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Abstract

Purpose To screen novel mutations in LHCGR responsible for empty follicle syndrome and explore the pathological mechanism
of mutations.

Methods Four affected individuals diagnosed with infertility-associated anovulation or oligo-ovulation from three independent fam-
ilies were recruited. Sanger sequencing was used to identify the LHCGR mutations in affected individuals. Western blot was performed
to evaluate the effects of mutations on LHCGR protein levels. Immunofluorescence was done to explore the effects of mutations on
LHCGR subcellular localization. The ATP levels were measured to infer the functional effects of the mutations on LHCGR.
Results In the present study, three novel biallelic mutations in LHCGR were identified in four affected individuals from three
independent families with empty follicle syndrome or oligo-ovulation. All biallelic mutations were inherited from the proband of
their parents. The western blot showed that the identified mutations decreased LHCGR protein level and altered the glycosylation
pattern. The immunofluorescence showed an ectopic subcellular localization of LHCGR in cultured HeLa cells. Besides, the
mutations in LHCGR also reduced the cellular ATP consumption.

Conclusion These findings confirm previous studies and expand the mutational spectrum of LHCGR, which will provide genetic
diagnostic marker for patients with empty follicle syndrome.
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Introduction

The luteinizing hormone/choriogonadotropin receptor
(LHCGR, MIM:152790) is a transmembrane receptor
mainly expressed in the ovary and testis and is necessary
for normal hormonal responses during human reproduc-
tion [1, 2]. LHCGR consists of a signal peptide domain,
an extracellular hormone-binding domain, a seven-helix
transmembrane domain, and an intracellular C-terminal
domain [3]. It is activated by luteinizing hormone (LH)
and human chorionic gonadotropin (hCG) [4]. In fe-
males, LHCGR is expressed in granulosa cells, theca
cells, and luteal cells and is necessary for estradiol pro-
duction, ovulation, and luteal formation [1]. In males,
LHCGR has been identified in the Leydig cells. It binds
with high affinity to hCG, which is critical for the stim-
ulation of testosterone production and secretion and thus
supports spermatogenesis [5, 6]. Therefore, normal
LHCGR functioning is critical for reproduction in both
females and males.

In males, gain-of-function mutations in LHCGR are asso-
ciated with familial male precocious puberty [7]
(MIM:176410), while biallelic inactivation mutations in
LHCGR cause Leydig cell hypoplasia (LCH, MIM:238320),
which leads to male disorders of sexual differentiation [8]. In
females, it has been reported that homozygous or compound
heterozygous mutations in LHCGR cause LH resistance
(MIM:238320) leading to female infertility characterized by
primary amenorrhea, oligomenorrhea, and anovulation but
without any effect on the sex characteristics [9—14].
Mutations in LHCGR lead to partial or complete loss of re-
sponse to LH thus causing LH resistance [15—-17]. Although
several mutations in LHCGR have been identified, novel mu-
tations and their corresponding mechanisms are worthy of
being investigated.

In this study, we aimed to screen novel mutations in
LHCGR responsible for empty follicle syndrome and ex-
plore the pathological mechanism of mutations. We re-
cruited four affected individuals diagnosed with
infertility-associated anovulation or oligo-ovulation from
three independent families. The two affected individuals
from families 1 and 3 had no oocytes retrieved during
in vitro fertilization (IVF) attempts, while the patient in
family 2 had a few oocytes retrieved. Sanger sequencing
was used to identify the LHCGR mutations in affected
individuals. Western blot and immunofluorescence were
performed to evaluate the effects of mutations on
LHCGR protein levels and subcellular localization. The
ATP levels were measured to infer the functional effects
of the mutations on LHCGR. This study provides a
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comprehensive understanding of mutations in LHCGR
that are responsible for empty follicle syndrome and ab-
normal ovulation and will help in selecting the proper
treatment for these patients.

Materials and methods
Clinical samples and genetic studies

Patients diagnosed with infertility-associated anovulation
or oligo-ovulation were recruited from the Shanghai Ji
Ai Genetics and IVF Institute, the Ninth Hospital
Affiliated with Shanghai Jiao Tong University, and the
First Affiliated Hospital with Nanjing Medical
University. Genomic DNA samples were extracted from
the patients’ peripheral blood using the QlAamp DNA
Blood Mini Kit (Qiagen, Germany). Sanger target se-
quencing was then performed to identify new mutations
in LHCGR. All studies on human subjects were approved
by the ethics committee of the Medical College of Fudan
University, and written informed consent was obtained
from the affected individuals.

