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Abstract

One of the most severe forms of infertility in humans, caused by gametogenic failure, is non-obstructive azoospermia (NOA).
Approximately, 20-30% of men with NOA may have single-gene mutations or other genetic variables that cause this disease.
While a range of single-gene mutations associated with infertility has been identified in prior whole-exome sequencing (WES)
studies, current insight into the precise genetic etiology of impaired human gametogenesis remains limited. In this paper,
we described a proband with NOA who experienced hereditary infertility. WES analyses identified a homozygous variant
in the SUNI (Sadl and UNC84 domain containing 1) gene [c. 663C > A: p.Tyr221X] that segregated with infertility. SUN1
encodes a LINC complex component essential for telomeric attachment and chromosomal movement. Spermatocytes with
the observed mutations were incapable of repairing double-strand DNA breaks or undergoing meiosis. This loss of SUNI
functionality contributes to significant reductions in KASHS5 levels within impaired chromosomal telomere attachment to
the inner nuclear membrane. Overall, our results identify a potential genetic driver of NOA pathogenesis and provide fresh
insight into the role of the SUN1 protein as a regulator of prophase I progression in the context of human meiosis.
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Introduction

According to estimates, male factor infertility affects
30-55% of infertile couples, with about 1 in 13 men of child-
bearing age needing professional care to conceive (Anderson
et al. 2009). A disorder known as azoospermia, which affects
an estimated 1% of males and 10-15% of male infertility
cases, causes the ejaculate to be empty of sperm (Jarvi et al.
2010). The two types of azoospermia are obstructive (OA)
and non-obstructive (NOA), with the latter accounting for
approximately 60% of cases and resulting from primary tes-
ticular failure or secondary impairment of normal testicular
function due to endocrine disorders or other conditions that
impair spermatogenesis (Arshad et al. 2020).

Meiotic arrest and significantly decreased spermatogen-
esis are symptoms of NOA in males (Xie et al. 2022). A
range of adverse factors can contribute to NOA incidence,
including trauma, infection, hormonal imbalances, exposure
to chemotherapy or radiotherapy, and various chromosomal
abnormalities or genetic mutations (Arshad et al. 2020).
Genetic defects are estimated to contribute to approximately
15% of male infertility cases and 21-29% of azoospermia
incidence (Krausz and Riera-Escamilla 2018; Majzoub et al.
2022). Numerous genes have been recognized as essential
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for meiotic recombination, and mutations in these genes are
usually found in people with NOA (Xie et al. 2022). Even
s0, the precise genetic mechanisms that govern gametogenic
failure in this context remain incompletely understood. This
study used next-generation sequencing analyses of samples
from an NOA patient to identify a novel pathogenic vari-
ant in the meiosis-related SUNI (Sadl and UNC84 domain
containing 1) gene [c. 663C> A:p.Tyr221X].

The highly controlled process of meiotic cell division
produces haploid gamete cells from diploid progenitor cells.
The longest meiotic stage, prophase I, includes the substages
known as leptotene, zygotene, pachytene, diplotene, and
diakinesis, during which the presence of chromosomes can
distinguish. As homologous chromosome segregation dur-
ing prophase I ultimately result in the halving of chromo-
some numbers in daughter cells, many different mechanisms
act to regulate homologous chromosome pairing, synapsis,
double-stranded DNA break (DSB) formation and repair,
and bivalent remodeling (Bolcun-Filas and Handel 2018).

During prophase I, the pairing of homologous chromo-
somes provides an opportunity for recombination. The telo-
meric structures at the ends of these chromosomes attach to
the nuclear envelope (NE). It transiently clusters them into a
configuration known as a "bouquet” in a small area of the NE
before such pairing can occur (Harper et al. 2004; Scherthan
2001). This activity is crucial for subsequent chromosomal
pairing (Scherthan et al. 1996). The linker of the nucle-
oskeleton and cytoskeleton (LINC) complex has been iden-
tified as a critical mediator that connects the cytoskeleton
and these telomeric structures (Burke 2018; Kmonickova
et al. 2020) with the LINC complex components SUN1 and
KASHS5 (Klarsicht/ANC-1/Syne/homology 5) having been
shown to, respectively, cross the inner and outer nuclear
membranes (INM and ONM). While KASHS5 can interact
with the microtubule-associated dynein—dynactin complex
(Horn et al. 2013; Morimoto et al. 2012), SUN1 facilitates
telomeric tethering to the INM (Ding et al. 2007).

