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This study provides new insights into understanding the molecular basis of post-meiotic arrest in
infertile men, which may have implications for future studies regarding diagnosis and treatment of male

ABSTRACT

JMJD1A (jumonji domain-containing 1A, a known histone H3K9 demethylase, has been identified as a critical epigenetic regulator in male germ cells,

activating the sperm chromatin-packaging genes encoding protamines (PRM) and transition proteins (TNP) required for spermatid elongation and con-

densation. This research investigated the expression pattern of JMJD1A protein in testicular biopsies of 79 infertile men who had undergone testicular

sperm extraction. Samples were classified into obstructive azoospermia (OA, n = 26}, round spermatid maturation arrest ([SMA, n = 29) and Sertoli cell

only syndrome (SCOS, n = 24). Experiments including the detection of mMRNA and protein expressions of JMJD1A revealed a severe decrease of JMJD1A/

JMJID1A in samples with SMA and SCOS compared with samples with OA (P <0.005, Kruskal-Wallis test). Additional experiments, including incorporation

of JMJD1A on the promoter regions of TNP and PRM genes, and the expression of these genes, showed a significant decrease in the SMA and SCOS

versus the OA testes (P <0.005, Kruskal-Wallis test). These findings show the low expression of JMJDTA/JMJID1A, as well as its low incorporation into

chromatin in testes with round spermatid maturation arrest, suggesting that a deficient expression of JMJDTA/JMJD1A might be reflecting and/or con-

tributing to round spermatid maturation arrest.
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Introduction

Spermatogenesis is a complex and unique process in male reproduc-
tive systems in which diploid spermatogonia sequentially undergo mitotic,
meiotic and post-meiotic (spermiogenesis) phases to differentiate into
haploid mature spermatozoa (D'Occhio et al., 2007). During mamma-
lian spermiogenesis, an impressive degree of morphological changes
and gene regulation occur that are associated with extensive remod-
elling in the structure of sperm chromatin (D'Occhio et al., 2007; Kimmins
and Sassone-Corsi, 2005; Oliva and Castillo, 2011). The chromatin re-
modelling is an important epigenetic process during germ cell
development that is essential for condensation and protection of pa-
ternal genome, sperm maturation and fertility (Carrell and Hammoud,
2010; Ward, 2010). This process is supported by the performance of spe-
cialized factors, in which most core histones are initially hyperacetylated
and then replaced by transition proteins (TNP1 and TNP2), which are
themselves later replaced by protamines (PRM1 and PRM2) (D’Occhio
et al., 2007; Gaucher et al., 2010; Goudarzi et al., 2014).

Protamines and transition proteins are extremely basic sperm-
specific nuclear proteins that bind to DNA and pack the genome into a
highly compact form (D’Occhio et al., 2007; Meistrich et al., 2003; Oliva,
2006). Genetic ablation of these nucleoproteins disrupts the process of
nuclear condensation, leading to defective spermatogenesis (Cho et al.,
2001; Rathke et al., 2014; Shirley et al., 2004). Studies in male mice have
indicated that the genes encoding these proteins are activated by JMJD1A
histone demethylase function (Liu et al., 2010; Okada et al., 2007).

JMJD1A (jumonji domain-containing 1A, also known as TSGA/
KDM3A/JHDM2A), a notable epigenetic modifier element, is
dynamically expressed in the male germ cells (Pedersen and Helin,
2010). This protein participates in the transcriptional control of TNP
and PRM genes by demethylating the repressive epigenetic mark of
histone H3 lysine 9 in their promoters (Liu et al., 2010; Okada et al.,
2007). A recent study has found that in addition to targeting histone
substrates in the nucleus, JMJD1A can also act on non-histone sub-
strates in the cytoplasm, and is necessary for cytoskeletal
rearrangements during spermiogenesis (Kasioulis et al., 2014). JMJD1A
is expressed in nucleus from late pachytene spermatocytes up to round
spermatids, and in cytoplasm of elongating spermatids in the form
of distinct foci (Okada et al., 2007). Histological analysis of JMJDTA
knockout mice showed that spermatids failed to elongate due to
several post-meiotic defects, such as impaired chromatin compac-
tion, cytoskeletal defects, abnormal acrosome and defective
heterochromatin distribution. The synergistic effect of these abnor-
malities led to blocked spermiogenesis and infertility in the knockout
mice (Kasioulis et al., 2014; Liu et al., 2010; Okada et al., 2007).

