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Abstract

Purpose Diminished ovarian reserve (DOR) is associated with compromised fertility that affects approximately 10% of
couples. Gene mutations are implicated in the pathogenesis of DOR. Here, we aimed to assess the clinical and genetic char-
acteristics of two sisters with impaired fertility history. The two sisters showed DOR and suffered from recurrent pregnancy
loss (RPL) in natural pregnancy and in vitro fertilization-embryo transfer IVF-ET).

Methods Whole exome sequencing (WES) was performed for the proband and pathogenic variants detected were validated
by Sanger sequencing in all available family members. Minigene assay was performed to evaluate the impact of sequence
variants on splicing effect.

Results Two novel heterozygous variants on the HFM1 gene, c.1978-2A > C and ¢.2680+ 3_2680 + 4del AT, were observed
in the two patients. The genotype of their parents was all heterozygous, while the unaffected sister and brother did not carry
the variants. Both variants could produce alternative transcripts compared to wild-type counterparts, which might result in
protein dysfunction.

Conclusion Our results demonstrated that the pathogenic splicing variants in HFM1 are associated with DOR in these two
sisters. Mutations in HFM I may contribute to RPL and poor IVF-ET outcomes because of descending quality and quantity
of oocytes. The study enriched the genetic defect spectrum of DOR and understanding of the roles of HFM1 in female
reproduction.
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Introduction

Diminished ovarian reserve is characterized by impaired fer-
tility outcomes and represents a major challenge in repro-
ductive medicine [1]. So far, there is no uniformly accepted
definition for DOR. In the ESHRE consensus, anti-mullerian
hormone (AMH) and/or antral follicular count (AFC) is
rather considered the diagnostic indicators for DOR. Thus,
(i) any of the risk factors for poor ovarian responders and/or

Lan Yu and Mingwei Li contributed equally to this work.

> Fei Wang
fwangbio @mail.ustc.edu.cn

Henan Joint International Research Laboratory

of Reproductive Bioengineering, Henan Provincial People’s
Hospital, Henan Provincial Reproductive Hospital, People’s
Hospital of Zhengzhou University, People’s Hospital

of Henan University, Zhengzhou 450003, Henan, China

Department of Obstetrics and Gynecology, The First
Affiliated Hospital of Anhui University of Science
and Technology, Anhui 232007, China

Frontier Research Center, School of Medicine, Anhui
University of Science and Technology, 168 Taifeng Road,
Anhui 232001, China

(ii) an abnormal ovarian reserve test (i.e., AFC < 5-7 folli-
cles or AMH <0.5-1.1 ng/ml) could be suggested [2]. DOR
in advanced age is physiologic but pathologic at younger
ages (<40 years old) [3]. The etiologies of DOR includes
genetic, autoimmune, idiopathic, and iatrogenic [4]. Gene
mutations and polymorphisms can be associated with DOR,
such as FMR1 and GDF9 [4]. Patients with DOR respond
poorly to ovarian stimulation and have much lower preg-
nancy rates in IVF-ET cycles [5]. Moreover, patients with
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DOR appear to be a high risk in for fetal aneuploidy and may
play an important role in unexplained RPL [6, 7].

Whereas many genetic causes of POI are well estab-
lished, little is known about definitive gene mutations for
most patients, especially about etiology of DOR [4]. HFM 1
plays an important role in meiosis and is a candidate gene
for premature ovarian insufficiency (POI) [8—11]. Although
DOR is different from POI, it is possible in some patients
that they may share several similar pathogenesis [4]. In this
study, we used WES to investigate the genetic cause of poor
pregnancy outcomes in a Chinese family. Consequently,
two novel splice-site variants in HFM1, i.e., c.1978-2A>C
and ¢.2680 +3_2680 + 4del AT, in compound heterozygo-
sity were identified in the patients. In vitro minigene assay
proved that these variants had deteriorative effects on HFM 1
mRNA splicing. HFM1 mutations caused DOR and might
further affect the IVF-ET and pregnancy outcomes. To our
knowledge, our findings, for the first time, present evidence
of mutations in the HFM gene as a possible cause of RPL
due to DOR.

