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Abstract

Purpose Oocyte death is a severe clinical phenotype that causes female infertility and recurrent in vitro fertilization and
intracytoplasmic sperm injection failure. We aimed to identify pathogenic variants in a female infertility patient with oocyte
death phenotype.

Methods Sanger sequencing was performed to screen PANX1 variants in the affected patient. Western blot analysis was
used to check the effect of the variant on PANX1 glycosylation pattern in vitro.

Results We identified a novel PANX1 variant (NM_015368.4 ¢.86G > A, (p. Arg29Gln)) associated with the phenotype of
oocyte death in a non-consanguineous family. This variant displayed an autosomal dominant inheritance pattern with reduced
penetrance. Western blot analysis confirmed that the missense mutation of PANX1 (c.86G > A) altered the glycosylation
pattern in HeLa cells. Moreover, the mutation effects on the function of PANX1 were weaker than recently reported variants.
Conclusion Our findings expand the inheritance pattern of PANXI1 variants to an autosomal dominant mode with reduced
penetrance and enrich the variational spectrum of PANX1. These results help us to better understand the genetic basis of
female infertility with oocyte death.
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Introduction

Since the first tube-test baby Luis Brown born in 1978, the
assisted reproductive technology (ART), including in vitro
fertilization (IVF), and intracytoplasmic sperm injection
(ICSI) have helped millions of infertile couples to have a
live birth [1]. However, there are still about 30% infertile
patients who suffered from recurrent failure of IVF/ICSI
attempts [2, 3]. In recent years, several genes, including
TUBBS, PATL2, PLCZ1, WEE2, TLE6, PADI6, NLRP2,
and NLRP5, have been demonstrated responsible for the
defects of oocyte maturation, fertilization, and early embryo
development [4—11]. But the genetic factors accounting for
the problem are largely unknown.

PANXI is a highly glycosylated channel protein, which is
widely expressed in multiple tissues and organs, especially
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in brain and oocyte [12]. The main function of PANXI is
release adenosine 5'-triphosphate (ATP) and other small
metabolites during intercellular information exchange [13].
In 2019, Qing et al. [12] reported four families with a new
phenotype termed oocyte death, which caused recurrent
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IVF/ICSI failure and female infertility, due to heterozy-
gous variants in PANX1 with autosomal dominant (AD)
inheritance pattern. In vivo and in vitro experiments dem-
onstrated that these heterozygous mutations led to aberrant
PANXI1 channel activity and ATP release, and the oocyte
death phenotype was recapitulated by overexpression of
patients-derived mutation in mice. Recently, Weijie et al.
[14] reported novel PANX1 variants in patients with oocyte
death phenotype which followed by an autosomal recessive
(AR) inherited pattern. This finding demonstrated the criti-
cal role of PANX1 in oocyte development. Despite that, the
etiology research on oocyte death is far from completeness.
Therefore, the mutations and genes involved in oocyte death
are still need to be further explored.

In this study, we identified a heterozygous variant in
PANX1 (MIM# 608,420) in a non-consanguineous family
with the phenotype of oocyte death after fertilization, fol-
lowed by an autosomal dominant mode with reduced pen-
etrance. This study confirms that PANX1 mutations occur
in infertile patients with oocyte death after fertilization,
expanding the mutation spectrum of PANX1.

Methods
Human subjects and clinical samples

The infertile patient with the oocyte death phenotype was
recruited from Jiangxi Maternal and Child Health Hospital.
Peripheral blood samples of the patient and her family mem-
bers were obtained for DNA extraction. Written informed
consent was obtained from the patients. This study was
approved by the Ethics Committee of reproductive medi-
cine of the hospital.