Expression constructs, western blot, and
immunofluorescence

Full-length coding sequence of human LHCGR
(NM_000233) was amplified and cloned into the GV141
vector with a flag tag. Mutations in LHCGR (c.T32C
(p.Leul1Pro), c.C1936T (p.Arg646Cys), c.661dupG
(p.Ala221Glyfs*63), and c.32_58dupTGAAGCTG
CTGCTGCTGCTGCAGCCGC (p.Leull Prol9dup))
were introduced by using the site-directed KOD-Plus-
Mutagenesis Kit (Toyobo Life Science) according to the
manufacturer’s instructions. The HeLa cell line was ob-
tained from the Cell Bank of Shanghai Institute for
Biological Sciences, the Chinese Academy of Sciences
(Shanghai, China). Cells were cultured in high-glucose
Dulbecco’s minimum essential medium (Gibco) supple-
mented with 10% FBS and 1% penicillin/streptomycin at
37 °C in a humidified 5% CO, incubator. For western
blotting, cells were harvested at 36 h after quantification
with the bicinchoninic acid assay (Shanghai Biocolor
Biosciences & Technology Co.), and cell extracts were
denatured in SDS loading buffer. The samples were then
separated by SDS-PAGE and transferred to nitrocellulose
membranes (Pall Corporation) and probed with mouse
anti-FLAG antibodies (1:1000 dilution; Cell Signaling
Technology) or rabbit anti-x-tubulin antibodies (1:1000



J Assist Reprod Genet (2020) 37:2861-2868

2863

dilution; Cell Signaling Technology). The secondary anti-
bodies were goat anti-rabbit immunoglobulin G (IgG)
(1:5000 dilution; Abmart) or goat anti-mouse 1gG
(1:5000 dilution; Abmart) conjugated to horseradish per-
oxidase. For immunofluorescence, cells were fixed and
stained as described previously [18]. Briefly, cells were
fixed with 4% paraformaldehyde for 30 min and stained
with an Alexa Fluor 594-labeled monoclonal anti-FLAG
antibody for 1 h at room temperature. After washing with
PBS, DAPI was added for 10 min to label the DNA.

ATP measurements

Wild-type (WT) and mutated LHCGR constructs were
transfected into HeLa cells. At 36 h, cells were lysed in 400
uL of lysis buffer for 10 min and centrifuged at 4000xg at
room temperature for 30 s in cell lysis buffer. The relative
ATP content was determined in a mixture of 50 uL of super-
natant and 50 pL of luciferine-luciferase using an ATP
Bioluminescence Assay Kit HS II (Roche Applied Science)
according to the manufacturer’s instructions.

Minigene assay

The ¢.384-2A>T splicing variant was located at the donor
splice site of intron 4. Due to the large size of intron
4, we failed to clone the full sequence of exon 4, exon
5, and exon 6 into the minigene vector. We amplified
the exon 4 and exon 5—exon 6 including 200-300 bp
intron sequences before or after it, then two products
were integrated into a modified pcDNA3 plasmid. The
WT and ¢.384-2A>T plasmids were transfected into
HeLa cells. At 24 h, total RNA was extracted using a
RNeasy Mini Kit (Qiagen), and cDNA was obtained
with the PrimeScript RT reagent kit (Takara, Osaka,
Japan). The alternative splicing isoforms were detected
by Sanger sequencing and agarose gel electrophoresis.

Statistical analysis

All the data were analyzed and graphed by GraphPad
software. Brown-Forsythe test was performed to com-
pare the homogeneity of variances. If the data had ho-
mogeneous variances, one-way ANOVA test followed
by Tukey test was used for multiple comparisons of
means. If the data did not have similar variances, the
nonparameter Kruskal-Wallis test was performed. The P
< 0.05 was considered significant.

Results
Clinical characterization

All four affected individuals had been diagnosed with primary
infertility for several years characterized by anovulation or oligo-
ovulation. The family pedigrees are shown in Fig. 1, and the
clinical characteristics of the patients’ retrieved oocytes are sum-
marized in Table 1. The patient in family 1 was 41 years old and
had been diagnosed with primary infertility for 13 years and had
undergone four failed IVF attempts, and no oocytes had been
retrieved (Fig. 1; Table 1). Her sister was also diagnosed with
primary infertility, but her clinical information was not available.
The phenotype of the patient in family 2 was less severe. She was
33 years old, and of her four [VF/intracytoplasmic sperm injec-
tion (ICSI) cycles, a total of 14 oocytes were retrieved. Seven of
them were successfully fertilized, but only one normally cleaved
embryo was obtained and she failed to establish pregnancy after
implantation (Fig. 1; Table 1). The patient from family 3 was 27
years old, and in her two IVF/ICSI attempts, no oocytes were
retrieved (Fig. 1; Table 1).

