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Abstract Idiopathic azoospermia (IA) is a severe form of
male infertility due to unknown causes. The HSF2 gene,
encoding the heat shock transcription factor 2, had been
suggested to play a significant role in the spermatogenesis
process since the Hsf2-knockout male mice showed sper-
matogenesis defects. To examine whether HSF2 is
involved in the pathogenesis of IA in human, we sequenced
all the exons of HSF2 in 766 patients diagnosed with TA
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and 521 proven fertile men. A number of coding mutations
private to the patient group, which include three synony-
mous mutations and five missense mutations, were identi-
fied. Of the missense mutations, our functional assay
demonstrated that one heterozygous mutation, R502H,
caused a complete loss of HSF2 function and that the
mutant suppressed the normal function of the wild-type
(WT) allele through a dominant-negative effect, thus
leading to the dominant penetrance of the mutant allele.
These results support a role for HSF2 in the pathogenesis
of TA and further implicate this transcription factor as a
potential therapeutic target.

Introduction

Among the ~15 % of couples of child-bearing age who
are confronted with the problem of infertility, about half of
them are due to male infertility. Idiopathic azoospermia
(IA) is one of the most serious forms of male infertility and
affects ~1 % of all adult men in the general population
(Hu et al. 2012). Although the underlying causes of IA are
still unknown, a contribution of genetic factors appears to
be supported by familial case reports and by mouse models
(Matzuk and Lamb 2008).

HSF2, belonging to the family of heat shock transcription
factors (HSFs), had been proved to play a key role in regu-
lating the normal spermatogenesis process in mice (He et al.
2003). At least two splice forms, HSF2a and HSF2b were
identified for HSF2 and Hsf2a was predominantly expressed
in mouse testis (Goodson et al. 1995). In response to various
stimuli under the physiological or stress conditions, the HSFs
regulate the dynamic expression of different heat shock
proteins (HSPs) which are responsible for the subsequent
downstream effects including stress-related cytoprotective
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functions, folding and assembling of nascent polypeptides
and intracellular transport of proteins (Sarge and Cullen
1997). Similarly, a role has also been suggested for HSF2 in
spermatogenesis by regulating the expression of different
HSPs, since both Hsf2- and Hspa2-knockout mice suffer from
male reproductive defects (Abane and Mezger 2010; Dix
etal. 1996, 1997; Kallio et al. 2002; Wang et al. 2003, 2004).
However, little is known about the exact roles of HSF?2 in the
etiology of male infertility in human.

Certain sequence changes of HSF2 may result in the
abnormal expression of HSPs and influence the functions
of HSPs. To test whether mutations in HSF2 contribute to
the susceptibility to male infertility, we therefore
sequenced the exons of HSF2 in patients with IA. In the
present study, we identified nine synonymous mutations
and five missense mutations in HSF2. Among them, we
showed that the R502H mutation affected the transcrip-
tional regulatory function of HSF2 as measured by the
expression level of the target gene HSPA2 which encodes a
member of HSP70 family. Thus, we proposed that mutation
of HSF?2 led to abnormal HSPA2 expression and potentially
contributed to the onset of male infertility.

Materials and methods
Patient samples

From Jan 2007 to Oct 2011, a total of 1,880 azoospermic
patients were recruited for this study in the Center of Repro-
ductive Medicine, Tongji Medical College, Huazhong Uni-
versity of Science and Technology. Among of them, 776
patients fulfilled the criteria for IA diagnosis: (1) no sperm
detected in the pellets of semen samples at three different
occasions, (2) no obstruction, inflammation and injury of the
reproductive system or pelvic cavity, (3) no endocrinological
defect, and (4) no karyotypic abnormality and Y chromosome
microdeletion. Testicular biopsy and histological analysis
were conducted for the patients whenever possible. 524 Fer-
tile men from the Center of Physical Examination, Peking
University Shenzhen Hospital were recruited as a control,
who had fathered at least one child without assisted repro-
ductive techniques such as IVF, ICSI, IMSI. After exome
sequencing and quality control steps, 766 patients aged
24-46 years (average 30.6) and 521 fertile men aged
29-51 years (average 39.6) were available for further analy-
sis. Informed written consent was obtained from each subject
and the study was approved by the local ethics committee.

