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Summary

Total fertilization failure (TFF) can occur during in vitro fertilization (IVF) treatments, even following intracytoplasmic sperm injection
(ICSI). Various male or female factors could contribute to TFE. Increasing evidence suggested that genetic variations in PLCZ1, which
encodes 1-phosphatidylinositol 4,5-bisphosphate phosphodiesterase zeta-1 (PLCY), is involved in oocyte activation and is a key male
factor in TFE. In the present study, we explored the genetic variants in male individuals that led to TFE A total of 54 couples with
TFF or poor fertilization (fertilization rate < 20%) were screened, and 21 couples were determined to have a male infertility factor by
the mouse oocyte activation test. Whole-exome sequencing of these 21 male individuals identified three homozygous pathogenic var-
iants in ACTL9 (actin like 9) in three individuals. ACTL9 variations led to abnormal ultrastructure of the perinuclear theca (PT), and PLC{
was absent in the head and present in the neck of the mutant sperm, which contributed to failed normal calcium oscillations in oocytes
and subsequent TFE. The key roles of ACTL9 in the PT structure and TFF after ICSI were further confirmed in an Act/9-mutated mouse
model. Furthermore, assisted oocyte activation by calcium ionophore exposure successfully overcame TFF and achieved live births in
a couple with an ACTL9 variant. These findings identified the role of ACTL9 in the PT structure and the correct localization of PLC{.
The results also provide a genetic marker and a therapeutic option for individuals who have undergone ICSI without successful fertil-

ization.
Introduction

Fertilization is the process by which the sperm and oocyte
recognize each other, interact, and fuse to give rise to a
zygote with two pronuclei (2PN)." One important step to-
ward successful fertilization is the process when sperm
enter the oocyte cytoplasm and release the activation fac-
tor 1-phosphatidylinositol 4,5-bisphosphate phosphodies-
terase zeta-1 (PLCY) to trigger the calcium oscillations.”*
Total fertilization failure (TFF), in which all mature oocytes
fail to form pronuclei, is related to many factors during
in vitro fertilization (IVF) treatments.**> As reported previ-
ously, defective sperm-oocyte recognition and fusion are
the chief causes of TFF after IVE.*” Although intracytoplas-
mic sperm injection (ICSI) is able to bypass the defects in
sperm-oocyte fusion, ICSI still carries a 1%-3% incidence
of TFE*'? In previous studies, investigators have reported
that the female factors in TFF after ICSI include pathogenic
variants in WEE2 (MIM: 614084),!' TLE6 (MIM:
612399),'? and TUBBS (MIM: 616768),'> whereas for
male factors, pathogenic variants in PLCZ1 (MIM:
608075) were reported to be the primary cause of TFE, ac-
counting for approximately 30% of couples with male fac-
tors involved in TFF, excluding globozoospermia.'*?

Rapidly accumulating evidence indicates that PLC{, en-
coded by PLCZ1, is the key sperm-borne oocyte activation
factor (SOAF).> PLCY is located in the perinuclear theca
(PT), a specialized structure localized under the acrosome
that surrounds the nuclei of sperm heads.”’** Most
recently, it was reported that pathogenic variants in
ACTL7A (MIM: 604303) led to reduced expression and
abnormal localization of PLCY, thereby identifying this ge-
netic variant as a potential cause of TFE.**

In the present study, we used whole-exome sequencing
(WES) and identified three homozygous variants in
ACTL9 (actin like 9 [HGNC: 28494, GenBank:
NM_178525.5]) in males from 21 couples suffering from
TFF or poor fertilization. Our results suggest that mutant
ACTL9 has weakened or lost interaction with ACTL7A
that causes abnormal localization of PLC{ and a loosened
PT structure, ultimately leading to failure of oocyte
activation.

Material and methods

Study participants
We recruited 54 infertile couples at the Reproductive and Genetic
Hospital of CITIC-Xiangya from January 2014 to June 2020. All
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blood and semen samples collected from the affected individuals
and control individuals were donated for investigation after the
individuals provided informed consent. This present genetic study
was approved by the Ethics Committee of the Reproductive and
Genetic Hospital of CITIC-Xiangya (reference LL-SC-2017-009).

The inclusion criterion was infertile couples with no fertilization
or poor fertilization (defined as a fertilization rate of <20%) who
underwent at least one ICSI cycle. The exclusion criterion was
infertile couples with less than five metaphase II (MII) oocytes
from female individuals and globozoospermic sperm (round-head-
ed sperm that lack acrosomes) from male individuals. The control
individuals included 100 male individuals with proven fertility
and at least one child.

Mouse oocyte activation test (MOAT)

The verification of male factors in TFF was detected by the MOAT as
previously described.>*** The MOAT involved injecting sperm from
each individual into 30 mouse MII oocytes while simultaneously
using sperm from donors with proven fertility as a positive control.
Injection was performed as previously described.”® We assessed the
results at around 30 h post-injection by examining the percentage of
two-cell formation (number of two-cells versus the number of sur-
viving injected oocytes). The male factors were likely to be the cause
of TFF if the percentage of two-cells was less than 20%, while the
positive controls should show >90% two-cell formation.