Considering the proven role of JMJD1A in maturation of post-
meiotic germ cells (Kasioulis et al., 2014; Liu et al., 2010; Okada et al.,
2007), this study investigated the expression profile of this
demethylating enzyme in testicular biopsies of infertile men to provide
new insights into understanding the molecular basis of post-meiotic
arrest of spermatogenesis.

Materials and methods
Patients

Testicular biopsy specimens were collected from 79 infertile men who
referred to the Royan Institute and underwent testicular sperm

Table 1 - Number of samples used in each experiment.

Experiment OA SMA SCOS
gqPCR 10 1" 10
Chromatin-ELISA 1+4° 3+4° 1+5°
Immunohistochemistry 3 3 3
ChIP-gPCR 8+ 42 8+ 47 5+52
All experiments 26 29 24

ChIP = chromatin immunoprecipitation; OA = obstructive azoospermia; gPCR
= real-time quantitative PCR; SCOS = Sertoli cell only syndrome; SMA =
round spermatid maturation arrest.

@ ldentical sample in each group.

extraction (TESE) procedures to obtain spermatozoa for intracyto-
plasmic sperm injection (ICSI). The Institutional Ethics Committee of
the Royan Institute approved the study on 6 November 2012 (refer-
ence number EC91/1091), and written informed consent was gained
from all patients before the collection of tissue samples. Patients with
cystic fibrosis, Klinefelter syndrome and Y chromosome abnormali-
ties were excluded from the study. Parameters, including LH, FSH,
testosterone, age, karyotyping and Y chromosome microdeletion, were
recorded. Measurement of the hormonal status was done using a com-
petitive ELISA kit (Monobind, CA, USA] according to Zangeneh et al.
(2015). Cytogenetic analysis was conducted based on standard methods
on phytohemagglutinin (PHA)-stimulated peripheral lymphocyte cul-
tured cells (Asia et al., 2014). The number of samples used in each
experiment is described in Table 1.

Histological evaluation

After performing the TESE procedures, a small part of the testicular
biopsies was immersed in Bouin’s solution for the histological analy-
sis and the remainder was used for this study. Histological evaluation
was performed according to the study of McLachlan et al. (2007). On
average, five sections and 40 seminiferous tubules per section were
analysed for each sample. Considering the most advanced spermato-
genetic cells identified in the combined histologic and cytologic findings,
these samples were categorized into the following groups: the samples
that revealed normal spermatogenesis served as positive control (ob-
structive azoospermia [OA], n = 26), the samples with spermatogenic
failure consisted of round spermatid maturation arrest (SMA, n = 29)
and Sertoli cell only syndrome (SCOS, n = 24). The clinical character-
istics of these three groups are summarized in Table 2.

RNA isolation and cDNA synthesis

Total RNA was extracted from the tissue samples with Trizol
Reagent (Invitrogen, Carlsbad, CA, USA), according to the manufac-
turer's protocol. After DNase-l treatment, complementary DNA
was synthesized using the RevertAid™ H Minus First Strand cDNA
Synthesis Kit (Fermentas, St. Leon-Rot, Germany) as per manufac-
turer’s protocol. All the samples were checked for the expression
of germ cell markers (DAZL and VASA], by reverse transcription-
PCR (RT-PCR) and designed primers (Table 3], to control the
number of germ cells in these samples (Supplementary Figure S1).

Real-time quantitative PCR (qPCR)

gPCR was performed on a 7500 Real-Time PCR System (AB Applied
Biosystems, Carlsbad, CA, USA) using SYBR Green master mix (AB
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Table 2 - The clinical characteristics of patient groups.