Controlled ovarian stimulation

For the first cycle, patient received the gonadotropin-releas-
ing hormone agonist (GnRH-A) protocol. Briefly, standard
full dose of GnRH-a (3.75 mg, Ipsen, France) was used in
the second day of menstrual cycle for downregulation. Pitui-
tary downregulation (endometrial thickness <5 mm, serum
FSH <5 mIU/mL, LH <5 mIU/mL, E2 <50 pg/mL) was
confirmed with transvaginal ultrasound and endocrine exam-
ination after 30 days. Then, an initial dose of 150 IU/days of
recombinant human FSH (Merck-Serono, German) was used
for ovarian stimulation. The time and dose of recombinant
human FSH were adjusted according to ovarian response as
monitored by serum estradiol levels and vaginal ultrasound.
When the dominant follicle was > 19 mm in diameter or
at least 2 follicles were > 18 mm in diameter, recombinant
human FSH was stopped and a single injection of 250 pg
of recombinant hCG (Merck-Serono, German) and 2000 IU
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urinary-derived hCG (Livzon, China) was administered.
Oocyte retrieval was performed 36-40 h later under trans-
vaginal ultrasound guidance. For the second cycle, patient
received GnRH antagonist (GnRH-ant) protocol. Ovarian
stimulation was started with 200 IU of recombinant human
FSH (rhFSH, Merck-Serono, German) treatment on day 2 of
the menstrual cycle. The daily dose of thFSH was adjusted
according to ovarian response as monitored by ultrasonog-
raphy and serum estradiol (E,) levels. GnRH antagonist
(Cetrorelix, Merck Serono, Switzerland) at a daily dose
of 0.25 mg was started when the largest follicle exceeded
12 mm. Both GnRH antagonist and rhFSH were stopped and
a single injection of 250 ug of recombinant hCG (Merck-
Serono, German), and 2000 IU urinary-derived hCG (Liv-
zon, China) was administered when the dominant follicle
was > 19 mm in diameter or at least 2 follicles were > 18 mm
in diameter. Oocyte retrieval was performed 36—40 h later
under transvaginal ultrasound guidance.

Evaluation of oocyte and embryo phenotypes

Oocytes were obtained from patient and controls undergoing
clinical IVF/ICSI. The morphologies of oocytes, fertiliza-
tion, and embryonic development were evaluated by light
microscopy. The assessment was made in a blinded manner
by two embryologists.

Screening of PANX1 variants

Genomic DNA samples of the proband and her family mem-
bers were extracted from peripheral blood using the QIAamp
DNA Blood Mini Kit (Qiagen, Germany). The DNA con-
centration and purity were measured with a NanoDrop 1000
spectrophotometer (Thermo Scientific, USA). All exons of
PANXI1 were amplified, and the corresponding primers
are shown in Table 1. Then, Sanger sequencing was per-
formed to identify mutation in PANX1. Amplified fragments
were directly sequenced using an ABI 3100 DNA analyzer
(Applied Biosystems, USA). The novel PANX1 variant was
submitted to Leiden Open Variation Database (LOVD) at
https://www.LOVD.nl/PANXI.

Expression vector construction

The full length of PANX1 encoding sequence was ampli-
fied and cloned into the pcDNA3.1 vector. Site-directed
mutagenesis was performed to introduce the identified vari-
ant ¢.86G > A (p. Arg29GIn) into the wild-type (WT) vector.
And the WT and mutant clones were confirmed by Sanger
sequencing.
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Table 1 Primers used for PANX1 exon amplification and sequencing

Primer name

Primer sequence

PANXI1-Exonl-F1 TGAGGCACCGAGACACAAG
PANXI1-Exonl-R1 CGTAAAATCGCAGCTCACCG
PANX1-Exonl-F2 AGGCACCGAGACACAAAGG
PANXI1-Exonl-R2 GCTCACGACCATCACAGCT
PANX1-Exon2-F TCTCCACCTCCTGTCCTGG
PANX1-Exon2-R AACACTTCCCATTGCCCCA
PANX1-Exon3-F ATCACTTGGCGCCATAGGTT
PANX1-Exon3-R GGCTGTCACTAGGTGCATGA
PANX1-Exon4-F TTTGACTACTGACGTTGTAGGT
PANX1-Exon4-R CCTACCCCGCACCTTGGTA
PANX1-Exon5-F1 GGCCAAGAAGCAAAACATGGT
PANX1-Exon5-R1 TGAAACCAACAGGGGTGCTT
PANX1-Exon5-F2 ACCTCTGATCTCCTTCTCTGT
PANX1-Exon5-R2 TCCCATGTCGCAGAAGTCAC