Materials and methods

Ethical approval.

The study protocol and informed consent forms were
approved by The Ethics Committee of Henan Provincial
People’s Hospital with the approval number 2020-191. All
participants signed informed consent forms during blood
sample collection and analysis.

Study participants

The family was recruited from the Henan Provincial Peo-
ple’s Hospital, Zhengzhou, China. The studied sisters had
normal uterine cavity and had no history of autoimmune
disease, intrauterine infection, pelvic surgery, radiotherapy,
or chemotherapy. DOR was diagnosed as described above
[3]. RPL was diagnosed based on criteria recommended by
ESHRE [12].

DNA extraction and WES

Genomic DNAs were extracted from peripheral blood using
the EasyPure Blood Genomic DNA Kit (Beijing, China) fol-
lowing manufacturer’s instructions. The DNA of probands
was analyzed through WES using HiSeq2500 sequencing
platform (Illumina, San Diego, CA, USA) by the Novogene
Bioinformatics Technology Co. Ltd (Tianjin, China). The
raw sequencing data included 84,905,048 clean reads, the
coverage of target region was 99.5%, and targets covered
with at least 20 X depth were 94.2%. The candidate muta-
tions met the following criteria: (i) the sharing by the two
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sisters; (ii) a low allele frequency (< 0.01) in the public
human genome databases of the 1000 Genomes Project and
the gnomAD (http://gnomad.broadinstitute.org/, (iii) delete-
rious variants valued by three predictors, including SIFT
(http://sift.jcvi.org/), PolyPhen-2 (http://genetics.bwh.harva
rd.edu/pph2/), and MutationTaster (https://www.mutationta
ster.org). Splicing effect was scored by varSEAK (https://
varseak.bio).

Variant validation and co-segregation analysis

Validation and co-segregation of HFM1 variants in the
family were performed through PCR and Sanger sequenc-
ing. PCR primers included the following: HFM1 del-F:
5'-GCCTGCCTGTATTCAGTACCTACCA-3" and HFM1
del-R: 5'-"AGACAACTTTGAGGATTTGGGGAAA-3' for
¢.2680+3_2680+4delAT and HFM1 T > G-F: 5'-GCTTGC
CAAGAAATACCACTGAATA-3" and HFM1 T > G-R:
5'"TAGGTATTATGGGAACATCAGGAAG-3' for c.1978-
2A > C. Sequencing reactions were conducted with BigDye
Terminator v3.1 (Applied Biosystems, USA). Sequencing
was performed on ABI 3130XL (Applied Biosystems, USA).

Construction of hybrid minigenes

A minigene splicing assay was performed to confirm
whether the variants influenced splicing products. Ampli-
cons covering HFM1 variant sites ¢.1978-2A > C and
c.2680+3_2680+4delAT were generated by PCR and
cloned into the pIN12 In45-In56 vectors between restriction
sites Xba I and Xho I (Fig. S1). PCR and Sanger sequenc-
ing was used to confirm the successful construction of plas-
mids carrying wild-type or mutant insertions. The schematic
diagram of the minigene construction is shown in Fig. S1.
The vector pIN12 In45-In56 was kindly provided by Dr. Du
Jing at Shanghai Institute of Planned Parenthood Research,
Shanghai, China.

Plasmid transfection and characterization
of minigene expression

HEK?293T cells were cultured in complete Dulbecco’s
Modified Eagle Medium (DMEM) media. Wild type or
mutant minigene plasmids were transfected into HEK293T
cells using polyethyleneimine (PEI) transfection reagent
(Sigma, USA) following the manufacturer’s instructions.
The vector pIN12 In45-In56 was used as control. All cells
were harvested 48 h after transfection and the total RNAs
were extracted using TRIzol (Thermo Fisher, USA). The
total RNAs were reverse-transcribed into cDNA using
the PrimeScript RT regent Kit (Takara, Japan). cDNAs
were amplified and PCR products were confirmed by aga-
rose electrophoresis. The PCR primers for confirmation
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of splicing effect included pIN12-132F: 5'-AGTGTG
CTGGAATTCGAGCTCACTCT-3" and pIN12-132R:
5'-CTCCGAACGCCAAGAGCCTAAGCTTA-3'. Nota-
bly, amplicon sequences were confirmed by direct Sanger
sequencing.

