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Abstract: HOTAIR, a long noncoding RNA, regulates development and progression of tumor cells and function of 
normal stem cells. However, the role and the molecular mechanism of HOTAIR in the spermatozoa of patients with 
asthenozoospermia and oligoasthenozoospermia are still unclear. Herein, 45 healthy control, 45 asthenozoosper-
mic patients and 45 oligoasthenozoospermic patients were enrolled. Initially, through analyzing HOTAIR expression, 
we observed a decreased level of HOTAIR expression in patients. Subsequently, we found that there was a positive 
correlation between HOTAIR expression and Nrf2 expression in patients. The low expression of HOTAIR was also 
observed to be associated with specific sperm function parameters, including motility and vitality. In the ejaculated 
spermatozoa from patients, low level of histone H4 acetylation of the Nrf2 gene promoter was observed. Finally, 
we found that downregulation of HOTAIR expression reduced histone H4 acetylation in Nrf2 promoter and Nrf2 ex-
pression. Therefore, this study demonstrated that HOTAIR expression was low in the spermatozoa of patients with 
asthenozoospermia and oligoasthenozoospermia, which resulted in down-regulation of Nrf2 expression. Our data 
suggested the decrease of HOTAIR expression led to ROS related defects in sperm function.
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Introduction

Infertility is the failure of conception after more 
than 12 months of unprotected intercourse 
and becomes a global health problem [1]. In 
infertile couples, about 50% of cases are due 
to male factors [2]. Sperm abnormalities such 
as asthenozoospermia (a sperm concentration 
≥ 15×106/ml and sperm progressive motility <   
32%) and oligoasthenozoospermia (a sperm 
concentration < 15×106/ml and sperm pro-
gressive motility < 32%) are the most common 
cause of male infertility [3]. However, the 
molecular mechanism of sperm abnormalities 
still remains unclear.

Due to the high content of polyunsaturated 
fatty acids on their plasma membranes, sper-
matozoa are susceptible to oxidative damage 
[4]. Antioxidant genes and enzymes in sperma-

tozoa play an important role in protection of 
sperm function and viability [5]. It has been 
confirmed that the low expression of antioxi-
dant enzymes such as superoxide dismutases 
(SODs), glutathione S-transferase (GSTs) and 
catalase (CAT) is associated with poor sperm 
quality [6]. The transcription factor of Nrf2 
(nuclear factor erythroid 2-related factor 2) 
could promote antioxidant enzymes expression 
by binding directly to promoters of these genes 
[7]. Thus, the level and activity of Nrf2 is very 
important for spermatozoa against oxidative 
damage [8]. In knockout of Nrf2 mice, the 
decrease of sperm concentration and motility 
was observed [9]. Clinical evidence also showed 
that the level of Nrf2 expression in spermato-
zoa from asthenozoospermic and oligoastheno-
zoospermic patients was significantly lower 
than that from fertile men [10]. However, litter is                          
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known about the molecular mechanism of reg-
ulation of Nrf2 expression in spermatozoa. 

Long ncRNAs (lncRNAs), longer than 200 bp, 
play multiple roles in the regulation of many cel-
lular processes [11]. lncRNAs regulate coding 
genes’ expression by epigenetic modifiers such 
as DNA methylation and histone modification 
[12, 13]. More and more evidence showed that 
irregularities of lncRNAs in sperm could be as 
markers and potential therapeutic targets of 
male infertility [14]. HOTAIR (Hox transcript anti-
sense intergenic RNA) is one of well-document-
ed lncRNAs in tumor development and progres-
sion [15]. Besides, HOTAIR is capable of alter-
ing biological characteristic of liver normal 
stem cells [16]. In this study, we measured the 
level of HOTAIR in the spermatozoa from asthe-
nozoospermic and oligoasthenozoospermic 
patients. We also measured whether the 
HOTAIR expression is associated with specific 
sperm function parameters. The molecular 
mechanisms of HOTAIR regulating Nrf2 expres-
sion were explored in depth. 

Materials and methods

Ethics statement

This study was approved by the ethical commit-
tee of Taizhou People’s Hospital (Taizhou, 
China) and written informed consent was 
obtained from all participants. The experimen-
tal protocol was established according to the 
associated national guidelines from Nantong 
University of Medicine (Taizhou, China). 