Exome sequencing

Five micrograms of genomic DNA isolated from the
peripheral blood samples were sent to Beijing Genomics

@ Springer

Institute at Shenzhen for exome capture and sequencing. The
capture procedure was performed in solution with a Nim-
bleGen custom array (Roche NimbleGen, Madison, WI,
USA) that is capable of enriching the exonic sequences of
~ 600 infertility- or subfertility-related genes. Most of these
genes were reviewed by Matzuk and Lamb (2008). Besides,
we also selected other genes that were shown to cause male
reproductive defects in mouse models from the studies pub-
lished between November 2008 and December 2010. Exome
sequencing was performed on the Illumina platform with
pair-end 90 bp reads. The remaining exome data are under
investigation and will be published elsewhere.

FASTQ sequence files were aligned against the human
reference genome (NCBI build 37.1, hgl9) with the
SOAPaligner software (2.21). Duplicated pair-end reads
were removed from the merged data sets. Single nucleotide
variants that were different from the hgl9 reference gen-
ome were filtered out if they meet any of the following
criteria: Phred-like quality score <20, overall depth <8x,
estimated copy number >2 or the genomic distance
between two adjacent variants <5 bp. In addition, the
quality score of both the major and minor allele at het-
erozygous locus should be at least 20. Variants were then
annotated using an in-house functional prediction tool and
were compared to dbSNP132 and 1,000 Genomes dat-
abases (as of August 2010). To further refine those novel
mutations that may be associated with IA, all the genetic
variants detected in the fertile men were also eliminated for
subsequent functional analysis.

Validation of novel missense mutations by Sanger
sequencing

To validate the novel missense mutations identified by
deep sequencing, PCR amplifications were carried out and
the PCR products were sequenced in both directions by
3,730 DNA analyzer (Applied Biosystems). The primers
for PCR and Sanger sequencing validation of HSF2 gene
were listed in Supplementary Table S1.

Site-directed mutagenesis and plasmids construction

Site-directed mutagenesis was performed to generate
HSF2a expression in plasmids (gifted by Jingyin Xu)
bearing one of the identified missense mutations (I175T,
L322V, S428L, E494K and R502H) as described previ-
ously (Zheng et al. 2004). DNA sequencing was performed
to insure successful introduction of desired mutations. The
PCR primers used for site-directed mutagenesis construc-
tion were shown in Supplementary Table S2.

The HSPA2 promoter was amplified from HeLa cells by
PCR with the following primers: 5-TCAGCGCTTCTCCC
AAATTATGTT-3' (forward) and 5-AGGGGCGGCCGT
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TATGTAAATGAG-3' (reverse). The PCR product was
subcloned into psiCHECKTM-Z vector (Promega, Madison,
WI, USA) at BgllI/Nhel sites to construct the HSPA2-LUC
plasmid. All clones were verified by DNA sequencing.

Luciferase assay

HeLa and 293FT cells (ATCC, Manassas, VA, USA) were
cultured in Dulbecco’s Modified Eagle’s Medium (Gibco
BRL, Gaithersburg, MD, USA) supplemented with 10 %
fetal bovine serum, 100 U/ml penicillin and 100 pg/ml
streptomycin at 37 °C, 95 % humidity and 5 % CO,. Cells
were seeded in 24-well tissue culture plates 24 h prior to
transfection. Transfection was performed using Lipofect-
amine 2000 (Invitrogen, Carlsbad, CA, USA) according to
the manufacturer’s instructions. Equivalent amounts
(500 ng) of pPyCAGIP-HSF2a expression constructs (WT
and mutant) or pPyCAGIP empty vector were cotrans-
fected with HSPA2-LUC plasmids (200 ng). Cells were
harvested 36 h after transfection and assayed for firefly and
Renilla luciferase expression using the Dual Luciferase
Reporter Assay System (Promega). Renilla luciferase
activities were normalized to firefly luciferase activity.