In addition to the LINC complex, another INM-associated
complex (TTM) consisting of meiosis-specific structural
molecules TERB1, TERB2 (telomere repeat-binding bou-
quet formation proteins 1 and 2), and MAJIN (membrane-
anchored junction protein) was identified to be implicated
in tethering telomeres to the INM (Shibuya et al. 2015). As
a “linker” bridging LINC and the telomeres, TTM binds to
telomeres through the transmembrane DNA-binding activ-
ity of MAJIN, and an interaction between TERB1 with a
telomeric-shelterin protein TRF1 (Chen et al. 2021; Salas-
Huetos et al. 2021). All of these proteins are critical for
telomere anchoring in INM.

The knockout of either SUN1 or KASHS in mice can
interfere with the proper formation of the LINC complex,
thus disrupting telomeric attachment and the movement of
homologous chromosomes in a manner that contributes to
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gametogenic arrest and infertility in males and females that
are irreversible (Ding et al. 2007; Horn et al. 2013; Mori-
moto et al. 2012). Multiple studies have reported variants in
the KASHS gene associated with human NOA cases (Fakhro
et al. 2018; Wu et al. 2022; Zhang et al. 2022), whereas
there have not been any reports of NOA resulting from
SUNI variants. Here, we sought to determine the impact of
the identified human SUN/ variant on meiotic activity. Our
results suggest that SUN1 functions as a regulator of human
testicular function, underscoring a potential genetic driver
that can contribute to the pathogenesis of NOA.

Materials and methods
Clinical samples

Study participants were recruited through the Department
of Center for Reproduction and Genetics, Suzhou Municipal
Hospital. NOA was diagnosed as per World Health Organi-
zation guidelines based on analyses of semen samples. Par-
ticipants were not eligible for study participation if they had
any history of factors known to contribute to NOA devel-
opment, such as mumps, abnormal karyotypes, or genomic
azoospermia factor deletions. All individuals gave written
informed consent to participate in research. The proband and
a single fertile individual with OA who had testicular biopsy
provided testicular tissue samples. The Institutional Review
Board of Suzhou Municipal Hospital, China, approved this
study (No. 2019190).

Whole-exome sequencing

The sequencing of the whole exome permits the sequenc-
ing of protein-coding genes. For this investigation, WES
was done on DNA samples from the proband (P06) using
a TIANamp Blood DNA Kit (TTANGEN Biotech, Beijing,
China) according to the manufacturer's instructions. Accord-
ing to the manufacturer's instructions, exome capture and
sequencing were done using the Hiseq2000 platform (Illu-
mina, CA, USA) and AlExome Enrichment kit V1 (iGe-
neTech, Beijing, China). Burrows-Wheeler Aligner (http://
bio-bwa.sourceforge.net/) was used to align reads to the hg19
(GRCh37) reference genome using the default parameters.
The Genome Analysis Toolkit HaplotypeCaller (http://www.
broadinstitute.org/gatk/) was used to call genomic variants,
filtered and annotated with the ANNOVAR software (https://
annovar.openbioinformatics.org/en/latest/).

Exclusion criteria included any variants with an allele fre-
quency > 1% as determined by the ExAC Browser and 1000
Genomes Project and any variants in upstream, downstream,
or intronic regions. The variants identified by SIFT, Poly-
Phen-2, and Mutation Taster as nonsense, frameshift, crucial
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splice site, or possible negative missense variants were kept
for examination. Genes with two potentially detrimental mis-
sense or loss-of-function mutations were retained. Moreover,
candidate genes were compared to known testis-enriched
genes and genes associated with the pathogenesis of azo-
ospermia in mice, with Sanger sequencing being used to
investigate positive candidate variants.