Patient groups No. of patients Genetic analysis Age (years) LH (mIU/ml) FSH (mIU/ml) Testosterone (ng/ml)
OA 26 46XY/ normal AZF 34.05+1.58 8.06 £1.28 9.15£1.08 4.24 £0.42
(26 - 48)
SMA 29 46XY/ normal AZF 31.66 +1.27 7.95+0.97 9.96 £ 1.44 4.93 £0.54
(24 - 47)
SCO0S 24 46XY/ normal AZF 35.06+2.14 8.60£1.20 18.28 £ 1.90 3.88£0.20
(19 -52)
P-value - - NS NS 0.001* NS

Values are mean + SEM.

NS = not statistically significant; OA = obstructive azoospermia; SCOS = Sertoli cell only syndrome; SMA = round spermatid maturation arrest.

* Significant difference, Kruskal-Wallis test.

Applied Biosystems), with designed primers listed in Table 3. The PCR
mixture for each reaction contained 10 ul SYBR Green (PCR Master
Mix, 5 ml; Applied Biosystems), 1 ul of each primer (20 pmol), and 50 ng
cDNA adjusted to a final volume of 20 ul with nuclease-free water.
The reactions were carried out with initial denaturation at 95°C for
4 min, followed by 40 cycles of denaturation at 95°C for 10 s, anneal-
ing at 60°C for 30 s, extension at 72°C for 30 s and a final extension
at 72°C for 10 min. Three technical replicates were conducted per
sample and gene. Data were analysed using a comparative Ct method
for relative quantification (2722%Y) (Livak and Schmittgen, 2001). The
amount of target (2724°") was obtained by normalization to an endog-

Table 3 - Primer pairs used in this study.

Gene  Primers (5° 3’) Product Annealing

size temperature
(bp) (°C)

RT-PCR primers

DAZL F: CGTGGCTCCGCAAGATGGC 101 60
R: TACAGGGACCAGGAGGGAACCA

VASA F: TATTGACAGATGCTCAACAGGA 124 60
R: GCCCTTTCTGGTATCAACTG

gqPCR primers

JMJDTA F: CAGTTGCCTAAATGCCGA 1M 60
R: TGAATTGTAACCTCCTGAAGTG

PRM1 F: AATAGCACATCCACCAAACTC 134 60
R: CAACATTTATTGACAGGCGG

PRM2 F: GCTGGAAGTTAAGAGAAAGTCAC 80 60
R: GGCTTGAGCATTTGATGTAGG

TNP1 F: GACCTGATGTTAGATCAAAGCC 75 60
R: ATTCCTCATTTCGTCACAACTG

TNP2 F: GGAAATCCAACTAATGAGACCG 127 60
R: TAGTGTTGCGTAGAAATCACCA

ACTB F: AGCACAGAGCCTCGCCTT 163 60
R: CACGATGGAGGGGAAGAC

ChIP-gPCR primers

PRM1 F: GGAGGAGTCATCTTGTATCG 147 60
R: TCATTGTGAGGGCAAAGG

PRM2 F: CTTCCAAATGACAATGTGCG 128 60
R: TTGCCTTGCCTGTAAAGC

TNP1 F: GTCTCTTGTACTCATCCAATGCC 187 60
R: TACTGTGCTGTCACTCACCT

TNP2 F: TTCTTCTAATGTCCGAATGAGG 76 60
R: CTGAACAAGTCCCAGTTTCC

bP = base pairs; ChIP = chromatin immunoprecipitation; F = forward; gPCR
= real-time quantitative PCR; RT-PCR = reverse transcription-PCR; R =
reverse.

enous control (B-actin) and relative to a calibrator [(Ct - Ct

target gene

endogenous cumm\] sample™ [Ct target gene — Ct endogenous controL] catibrator]~

Sheared chromatin preparation

The testicular biopsies were initially homogenized, and proteins were
cross-linked to DNA by incubating the homogenates with formalde-
hyde (36.5%; Sigma, St Louis, MO, USA] for 10 min. Then, the
formaldehyde was quenched by adding 1.25 mol/l glycine diluted to a
final concentration of 125 mmol/l. The homogenates were subse-
quently washed with phosphate-buffered saline (PBS) and were lysed
in 80 l of lysis buffer (3.75 ml 10% SDS, 12.5 ml 20% Triton X-100, 7.5 ml
5 mol/l NaCl, 0.5 ml 0.5 mol/L EDTA, 0.5 ml 250 mmol/l EGTA, 10 ml
0.5 mol/l HEPES). Afterward, the samples were sonicated for 10 cycles
(30 s ON and 30 s OFF) with a Diagenode Bioruptor sonicator
(UCD-200). Finally, the sheared samples were centrifuged at 14,000g
for 5 min at 4°C and the supernatants were collected in clean tubes.

