs either immediately after follicle aspiration (uncultured 

ex vivo group, day 0) or following culture in serum-free media for 1, 2, 3, 4, 5 or 6 days in 

the presence or absence of recombinant hCG. In uncultured ex vivo hLGCs, the mRNA 

levels of the Lhcgr were low (Figure 1A). However, Lhcgr expression fully recovered after 

only 1 day in culture reaching peak levels that were maintained for up to 48 h (Figure 1A). 

This brief increase in expression occurred independent of exposure to hCG. After 3 days in 

culture, the expression of Lhcgr declined significantly in untreated cells but the expression 

levels were significantly higher than that of uncultured samples. In contrast, in cells treated 

with hCG, we did not observe a decrease in Lhcgr mRNA levels after 3 days in culture, 

rather the receptor remained highly expressed until day 5, and only at this point the Lhcgr 
mRNA decreased to the levels seen in untreated cells (Figure 1A). We also examined the 

expression of the FSH receptor during this time-course experiment to determine whether the 

regulation of LHCGR was unique among gonadotropin receptors. As shown in figure 1, 

baseline levels of Fshr mRNA were approximately 100 times lower than those of Lhcgr. 
After 1 day of culture, Fshr expression decreased to almost undetectable levels, but then 

recovered in a time-dependent manner from day 2 onwards. These changes in Fshr 
expression were independent from the presence of hCG in the media.

As the main function of the LHCGR in luteal cells is to sustain the expression of 

steroidogenic enzymes, we next measured the expression of genes involved in steroid 

synthesis, including StAR, Cyp11a1, and Hsd3b2 (Figure 1A). We observed that, in contrast 

to Lhcgr expression, culturing cells for one day in the presence or absence of hCG did not 

significantly affect the mRNA levels for any of these genes. Moreover, in untreated 

conditions no recovery was observed, and after 3 days the expression of StAR, Cyp11a1, 
and Hsd3b2 dropped significantly to levels that were similar or lower than those seen in 

uncultured samples. However, for these genes addition of hCG to the culture medium 

resulted in a significant increase in their expression. For instance, StAR expression was 

significantly increased by the second day of culture and remained at this level until the end 

of the experiment while the expression of Cyp11a1 and Hsd3b2 increased significantly by 

day 3 and remained at this level until day 6 when a slight decrease was observed.

The human corpus luteum also produces high quantities of estradiol during the luteal phase. 

Therefore, we examined the expression of aromatase (Cyp19a1), an enzyme essential for 

estradiol production. The expression of Cyp19a1 decreased significantly between uncultured 

cells and cells collected after one day of culture (Figure 1A). Cyp19a1 expression recovered 

on day 2 and remained stable until the end of the study in untreated cells. In the presence of 

hCG; however, Cyp19a1 expression increased significantly from day 3 until day 6.

Expression profile of non-steroidogenic genes

Although steroidogenesis is the main physiological role of the corpus luteum, several non-

steroidogenic genes are known to be crucial for corpus luteum function. Within these genes, 

vascular endothelial growth factor a (VEGFa), insulin-like growth factor 2 (IGF2), 
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connective tissue growth factor (CTGF), and secreted frizzled-related protein 4 (SFRP4) 

have been shown to be regulated during luteinization. Therefore, their expression was also 

examined. The results revealed that Vegfa and Igf2 expression decreases in cultured cells 

when compared to uncultured cells (Figure 1B). The decrease in Vegfa mRNA levels was 

progressive while the decrease on Igf2 expression was abrupt and remained low until day 6. 

The expression of Vegfa and Igf2 was stimulated by hCG from day 3 to day 6 of culture 

(Figure 1B).

An opposite scenery was observed for Ctgf and Sfrp4. Thus, in untreated cells, the 

expression of both genes increased gradually in culture from day 1 to day 6. In the case of 

Ctgf, the expression was high in uncultured cells but fell more than 70 percent after 24 h in 

culture. The gradual increase in Ctgf and Sfrp4 levels observed in untreated cells was 

abolished by hCG (Figure 1B).

