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Here, we present a genomic study of spermatogenic failure (SPGF). Our initial analysis (7= 176)
did not reveal known gene-candidates but identified a potentially significant single-nucleotide
variant (SNV) in X-linked germ-cell nuclear antigen (GCNA). Together with a larger follow-up
study (n7=2049), 7 likely clinically relevant GCNA variants were identified. GCNA is critical for
genome integrity in male meiosis and knockout models exhibit impaired spermatogenesis and
infertility. Single-cell RNA-seq and immunohistochemistry confirm human GCNA expression
from spermatogonia to elongated spermatids. Five identified SNVs were located in key functional
regions, including N-terminal SUMO-interacting motif and C-terminal Spartan-like protease
domain. Notably, variant p.Alal15ProfsTer7 results in an early frameshift, while Spartan-like
domain missense variants p.Ser659Trp and p.Arg664Cys change conserved residues, likely
affecting 3D structure. For variants within GCNA'’s intrinsically disordered region, we performed
computational modeling for consensus motifs. Two SNVs were predicted to impact the structure
of these consensus motifs. All identified variants have an extremely low minor allele frequency in
the general population and 6 of 7 were not detected in > 5000 biological fathers. Considering
evidence from animal models, germ-cell-specific expression, 3D modeling, and computational
predictions for SNVs, we propose that identified GCNA variants disrupt structure and function of
the respective protein domains, ultimately arresting germ-cell division. To our knowledge, this is
the first study implicating GCNA, a key genome integrity factor, in human male infertility.

Introduction

Male infertility is a significant health problem that impacts millions of couples trying to
conceive worldwide. The etiology of primary infertility, a condition directly affecting the
reproductive system and germ cell production, is not well understood, with nearly 50% of
male cases described as unexplained (Agarwal et al. 2021). The consensus view is that male
infertility is a complex condition with a significant genetic component (Krausz and Riera-
Escamilla 2018). As such, current genetic standards for diagnosis of severe male infertility
include testing for numerical and structural chromosomal aberrations and deletions of the
AZF regions on the Y chromosome. These approaches, however, yield low diagnosis rates of
between 10 and 20% (Tuttelmann et al. 2018). Massive research efforts in animal
reproductive biology have identified hundreds of infertility gene candidates, suggesting that
disruption of their human orthologs would also result in male infertility (Cooke and
Saunders 2002; Schultz et al. 2003; Singh and Schimenti 2015). However, progress in
integrating diagnostic testing for variants in these genes into human reproductive medicine
remains modest, with only a handful readily translated to the clinic. Recent genomic
analyses of complex disorders have improved the perspective of conclusive diagnoses,
successfully elucidating underlying variants for many disorders with a strong genetic
component, including male infertility. Translational studies have identified several clinically
recognized male fertility gene markers (e.g., CFAP65, M1APR, SOLHLHI1, SYCPZ, SYCP3,
and TEX1I) (Miyamoto et al. 2003; Choi et al. 2010; Yang et al. 2015; Yatsenko et al. 2015;
Wang et al. 2019; Schilit et al. 2020, Wyrwoll et al. 2020). Still, overall progress in detection
of causal variants in primary spermatogenic failure (SPGF) is limited with only a fraction of
the genes responsible for non-obstructive azoospermia, oligozoospermia, teratozoospermia,
and asthenozoospermia uncovered (Oud et al. 2019).
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A notable clinical challenge within the broad spectrum of male infertility is defining the
etiology of men who present with severe germ-cell arrest at the mitotic or meiotic phases of
spermatogenesis. These individuals have no prospect for natural conception and assisted
reproductive technology methods often involve highly invasive techniques such as
microdissection testicular sperm extraction (MTESE). Several key biological processes in
germ cell division include cross-over exchange of genetic material and subsequent
maintenance of genome stability yet, it remains unclear whether aberrant germ cell-specific
genome integrity factors contribute to male infertility. To date, only a few genome integrity
genes with pathogenic variants responsible for some forms of human infertility (e.g., MCM8
and MCM?9) have been reported (Wood-Trageser et al. 2014; AlAsiri et al. 2015; Desai et al.
2017).

X-linked, germ cell nuclear antigen (GCNA), previously known as acidic repeat containing
(ACRC), encodes an ancient germ cell-specific protein with multiple highly conserved
functional domains, including an N-terminus intrinsically disordered region (IDR) and C-
terminus Spartan (SprT)-like and zinc finger domains in humans (Carmell et al. 2016).
GCNA is a crucial regulator of germ cell division and development in multiple eukaryotes.
Recent animal studies suggest a major role for GCNA in DNA repair and genome
maintenance during chromosomal crossing over as well as chromatin condensation during
sperm maturation (Bhargava et al. 2020; Dokshin et al. 2020). Furthermore, knockout male
mice along with other transgenic animal models present with infertility marked by abnormal
chromosome segregation and meiotic germ cell loss. Thus, we hypothesize that selected
variants disrupt critical GCNA domains and contribute to male infertility in humans. Here,
using whole exome sequencing (WES), we identified variants in the germ-cell-specific
genome integrity factor, GCNA, associated with spermatogenic failure and human male
infertility.