WES and genetic analysis

Toidentity pathogenic variants of infertile male individuals, we sub-
jected peripheral blood samples to WES by using the following
criteria: (1) variants with minor allelic frequencies less than 1% in
the gnomAD, 1000 Genomes Project, and Exome Aggregation
Consortium databases; (2) exonic non-synonymous or splice-site
variants or coding INDELs; (3) homozygous variants or com-
pound-heterozygous variants; and (4) proteins that were abun-
dantly expressed or specifically expressed in human testicular
tissue. We assessed functional prediction by using the SIFT and Mu-
tationTaster programs. Evolutionary conservation analysis was per-
formed via MultiAlin software. We analyzed protein domains by
using the Simple Modular Architecture Research Tool (SMART).

Transmission electron microscopy (TEM)

Sperm from the affected individual and mice were fixed in 2.5%
glutaraldehyde (Sigma-Aldrich, G5882) overnight at 4°C. The
samples were immersed in 1% osmium tetroxide, dehydrated
with graded concentrations of ethanol, and embedded in
Epon812, dodecenylsuccinic anhydride, methylnadic anhydride,
and dimethylaminomethyl phenol. Ultrathin, 70- to 90-nm-thick
sections underwent contrast staining with uranyl acetate and lead
citrate, and we examined them by using a Tecnai G2 Spirit TWIN
transmission electron microscope (Tecnai) with a Gatan CCD cam-
era (Orius) system.

Real-time quantitative PCR

Total RNA samples were extracted from the peritumoral tissues of
donors with cancer after providing informed consent. We synthe-
sized the cDNAs with 1 ug of total RNA by using the PrimeScript
RT Reagent Kit. We performed real-time PCR by using a LightCycler
480 II System (Roche) with a SYBR green kit (Roche, 42352720).
GAPDH (MIM: 138400) was used as an internal control. ACTL9
mRNA expression was quantified according to the 222" method.
All primers used for real-time PCR are listed in Table S1.

Immunofluorescence staining

Sperm from affected individuals and mice were fixed with 4%
paraformaldehyde (Sangon Biotech, E672002) for 30 min at
room temperature and then were subjected to permeabilization
with 1% Triton X-100 (Sigma, T8787) for 15 min. After being
washed with PBS buffer (Sangon Biotech, E607008), we incubated
the samples by using blocking buffer containing 5% donkey serum
albumin (Jackson ImmunoResearch, 017-000-121) and 2% BSA at
4°C overnight. After staining with goat polyclonal anti-ACTL9
antibody (1:500 dilution; synthesized by YouKe Biotechnology
[immunogen: 1-174 amino acids], China), rabbit polyclonal
anti-ACTL7A antibody (1:50 dilution; Proteintech, 17355-1-AP),
rabbit polyclonal anti-PLCZ1 antibody (1:100 dilution; Abcam,
ab124446), donkey anti-rabbit IgG (H+L) highly cross-adsorbed
secondary antibody (1:1,000 dilution; Alexa Fluor 594, Invitrogen,
A32754), and donkey anti-goat IgG (H+L) cross-adsorbed second-
ary antibody (1:1,000 dilution; Alexa Fluor 647, Invitrogen,
A21447), the sperm were counterstained with fluorescein isothio-
cyanate-conjugated peanut agglutinin (FITC-PNA, 1:100 dilution;
Cellpro Biotech, 09000332405) and 4/, 6'-diamidino-2-phenylin-
dole (DAP], Sigma, D8417). We used the Celldiscoverer 7 Fluores-
cence microscope (Zeiss) and Zen 2 software to photograph
fluorescence signals and generate line-intensity profiles. We evalu-
ated at least 200 cells in three replicates.

Construction of expression plasmids and transfection

We constructed plasmids encoding wild-type (WT) ACTLY/
ACTL7A (pENTER-ACTL9"S/pENTER-ACTL7AMYC) and mutant
ACTL9  (PENTER-ACTL9"-p Ser345Leu/Val380Leu/Tyr430Ter).
HEK293T cells were cultured to a density at 70%-80% in DMEM
(GIBCO, 11965092) with 10% fetal bovine serum (Hyclone,
SH30070). We then performed transient transfections by using
Lipofectamine 3000 in accordance with the manufacturer’s proto-
col (Thermo Fisher Scientific, L3000015).

Co-immunoprecipitation (co-IP)

To evaluate the interaction between ACTL9 and ACTL7A, we co-
transfected WT and mutant ACTLY with ACTL7A into HEK293T
cells. After culturing for 48 h, proteins were isolated from
harvested cells lysed in NP-40 Lysis Buffer (Beyotime, PO013F) sup-
plemented with 1 mM PMSF (Beyotime, ST505). Subsequently,
proteins were incubated with protein A/G magnetic beads
(Thermo Fisher Scientific, 88802) that were cross-linked by a His-
tag monoclonal antibody (Proteintech, 66005-1-1g) under gentle
rotation at 4°C for 4 h. After washing with lysis buffer three times,
the captured protein complexes were eluted with SDT buffer (4%
[w/v] SDS and 100 mM Tris/HCI [pH 7.4]) and then denatured
with boiling beads for 5 min. Finally, we detected co-IP protein
complexes via immunoblotting analysis by wusing specific
antibodies.

