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Abstract 21 

Luteinizing hormone and human chorionic gonadotropin (hCG) bind to the luteinizing hormone/chori-22 

onic gonadotropin receptor (LHCGR). LHCGR is required to maintain corpus luteum function but the 23 

mechanisms involved in the regulation of LHCGR in human luteal cells remain incompletely understood. 24 

This study aimed to characterize the expression of LHCGR mRNA in primary human luteinized granulosa 25 

cells (hLGCs) obtained from patients undergoing in vitro fertilization and to correlate LHCGR expression 26 

with the response of hLGCs to hCG by assessing the expression of genes known to be markers of hCG 27 

action. The results show that Lhcgr expression is low in freshly isolated cells but recovers rapidly in culture 28 

and that hCG maintains LHCGR expression, suggesting a positive feedback loop. The activity of a 29 

LHCGR-LUC reporter increased in cells treated with hCG but not with follicle-stimulating hormone. Treat-30 

ment with hCG also stimulated the expression of other genes involved in steroidogenesis in a time-de-31 

pendent manner. LHCGR promoter expression was found to be regulated by SP1, which we show is 32 

highly expressed in hLGCs. Moreover, SP1 inhibition prevented the stimulation of steroidogenic genes 33 

and the increase in promoter activity by hCG. Finally, we provide evidence that a complex formed by SP1 34 

and GATA4 may play a role in the maintenance of LHCGR expression. This report reveals the mecha-35 

nisms involved in the regulation of the LHCGR and provides the experimental data demonstrating that the 36 

proximal region of the LHCGR promoter is sufficient to drive the expression of this gene in primary hLGCs. 37 

  38 
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Introduction 39 

Luteinizing hormone (LH) and human chorionic gonadotropin (hCG) bind to the same receptor named 40 

luteinizing hormone/chorionic gonadotropin receptor (LHCGR). The expression of this receptor in theca 41 

and granulosa cells of ovarian follicles is essential to produce progesterone, androstenedione, and testos-42 

terone and consequently also for estradiol production via aromatization of androgens. The LHCGR is also 43 

required for ovulation, luteinization, and corpus luteum formation (Stocco et al. 2007). LHCGR knockout 44 

female mice have small ovaries in which antral follicle formation can be recognized, but preovulatory folli-45 

cles and corpora lutea are absent even after stimulation with follicle-stimulating hormone (FSH) (Lei et al. 46 

2001, Zhang et al. 2001). Thus, the LHCGR is needed not only for corpus luteum function but also for fol-47 

licular maturation and ovulation. The molecular mechanisms involved in the regulation of LHCGR in granu-48 

losa cells have been extensively studied (Hamalainen et al. 2001, Law et al. 2013, Nakao et al. 2015), but 49 

these mechanisms remain unexplored in luteal cells, especially in humans. 50 

Whereas low levels of LH are enough to sustain follicle growth and luteal function, ovulation requires 51 

high levels of LH that are triggered by the maturation of the preovulatory follicle, which signals its readi-52 

ness to ovulate by increasing estradiol levels in circulation. This surge of LH causes ovulation, luteiniza-53 

tion, and leads to the downregulation of the LHCGR at the protein and mRNA levels in the forming corpus 54 

luteum (LaPolt et al. 1990, Segaloff et al. 1990, Peegel et al. 1994). A decrease in Lhcgr mRNA half-life 55 

mediated by microRNAs including miR-122 and miR-136 appears to be involved in the rapid drop in Lhcgr 56 

mRNA expression associated with the LH surge (Lu et al. 1993, Peegel et al. 1994, Kitahara et al. 2013, 57 

Menon et al. 2013). However, this drop in LHCGR expression is transient and Lhcgr mRNA levels are re-58 

stored in luteal cells (Segaloff et al. 1990, Peegel et al. 1994, Xu et al. 2011, Kishi et al. 2018). Thus, 59 

LHCGR protein can be readily demonstrated in the entire human corpus luteum (Yung et al. 2014a). Re-60 

cently, it was reported that a progesterone receptor antagonist decreases LHCGR expression in human 61 

luteinized granulosa cells (hLGCs)(Yung et al. 2014b), suggesting an autoregulatory mechanism by pro-62 

gesterone. FSH is the main regulator of LHCGR expression in granulosa cells, but FSH is not required 63 
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during the luteal phase. Therefore, the factors and mechanisms that control the reactivation of the LHCGR 64 

gene in luteal cells are not known, particularly in humans. 65 

In humans, the luteal phase usually lasts 14–16 days, at the end of which progesterone production 66 

ceases. Premature luteolysis is recognized clinically as a cause of an abnormally short luteal phase, ab-67 

normal vaginal bleeding in the luteal phase, and infertility (Griesinger & Meldrum 2018). Luteal regression 68 

occurs in the presence of constant LH pulsatile secretion, suggesting that the responsiveness to LH de-69 

creases as the corpus luteum ages (Cameron & Stouffer 1982a, Cameron & Stouffer 1982b, Zeleznik 70 