Materials and methods

Patients and controls

Participants were recruited from University of Pittsburgh, United States (/7= 120), Polish
Academy of Sciences, Poland (7= 56), Minster University, Germany (7= 1100), GEMINI
Consortium (Weill Cornell Medicine, United States and University of Tartu, Estonia) (n7=
924), and Monash University, Australia (7= 25). Patients were diagnosed with non-
obstructive azoospermia (no sperm in the ejaculate due to impaired sperm production) or
cryptozoospermia (no sperm in fresh ejaculate without evidence of partial reproductive tract
obstruction, but with rare sperm seen in centrifuged pellet) according to American Urology
Association and American Society for Reproductive Medicine guidelines (Schlegel et al.
2021). Briefly, male infertility patients were evaluated with reproductive history and
physical examination based on AUA and ASRM guidelines. For these men, evaluation also
included semen analysis, serum follicle stimulating hormone, luteinizing hormone,
testosterone, and prolactin levels, testicular biopsy, and ultrasound (where appropriate).
Individuals with a history of non-genetic causes for SPGF (e.g., trauma, surgery, or
medication), obstructive azoospermia (e.g., CBAVD), and with abnormal sex chromosome
evaluation on karyotype or Y chromosome micro-deletions were excluded from the study.
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Whole exome sequencing and data analysis

DNA from whole blood collected by venipuncture was isolated using standard methods. For
samples processed in Pittsburgh, sequencing libraries were constructed using the SureSelect
XT All Exon V4 + UTRs capture kit and SureSelect XT Target Enrichment System (Agilent
Technologies, Santa Clara, CA) according to the manufacturer’s protocol. Captured libraries
were sequenced using 100 bp paired-end sequencing with TruSeq PE Cluster Kit v3 cBot
HS and 4 x 50 TruSeq SBS V3 HS sequencing kit (Illumina, San Diego, CA) on the
HiSeq2000 (lllumina, San Diego, CA). Approximately 6 Gb of sequencing data per sample
was generated with average read coverage of 62—100X. For the Australian cohort, whole
exome target capture was achieved using Twist Bioscience’s Twist Human Core Exome Kit
(Twist Bioscience, San Francisco, CA) according to the manufacturer’s protocol. Sample
libraries were dual-indexed using primers of the Twist Universal Adapter System. Pooled
libraries were sequenced on the NovaSeq 6000 platform (lllumina, San Diego, CA). 150 bp
paired-end sequencing was carried out at an average sequencing depth of 90 x per sample.

Sequencing reads were aligned to human reference genome hg19 with the Burrows-Wheeler
Aligner (Li and Durbin 2010). Variant calling and quality control were carried out with the
Genome Analysis Toolkit (McKenna et al. 2010). Variants were annotated using ANNOVAR
or Variant Effect Predictor (Wang et al. 2010; McLaren et al. 2016). For WES analysis, we
evaluated coding, non-synonymous, single nucleotide variants (SNVs) with minor allele
frequency (MAF) < 1% in males according to GnomAD v2.1.1 (https://
gnomad.broadinstitute.org/). SNVs were cross referenced against reported monogenic gene
candidates with definitive association with human male infertility (Oud et al. 2019; Alhathal
et al. 2020). Variant disease association was determined using public and private databases
dbSNP (https://www.ncbi.nlm.nih.gov/snp/), OMIM (https://www.nchi.nlm.nih.gov/omim/),
ClinVar (https://www.nchi.nlm.nih.gov/clinvar/), and HGMD (Qiagen, Redwood City, CA).
SNV pathogenicity was assessed on the basis of American College of Medical Genetics and
Genomics (ACMG) guidelines (Richards et al. 2015).

Missense mutation predicted effect was derived from computational tools, MutationT @ster
(Schwarz et al. 2010), SIFT (Ng and Henikoff 2001), Polyphen (Adzhubei et al. 2010),
CADD (Rentzsch et al. 2019), MetaDome (Wiel et al. 2019) and Revel (loannidis et al.
2016). Conservation was determined via PhyloP and Clustal Omega (Pollard et al. 2010;
Sievers et al. 2011). Whole exome sequencing data from an anonymous cohort of 5784
proven fathers, representing the general Dutch population visiting the outpatient clinic as a
father of a child with severe developmental delay, was used as a control (Wyrwoll et al.
2020).

Mouse models with infertility phenotypes were reviewed in the Mouse Genome Informatics
database (http://www.informatics.jax.org/) and through literature searches (https://
pubmed.ncbi.nlm.nih.gov/). Testis tissue expression was retrieved from GTex (https://
gtexportal.org/home/), Ace-View (https://www.nchi.nlm.nih.gov/IEB/Research/Acembly/),
and BioGPS (http://biogps.org/).
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All next-generation sequencing variants were confirmed via the Integrative Genomics
Viewer (Thorvaldsdottir et al. 2013). Top variants were confirmed with Sanger DNA
sequencing.