Ca”" monitoring

Immature oocytes from donors were obtained after the individuals
provided informed consent. The selection conditions for in vitro-
matured MII oocytes from donors were described in a previous
study.”” In vitro-matured MII oocytes were injected with sperm
from II-2 in family 1 or a donor and then pre-incubated for
30 min at 37°C in G-MOPS PLUS medium (Vitrolife, 10130) con-
taining the Ca®*-sensitive fluorescent dye Fluo-3 AM (Beyotime,
S$1056). After ICSI, we transferred the oocytes to G-MOPS PLUS
medium for Ca®" analysis. The fluorescence dynamic imaging
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via the Celldiscoverer 7 Fluorescence microscope (Zeiss) was subse-
quently performed every 5 s for a duration of 3 h to capture the
fluorescence intensity of intracellular Ca®*" oscillations. After
Ca®* monitoring, oocytes were fixed at 4 h post-injection, and
the expression and localization of PLC{ were evaluated by immu-
nofluorescence staining.

Generation of an Act/9-mutated mouse model

We generated an Actl9-mutated mouse model carrying the equiv-
alent variant to that in II-1 in family 2 by using CRISPR/Cas9 tech-
nology. In brief, Cas9 mRNA, the single-stranded oligonucleotides
(ssODNs), and the target of single-guide RNAs (Table S2) were
pooled and injected into zygotes from C57BL/6] mice. The geno-
types of our knockin mice were validated by PCR with specific
primers (Table S3). Six different WT male mice and Act/9-mutated
male mice were used in the experiments. This study was carried
out in accordance with the recommendations of the Guide for the
Care and Use of Laboratory Animals of the National Institutes of
Health, USA.

ICSI in mice

The cauda epididymides were isolated from WT and Actl9-mutated
male mice (8 weeks old). We released and selected the sperm by us-
ing the swim-up method. Oocytes from C57BL/6] female mice (3-
6 weeks old) were separately transferred to M2 medium (Sigma,
M7167). The polar body of each oocyte was rotated with an injec-
tion pipette to the 6 or 12 o’clock position on the modified hold-
ing pipette. Mouse oocyte ICSI manipulation was performed as
previously described.”®

ICSl-assisted oocyte activation (AOA) for ACTL9
variation-associated infertile individuals

ICSI with AOA by calcium ionophore exposure was performed in
couples with ACTL9 variants. For the partner of II-2 in family 1,
we performed ovarian stimulation by using an ultra-long protocol
and initiated with 187.5 IU of human menopausal gonadotropin
(HMG, Livzon). We then triggered final follicular maturation by us-
ing 5,000 IU of human chorionic gonadotropin (HCG, Livzon). For
the partner of II-2 in family 3, ovarian stimulation was performed
with an antagonist protocol and dual-triggered with 0.2 mg of
gonadotropin-releasing hormone agonist (GnRHa, IPSEN) and
10,000 IU of HCG. Oocyte retrieval was performed 36 h after
HCG injection. Individual sperm were injected singly into mature
oocytes followed immediately by exposure to a solution of 10 uM
A23187 (Sigma, C9275) for 5 min. Oocytes were extensively
washed. Embryos were cultured in 6% CO,, 5% O, and 89% N,
at 37°C in a humidified incubator. We monitored the fertilization
and embryonic development by using time-lapse videography.

Statistical analysis

Data are presented as the mean =+ standard error of the mean
(SEM). We analyzed our data by using two-tailed Student’s t test.
A p value of less than 0.05 was considered statistically significant.

Results

Identification of homozygous pathogenic variants in
ACTL9

To investigate male genetic factors responsible for TFF and
poor fertilization, we first identified 21 couples with the

male factors from 54 couples suffering from TFF or poor
fertilization by MOAT. Then we performed WES analysis
on these 21 male individuals. According to our filtering
criteria (see material and methods), we identified three of
21 individuals as carrying homozygous pathogenic vari-
ants in PLCZ1 that were previously reported.'” In addition,
we identified homozygous variants in ACTL9 (GenBank:
NM_178525.5) in another three families (Figure 1A), indi-
cating that this was the most likely candidate gene causing
TFE. A summary of WES data from the three affected indi-
viduals is listed in Table S4. II-2 in family 1 from a consan-
guineous family had a homozygous missense variant
€.1034C>T (p.Ser345Leu). Subsequently, II-1 in family 2
had a homozygous missense variant ¢.1138G>T (p.Val380-
Leu) and II-2 in family 3 had a homozygous nonsense
variant ¢.1209C>G (p.Tyr403Ter). These variants were
validated by Sanger sequencing (Figure 1A and Table S5).
The inheritance pattern in family 2 was uncertain because
of the unavailability of DNA samples from the proband’s
father, whereas families 1 and 3 followed a recessive inher-
itance pattern. The allelic frequencies of all three variants
in gnomAD and ExAC browser are listed in Table 1. The
altered amino acid residues were highly conserved across
species (Figure 1B). All of the ACTL9 variants were absent
in our control database of 100 male individuals with
normal fertility. These findings indicate a possible genetic
contribution of ACTL9 to the TFF phenotype.

