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Objective: To investigate the associations between genetically cis-regulated gene expression levels and nonobstructive azoospermia
(NOA) susceptibility.
Design: Transcriptome-wide association study (TWAS).
Setting: Medical university.
Interventions: None.
Main Outcome Measure(s): The cis-hg2 values for each gene were estimated with GCTA software. The effect sizes of cis-single-nucle-
otide polymorphisms (SNPs) on gene expression were measured using GEMMA software. Gene expression levels were entered into our
existing NOA GWAS cohort using GEMMA software. The TWAS P-values were calculated using logistic regression models.
Result(s): Expression levels of 1,296 cis-heritable genes were entered into our existing NOA GWAS data. The TWAS results identified
two novel genes as statistically significantly associated with NOA susceptibility: PILRA and ZNF676. In addition, 6p21.32, previously
reported in NOA GWAS, was further validated to be a susceptible region to NOA risk.
Conclusion(s): Analysis with TWAS provides fruitful targets for follow-up functional studies. (Fertil Steril� 2017;108:1056–62.
�2017 by American Society for Reproductive Medicine.)
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I nfertility, defined as failure to
conceive a child after 1 year of reg-
ular unprotected sexual intercourse,

affects approximately 10% to 15% of
couples attempting pregnancy (1).
Male factor infertility is responsible
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for about 50% of the cases (2). A sub-
stantial proportion of male factor infer-
tility cases exhibit azoospermia, caused
by either obstructive azoospermia (OA)
or nonobstructive azoospermia (NOA)
classified according to whether there
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are obstructions in seminal ducts (3).
Compared with OA, NOA is more often
implicated with congenital dysfunction
in spermatogenesis, with a prevalence
of 1% in all adult men (2). Multiple in-
vestigations have suggested that NOA
is probably a result of genomic defects,
including Y chromosomemicro/macro-
deletions, chromosomal inversions/
translocations, aneuploidy, autosomal
chromosome mutations, and epigenetic
alterations (4–6).

The advent of genome-wide associ-
ation study (GWAS) design has resulted
in major advances in the identification
of genetic causes of disease (7). In pre-
vious NOA GWAS analyses, 10 loci
were identified as associated with
NOA susceptibility (8–10). However,
the mechanisms beyond the genetic
VOL. 108 NO. 6 / DECEMBER 2017
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FIGURE 1

Overview of the transcriptome-wide association study (TWAS) study of nonobstructive azoospermia (NOA).
Jiang. TWAS revealed two NOA-associated genes. Fertil Steril 2017.
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variants identified by GWAS are largely unknown. Moreover,
systematically functional evaluation is limited, especially for
the ‘‘gene desert region.’’ Recent investigations have shown
that the nearest gene is not always the causal one, which
increases the complexity of the search (11–14).

Gene expression, an intermediate molecular phenotype
between genetic variant and traits, is an important mecha-
nism underlying disease susceptibility. Many genetic vari-
ants exert their effects on complex traits by modulating
gene expression, thus altering the abundance of relevant
proteins (15, 16). However, large-scale studies systemati-
cally measuring the relationship between gene expression
and a trait in individuals have been hampered because of
the scarcity of available tissue and the high cost. To address
these problems, Gusev and Ko (17) developed a new
approach, leveraging expression imputation from large-
scale GWAS data by using a small set of individuals with
both genotype and gene expression data as a reference
panel to perform a transcriptome-wide association study
(TWAS). Through extensive simulations, they showed that
their proposed approach increased power over standard
GWAS (17). And by employing the TWAS approach on
available GWAS data, they identified candidate genes asso-
ciated with obesity-related traits (17–20). Recently,
Mancuso et al. (21) also performed multi-tissue TWAS
and identified multiple genes associated with 30 complex
traits.

