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Abstract

Purpose: Sperm morphology and motility are major contributors to male-factor infertil-
ity, with many genes predicted to be involved. This study aimed to elucidate differentially
expressed transcripts in human testis tissues of normal and abnormal spermatogenesis
that could reveal new genes that may regulate sperm morphology and function.
Methods: Human testis biopsies were collected from men with well-characterized
phenotypes of normal spermatogenesis, spermatid arrest, and Sertoli cell-only pheno-
type, and transcriptional differences were quantified by RNA-sequencing (RNA-Seq).
Differentially expressed genes (DEGs) were filtered based on predominant expression
in spermatids and gene functional annotations relevant to sperm morphology and
motility. Selected 10 DEGs were validated by gRT-PCR and the localization of two
proteins was determined in testis biopsies.

Results: The analysis revealed 6 genes (SPATA31E1, TEKT3, SLC9C1, PDE4A, CFAP47,
and TNC) that are excellent candidates for novel genes enriched in developing human
sperm. The immunohistochemical localization of two proteins, ORAI1 and SPATA31E1,
in testis biopsies, verified that both are expressed in developing human germ cells,
with SPATA31E1 enriched in late spermatocytes and spermatids.

Conclusion: This study identified human germ cell-enriched genes that could play
functional roles in spermiogenesis and could thus be important in the development of

morphologically normal, motile sperm.
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1 | INTRODUCTION

with 10%-15% of couples suffering from infertility problems.® Male
factor infertility is prevalent in approximately half of infertile cou-

Infertility, that is, the inability to conceive within 1year,? has be- ples* and can be caused by various factors such as congenital or

come a global issue with an increase in prevalence in recent years, acquired urogenital abnormalities, malignancies, urogenital tract
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infections, endocrine disturbances, and genetic abnormalities.? In
around 30%-40% of cases, the cause of infertility remains unclear
and is thus referred to as idiopathic infertility.5’6

Ejaculate analysis as standardized by the World Health
Organization’ is the gold standard method to assess male fertility.
Abnormalities in sperm number are defined as oligozoospermia (low
sperm count <15 million/mL) or azoospermia (no sperm in the ejac-
ulate). Impaired motility defects are defined as asthenozoospermia,
that is, low progressive motility, and sperm morphology defects are
defined as teratozoospermia, where sperm exhibit a wide range of
defined structural abnormalities. The most common diagnosis is a
combination of all three abnormalities and thus classified as oligoas-
thenoteratozoospermia (OAT), where both qualitative and quanti-
tative abnormalities of sperm number and function are detected.®
Morphological and functional abnormalities can be broadly divided
into sperm head and flagellum defects.® Sperm abnormalities can
arise during sperm development in the testis (spermatogenesis and/
or spermiogenesis) or during passage through the epididymis.

Germ cell development, particularly of spermatocytes and
spermatids, involves remarkable transcriptional complexity and di-
versity.9 Studies have shown that spermatogenesis is regulated by
nearly 2000 genes, and thus normal sperm motility and morphology
too rely on a large number of genes.>'%!! The causes of defects in
sperm number and/or function are complex, with potentially 30%-
40% of idiopathic infertility cases caused by genetic abnormalities
such as chromosomal defects or gene mutations.>1°712 So far, rela-
tively few clinically relevant genes have been identified.>1314

Identifying specific markers of the different infertility pheno-
types could benefit the diagnosis of infertility. We have previously
identified that many sperm-specific proteins are released by the
seminiferous tubules into the surrounding interstitial fluid, and from
here they can enter the circulation.’®¢ Thus, the identification of
novel proteins that are expressed specifically in sperm, or that dif-
fer with infertility phenotype, could be applied to the development
of non-invasive diagnostics, such as blood tests, that could be used
to inform clinicians about the likelihood of sperm being present in
the testes and thus whether the patient is likely to have sperm avail-
able for retrieval via surgery.'® Identifying genes that are essential
for human male fertility will facilitate genetic counseling of patients,
infertility diagnosis, and selection of the best treatment.!*718
Importantly, elucidating genes that are specific to male germ cells and
are essential for fertility also provides new opportunities for the de-
velopment of non-hormonal male contraceptive approaches. Sperm
production involves many genes that are highly restricted to germ

cells and are not found elsewhere in the body9'19

thus contraceptive
strategies that target genes restricted to spermatid development
could be highly specific and effective, with limited off-target effects.
Recent approaches to male contraceptive development focus on
proteins that are essential and specific for sperm production and/
or function to limit the likelihood of off-target effects.?’ For exam-
ple, a testis-specific bromodomain protein, BRDT has been identi-
fied as a potential target for contraception, and research has shown

that mice with Brdt homozygous null mutation are sterile.?* Such

non-hormonal contraceptives are in the earliest phases of preclinical
testing.?° Identifying novel genes and proteins that are involved in
human sperm production will have application for the design of non-
hormone-based male contraceptives that could specifically inhibit
sperm production or function.

RNA-Seq is a powerful tool that is used not only to discover RNA
transcripts but also to compare mRNA expression?? and identify
DEGs between different phenotypes.?® Even though next-generation
sequencing has evolved from whole tissue (bulk) RNA-Seq to single-
cell RNA-Seq (scRNA-Seq), bulk RNA-Seq remains one of the most
used tools due to its high reproducibility compared to scRNA-Seq,
high sequence coverage, and the usage of reliable statistical power
and bioinformatical tools.?* The cost-effective nature and the wide
availability in many labs, and the ease of data interpretation, make
it more affordable and feasible than scRNA-Seq. However, recently
scRNA-Seq has been used as a new, popular application in identify-
ing genes in human testicular samples.?® The current study focused
on identifying novel genes with a potential role in the development
of human spermatozoa using RNA-Seq. We used histologically well-
defined testis samples from men with azoospermia and different lev-
els of spermatogenic failure and analyzed transcriptional differences
using a custom bioinformatics strategy to identify novel genes with
potential roles in impaired sperm morphology and motility.