Sanger sequencing

Using the primers specified in Supplementary Table S1,
the genomic area of interest was amplified by PCR using
Phanta™ Super-Fidelity DNA Polymerase (Vazyme, P501)
and the following thermocycler settings: 95 “C for 2 min;
35 cycles of 95 °C for 10°s, 58 °C for 15 s, 72 °C for 8 min,
and 72 °C for 10 min. Following direct sequencing using the
ABI Prism Big Dye Terminator Cycle Sequencing Ready
Reaction kit and the ABI 3100 Genetic Analyzer (Applied
Biosystems, CA, USA), PCR results (359 bp) were examined
through 1% agarose gel electrophoresis. SnapGene (v 3.2.1)
was used to align DNA sequences.

qPCR

To extract DNA from tissue samples, an RNeasy Plus Micro
Kit with on-column DNase digestion was used (Qiagen Ltd.,
74034). In a sterile Teflon micropestle on ice, samples were
first homogenized in 350 pL of RLT buffer with 4 pL of
B-mercaptoethanol. Following sample processing accord-
ing to the kit's instructions, RNA was extracted in 14 pL of
RNase-free water. Then, using the PrimeScript RT reagent
Kit (TaKaRa Bio Inc., RR037A) with random and oligo (dT)
primers and the following thermocycler settings: 37 °C for
15 min, 85 °C for 5 s, cDNA was generated from 1 ug of
RNA per sample. Samples were maintained on ice. Then
gPCR analyses were performed in triplicate using SYBR
Green and a StepOne-Plus instrument (Applied Biosciences)
using appropriate primers (Supplementary Table S1), with
18S rRNA serving as a normalization control.

Western immunoblotting

RIPA buffer (CWBio, CW2333) supplemented with
protease, and phosphatase inhibitor cocktails (CWBio,
CW2200, and CW2383) were used to lyse tissue samples
for 30 min on ice, followed by centrifugation for 30 min
at 16,000xg. Lysates were then boiled for 5 min in a load-
ing buffer (FDBio, FD002) after Western immunoblot-
ting was performed, as reported previously (Zheng et al.
2015). Briefly, following 4-20% SDS-PAGE separation,
proteins were transferred to PVDF membranes (Millipore,
IPVHO00010) that were subsequently blocked for 2 h with 5%
non-fat milk at room temperature probed at 4 °C overnight

with primary antibodies. Bands were identified using an
enhanced chemiluminescence kit (FDBio, FD8020) after
blots were rinsed in triplicate with TBST, HRP-conjugated
secondary antibodies, and room temperature incubation for
2 h. Supplementary Table S2 lists the antibodies utilized in
this study.

Histochemical staining

Bouin's solution was used to fix sections of human testicular
tissue overnight, after which these sections were paraffin-
embedded and cut into 5 pm-thick sections. The sections
were then stained with hematoxylin and eosin (H&E) after
being deparaffinized with xylene for 20 min, rehydrated
using an ethanol gradient (100%, 90%, 80%, and 70%; 2 min
each), then stained with hematoxylin for 2 min and eosin
for 5 min. Sections were then dehydrated with an ethanol
gradient (70%, 80%, 90%, and 100%; 2 min each) and treated
for 10 min with xylene before sealing with neutral resin for
analysis.

Structurally preserved nuclei preparation

Structurally preserved nuclei were prepared using a slightly
modified version of a previously published protocol
(Shibuya et al. 2015). Briefly, testes samples were treated for
15 min at 37 °C with trypsin-EDTA, followed by pipetting
and repeated centrifugation. Pellets were then repeatedly
washed with PBS before the suspension for 5 min at room
temperature in a hypotonic buffer (30 mM Tris [pH7.5],
17 mM trisodium citrate, 5 mM EDTA, 50 mM Sucrose).
The cell suspensions were then transferred to microscope
slides in an equivalent amount of fixation buffer (1.0% PFA,
0.1% Triton X-100). After 6 h of fixing at room temperature,
they were air dried under mild extraction conditions.

Chromosome spreads

An earlier reported methodology for chromosome spreads
and immunofluorescent labeling was slightly modified for
these procedures (Peters et al. 1997). Immediately after
being minced with scalpels in DMEM containing 10% fetal
calf serum, samples of control or mutant testis tissue were
run through 40-pm mesh filters. After rinsing with PBS, the
cells were centrifuged for 5 min at room temperature before
being resuspended in 1.5 mL of hypotonic extraction buffer
(30 mM Tris, 50 mM sucrose, 17 mM trisodium citrate dihy-
drate, 5 mM EDTA, 0.5 mM DTT, and 0.5 mM PMSF, pH
8.2). Cells were resuspended in 200 pl of a 100 mM sucrose
solution and distributed onto a thin layer of paraformalde-
hyde containing Triton X-100 after the supernatants were
transferred to fresh tubes and centrifuged once more. This
procedure was followed after a 30-min incubation at room
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temperature. These slides were fixated for 3 h and then air
dried at ambient temperature.