Cell culture and transfection

HeLa cells obtained from the cell bank of Shanghai Insti-
tute for biological sciences were cultured in high-glucose
Dulbecco’s minimum essential medium (Gibco, USA) sup-
plemented with 1% penicillin/streptomycin and 10% of
(v/v) fetal bovine serum (FBS; Gibco, USA) and cultured
in a humidified 5% CO, incubator at 37 C. PANX1 WT,
mutant construct, and the pcDNA3.1 vector were trans-
fected into HeLa cells using the FuGENE HD Transfection
Reagent (Promega, USA) according to the manufacturer’s
instructions.

Western blotting

HelLa cells were harvested 36 h after transfection and washed
three times with cold phosphate-buffered saline (PBS). Cells
were lysed in RIPA lysis buffer with 1% of protease inhibitor
cocktail (Applygen, China) and centrifuged at 12,000 x g
for 30 min at 4 °C. Supernatants were collected, mixed with
5 x sodium dodecyl sulfate (SDS) loading buffer, and heated
at 100 °C for 10 min. Equal amounts of protein were sepa-
rated using SDS—polyacrylamide gel electrophoresis and
transferred to PVDF membranes (Merk-Milipore, USA).
The membranes were blocked with 5% nonfat milk diluted
in PBS with 0.1% of Tween 20 (PBST) for 1 h and then
incubated at 4 °C overnight with rabbit anti-PANX1 (1:1000
dilution, Cell Signaling Technology, USA) and rabbit anti-
GAPDH (1:1000 dilution, Cell Signaling Technology, USA).
The membranes were washed with PBST three times and
incubated with goat anti-rabbit IgG secondary antibodies
(1:5000 dilution, Immunoway, USA) for 1 h at room tem-
perature followed by washing again with PBST three times.
Finally, the membranes were incubated with ECL western

blotting Substrate (Tanon, China) and imaged on a chemi-
luminescent imaging system (5200, Tanon, China). Quan-
titation of western blotting results was performed with the
Imagel software.

Statistical analyses

All data are representative of at three independent experi-
ments. SPSS 24.0 software was used to perform the statisti-
cal analysis. Values were analyzed by Student’s ¢ tests when
comparing experimental groups, and P values < (.05 were
considered statistically significant.

Result
Clinical characteristics of the proband

The proband from a non-consanguineous family had been
diagnosed with primary infertility for several years. She was
33 years old at examination and had normal menstrual cycles
and normal sex hormone level. The seminal parameters
of her husband showed 60 million per milliliter of sperm
concentration, 35% progressive motility, and 9.5% normal
sperm morphology per ejaculate. She had undergone a failed
IVF and a failed ICSI treatment cycle. In the IVF attempt, an
early follicular phase agonist long protocol was conducted
for controlled ovarian stimulation. The estradiol level on day
of hCG trigger was 2126 pg/ml. A total of 10 oocytes were
retrieved, and all of them were successfully fertilized. How-
ever, all fertilized oocyte were gradually degenerated and
died within 40 h, characterized by shrinking and blackening
of the oocyte cytoplasm. In the ICSI attempt, the ovarian
stimulation protocol was changed to antagonist protocol. The
estradiol level on day of hCG trigger was 1223 pg/ml. Eleven
oocytes were retrieved, and 7 out of 8 metaphase Il oocytes
were successfully fertilized by ICSI. However, all fertilized
oocytes were degenerated and died within 40 h and 2 of
them died after finished the first cleavage (Table 2; Fig. 1).