Single-cell RNA-seq data analysis

A processed merged human digital expression matrix data file from Drop-seq experiments
on human testicular cells from 4 adult males was obtained from Gene Expression Omnibus
(GEO: GSE142585) (Shami et al. 2020). In total, 35,941 transcripts from 13,597 cells were
used for global analysis. To identify human testicular cell types, the following known RNA
markers were used: spermatogonia (GFRAIL, HORMADI, ID4, ITGA6, LY6K, STRAS,
SYCPZ, UCHL 1, and UTFI), spermatocytes (PIWI/L1and SYCP3), spermatids (ACRV,
PRM1, TNP1, and TSSK6), Leydig cells (/FG1/2and STAR), endothelial cells (VOSTRIN
and VW), testicular macrophages (CD52, CD163, LYZ, and TYROBP), pericytes (ADIRF,
MCAM, PDGFRB, and STEAP4) or myoid cells (ACTAZ2and MYH11).

Data were filtered, normalized, and scaled as previously described using Seurat v3.2.2
(Macosko et al. 2015). Principal component analysis (PCA) on the gene expression matrix
was used for downstream analysis based on the detection of the “elbow” point on the screen
plot and evaluation of jack-straw function heatmaps. Further dimensionality reduction for
easy visualization was performed using uniform manifold approximation and projection
(UMAP). Louvain—Jaccard clustering was utilized for cluster identification. Expression
patterns of conserved marker genes of human testicular cells were analyzed to annotate the
biological identity of each cluster. Spermatogonia were further divided into four distinct
clusters via unsupervised clustering. The expression of conserved undifferentiated
spermatogonia markers (GFRA1, /D4, and UCHL 1) and differentiating spermatogonia
markers (HORMADI, KIT, MKI67, STRAS, and TEX11) were used to biologically
annotate clusters 1 and 2 (probably representing undifferentiated spermatogonia) and
clusters 3 and 4 (representing differentiating spermatogonia). Identified genes were
normalized, scaled, and used for PCA and UMAP analysis as above.

Testicular biopsy and histology

Testicular biopsies obtained from SPGF patients were collected under general anesthesia at
the Magee Womens Hospital (Pittsburgh, PA), the Centre for Reproductive Medicine and
Andrology (Miinster, Germany), and Weill Cornell Medical Center (New York, NY).
Written informed consent was obtained before surgery. Tissue samples were fixed overnight
in Bouin’s solution, washed with 70% ethanol, and embedded in paraffin, using an
automatic ethanol and paraffin row (Bavimed Laborgeréte, Birkenau, Germany). For
histological analysis, 5-um sections were stained with periodic acid-Schiff (PAS) reagent
and Mayer’s hematoxylin according to the previously published protocol (Brinkworth et al.
1995). Briefly, sections were deparaffinized, rehydrated in a descending ethanol row, and
rinsed with water. Cross sections were placed in a freshly prepared 1% periodic acid solution
(#1,005,240,100, Carl Roth, Karlsruhe, Germany) for 5-15 min, followed by washing with
distilled water. Incubation in Schiff reagent (#1,090,330,500, Merck Millipore, Darmstadt,
Germany) was performed for 5-10 min, and sections were washed again. Counterstaining
was conducted using Mayer’s hematoxylin (#109,249, Merck Millipore, Darmstadt,

Hum Genet. Author manuscript; available in PMC 2022 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Hardy et al.

Page 6

Germany) for 30 s and stopped in distilled water. Finally, sections were rinsed with tap
water, dehydrated in an increasing ethanol series, and mounted using Merckoglas mounting
medium (#103,973, Merck Millipore). Slides were imaged using a PreciPoint M8 Scanning
Microscope or Olympus Virtual Slide System Axioskop (Zeiss, Oberkochen, Germany).
Histology images are available for patient M13 and M911.

Immunohistochemistry

Bouin’s fixed testis sections were deparaffinized and rehydrated as described earlier
(Briefio-Enriquez et al. 2019). Heat-induced epitope retrieval and immunofluorescence were
carried out according to Leduc et al. (2008) with the following madifications. An aliquot of
freshly prepared 1.5% BSA/0.5% Triton-X100 in PBS was heated to 37 °C prior to blocking
at 37 °C for 1 h in a humidification chamber. Tissue sections were incubated with primary
antibodies— anti-GCNA 1:25, (HPA023476, Sigma-Aldrich, St. Louis, MO), anti-DDX4
1:100 (ab27591, Cambridge, UK), anti-SOX9 1:100 (AB5535, EMD Millipore, Burlington,
MA)—in a humidification chamber overnight at 4 °C. Secondary antibodies included Alexa
Fluor 488 1:100 and Alexa Fluor 594 1:100 (115-546-062 and 111-586-144, Jackson
ImmunoResearch, West Grove, PA). Nuclei were stained with DAPI and slides were
mounted with Vectashield Antifade Mounting Medium (H-1000-10, Vector Laboratories,
Burlingame, CA). Images were captured on a Zeiss Axio Imager M2 microscope using Zen
software (Zeiss, Oberkochen, Germany).

SprT-like domain 3D modeling and IDR motif search

To identify and model conserved amino acids in the SprT-like domain, human, fruit fly, and
roundworm GCNA sequences were obtained from UniProt (accession codes Q96QF7,
Q7KWO09 and Q23462, respectively). Tertiary structure corresponding to each sequence was
predicted using the servers Modeller and HHpred, with crystal structure of the human
metalloprotease Spartan (PDBID: 6MDW) used as a template (Sali et al. 1995; Soding et al.
2005; Li et al. 2019). Structural alignment and mapping of relevant residues were performed
using PyMOL Molecular Graphics System version 2.0 (Schrodinger 2018).