Quantitative real-time RT-PCR (qRT-PCR)

Total RNA extraction and qRT-PCR reactions were per-
formed as described previously (Mou et al. 2010). The
primers for HSPA2 were 5'-CTGGGCGCGGGGAGCTG
AGT-3" (forward) and 5-GGAAGACCCCGACGCAC
GAATAGG-3' (reverse). The primers for GAPDH were 5'-A
GAAGGCTGGGGCTCATTTG-3' (forward) and 5'-AG
GGGCCATCCACAGTCTTC-3' (reverse). Data were cal-
culated according to the Applied Biosystems Comparative
CT Method (AACT Method). After normalizing to GAPDH
levels, the relative expression level of HSPA2 in the HeLa or
293FT cells transfected with HSF2a R502H was compared to
that in the cells transfected with HSF2a WT.

Statistical analysis

All experiments were repeated for at least three times. Data
were expressed as the mean = SD. Student’s 7 test was used to
compare the difference in mean between two groups. A P value
of less than 0.05 was considered to be statistically significant.
Results

Identification of HSF2 mutation in patients with TA

To examine whether HSF2 genetic defects were associated
with TA, we screened for HSF2 exonic mutations in 766 1A

patients and 521 men with proven fertility using the mas-
sively parallel sequencing technology. As shown in
Table 1, nine synonymous mutations and five missense
mutations were detected in HSF2. Three synonymous
mutations and all the five missense mutations had not been
reported in either the dbSNP135 database or the 1000
Genome Project dataset and were found to be absent in the
521 normal controls. These missense mutations were fur-
ther confirmed by Sanger sequencing (Fig. 1). Alignment
of the amino acid sequence of HSF2 to its orthologs in
different species showed that the RS02H mutation affected
a highly conserved amino acid (Fig. 2).

Dominant-negative effects of mutant proteins

To evaluate whether the identified missense mutations
affect the role of HSF2 in HSPA2 promoter activation,
luciferase reporter constructs containing the HSF2
responsive elements (HSPA2 promoter) were tested in
HeLa and 293FT cell lines. HSF2a WT, 1175T, L332V,
S428L and E494K mutants, but not R502H mutant, sig-
nificantly increased HSPA?2 promoter activity in compari-
son to empty vector (Fig. 3a).

HSF2a R502H mutants were then coexpressed with
HSF2a WT in order to mimic the heterozygosity noticed in
the patient. We observed that the RS02H mutant was able
to inhibit the activation of HSPA2 reporter induced by
HSF2a WT (Fig. 3b). Meanwhile, the expression of HSPA2
mRNA after transfection of HSF2a R502H mutant was
significantly decreased compared with the transfection of
HSF2a WT (Fig. 3c). Collectively, these results indicated
that the R502H mutant inhibited the transcriptional regu-
lation activity of HSF2a WT through a dominant-negative
effect.

Testicular biopsy analysis

Biopsy for the patient with the RS02H mutation confirmed
the diagnosis of non-obstructive azoospermia, and the
spermatogenesis process in the patient was mainly blocked
at the spermatocyte stage (Fig. 4).

Discussion

Accumulating evidence indicated that HSF2 was an
essential transcriptional regulator in mouse spermatogene-
sis (Akerfelt et al. 2008; Goodson et al. 1995; Kallio et al.
2002; Sarge et al. 1994; Wang et al. 2003, 2004). However,
no causative mutation had been identified in HSF2 in
infertile men thus far. In this study, we identified five novel
missense mutations of HSF2 in IA patients. One of the
mutations, R502H, resulted in a heterozygous amino acid