Identification of heterozygous variants in PANX1

Previous study had shown that PANX1 mutations can lead
to oocyte death phenotype. Due to the clinical characteris-
tics and oocyte death phenotype of the proband, screening
of PANXI1 variants was performed. Most of members in
the family underwent Sanger sequencing of PANX1 exons.
As we expected, the proband carries a heterozygous muta-
tion ¢.86G > A (p. Arg29GIn)) in PANX1, which is inher-
ited from her father (Figs. 2 and 3). And her aunt (II-3) and
cousin (III-6) were also the heterozygous missense mutation
carrier. However, the proband’s aunt (II-3) carry this vari-
ant, which had given birth to a son 17 years ago by herself

@ Springer



1904

Journal of Assisted Reproduction and Genetics (2022) 39:1901-1908

Table 2 Clinical characteristics of IVF attempts of the proband

IVF attempts Insemination ~ Total oocytes MII oocytes Fertilized Oocytes died after ~ Zygotes died after the Usable
method oocytes fertilization first cleavage embryos

No. 1 IVF 10 10 10 10 0 0
No. 2 ICSI 11 8 7 5 2 0
IVF in vitro fertilization, /CSI intracytoplasmic sperm injection

z O O O

1 2 3
W/ c.86G>A W/W W/ c.86G>A
®
1 ) 3 4 5 6 7
W/W W/ ¢.86G>A W/W Ww Ww W/ c.86G>A W/W
v =
1 2

Fig. 1 Morphology of oocytes retrieved from control individuals and proband at O h, 20 h, 28 h, and 40 h. All fertilized oocytes were died within

40 h, and 2 of them died after the first cleavage. Scale bar, 40 um

without ART treatment or egg donation program (Figs. 2 and
3). This suggests that this variant displays a distinguished
expressivity in different contexts.

Function prediction of the PANX1 mutation

The mutation in the family was absent in the population
according to 1000 Genomes Browser (http://www.internatio
nalgenome.org/) or Genome Aggregation Database (https://
gnomad.broadinstitute.org/). The location of mutation in
PANX1 and PANX1 protein is shown in Table 3 and Fig. 4
A and B. Variation ¢.86G > A was located in exon 1 and
caused an amino acid substitution a position 29 in N-termi-
nal loop of PANXI1 protein. The residue Arg29 was highly
conserved across species (Fig. 4C). The pathogenicity of the
variant was assessed using three online software: mutation
taster (www.mutationtaster.org/), SIFT (sift.jcvi.org), and
PloyPhen2 (genetics.bwh.harvard.edu/pph2/). As shown in
Table 2, the missense mutation ¢.86G > A (p. Arg29Gln)) of
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PANX1 was predicted to be pathogenic by mutation taster,
SIFT, and PloyPhen2.

Effect of heterozygous variant on PANX1
glycosylation in vitro

PANXI1 exists in three glycosylation states: the non-gly-
cosylation protein (GLYO0), a high-mannose glycoprotein
(GLY1), and a fully mature glycoprotein (GLY?2). To inves-
tigate the effects of the mutation we identified on PANX1
glycosylation in vitro, we examined the HeLa cells 36 h after
transfection with WT or mutant construct. Compared with
WT PANXI1, the (p. Arg29Gln) variant resulted in a sig-
nificantly reduced the GLY2 species and the GLY2/GLY 1
intensity ratio (Fig. 4D and F), which is consist with the p.
(Arg300GIn) and p. (Cys347Ser) [14]. These results indi-
cated that the PANX1 variant (p. Arg29Gln) resulted in an
altered glycosylation pattern in HeLa cell in vitro.