1998). In fact, although human luteal cells express LHCGR intensely at the mid-luteal phase, LHCGR is 71 

almost undetectable during luteolysis (Takao et al. 1997, Yung et al. 2014a). Similarly, in the rhesus mon-72 

key, LHCGR expression increases from the early to mid-luteal phase, remains high until the late luteal 73 

phase, and then decreases during the very late luteal phase (Bogan et al. 2008). The factors causing this 74 

loss in LH sensitivity during the late luteal phase are not known. In case of fertilization and implantation, 75 

hCG secreted by the syncytiotrophoblast activates the LHCGR and sustains corpus luteum function. Thus, 76 

in cynomolgus monkeys, the administration of exponentially increasing levels of hCG prolongs the func-77 

tional lifespan of the corpus luteum (Zeleznik 1998). Therefore, the mechanisms involved in the regulation 78 

of LHCGR expression are also essential during early pregnancy in primates. 79 

The aim of this study was to characterize the expression of Lhcgr mRNA in hLGCs obtained from pa-80 

tients undergoing in vitro fertilization and to examine the response of hLGCs to hCG on the expression of 81 

several genes known to be markers of LH action in luteal cells. Our findings reveal, for the first time, an 82 

autoregulatory effect of hCG on Lhcgr mRNA in primary hLGCs and provide evidence suggesting that SP1 83 

and GATA4 could cooperate to regulate the LHCGR in luteal cells. 84 
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Material and Methods 85 

Human luteinized granulosa cell culture 86 

Primary hLGCs were obtained from the follicular aspirates of egg donors or women undergoing in 87 

vitro fertilization due to male infertility at the University of Illinois at Chicago Fertility Center under Institu-88 

tional Review Board approval and with the patient’s consent. After controlled ovarian hyperstimulation, pa-89 

tients were administered hCG, underwent transvaginal oocyte retrieval, and follicular aspirates were col-90 

lected from the ovarian follicles 35 to 36 hours after hCG. The hLGCs were isolated from the aspirate mi-91 

lieu after centrifugation at 1000 x g for 5 minutes. An aliquot of cells was processed immediately for RNA 92 

isolation as an uncultured ex vivo control group (0d). The rest of the cells were resuspended in 2 ml of se-93 

rum-free cell culture medium (DMEM/F12, 0.25 % BSA, 1 x antibiotic-antimycotic) and applied to a 50 % 94 

Percoll (Invitrogen) gradient to eliminate contaminating erythrocytes and centrifuged for 20 minutes at 95 

1000 x g. The cellular interphase was collected, pipetted through a 70 µm filter and resuspended in 5 ml of 96 

cell culture medium. Cells were cultured for 1, 2, 3, 4, 5 or 6 days in the presence or absence of recombi-97 

nant hCG (50 ng/ml). This concentration of hCG was chosen because it is widely used in the literature 98 

(Martinez et al. 2003, Palaniappan & Menon 2010, Moravek et al. 2016). Media and treatment hormones 99 

were replaced every two days. 100 

Promoter reporter assays 101 

Promoter reporters were generated by cloning the 174 bp upstream region of the human Lhcgr proxi-102 

mal promoter followed by the firefly luciferase cDNA into pTRIP plasmid (Stove et al. 2006). Lentiviruses 103 

containing wild-type or SP1-mutant constructs were generated as previously described (Zhou et al. 2013). 104 

All reporter constructs contain an expression cassette for green fluorescence protein to determine infec-105 

tion efficiency, which was greater than 90 percent in all experiments. Empty pTRIP plasmids were used as 106 

controls (Luc). To analyze promoter activity, cells were infected with lentiviral constructs for 48 hours fol-107 

lowing treatments as described in the figure legend. Luciferase activity was determined in 50 μl of cell ly-108 

sate as previously described (Zhou et al. 2013). 109 
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Total RNA isolation and quantification of gene expression 110 

RNA was isolated using Trizol reagent (Invitrogen) according to the manufacturer’s instructions. For 111 

reverse transcription, we added anchored Oligo DT primers (IDT) to each sample and incubated the sam-112 

ples at 70°C for 5 minutes. Elongation was performed at 37°C for 1 hour using Moloney Murine Leukemia 113 