Activity and regulation of the LHCGR promoter in primary hLGCs

Our results have shown that hCG maintains Lhcgr expression in primary hLGCs, suggesting 

the presence of a positive feedback loop that directly affects the responsiveness of these cells 

to hCG. To investigate the mechanisms regulating the expression of the LHCGR gene, we 

cloned the human LHCGR proximal promoter into a luciferase reporter construct. The 

proximal region was chosen because the 174 to +1 region of the LHCGR promoter has been 

shown to display the highest level of expression in granulosa and Leydig cells [4]. We 

cloned this region into a lentiviral reporter plasmid (LHCGR-LUC) and used a lentiviral 

system to infect primary hLGCs. The use a lentiviral system to deliver the LHCGR-Luc 

reported into luteal cells was necessary as primary hLGCs are inherently difficult to transfect 

by other means. After 24 h of viral infection, cells were treated with hCG for 6, 24, or 48 h 

then harvested to evaluate luciferase activity. Additionally, samples treated with FSH were 

included to determine the specificity of our reporter system to hCG. The results showed that 

gonadotropin treatment had no effect on LHCGR-LUC activity after 6 h of treatment. 

However, after 24 and 48 h a significant increase in LHCGR-LUC reporter activity was 

observed in cells treated with hCG but not in those treated with FSH (Figure 2).

SP1 is expressed but not regulated by hCG in primary hLGCs

The promoter region of the LHCGR gene contains two well-characterized SP1 sites (Figure 

3A), which have been shown to regulate LHCGR expression in tumor cells, including JAR 

(human choriocarcinoma) and MCF-7 (human breast adenocarcinoma) cells [29]. Therefore, 

we first examined the expression of SP1 mRNA and protein in primary hLGCs. The results 

showed that Sp1 mRNA was detectable in hLGCs but was not regulated by prolonged 

culture in the presence or absence of hCG (Figure 3B). We detected both the 106 kDa and 95 

kDa SP1 protein isoforms using western blot analyses, indicating that SP1 protein is 

expressed in hLGCs. SP1 protein levels were unaffected by hCG treatment (Figure 3C).

SP1 binding sites are required for the activation of the Lhcgr promoter

To determine whether the presence of the −73 and −114 SP1 sites are required for the 

activation of the LHCGR promoter in primary hLCGs, we infected cells with luciferase 

reporters carrying either the native LHCGR promoter region or a mutant LHCGR promoter 
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lacking SP1 sites. After plating, cells were treated with the lentivirus for 24 h followed by 

treatment with hCG, forskolin, or dibutyryl-cAMP (dbcAMP) for an additional 48 h. In cells 

transduced with the wild-type LHCGR promoter region, treatment with hCG, forskolin, or 

dbcAMP resulted in a significant increase in luciferase activity (Figure 4). However, in cells 

transduced with the mutant LHCGR promoter, the stimulatory effect of hCG, forskolin, and 

dbcAMP was significantly decreased, indicating that the SP1 sites are essential for the full 

stimulation of LHCGR in primary hLGCs.

SP1, PKA, and AKT participate in the regulation of LHCGR promoter in hLGCs

To investigate the intracellular pathways involved in the activation of the LHCGR promoter, 

we infected cells with virus carrying the wild-type promoter. Then, cells were treated with 

hCG for 48 h in the presence or absence of specific inhibitors of protein kinase A (PKA, 

which is inhibited by H89), extracellular signal-regulated kinases 1 and 2 (ERK1/2, which 

are inhibited by U0126), serine/threonine kinases (AKT, which is inhibited by MK2206), or 

a competitive inhibitor of SP1 binding known as Mithramycin A (MTM). We observed that 

PKA inhibition blunted the increase in promoter activity seen with hCG treatment (Figure 

5). There was also a strong tendency for AKT inhibition to prevent hCG-stimulated 

promoter activity although this inhibition did not reach significance. ERK1/2 inhibition had 

no effect on LHCGR promoter activity. In contrast, MTM inhibition of SP1 binding not only 

significantly inhibited hCG-stimulated promoter activity but also decreased promoter 

activity below the one observed in untreated control sample, suggesting that SP1 is critical 

for LHCGR expression even in basal conditions. To circumvent the LHCGR, the same 

experiment was performed with forskolin in place of hCG. In the presence of forskolin a 

similar pattern of stimulation and inhibition of promoter activity was observed. The only 

difference was that the inhibition of AKT significantly decreased forskolin stimulation of 

LHCGR promoter activity.