In vitro fertilization-embryo transfer treatment

The proband underwent three controlled ovarian hyperstimu-
lation (COH) cycles. In the first cycle, COH was performed
after pituitary downregulation with a gonadotropin-releasing
hormone agonist (GnRH-a) 0.1 mL per day (triptorelin ace-
tate, Decapeptyl, Ferring, Germany), beginning from day 21
of the previous menstrual cycle. The GnRH-a dose changed
to 0.05 mL per day from COH until the day of human cho-
rionic gonadotropin (hCG) (Livzon Pharmaceutical, China)
administration. Multifollicular development was achieved by
daily injections of recombinant human FSH (225 IU) (Gonal
F; Merck Serono, Italy) and human menopausal gonado-
trophin (HMG 75 IU, Livzon Pharmaceutical, China). The
second COH cycle was performed with the GnRH antagonist
protocol. Ovarian stimulation started on menstrual cycle day
(MC) 3 with HMG (300 IU), GnRh-antagonist (0.25 mg/d,
Cetrotide, Merck Serono, Italy) was applied on the day 5
of COH until the day of hCG administration. For the third
COH cycle, progesterone priming ovary stimulation (PPOS)
protocol was applied. Medroxyprogesterone acetate (MPA,
10 mg/d, Shanghai Xinyi Pharmaceutical Co., China) and
HMG (300 IU) were performed on MC 3 until the day of
hCG administration. Oocyte maturation of all three COH
cycles was triggered with 10,000 IU of hCG.

The proband’s sister (II-2) underwent two COH cycles.
The first cycle was performed with early-follicular phase
GnRH-a long protocol. GnRH-a (3.75 mg triptorelin,
Diphereline®, Ipsen, France) was administered on MC 3,
and Gonal F (300 IU) was applied 34 days later. For the
second COH cycle, only Gn (HMG 300 IU per day) was
applied. Oocyte maturation of the two COH cycles was also
triggered with 10,000 IU of hCG.

All COH processes were monitored by transvaginal
ultrasonography, and blood levels of E,, LH, and P. Trans-
vaginal ultrasound-guided oocyte retrieval was performed
34-36 h after the administration of hCG. Fertilization of all
aspirated oocytes was carried out in vitro by conventional
insemination.

Endometrial preparation was performed by hormone
replacement therapy protocol, specifically, oral estradiol
valerate (3 mg twice per day, Progynova, BAYER, Germany)
from MC 3 onward. The transfer of day 3 embryos was per-
formed on the fifth day of progesterone (90 mg/day, Crinone
gel; Merck Serono and dydrogesterone tablets, 10 mg twice
per day, Abbott Healthcare, Netherlands) application.

Results
Clinical findings

The proband (II-3) and her sister (II-2) were diagnosed
with DOR (Fig. 1A). Both of the sisters and their spouses
had normal karyotypes. Menstrual cycle of the two sisters
was 25-28 days. The proband (II-3) and her sister (II-2)
were 24 and 27 years old, respectively. Bilateral ovarian
sizes for the proband were 19X 13 mm and 29 x 11 mm,
for the proband’s sister were 25 X 14 mm and 25 X 11 mm.
Ovarian reserve of two patients (II-3 and II-2) were
assessed. Serum follicle-stimulating hormone (FSH) levels
of the proband were tested twice in the menstrual phase,
showing 22.91 and 18.80 mIU/mL, respectively; AMH was
0.37 ng/mL. Transvaginal ultrasound examination dem-
onstrated decreased ovarian reserve; only one AFC was
observed in each ovary. Two FSH measurements of her
sister (II-2) showed 8.34 and 6.93 mIU/mL, respectively;
AMH was 1.33 ng/mL. Transvaginal ultrasound examina-
tion showed four AFC in each ovary. Both proband (II-3)
and her sister (II-2) suffered from RPL (Fig. 1A). The
proband suffered three pregnancy losses in natural con-
ception; two of which were biochemical, while embryo
stopped developing at 7-8 weeks in the remaining one
pregnancy. Her elder sister (II-2) experienced two preg-
nancy losses and one hydatid pregnancy in natural concep-
tion. For the two pregnancy losses, one was an abortion at
8 weeks, and one was a biochemical pregnancy loss. Their
mother (I-2) had delivered four children and the fertile
elder sister (II-1) spontaneously conceived and delivered
two healthy girls and one boy; their brother (II-4) had nor-
mal semen quality.