Abnormal PT in sperm and TFF in ICSI attempts
The clinical characteristics of three affected individuals
with ACTL9 homozygous variants are listed in Table 2.
The percentages of two-cells in the MOAT for all three indi-
viduals were 0.0% (Table 2), and the percentage of two-cell
formation observed in positive controls was 92.7% =+ 1.8%.
ProbandII-2 in family 1 was a 29-year-old man with a 2-year
history of primary infertility. A total of 20 oocytes were
retrieved from his partner and fifteen of them were MII oo-
cytes. However, they all failed to extrude a second polar
body (PB2), and none of the oocytes were fertilized after
separate IVF and ICSI attempts (Figure 2A). Proband II-1
in family 2 was 32 years old with an 8-year history of pri-
mary infertility. Six MII oocytes from his partner were in-
jected with sperm of II-1 in family 2 but failed to fertilize
and extrude PB2 (Figure 2A). Proband II-2 in family 3 was
33 years old with an 8-year history of primary infertility.
His partner suffered from TFF or poor fertilization with
three IVF and ICSI attempts, in which a total 45 oocytes
were retrieved, and only three of 42 MII oocytes exhibited
2PN after ICSI. These phenomena imply that the failure of
fertilization was caused by oocyte activation deficiency.
Sperm morphological study was conducted by hematox-
ylin and eosin (H&E) staining and TEM. Unlike normal
morphology in most reported PLCZI-mutated individ-
uals,>1? three ACTL9-mutated individuals exhibited
2.5%, 2.3%, and 3.2% normal sperm (Table S6), which
were all below the reference limit (4%) according to the
WHO Standards, Fifth Edition.?’ In addition, these three
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A Figure 1. Pedigree-based identification
Family 1 Family 2 Family 3 of pathogenic variants in ACTL9
(A) Pedigree analysis of three families who
: 00 ' : O—+o experienced TFF or poor fertilization. All
WT;M | WTQ/M ; wins | wos three individuals. (blagk squares) exhibited
homozygous variants in ACTL9; confirma-
i D__g i 1 D__g tions by Sanger sequencing are shown
1 2 1 2 below the pedigrees. The locations of
MM M3M3 ACTL9 variants are depicted in the chro-
u h d) = i E % - matograms (black arrows).
(B) The variants in localization and conser-
M1: ¢.1034C>T; p.Ser345Leu  M2: c.1138G>T; p.Val380Leu M3: c.1209C>G; p.Tyrd03Ter  vation of mutant amino acids in ACTLS.
| All three residues were highly conserved
] AN, i l I in seven species.
2 A ANV W\ i JYVYVYVVY -2 /“\\
GTccTTeC TCT TCTCCTTATGG CAGTA'GGAGG A
2 “ ﬂl A l
AARANAR! M .
Te'TocdiTA TE6 C AGTACGGAG G A only abundantly expressed in the
il " testis in the GTEx database. This
. ;1, ‘ \/\: I 2N /\ /\l\/\ M was confirmed by real-time PCR
erecreeTet EIAG TAREIASTEA (Figure 3A). In addition, in normally
B capacitated sperm, ACTL9 was prin-
p‘Serc’fS"eu p'Va'?’fOLe” p'TyrjOS’Ter cipally localized in the equatorial
Homo sapiens CGGSSLFTG RNFSVWIGG LREQYEEQG segment of the head (84.4% =
Pan troglodytes CGGSSLEFTG RNFSVWIGG LREQYEEQG 11.1%) and neck regions (100.0%
Macaca mulatta CGGSSLFAG RNFSVWIGG LREQYEEQG + 0.0%) dal ti f
Mus musculus CGGSSLETG RNLSVWIGG LREQYEERG = Y.U%), and a Jow proportion o
Rattus rattus CGGSSLETG RNLSVWIGG LREQYEEMG sperm exhibited ACTL9 in the acro-
Canis /ul;us familiaris CGGSSLFQG REFSVIWIGG LREQYEEQG somal segment of the head (11.6%
Sus scrofa CoGISLFTG e EREQREEQG + 10.7%) (Figures 3B and 3C).
S~a . 5 H el .
Tl o | None of the sperm exhibited a signal
\\\\ \‘\\ ‘\ with the variants p.Ser345Leu,
ACTL9 i ' p.Val380Leu, or p.Tyr403Ter in the
1 49 7 /7 4160a equatorial segment of the sperm
head. However, the signal in the
ACTL9 Exon 1 . .
P 1345 1306bp neck region showed no difference

individuals had a high proportion of anomalies in sperm
heads, particularly in an increased proportion of tapered-
head sperm (11.8%, 14.9%, and 28.5% in three individuals
compared to <3% in fertile individuals®’) (Figure 2B and
Table S6). In order to understand the defects observed in
the sperm heads of affected individuals, we analyzed ultra-
structural aspects of the sperm from II-2 in family 1 by us-
ing TEM. Compared with normal controls, we observed
mutant sperm to have a loosened PT with a ruffled acro-
some, in which the inner acrosomal membrane was de-
tached from the nuclear envelope (Figure 2C). The
maximum thickness of the PT was significantly increased
in sperm from II-2 in family 1 (290.7 + 155.6 nm)
compared with normal sperm (29.8 * 6.6 nm)
(Figure 2D). This evidence indicates that sperm carrying
homozygous pathogenic variants in ACTL9 lead to
abnormal ultrastructure of the PT.

Loss of ACTL9 expression in the equatorial segment of
the head region in mutant sperm

First, we analyzed the expression pattern of ACTLY in
each human adult tissue and found that ACTL9 was

relative to normal controls (Figures

3B and 3C). These results indicate

that localization of ACTL9 in the
equatorial segment of the head region allows for normal
functioning.