@ Springer



Hum Genet (2013) 132:159-165

162

uoneINW sNo3AZoI919Y 2I9M SIAYIO ‘UONEINW SNOSAZOWOY Sem 69pM ATUQ

M, WM ursaq sqy ofdures s juoned

L6TM 0 I Heosy'd vV <D c0SI 4!
POLM 0 I 3 yorad vV <D 08y1 €l
6LYM 0 I 18¢rsd L <D €8cl™ cl
£E9M 0 1 A ceeTd D <D $96° I
PoIM 0 I rLsLird I <Leso o1
SuOIIERINU ASUISSIA
I SSECIvIolst ! 0 SUON D <L ¢€0SI™ 6
6°9L°69 1€ L6T CTILT TLT'6ST TET ST ELT 8991
‘COLT'OSLILYT TEIL'STII9S LY SYST 06LT ‘68LIELLY
6V6 M TI6M LOSM SOLM
‘COLM TOLATSOM SOSM ILY M 697 M
‘COPM EPPM STYM ESEMOPEM TYEM ITEM
PIEM LOEM O0EM 6LTM TETM STTM YTTM TTTM
‘LITMLOTM SSTMYTSTM LLOM PIOM SEOM TTOM S6CI0S6EST 14 €€ QUON D <V 69CID 8
EP1 91LM [ [ SUON D <L eeel™ L
9OM 0 I SUON D <L €901 9
6°9L°69°9S°SE 1€ L6T LYT ETILI
TLIOT6STTEI'SIT LY T°0SLI €TT'STIT9S LY “6v6 M
TI6MLOSM SOLM COLM TOLA 8IM TIIM TSIM
‘TTIM609M 06S M TISM SOSM LY M 6LY M LY A
69V M SOV M EIPM EPM STY M EBEM ESEM OVEM
TYEMITEM PTEM TIEM LOEM IOEM 6LTM EITM
TETM STCM YTTM TTTM LITM LOTM SLTM SSTM
PCSTM LY TM STITM 90T M LLOM TIOM SEOM TTOM 1€6SLSSYST I Y QUON L <V L8672 S
SOM 0 [ QUON D <V 0092 ¥
S6EM 0 ! SUON D <V 0LTD €
TOVPTETTITT'SLT SYLIBEIT “90SM TOEM TETM9TOM L ¥ QUON V <D 9T 4
Y8TOTT'LO9T "9E9M
‘SYYM SSTM ELTM 69T M STIAM SOTMTSOM TO0OM S86656¢ 151 € 6 SUON D <V I I
suonenw SNOWAUOUAS
(128 = u) (99, = u) so3ueyo SJUBLIBA
s] o[dwes SETANSAP uQw A1 sjuaned pIoE oulury douanbog 'ON

uowl 91119 9y} pue syuaned Y] 9yl ul paynuapr sgNS pue suoneinwt ZJSH T dqelL

pringer

A's



Hum Genet (2013) 132:159-165

163

Fig. 1 Five missense mutations
of HSF2 identified in patients
with TA. Chromatogram traces
from Sanger sequencing
showing the validated missense
mutations
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Fig. 2 Evolutionary conservation of amino acids affected by the
missense mutations. Multiple protein alignments were performed with
MegAlign (Demonstration System DNASTAR, Inc.). The identification
numbers of HSF2 protein were as follows: human (NP_004497.1),
chimpanzee (XP_003311472.1), rhesus (XP_001108944.2), cow

change at a conserved position. We also provided in vitro
data supporting that this mutation might increase the risk of
IA through abrogating the transcriptional regulatory func-
tion of HSF2. These results showed that aberration of
HSF2 might be intolerable and that mutation of HSF2
might be involved in human spermatogenesis failure.

In this study, we sequenced the coding sequence of
HSF2 in a large group of patients with IA. The R502H
variant, localized in the transcription regulatory domain of
HSF2, was found in one of the 766 patients but was absent
in 521 fertile men we sequenced and other individuals
reported in the public databases. Besides, local alignment
analysis of the amino acid sequences of HSF2 showed that
the affected arginine residue was highly conserved in
multiple vertebrates, including zebrafish and xenopus. The

(NP_001076874.1), rat (NP_113882.1), mouse (NP_032323.3), chicken
(NP_001161236.1), xenopus (NP_001089021.1) and zebrafish
(NP_571942.1). The mutant alleles are boxed, and the star (*) shows
the conserved residue

evolutionary preservation of the entire region around this
residue across multiple mammalian species indicated that
mutations in this region may have great influence on
the normal functions of the HSF2 protein. Unfortunately,
his family is not available for genotype—phenotype
correlations.