To identify common motifs within IDRs among GCNA orthologs, IDR sequences were
isolated using the MetaDisorder web server (Kozlowski and Bujnicki 2012). Multiple
sequence alignments of 24 GCNA IDRs were created and short regions of interest were
converted into regular expressions (regex) representing chemical characteristics of the amino
acids, such as non-polar or pi-bond-containing residues. Using the CLC-7 suite, matches to
regex were identified among the GCNA orthologs. All matches were aligned to determine
amino acid ratios, which were converted into predicted motifs for downstream analysis using
the MEME suite (Grant et al. 2011) and were represented as logos. Logo visualizations were
generated by Seq2Logo (Thomsen and Nielsen 2012). The motif alignment and search tool
(MAST) was used to match the regex-based, putative motifs against the GCNA proteins
(Bailey and Gribskov 1998). To confirm that the putative motifs are specific to GCNA and
not an artifact of intrinsically disordered proteins (IDPs), identified motifs were further
tested with MAST against a dataset of experientially determined IDPs retrieved from
DisProt (Hatos, Hajdu-Soltész et al. 2020).
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Results

Identification of GCNA variants in patients with sporadic SPGF

In an effort to identify genetic causes of SPGF, we first analyzed WES data from sporadic
and familial male infertility patients (Pittsburgh and Poznan cohorts, /7= 176) for variants in
78 previously reported gene candidates confidently linked to male infertility phenotypes
(Oud et al. 2019). Our analysis pipeline did not identify potentially significant variants in
these genes. The remaining genes and variants with minor allele frequency < 0.002
(GnomAD v2.1.1) were reviewed for biological role in reproduction and spermatogenesis,
function, and testis-specific expression. Of greatest interest were genes that caused an
isolated reproductive phenotype in mouse (MGI database). Analysis of knockout models
revealed a novel gene candidate involved in genome integrity, X-linked germ-cell nuclear
antigen, GCNA. A follow-up study of 2049 international male infertility patients identified
several additional GCNA SNVs (Suppl. Table 1). In total, potentially significant GCNA
variants were identified in 7 of 2225 patients with SPGF phenotypes ranging from non-
obstructive azoospermia to cryptozoospermia (Table 1). All identified variants had extremely
low MAF of < 0.0005 in the general male population and 6 of 7 were not found in an
anonymous cohort of 5784 Dutch biological fathers (y~ = 14.2346; p = 0.000161). Variants
were visualized in IGV and confirmed with Sanger sequencing (Suppl. Figure 1).

Gene expression and localization of normal GCNA in human testis

To elucidate the germ cell-specific expression profile of GCNA, we first examined a single-
cell RNA-seq dataset from cryopreserved normal adult human testis. Results from 35,941
transcripts derived from 13,597 cells were used for global analyses to identify human
testicular cell types (spermatogonia, spermatocytes, spermatids, Leydig cells, endothelial
cells, testicular macrophages, pericytes, or myoid cells). Analyses of sequencing results
indicate that GCNA RNA is expressed predominantly in spermatogonia (Suppl. Fig. 2).

Single-cell transcriptomes from 3297 spermatogonia were partitioned out for downstream
analysis. Using unsupervised clustering, we further divided spermatogonia into four distinct
clusters. We then utilized the expression of conserved germ cell markers to biologically
annotate resultant clusters (Suppl. Fig. 3). Data indicate that clusters 1 and 2 likely represent
undifferentiated spermatogonia while clusters 3 and 4 represent differentiating
spermatogonia. We observed broad expression in all clusters, with the most abundant in
cluster 4, indicating that GCNA RNA is primarily expressed in differentiating
spermatogonia in humans (Fig. 1a—d). Immunohistochemical analysis of control testicular
tissue showed that GCNA protein is produced throughout spermatogenesis, from
spermatogonia to elongated spermatids, in normal adult human testis (Fig. 2).

Pathogenicity classification of GCNA variants observed in SPGF

To aid in the assessment of identified variant effects on GCNA function, we utilized
computational prediction tools and ACMG classification guidelines (Table 2). Accordingly,
variant p.Alal15ProfsTer7, identified in an atypical (normal FSH and LH levels) non-
obstructive azoospermia (NOA) individual, was determined to be “likely pathogenic” as it
creates an early frameshift and premature termination codon in the small ubiquitin-like
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modifier (SUMO)-interacting motif (SIM) domain, likely resulting in protein truncation
(Borgermann et al. 2019) (Fig. 3).

Variant p.Ser659Trp, located in the SprT-like domain, was found in an azoospermic man.
Ser659 is a highly conserved amino acid of which Trp substitution is expected to be
“damaging”, “probably damaging”, or “disease-causing” by SIFT, PolyPhen, and
MutationT @ster, respectively (Fig. 4a, c). A moderately conserved p.Arg664Cys variant,
also in the SprT-like domain, was observed in an NOA patient and predicted as “possibly
damaging” by PolyPhen with a CADD score of 16.11 (Fig. 4b, c). Comparison of primary
sequences and secondary structures, as well as 3D modeling, revealed striking similarity in
the SprT-like domain among multiple GCNA orthologues, suggesting a conserved function
throughout evolution (Fig. 4d).