Role of SP1 inhibition on steroidogenesis

Since mutation of the SP1 sites and SP1 inhibition prevent LHCGR promoter activation, we 

next examined whether inhibition of SP1 translates into a decrease in Lhcgr mRNA levels 

and whether this affects the response of hLGCs to hCG. For this purpose, we cultured cells 

with hCG in the presence or absence of the SP1 inhibitor MTM for 48 h. As expected from 

the time-course experiments, treatment with hCG alone stimulated Lhcgr mRNA expression. 

In cells treated with MTM alone, Lhcgr mRNA levels were decreased significantly when 

compared to the control group. In addition, the stimulation of Lhcgr expression by hCG was 

abolished by MTM co-treatment. Consequently, a significant decrease in the response to 

hCG was observed in cells exposed to the SP1 inhibitor. Thus, the expression of StAR, 
Cyp11a1, and Hsd3b2 was also significantly lower in cells treated with MTM and hCG 

when compared to cells treated with hCG alone (Figure 6). In contrast, the expression of Sp1 
was not affected by SP1 inhibition.

SP1 and GATA4 interaction in primary hLGCs

We recently developed GATA4 luteal cell conditional knockout mice [30], which revealed 

that GATA factors are essential for the expression of LHCGR in mouse luteal cells. 

Considering these findings, we next examined whether GATA4 may also be involved in the 
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regulation of LHCGR in primary hLGCs. First, we determined the expression and regulation 

of GATA4 mRNA levels in cells cultured for 6 days in the presence or absence of hCG. As 

shown in figure 7A, the expression of GATA4 was stimulated by hCG from day 1 to day 5 of 

culture. On day 6, the expression of GATA4 was also higher in cells treated with hCG than 

in untreated cells, although the difference did not reach statistical significance (P=0.0563).

Despite the observed stimulation of GATA4 expression by hCG, the effect of GATA4 on 

LHCGR expression appears to be indirect as no GATA response elements (WGATAR) are 

present in the LHCGR promoter (Figure 4). Therefore, we tested whether GATA4 interacts 

with SP1 in primary hLGCs. Immuno-precipitation of GATA4 followed by western blot 

demonstrated that SP1 was precipitated by the anti-GATA4 antibody. Similarly, GATA4 was 

also pulled down by the immunoprecipitation of SP1 (Figure 7B). However, no changes 

were observed between the control and hCG groups, suggesting that the interaction between 

GATA4 and SP1 is not affected by hCG.

We have previously demonstrated that GATA4 transcriptional activity increases after 

phosphorylation of the Ser105 residue [31]. Therefore, we next examined whether 

phosphorylation of GATA4 may be regulated by hCG. As shown in figure 7C, treatment 

with hCG significantly increased Ser105 phosphorylation of GATA4. These results suggest 

that even if the interaction of SP1 and GATA4 is not regulated by hCG, the SP1-GATA4 

complex may become active upon GATA4 phosphorylation.

Finally, we examined whether overexpression of GATA4 contributes to the regulation of the 

proximal promoter of the LHCGR. For this purpose, we infected cells with virus caring an 

empty plasmid (pcDNA) or an expression cassette for GATA4. All cells were also infected 

with virus carrying the LHCGR-LUC reporter. As shown in figure 7D, in cells 

overexpressing GATA4, hCG was able to increase the activity of the LHCGR-LUC reporter 

to levels that were significantly higher than those found in cells infected with the empty 

plasmid.

Discussion

Despite the importance of the LHCGR for normal luteal cell function in humans, the 

molecular mechanisms controlling the promoter of this receptor has not been investigated in 

human luteal cells. Here, we described the transcriptional profile of LHCGR in long-term 

cultures of primary hLGCs and show not only the expression and regulation of the LHCGR 

in these cells but also the response of these cells to hCG. We also demonstrate for the first 

time that SP1 is essential for LHCGR expression in primary hLGCs.

LHCGR mRNA expression was low in uncultured hLGCs, which corresponds to 

approximately 36 h after induction of final follicular maturation by hCG administration. 