Two likely pathogenic splicing variants were
detected in the HFM1 gene

Whole-exome sequencing was performed in the proband.
After variant filter process, two variants in HFM1I
gene, ¢.2680 + 3_2680 + 4delAT and c.1978-2A>C
(NM_001017975.4), were identified in the proband
(Fig. 1A). Sanger sequencing revealed that both the
proband and her sister (II-2) were compound heterozy-
gotes. Their parents (I-1 and I-2) were heterozygous
carriers, while the unaffected sister (II-1) and brother
(IT4) did not carry the variants (Fig. 1B). The c.1978-
2A > C variant, which is rare in the human popula-
tion, affects the canonical splice site (Fig. 1C). The
¢.2680 + 3_2680 + 4del AT variant locates in splice donor
site of HFM 1 intron 17 (Fig. 1C), which is also rare (Gno-
mAD_EAS: 0.00026511; dbSNP: rs760336250). Both
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variants could be classified as likely pathogenic based
on variant classification guidelines of the American Col-
lege of Medical Genetics and Genomics (ACMG). These
results demonstrated that RPL caused by the HFMI gene
might be inherited in autosomal recessive mode.

HFM1 variants caused intron splicing
in an alternative mode

Using splice site effect prediction bioinformatics software
varSEAK (https://varseak.bio), both HFM1 variants were
predicted to be the loss of function for authentic splice site
(class 5, top splicing effect in the varSEAK overall predic-
tion), which might lead to exon skipping. A minigene assay
was conducted to validate these prediction results. The vec-
tors carrying wild-type and mutant HFM 1 variants were
chemically transfected into HEK293T cells as well as the
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c.2680+3_2?80+4dclAT

Exon24

control plasmid pIN12 In45-In56. A band of nearly 390 bp
in the control transfection was found (Fig. 2A). For variant
c.1978-2A > C, both wild-type and the mutant transcripts
produced a small band, representing the splicing skipping
of Exonl17 (Fig. 2A and B). While wild-type construct tested
a normal splice band of about 373 bp containing Exonl6
and Exonl7, no bands of predicted sizes were found in the
mutant one. It suggests that ¢.1978-2A > C variant may
interfere with the mRNA splicing causing abnormal splic-
ing which retained intron16 (intron16: 862 bp, no ampli-
cons due to PCR amplification preference) or degrading of
mRNA. For the ¢.2680+ 3_2680 + 4delAT variant, there
were alternative splicing showing two bands in both wild-
type and mutant transcripts; however, the sizes were dif-
ferent (Fig. 2A). For the wild-type construct, two bands,
363 bp and 230 bp, represented transcripts comprising
Exon24 + Exon25 and Exon24, respectively (Fig. 2A and
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Fig. 2 Splicing effects of HFM1 A
variants ¢.1978-2A > C and
¢.2680+43_2680+4delAT.

A Gel electrophoresis of RT-
PCR products obtained from
splicing reporter minigene
assay for HFM I mutations.

B Splicing alterations in
mutation ¢.1978-2A>C. C
Splicing alterations in mutation
¢.2680+3_2680+4delAT.
pIN12 was used as control
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C). Nonetheless, two bands, 446 bp and 265 bp, showed
one transcript retaining intron 24, whereas one transcript
comprised Exon25 with skipping of Exon24 (Fig. 2A and
C). These findings show that the compound heterozygous
HFM1 variants produced alternative transcripts different
from the wild-type. A comparison of wild-type and splic-
ing variants sequences identified that both of the variants
resulted in amino acid changes (Fig. S2). Sequences of tran-
scripts were supplied in Supplementary data.