Virus reverse transcriptase (200U/sample; Invitrogen) in buffer containing 10 mM Tris-HCL pH 8.3, 75 mM 114 

KCl, 3 mM MgCl2, 10% Glycerol, 10 mM DTT, 1mM dNTP, and 0.5 U/ul RNase Inhibitor Cocktail (Am-115 

resco). Reverse transcriptase inactivation was performed at 95°C for 5 minutes, and the resulting cDNA 116 

was diluted to a final concentration of 10 ng/µL in RNase and DNase free water. Quantitative real-time 117 

PCR (qPCR) was performed using intron-spanning primers. All determinations were performed in dupli-118 

cate and the number of mRNA copies for each gene was calculated against a standard curve. Primer se-119 

quences are available upon request. Gene expression was normalized to the expression of RPL19, an in-120 

ternal control. Real-time quantification was performed using an iQcycler Real-Time PCR machine (Bio-121 

Rad) using the following protocol: denaturation at 95°C for 2 minutes followed by 40 cycles of 95°C for 5 122 

seconds, 60°C for 10 seconds, and 72°C for 40 seconds. At the end of each amplification, a melting curve 123 

determination was performed for each primer set. PCR products were sequenced to verify the amplifica-124 

tion of a single product. 125 

Protein isolation, immunoprecipitation, and western blotting 126 

Cells were homogenized in ice-cold immunoprecipitation lysis buffer (50 mM Tris-HCl pH 7.4, 1 % NP-127 

40, 0.25 % Na-deoxycholate, 150 mM NaCl, 1 mM EDTA) supplemented with inhibitors of phosphatase 128 

activity (1 mM PMSF, 1 mM Na3VO4, 1 mM NaF), and a protease inhibitor cocktail (Sigma). The protein 129 

concentration was determined using a BCA assay with BSA as a standard. All samples were denatured 130 

and reduced in sample buffer (0.555 mM bis-Tris, 4.44 % sodium dodecyl sulfate, 0.333 mM HCl, 30 % 131 

glycerol, 2.22 mM EDTA, 10% β-mercapto-ethanol, 0.04 % bromophenol blue) and heated for 10 minutes 132 

at 90°C. Proteins were separated on a 12 % bis-Tris-PAGE gel run for 1.5 hours at 120 V. Samples were 133 

transferred to nitrocellulose membranes for 2.5 hours at 150 mA followed by blocking in 5 % milk for 2 134 
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hours. Next, the membranes were incubated overnight at 4 °C with antibodies against SP1 and ACTB 135 

(Abcam). The membranes were then washed three times in Tris-buffered saline + 1 % Tween 20 followed 136 

by a 2-hour incubation at room temperature with a species-specific secondary antibody conjugated to 137 

horseradish peroxidase (Jackson Immunoresearch). Protein-antibody bound complexes were visualized 138 

using chemiluminescent (Thermo Scientific). Detection was performed using a BioRad ChemiDoc XRS 139 

System and the signal intensity was analyzed and quantified with BioRad Image Lab Software. Protein ex-140 

pression was normalized to the expression of ACTB (loading control), for each sample. 141 

Total cell extracts were used to immunoprecipitate SP1 (Abcam) or GATA4 (Cell Signaling) using pre-142 

viously described protocols (Wu et al. 2011). Western blotting of immunoprecipitated proteins was per-143 

formed as described above. 144 

Statistics 145 

The number of patient samples used for each experiment is indicated in the corresponding figure leg-146 

end. Data for continuous variables are presented as mean values  SEM. Statistical comparisons of mean 147 

values between groups were performed with paired t-tests, and multiple comparisons were performed with 148 

one-way ANOVA with repeated measures followed by Bonferroni adjustment where appropriate. Differ-149 

ences were considered statistically significant if the P values were less than 0.05. 150 

Results 151 

Characterization of the response of hLGCs to hCG in an extended cell culture 152 

 Total RNA was isolated from hLGCs either immediately after follicle aspiration (uncultured ex vivo 153 

group, day 0) or following culture in serum-free media for 1, 2, 3, 4, 5 or 6 days in the presence or ab-154 

sence of recombinant hCG. In uncultured ex vivo hLGCs, the mRNA levels of the Lhcgr were low (Figure 155 