2 | MATERIALS AND METHODS

2.1 | Sample collection and RNA extraction

Human testis biopsies were collected at the Clinic of Urology,
Pediatric Urology and Andrology, Justus-Liebig University of
Giessen, Germany, and the Centre for Reproductive Medicine and
Andrology, University Clinic Muenster, Germany. Patients were
classified as having either obstructive (OA) or non-obstructive
azoospermia (NOA) after diagnosis by clinical parameters (sex hor-
mones, ultrasound, and ejaculate analysis) (Appendix Table A1).”2%
The mean age of the patients in the study group was 33 (29-38,
SD=23.41). Surgeries were performed after written informed con-
sent and after approval by the local Ethics Committee (AZ 152/16
and 26/11). Biopsies for histological evaluation were fixed with
Bouin's solution overnight, stained with hematoxylin and eosin fol-
lowing standard protocols, and evaluated following Bergmann and
Kliesch score count analysis. Another piece of the biopsy was stored
in liquid nitrogen for RNA analysis. The testis biopsies used for RNA-
Seq were further classified into phenotypes based on histological
evaluation of fixed tissues. The following samples were selected:
normal/intact spermatogenesis from OA patients (normal spermat-
ogenesis; NSP, n=3; clinical score 10), biopsies with a phenotype
of spermatid arrest from NOA patients (SDA, n=4, four biopsies
from 3 patients were used; contain somatic cells and germ cells up
to round spermatids, clinical score 4-5), and biopsies with a pheno-
type of Sertoli cell only (SCO, n=3; complete absence of germ cells,
clinical score 0). Total RNA was extracted using the PeqGOLD total
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RNA kit following the manufacturer's protocol (PeqGOLD total RNA
kit, VWR Life Sciences). The quality and quantity of RNA were de-
termined by Nanodrop (Eppendorf photometer). The sample qual-
ity and purity were further assessed by Labchip GX Touch (Perkin
Elmer). Three samples that were outliers in PCA plots (Appendix
Figure A1) were excluded from further downstream bioinformatical
analysis. Thus, the RNA-Seq data analysis was limited to n=3 NSP,
n=2 SDA, and n=2 SCO.

2.2 | RNA-seq and bioinformatical analysis

Libraries were prepared for RNA (barcoded separately and pooled)
and run on lllumina NextSeq 500 sequencer at Max-Planck Institute,
Bad Nauheim, Germany. Data generated were subjected to appro-
priate aligner platforms and software packages for analysis. RNA
and library preparation integrity were verified with LabChip Gx
Touch 24 (Perkin Elmer). Ten nanograms of total RNA were used
as input for SMARTer® Stranded Total RNA-Seq Kit—Pico Input
Mammalian (Takara Clontech). Sequencing was performed on the
NextSeq500 instrument (lllumina) using v2 chemistry, resulting in
an average of 37M reads per library with a 1x75 bp single-end
setup. The resulting raw reads were assessed for quality, adapter
content, and duplication rates with FastQC.?® Trimmomatic version
0.39 was employed to trim reads after a quality drop below a mean
of Q20 in a window of 10 nucleotides.?? Only reads between 30
and 150 nucleotides were cleared for further analyses. Trimmed
and filtered reads were aligned versus the Ensembl human genome
version hg38 (GRCh38.27) using STAR 2.6.1d with the parameter
“outFilterMismatchNoverLmax 0.1” to increase the maximum ratio
of mismatches to mapped length to 10%.°° The number of reads
aligning to genes was counted with the feature Counts 1.6.5 tool
from the Subread package.31 Only reads mapping at least partially
inside exons were admitted and aggregated per gene. Reads over-
lapping multiple genes or aligning to multiple regions were excluded.
The Ensemble annotation was enriched with UniProt data (release
06.06.2014) based on Ensembl gene identifiers (Activities at the
Universal Protein Resource [UniProt]). Differentially expressed
genes (DEGs) between groups were defined as follows: base mean
25, Log,foldchange (FC) <-0.585 or 20.585, FDR <0.05. DEGs were
filtered for specific terms relevant to sperm function based on Gene
Ontology (GO), UniProt protein, and Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathway terms using a bioinformatics strat-
egy explained in the results.

All downstream analyses were based on the DESeq normal-
ized gene count matrix. Deseq2: p values were based on the Wald
test that was corrected for multiple testing using the Benjamini-
Hochberg method. The statistical significance was determined by
FDR and p values of <0.05. The methodology for calculating the FC
was as follows: DESeq2=Ilog2 of (DESeqg-norm mean (CondA)+1)/
(DESeg-norm mean (CondB)+1). Volcano and MA plots were pro-
duced to visualize DEG expression. A global clustering heatmap of
samples was created based on the Euclidean distance of regularized
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log-transformed gene counts. Dimension reduction analyses (princi-
pal component analyses=PCA) were performed on regularized log-
transformed counts using the R packages FactoMineR (FactoMineR:
A Package for Multivariate Analysis). DEGs were analyzed for gene
set overrepresentation analyses with KOBAS (KOBAS 2.0: a web
server for annotation and identification of enriched pathways and

diseases).