N-terminus variant p.Asp17Asn, found in NOA patient GEMINI-166, results in a significant
change in amino acid (aa) composition, from charged to neutral, which may alter GCNA’s
secondary structure with potentially functional consequences. This substitution is predicted
to be “intolerant” by MetaDome, “damaging” by SIFT, and “probably damaging” according
to PolyPhen and with a CADD score of 16.16.

Conventional prediction tools were less applicable for 2 missense variants in the consensus
SUMO interacting motif (aa 72-125) within the IDR of two individuals with
cryptozoospermia (Table 2, Fig. 4). Variant p.Val76Met lies in a predicted consensus motif
of aliphatic residues (Suppl. Fig. 4A, Suppl. Table 2). Variant p.Ser102Arg may impact
GCNA post-translational modifications.

Conventional prediction tools were uninformative for SNVs located in IDR segments
without known motifs due to the inherently high variability of the domain between
orthologs. To assess the impact of these missense variants, we performed a thorough search
of consensus motifs and analyzed key binding sites and post-translational modifications
(Suppl. Fig. 4, Suppl. Table 2). Variant p.Ser295Pro is located in a predicted consensus IDR
motif that contains both aliphatic residues and sequential pi-bonds (Suppl. Fig. 4B). Of note,
this variant was also observed in 1 out of 5784 biological fathers.

Analysis of testicular biopsy histology images revealed Sertoli-cell only phenotypes
associated with p.Ser659Trp (Fig. 5) and p.Ser295Pro (data not shown).

Discussion

The production of genetically high-quality sperm is fundamental for fertility in sexually
reproducing species. Dysfunctional spermatogenesis leads to infertility in approximately 8%
of men and 15% of couples worldwide (Organization 2000). Yet, despite the high global
incidence of male infertility, its basis is frequently undetermined (idiopathic). As such,
primary male infertility is often difficult to counsel with limited treatment options. While
substantial evidence from over 600 animal models of infertility suggests a strong genetic
component in male infertility, translation to human reproductive medicine is lagging (Oud et
al. 2019). Encouragingly, multiple limitations related to the high genetic heterogeneity of
animal knockout models and low incidence of human mutations can seemingly be overcome
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by comprehensive genomic studies that include large patient cohorts with broad clinical
etiologies, examine numerous gene candidates, and take into account multiple inheritance
modes (Alhathal et al. 2020, Wyrwoll et al. 2020, Xavier et al. 2021). Here, we successfully
utilized this approach, using genomic data from a massive cohort of over 2200 infertile
males. Our analysis identified GCNA as a plausible gene candidate that associates with
SPGF and male infertility in seven unrelated individuals.

Recent animal models have implicated GCNA in several critical germ cell roles including
resolution of DNA—protein crosslinks (meiosis and mitosis) and regulation of cell division
(meiosis and embryonic mitosis) (Dokshin et al. 2020). It is proposed that GCNA is essential
for the integrity of the heritable genome and germ line immortality. Loss of Gcna leads to
progressive accumulation of genomic aberrations in successive generations, decline in germ
cell production, and infertility in mice, flies, worms, and zebrafish (Carmell et al. 2016;
Bhargava et al. 2020; Dokshin et al. 2020). Interestingly, while GCNA may have conserved
biological roles across species, the protein is composed largely of a uniquely variable N-
terminus intrinsically disordered region. Across species, IDRs are variable in length but
highly enriched in acidic amino acid content. Interestingly, despite IDR sequence variability
among species, recurring motifs have been identified in IDRs in multiple species (Suppl.
Fig. 4, Suppl. Table 2). Mouse GCNA is composed almost exclusively of IDRs and binds
SUMO (Carmell et al. 2016). Knockout male mice show major disruptions in meiosis,
suggesting GCNA IDRs are critical for maintaining germ cell genome integrity. Loss of
mouse GCNA is proposed to result both in increased DNA damage, in part due to poor
resolution of topoisomerase 11 DNA—protein crosslinks, and also in a reduced number of
crossing-over events, resulting in chromosomal aberrations which ultimately lead to meiotic
arrest, reduced cell numbers, and/or abnormal head morphology in surviving sperm
(Dokshin et al. 2020). Interestingly, the primary proposed function of mouse IDRs is
proteolysis mediated by binding polySUMO and the MRE protein complexes. This theory is
in line with critical roles of GCNA in promoting resolution of DNA double-strand breaks
and homologous recombination (HR) in meiosis as well as chromatin condensation post-
meiotically. Hypothesized roles of GCNA domains together with the variety of mutation
sites described herein could explain the range of phenotypic features observed; while some
patients (M13 and M911) show complete loss of germ cells (SCO); occasionally, rare sperm
with abnormal head morphology was seen in patient (AUS1), resembling sperm features
observed in male knockout mice (Dokshin et al. 2020).