http://www.internationalgenome.org/
http://www.internationalgenome.org/
https://gnomad.broadinstitute.org/
https://gnomad.broadinstitute.org/
http://www.mutationtaster.org/
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Fig.2 A pedigree with PANX1 mutation cause infertility with oocyte death phenotype. Squares indicate male family member, circles indicate
female members, black solid circle with arrow indicates the proband, the equal sign indicates infertility, and “W” indicates wild-type allele
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Table 3 Overview of the PANX1 mutation

Genomic cDNA Protein Variant type Inheritance GnomAD7 1000 SIFT* PloyPhen2*  Mutation
position on change change genomes taster*®
Chrl1
93,862,564 c.G86> A p- Arg29GIn  Missense AD Not found  Not found Damaging Probably Deleterious
damaging
AD autosomal dominant
TFrequency of corresponding mutation in GnomAD and 1000 Genomes Browser
“Mutation assessment by SIFT, PloyPhen2 and Mutation taster
A ¢.86G>A
1
panxt L— o — F—— AW
NM_015368.4
E1 E2 E3 E4 E5
“ 53.13kb >
p.(21-23delTEP) p-(Ser238Pro) p-(Arg300GIn) p.(Lys346Glu) p.(GIn392%*)
B
l p-(Arg29Gin) l l H)A(Cys347Ser) l
PANX1 ™  EC ™ T™ EC TM (¢
\ \ \ \ | | \ ]
0 100 200 300 400 426aa
C c.86G>A, p.(Arg29GlIn) D E
} n 14 -
s 3
Human EPKFKGLRLELAVDKMV N %y?’ @/ N A
Chimp EPKFKGLRLELAVDKMV Q)\fo*\ $& Q.@s g 1
Monkey EPKFKGLRLELAVDKMV *qé 5 08 -
S 0
Dog EPKFKGLRLELAVDKMV PANX] «ggz "‘S’] S 06
Cattle EAKFKGLRLELAVDKMV P = 5 04
Mouse EPKFKGLRLELAVDKMV g o™ sk
Rat EPKFKGLRLELAVDKMY  GAPDH e z 027
Xenopus ESKYKGLRLELAVDKLV 0 T !
WT p-(Arg29Gln)

Fig.4 Mutation location of PANX1 variant and conservation analysis
of the affected amino acid. A Location of the newly identified het-
erozygous variant in PANX1 exon. B Location of mutations in the
PANXI1 protein; the bold font indicates the newly identified vari-
ant and the thin font indicate the variants discovered previously [11,
13]. TM, transmembrane region; EC, extracellular region; IC, intra-
cellular region. C Conservation analysis of the affected amino acid

Discussion

In this study, we identified a heterozygous variant
(c.86G > A (p. Arg29Gln)) in PANX1 from a non-consan-
guineous family with the phenotype of oocyte death after
fertilization. Unlike the previously reported inheritance
pattern, the variant showed an autosomal dominant inherit-
ance pattern with reduced penetrance. And we confirmed

@ Springer

among eight species. D Western blot analysis of HeLa cell extracts
after transfection with WT or mutant PANX1 constructs. GAPDH
was used as the loading control. E The ratio of GLY2 to GLY1 of
PANXI1. The GLY1/GLY1 of (p. Arg29GlIn) variant was significantly
reduced compared with WT. Three independent experiments were
performed; ***P <0.001

that the heterozygous variant altered the PANX1 glyco-
sylation pattern in cultured cells.