2.3 | Complementary DNA (cDNA) synthesis,
reverse transcription polymerase chain reaction
(RT-PCR)

Primers were designed for the selected genes using NCBI and
OligoExplorer software (Appendix Figure A1l). Reagents used for
cDNA synthesis and RT-PCR (if not otherwise stated) are from
Applied Biosystems by Thermo Fisher Scientific. cDNA was synthe-
sized from all available RNA samples, and RT-PCR was performed
for the 10 selected genes, as described earlier.%? Briefly, extracted
total RNA (the same sample cohort used for RNA-seq +2 added
samples to maintain n=3 per group) was adjusted to the final con-
centration of 200 pg/mL, treated with 1U/uL DNAse 1 (Roche), 1x
DNAse buffer (Roche), 1 U/pL RNAse inhibitor (Invitrogen), and in-
cubated at 37°C for 30min to degrade genomic DNA. cDNA syn-
thesis was performed using 1x Gold PCR buffer, 1mM dNTPs, 5mM
MgCl,, 25uM random hexamer primers (Invitrogen), 1U/pL multi-
script reverse transcriptase, 1U/uL RNAse inhibitor, 18 uL distilled
water, and 9 pL of treated mRNA in a 60pL reaction. The mix was
incubated at 21°C for 8 min, 42°C for 15min, heated at 99°C for
5min, and stored at 4°C.

RT-PCR was optimized for each primer with 1x Gold PCR buffer,
1mM MgCl,, 200uM nucleotide mix, 10 pmol of forward and reverse
primers (Appendix Figure A1), 0.65U of Gold Amplitag enzyme in a
25pl reaction under following conditions: 95°C for 10min, 45cycles
of 94°C for 45s (denaturation), 60°C for 45s (annealing), 72°C for
45s (extension), and final extension 72°C for 10min. For PDE4A and
SLC8B1, the annealing temperatures were 58°C. Distilled water was
used as the negative control for each reaction. PCR products were
visualized using agarose gel electrophoresis (2% agarose gels, VWR
Life Sciences) with Gel Green nucleic acid stain (Biotium Inc., Fremont,
USA). To check primer and product specificity, PCR products were pu-
rified and sequenced (Eurofins Genomics, Ebersberg, Germany).

2.4 | Quantification of gene expression by
gRT-PCR

TagMan probes were selected according to the NCBI gene accession
numbers and purchased from Thermo Fisher (Appendix Figure A1l).
Three samples per group were used from previously synthesized
cDNA. Briefly, qRT-PCR assay mix was prepared with 10pL of 2X
TagMan gene expression master mix (Applied Biosystems by Thermo
Fisher Scientific), 1 pL of 20x TagMan gene expression assay, 8 uL of
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sterile distilled water, and 1pL of cDNA to a final volume of 20 L.
Triplicates were run for each gene and RPS27 and RPL19 were used
as reference genes and distilled water as the negative control. Plates
were run at 95°C for10 min enzyme activation and 40cycles of
95°C for 155 (denaturation) and 60°C for 1 min (annealing). Relative
gene expressions as fold change were manually calculated in Excel
using the AACq method,*® statistical significance analysis (One-way
ANOVA), and graphs were plotted using the software GraphPad

Prism (version 9.4.1).

2.5 | Immunohistochemistry (IHC)

IHC was performed to localize proteins of two genes of interest
(ORAI1 and SPATA31E1) in archived, Bouin's fixed-paraffin-embedded
tissue sections (NSP n=5, SDA n=5, SCO n=5) This sample cohort
comprised of samples from (a) the patients' samples used for RNA-
seq and (b) other patients' archive materials to increase the sample
number. IHC was performed using previously described methods.%?
Each slide contained a negative control tissue which excluded the
primary antibody treatment and placenta tissue slides were included
for each protein as a negative control. Briefly, 5-pm-thick paraffin
sections were mounted on coated slides, de-waxed, and rehydrated
using xylol and a decreasing alcohol series, respectively. Heat-
mediated antigen retrieval was performed in Tris-EDTA buffer (pH 9,
SPATA31E1) or citrate buffer (pH 6, ORAI1) for 20min in a micro-
wave oven. Sections were then incubated in 3% hydrogen peroxide
(H,0,) in Tris-EDTA buffer to inhibit endogenous peroxidase activ-
ity, followed by incubation in 1.5% bovine serum albumin (ROTH
GmbH) in Tris-EDTA buffer for 30min to block nonspecific binding.
Sections were incubated overnight at 4°C with primary antibodies
(ORAI1 1:100, SPATA31E1 1:5000, Appendix Figure A1). The next
day, sections were washed and incubated with secondary antibod-
ies (Appendix Figure A1) at room temperature for 1h. The staining
reaction was visualized using NovaRed (VECTOR Laboratories). After
counterstaining with hematoxylin (MORPHISTO Laborchemikalien &
Histologie Service GmbH), sections were dehydrated and mounted
using Kaiser's gelatin (Merck, Darmstadt, Germany). A Leica DM750

microscope was used to observe the samples.

3 | RESULTS

3.1 | RNA-sequencing and selection of
candidate genes

A total of 260,736814 reads were processed from all the selected
samples subjected to RNA-sequencing and further analysis. After
further filtering, 88,148401 reads were used. A total of over 49
million reads were generated in NSP samples, over 24 million reads
in SDA samples, and over 13 million reads in SCO samples. DEGs
were identified based on a mean minimum count 25, FDR <0.05, and
log,FC of >0.585 or <-0.585. The number of significantly DEG be-
tween groups were as follows: NSP vs. SDA n=1873, SDA versus
SCO n=4017, and NSP versus SCO n=10253 (Figures 1A-C and 2A,
Appendix S1). The complete RNA-Seq raw data set has been sub-
mitted to GEO database (GEO accession GSE224929) (Appendix S1).
The filtered RNA-Seq data set and the full list of DEGs between
groups are available in Appendix Figure Al.