Immunofluorescent staining

Samples were blocked for 1 h at room temperature with 5%
BSA and probed overnight with the appropriate primary
antibodies at 4 °C following three washes with PBS contain-
ing 0.1% Triton X-100 (PBST) (Supplementary Table S2).
After three washes with PBST, samples were probed for
one hour at room temperature with secondary antibodies,
and stained for five minutes with Hoechst 33342 (Invitro-
gen, H21492). A confocal laser scanning microscope (LSM
800, Carl Zeiss) was then used for sample imaging, with
ZEN 2012 Bule Edition (Carl Zeiss) being used for signal
quantification.

Statistical analysis

GraphPad Prism 9.0 was used to analyze the data, and
quantitative data were expressed as means +SD from at
least three technical replicates. Unpaired Student’s ¢ tests

Fig. 1 Pedigree analyses and A
Sanger sequencing-based vali-
dation of the identified SUN/

variant. A Pedigree analysis

-

were used to examine differences between P06 and a control
patient with OA, with P <0.05 regarded as the significant
level.

Results

Whole-exome sequencing identifies homozygous
SUN1T mutations in a patient with NOA

Whole-exome sequencing (WES) is a strategy that can
readily aid in exploring the genetic basis for male factor
infertility. It has identified many different NOA-related
genetic mutations in prior studies (Gershoni et al. 2019;
Yatsenko et al. 2015; Yu et al. 2021). Among a cohort of
NOA patients, we identified a single patient (P06) carrying
a stop codon gain variant (c.[663C > A]) in Exon 5 of SUNI
(Fig. 1A and Table 1). This variation has not been reported
before in the Genome Aggregation Database. The analysis
of P06's sperm samples according to the WHO guidelines
revealed that despite the normal semen volume, sperm were
lacking (Table 1). PO6 was of average height, intelligence,
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Table 1 The clinical characteristics of male individuals

Subjects P-01 Ref. values
Basic information
Age (years) 35 -
BMI 28.3 -
Age (y) of marriage 23 -
Semen parameters
Ejaculated sperm volume (mL) 2 >1.5
Ejaculated sperm count (10%/mL) 0 >15
Seminal PH 7.5 7.2-8
Ultrasonography
Left testis (mL) 13 10-15
Right testis (mL) 11 10-15
Serum sex hormone levels
FSH (mIU/mL) 6.5 1.4-18.1
LH (mIU/mL) 4.8 1.5-93
E2 (pg/mL) 0.68 0.5-0.9
T (nmol/mL) 12.8 8.36-28.77
PRL (ng/mL) 9.76 2.1-17.7
Karyotype 46XY -
AZF deletion Undetectable -

Ref reference, FSH follicle-stimulating hormone, E2 estrdl, T testos-
terone, LH luteinizing hormone, PRL prolactin, AZF azoospermia
factor

and secondary sexual features. His FSH, LH, estrogen, pro-
lactin, and testosterone levels were within normal range. He

Fig.2 The identified SUN1 A
variant contributes to a loss 25 ok
of SUNI expression. A qPCR 20 T

analyses of patient testis sam-
ples confirmed the reduction of
SUNI expression at the mRNA
level. Data are means + SD from
three independent technical
replicates. **P <0.01. B West- 2
ern immunoblotting revealed
the complete absence of SUN1
protein expression in patient
testis tissues. C Spermatocytes
from P06 and a control patient
with OA were stained with
antibodies specific for lamin B
and SUN1. The arrow indicates
SUNT1 localized at the nuclear
envelope. D Spread spermato-
cytes from P06 and a control
OA patient were stained with
antibodies specific for SYCP3
and SUN1. The arrows indicate
SUNI1, which colocalizes with
SYCP3. OA, obstructive azoo-
spermia. Asterisk, apoptotic
cells

15

1.0

SUN1 / 18S

0.5

D

P06
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was karyotypically normal, with no signs of Y chromosome
microdeletions. Ultrasonography revealed that both testi-
cles were healthy (right: 11 mL, left: 13 mL; normal range:
10-15 mL).