Chromatin-ELISA

Chromatin-ELISA was performed according to Dai and Rasmussen
(2007). Briefly, after spectrophotometery diluted sheared chromatin in
coating solution (KPL, Gaithersburg, MD, USA] was coated onto each
well of a Nunc-Maxisorp 96-well plate. Background of wells was ob-
tained from control wells without sheared chromatin. After overnight
incubation at 4°C, each well was washed four times with 200 ul wash
solution (KPL) for 2.5 min. Afterward, they were blocked in 100 ul block-
ing solution (KPL) and incubated 1 h at room temperature. Blocking
buffer was aspirated and 50 il of anti-JMJD1A antibody (ab91252, Abcam,
Cambridge, UK) were added to the wells. Some wells were probed with
anti-histone H2A antibody (ab58550, Abcam) to serve as a loading control.
After that the plate was incubated at room temperature for 1 - 2 h and
subsequently washed as described above. Then 100 ul HRP-conjugated
antibodies (ab6789 for the wells with anti-JMJD1A antibody and ab16284
for the wells with anti-histone H2A antibody) as secondary antibody
(diluted in blocking solution) were added and incubated at room tem-
perature for 1 h. After washing, 50 pl of 3,3",5,5'-tetramethylbenzidine
(TMB) peroxidase substrate (KPL) was added to each well at room tem-
perature for 10 min. Finally, 50 ul of 1 mol/l H,S0, was added to each
well to stop reaction. Optical absorption was read at 450 nm on an ELISA-
reader, Thermo Scientific (Multiskan Spectrum). Relative assay level for
incorporation of JMJD1A protein in chromatin fractions was calcu-
lated by normalizing JMJD1A ELISA signals (after background
subtraction) to core histone H2A content.
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Chromatin immunoprecipitation (ChIP)-qPCR

ChIP assay was performed using anti-JMJD1A antibody (ab91252,
Abcam) and an Orange ChIP kit (Diagenode, Liége, Belgium) in ac-
cordance with its given instruction. Immunoprecipitated DNA and input
control DNA were quantified by gPCR on a 7500 Real-Time PCR System
(AB Applied Biosystems) using SYBR Green master mix and de-
signed primers (Table 3). gPCR condition was as follows: initial
denaturation at 95°C for 4 min, followed by 40 cycles of denatur-
ation at 95°C for 10 s, annealing at 60°C for 30 s, extension for 30 s
at 72°C and a final polymerization at 72°C for 10 min. Results were
normalized to input DNA and expressed as percentage of input DNA
associated with immunoprecipitated chromatin.

Immunohistochemistry

Bouin’s fixed paraffin-embedded biopsies were cut into 5 um sec-
tions for JMJD1A localization. The sections were deparaffinized in xylol
(10 min) and rehydrated in distilled water (3 min) at room tempera-
ture. Afterwards, they were treated in methanol containing 10% H0;
for 30 min at room temperature to quench endogenous peroxidase.
The sections were subsequently immersed in a 10 mmol/l sodium
citrate buffer (pH 6.0) at 121°C for 20 min to retrieve antigens. After
washing in PBS-tween 0.05%, tissue sections were incubated in PBS
containing 0.5% Triton X-100 for 20 min at room temperature. Then,
they were blocked for 1 h at 37°C with goat serum (Sigma-Aldrich,
St Louis, MO, USA) and incubated with a primary antibody against
JMJD1A (1:100; ab91252, Abcam)] at 4°C overnight. The washed sec-
tions were incubated with HRP-conjugated secondary antibody (1:100;
ab6789, Abcam) for 1 h at 37°C. Then the sections were stained with
Liquid DAB+ Substrate Chromogen System (Dako, Glostrup, Denmark])
at room temperature for 15 min. After staining, they were counter-
stained with haematoxylin (30 s at room temperature) and dehydrated
with 70% and 100% ethanol (3 min each) at room temperature. Finally,
the sections were immersed in xylol (5 min at room temperature) and
mounted on Entellan (Merck Millipore, Darmstadt, Germany) for ex-
amination by light microscopy. Negative controls were prepared in
the same manner as the positive control, except that the primary an-

tibody was replaced with PBS solution, widely considered an adequate
control for the monoclonal primary antibody, due to its high specificity.