Subjects and semen samples

Infertile males (age between 25 to 50 years) 
with idiopathic asthenozoospermia (n = 45) or 
oligoasthenozoospermia (n = 45) from the 
department of reproductive medicine of Taizhou 
people’s Hospital affiliated of Nantong Univer- 
sity of medicine from January 2014 to October 
2014 were enrolled in the study after excluding 
those with varicocele, teratozoospermia and 
leukocytospermia. Additional exclusion criteri-
ons included abnormal semen liquefaction, 
reproduction tract infection, testicular injury or 
pathology, history of cryptorchidism, orchitis, or 
epididymitis, and some systemic diseases (dia-
betes mellitus, hypertension, hypercholesterol-
emia, and hypoandrogenism). Asthenozoosper- 
mia or oligoasthenozoospermia was diagnosed 
if semen parameters were below the cutoff lev-

els according to the criteria of the World Health 
Organization [17]. All the volunteers (n = 45) 
matched for age and smoking status were 
recruited and proven to have normal semen 
parameters. 

All the semen samples were collected from the 
study subjects by masturbation after 2 to 5 
days of abstinence, and then allowed to liquefy 
at 37°C for 30 min. Liquefied semen samples 
were analyzed for sperm morphology, concen-
tration and motility by computer-assisted se- 
men analysis (CASA) according to the criteria of 
the 5th edition of WHO laboratory manual for 
the examination and processing of human 
semen [17]. The spermatozoa pellet was snap-
frozen in liquid nitrogen and stored at -80°C for 
use. 

Cell culture 

GC1-spg cells was purchased from ATCC (ATCC 
Global Bioresource Center, Atlanta, USA) and 
cultured in DMEM supplemented with 10% 
fetal bovine serum, 1% penicillin/streptomycin 
and 25 μg/mL ascorbic acid at 37°C and 5% 
CO2

Real-time PCR

The total RNA of each spermatozoa pellet was 
extracted using TRIzol reagent (Invitrogen, 
Grand Island, NY, USA) according to the manu-
facturer’s instruction. Total RNA (500 ng) was 
reverse transcribed in a final volume of 10 μl 
using random primers under standard condi-
tions for the PrimeScript RT reagent Kit 
(TaKaRa, Dalian, China). We used the SYBR 
Premix Ex Taq (TaKaRa, Dalian, China) to deter-
mine mrhl expression levels, following the man-
ufacturer’s instructions. Results were normal-
ized to the expression of glyceraldehyde-
3-phosphate dehydrogenase (GAPDH). The 
specific primers were as follows: HOTAIR, 
5’-CAGTGGGGAACTC TGACTCG-3’ (forward)  
and 5’-GTGCCTGGTGCTCTCTTACC-3’ (reverse); 
Nrf2, 5’-TTCAGCCAGCCCAGCACATC-3’ (forwa- 
rd); and 5’-CGTAGCCGAAGAAACC TCATTGTC-3’ 
(reverse); GAPDH, 5’-TGGTGAAGGTCGGTGTGA- 
AC-3’ (forward); and 5’-CCATGTAGTTGAGGTC- 
AATGAAGG-3’ (reverse).

Western blot analysis 

Spermatozoa pellet and GC1-spg cells were 
lysed with ice-cold lysis buffer containing: 50 
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mmol/l Tris-HCl, pH 7.4; 1% NP-40; 150 mmol/l 
NaCl; 1 mmol/l EDTA; 1 mmol/l phenylmethyl-
sulfonyl fluoride; and complete proteinase 
inhibitor mixture (one tablet per 10 ml; Roche 
Molecular Biochemicals, Indianapolis, IN, USA). 
Protein concentration in the cell lysate was 
quantified using the DC protein assay kit (Bio-
Rad). Following protein content determination 
using a DC Protein Assay kit, western blot anal-
ysis was performed.

Chromatin immunoprecipitation (ChIP) assay

The spermatocytes were prepared using the 
ChIP assay kit (Upstate Biotechnology) follow-
ing the manufacturer’s protocol. Briefly, cells 
were harvested and fixed in 1% (v/v) formalde-
hyde for 10 min at room temperature. Then, 

cells were lysed in SDS lysis buffer and the 
chromatin was sonicated. The chromatin was 
incubated overnight at 4°C with histone H3 and 
H4, and normal mouse serum (IgG) as a nega-
tive control. The sequences of PCR using prim-
ers framing the mouse Nrf2 promoter region of 
interest (-680 to -850) are 5’-GCGTGGTG- 
GCTGCGCTTT-3’ (forward) and 5’-TCAGGGTG- 
ACTGCGAACAC-3’ (reverse). To examine wheth-
er low sperm motility mediated deacetylation of 
histone H3 and H4 at the Nrf2 gene promoter 
in spermatocytes, we used chromatin immuno-
precipitation and quantitative real-time PCR 
(ChIP-qPCR) assay. For every promoter studied, 
a ΔCt value was calculated for each sample: 
ΔCt = Ct (sample)-Ct (Input). Next, a ΔΔCt value 
was calculated: ΔΔCt = ΔCt (sample immuno-
precipitated with acetylated histone H3/H4 