Identification of mutations in LHCGR

Because LHCGR is a known causative gene for empty follicle
syndrome [19], Sanger sequencing of the gene was performed
directly. As indicated in Fig. 1 and Table 2, we identified
homozygous or compound heterozygous mutations in
LHCGR from the four affected individuals. The two sisters
in family 1 had a homozygous c.T32C (p.Leul 1Pro) missense
mutation in LHCGR. The patient in family 2 had compound
heterozygous mutations c.C1936T (p.Arg646Cys) and
¢.661dupG (p.Ala221Glyfs*63). In family 3, the patient had
compound heterozygous mutations, including the splicing
mutation ¢.384-2A>T and a 27-bp duplication
¢.32 58dupTGAAGCTGCTGCTGCTG CTGCAGCCGC
(p.Leull Prol9dup). LHCGR is a transmembrane receptor,
and it consists of a signal peptide domain, a Leu-rich domain,
and a seven-helix transmembrane domain (Fig. 2). The muta-
tions ¢.T32C (p.LeullPro) and c.32 58dupTGAAGCTG
CTGCTGCTGCTGCAGCCGC (p.Leull_Pro 19dup) are lo-
cated in exon 1, which is close to the signal peptide domain,
and it was inferred that both mutations might affect LHCGR
localization in the membrane (Fig. 2). The ¢.661dupG
(p-Ala221Glyfs*63) mutation is located in exon 8 within the
Leu-rich domain, while the splicing area of ¢.384-2A>T
comes just after exon 5. The missense mutation ¢.C1936T
(p-Arg646Cys) is located in exon 11, the last exon of
LHCGR. The missense mutation ¢.T32C (p.Leul 1Pro) occurs
at a conserved residue among different species, while the
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Table 1 Clinical characteristics of the affected individuals and their retrieved oocytes
Families Age Duration of infertility IVF/ICSI Total No. of oocytes Fertilized Normal cleavage Outcomes
(years) (years) cycles retrieved oocytes embryos
1 1-1) 41 13 4 0 0 0
2 {-1) 33 8 4 14 1 Failed
pregnancy
311-1) 27 3 2 0 0 0 0
Family 1 ¢.T32C, p.Leu11Pro ¢.T32C, p.Leu11Pro
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Fig. 1 Pedigrees of the three families carrying mutations in LHCGR. All
four affected individuals were diagnosed with infertility-associated empty
follicle syndrome or oligo-ovulation from three independent families. All
of them carried homozygous or compound heterozygous mutations in
LHCGR with a recessive inheritance pattern. The affected individuals
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from families 1 and 3 were diagnosed with empty follicle syndrome.
The phenotype in family 2 was oligo-ovulation. Sanger sequencing con-
firmation is shown beside the pedigrees. The equal sign indicates infer-
tility, and black circles represent the affected individuals
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Table 2  Mutations in LHCGR in the three families
Families Genomic position c¢DNA change Protein change Mutation type  SIFT PPH2* EXAC gnomAD®
(chr2) a E®
1 48982779 c.T32C p.Leul1Pro Missense D B 0 7.53 x
107
2 48915000 c.C1936T p.Arg646Cys Missense T D 0 46x107°
48936105 ¢.661dupG p.Ala221Glyfs*63 Frameshift NA NA NA NA
insertion
3 48950837 c.384-2A>T - Splicing NA NA NA NA
48982753 ¢.32 58dupTGAAGCTGCTGCTG pLeull In-frame NA NA 0 1.56 x
48982779dup CTGCTGCAGCCGC Pro19dup insertion 107

B, benign; 7, tolerated; D, damaging; NA, not available
*Mutation assessment by SIFT and polyPhen-2 (PPH2)

® Frequency of the corresponding mutations in the East Asian population of the EXAC Browser

¢ Frequency of the corresponding mutations in gnomAD

missense mutation p.Arg646Cys does not occur at a con-
served residue (Fig. 2). Detailed information on the locations
of the mutations in LHCGR, the minor allele frequency, and
the predicted effect is provided in Table 2.