The large number of genes reported to cause male infertility in animal models suggests that
many genes responsible for human male infertility have yet to be identified. Since it is
estimated that any individual gene will likely have a small contribution to overall SPGF
load, it is not surprising that the average frequency of GCNA variants identified here is low
(< 0.4%) and is in line with such estimation. GCNA SNV c¢.343del (p.Alal15ProfsTer7 in
the SIM) fulfills ACMG criteria for classification as likely pathogenic, while the remainder
are currently of variant(s) of uncertain significance. Nonetheless, all variants should be
further examined for reliable functional evidence in human cells and/or animal models.
Testing of human GCNA variants in mice is complicated because mice do not have the SprT-
like or Zinc finger domains and the rest of the gene is the intrinsically disordered region
where it is not possible to identify human/mouse orthologous sequences. Moreover,
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independent studies of human GCNA in patients with male infertility could provide
adequate proof of the pathogenicity of these SNVs, as animal models may only partially
correspond to human physiology. Also, such functional studies of human GCNA SNVs will
assist with subtle clinical features, potentially offering “reverse phenotyping” in addition to
indicating the origins of male infertility.

Recent reports indicate that some individuals with mutations in the Spartan protein present
clinically with genome instability and progeria-like Ruijs-Aalfs syndrome (Lessel et al.
2014; Maskey et al. 2014). Similarly, evidence of gradual progressive accumulation of
genomic errors was shown in SprT-containing protein fly Gena knockout model and
premature aging was seen in late-generation gcna-1 mutant C. elegans (Bhargava et al.
2020). As such, GCNA mutations affecting the SprT-like domain like p.Ser659Trp and
p.Arg664Cys observed here may induce genome instability and/or a premature aging
phenotype in humans. Additionally, considering GCNA'’s role in genome stability in
meiosis, we propose a potential effect of mild missense GCNA variants on predisposition to
chromosome aberrations (increased chromosome fragility and genome instability) and/or
mild SPGF phenotypes like reduced sperm number or morphology defects. We speculate
that the identified p.Ser295Pro variant in IDR observed in one SPGF patient and a single
control might be a contributing factor to inaccurate resolution of meiotic bivalents in
homologous recombination, promoting chromosome aberrations at a low, but progressively
accumulating rate of genome damage in each generation, similarly to the phenomenon noted
in mouse, fly, and worm GCNA models (Bhargava et al. 2020). It will be of great interest to
perform follow-up semen analysis of all GCNA patients initially presenting with reduced
germ cells, as well as their offspring, to ascertain potential long-term effects on chromosome
aberrations, longevity, and other features of the progeria spectrum. If the proposed linkage is
correct, the value of this phenotypic expansion in future studies cannot be overestimated.
Indeed, it has also been clinically recognized that men with severe forms of male infertility
are at increased risk of all forms of cancer (Schlegel et al. 2021). The mechanism for
increased risk of neoplastic disease has not been elucidated but could occur from genomic
instability through pathways described above.

In conclusion, here we present the first study of human GCNA, a germ cell-specific genome
stability protein, in the context of spermatogenic failure and male fertility. Since identified
variants affected functional domains with distinct roles, effects of the respective mutations
likely lead to different molecular and phenotypic features of SPGF. Such phenotypic
diversity is consistent with reports of Gcna knockouts in multiple animal models and suggest
that human GCNA variants lead to diverse but specific phenotypic features, extending the
role of GCNA as a key regulator of germ cell genome integrity. We speculate that the
function of human GCNA is sensitive to even small missense changes which can lead to
increased DNA damage load over generations and ultimately cause heritable germ cell
chromosome aberrations and/or infertility, as has been demonstrated in animal models.
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Fig. 1.

Siggle-cell transcriptome profiling of adult human spermatogonia. a Violin plot showing
expression level of GCNA mRNA across the spermatogonia clusters. b UMAP plot of re-
clustered human spermatogonia in distinct clusters representing undifferentiated (clusters 1
and 2) and differentiating spermatogonia (clusters 3 and 4) (see Supplemental Materials for
single-cell transcriptome clustering of all testicular cells and expression patterns of common
markers utilized to distinguish spermatogonia). Cells demonstrating positive expression
shown in red with no or little expression in blue. c UMAP plot showing GCNA RNA
expression predominantly in clusters representing differentiating spermatogonia. d UMAP
plot showing known RNA marker UTF1 expression primarily in clusters representing
undifferentiated spermatogonia
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GCNA DAPI

Fig. 2.
GCNA protein expression in normal adult human seminiferous tubules. Immunofluorescent

detection of GCNA and VASA (DDX4) in Bouin-fixed adult human testis confirms GCNA
is present in all spermatogenesis cell types, including spermatogonia (SG), spermatocytes
(SC), and spermatids (ST), but absent in visible mature spermatozoa (SZ)
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Di%gram of human GCNA protein domains and variant locations. Schematic depiction of
human GCNA protein with known domains (intrinsically disordered region, Spartan like,
and zinc finger) and amino acid coordinates. Potentially disease-causing variants observed in
7 patients with SPGF are labeled and correspond to the IDR and SprT-like domains (see also
Table 2). Repeat 1 = 2 exon repeat, Repeat 2 = DD(N/S)DDS(E/D)(A/V)P 21x, Repeat 3 =
DD(N/S)DDS(E/D)(A/V)P 21x (Carmell, Dokshin et al. 2016)
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Ser659(Hs) Arg438(Ce)

& \ ¢ Ser933(0m)

HE609 ,»'(
\2 ‘:, (\'/ \‘é

Ser659(Hs)
)y Ser433(Ce)

)' Arg664(Hs)