An important consideration regarding the analysis of these
samples is that DEGs will be altered between the testis biopsies
with different phenotypes because the cellular content differs.
This fact allowed the design of a bioinformatic strategy to select
genes that were likely to be predominantly expressed in germ cells
compared to testicular somatic cells. The SDA samples lack elon-
gated spermatids and therefore genes predominantly expressed
during spermiogenesis should be downregulated compared to
NSP biopsies. Consistent with this, gene set enrichment analy-
sis of Gene Ontology (GO) terms comparing SDA to NSP showed
that downregulated genes in SDA were significantly associated
with terms relevant to spermiogenesis including fertilization and
spermatid development (Figure 1D). Conversely, SCO biopsies will
show a relative increase in the expression of somatic cell genes
compared to NSP and SDA because they lack germ cells and thus
RNA from somatic cells will be overrepresented and RNA from
germ cells will be highly downregulated. Consistent with these
expected changes, we noted the expression of the well-known
spermatid-specific genes such as TNP2 were downregulated in
SDA versus NSP (TNP2: SDA vs. NSP Log,FC=-1.12) and was
further downregulated in SCO versus NSP (TNP2: SCO vs. NSP

FIGURE 1 Representation of RNA-Seq data. (A) The volcano plot showis upregulated genes of NSP and SCO. Each dot corresponds to
a gene. Red dots are genes upregulated in the NSP group, and green dots are upregulated genes in the SCO group. (B) The volcano plot
shows upregulated genes of NSP and SDA, where red dots correspond to genes upregulated in the NSP group, and green dots are genes
upregulated in the SDA group. (C) The volcano plot shows upregulated genes of SDA and SCO, where red dots are genes upregulated in
the SDA group, and green dots are genes upregulated in the SCO group. Volcano plots were made against Log2FC versus -1xlog10(FDR)
with statistical regulation: Counts >5, log2FC <> +-0.585, FDR <0.05. (D) The gene set enrichment plot of NSP vs. SDA shows the top 10
up- or downregulated genes clustered under relative gene ontology (GO) terms. A number of genes were downregulated in the spermatid
arrest group compared to normal spermatogenesis which is categorized under meiosis Il (3/11) highlighted with a blue arrow, male meiosis
(6/40, highlighted with a red arrow), binding of sperm to zona pellucida (6/35, highlighted with a purple arrow), and spermatid development
(14/121, highlighted with a green arrow). (E) The gene set enrichment plot of NSP versus SCO showing the top 10 up- or downregulated
genes clustered under relative gene ontology (GO) terms. A number of genes were downregulated in the Sertoli cell-only group compared
to normal spermatogenesis which is categorized under DNA methylation in gamete formation (15/18, highlighted with a pink arrow), binding
of sperm to zona pellucida (22/35, highlighted with a purple arrow) and sperm motility (35/59, highlighted with light blue arrow). FDR, false
discovery rate; log2FC, the fold change; NSP, normal spermatogenesis; SCO, Sertoli cell only; SDA, spermatid arrest.
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FIGURE 2 Heat maps of DEGs in the RNA-Seq. (A) Heat map of all DEGs. (B) DEGs annotated as involved in reproduction according to
GO/KEGG terms. (C) DEGs annotated as involved in spermatogenesis according to GO/KEGG terms. (D) The top 50 most downregulated
genes in SDA compared to NSP. (E) DEGs annotated as involved in calcium pathway regulation according to GO/KEGG terms. (F) DEGs
annotated as associated with flagella according to GO/KEGG terms. (G) DEGs annotated as involved in cAMP pathway regulation according
to GO/KEGG terms. Colors on the heat maps correspond to a z-score which is a measure of relative expression. Blue indicates low

relative expression, and red color indicates high relative expression. DEG, differentially expressed gene; GO, gene ontology; NSP, normal

spermatogenesis; SCO, Sertoli cell only; SDA, spermatid arrest.

TABLE 1 Genes selected and its foldchange values according to different groups.

Filter condition—related GO /KEGG Log2FC
Gene pathway/UniProt protein terms SDA/NSP
01 CFAP47 Flagella proteins -0.83
02 ORAI1 Calcium regulation 0.79
03 CACNB2 1.12
04 SLC8B1 1.14
05 TMEM37 1.53
06 PDE4A cAMP pathway -0.79
07 SPATA31E1 Spermatogenesis -1.65
08 SLc9Cc1 -0.79
09 TEKT3 Reproduction -0.81
10 TNC Highly downregulated in SDA -1.75

Log2FC Log2FC
SCO/SDA SCO/NSP Conditions checked
-2.54 -3.46 e Protein coding
1.05 1.78 e UniProt gene/protein
e Base mean and p values
Not DE 1.09 o KEGG pathway terms
Not DE 1.47 e GO terms
Not DE 1.92 e Gene information on NCBI and
PubMed
-0.1.41 -2.26 e Ensembl protein profiles
-2.46 -4.19 e Information on the human protein
234 -3.21 atlas, GermOnline
-3.39 -4.29
Not DE -2.62

Abbreviations: DE, differentially expressed; GO, gene ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; NCBI, National Center for
Biotechnology Information; NSP, normal spermatogenesis; SCO, Sertoli cell only; SDA, Spermatid arrest.