Effects of the mutations on LHCGR expression,
glycosylation, subcellular localization, and ATP
consumption in cultured cells

To detect the effect of the ¢.384-2A>T variant on LHCGR
splicing, we performed the minigene assay (Fig. Sla).
Agarose gel electrophoresis showed a lower-size band and a
similar-size band for the ¢.384-2A>T compared with wild
type, indicating the abnormal alternative splicing isoforms
with this mutation (Fig. S1b). To make clear the exact splicing
isoforms, all the bands of the WT and ¢.384-2A>T were ex-
tracted and cloned into a PGMT vector. The Sanger sequence
analysis showed that ¢.384-2A>T mutation led to three

¢.32_58dupTGAAGCTGCTGCTGCTGCTGCAGCCGC, p.Leu11_Pro19dup

¢.T32C, p.Leu11Pro .384-2A>T

different alternative splicing isoforms. The first isoform
caused a 3-bp deletion in Exon 5 and generated a
c.384 386delGAG (p.Leul28Phe, Ser129del) abnormal tran-
script. The second isoform led to a 17-bp deletion in exon 5
and generated a ¢.384 400delGAGCATCTGTAACACAG
(p-Ser129Hisfs*14) product. While the third isoform at least
jumped the exon 5 and exon 6 (Fig. S1c).

LHCGR is a highly N-linked glycosylated protein [20]. To
explore the functional effects of the mutations in LHCGR, we
transfected WT or mutant LHCGR constructs into HeLa cells
for western blot analysis. As shown in Fig. 3a, WT LHCGR
had two bands, while the mutations ¢.T32C (p.Leul 1Pro) and
c.32 58dupTGAAGCTGCTGC TGCTGCT GCAGCCGC
(p.Leull Prol9dup) had one main band. This may indicate
abnormal glycosylation of LHCGR (Fig. 3a). In addition, all
the mutations resulted in different decreases in protein levels.
The ¢.661dupG (p.Ala221Glyfs*63) mutation resulted in no
detectable LHCGR protein. For the ¢.T32C (p.Leul 1Pro)

¢.661dupG, p.Ala221Glyfs*63 ¢.C1936T, p.Arg646Cys

LHCGR
E1 E2 E3 E4 E5 E6E7 E8 E9 E10 E11
p.Leu11Pro p.Ala221Glyfs*63 p.Arg646Cys

Human LQLLEK LL FRGATGP CCKRRAE
Chimp LQLIEK LL FRGATGP CCKRRAE
Mouse LLVLAML FQGATGP CCKHRAE
Rabbit RLLLALL FQGATGP CCKHRAE
Pig LRLLALL FRGARGP CCKHQAE
Cow LRLLALL ERGATGP

p.Leu11_Pro19du g \"“p.AIaZZ‘lGnys*63

p.Leu11Pro T

LHCGRSig _ p Leu-rich domin

Fig.2 The location and conservation analysis of altered residues in LHCGR. The distribution of mutations in LHCGR exons and in the protein structure
of LHCGR. The mutations are shown as blue circles. The conservation of the mutated residues is marked in yellow
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Fig. 3 Effects of the mutations on LHCGR expression, glycosylation,
subcellular localization, and ATP level in cultured cells. a The western
blot analysis of WT and mutated LHCGR proteins in HeLa cells. «-
Tubulin was used as the loading control. b The subcellular localization
of WT and mutated LHCGR protein in HeLa cells. LHCGR is shown in

mutation, LHCGR protein level decreased by 90%, while mu-
tation ¢.32_58dupTGAAGCTGCTGCTGCTGCTGCAGCC
GC (p.Leull Prol9dup) and ¢.C1936T (p.Arg646Cys) re-
sulted in 80 and 70% of LHCGR down-regulation, respective-
ly (Fig. 3a).

Because LHCGR is a transmembrane receptor [3], we next
determined whether the mutations in LHCGR affect its subcel-
lular localization by transfecting WT or mutant constructs into
HeLa cell lines and performing immunofluorescence experi-
ments. WT LHCGR was mainly located in the cell membrane,
while the ¢.T32C (p.Leul1Pro), c¢.32 58dupTGAAGCTG
CTGCTGCTGCTGCAGCCGC (p.Leull Pro19dup), and
¢.C1936T (p.Arg646Cys) mutants had different degrees of ec-
topic localization in the cytoplasm (Fig. 3b). The effect of
¢.C1936T (p.Arg646Cys) was less severe than the others, while
the frameshift mutation ¢.661dupG (p.Ala221Glyfs*63) had no
LHCGR signal. These results were consistent with the western
blot results (Fig. 3a and b).