1A). However, Lhcgr expression fully recovered after only 1 day in culture reaching peak levels that were 156 

maintained for up to 48 hours (Figure 1A). This brief increase in expression occurred independent of expo-157 

sure to hCG. After 3 days in culture, the expression of Lhcgr declined significantly in untreated cells but 158 

the expression levels were significantly higher than that of uncultured samples. In contrast, in cells treated 159 
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with hCG, we did not observe a decrease in Lhcgr mRNA levels after 3 days in culture, rather the receptor 160 

remained highly expressed until day 5, and only at this point the Lhcgr mRNA decreased to the levels 161 

seen in untreated cells (Figure 1A). We also examined the expression of the FSH receptor during this 162 

time-course experiment to determine whether the regulation of LHCGR was unique among gonadotropin 163 

receptors. As shown in figure 1, baseline levels of Fshr mRNA were approximately 100 times lower than 164 

those of Lhcgr. After 1 day of culture, Fshr expression decreased to almost undetectable levels, but then 165 

recovered in a time-dependent manner from day 2 onwards. These changes in Fshr expression were inde-166 

pendent from the presence of hCG in the media. 167 

As the main function of the LHCGR in luteal cells is to sustain the expression of steroidogenic en-168 

zymes, we next measured the expression of genes involved in steroid synthesis, including StAR, 169 

Cyp11a1, and Hsd3b2 (Figure 1A). We observed that, in contrast to Lhcgr expression, culturing cells for 170 

one day in the presence or absence of hCG did not significantly affect the mRNA levels for any of these 171 

genes. Moreover, in untreated conditions no recovery of expression levels was observed, and after 3 days 172 

the expression of StAR, Cyp11a1, and Hsd3b2 dropped significantly to levels that were similar or lower 173 

than those seen in uncultured samples. However, for these genes addition of hCG to the culture medium 174 

resulted in a significant increase in their expression. For instance, StAR expression was significantly in-175 

creased by the second day of culture and remained at this level until the end of the experiment while the 176 

expression of Cyp11a1 and Hsd3b2 increased significantly by day 3 and remained at this level until day 6 177 

when a slight decrease was observed. 178 

The human corpus luteum also produces high quantities of estradiol during the luteal phase. There-179 

fore, we examined the expression of aromatase (Cyp19a1), an enzyme essential for estradiol production. 180 

The expression of Cyp19a1 decreased significantly between uncultured cells and cells collected after one 181 

day of culture (Figure 1A). Cyp19a1 expression recovered on day 2 and remained stable until the end of 182 

the study in untreated cells. In the presence of hCG; however, Cyp19a1 expression increased significantly 183 

from day 3 until day 6. 184 
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Expression profile of non-steroidogenic genes 185 

Although steroidogenesis is the main physiological role of the corpus luteum, several non-steroido-186 

genic genes are known to be crucial for corpus luteum function. Within these genes, vascular endothelial 187 

growth factor a (VEGFa), insulin-like growth factor 2 (IGF2), connective tissue growth factor (CTGF), and 188 

secreted frizzled-related protein 4 (SFRP4) have been shown to be regulated during luteinization. There-189 

fore, their expression was also examined. The results revealed that Vegfa and Igf2 expression decreases 190 

in cultured cells when compared 191 

to uncultured cells (Figure 1B). 192 

The decrease in Vegfa mRNA 193 

levels was progressive while the 194 

decrease on Igf2 expression was 195 

abrupt and remained low until day 196 

6. The expression of Vegfa and 197 

Igf2 was stimulated by hCG from 198 

day 3 to day 6 of culture (Figure 199 

1B). 200 

An opposite scenery was ob-201 

served for Ctgf and Sfrp4. Thus, 202 

in untreated cells, the expression 203 

of both genes increased gradually 204 

in culture from day 1 to day 6. In 205 

Figure 1: Time-course of gene expression in the presence or absence of hCG. Human LGCs were ob-
tained after ovarian hyperstimulation from IVF patients at the time of follicle aspiration. Cells were harvested im-
mediately (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 expres-
sion (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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the case of Ctgf, the expression was high in uncultured cells but fell more than 70 percent after 24 hours in 206 

culture. The gradual increase in Ctgf and Sfrp4 levels observed in untreated cells was abolished by hCG 207 

(Figure 1B). 208 

 209 

Activity and regulation of the LHCGR promoter in primary hLGCs 210 

Our results have shown that hCG maintains Lhcgr expression in primary hLGCs, suggesting the pres-211 

ence of a positive feedback loop that directly affects the responsiveness of these cells to hCG. To investi-212 

gate the mechanism by which LH stimulates the expression of the LHCGR gene, we cloned the human 213 