( ! M
( ( H592 (
»
) k
C. eleg C. eleg

X 604 S659 R664 675
H. sapiens GI-HDSHGDAWKYYARKSNRIHPELPRVTRCHNYKINYKVHYECT--GCKTRIGCYTK{SLOTS[RFICAKCKGSLY
P, troglodytes GI-HDSHGDAWKYYARKSNRIHPELPRVTRCHNYKINYKVHYECT--GCKMRIGRYTKISLDTS|RFICAKCKGSLY
G. gorilla GI-HDSHGDAWKYYARKSNRIHPELPRVTRCHNYKINYKVHYECT--GCKTRIGRYTKISLDOTS[RFICAKCKGSLY
M. mulatta GI-RDSHGDTWKYYARKSNRIHPELPKVTRCHNYKINYKVHYECT--GCKTRIGRYTK|SLDTSRFFCGKCKGSLY
C. lupus familiaris 6V-RDSHGDAWKYYAKKSNMVHPELPMVTRCHNYKINYRIHYECT--RCKTRVGRYTR|SLNTDRFICAKCQGPLV
F. catus GV-RDSHGDSWTFYAKKSNLVHPELPLVTRCHNYKINYKIHYECT--QCKARVGRYTKISLNTO[RFICAKCKGTLY
A. jubatus GV-RDSHGDSWKFYAKKSNLVHPELPVVTRCHNYKINYKIHYECT--QCKARVGRYTKISLNTD[RFICAKCKGTLY
M. putorius furo  GI-RDSHGDAWKYYAKKSNMVHPELPMVTRCHNYKINYRIHYECT--RCKTRVGRYTR|SLNTORFICAKCKGPLV
E. caballus GI-RDSHGDAWKYYARKSNMVHPELPRVTRCHNYKINYKIYYECT--QCKFRIGRYTR|SLNTERFFCTICKGPLY
C. hircus GI-RDSHGDMWRYYARKSNMVHPELPKVTRCHNYKINYKIHYECT--QCKFRVGRYSRISLOTT|RFICARCKGSLA
X. laevis GV-RDGHGQFWRFYAKKATVVHPELPMVTRCHTYEINYKYTYECS--RCKNTIGRHSKISLOTE[RFVCALCKGKLY
D. rerio NV-RDGHGPFWRLYARKAMLAHPELPMVSRCHSYDINYKFQYQCN--RCKNTIGRHSKISLOTTKFVCALCTGQLY
D. melanogaster GE--GGHGRVWKMWAQRANDKFPDLPQIKVCHNYSIEFKYTYKCL--SCOKASHAHSRISRKVEDLRCRICRGPIT
C. elegans RLHKEGHGPGWKRWGARCSSVFKSLPFIERCHSYEIEAKFFYVCEKDGCDVEIKRQSK|SLDOTS[RKACGRCFGRFI

Fig. 4.

3D Modeling and conservation of GCNA variant positions in SprT-like domain residues.
Three dimensional models depict a highly conserved aa residue Ser659 in H. sapiens (Hs)
and C. elegans (Ce, left) and H. sapiensand D. melanogaster (Dm, right) which was altered
in a Sertoli cell only individual with variant p.Ser659Trp and b moderately conserved aa
residue Arg664 in H. sapiensand C. elegans which was altered in an azoospermic individual
with variant p.Arg664Cys. Human catalytic histidines (H592, H596 and H609) are
represented by sticks. ¢ Partial amino acid sequences for multiple species of the conserved
SprT-like protease domain also demonstrate conservation of affected amino acids (see also

Table 2)
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Control GCNA GCNA p.Ser659Trp
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Fig. 5.
Histological and immunohistochemical imaging of human seminiferous tubules with normal

and likely altered GCNA expression. Appearance of human seminiferous tubule in controls
(left) and Sertoli cell-only phenotype (right). PAS staining shows presence of all testicular
germ cell stages in control and presence of only Sertoli cells in individual harboring GCNA
variant p.Ser659Trp in the Spartan-like domain (row 1). GCNA and VASA colocalize in
normal spermatogonia, spermatocytes, and spermatids but are not seen in Sertoli cells
confirming germ cell specific expression (row 2). Both germ cells stained with DAPI and
somatic Sertoli cells labelled with SOX9 are present in individuals with normal GCNA but
only Sertoli cells are seen in the seminiferous tubules of the patient with variant p.Ser659Trp
in the Spartan-like domain (row 3)

Hum Genet. Author manuscript; available in PMC 2022 February 01.



Page 22

Hardy et al.