LHCGR activates adenylyl cyclase via G proteins and
causes ATP consumption and increased cAMP levels [16,
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red, and the DNA is shown in blue. Scale bar, 20 yum. ¢ The cellular ATP
levels of HeLa cells in the negative control (NC) and after transfection
with WT and mutant LHCGR constructs. Data are shown as the means +
SEM, n = 3 biological replicates, one-way ANOVA, followed by Tukey
test for more than two groups, ***P < 0.001

21, 22]. To determine the effects of the mutations on ATP
consumption, we measured the ATP level in cultured HelLa
cells transfected with WT and mutant LHCGR constructs.
Compared with the negative control, the WT LHCGR caused
an obvious ATP decrease, while the mutations in LHCGR had
reduced ATP consumption, suggesting the signal transduction
may be influenced by mutations in LHCGR (Fig. 3c).

Discussion

In the present study, we identified one homozygous and two
compound heterozygous mutations in LHCGR that might be
responsible for empty follicle syndrome or oligo-ovulation in
three independent families. All of the mutations were inherited
from the parents in a recessive pattern. The mutations in
LHCGR caused abnormal LHCGR glycosylation, decreased
protein level, ectopic subcellular localization, and impaired
ATP consumption, which indicate the signal transduction
may be affected.
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The affected individuals from families 1 and 3 had typical
empty follicle syndrome, and no oocytes were retrieved in
their IVF cycles. The patient in family 2 had a few oocytes
retrieved and some of these could be fertilized, but only one
normal cleavage embryo was obtained and no pregnancy was
established. This suggests that the phenotype of the patient
from family 2 was less severe compared with the other pa-
tients, and this might be associated with the severity of the
effects of the mutations. The biallelic mutations in LHCGR
from families 1 and 3 caused severe impairment of LHCGR
function in both alleles. In the patient from family 2, the allele
¢.661dupG (p.Ala221Glyfs*63) caused severe loss of func-
tion of LHCGR, while the missense mutation ¢.C1936T
(p-Arg646Cys) had only a slight effect on the subcellular lo-
calization and the LHCGR glycosylation pattern. The ATP
assay also showed that the ¢.C1936T (p.Arg646Cys) mutation
had a less-severe effect on ATP consumption. This might
explain why the patient in family 2 had a mild phenotype
and had some oocytes retrieved during her IVF attempts.

In recent years, several inactivating mutations in LHCGR
have been reported to cause female infertility [5, 10-12,
23-29], and attempts have been made to try to find treatments
for women carrying mutations in LHCGR [24, , 29]. Recently,
Lu et al. reported a successful treatment for patients with mu-
tations in LHCGR. By using combined transvaginal ultra-
sound and adjusted human menopausal gonadotropin stimu-
lation, they retrieved oocytes and obtained high-quality em-
bryos from three women with mutations in LHCGR. Two of
them successfully established pregnancies and had live births
[30]. Lu et al. reported three homozygous mutations
c.1753 1756delATCT (p.lle585Leufs*16), c.846 847insT
(p-Arg283%*), and c.1129A>G (p.Asn377Asp) in LHCGR.
All three mutations caused abnormal LHCGR glycosylation,
decreased protein level, ectopic subcellular localization, and
impaired cAMP levels which is similar with ¢.T32C
(p.Leul1Pro), ¢.32 58dupTGAAGCTGCTGCTGCTGC
TGCAGCCGC (p.Leull Prol9dup), and ¢.661dupG
(p.Ala221Glyfs*63) mutations in this study [30]. Their phe-
notypes were also similar; no oocytes were obtained before
using combined transvaginal ultrasound and adjusted human
menopausal gonadotropin stimulation. The ¢.C1936T
(p-Arg646Cys) mutation from family 2 in this study had a
less-severe effect on LHCGR glycosylation and ATP con-
sumption. So, the phenotype of patient from family 2 had a
mild phenotype and had some oocytes retrieved during her
IVF attempts in our study. It is likely that the severity of the
functional impairment caused by mutations will affect the out-
come of the treatment. Patients carrying less-severe mutations
may have a better outcome of treatment. Their research sheds
light on the treatment of patients carrying mutations in
LHCGR, and thus screening for novel mutations in LHCGR
can help the clinician to make the right choice in terms of
treatment strategy.

In summary, we identified one homozygous and two com-
pound heterozygous mutations in LHCGR. The mutations
caused abnormal LHCGR glycosylation, decreased protein
expression, ectopic subcellular localization of LHCGR, and
reduced ATP consumption in HeLa cells. These findings con-
firm those of previous studies and expand the mutational spec-
trum of LHCGR and thus provide additional potential genetic
diagnostic markers for empty follicle syndrome that might
help the clinician develop a proper treatment strategy for these
patients.
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