LHCGR proximal promoter into a luciferase reporter construct. The proximal region was chosen because 214 

the 174 to +1 region of the LHCGR promoter has been shown to display the highest level of expression in 215 

granulosa and Leydig cells (Hamalainen et al. 2001). We cloned this region into a lentiviral reporter plas-216 

mid (LHCGR-LUC) and used a lentiviral system to infect primary hLGCs. The use of a lentivirus was nec-217 

essary as primary hLGCs are inherently difficult to transfect by other means. After 24 hours of viral particle 218 

exposure, cells were treated with hCG for 6, 24, or 48 hours then harvested to evaluate luciferase activity. 219 

Additionally, samples treated with FSH were included to determine the specificity of our reporter system to 220 

hCG. The results showed that gonadotropin treatment had no effect on LHCGR-LUC activity after 6 hours 221 

of treatment. However, after 24 and 48 hours a significant increase in LHCGR-LUC reporter activity was 222 

observed in cells treated with hCG but not in those treated with FSH (Figure 2).  223 

 224 

Figure 2: Effect of gonadotropins 
on LHCGR promoter activity in primary 
hLGCs. Human LGCs were plated for 48 
hours in serum-free media followed by a 
48-hour incubation period with a lentiviral 
vector carrying a 174 bp region of the hu-
man LHCGR proximal promoter. At this 
point, the cells were either treated with ve-
hicle (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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SP1 is expressed but not regulated by hCG in primary hLGCs 225 

The promoter 226 

region of the 227 

LHCGR gene con-228 

tains two well-char-229 

acterized SP1 sites 230 

(Figure 3A), which 231 

have been shown 232 

to regulate LHCGR 233 

expression in tu-234 

mor cells, including 235 

JAR (human chori-236 

ocarcinoma) and 237 

MCF-7 (human mam-238 

mary gland carci-239 

noma) cells (Dufau et 240 

al. 2010). Therefore, 241 

we first examined the 242 

expression of SP1 mRNA and protein in primary hLGCs. The results showed that Sp1 mRNA was detecta-243 

ble in hLGCs but was not regulated by prolonged culture in the presence or absence of hCG (Figure 3B).  244 

We detected both the 106 kDa and 95 kDa SP1 protein isoforms using western blot analyses, indicating 245 

that SP1 protein is expressed in hLGCs. SP1 protein levels were unaffected by hCG treatment (Figure 246 

3C). 247 

 248 

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 conser-
vation 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 hours 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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SP1 binding sites are required for the activation of the Lhcgr promoter 249 

To determine whether the presence of the -73 and -114 SP1 sites are required for the activation of the 250 

LHCGR promoter in primary hLCGs, we transduced cells with a lentivirus luciferase reporter vector carry-251 

ing either the native LHCGR promoter region or a mutant LHCGR promoter lacking SP1 sites. After plat-252 

ing, cells were treated with the lentivirus for 24 hours followed by treatment with hCG, forskolin, or dibu-253 

tyryl-cAMP (dbcAMP) for an additional 48 hours. In cells transduced with the wild-type LHCGR promoter 254 

region, treatment with hCG, forskolin, or dbcAMP resulted in a significant increase in luciferase activity 255 

(Figure 4). However, in cells transduced with the mutant LHCGR promoter, the stimulatory effect of hCG, 256 

forskolin, and dbcAMP was significantly decreased, indicating that the SP1 sites are essential for the full 257 

stimulation of LHCGR in primary hLGCs. 258 

 259 

SP1, PKA, and AKT participate in the regulation of LHCGR promoter in hLGCs 260 

To investigate the intracellular pathways involved in the activation of the LHCGR promoter, we in-261 

fected cells with virus carrying the wild-type promoter. Then, cells were treated with hCG for 48 hours in 262 

the presence or absence of specific inhibitors of protein kinase A (PKA, which is inhibited by H89), extra-263 

cellular signal-regulated kinases 1 and 2 (ERK1/2 inhibited by U0126), serine/threonine kinases (AKT in-264 

hibited by MK2206), or a competitive inhibitor of SP1 binding known as Mithramycin A (MTM). We ob-265 

served that PKA inhibition blunted the increase in promoter activity seen with hCG treatment (Figure 5). 266 

There was also a strong tendency for AKT inhibition to prevent hCG-stimulated promoter activity although 267 