A homologous frameshift variant in SUNT results
in the complete absence of SUN1 expression
in spermatocytes

Sanger sequencing of SUNI was carried out to verify the
WES results using samples from P06 and available family
members. This approach confirmed the co-segregation of
the identified variant, as both proband's patients were het-
erozygous carriers for this variant (Fig. 1). Those mRNAs
harbor premature stop codons typically undergo selective
degradation through selective degradation, a process known
as nonsense-mediated decay (Chang et al. 2007; Miihlemann
2016). When translated, these mRNAs also tend to give rise
to truncated proteins that exhibit dominant negative or del-
eterious gain-of-function phenotypes (Chang et al. 2007).
To more fully explore the potential pathogenicity of this
SUNI variant, testicular biopsy samples were obtained from
P06 and a control male OA patient exhibiting normal sper-
matogenesis. As expected, testis samples from P06 revealed
a>80% reduction in SUN1 expression at the mRNA level as
measured via qPCR (Fig. 2A). Moreover, Western immuno-
blotting indicated that SUN1 protein expression was unde-
tectable in PO6 samples (Fig. 2B). These data thus confirmed
the absence of SUN1 expression in testes from P06.

B OA P06
SUN1 Lad — 100KD

Leptotene Pachytene

/SYcp3
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SUNT1 exhibits localization with telomeres
during the leptotene and pachytene stages
of meiosis

SUNI has been shown to associate with the INM, provid-
ing a mechanism through which chromosomes can attach
to the NE during meiosis via binding between SUN1 and
telomeres (Ding et al. 2007). To understand the dynamic role
that SUN1 plays in meiotic progression in humans, we next
assessed SUNI1 in spermatocytes from P06. In line with the
above Western immunoblotting data, SUN1 was not detect-
able via immunofluorescence at the nuclear membrane in
spermatocytes from this patient. In contrast, it was found at
the nuclear membrane in OA control patient spermatocytes
(Fig. 2C). The staining for the synaptonemal complex axial
element protein SYCP3 was used to distinguish between
spermatocyte stages while analyzing SUN1 in disseminated
spermatocytes. SUN1 signal was visible throughout meiotic
development in spermatocytes from a control OA patient,
colocalizing with the synaptonemal complex axial element
(Fig. 2D). This shows that SUN1 may regulate telomere
attachment to the nuclear envelope in human spermatocytes,
consistent with its function in a mouse model.

SUNT1 is required for meiotic recombination
and progression

To better understand the relationship between SUN1 expres-
sion and fertility, testicular sections were subjected to H&E
staining. Relative to samples from an OA control patient,
the seminiferous tubules of P06 contained spermatogonia
and spermatocytes but no post-meiotic germ cells. This
was indicative of spermatogenesis arrest at the spermato-
cyte stage in this patient with the discovered SUN1 muta-
tion (Fig. 3A). During the progression of meiosis, SPO11
catalyzes DSB formation following the PRDM9-mediated
chromatin changes at recombination hotspots. These DSBs
provoke a DNA damage response, resulting in ATM kinase
activation and H2AX phosphorylation (YH2AX) (Bellani
et al. 2005; Parvanov et al. 2010), and staining for yYH2AX
can enable the assessment of spermatocyte staging. Accord-
ingly, spermatocytes from the control OA patient and P06
were stained for SYCP3 and YH2AX, with the latter being
present throughout the nucleus on autosomal chromatin at
the leptotene and zygotene stage (Fig. 3B). After meiotic
double-strand break (DSB) repair in normal spermatocytes,
this YH2AX signal vanishes and is only detected on XY
chromatin during the diplotene and pachytene stages, coin-
ciding with the inactivation of sex chromosomes. In contrast
to this normal behavior, pachytene-like SUNI-deficient sper-
matocytes exhibited persistent nuclear YH2AX-positivity
and the absence of sex body formation (Fig. 3B), indicating
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that meiotic DSB repair does not occur properly in these
cells (Fig. 3C).