Low LHCGR mRNA expression is most probably due to the action of miRNAs that decrease 

LHCGR mRNA half-life [32]. We observed that LHCGR expression recovers rapidly, 

reaching maximum levels after only 1 day of culture, and remains high through day 2 both 

in the presence or absence of hCG. This finding suggests that the inhibitory effect of these 

miRNAs quickly vanish, leading to the restoration of LHCGR expression.
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High expression of Lhcgr mRNA was maintained for 5 days in hLGCs cultured in the 

presence of hCG before dropping to levels found in untreated cells. In vehicle-treated cells, 

Lhcgr mRNA expression decreased as early as day 3 and remained low until the end of the 

study. These findings support evidence that LHCGR mRNA recovers after ovarian 

hyperstimulation in primary human granulosa-lutein cells [33]. However, in contrast to 

previous observations demonstrating that hCG downregulates the Lhcgr mRNA in rats [33], 

downregulation of Lhcgr after hCG treatment was not observed in hLGCs. Differences in 

cell culture conditions or species-specific mechanisms may be responsible for these 

discrepancies. However, considering the importance of LH for luteal function, the 

stimulatory effect of hCG on Lhcgr observed here appears to be physiologically important.

Interestingly, while Lhcgr expression recovers to its maximum level after only 1 day in 

culture, the stimulation of gene expression by hCG was delayed until day 2 for StAR or until 

day 3 for Lhcgr, Cyp19a1, Hsd3b2, Cyp11a1, Vegfa, and Igf2. This observation indicates 

that although Lhcgr mRNA has recovered there appears to be a significant delay in the 

recovery of LHCGR protein levels or translocation of the protein to the membrane. 

However, this hypothesis requires further investigation.

Previously, the regulation of the human LHCGR promoter has only been explored using cell 

lines or human myometrial smooth muscle cells [29]. Our report provides the first evidence 

demonstrating that the proximal region of the LHCGR promoter responds to hCG in primary 

hLGCs. In contrast, FSH did not stimulate the LHCGR promoter at any time point assessed, 

providing evidence of the specificity of LH/hCG on LHCGR gene activation in luteal cells. 

This finding is notable as the LHCGR receptor is a classical target of FSH in 

undifferentiated granulosa cells and leads us to postulate that there are significant differences 

between the molecular mechanisms controlling LHCGR expression in granulosa and luteal 

cells.

By inhibiting SP1 binding with MTM, we show that SP1 is required for hCG-induced 

stimulation of LHCGR, StAR, Cyp11a1, and HSD3B2. Similarly, inhibition of SP1 binding 

by MTM and deletion of the two SP1 regulatory elements prevented the activation of 

LHCGR promoter by hCG. These results indicate that SP1 is a critical element driving 

LHCGR expression in human luteal cells. This conclusion is further supported by the 

detection of Sp1 mRNA and protein expression in primary hLGCs. However, Sp1 mRNA 

and protein levels are not regulated by hCG. SP1 transcriptional activity has been shown to 

occur through posttranslational modifications [34]. In fact, the human SP1 protein has 61 

putative phosphorylation sites [34]. Thus, despite constant SP1 levels, it is still possible that 

its activity is modulated by phosphorylation or protein-protein interactions.

An interesting conclusion of this report is the possibility that GATA4 may interact with SP1 

to stimulate LHCGR expression. The proximal promoter of the LHCGR gene lacks 

canonical GATA response elements. However, the overexpression of GATA4 potentiated 

hCG activation of a reporter carrying the proximal Lhcgr promoter. Therefore, the role of 

GATA4 in the regulation of Lhcgr mRNA expression is likely not a result of the direct 

binding of GATA4 to the LHCGR promoter. Indeed, we observed that GATA4 and SP1 

interact in primary hLGCs, supporting an indirect role of GATA4 on LHCGR expression. 
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Although this interaction was not regulated by hCG, we observed that hCG stimulates the 

expression of GATA4 and its phosphorylation at Ser105, a residue known to increase 

GATA4 transcriptional activity [31]. Thus, it is possible that SP1 and GATA4 form a 

complex that increases the transcriptional activity of the LHCGR promoter. Further 

experiments are needed to confirm this hypothesis.

The development of an extensive vasculature needed for the delivery of progesterone to the 

circulation is crucial for normal luteal function. We observed that, at least at the mRNA 

level, hCG strongly stimulated the expression of VEGFa, which is known to participate in 

luteal angiogenesis [35]. We also observed that hCG stimulated IGF2 expression in luteal 

cells. We have previously demonstrated that IGF2 is essential for the stimulation of 

aromatase in granulosa cells [36]; however, the role of IGF2 in the human corpus luteum 

remains to be examined. We also observed that hCG inhibits the expression of CTGF and 

sFRP4. CTGF expression has been shown to be downregulated during follicle maturation 

[37]. Thus, our results suggest that hCG may play a major role in the silencing of this 

transcription factor in luteal cells, supporting previous reports [38]. In contrast, we show that 

hCG strongly inhibited the expression of sFRP4; whereas in rats, hCG has been shown to 

induce sFRP4 expression [39]. This suggests species-specific molecular differences in the 

regulation of sFRP4 in luteal cells.