Hsf2-knockout mice (Hsf2™/™™" and Hsf2™™M")
developed the male hypofertile phenotype that was char-
acterized by reduced testis size and vacuolization of the
seminiferous tubules (Kallio et al. 2002; Wang et al. 2003,
2004). Besides, the synaptonemal complexes of spermat-
ocytes in Hsf2"™!™™" were disorganized, and up to 90 % of
the spermatocytes suffered from apoptosis, which may
result in a great reduction of the sperm counts (Kallio et al.
2002). Interestingly, there is also some evidence showing
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that the Hsf2-knockout model (Hsf2""/"%) did not display
any spermatogenesis defects, which might be associated
with the different knockout strategies applied in these
studies or due to the genetic background effects (McMillan
et al. 2002). In our study, biopsy for the patient with the
R502H mutation confirmed the diagnosis of non-obstruc-
tive azoospermia for him and further showed that the
spermatogenesis process was mainly blocked at the sper-
matocyte stage. Therefore, the R502H mutation in the
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<« Fig. 3 Role of HSF2a in HSPA2 promoter activation and mRNA
expression. a The HSPA2-LUC constructs and the WT or mutant
forms of HSF2a expression vectors were cotransfected with HeLa and
293FT cells. HSPA2 promoter activity was analyzed by luciferase
assay. Compared with WT and other mutants, the HSF2a R502H
mutant failed to activate the HSPA2 promoter. Fold induction is
shown as the ratio of WT or mutants to the average of empty plasmid.
b HeLa and 293FT cells were cotransfected with HSPA2-LUC
constructs (200 ng) and the WT or HSF2a R502H mutant with the
indicated doses. HSPA2 promoter activities were significantly inhib-
ited when the HSF2a R502H mutant and HSF2a WT were cotrans-
fected. ¢ HSF2a R502H mutant or HSF2a WT was transfected with
HeLa and 293FT cells for 36 h, and the relative mRNA expression
levels of HSPA2 to GAPDH were detected by qRT-PCR. The
expression of HSPA2 mRNA after transfection of HSF2a R502H
mutant was significantly decreased compared with the transfection of
HSF2a WT (*P < 0.01)

Fig. 4 Testicular histology analysis for the patient with the R502H
mutation by hematoxylin and eosin staining (x400). The spermato-
genesis process was mainly blocked at the spermatocyte stage

patient seems to result in a more severe phenotype than in
the Hsf2-knockout mice, which may be due to the different
genetic backgrounds between human and mice.

HSF2 regulates the expression of many HSP genes
during development, including HSPA2, HSPH, HSPC,
DNAJ, HSPB, HSP90, and HSP27 (Goodson et al. 1995;
Ostling et al. 2007; Sistonen et al. 1992; Wilkerson et al.
2007). HSPs assume a molecular chaperone function to
accommodate the unique set of proteins that are synthe-
sized during spermatogenesis. These findings suggest the
importance of HSF2 in spermatogenesis. When we tried to
evaluate the pathogenic effect of HSF2 in infertile patients,
a key question to address is whether mutation in HSF2
affects its transcriptional regulatory function. As expected,
we showed that the RS02H mutant affected the transcrip-
tional regulatory function of HSF2 to HSPA2. In addition,
our results also indicated that the RS02H mutation not only
rendered the nonfunctional transcription factor but also had
a dominant-negative effect on the WT allele, which may be
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in consistent with the phenotypic effect of the heterozygous
mutation in the TA patients.

It was reported that HSPA2, a well-defined target of
HSF2, was highly expressed in human testis and appeared
to have an essential role during the meiotic phase of
spermatogenesis according to Son et al. (1999). Homolo-
gous HSPA2-related genes had been identified in germ
cells from mammals, birds, amphibians and fish (Eddy
1999). Targeted gene disruption of Hspa2 resulted in
meiosis failure, germ cell apoptosis and male infertility
(Dix et al. 1996, 1997; Govin et al. 2006). Therefore, the
transcriptional regulatory function of HSF2 may be
essential to assure the appropriate expression of HSPA2 to
protect against IA, whereas decreased transcriptional reg-
ulatory function by R502H mutation may increase the risk
of TA.

In conclusion, we identified three synonymous muta-
tions and five missense mutations private to the IA patient
group by the massively parallel sequencing technology.
And the functional assay confirmed that HSF2 R502H
mutant suppressed the normal transcriptional regulatory
function of the WT allele through a dominant-negative
effect. These results suggested that HSF2 played an
important role in human spermatogenesis. Our study also
demonstrated that systematic analysis of the genetic
mutations in large cohorts of patients complementing with
subsequent functional assay may provide new insights into
the cause of IA in human.
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