Table 1. Demographic and semen characteristics in controls and patients

Parameter Controls  
(n = 45)

Asthenozoospermic  
(n = 45)

Oligoasthenozoospermic  
(n = 45)

Age (years) 33.4 ± 3.1 33.8 ± 3.6 34.3 ± 4.2
Volume (ml) 3.62 ± 1.52 3.34 ± 1.31 3.51 ± 1.3
Concentration (106/mL) 62.9 ± 36.7 53.6 ± 33.3 9.1 ± 5.5*,#
pH 7.54 ± 0.18 7.51 ± 0.12 7.53 ± 0.14
Progressive Motility (%) 65 ± 10 21 ± 9* 17 ± 7*
Viability (%) 85 ± 8 71 ± 9* 68 ± 7*
Normal sperm morphology (%) 65 ± 6.13 41.83 ± 4.25* 38.01 ± 3.64*
*There were significant differences of sperm concentration, progressive motility viability and normal sperm morphology 
between control group and patients group. #There was significant difference of sperm concentration between asthenozoosper-
mic group and oligoasthenozoospermic group.

Figure 1. Low expression of HOTAIR and Nrf2 in the ejaculated spermatozoa from asthenozoospermic and oligoas-
thenozoospermic patients. HOTAIR (A) and Nrf2 (B) expression levels were obviously reduced in the samples from 
asthenozoospermic patients and oligoasthenozoospermic patients compared to those from healthy control. **P < 
0.01, indicate significant differences from the healthy control groups. con: healthy control, ast: asthenozoospermic 
patients, oli: oligoasthenozoospermic patients.
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antibody)-ΔCt (sample immunoprecipitated 
with IgG). The fold difference between acety-
lated histone H3/H4 antibody-immunoprecipi-
tated samples and those immunoprecipitated 
with IgG was calculated using 2-ΔΔCt. 

Cell transfection

The expression of HOTAIR was silenced utilizing 
specific small interfering RNA (si-HOTAIR) pur-
chased from Ribobio (Guangzhou, China). 
Spermatocytes were cultured in six-well plate 
or 10-mm plates in DMEM with 10% FBS and 
without antibiotics for 4-6 h. When the cells 
reached approximately 60% confluence, si-

mrhl or si-control were transfected by using 
Lipofectamine RNAiMAX reagent (Life Tech- 
nologies) in accordance to manufacturer’s in- 
structions. 

Superoxide dismutase activity assay

Superoxide dismutase (SOD) activity was deter-
mined using the SOD assay kit according to the 
manufacturer’s instructions. 

Statistical analysis

Statistical analyses were performed using 
SPSS 13.0 statistical analysis software and 

Figure 2. HOTAIR expression levels were positively correlated with Nrf2 expression level and SOD activity. Spear-
man’s correlation analysis revealed that there was a significant positive correlation between HOTAIR expression 
level and Nrf2 expression level in asthenozoospermic patients (A) and in oligoasthenozoospermic patients (B). 
Significant positive correlations were also observed between HOTAIR expression level and SOD activity in astheno-
zoospermic patients (C) and in oligoasthenozoospermic patients (D).
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were performed using either an analysis of vari-
ance (ANOVA) or Student’s t-test. Data are 
expressed as mean ± standard deviation. All 
experiments were repeated at least three 
times. Association analysis was performed 
using the Spearman correlation test. P < 0.05 
was considered to indicate a statistically signifi-
cant difference.

Results

Low expression of HOTAIR and Nrf2 in the 
ejaculated spermatozoa from asthenozoosper-
mic and oligoasthenozoospermic patients

This study included 45 asthenozoospermic 
patients, 45 oligoasthenozoospermic patients 
and 45 healthy fertile controls (Table 1). There 
were no significant differences in mean age, 
ejaculate volume and pH among three groups. 