(Figure 1D). The analysis of NSP vs. SCO also showed a significant
number of genes downregulated in SCO were associated with GO
terms associated with germ cell development including “DNA meth-
ylation in gamete formation” (15/18), “binding of sperm to zona pel-
lucida” (22/35), and “sperm motility” (35/59) (Figure 1E).

A list of genes was selected under particular annotated terms
related to the study objective and further refined after gathering
more information from published data sets. As the aim of our study
was to identify genes involved in human sperm development, our
subsequent bioinformatic analyses primarily focused on analyzing
genes that were predominantly expressed during spermiogenesis.
To identify genes associated with sperm development and function,
we also filtered DEGs for relevant terms in GO, UniProt, and KEGG
pathways, particularly those annotated as being involved in sperm
motility and morphology. First, we selected DEGs with functions
known to be related to sperm morphology and motility, focusing
on reproduction (Figure 2B), spermatogenesis (Figure 2C), calcium
(Ca2+) pathway/regulation (Figure 2E), flagella (Figure 2F), and cy-
clic adenosine monophosphate (cAMP)-dependent protein kinase A
(PKA) pathway (Figure 2G). The latter two pathways were chosen
based on the fact that they are known to be essential for sperm
motility.>4~3¢ Second, we focused on highly downregulated DEGs
between NSP versus SDA (Figure 2D) because this identifies genes
highly expressed in elongating and elongated spermatids.

We refined the list of DEGs using various published data
sets to focus on genes that (a) are likely to be involved in human

spermatogenesis due to their expression pattern, (b) have functions
relevant to sperm development, morphology, or motility, and (c) are
highly enriched or specifically expressed in the human testis. DEGs
identified in functional categories were analyzed in Ensembl, Human
Protein Atlas, GermOnline, UniProt, and PubMed. Genes were fur-
ther refined based on limited information on a potential role in male
fertility in PubMed, to facilitate the selection of genes with novel
roles in spermatogenesis (Appendix Figure Al).

Using this approach, we selected six genes with strong evidence
to support a novel role in human sperm development, morphology,
and/or motility. These genes were downregulated in SDA vs. NSP
(Table 1). CFAP47 (Cilia- and Flagella-Associated Protein 4; log2FC
-0.83 in SDA) was selected from the gene cluster annotated with
Uniport term, flagella proteins. PDE4A (Phosphodiesterase 4A;
log2FC -0.79 in SDA) was selected from the genes clustered under
cAMP pathway, SPATA31E1 (SPATA31 subfamily E member 1; log2FC
-1.65), SLC9C1 (Solute Carrier Family 9 Member C1; log2FC -0.79),
and TEKT3 (Tektin 3; log2FC -0.81) were selected from the sper-
matogenesis gene cluster and TNC (Tenascin C; log2Fc -1.75) was
selected from the highly downregulated gene cluster in SDA versus
NSP. Four genes, ORAI1 (ORAI Calcium Release-Activated Calcium
Modulator 1), CACNB2 (Calcium Voltage-Gated Channel Auxiliary
Subunit Beta 2), SLC8B1 (Solute Carrier Family 8 Member B1), and
TMEM37 (Transmembrane Protein 37) were selected based on their
roles in calcium regulation, which is known to be important for multi-

ple aspects of spermatogenesis as well as for sperm function.
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FIGURE 3 RT-PCR results of selected 10 genes. RT-PCR was conducted for 10 genes selected and agarose gel electrophoresis was
performed to visualize DNA bands produced. NSP (n=3), SDA (n=4), and SCO (n=4) samples were used with two known testis RNA samples
as positive controls and distilled water as the negative control. All the negative controls were free from DNA (last well of each gel) and at
least one positive control produced the respective DNA band for genes: ORAI1-230bp, SPATA31E1—23%9bp, TMEM37—174bp, TEKT3—161bp,
SLC8B1—269bp, CFAP47—244bp, TNC—151bp, SLC9C1—25%9bp, CACNB2—241bp, PDE4A—281bp. (+)ve, positive control; (-)ve, negative

control; M, molecular marker (50bp); NSP, normal spermatogenesis; SCO, Sertoli cell only; SDA, spermatid arrest.
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FIGURE 4 Relative gene expression of each candidate gene selected. gRT-PCR was performed to determine the changes in mRNA
expression in selected genes in biopsies with normal vs. impaired spermatogenesis. RNA originated from testis samples of normal
spermatogenesis (NSP, n=3), spermatid arrest (SDA, n=3), and Sertoli cell only (SCO, n=3) (each sample was assessed in triplicate). Two
housekeeping genes were used for each sample. All the negative controls showed no signal. Each dot represents the average of triplicate
measures for a single patient sample. The average value for NSP is set at 1, whereas SDA and SCO values represent foldchange from this.
Data are shown as mean+SD, n=3 samples per group. NSP, normal spermatogenesis; SCO, Sertoli cell only; SD, standard deviation; SDA,

spermatid arrest.

3.2 | Analysis of candidate gene expression
in biopsies from men with intact vs. impaired
spermatogenesis

mRNA transcripts for selected 10 genes were detected in all NSP
samples by RT-PCR. Genes SPATA31E1, TEKT3, and CFAP47 were
detected in NSP and SDA patients but not in SCO, confirming ex-
pression in germ cells but not in somatic cells (Figure 3). We fur-
ther analyzed quantitative gene expression changes by qRT-PCR.
SPATA31E1, ORAI1, SLC9C, TNC, TEKT3, CFAP47, and PDE4A were re-
duced in SDA compared to NSP biopsies, and the levels were further
reduced in SCO biopsies confirming the enrichment of these genes
in germ cells. SLC8B1, TMEM37, and CACNB2 were selected based
on likely functional roles in calcium regulation which is important for
sperm function, however, their expression was increased in SDA and
SCO compared to NSP, suggesting that they are not enriched in germ
cells (Figure 4). The coefficient of variation for the two housekeep-
ing genes were as follows: NSP, 3.47%, 4.03%; SDA, 2.20%, 3.27%;
SCO, 8.44%, 12.08%.