Human spermatocytes deficient for SUN7 expression
exhibit impaired telomere attachment to the NE

Telomeres are key mediators of meiotic prophase I, although
the mechanisms underlying this relationship require further
clarification (Mikolcevic et al. 2016; Scherthan 2007). SUN1
can interact with telomeric regions of the chromosomes at
the INM, whereas KASHS interacts with cytoplasmic motor
proteins at the ONM, establishing a transmembrane link-
age complex that can transduce cytoskeletal force to the
telomeres, thus driving chromosomal movement (Hiraoka
and Dernburg 2009; Starr and Fridolfsson 2010). Testis
suspensions were stained for lamin B and TRF1 to evaluate
telomeric function in spermatocytes from P06. The results
demonstrated that most of the TRF1-labeled telomeres in
spermatocytes from the control OA patient had been inserted
into the NE, as identified by lamin B staining (Fig. 4A).
Conversely, the telomeres in most spermatocytes from P06
remained within the nucleus (Fig. 4A, B), although the total
amount and expression level of TRF1 did not change signifi-
cantly (Fig. 4C, D). These results suggest that SUN1 is nec-
essary for telomeric NE attachment in human spermatocytes.

The SUN1-KASH5 complexes were almost
absent in the SUN1-deficient spermatocytes

Due to the formation of the LINC complex with SUNI,
the location of KASHS in ONM is closely related to the
location of SUN1 in INM (Wu et al. 2022). To evaluate the
adverse effects of SUNI loss on the KASHS, the expres-
sion of KASHS was also analyzed in these spermatocytes.
The immunofluorescence revealed a reduction of KASHS at
the ONM relative to control samples (Fig. 5SA, B). Further,
Western blot analysis showed that the KASHS level was
significantly decreased in the testes of P06 (Fig. 5C). The
expression levels of TRF1 and TRF2 did not change signifi-
cantly (Fig. 5C). These findings support that loss of SUN1
in human spermatocytes leads to significant abnormalities in
KASHS expression and localization. Moreover, the observed
meiotic arrest in this NOA patient may have been caused by
a severe disruption of the interactions between the telomere,
SUNI1, and KASHS.

Discussion

Meiosis is a strictly regulated and highly conserved mecha-
nism in eukaryotes to sustain genetic variety and the long-
term survival of each species. When meiosis-related pro-
teins exhibit congenital abnormalities that impact protein
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Fig. 3 Analysis of spermatocyte arrest at the leptotene- and zygotene-
like stages. A H&E staining was used to analyze testicular samples
from P06 and a male control OA patient. P, pachytene spermatocyte;
RS, round spermatid; ES, elongated spermatid. B Immunofluorescent
staining was used to evaluate surface-spread spermatocytes from P06
and a control OA patient with staining using antibodies specific for
SYCP3 (green) and YH2AX (red). The arrowhead indicates YH2AX

structural and/or functional characteristics, the results gener-
ally lead to detrimental outcomes and impaired gametogen-
esis, as in the case of mutations in the TEX/I (Yatsenko
et al. 2015), MSH4 (Wyrwoll et al. 2021), MSHS5 (Gong
et al. 2022), and SHOCI (Yao et al. 2021) genes. In this
case, a Chinese patient with NOA from a consanguineous
family was found to have a homozygous SUNI1 variation
[c. 663C > A:p.Tyr221X]. This mutation was related with
the degradation of SUN1 mRNA and poor INM localiza-
tion in this patient's spermatocytes. Previous studies have
shown that KASHS deficiencies are associated with azo-
ospermia stemming from meiotic arrest due to poor tel-
omere-SUN1-KASHS interactions (Wu et al. 2022; Yang
et al. 2022). Our results demonstrate that this novel biallelic
SUNI variant may contribute to the pathogenesis of NOA
in humans by disrupting these interactions.

on the sex chromosome; The hollow arrowhead indicates YH2AX
trapped on the autosomes. C Spermatocyte population composition
in samples from P06 and the control OA patient, with numbers of
analyzed spermatocytes (n) provided in parentheses. L leptotene, Z
zygotene, P-like pachytene-like, P pachytene, D diplotene. Data are
means +SD from three independent technical replicates. **P <0.01;
*HEEP <0.0001