Statistical analysis

Data were shown as mean + SEM. Statistical comparisons between the
groups were determined using a Kruskal-Wallis test followed by Dunn’s
multiple comparison post test. Differences were considered statisti-
cally significant at P < 0.05. Statistical analysis was performed by IBM
SPSS statistics version 20 (IBM Corporation, Armonk, NY, USA).

Results
Clinical characteristics of patients

The results of the Kruskal-Wallis test showed no significant differ-
ences in age, LH and testosterone serum concentrations between the
three groups (OA [n = 26], SMA [n = 29], and SCOS [n = 24]), whereas
the statistical difference in serum FSH concentration between these
groups was significant (P = 0.001, Table 2). Besides, Dunn’s mul-
tiple comparison test revealed much higher concentrations of FSH
in the SCOS group compared with that of the SMA and OA (P < 0.005).
There was no considerable variation in the FSH concentration between
the specimens with SMA and OA.

Expression pattern of the JMJD1A gene

The mRNA levels of the JMJD1A gene in different testicular biopsy speci-
mens were evaluated by using qPCR. There was a significant difference
in the expression of the JMJD1A gene among the three sample groups
(P < 0.005, Kruskal-Wallis test). As shown in Figure 1A, the expres-
sion of JMJD1A was significantly lower in the SMA (n = 11) and the SCOS
(n = 10) than that of the positive control (OA, n = 10) (P < 0.005, Dunn’s
post test]. However, no substantial variation was seen between the two
groups with defective spermatogenesis (SMA and SCOS).
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Figure 1 - (A) Relative mRNA expression of the JMJD1A gene normalized to B-actin in samples with OA (n = 10), SMA (n = 11) and SCOS (n =
10). (B) Total chromatin incorporation of JMJD1A protein normalized to core histone H2A content in OA (n = 5), SMA (n = 7) and SCOS (n = 6)
groups. OA = obstructive azoospermia; SCOS = Sertoli cell only syndrome; SMA = round spermatid maturation arrest. Data are shown as

mean + SEM and were analysed using a Kruskal-Wallis test with Dunn’s post-hoc test. Asterisks indicate significant differences compared

with control (0A), **P < 0.005.
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Figure 2 - Immunohistochemistry of JMJD1A in human testicular sections. (A, B) Testicular sections of samples with OA (obstructive
azoospermia) stained with anti-JMJD1A antibody. (C) Testicular section of a sample with OA without anti-JMJD1A antibody. (D, E)
Testicular sections of samples with SMA (round spermatid maturation arrest) stained with anti-JMJD1A antibody. (F) Testicular section of
a sample with SMA without anti-JMJD1A antibody. (G, H) Testicular sections of samples with SCOS (Sertoli cell only syndrome) stained with
anti-JMJD1A antibody. (I) Testicular section of a sample with SCOS without anti-JMJD1A antibody. CJF = cytoplasmic JMJD1A foci; ES =
elongating spermatids; MS = mature spermatids; pSC = pachytene spermatocytes; RS = round spermatids; SC = Sertoli cells; SG =

spermatogonia. Scale bar =20 um.

Total chromatin incorporation of JMJD1A protein

Total concentrations of JMJD1A incorporation into chromatin ex-
tracts of the three groups of testicular biopsy samples were assessed
by chromatin-ELISA technique. A significant difference in the total
chromatin incorporation of JMJD1A was noted between the SCOS, SMA
and OA groups (P < 0.005, Kruskal-Wallis test). The incorporation of
JMJD1A was significantly decreased in specimens with SCOS (n = 6)
against OA group (n =5) [P < 0.005, Dunn’s post test). There was also
a much lower incorporation of JMJD1A in the SMA group (n = 7)
compared with OA, but this difference did not reach statistical sig-
nificance (Dunn’s post test]. Moreover, there was no significant
alteration between the groups with SMA and SCQOS (Figure 1B).