1/10wu 2T < L /NI 812 Tdd /NI 8-9'T H1 - 1/N1 9°L > HSS :sanfen mu:m:&mw_m

19]18d UBWaS Ul punoy wuads aley

*¥

SI9A3] H1 puB HSH [ewlou yum YON [ed1dAy
*
’IWIAdS00ZE 3A1IdNIISAO-UOU YON ‘BlulladsoozordAud ojafio

T/Nw 005 > (14d) undejoud :j/jowu T < (1) suoasolsa /N 0T—¢ (H1) suowloH Buiziueing /N /-1
(HS4) suowloH Buirejnwng 81911104 :SMOJ|0} S 3Je SanjeA 3UOWLIOY 82UBI3J8. [eWIOU ‘Palou 3SIMIBYI0 SSajun ._E\%H x GT Z UOIIRJIUS2U0I WIadS [eWION ‘W G'T Z SWNJOA USWISS [BWION ‘Paliiuap! a1am

SUOITe.Ia0R SWOSOWOIYD [edLIaWNU 10 [ednjoniis oN “elwaunoe|oidiadAy JO 80UspIAS OU pue ‘[eWIOU 01 MO] WO} | ‘HT [ew.ou ‘pajens|a Ajiueonyiubis 0y jewliou woly Buibuel HSH yim siuaized Buowe Aren
0S[e S|ans] auowIoy aAnonpo.day "exejnoels ay) Ul wiads Jo souasqe 1o souasald uo paseq st adAiousyd siuedionued Gzzz 10 Apnis e ul ainjre) olusBorewsads YIIm safew / Ul paliuspl a1am sjUeLIeA VDD

Bau AX'9y ®Epou 18 T9 €1 0 8y VON  +Z EEv-ININAD L
fou AX'9p 8 LT 66 €I 0 09 VON € TI6N 9
fou AX'9p 72T T9T v 678 0 o€ VON 62 TN G
fou AX'9p €€ 88 87 €S 0 89 LVYON /g OTVIN ¥
fau AX'9y 60T  §0T S €Vl xx0 68 odhio /2 TEBTIN €
Bau AX'Oy EEpON 78 8T 5L #x0 eJep ON adliy 8z SNV 2
Bou AX'OP pST p96C LWL 6 0 ge VON 62 99T-ININID T
suolepp 47v  adAokrey T4d 1 H1 HSd "uoowkds swnjoruswes adAowyd by ar #

siueLIeA VD9 Buisned-aseasip Ajfenualod yim suaied 10) uonewIoUl [eIIUID

T alqeL

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Hum Genet. Author manuscript; available in PMC 2022 February 01.



Page 23

Hardy et al.

(T 8100eL 39S) S|2A3] HT PUB HSH [WIOU YIM YON [ed1dAiy
.

90URdIUBIS UreBdUN
10 JUBLIBA SN ‘1] ueleds ay//-£4/ds ‘inow Bunoelsiul QINNS A/S ‘UoiBal paiaplosip A|[edlsuLliul &g/ ‘P1oe oulwe Y ‘Sapliosjonu_/ A/ ‘elwladsooze aA1anlsqo-uou oN ‘elwiadsoozoydAid ojdfin

S3U1aPING SONBUIS) pUB SIILIOUDS) [eIIP3IA 40 8681100 UBdLIBWY 0} BUIPI0IIR UOIRDILISSED JUBLIEA 0} SI8J3] HINDY "Uleioid ay) utyyim uomnisod
JUBLIBA S103]J31 Urewoq 'sayle) yaing 78/ Ul PaAISSCO SeM JUBLIRA S3WI] JO 13GWINU 0} S19jal UWN|od S|0Auo0D,, (31nmnsu] peold) T'T'2A YWOoUS WOoJy paulelqo safew oy sanjea Aouanbauy ajaje Jourp
‘aeInoeld ay} ur wiads o aduasge Jo aouasaid uo paseq si adAiouayd ‘sjueeA VD9 Buisned-aseasip Ajjenualod yym painuapl alam siuedidnted Apnis Gzzz wouy ainjies o1usborewlads ylm sajew UsAsS

SNA  I-Lids 0  ¥¥6¥000°0 sAoy99biv'd 1 <D066T9  ElUOIST VON  €€7-ININID L

SNA  II-LIdS 0  2I6T0000 dilegosesd  9©<09/6T0  Auewis VON TT6N 9

SNA dai T 88€¥0000°0 0idg6ziesd D <1€880  Auewsso VON ETN S

oluaBoyred A3 (WIS) ¥al 0  punojiou  LI8LsjoidSTTRIV d [BPEYED  eneoID «VON OTYTIN 4
snA - (W1s) ¥al 0  punojiou fivzotsesd  w<090ed  Aeny odAi1n TEGTIN €

snA - (NIS) ¥al 0  S¥0Y0000'0 PNYLEBA'D V< 99220 Elfensny oydA1o SNy 14

SNA  snuIwg-N 0 0000 usy/Tdsy'd W < 96170 vsn VON  99T-INIATD T

9NDVY urewog S|0Juo)d avwouo abueyo vy  abueyd IN uiblio  adAlousyd al ojduwes

ainjiey oluabolewsads Yum sjuaned ul panIasqo siuelieA /D9 Buisnes-aseasip A|[e1uslod

¢ dlqeL

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Hum Genet. Author manuscript; available in PMC 2022 February 01.



	Abstract
	Introduction
	Materials and methods
	Patients and controls
	Whole exome sequencing and data analysis
	Single-cell RNA-seq data analysis
	Testicular biopsy and histology
	Immunohistochemistry
	SprT-like domain 3D modeling and IDR motif search

	Results
	Identification of GCNA variants in patients with sporadic SPGF
	Gene expression and localization of normal GCNA in human testis
	Pathogenicity classification of GCNA variants observed in SPGF

	Discussion
	Appendix
	References
	Fig. 1
	Fig. 2
	Fig. 3
	Fig. 4
	Fig. 5
	Table 1
	Table 2