Figure 4: Mutation of SP1 sites 
blunts the activation of the LHCGR pro-
moter. hLGCs were plated for 24 hours in 
serum-free media followed by a 48-hour in-
cubation with a lentiviral vector carrying a 
control reporter plasmid, a plasmid con-
taining an intact proximal human LHCGR 
promoter, or a plasmid containing muta-
tions in the SP1 sites of the LHCGR pro-
moter. Cells were harvested after no treat-
ment (C) or treatment with hCG (50 ng/ml), 
forskolin (5 µM), or dbcAMP (1 mM) for 48 
hours. Quantitation of promoter activity 
was performed using a luciferase reporter 
assay. *P < 0.05 t-test, n = 6. 
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this inhibition did not reach significance. Moreover, ERK1/2 inhibition had no effect on LHCGR promoter 268 

activity. In contrast, MTM inhibition of SP1 binding not only significantly inhibited hCG-stimulated promoter 269 

activity but also decreased promoter activity below the one observed in untreated control sample, suggest-270 

ing that SP1 is critical for LHCGR expression even in basal conditions. To circumvent the LHCGR, the 271 

same experiment was performed with forskolin in place of hCG. In the presence of forskolin a similar pat-272 

tern of stimulation and inhibition of promoter activity was observed. The only statistical difference was that 273 

the inhibition of AKT significantly decreased forskolin stimulation of promoter activity. 274 

 275 

Figure 5: Effect of LHCGR pathway 
inhibition on human LHCGR promoter 
activity. hLGCs were cultured for 24 hours 
in serum-free media then transfected with 
the 174 bp human LHCGR proximal pro-
moter region. Cells were left untreated (C) 
or were treated with hCG (50 ng/ml) or for-
skolin (5 µM) for 48 hours 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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Role of SP1 inhibition on steroidogenesis 276 

Since mutation of the SP1 sites and SP1 inhibition prevent LHCGR promoter activation, we next ex-277 

amined whether inhibition of SP1 translates into a decrease in Lhcgr mRNA levels and whether this affects 278 

the response of hLGCs to hCG. For this purpose, we cultured cells with hCG in the presence or absence 279 

of the SP1 inhibitor MTM for 48 hours. As expected from the time-course experiments, treatment with hCG 280 

alone stimulated Lhcgr mRNA expression. In cells treated with MTM alone, Lhcgr mRNA levels were de-281 

creased significantly when compared to the control group. In addition, the stimulation of Lhcgr expression 282 

by hCG was abolished by MTM co-treatment. Consequently, a significant decrease in the response to 283 

hCG was observed in cells exposed to the SP1 inhibitor. Thus, the expression of StAR, Cyp11a1, and 284 

Hsd3b2 was also significantly lower in cells treated with 285 

MTM and hCG when compared to cells treated with 286 

hCG alone (Figure 6). In contrast, the expression of 287 

Sp1 was not affected by SP1 inhibition. 288 

 289 

SP1 and GATA4 interaction in primary hLGCs 290 

We recently developed GATA4 luteal cell condi-291 

tional knockout mice (Convissar et al. 2015), which re-292 

vealed that GATA factors are essential for the expres-293 

sion of LHCGR in mouse luteal cells. Considering 294 

these findings, we next examined whether GATA4 may 295 

Figure 6: Inhibition of SP1 blocks the response 
of hLGCs to hCG. Primary hLGCs were plated for 48 
hours in serum-free media followed by 48 hours incuba-
tion 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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also be involved in the regulation of LHCGR in primary hLGCs. First, we determined the expression and 296 

regulation of GATA4 mRNA levels in cells cultured for 6 days in the presence or absence of hCG. As 297 

shown in figure 7A, the expression of GATA4 was stimulated by hCG from day 1 to day 5 of culture. On 298 

day 6, the expression of GATA4 was also higher in cells treated with hCG than in untreated cells, although 299 

the difference did not reach statistical significance (P=0.0563). 300 

Despite the observed stimulation of GATA4 ex-301 

pression by hCG, the effect of GATA4 on LHCGR ex-302 

pression appears to be indirect as no GATA4 response 303 

elements are present in the LHCGR promoter (Figure 304 

4). Therefore, we tested whether GATA4 interacts with 305 

SP1 in primary hLGCs. Immunoprecipitation of GATA4 306 

followed by western blot demonstrated that SP1 was 307 

precipitated by the anti-GATA4 antibody. Similarly, 308 

GATA4 was also pulled down by the immunoprecipitation of SP1 (Figure 7B). However, no changes were 309 

Figure 7: GATA4 may play a role in the regula-
tion of the proximal promoter of the LHCGR gene.  A) 
Cells were treated as indicated in Figure 1. The expres-
sion of Gata4 was examined by qPCR. Columns repre-
sent 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 hours 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 experi-
ment was repeated with 5 different patients, a repre-
sentative blot is shown, and results quantified and ex-
pressed as the ratio of pGATA4/BACT. Columns repre-
sent 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 expres-
sion cDNA. 48 hours later, cells were treated with vehicle 
or hCG for 48 hours. 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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observed between the control and hCG groups, suggesting that the interaction between GATA4 and SP1 310 

is not affected by hCG. 311 

We have previously demonstrated that GATA4 transcriptional activity increases after phosphorylation 312 

of the Ser105 residue (Kwintkiewicz et al. 2007). Therefore, we next examined whether phosphorylation of 313 