Immunohistochemical analysis of JMJD1A protein

The expression of JMJD1A protein was analysed using immunohis-
tochemistry. It was found that this protein expressed in the nuclei of
spermatocytes from pachytene stage onwards, and also in round sper-
matids with higher intensity, while it was undetectable in mature

spermatozoa and Sertoli cells. Cytoplasmic JMJD1A foci in round and
elongating spermatids were also observed. Furthermore, the ex-
pression of JMJD1A was considered in the samples with SMA (n =
3], SCOS (n = 3) and OA (n = 3) groups, and was determined that the
JMJD1A signal is identifiable in the OA testicular biopsies while it is
absent or barely visible in SMA and SCOS samples (Figure 2).

JMJD1A incorporation on the promoter regions of TNP and
PRM genes, in accordance with the expression profile of the
genes

The presence of JMJD1A protein on the promoter regions of TNP and
PRM genes was estimated quantitatively via ChIP-qPCR assay and a
set of primers designed from the promoter regions of these genes
(Table 3). Significant differences between the three groups were found
in terms of JMJD1A incorporation on the promoter of TNP1, TNP2,
PRM1 and PRM2 genes (P < 0.005, Kruskal-Wallis test]. Dunn’s test
for multiple comparisons revealed that the incorporation of JMJD1A
on the aforementioned promoters was considerably impaired in
the samples with SMA (n = 12) group versus OA (n=12) (TNP1, TNP2
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[P < 0.05], PRM1 and PRM2 [P < 0.005]). Besides, the incorporation
of JMJD1A in the SCOS (n = 10) group was significantly reduced in
comparison with the OA group (TNP1, PRM1, PRM2 [P < 0.005] and
TNP2 [P < 0.05], Dunn'’s post test). No significant changes were ob-
served for the JMJD1A incorporation on the aforesaid promoters
between the samples with SMA and SCQS, except for TNP1 (P < 0.05,
Figure 3A).

Expression of TNP and PRM genes were quantitatively checked in
the three aforementioned testicular biopsy samples as well. The
Kruskal-Wallis test among these groups indicated significant differ-
ences in the expression of TNP1, TNP2, PRM1 and PRM2 genes (P <
0.005). Data displayed much less expression of TNP1, TNP2, PRM1 and
PRM2 genes in the SCOS (n = 10) groups compared with those of the
OA group (n=10) (P<0.005, Dunn’s post test). Furthermore, there was
a sharp decline in the expression of TNP1, PRM1, PRM2 (P < 0.005) and
TNP2 (P < 0.05) genes in the samples with SMA (n = 11) versus OA
(Dunn’s post test). However, there were no considerable changes
between the specimens with defective spermatogenesis (Figure 3B).

Discussion

Epigenetic regulation of gene expression in germ cells is directed by
highly specialized programmes, and deviation from these pro-
grammes can result in male infertility (Zamudio et al., 2008). One major
event occurring in mammals during the differentiation of round sper-
matids into spermatozoa is the tight compaction of sperm nucleus,
achieved through the replacement of most histones first by TNP and
then with PRM (Miller et al., 2010; Rathke et al., 2014). The sequen-
tial expression of TNP and PRM genes is regulated by JMJD1A, a
histone demethylase specific for H3K9me2/me1 modifications and in-
dispensable for spermiogenesis (Liu et al., 2010; Okada et al., 2007).

In the current study, the expression profile of JMJD1A histone
demethylase in testicular tissues of infertile men with OA, SMA and
SCOS was evaluated. The incorporation of JMJD1A protein on the pro-
moter regions of TNP and PRM genes and the expression of these
genes were considered in the three aforementioned samples as well.

The measurement of clinical parameters, including age and serum
concentrations of LH, FSH and testosterone, in the SCOS, SMA and
OA groups showed that there are no relationships between these pa-
rameters and this study.