The direct targeting of LHCGR activity or expression as a means of fertility management is 

an area that has not been explored. Dysfunctional LHCGR activity can adversely affect the 

outcome of IVF treatments by leading to the development of a potentially life-threatening 

condition called ovarian hyperstimulation syndrome (OHSS), which is a systemic disease 

resulting from vasoactive products released by the ovaries. The risk of OHSS complications 

is a significant clinical problem due to the increased demand for IVF treatments [40]. The 

main culprit leading to OHSS development are an exaggerated response to hCG leading to 

abnormally high levels of VEGF [41]. The release of VEGF from LGCs to circulation has 

been shown to increase capillary permeability and fluid retention [42–44]. In fact, inhibition 

of VEGF actions has been shown to decrease OHSS [45, 46]. Thus, understanding LHCGR 

regulation could reveal new therapeutic targets to control OHSS.

In conclusion, this report contributes to a better understanding of the mechanisms involved 

in the regulation of LHCGR in human luteal cells. We have provided the first experimental 

data suggesting that the proximal 174 bp region of the LHCGR promoter is sufficient to 

drive the expression of this gene in human luteal cells. We also show that hCG strongly 

stimulates the expression of its own receptor. Finally, our findings suggest that SP1 and 

GATA4 are involved in the regulation of LHCGR in human luteal cells.
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Highlights

• The expression of the LHCGR gene correlates with the expression of 

steroidogenic genes and the response of hLGCs to hCG.

• The proximal 174 bp region of the LHCGR promoter in enough to activate 

LHCGR expression in human luteal cells.

• hCG strongly stimulates the expression of its own receptor.

• SP1 regulates LHCGR expression and the response of luteal cells to hCG.

• SP1 and GATA4 cooperate in the regulation of LHCGR in human luteal cells.
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Figure 1: Time-course of gene expression in the presence or absence of hCG.
Human LGCs were obtained after ovarian hyperstimulation from IVF patients at the time of 

follicle aspiration. Cells were harvested immediately (Uncultured, 0d), or cultured in serum-

free media for a period of 1, 2, 3, 4, 5, or 6 days in the presence or absence of recombinant 

hCG (50 ng/ul). Gene expression was quantified using qPCR. Figure 1A represents LHCGR, 

FSHR and steroidogenic gene expression, while Figure 1B represents non-steroidogenic 

gene expression (see Results section). Columns represent the mean ± SEM of six different 

samples. *P < 0.05, **P < 0.01, ***P < 0.001 vs. C, t-test n=6.
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Figure 2: Effect of gonadotropins on LHCGR promoter activity in primary hLGCs.
Human LGCs were plated for 48 h in serum-free media followed by a 48-hour incubation 

period with a lentiviral vector carrying a 174 bp region of the human LHCGR proximal 

promoter. At this point, the cells were either treated with vehicle (C), FSH (50 ng/ml), or 

hCG (50 ng/ml) for 6, 24, or 48 h and harvested for luciferase reporter assay. *P > 0.05, t-
test against specific time-point control, n=6.
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Figure 3: 
A) LHCGR promoter - Comparison of human (−174 bp), bovine (−167 bp), and murine 

(−164 bp) LHCGR promoter regions showing a high degree of conservation between the 

species or the SP1 sites. B) SP1 mRNA expression in cultured hLGCs. Sp1 mRNA levels 

were quantified in hLGCs treated as in Figure 1 by qPCR (n=6). C) hLGCs from 3 patients 

were plated separately and cultured for 48 h in serum-free media to recover LHCGR 

expression followed by a 48-hour treatment with hCG. Protein expression was assessed by 

western blot for SP1 (106 kDa and 95 kDa bands) and ACTB as a loading control. 