Coordinated mechanical force-mediated chromosomal
movement is essential for homologous pairing, synapsis,
and eventual segregation (Shibuya et al. 2015). Exten-
sive research conducted in a range of species has shown
that the force-transducing system, which coordinates the
movement of chromosomes during prophase I, is highly
conserved, consisting of cytoplasmic motor proteins
responsible for mechanical force generation as well as
the LINC complex that spans the NE and facilitates force
transduction (Lee and Burke 2018). Moreover, the bind-
ing of telomeres to the NE and LINC complex is regulated
by the TTM complex (Long et al. 2017; Shibuya et al.
2015). When any of the proteins involved in this process
are absent, meiotic progression is disrupted, leading to
meiotic arrest (Kmonickova et al. 2020). In patient P06
in this study, complete meiotic arrest of spermatogenesis
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Fig.4 SUNI deficiency in spermatocytes causes the detachment of
telomeres from the nuclear envelope. A Equatorial images of struc-
turally preserved spermatocytes from P06 or OA patients stained
using antibodies specific for the indicated proteins. B Quantification
revealed that the numbers of internal TRF1 foci within spermato-
cytes from P06 were significantly increased relative to those in con-

Fig.5 KASHS aberrations in
the SUNI-deficient spermato-
cytes. A Representative images
of surface-spread spermatocytes
in control and P06 samples
stained with antibodies specific
for KASHS (green) and lamin
B (red), with the KASHS signal
on the NE marked with an
arrow. B Quantifying the num-
ber of KASHS loci in equatorial
images of spermatocytes in

P06 and OA samples. Over 50
cells were analyzed per group C
for all analyses. C Western

blot revealed a reduced level of

KASH5/

KASHS in the SUN1-deficient KASHS | M.
testes. TRF1\2, telomeric TREL E
repeat-binding factor 1\2.

was observed, and no spermatocytes were detected at the
pachytene-like stage. This suggests that meiotic progres-
sion was likely dysregulated such that arrest occurred dur-
ing the leptotene or zygotene stages, in line with results
reported in Sunl-KO mice (Ding et al. 2007).
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SUN1 and KASH domain proteins, connected to the INM
and the ONM, respectively, make up the LINC complex
(Shibuya et al. 2015). This SUN-KASH complex is con-
sidered a key mediator of meiotic telomere attachment and
movement (Link et al. 2015), given that these functions are
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profoundly impaired in mammals and even budding yeast
harboring mutations in the genes that encode components
of this complex (Bupp et al. 2007; Ding et al. 2007; Horn
et al. 2013; Schober et al. 2009). Prior murine research has
demonstrated that SUN1 is a key LINC complex compo-
nent responsible for controlling chromosomal movement
during prophase I (Ding et al. 2007). While all mice lacking
Sunl expression are infertile, further studies have shown
that male Sun/-KO mice exhibit arrested spermatogenesis
at prophase I due to impaired telomere attachment to the
cytoskeleton via the NE (Ding et al. 2007). Despite extensive
study of the LINC complex in mice, its function in human
fertility remains to be fully documented. Recent work has
highlighted a link between certain KASH)5 variants and NOA
pathogenesis (Fakhro et al. 2018; Wu et al. 2022; Zhang
et al. 2022). Like murine KASHS5, human cells express
KASHS6 in several foci around the NE and at chromosome
ends. When KASHS is absent, it leads to a loss of SUNI1,
resulting in a loss of function of the LINC complex on NE,
causing impaired chromatin telomeric attachment, aber-
rant synapsis, dysfunctional DSB repair, and meiotic arrest
(Fakhro et al. 2018; Wu et al. 2022; Zhang et al. 2022). Here,
telomere attachment was similarly impaired in spermato-
cytes from an NOA patient exhibiting SUNI deficiency. In
this patient, most telomeres in spermatocytes were restricted
to the nucleus, and significant reductions in KASHS NE
localization were observed in these cells suggesting that the
loss of SUNI could make SUNI1 lose function, leading to
the disruption of telomere-SUN1-KASHS interactions. In
addition, unlike CCDC155, SUNI1 is not a testicle-specific
expressed protein. Our research also indicated that while
patients lacking SUN1 have NOA, the rest of their bodies
may be healthy. These results are comparable to an in vivo
study in mice, which reported similar findings. (Ding et al.
2007).

Overall, these results highlight the conservation of SUN1
as a mediator of meiotic progression across species while
offering insight into a new potential genetic driver of NOA
pathogenesis.
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