The results revealed that the JMJDTA gene expression and the total
incorporation of JMJD1A into chromatin in the samples with SCOS were
significantly lower than those of specimens with OA (positive control).
On the other hand, immunohistochemistry analysis of JMJD1A expres-
sion in the testis tissues showed that this protein is not expressed in
Sertoli cells and is restricted only to germ cells. Due to the absence of
germ cells in the SCOS samples, no expression of JMJD1A was ex-
pected in this group. But the detection of JMJD1A at low levels in the
specimens with SCOS by gPCR technique may indicate the presence of
occult foci of spermatogenesis in these samples. There are several cases
of patients with SCOS histology who have undergone successful sperm
retrieval (Lin et al., 2005). The sperm retrieval rate in this category has
been reported to be 24 - 48% (Stahl et al., 2011).

The mRNA expression of the JMJD1A gene in the SMA group was
significantly reduced compared with that of the OA group. In addi-
tion, chromatin-ELISA technique showed a very poor incorporation
of JMJD1A protein in the aforementioned group relative to the control,
although this difference was not significant. This might be because

of the smaller sample size and also the lower sensitivity of this test
compared with gPCR. To ensure the low expression of this protein
in the samples with SMA, immunohistochemistry technique was per-
formed in the next step. Immunohistochemical staining in the control
samples exhibited that JMJD1A was expressed in stages from pachy-
tene spermatocytes up to elongating spermatids, consistent with the
previous report (Okada et al., 2007). By contrast, this protein was absent
or barely visible in spermatocytes and round spermatids of the SMA
samples. These results reinforce the possibility of actual reduction
of JMJD1A expression in the SMA patients, and suggest that the low
expression of this protein in the SMA is not merely because of missing
cells and may reflect a true pathogenic factor. Interestingly, a pre-
vious study demonstrated a single nucleotide polymorphism (SNP)
in the JMJD1A gene (rs34605051) which was significantly associ-
ated with spermatogenic failure (Aston et al., 2010).

In order to infer a possible pathogenic mechanism of JMJD1A in
the specimens with SMA, the incorporation of this protein on the pro-
moter regions of TNP and PRM genes were assessed as well as the
expression of these genes in the testicular biopsies. The data indi-
cated that the amounts of JMJD1A on the promoter regions of TNP
and PRM genes and the expression of these genes were signifi-
cantly decreased in the SMA group versus OA group. Regarding the
importance of the regulatory role of JMJD1A on the expression of TNP
and PRM genes, and also the observation of impaired chromatin con-
densation and blocked spermiogenesis in JMJD1A knockout mice
(Liu et al., 2010; Okada et al., 2007], it is likely that JMJD1A defi-
ciency triggers a pathogenic mechanism in the samples with SMA by
reducing the expression of TNP and PRM genes. Furthermore, the
study of Kasioulis and his colleagues showed that JMJD1A also plays
an important role on cytoplasmic components during spermatogen-
esis, so that its deficiency leads to acrosomal and cytoskeletal
disorders in JMJD1A mutant mice (Kasioulis et al., 2014). In this regard,
the down-regulation of the JMJDTA gene may have the potential to
contribute to post-meiotic arrest via cytoplasmic mechanisms in ad-
dition to the nuclear mechanisms involved in chromatin remodelling.

Altogether, this study’s findings reveal a defect in the expres-
sion of JMJD1A histone demethylase in human testes with SMA,
suggesting that its known role in spermatid maturation seemingly
extends to humans, and its deficiency might be contributing to the
SMA phenotype. However, additional studies with larger sample size
are needed to confirm the validity of these findings. Besides, further
work is required to distinguish the cases where JMJD1A would be a
causal factor for spermatids maturation arrest from those where its
lower expression would be a symptom associated with this phenotype.
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patients with OA (n=12), SMA (n = 12) and SCOS (n = 10). (B) Relative mRNA expression normalized to B-actin of TNP1, TNP2, PRM1 and
PRM2 genes in OA (n=10), SMA (n = 11) and SCOS (n = 10) groups. OA = obstructive azoospermia; SMA = round spermatid maturation
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