Mutant ACTL9 causes a loss of the interaction with

ACTL7A necessary to maintain acrosomal anchoring

ACTL7A is known to be the paralog of ACTL9. ACTL7A is
also localized in the subacrosomal layer of the PT and is
required to maintain the acrosome ultrastructure.’' In
our study, we performed immunostaining of both
ACTL9 and ACTL7A and used the signals from peanut
agglutinin (PNA) and DAPI to more closely examine their
precise locations by using line-intensity profiles. We
found that the ACTL9 signal overlapped almost
completely with ACTL7A in the acrosomal or equatorial
segments of normal sperm (Figure 3B). Intensity profiles
of the acrosomal signal implied that ACTL9 and ACTL7A
were co-localized in the subacrosomal layer of the PT that
links the acrosome (PNA-positive) to the nuclear enve-
lope (DAPI-positive) (Figure 3B). In addition, intensity
profiles of the equatorial signal suggested that ACTL9
and ACTL7A were co-localized in the outer peri-acro-
somal layer of the PT and exhibited a strong signal in
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Table 1.

Overview of the ACTL9 pathogenic variants observed in the three families

Genomic position

Probands in families on chr19 (bp) cDNA Protein Mutation type SIFT® MutTas® gnomAD_EAS” ExAC_EAS"
Family 1 8808018 c.1034C>T  p.Ser345Leu  missense D D 5.4 x 107 N/A
Family 2 8807914 c.1138G>T  p.Val380Leu missense D D 5.4 x 107 0.0001
Family 3 8807843 c.1209C>G  p.Tyr403Ter  nonsense N/A D N/A N/A

D, damaged; N/A, not available.
“Mutation assessment by SIFT and MutationTaster (MutTas).

PAllelic frequency of corresponding mutations in the East Asian population according to the gnomAD and EXAC browser.

the outer layer of the nuclear envelope (Figure 3B). These
phenomena indicate that ACTL9 together with ACTL7A
are located in the PT to participate in normal acrosomal
anchoring. In contrast, the ACTL9 signal did not overlap
with ACTL7A in mutant sperm. Intensity profiles of the
equatorial signal suggested that none of the mutant
sperm manifested a strong signal in the equatorial
segment (Figure 3B). The acrosome in mutant sperm
showed no cap structure. Sperm with the variants
p-Ser345Leu and p.Val380Leu exhibited a strong signal
in the anterior of the acrosome (Figure 3B). Furthermore,
a co-IP assay confirmed that WT ACTL9 indeed combined
with ACTL7A, while the interaction was weakened in the
variants p.Ser345Leu and p.Val380Leu and was entirely
lost in the variant p.Tyr403Ter (Figure 3D). These find-
ings imply that mutant ACTL9 does not interact with
ACTL7A, thus leading to abnormal ultrastructure of the
PT and defects in acrosomal anchoring.

ACTL9-mutated sperm show PLC{ absence or abnormal
localization in the neck region

To understand the relationship between abnormal ultra-
structure of the PT and TFE, we investigated the status of
PLCY, a key oocyte activation factor located in the PT.>”
2! Immunostaining showed that the PLCY signal ovetlap-
ped with ACTL9 in the equatorial segment of the head of
normally capacitated sperm (Figure 4B). However, the pro-
portion of sperm showing no PLC signal in mutant capac-
itated sperm was higher (52.6% *+ 0.3% of sperm with the
variant p.Ser345Leu, 38.9% = 9.3% of sperm with the
variant p.Val380Leu, and 32.9% =+ 1.8% of sperm with
the variant p.Tyr403Ter) than normal sperm (18.0% =
0.6%) (Figure 4A). Moreover, 47.4% 0.3% of sperm
with the variant p.Ser345Leu, 61.1% 9.3% of sperm
with the variant p.Val380Leu, and 67.1% =+ 1.8% of sperm
with the variant p.Tyr403Ter exhibited PLC{ signals in the
neck region (Figure 4A), whereas none of the normal sperm
exhibited PLCY signals in the neck region. These results
indicate that pathogenic variants in ACTL9 lead to absence
or abnormal localization of PLCZ.

*
*

ACTL9-mutated sperm fail to stimulate Ca®" oscillations

To further investigate the activating capacity of mutant
sperm, oocytes from donors were injected with mutant
or normal sperm to monitor Ca*" oscillations. We moni-

tored 4-5 Ca®" spikes 3 h post-injection in normal
controls, but the spikes were absent when we used mutant
sperm with the variant p.Ser345Leu (Figure 4C). After
monitoring Ca®" oscillations, we fixed oocytes injected
with mutant or normal sperm at 4 h post-injection to eval-
uate the status of PLC{ and observed that PLC{ diffused
into the ooplasm in normal fertilized oocytes and these oo-
cytes exited MII arrest. Meanwhile, the sperm asters
formed to emit the microtubule structures around the
sperm nucleus (Figure 4D).>” However, one oocyte injected
with mutant sperm showed that PLC{ was retained near
the sperm head and failed to form the sperm aster
(Figure 4D), while the other two oocytes exhibited no
PLCY signals in either ooplasm or the region near the
sperm nucleus. These results indicate that the absence or
abnormal localization of PLCY leads to a failure to evoke
Ca”" oscillations and oocyte activation.

Sperm from Act/9-mutated male mice resembled
abnormal ultrastructure of the PT and TFF after ICSI

To investigate whether ACTL9 pathogenic variants consti-
tuted the primary cause of TFF and poor fertilization, we
generated the equivalent pathogenic variant noted in II-1
of family 2 in a knockin mouse model. We found that
testicular size, testis-to-body-weight ratio, sperm concen-
tration, sperm viability, and sperm motility of sperm in ho-
mozygous Actl9-mutated male mice (ActI9M““M“t) showed
no significant differences with respect to WT mice (Figures
S1A-S1F). Histological examination of the testis and
epididymis revealed that the components in the seminifer-
ous epithelium and sperm number in the caudal epidid-
ymis of ActI9M“/Mut mice were similar to those of WT
mice (Figures S2A and S2B).