3.3 | Protein localization of SPATA31E1 and ORAI1

by IHC

Due to practical considerations, we chose only two genes for fur-
ther analysis by immunohistochemistry to verify protein locali-
zation in human germ cells. The gene SPATA31E1 was selected to
determine its protein localization because this is a novel gene that
is potentially germ cell-specific as predicted by RNA-Seq, and there
was limited information on its molecular function. The gene ORAI1
was selected as it is related to the calcium pathway and had previ-
ously been shown to be related to sperm motility in mice, however,
its localization in the human testis has not previously been deter-
mined. In NSP, SPATA31E1 was not detected in spermatogonia and
early spermatocytes but in nuclei of pachytene spermatocytes from
approximately stage IV of spermatogenesis.37 This nuclear stain-
ing remained detectable in spermatids until step 4-5. Cytoplasmic
staining of round spermatids was apparent in some sections where
the staining intensity was high. Elongating spermatid cytoplasm was
generally negative (Figure 5A). Both lightly stained and unstained
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FIGURE 5 Immunohistochemistry of SPATA31E1 and ORAI1 in human testis biopsies. (A-C) SPATA31E1, (D-F) ORAI1. Immunostaining
was detected using NovaRed, and sections were counterstained with hematoxylin. (A) SPATA31E1 staining in NSP. Inset: Black arrowhead
indicates immuno-negative spermatogonia (Sg) and red arrowheads indicate nuclear staining in pachytene spermatocytes (P) and round
spermatids (rSptd). (B) SPATA31E1 staining in SDA. Inset: Black arrowhead indicates immuno-negative early spermatocytes (Spc) and red
arrowhead nuclear staining in a late pachytene spermatocyte (P). (C) SPATA31E1 staining in SCO. Inset: Black arrows indicate immuno-
negative Sertoli cell nuclei (St). (D) ORAI1 staining in NSP. Inset: Red arrows indicate nuclear staining of pachytene spermatocytes (P), round
spermatids (rSptd), and Sertoli cell (St), and black arrows indicate immuno-negative A, spermatogonia (A,) and some immuno-negative
Sertoli cell nuclei (St). (E) ORAI1 staining in SDA. Inset: Red arrows indicate stained pachytenes (P) and Sertoli cell nuclei (St), and black
arrows indicate immuno-negative A, spermatogonia (A ) and Sertoli cells nuclei (St). (F) ORAI1 staining in SCO. Inset: Red arrow indicates
immunostaining of Sertoli cell nucleus (St), and black arrow indicates immuno-negative Sertoli cell nucleus (St).

Sertoli cell nuclei were observed in NSP; this seems likely due to
cyclic variation in Sertoli cells (Figure 5A and Appendix Figure A1l).
Basal Sertoli cell cytoplasm staining could also be observed in tu-
bules with the greatest staining intensity in each patient (Appendix
Figure A1). Within these tubules, the staining seemed to vary ac-
cording to the stage of the spermatogenic cycle. In the tubules/tis-
sues with lower staining intensity, Sertoli cell cytoplasmic staining
was not evident (Appendix Figure A1).

As in NSP, SDA biopsies showed SPATA31E1 staining in nuclei
of late pachytene spermatocytes and early round spermatids with
mature spermatids absent in these biopsies. Both stained and un-
stained Sertoli cell nuclei were evident as observed in NSP biopsies
(Figure 5B). Some tubules also showed evidence of Sertoli cell cy-
toplasmic staining (Appendix Figure A.2). In SCO, we noted greater
heterogeneity between patients, with some patients showing very
little immunostaining (n=2) and others showing clear Sertoli cell
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nuclear and light cytoplasmic immunostaining (n=3) (Figure 5C,
Appendix Figure A.3). Interestingly, both stained and unstained
Sertoli cell nuclei were observed in the same tubules of some pa-
tients, suggesting that the cyclic variation in Sertoli cell nuclear
SPATA31E1 immunostaining observed in NSP and SDA biopsies is
preserved in SCO patients (Figure 5C, Appendix Figure A.3). The
specificity of immunostaining was confirmed by obtaining un-
stained negative control testis tissues in each slide and unstained
placenta tissue slides.

For ORAI1, staining in NSP samples was detected in the nuclei

of all germ cells except for A, spermatogonia. Nuclear staining

darl
was observed in Sertoli cells, however, some Sertoli cell nuclei were
unstained suggesting nuclear localization could be stage-specific
(Figure 5D), similar to SPATA31E1. In SDA samples, ORAI1 was also
observed in nuclei of all germ cells present (up to round spermatids)
except A, spermatogonia. Sertoli cell nuclei also showed immunos-
taining, with some immuno-negative nuclei (Figure 5E) suggesting
that stage-specificity of Sertoli cell staining was preserved in SDA
biopsies. In SCO samples, both stained and unstained Sertoli cell nu-
clei were observed (Figure 5F). No germ cell cytoplasm staining was
observed for ORAI1 in all three phenotypes analyzed. The specificity
of immunostaining was confirmed by obtaining unstained negative

control testis tissues in each slide and unstained placenta tissue slides.