To explore the relationship between gene expression and
NOA risk, we conducted a NOA TWAS analysis based on
imputed gene expression levels in our existing Nanjing Med-
ical University GWAS data of NOA (NJMU NOA GWAS)
including 2,638 individuals (981 NOA patients and 1,657 con-
trols). Two novel NOA susceptibility genes were identified
with the TWAS strategy. In addition, our TWAS results further
VOL. 108 NO. 6 / DECEMBER 2017
validated that 6p21.32, previously reported in NOA GWAS,
was a susceptible region to NOA risk.
MATERIALS AND METHODS
Because our study was built on a joint analysis of existing
data and no other patients were enrolled in the present study,
ethics permission was not necessary.
Strategies and Steps of Bioinformatics Analysis

We first estimated the cis single-nucleotide polymorphism
(SNP) heritability (cis-hg2) for each gene in 157 testis tissues
from the GTEx database and kept the cis-heritable genes for
subsequent analysis. Then we estimated the effect sizes of
cis-SNPs on gene expression in a best linear unbiased predic-
tor (BLUP) using the GTEx database as a reference panel. Us-
ing the effect sizes trained from the reference panel, we
entered the gene expression levels for our existing NJMU
NOA GWAS cohort and correlated the imputed gene expres-
sion values with NOA trait. Finally, we explored the implica-
tions of the significant associations (Fig. 1).

Step 1: data sets preparation. The Genotype-Tissue Expres-
sion (GTEx) Project is funded by the U.S. National Institutes of
Health (NIH), which has established a resource database and
tissue bank for many studies (22). We downloaded the gene
RPKM values as well as normalized gene expression values
from 172 testis tissues from the GTEx Pilot Project V6p release
(https://gtexportal.org/home/datasets). Among the 172 indi-
viduals, genome-wide genotypes (imputed with 1000 Ge-
nomes, dbGaP Accession phs000424.v6.p1) were available
for 157 individuals. To estimate the heritability and gene
expression effect sizes of modeling SNPs (as described later),
we included only those 157 individuals with both gene
1057
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expression and SNP array data. We further used the following
exclusion criteria for postimputation SNPs: call rate<95%; a
Hardy-Weinberg equilibrium P<1� 10�6; and a minor allele
frequency (MAF) <0.01.

For the NJMU NOA GWAS data, we used our previously
reported GWAS data with 981 NOA cases and 1,657 controls
from a Han Chinese population (9). Stringent quality control
procedures were performed to remove unqualified samples
and variants as described previously elsewhere (9). We
entered additional variants that were not genotyped in the
original NJMU NOA GWAS array using SHAPEIT for haplo-
type estimation and IMPUTE2 for genotype entry with the
1000 Genomes Project (phase I integrated variant set across
all 1,092 individuals, V3, May 2012 release) as the reference
panel (23–25). In the postentry quality control procedure,
we further excluded variants with low imputation quality
(INFO<0.4), variants with a call rate of <95%, variants
deviated from the Hardy-Weinberg equilibrium (P<1 �
10�6) in the controls, and variants with a MAF <0.01 in the
controls.

Step 2: NOA TWAS analysis. For the array-based heritabil-
ity estimation of gene expression, for each gene the SNPs
within 1 Mb upstream of the transcription start site (TSS)
and 1 Mb downstream of the transcription termination site
(TES) were defined as cis-SNPs (26). We estimated the cis-
SNP heritability (cis-hg2) for each gene using the inverse
quantile normalized expression values (27) in 157 testis tis-
sues as phenotype and the cis-SNPs as genotype input based
on the GTEx data.

Relying on the genetic relationship matrix (GRM) con-
structed over cis-SNPs between individuals, the cis-hg2

values for each gene were then estimated using the restricted
maximum likelihood (REML) algorithm with GCTA software
(28). Top three principal components, 30 potential confound-
ing factors derived from the Probabilistic Estimation of
Expression Residuals (PEER) method (29), types of genotyping
array, and age categories (ranged by 10 years) were included
as covariates in all analysis. Genes whose cis-hg2 estimate
was statistically significantly different from zero (by likeli-
hood ratio test) after Bonferroni correction were defined as
‘‘cis-heritable genes.’’