We investigated the morphology of sperm in Act/oM“/Mut
mice by light microscopy and TEM. H&E staining showed
that the proportion of sperm without the normal sickle-
shaped head in ActI9™“/M4t mice was higher than in WT,
but there was no significant difference (Figures S3A and
S3B). TEM showed a loosened PT structure where the
acrosome was detached from the nuclear envelope in
ActI9M“Mut mice sperm, consistent with mutant sperm in
humans (Figure 5A). To further investigate the abnormal-
ities in the spermiogenesis that might lead to defects in
the PT structure, we performed TEM analysis on the testic-
ular tissue. Compared with normal acrosomal biogenesis,
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Clinical characteristics of IVF and ICSI attempts in affected individuals

Table 2.

1CSI with AOA cycles

Previous IVF and ICSI cycles

Total
no.
of

Total

Good

Total

No. of

Good

No. of Total

no.
of

quality

fertilization Normal

rate

mature

quality Insemination

Normal

fertilization

rate

mature

Insemination

Individual method

fertilization rate embryo rate MOAT"

oocytes oocytes

fertilization rate embryo rate method

oocytes oocytes

0.0% (0/
25)°

0.0% (0/4) - (0/0) ICSI+AOA 17 14 (7-cryo®) 100.0% (7/7)  100.0% (7/7) 85.7% (6/7)

0.0% (0/4)

IVF

1I-2 in

0.0% (0/11) - (0/0)

0.0% (0/11)

14

ICSI

family 1

0.0% (0/
24)°
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ICSI with donor 14

sperm

- (0/0)

0.0% (0/6)

10 (4-cryo®) 0.0% (0/6)
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0.0% (0/
22)°

0.0% (0/11) - (0/0) ICSI+AOA 11 8 (4-cryo”) 100.0% (4/4)  100.0% (4/4) 75.0% (3/4)

0.0% (0/11)

11

IVF

II-2 in

5.2% (1/19) 0.0% (0/1)

5.29% (1/19)

20

ICSI

family 3

16.7% (2/12)  16.7% (2/12) 100.0% (2/2)

12

14

ICSI

?MOAT represents mouse oocyte activation test.
PNumber of mature oocytes cryopreserved.

“Number of two-cells versus the number of surviving injected oocytes in the MOAT.

we found that proacrosomal vesicles in the Golgi phase
were atypical and separated in the testis of ActI9M“/Mut
mice (Figure 5B). We also observed failed fusion of addi-
tional proacrosomal vesicles in the cap phase
(Figure 5B). These phenomena indicate that spermatids
carrying the Actl9 pathogenic variant lead to defects in
the fusion of proacrosomal vesicles that result in
ruffled acrosomes with a loosened PT formed in mature
sperm.

To examine the fertilization ability of sperm from
ActloM“Mut in mice, we performed ICSI in these mice
and found that none of the oocytes fertilized success-
fully (Figures SC-5SE). Thus, our results in Actl9-mutated
mice resembled the TFF phenotype in humans, indi-
cating that the original variant was a likely infertility
driver in male individuals.

Rescue of the ACTL9 defect by ICSI with AOA

Our previous study revealed that PLCZ1 variation-asso-
ciated TFF was rescued by ICSI with AOA.'” Because
ACTL9-mutated sperm failed to induce Ca*" oscilla-
tions in oocytes, we explored whether the infertility
caused by pathogenic variants in ACTL9 could be
rescued via ICSI with AOA by Ca*" ionophore expo-
sure. [I-2 in family 1 and family 3 volunteered to
attempt this method and signed the informed consent.
After mutation screening for the partner to exclude
rare variants in ACTL9, oocytes were injected with
sperm from the affected individuals. All oocytes
achieved successful normal fertilization, and 85.7%
and 75.0% of the derived zygotes developed into
good-quality embryos in II-2 in family 1 and II-2 in
family 3, respectively (Table 2). We monitored the
fertilization and embryonic development of II-2 in
family 1 by using time-lapse videography (Video S1).
After embryo selection, we transferred embryos (one
eight-cell embryo and one seven-cell embryo) on day
3 and achieved pregnancies, and two healthy babies
were born in family 1. Family 3 chose to cryopreserve
embryos, which have not yet been transplanted. These
results suggest that ACTL9 variation-associated infer-
tility could be successfully overcome with ICSI with
AOA.

Discussion

In many cases of infertility, the causes of TFF remain un-
clear and cannot be determined on the basis of available
morphological data. For a considerable period of time,
PLCZ1 was the only reported sperm-borne factor to cause
TFF, excluding globozoospermia, in individuals.'* "’
Recently, ACTL7A was added as another male factor asso-
ciated with TFF due to reduced expression and abnormal
localization of PLCZ.** In the present study, we investi-
gated 21 male individuals who underwent at least one
ICSI cycle without successful fertilization and identified
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Figure 2. Affected individuals with ACTL9 pathogenic variants exhibited TFF and ruffled acrosome phenotypes

(A) Unfertilized oocytes injected with ACTL9-mutated sperm at 15-18 h post-injection. Extrusion of PB2 was not observed in the unfer-
tilized oocytes (black arrowhead). In normal fertilized oocytes, we observed two pronuclei (black triangle) and two polar bodies (black
arrowhead). Scale bars, 20 pm.