GATA4 may be regulated by hCG. As shown in figure 7C, treatment with hCG significantly increased 314 

Ser105 phosphorylation of GATA4. These results suggest that even if the interaction of SP1 and GATA4 is 315 

not regulated by hCG, the SP1-GATA4 complex may become active upon GATA4 phosphorylation. 316 

Finally, we examined whether overexpression of GATA4 contributes to the regulation of the proximal 317 

promoter of the LHCGR. For this purpose, we infected cells with virus caring an empty plasmid (pcDNA) or 318 

an expression cassette for GATA4. All cells were also infected with virus carrying the LHCGR-LUC re-319 

porter. As shown in figure 7D, in cells overexpressing GATA4, hCG was able to increase the activity of the 320 

LHCGR-LUC reporter to levels that were significantly higher than those found in cells infected with the 321 

empty plasmid. 322 

 323 

Discussion 324 

Despite the importance of LH for normal luteal cell function in humans, the molecular mechanisms 325 

controlling the promoter of the LH receptor has not been investigated in human luteal cells. Here, we de-326 

scribed the transcriptional profile of LHCGR in long-term cultures of primary hLGCs and show not only the 327 

expression and regulation of the LHCGR in these cells but also the response of these cells to hCG. We 328 

also demonstrate for the first time that SP1 is essential for LHCGR expression in primary hLGCs. 329 

LHCGR mRNA expression was low in uncultured hLGCs, which corresponds to approximately 36 330 

hours after induction of final follicular maturation by hCG administration. Low LHCGR mRNA expression is 331 

most probably due to the action of miRNAs that decrease LHCGR mRNA half-life (Menon et al. 2015). We 332 

observed that LHCGR expression recovers rapidly, reaching maximum levels after only 1 day of culture, 333 
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and remains high through day 2 both in the presence or absence of hCG. This finding suggests that the 334 

inhibitory effect of these miRNAs quickly vanish, leading to the restoration of LHCGR expression. 335 

High expression of Lhcgr mRNA was maintained for 5 days in hLGCs cultured in the presence of hCG 336 

before dropping to levels found in untreated cells. In vehicle-treated cells, Lhcgr mRNA expression de-337 

creased as early as day 3 and remained low until the end of the study. These findings support evidence 338 

that LHCGR mRNA recovers after ovarian hyperstimulation in primary human granulosa-lutein cells 339 

(Menon & Menon 2014).  However, in contrast to previous observations demonstrating that hCG downreg-340 

ulates the Lhcgr mRNA in rats (Menon & Menon 2014), downregulation of Lhcgr after hCG treatment was 341 

not observed in hLGCs. Differences in cell culture conditions or species-specific mechanisms may be re-342 

sponsible for these discrepancies. However, considering the importance of LH for luteal function, the stim-343 

ulatory effect of hCG on Lhcgr observed here appears to be physiologically important. 344 

Interestingly, while Lhcgr expression recovers to its maximum level after only 1 day in culture, the 345 

stimulation of gene expression by hCG was delayed until day 2 for StAR or until day 3 for Lhcgr, Cyp19a1, 346 

Hsd3b2, Cyp11a1, Vegfa, and Igf2. This observation indicates that although Lhcgr mRNA has recovered 347 

there appears to be a significant delay in the recovery of LHCGR protein levels or translocation of the pro-348 

tein to the membrane. However, this possible explanation requires further investigation. 349 

Previously, the regulation of the human LHCGR promoter has only been explored using cell lines or 350 

human myometrial smooth muscle cells (Dufau et al. 2010). Our report provides the first evidence demon-351 

strating that the proximal region of the LHCGR promoter responds to hCG in primary hLGCs. In contrast, 352 

FSH did not stimulate the LHCGR promoter at any time point assessed, providing evidence of the specific-353 

ity of LH/hCG on LHCGR gene activation in luteal cells. This finding is notable as the LHCGR receptor is a 354 

classical target of FSH in undifferentiated granulosa cells and leads us to postulate that there are signifi-355 

cant differences between the molecular mechanisms controlling LHCGR expression in granulosa and lu-356 

teal cells.  357 
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By inhibiting SP1 binding with MTM we show that SP1 is required for hCG-induced stimulation of 358 