HFM1 mutations might be associated with poor
IVF-ET outcomes

Both the proband (II-3) and her sister (II-2) attempted IVF-
ET treatment because of infertility after pregnancy losses.
They refused preimplantation genetic testing for aneu-
ploidy (PGT-A) because of personal reasons. The proband
underwent three IVF cycles with different protocols. In the

first cycle, three oocytes were retrieved; all of 3 were MII
oocytes. There were two normal 2PN zygotes developed to
two day 3 embryos (9-cell/grade 2/10% fragments, 8-cell/
grade 2/10% fragments). The two embryos were fresh-
transferred to the uterus of which the endometrium thick-
ness was 12 mm. The proband got single pregnancy after ET
but the embryo stopped developing at 7 weeks. This is the
fourth pregnancy loss happened after three pregnancy losses
mentioned above. For the second and third cycles, three and
three oocytes were retrieved, respectively. All 6 oocytes
were MII. There were five normal 2PN zygotes and devel-
oped to four embryos (6-cell/grade 2/5% fragments, 10-cell/
grade 2/10% fragments, 7-cell/grade 2/10% fragments,
9-cell/grade 2/15% fragments) at day 3. The four embryos
were subjected to two frozen-thawed embryo transfer (FET)
cycles. Both of the transfers resulted in implantation failure.
The proband’s sister underwent two IVF cycles. There were
five MII oocytes and two fertilized eggs in the first cycle. On
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day 3, only one zygote developed to available embryo (12-
cell/grade 2/10% fragments). The embryo was transferred to
the uterus fresh but failed to implant. For the second cycle,
six MII oocytes were obtained. Five of 6 oocytes formed
normal 2PN zygotes and developed to five embryos at day
3. She had two day 3 embryos (8-cell/grade 2/0% fragments,
11-cell/grade 2/0% fragments) transferred and the left three
(11-cell/grade 2/5% fragments, 8-cell/grade 2/5% fragments,
7-cell/grade 2/10% fragments) were cultured to blastocyst
stage. However, the sister did not get pregnant and all three
embryos failed to form blastocyst.

Discussion

Diminished ovarian reserve presents clinically as decline in
both oocyte quantity and quality. Pathologic DOR affects
a significant number of young women with infertility and
the etiology remains obscure. Different from physiologic
age-related DOR, the etiological diagnosis of idiopathic
pathologic DOR may ultimately depend on identification
of genetic causes. Herein, we performed a genetic analysis
on a family with DOR. We identified two novel compound
heterozygous splicing variants of HFM1 gene in two siblings
with DOR, history of RPL and poor IVF-ET outcomes. Both
of the two HFM variants produced alternative transcripts
different from the wild-type, suggesting that HFM1 might
be a candidate gene for DOR.

HFM1 gene, comprising 39 exons mapped to human
chromosome 1g22, encodes helicase for meiosis 1 (HFM1),
a ATP-dependent DNA helicase. HFM1 is specifically
expressed in germ-line cells [8]. Previous research revealed
that HFM1 is implicated in meiotic homologous recombi-
nation and synapsis between homologous chromosomes
[11]. Recent studies showed that HFM also participates
in Golgi-associated spindle assembly and division in meio-
sis [9]. The knockout of Hfm1 in male mice showed that
spermatogenesis was blocked at meiotic metaphase [13]. An
oocyte-specific Hfm1-cKO mouse model revealed that the
Hfm1-cKO mice exhibited decreased follicles in all stages,
which was similar to DOR [9].