(B) Light microscopy analysis of sperm from a normal donor and individuals with ACTL9 pathogenic variants. Black triangle represents
normal sperm. Black arrowheads represent tapered-head sperm with increased major axis length and normal minor axis length. The
magnified panel at the upper right corner shows views of heads. Scale bars, 20 pm.

(C) Ultrastructure of sperm from a normal donor and an affected individual. In normal sperm, the acrosome (Ac, blue arrowhead) was
extended as a dense cap-shaped structure covering the nucleus. The perinuclear theca (PT, red arrowhead) is shown fastening the devel-
oped acrosome to the nuclear membrane. In sperm with the p.Ser345Leu variant, the acrosome was detached from the nucleus, with an
irregular PT. Scale bars, 0.5 um.

(D) The thickness of the PT in sperm from donors and an affected individual. Max-thickness represents the maximum thickness of the
PT. Min-thickness represents the minimum thickness of the PT. **p < 0.01.

three homozygous pathogenic variants in ACTL9 impact-
ing the ultrastructure of the PT, ultimately leading to absent
or abnormal localization of PLC{ with subsequent oocyte
activation failure and TFF.

The PT is a structure that fastens the developing acro-
some to the nuclear membrane.”” The biogenesis of the

PT is accompanied with acrosomal biogenesis, which is
a continuous process that takes place throughout the
reproductive lifespan of the male. Proacrosomal vesicles
are derived from the trans-Golgi network of the Golgi
apparatus and fuse into an acrosomal sac that associates
with the nuclear envelope via the PT.”’ Fusion of
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Figure 3. Mutant testis-specific protein ACTL9 is absent from the equatorial segment and not co-localized with ACTL7A

(A) The relative expression of ACTL9 mRNA in ten human tissues. Bars indicate means + SEM.

(B) Immunostaining of ACTL9 and ACTL7A in sperm from donors and affected individuals. In normal sperm, ACTL9 (pink) is localized
to the acrosomal, equatorial segment of the head and neck regions (a and b). ACTL7A (red) is shown to overlap with ACTL9 in the sperm
head. In sperm with the p.Ser345Leu (c), p.Val380Leu (d), or p.Tyr403Ter (e) variant, ACTL9 is only localized to the neck region. ACTL7A
does not overlap with ACTL9. Line-intensity profiles show the precise localization of ACTL9 in the acrosome and equatorial segment.

Scale bars, 3 pm.

(C) The proportion of ACTL9 in different regions of sperm from donors and affected individuals. **p < 0.01. Bars indicate means = SEM.
(D) The interaction between ACTL9 and ACTL7A following co-IP in HEK293 cells. Wild-type his-tagged ACTLO interacts with ACTL7A.
This interaction is weakened in the variants p.Ser345Leu and p.Val380Leu and is completely lost in the nonsense variant p.Tyr403Ter,

with a shortened band. a-tubulin was used as the internal control.

additional proacrosomal vesicles then continues as the
acrosome increases in size to the point where it spreads
over the anterior portion of the nucleus.” Although
the morphogenetic process of the acrosome has been
well-studied, the molecular mechanism(s) underlying
acrosomal and the PT biogenesis remains unelucidated.
In our study, sperm of Actl9M“/Mut mice failed to show
fusion of proacrosomal vesicles and displayed ruffled ac-

rosomes with a loosened PT. We consider that this
actin-like protein plays an important role in the fusion
of proacrosomal vesicles and the PT formation. These re-
sults have thus enhanced our understanding of the mo-
lecular mechanism governing biogenesis of the acrosome
and PT. In addition, unlike the normal morphology in
PLCZ1-mutated sperm mentioned in the previous
studies,'*'”'? the morphology of ACTL9-mutated sperm
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(A) The proportion of PLC{ in different sperm regions from donors and affected individuals.

(B) Immunostaining of PLC{ in sperm from donors and affected individuals. In normal sperm, PLCY is primarily localized to the equa-
torial segment of the sperm, overlapping with ACTL9 in the same region (a). In sperm with the variants p.Ser345Leu (b), p.Val380Leu (c),
and p.Tyr403Ter (d), PLC{ is localized to the neck region, overlapping with ACTL9 in the neck region. Scale bars, 3 pm.

(C) Profile of Ca*" responses induced by oocyte injection with sperm from donors and an affected individual. Normal sperm induced 4-5
Ca** spikes in 3 h (blue line), while mutant sperm with the variant p.Ser345Leu failed to induce spikes (green line).

(D) Immunostaining of oocytes injected with sperm from donors and an affected individual. An oocyte injected with normal sperm (a)
shows exiting MII arrest (f) with an extruding PB2. Additionally, sperm aster (m) was formed. PLCY staining is diffused across the oo-
plasm. An oocyte injected with sperm with the variant p.Ser345Leu remains in MII arrest (f), and PLC{ is retained in a region near
the sperm head (m, white arrowhead). The magnified panel at the upper right corner shows views of the sperm nucleus. Scale bars,

20 pm.

exhibited a high proportion of tapered heads. The rela-
tionship between tapered-head sperm and ACTL9 varia-
tion needs further investigation.