However, the motility, vitality and morphology 
were significantly lower in asthenozoospermic 
and oligoasthenozoospermic patients. Subse- 
quently, the expression levels of HOTAIR and 
Nrf2 were measured by Real-Time PCR in the 
ejaculated spermatozoa samples from three 
groups. Notably, both of HOTAIR and Nrf2 
expression were obviously reduced in the sam-
ples from asthenozoospermic patients and oli-
goasthenozoospermic patients compared to 
those from healthy control (Figure 1A and 1B). 
There were no significant differences of HOTAIR 
and Nrf2 expression between asthenozoosper-
mic patients and oligoasthenozoospermic 
patients.

HOTAIR expression level were positively cor-
related with Nrf2 expression level and SOD 
activity

We performed Spearman’s correlation analysis 
to analyze the correlation between HOTAIR 
expression level and Nrf2 expression level. Our 
results showed that there was a significant pos-
itive correlation between HOTAIR expression 
level and Nrf2 expression level in asthenozoo-
spermic patients (r = 0.84, P < 0.001) and in 
oligoasthenozoospermic patients (Figure 2A 
and 2B) (r = 0.83, P < 0.001). Significant posi-
tive correlations were also observed between 
HOTAIR expression level and SOD activity in 
patients (r = 0.63, P < 0.01 in asthenozoosper-
mic patients; r = 0.64, P < 0.01 in oligoastheno-
zoospermic patients) (Figure 2C and 2D).

HOTAIR expression levels were positively cor-
related with sperm quality in patients

To explore the clinical relevance of HOTAIR 
expression to asthenozoospermia and oligoas-
thenozoospermia, we further conducted a cor-
relation analysis of HOTAIR expression with 
sperm parameters including sperm concentra-
tion, motility and vitality in patients. The expres-
sion level of HOTAIR was positively correlated 
with sperm progressive motility and vitality in 
90 semen samples (from 45 asthenozoosper-
mic patients and 45 oligoasthenozoospermic 
patients), but not associated with sperm con-
centration (Table 2). These data suggested 
that HOTAIR expression were clinically involved 
in asthenozoospermia and oligoasthenozoo-
spermia probably via influencing sperm motility 
and vitality. 

Table 2. Correlations between HOTAIR RNA 
level and sperm concentration, motility and 
vitality in patients 
Parameter r P
Sperm concentration 0.24 N.S
Progressive Motility 0.71 < 0.01
Viability 0.65 < 0.01
Normal sperm morphology 0.53 < 0.01

Figure 3. Low level of histone H4 acetylation of the 
Nrf2 gene promoter in the ejaculated spermatozoa 
from asthenozoospermic and oligoasthenozoosper-
mic patients. ChIP-qPCR assay revealed that histone 
H4 acetylation in Nrf2 promoter was significantly 
decreased in ejaculated spermatozoa from astheno-
zoospermic and oligoasthenozoospermic patients. 
**P < 0.01, indicate significant differences from the 
healthy control groups. con: healthy control, ast: as-
thenozoospermic patients, oli: oligoasthenozoosper-
mic patients.
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expression was obviously decreased in GC1-
spg cells after transfection with HOTAIR siRNA 
(si-HOTAIR). Indeed, Nrf2 mRNA and protein 
expression was significantly decreased after 
treatment with si-HOTAIR. Moreover, SOD activ-
ity was reduced upon the knockout of HOTAIR 
in GC1-spg cells (Figure 4C).

Silence HOTAIR inhibited level of histone H4 
acetylation in the Nrf2 gene promoter 

To determine whether HOTAIR regulated Nrf2 
expression via mediating histone H4 acetyla-
tion in the Nrf2 gene promoter, we decided to 
silence HOTAIR and analyze its effect on Nrf2 
gene expression in Gc1-Spg cells. Notably, our 
results revealed that silence HOTAIR signifi-
cantly suppressed the level of histone H4 acet-
ylation in the Nrf2 gene promoter (Figure 5), 
indicating that HOTAIR regulated Nrf2 expres-
sion via mediating histone H4 acetylation in the 
Nrf2 gene promoter.