Mutations in HFM1 is reported to be a cause of prema-
ture ovarian failure, which is now commonly named as POL.
Hence, HFM1 is also known as POF9 [9]. Previous stud-
ies revealed that compound heterozygous HFM I mutations
(c.3470G > A, c.1686-1G>C, ¢.2651 T>G, c.2206G > A,
and ¢.3929_3930 delinsG) are related to POI inherited in
recessive mode [10, 14]. Mutations in gene encoding pro-
teins that regulate meiosis can result in autosomal reces-
sive POI in humans [10]. In present case, the clinical mani-
festation of the proband was insufficient to diagnose POI
but presented a remarkable DOR. The Practice Committee
of ASRM has stated that DOR is distinct from POI [1].
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However, it is possible in some patients that DOR and POI
occur within a spectrum, as they share many etiologies and
features [4, 15, 16]. With increasing age, the proband may
finally be diagnosed with POI because the AMH value was
only 0.37 ng/mL and one follicle in each ovary at her age
of 24. Although the DOR was less pronounced in her sister
(II-2), only 4 follicles existed in each ovary with an AMH of
1.3 ng/mL at the age of 27 years. The II-2 did not present the
apparent DOR may be attributed to incomplete penetrance
or the different degrees of expressivity in individuals. We
suggest that the compound heterozygous splicing variants of
HFM1 gene (c.1978-2A > C and ¢.2680+ 3_2680 +4delAT)
are the potential cause of DOR in the two sisters.

Patients with DOR underwent IVF will have fewer
eggs and fewer embryos than patients with normal ovarian
reserve. The pregnancy rates are lower in this category [1].
The two sisters totally underwent five IVF cycles and the
average number of oocytes retrieved was 3 for the proband
(II-3) and 5.5 for her sister (II-2). Both of the sisters failed
to have one successful delivery from IVF-ET treatment.
Except for one abortion, the embryos either failed to get
implantation or unable to develop blastocyst. This suggested
that the fertility was compromised in the two sisters com-
pared with peers. HFM1-deficient mice did show similar
phenotypes [9, 17]. The Hfm1-cKO mice were premature
infertile, exhibiting basically normal growing follicles but
produced four pups per litter compared with seven in control
group. Moreover, the Hfm1-cKO mice could undergo suc-
cessful fertilization but exhibit significantly decreased blas-
tocyst formation rate [9]. These suggested that the variants
of HFM 1 identified in this study might also be associated
with IVF-ET failure in these two sisters.

There is an apparent association between DOR and RPL,
specifically the idiopathic RPL. Low AMH and AFC lev-
els could predict higher odds for pregnancy loss [18]. RPL
is a highly heterogeneous condition. Different causes can
contribute to embryonic development arrest, including ane-
uploidy and thrombosis. In the idiopathic RPL, it was found
that 60-78% of the abortion products were aneuploidies,
and the preimplantation genetic screening could reduce the
pregnancy loss rate [19, 20]. More importantly, women with
DOR have a higher percentage of aneuploid embryos [7].
One study evaluating the euploid rates by preimplantation
genetic testing showing that women with DOR had 23%
reduced odds of a biopsied blastocyst being euploid com-
pared to women with non-DOR infertility. This phenomenon
was evident in women under 35 years old [21]. In this study,
both of the sisters had idiopathic RPL history. The findings
that aneuploidy rates are higher in women with DOR might
also help explain the reason of RPL in the two sisters.

In conclusion, we identified novel splicing HFM1
mutations in two DOR sisters born from a family. Con-
sidering the role of HFMI in meiosis and POI, the



Journal of Assisted Reproduction and Genetics (2022) 39:2135-2141

2141

compound heterozygous mutations in HMFI (c.1978-
2A>C/c.2680+3_2680+4delAT) are the possible causes
for DOR in the two sisters. The DOR is the potential reason
for poor IVF outcomes and RPL. Unfortunately, aneuploidy
analysis was not performed on the corresponding aborted
products and blastocyst. Thus, we cannot make a definitive
conclusion that the aneuploidies were the reason for RPL
in the two DOR sisters. Nonetheless, since HFM1 genetic
change has been witnessed in only one pedigree, additional
studies targeting multiple pedigrees are necessary.
Supplementary information.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10815-022-02580-3.
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