Our current understanding is that actin-related proteins
are often present in pairs or in multimeric protein com-
plexes.”**° In the testis, a number of actin-related genes
have been reported, including ACTRT1 (MIM: 300487),
ACTRT2 (MIM: 608535), ACTRT3 (MIM: 608534),
ACTL7A, and ACTL7B (MIM: 604304).>”~*' ACTL7A is an
important paralog of ACTL9. In our study, the testis-spe-
cific actin-like protein ACTL9 was localized to the PT struc-
ture and interacted with ACTL7A in sperm. This was also

confirmed by in vitro experiments. Mutant ACTL9 had
weakened or lost interaction with ACTL7A. These findings
imply that ACTL9 and ACTL7A may form complexes that
participate in the PT formation and acrosomal anchoring.
Pathogenic variants in ACTL9 might cause dysfunction in
these complexes, resulting in the inner acrosomal mem-
brane’s detaching from the nuclear envelope and forming
a loosened PT structure. In addition, in vitro experiments
proved that the nonsense variant p.Tyr403Ter in ACTL9
lost the ability to interact with ACTL7A. This suggests
that the main interaction site may be located in the down-
stream region of the 403rd amino residue.
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Figure 5. Homozygous Act/9-mutated mice show defects in acrosomal biogenesis and sperm that failed to fertilize via ICSI

(A) The ultrastructure of sperm from WT and Actl9™*M mice. Ac represents the acrosome. PT represents the perinuclear theca. Scale
bars, 0.5 pm.

(B) Acrosomal biogenesis of WT and ActloM“Mut mice. In normal acrosomal biogenesis (a and b), proacrosomal vesicles (PVs) derived
from the trans-Golgi network fused into a single acrosomal sac (Golgi phase, a). Acrosomal granules (AGs) that were glycoprotein
rich then began to flatten upon touching the nuclear envelope and spread over the nucleus (N) to form a cap (cap phase, b). For
Actl9MMut mice (c and d), proacrosomal vesicles in the Golgi phase (c) remained atypical, separated, and failed to fuse into an entire
vesicle in the cap phase (d). The magnified panels on the right show perspectives in white squares. Act9""/M" represents male mice
with the homozygous pathogenic variant in Actl9. Scale bars, 2 pm.

(C) Representative 2PN zygotes and two-cell embryos after ICSI in WT and ActiOMUMut mjce, Scale bars, 100 um.

(D) The proportion of 2PN zygotes after ICSI in WT and Actl9™“”™“* mice. No 2PN zygotes were formed from sperm with the Actl9 path-
ogenic variant. Bars indicate means + SEM. **p < 0.01.

(E) The proportion of two-cell embryos in WT and Act9M““M“ mice. No two-cell embryo was formed from sperm with the Actl9 path-
ogenic variant. Bars indicate means + SEM. **p < 0.01.

Many studies have shown that ICSI with sperm with glo-
bozoospermia did not lead to successful fertilization
because the acrosome was lost and PLC{ failed to be re-

PT in this study, however the relationship between a loos-
ened PT and TFF via ICSI remains unknown. We found
PLCX{ to be absent or abnormally localized to the neck re-

tained in the PT'structure.””*’ The role of the PT has become
important during fertilization, particularly in cases with se-
vere teratozoospermia with cephalic abnormalities associ-
ated with acrosomal hypoplasia.** We detected a loosened

gion relative toits location in the head of the normal sperm.
We speculate that the loss of PLC{ is caused by the loosened
PT structure that is lost with excess cytoplasmic residues
during spermatogenesis. A deficiency in PLC{ has been
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reported to be associated with a failure of oocyte activation
and TFF in humans.* Intriguingly, PLCY still persisted in
approximately half of the sperm analyzed but was abnor-
mally located in the neck region. We speculate that the
mechanism underlying the neck localization of PLC{ may
involve the interaction between ACTL9 and PLCCZ.
Although the role of neck-localized ACTL9 remains unclear,
it might play an important role in the head-neck connec-
tion or it might only be part of the cytoplasmic residue.
Thus, the specific mechanism(s) involved requires further
studies. To investigate the influence of PLC{ in the neck re-
gion, we observed that sperm with PLC{ in this region could
not diffuse into the ooplasm and failed to induce Ca** oscil-
lations. These results imply that PLC{ in the neck region
may not be efficiently released into the ooplasm, and the
specific mechanism involved in this process requires
further study.

In a previous study, the condition of male individuals
with pathogenic variants in PLCZ1 and whose sperm failed
to trigger Ca*" oscillations in the oocytes was rescued via
ICSI with AOA, achieving successful fertilization and preg-
nancy.'” In the current study, after mutation screening for
the partner, we utilized the most commonly used acti-
vating agent, calcium ionophore A23187, to activate oo-
cytes injected with ACTL9 mutant sperm from two
affected individuals. After transferring two good-quality
embryos on day 3 to the partner of II-2 in family 1, two
healthy babies were born, demonstrating an effective
way to overcome the fertilization problem of sperm with
homozygous ACTL9 pathogenic variants. In conclusion,
homozygous pathogenic variants in ACTL9 led to a loos-
ened PT in sperm that failed to fertilize via ICSI in humans
and mice. Our study thus provides a basis for the genetic
diagnosis of TFF and male infertility and suggests a treat-
ment method for affected individuals.
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The WES datasets supporting the current study are avail-
able from the corresponding authors on request. The
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