Qing et al. [12] firstly reported four heterozygous variants
(c.1174C>T (p. (GIn392%)), c.1036A > G (p. (Lys346Glu)),
¢.1040G > C (p. (Cys347Ser)), and c.61_69delACGGAG
CCC (p.(21_23delTEP))) in PANXI are responsible for
oocyte death in 2019. They demonstrated that the muta-
tions altered the PANXI1 glycosylation pattern and led to
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aberrant PANX1 channel activity and ATP release in oocytes
by in vitro and in vivo experiments. In the present study, het-
erozygous variant c.86G > A (p. Arg29GlIn) in PANX1 was
shown to cause oocyte death and followed by an irregular
AD inheritance pattern. More recently, Weijie et al. [14]
reported two homozygous variants ¢.712 T> C (p. (Ser-
238Pro)) and c.899G > A (p. (Arg300GIn)) in PANXI,
which were also shown to cause oocyte death with an AR
pattern. These findings suggested that mutations in different
locations in PANX1 might appear different effects on the
protein and the inheritance patterns might arise by different
effects of the mutations accordingly.

Previous reported that heterozygous variants c.1174C>T
(p- (GIn392%*)) and c.1036A > G (p. (Lys346Glu)) had
a more severe phenotype with oocyte death before fer-
tilization, while the heterozygous variants c.1040G > C
(p- (Cys347Ser)) and c.61_69delACGGAGCCC
(p-(21_23delTEP)) did not die until after fertilization [12].
In this study, the proband with heterozygous mutation c.
86G > A (p. Arg29GlIn)) had the phenotype of oocyte death
after fertilization or the first cleavage. These results sug-
gested that mutation’s location affected the phenotype
severity. Several studies on the structure of PANX1 have
shown that it was a heptameric channel protein and played
an important role in cellular communication [15-20].
Moreover, the C-terminal domain and the N-terminal
loop which extended toward the intracellular region might
serve as a channel gate for ion permeation or ion selectiv-
ity [18, 20]. This may explain why the heterozygous muta-
tions p. (GIn392*) and p. (Lys346Glu) which located in the
C-terminal domain had a more severe phenotype than het-
erozygous variants p. (Cys347Ser), p.(21_23delTEP) and
(p- Arg29Gln) (Fig. 4B). And the variants p. (Ser238Pro)
and p. (Arg300GIn), which located near the transmembrane
regions, resulted in oocyte death only in a homozygous state
(Fig. 4B).

There is also a phenotype difference between women with
heterozygous variants. The proband with the variant c. 866G > A
had all oocyte death after fertilization (2 of them died while
finished the first cleavage) (Fig. 1), while her aunt (II-3) has
given a live birth of a son 17 years ago (Fig. 2). Additionally,
as Weijie et al. [14] reported that patients with homozygous
variant ¢.899G > A (p. (Arg300Gln)) could produce a viable
embryo during IVF treatment. PANX1 is a glycoprotein that
exists in different glycosylated forms and the glycosylation level
is critical for cellular localization and function [21]. It is likely
that the phenotype severity of PANX1 variant depends on the
impairment of glycosylation functioned by modifying genes.

Previous studies have found that panx1 knockout mice
were fertile and have no obvious reproductive defects [22].
And the engineered OE-PANX 1% female mice were
completely infertile with the oocyte death phenotype [12],
implying that the oocyte death phenotype was caused by a

gain-of-function effect. The newly identified heterozygous
variant ¢.86G > A (Fig. 3) and two previously reported het-
erozygous variants ¢.1040G > C and c.61_69delACGGAG
CCC [12] in PANXI1 resulted in oocyte death only after fer-
tilization, but the molecular mechanism for this phenotype
remains unknown. During fertilization, oocyte activation
consists of a coordinated series of events [23], including
repeated increases in cytoplasmic calcium concentration,
cortical granule exocytosis, the resumption of the second
phase of meiosis, and extrusion of the second polar body.
We speculated that oocyte death after fertilization might be
related to these intense ions exchanged and highly ATP con-
sumption processes, and this requires further exploration in
transgenic mice.

Conclusion

In brief, we have identified the heterozygous variant c.
86G > A (p. Arg29GlIn)) in PANXI as responsible for oocyte
death and female infertility. Our finding expands the spec-
trum of PANX1 mutation and provides genetic evidence for
infertile women with oocyte death during IVF treatment.
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