Discussion

lncRNAs have been shown to play multiple reg-
ulatory roles in many cellular processes includ-
ing spermatogenesis [11, 19]. Recently, some 

Low level of histone H4 acetylation of the Nrf2 
gene promoter in the ejaculated spermatozoa 
from asthenozoospermic and oligoasthenozoo-
spermic patients

It has been reported that the level of histone 
H4 acetylation was significantly lower in ejacu-
lated spermatozoa of infertile men [18]. To 
explore whether the low Nrf2 expression level 
was associated with aberrant H4 acetylation in 
Nrf2 gene promoter, we performed ChIP-qPCR 
assay using spermatozoa with antiacetyl his-
tone H4 antibodies. Compared to control, ejac-
ulated spermatozoa from asthenozoospermic 
and oligoasthenozoospermic patients displa- 
yed a significant decrease of histone H4 acety-
lation (Figure 3). These results indicated that 
Nrf2 expression was low in spermatozoa from 
asthenozoospermic and oligoasthenozoosper-
mic patients by mediating deacetylation of his-
tone H4 at the Nrf2 gene promoter. 

Silence HOTAIR inhibited Nrf2 expression and 
SOD activity in spermatocytes 

To determine whether HOTAIR could regulate 
Nrf2 expression, we decided to silence HOTAIR 
and analyze its effect on Nrf2 gene expression 
in GC1-spg cells. As shown in Figure 4B, HOTAIR 

Figure 4. Silence HOTAIR inhibited Nrf2 expression and SOD 
activity in spermatocytes. GC1-spg cells were transfected with 
si-HOTAIR (100 nM) for 48 h, the HOTAIR expression (A), Nrf2 
mRNA and protein expression (B) and SOD activity (C) were ob-
viously decreased. **P < 0.01, indicate significant differences 
from the respective control groups.
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Figure 5. Silence HOTAIR inhibited level of histone 
H4 acetylation in the Nrf2 gene promoter. ChIP-qPCR 
assay revealed that silence HOTAIR significantly sup-
pressed the level of histone H4 acetylation in the 
Nrf2 gene promoter. **P < 0.01, indicate significant 
differences from the respective control groups.

lncRNAs, such as Mrhl, HongrES2 and Tsx have 
been discovered in regulation of spermatogen-
esis [14]. However, the role and the molecular 
mechanism of lncRNAs in the spermatozoa of 
asthenozoospermic and oligoasthenozoosper-
mic patients are still unclear. In the present 
study, we have identified that sperm HOTAIR 
levels in asthenozoospermic and oligoastheno-
zoospermic patients were significantly lower 
than those in control subjects and sperm 
HOTAIR levels are positively correlated with 
sperm Nrf2 expression level. 

Previous studies demonstrated that the level of 
Nrf2 expression in spermatozoa from astheno-
zoospermic and oligoasthenozoospermic pa-
tients was low [10], which were also confirmed 
by our data. Furthermore, we found that low 
level of histone H4 acetylation of the Nrf2 gene 
promoter in spermatozoa from these infertile 
patients. It is well known that the decrease of 
histones acetylation leads to transcription inac-
tivation [20]. Therefore, we drew a conclusion 
that the decrease of Nrf2 expression in infertile 
men was caused by the reduction of histone 
acetylation in Nrf2 promoter. 

It is interesting to note that Nrf2 expression is 
downregulated under HOTAIR gene silencing, 
indicating that there was a linkage between 
Nrf2 and HOTAIR expression level in spermato-

cytes. It is well known that activation of histone 
modifications to specific target gene is one of 
the molecular mechanisms of lncRNAs regula-
tion [13, 21]. Our data also revealed that silence 
HOTAIR inhibited level of histone H4 acetylation 
in the Nrf2 gene promoter. Thus, HOTAIR regu-
lated Nrf2 expression by hyperacetylation of 
histone H4 in Nrf2 promoter. Chen et al. dem-
onstrated that Nrf2 expression level were asso-
ciated with sperm quality and the antioxidant 
gene expression [10]. Combined with our 
results, it is suggested that HOTAIR may be 
involved in protecting spermatozoa against oxi-
dative damage.

SOD is a key enzyme for scavenging ROS in 
spermatozoa and can prevent the decrease of 
sperm motility [22, 23]. As predicted, SOD 
activity was positively correlated with sperm 
HOTAIR expression level. Thus, the reduction of 
HOTAIR expression levels in spermatozoa may 
lead to enhanced oxidative stress, which would 
further impair sperm motility and vitality, as 
seen in asthenozoospermic and oligoastheno-
zoospermic patients.

In conclusion, our observations demonstrated 
that sperm HOTAIR expression levels were sig-
nificantly inhibited in asthenozoospermic and 
oligoasthenozoospermic patients, which corre-
lated with damage of sperm motility and vitali-
ty. Decreased HOTAIR expression led to the 
decrease of Nrf2 expression and SOD activity. 
This study shed light on the mechanisms of 
ROS related defects in sperm function. 
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