4 | DISCUSSION

Next-generation sequencing and RNA-Seq have been applied for the
identification of altered gene expression in abnormal testicular his-
tology and function and to identify novel genes involved in disease
development.®®%7 The application of RNA-Seq technology in male
reproductive research has contributed to the understanding of RNA
complexity and molecular mechanisms of impaired male fertility,40
Spermatogenesis is believed to be regulated by up to 2000 genes,
of which approximately 700-900 genes are exclusively expressed
in the male germ line.>**2 Since there are so many genes likely in-
volved in sperm production, many genes causing male infertility are
probably yet to be identified.'®

The current study focused on discovering genes that could be
linked to human sperm development, morphology, and/or motil-
ity. In an untargeted approach, we used bulk RNA-Seq analysis to
quantify gene expression levels in testis biopsies from men with
obstructive azoospermia, with intact spermatogenesis (normal
spermatogenesis, NSP), and non-obstructive azoospermia due to
spermatid arrest (SDA) or germ cell arrest (Sertoli cell-only, SCO).
By definitive histological characterization of tissue specimens, the
cellular components of the starting material are precisely known in
contrast to tissue samples used without prior histological assess-
ment. Additionally, knowledge on cellular composition is essential
for the interpretation of DEGs between the sample groups. Many
genes will be differentially expressed simply due to the different cell

compositions of biopsies; for example, in SDA, where spermatids
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are lost, a marked downregulation of genes enriched in spermatids

will result. Biopsies with SCO compared to NSP will show an up-
regulation of somatic cell genes and a downregulation of germ cell-
specific genes. Careful selection of genes with particular expression
patterns and functional annotations can be used to identify novel
genes and corresponding proteins that could play important roles
in human spermatogenesis. By using bulk RNA-Seq on such well-
defined samples with known cell populations and by comparing
gene expressions between such sample groups, we were able to
understand gene expression unique to the respective phenotype,
including not only germ cells but also somatic cells present. By this,
we were able to understand the total gene expressional changes in
the testicular milieu. We particularly focused on the comparison of
NSP (i.e., intact spermatogenesis with all germ cell stages, including
elongated spermatids or “testicular sperm” present) and SDA (i.e.,
spermatid arrest with only round spermatids present suggesting a
defective spermiogenesis) samples.

To further refine target gene selection, we classified the list of
differentially expressed genes (DEGs) based on their functions, ex-
pression patterns, and the published literature. We particularly fo-
cused on genes associated with calcium and cAMP pathways since
these are important for sperm motility.>*"34*3 Abnormalities in the
flagella result in asthenozoospermia which impairs male fertility'®
and thus we also selected genes likely associated with flagella func-
tion based on gene annotations. We also selected genes annotated
as having an involvement in spermatogenesis and/or spermiogenesis
and focused on genes that were highly downregulated in biopsies
showing spermatid arrest biopsies compared to NSP, as these were
likely to be predominantly expressed in elongating or elongated
spermatids. Finally, we selected genes that had little published infor-
mation but were enriched in germ cells. Using this approach, we nar-
rowed down our selection to 10 genes with putative roles in sperm
development and/or function. The data suggested that SPATA31E1,
TEKT3, SLC9C1, PDE4A, CFAP47, and TNC are predominantly ex-
pressed in human germ cells. Thus, we have identified several genes
that may play previously unrecognized roles in human sperm pro-
duction and function. Immunohistochemical analyses of two pro-
teins, that is, SPATA31E1 and ORAI1, confirmed the localization to
human germ cells, which have not previously been described.

We selected CFAP47 based on annotations and expression pat-
terns suggesting a role in sperm flagella function. CFAP47 mRNA was
reduced in SDA and SCO testis samples by gRT-PCR, suggesting it is
expressed in postmeiotic germ cells. Analysis of CFAP47 expression
patterns in the Human Protein Atlas (HPA) confirmed CFAP47 is ex-
pressed in early and late spermatids44 and annotations in UniProt
suggest that the protein is highly expressed in spermatozoa.*> A re-
cent study that was published while these experiments were being
performed, revealed that deleterious X-linked variants of CFAP47
were associated with asthenoteratozoospermia in a whole-exome
sequencing study,*® thus providing confidence in our approach to
the selection of genes that are likely to have a functional role in

spermiogenesis.



KOTHALAWALA ET AL.

120f14 R ductive Medici d Biol
Wl B A& Reproductive Medicine andBiology

PDE4A was selected because of its likely involvement in the reg-
ulation of cAMP, which is known to be involved in sperm motility,35
yet PDE4A's role in human spermatozoa is not clear. Our RNA-Seq
and qRT-PCR data suggest that PDE4A is enriched in human sperma-
tids, and this proposition is confirmed by PDEA4A tissue expression
data in HPA. This protein has been shown to be enriched in rat sper-
matids*® and thus it is likely to be conserved in spermatids in both
rodents and humans.