Densiometric analysis of protein signal is also shown (ns=not significant, n=3).
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Figure 4: Mutation of SP1 sites blunts the activation of the LHCGR promoter.
hLGCs were plated for 24 h in serum-free media followed by a 48-hour incubation with a 

lentiviral vector carrying a control reporter plasmid, a plasmid containing an intact proximal 

human LHCGR promoter, or a plasmid containing mutations in the SP1 sites of the LHCGR 

promoter. Cells were harvested after no treatment (C) or treatment with hCG (50 ng/ml), 

forskolin (5 μM), or dbcAMP (1 mM) for 48 h. Quantitation of promoter activity was 

performed using a luciferase reporter assay. *P < 0.05 t-test, n = 6.
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Figure 5: Effect of LHCGR pathway inhibition on human LHCGR promoter activity.
hLGCs were cultured for 24 h in serum-free media then transfected with the 174 bp human 

LHCGR proximal promoter region. Cells were left untreated (C) or were treated with hCG 

(50 ng/ml) or forskolin (5 μM) for 48 h in the presence or absence of H89 (H), U0126 (U), 

MK2206 (MK) or Mithramycin A (MTM). Paired columns differ significantly from each 

other by t-test (P < 0.05, n = 6).
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Figure 6: Inhibition of SP1 blocks the response of hLGCs to hCG.
Primary hLGCs were plated for 48 h in serum-free media followed by 48 h incubation with 

hCG, MTM, or hCG+MTM. Quantification of the expression of Lhcgr, Star, Cyp11a1, 

Hsd3b2, and Sp1 was performed using qPCR. Columns represent the mean ± SEM of six 

different samples. (*P < 0.05, **P < 0.01, ***P < 0.001 vs. C, one-way ANOVA, Tukey 

test).
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Figure 7: GATA4 may play a role in the regulation of the proximal promoter of the LHCGR 
gene.
A) Cells were treated as indicated in Figure 1. The expression of Gata4 was examined by 

qPCR. Columns represent the mean ± SEM of six different samples. *P < 0.05, **P < 0.01, 

***P < 0.001 vs. C, t-test n=6. B) Cells from three patients were cultured in separate 6-well 

plates for 48 h and then treated with vehicle or hCG for 1 hour. GATA4 and SP1 were 

immunoprecipitated. Then western blot was used to detect GATA4 in SP1 precipitates or 

SP1 in GATA4 precipitates. C) Cells were treated with vehicle or hCG for 1 hour. Western 

blot for phospho-GATA4 and β-actin (BACT) was performed. The experiment was repeated 

with 5 different patients, a representative blot is shown, and results quantified and expressed 

Convissar et al. Page 21

J Steroid Biochem Mol Biol. Author manuscript; available in PMC 2020 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



as the ratio of pGATA4/BACT. Columns represent the mean ± SEM, *P < 0.05 vs. C, t-Test, 
n=5. D) Cells were infected with virus carrying LHCGR reporter and virus carrying an 

empty cassette or a GATA4 expression cDNA. 48 h later, cells were treated with vehicle or 

hCG for 48 h. Columns represent the mean ± SEM of six different experiments. Columns 

with different letters differ significantly (P < 0.05; one-way ANOVA, Tukey test).
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Table 1:

Primer sequences

Gene Name Forward Primer Reverse Primer

Cyp11a1 GT GAT GACCT GTTCCGCTTTGC AAGGTTGAGCATGGGGACGC

Cyp19a1 GCTGGACACCTCTAACACGCT CAGGTCACCACGTTTCTCTGCT

Hsd3b2 TGCCTT GT GACAGGAGCAGG TACAGGCGGTGTGGATGACG

Lhcgr TGGAGAAGATGCACAATGGA GGCAATTAGCCTCTGAATGG

Rpl19 TGIIIIICCGGCATCGAGCCC GCTGTGGCAAGAAGAAGGTCTGG

Sp1 TTGAGCTTGTCCCTCAGCTGCCACC ACTGCCTGTGCTGCTACTTCGAGCC

Star GGCTCAGGAAGGACGAAGAACC ATCACAGCCTGTTGCCTCAGC

Fshr AGCCATTGCTGTGCCTTTGC ATGCATTCGGCTTAGGGGAGC

Vegfa AGAGATGAGCTTCCTACAGC GGAACATTTACACGTCTGC

Ctgf GCTAGAGAAGCAGAGCCGCC GCCGTCAGGGCACTTGAACT

Igf2 AGTCCGAGAGGGACGTGT TGGACTGCTTCCAGGTGT

Sfrp4 TGGCAACGTATCTCAGCAAA GGATGGGTGATGAGGACTTG

Gata4 CTCTTGCAATGCGGAAAGAGGGG CGTTGCTGGAGTTGCTGGAAG
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