LHCGR, StAR, Cyp11a1, and HSD3B2. Similarly, inhibition of SP1 binding by MTM and deletion of the 359 

two SP1 regulatory elements prevented the activation of LHCGR promoter by hCG. These results indicate 360 

that SP1 is a critical element driving LHCGR expression in human luteal cells. This conclusion is further 361 

supported by the detection of Sp1 mRNA and protein expression in primary hLGCs. However, Sp1 mRNA 362 

and protein levels are not regulated by hCG. SP1 transcriptional activity has been shown to occur through 363 

posttranslational modifications (Tan & Khachigian 2009). In fact, the human SP1 protein has 61 putative 364 

phosphorylation sites (Tan & Khachigian 2009). Thus, despite constant SP1 levels, it is still possible that 365 

its activity is modulated by phosphorylation or protein-protein interactions. 366 

An interesting conclusion of this report is the possibility that GATA4 may interact with SP1 to stimulate 367 

LHCGR expression. The proximal promoter of the LHCGR gene lacks canonical GATA response ele-368 

ments. However, the overexpression of GATA4 potentiated hCG activation of a reporter carrying the proxi-369 

mal Lhcgr promoter. Therefore, the role of GATA4 in the regulation of Lhcgr mRNA expression is likely not 370 

a result of the direct binding of GATA4 to the LHCGR promoter. Indeed, we observed that GATA4 and 371 

SP1 interact in primary hLGCs, supporting an indirect role of GATA4 on LHCGR expression. Although this 372 

interaction was not regulated by hCG, we observed that hCG stimulates the expression of GATA4 and its 373 

phosphorylation at Ser105, a residue known to increase GATA4 transcriptional activity (Kwintkiewicz et al. 374 

2007). Thus, it is possible that SP1 and GATA4 form a complex that increases the transcriptional activity 375 

of the LHCGR promoter. Further experiments are needed to confirm this hypothesis. 376 

The development of an extensive vasculature needed for the delivery of progesterone to the circula-377 

tion is crucial for normal luteal function. We observed that, at least at the mRNA level, hCG strongly stimu-378 

lated the expression of VEGFa, which is known to participate in luteal angiogenesis (Fraser et al. 2005). 379 

We also observed that hCG stimulated IGF2 expression in luteal cells. We have previously demonstrated 380 

that IGF2 is essential for the stimulation of aromatase in granulosa cells (Baumgarten et al. 2015); how-381 

ever, the role of IGF2 in the human corpus luteum remains to be examined.  We also observed that hCG 382 
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inhibits the expression of CTGF and sFRP4. CTGF expression has been shown to be downregulated dur-383 

ing follicle maturation (Slee et al. 2001). Thus, our results suggest that LH may play a major role in the si-384 

lencing of this transcription factor in luteal cells, supporting previous reports (Phan et al. 2006). In contrast, 385 

we show that hCG strongly inhibited the expression of sFRP4; whereas in rats, hCG has been shown to 386 

induce sFRP4 expression (Hsieh et al. 2003). This suggests species-specific molecular differences in the 387 

regulation of sFRP4 in luteal cells. 388 

The direct targeting of LHCGR activity or expression as a means of fertility management is an area 389 

that has not been explored. Dysfunctional LHCGR activity can adversely affect the outcome of IVF treat-390 

ments by leading to the development of a potentially life-threatening condition called ovarian hyperstimula-391 

tion syndrome (OHSS), which is a systemic disease resulting from vasoactive products released by the 392 

ovaries. The risk of OHSS complications is a significant clinical problem due to the increased demand for 393 

IVF treatments (Sunderam et al. 2017). The main culprit leading to OHSS development are an exagger-394 

ated response to hCG leading to abnormally high levels of VEGF (Nelson 2017). The release of VEGF 395 

from LGCs to circulation has been shown to increase capillary permeability and fluid retention (Al-Shawaf 396 

& Grudzinskas 2003, Pietrowski et al. 2012, Naredi et al. 2014). In fact, inhibition of VEGF actions has 397 

been shown to decrease OHSS (Soares et al. 2008, Cenksoy et al. 2014). Thus, understanding LHCGR 398 

regulation could reveal new therapeutic targets to control OHSS. 399 

In conclusion, this report contributes to a better understanding of the mechanisms involved in the reg-400 

ulation of LHCGR in human luteal cells. By using a lentivirus system, we have provided the first experi-401 

mental data suggesting that the proximal 174 bp region of the LHCGR promoter is sufficient to drive the 402 

expression of this gene in human luteal cells. We also show that LH strongly stimulates the expression of 403 

its own receptor. Finally, our findings suggest that SP1 and GATA4 are involved in the regulation of 404 

LHCGR in human luteal cells. 405 

 406 
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