TEKT3, TNC, and SLC9C1 were selected based on their anno-
tations suggesting an involvement in reproduction and spermato-
genesis. Our results show that these genes are detected in normal
spermatogenesis but are reduced in biopsies with spermatid arrest
and SCO, suggesting they are predominantly expressed in human
germ cells, particularly in early/late spermatids. Consistent with our
findings, TEKT3 mRNA is enriched in human spermatids according to
the HPA,** and its protein is detected in sperm flagella according to
UniProt. TEKT3 has shown an association with sperm motility in null
mice by showing reduced progressive motility and structural defects
in the sperm.*” TNC mRNA is also enriched in human spermatids
compared to other germ cells,** yet little is known of its role in these
germ cells. According to the HPA, SLC9C1 mRNA is highly enriched
in human testis compared to other tissues, with high expression in
spermatids,** suggesting its expression is mainly restricted to de-
veloping spermatids in humans. SLC9C1 was recently published as a
causative gene for asthenozoospermia,48 again confirming that our
approach to gene selection is able to reveal genes with functional
significance in human spermatids. In summary, our RNA-Seq and
bioinformatics approach proved to be useful in identifying proteins
that are expressed in developing sperm and thus potentially play a
role in sperm development or function.

We focused on SPATA31E1 because little is known about this
gene and the molecular function has not been identified. According
to HPA,* SPATA31E1 is highly testis-specific, making it an attrac-
tive target for contraception. The role of SPATA31E1 in male fertility
is not well studied, other than a publication in stallions suggesting
that SNPs in SPATA31E1 may have a deleterious effect on fertility.*°
SPATA31E1 was recently mentioned as a human spermatid-specific
gene and a potential drug target.®? We showed SPATA31E1 is ex-
pressed in intact human spermatogenesis and is reduced in SDA
and SCO biopsies. Tissue expression analyses in HPA suggest that
SPATA31E1 mRNA and protein are highly enriched in the testis,
restricted to early and late spermatids, with some mRNA (but not
protein) in the brain.** This expression pattern is consistent with
our data showing it is reduced in testis biopsies from patients with
spermatid arrest and shows very low expression in SCO. We used
immunohistochemistry to show that SPATA31E1 is localized to germ
cell nuclei from late pachytene spermatocytes (stages IV, V) suggest-
ing this protein could play a role in the later stages of meiosis. It was
also detected in early round spermatids and elongating spermatids
suggesting a role during spermiogenesis. Further studies are needed
to investigate the expression of SPATA31E1 in human spermatozoa.

SPATA31E1 was also detectable in human Sertoli cell nuclei, and
we noted both immuno-positive and immuno-negative Sertoli cell

nuclei in NSP and SDA, suggesting the protein expression in Sertoli
cell nuclei depends on the stage of the spermatogenic cycle. We de-
tected SPATA31E1 mRNA in very low but detectable levels in SCO
biopsies by RNA-Seq and qRT-PCR, and we observed some specific
immunostaining in Sertoli cell nuclei that varied between cells, tu-
bules, and between patients. Because of the helical nature of human
spermatogenesis and the fact that multiple stages are observed in a
single tubule cross-section, it was difficult for us to distinguish the
precise stages at which Sertoli cell nuclear expression of SPATA31E1
varied. Intriguingly, we also observed apparent stage-specificity of
SPATA31E1 nuclear (and to some degree, cytoplasmic) Sertoli cell
localization in seminiferous tubules lacking germ cells in SCO biop-
sies. Stage-specific Sertoli cell protein expression can be observed
in the mouse embryonic testis, even in the absence of germ cells,
leading to speculation that fetal Sertoli cells, in the presence or ab-
sence of germ cells, show innate cyclic variation in their function
that does not rely on the presence of postnatal germ cells.®! Thus,
it is tempting to speculate that the variation in SPATA31E1 nuclear
localization in SCO reflects the preservation of human Sertoli cell
cyclic activity in the absence of germ cells. We also noted hetero-
geneity between SCO patients in terms of whether SPATA31E1 was
expressed in the nuclei or not. This could potentially reflect Sertoli
cell maturity or function that is influenced by the genetic, epigenetic,
and/or hormonal status of the patient. Further studies should inves-
tigate whether SPATA31E1 Sertoli cell nuclear staining is related to
Sertoli stage, maturity, and functional status.

We analyzed the protein expression of ORAI1 in the testis be-
cause its localization has not been described previously. ORAI1 is
a calcium-selective ion channel-calcium transporter class and is a
membrane calcium subunit that is activated when calcium stores are
depleted.’?">* ORAI1 was expressed in various organs including the
testis.*” Our immunohistochemical data demonstrate that ORAI1 was
expressed in germ cells and Sertoli cells, suggesting multiple roles in
spermatogenesis. It was also stage-specific in Sertoli cell nuclei in all
samples, including SCO. Orail-/- mice were sterile showing defects
in elongating spermatid development with markedly reduced motility
and low sperm count, suggesting a functional role in germ cell devel-

opment.55

Orail has also been suggested to be involved in the turn-
over of Sertoli cell intercellular junctions in the rat testis.>

In conclusion, we analyzed transcriptional changes in human
testis biopsies with well-characterized phenotypes, comparing gene
expression in biopsies from testes with normal spermatogenesis,
spermatid arrest, and those lacking germ cells. We used various bio-
informatic approaches to select 10 differentially expressed genes
that were likely to be testis and/or spermatid specific, and thus po-
tentially play a functional role, in developing sperm. Of these genes,
SPATA31E1, TEKT3, SLC9C1, PDE4A, CFAP47, and TNC showed excel-
lent evidence of enrichment in human germ cells in the testis. We
also identified ORAI1 as a protein with potential roles in Sertoli and
germ cell function, and SPATA31E1 as a testis-specific protein ex-
pressed in spermatocytes, spermatids, and Sertoli cells that could be
further explored for its utility as a contraceptive target due to its re-
stricted expression. Our data provide proteins that could be explored
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for their utility as targets for contraception, predictive markers for
successful surgical sperm retrieval, or involvement in human male in-
fertility. Further investigations are required with larger sample sizes

from independent sample groups to further validate these findings.
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