For estimating the effect sizes of cis-SNPs on gene
expression, we restricted our TWAS analysis to include cis-
heritable genes. The inverse quantile normalized expression
values (27) in 157 testis tissues, combined with corresponding
genotype data from GTEx Project, were used as a reference
panel (training data). In the reference panel, the effect sizes
of cis-SNPs on gene expression were estimated in a best linear
unbiased predictor (BLUP) using GEMMA software (30–34).

For TWAS performance in GWAS individual-level data,
based on the effect sizes trained from the reference panel,
we entered the gene expression levels for our existing
NJMU NOA GWAS cohort of 2,638 unrelated individuals us-
ing GEMMA software (9,31–34). The associations between the
imputed expression values and the NOA trait were then
measured using logistic regression models.

Step 3: exploration of TWAS significant associations. For
the coexpression and gene ontology (GO) enrichment anal-
1058
ysis, we used gene expression data from the 157 testis tis-
sues in GTEx V6p database (described earlier) to perform
the coexpression correlation analysis. The Pearson correla-
tion coefficient between a TWAS significant gene and other
genes was calculated by using log-transformed RPKM with
the ‘‘cor’’ function, and P values were calculated using the
‘‘cor.test’’ function implemented in R software. The statisti-
cally significantly coexpressed genes (P-value<1 � 10�3)
were then used for the GO enrichment analysis, including
biological process, cellular component, and molecular
function, which was implemented in R package cluster-
Profiler (35).

For the expression quantitative trait loci (eQTL) analysis,
we used publicly available data from the Genotype-Tissue
Expression (GTEx) eQTL Browser (http://www.gtexporta-
l.org/home/eqtls) to examine the association between the
expression of a TWAS significant gene and the corresponding
best GWAS SNP (defined as the most significant SNP) in the
loci in testis tissues.
Statistical Analysis

The SNP-based analysis was tested assuming an additive
model, and the odds ratios (OR) and 95% confidence intervals
(CI) were calculated using logistic regression with adjustment
for the top principle component. All P-values for SNPs were
nominal except when otherwise specified. We used
Benjamini-Hochberg comparison for multiple hypotheses
testing, and associations with false discovery rate <0.05
were considered statistically significant. The SNP-based anal-
ysis was performed using PLINK 1.9 (https://www.cog-ge-
nomics.org/plink2) and R 3.1.3 (36). The Manhattan plot
was generated in the R package ggplot2. The regional plot
for a novel NOA-associated locus was plotted using the online
tool LocusZoom (http://locuszoom.sph.umich.edu).
RESULTS
Using the GTEx database as a reference panel, we imputed
gene expressions into our existing NJMU NOA GWAS data
and performed a TWAS to analyze the associations between
imputed gene expression levels and NOA risk. Two novel
NOA susceptibility genes were identified: PILRA and
ZNF676. Additionally, 6p21.32, previously reported in NOA
GWAS, was further validated to be a susceptible region to
NOA risk.
TWAS-identified Significant Expression NOA
Associations

For each gene in 157 testis tissues from the GTEx database,
the heritability explained by the corresponding set of cis-
SNPs (cis-hg2) were quantified, and the mean cis-hg2 estimate
was 0.20 in 16,611 genes where estimates converged
(Supplemental Fig. 1, available online). The cis-hg2 estimate
was statistically significantly nonzero for 1,296 genes after
accounting for multiple-testing burden (P<3.01 � 10�6).
The average cis-hg2 value was 0.64 in these 1,296 cis-herita-
ble genes (see Supplemental Fig. 1).
VOL. 108 NO. 6 / DECEMBER 2017
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FIGURE 2

Manhattan plot of transcriptome-wide association study (TWAS) results. P values were derived from associations between imputed gene expression
levels and nonobstructive azoospermia (NOA) risk. Shown on each y axis are the �log10 (P values) from TWAS analysis.
Jiang. TWAS revealed two NOA-associated genes. Fertil Steril 2017.
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Using the GTEx database as a reference panel, we suc-
cessfully entered the expression levels of 1,296 cis-heritable
genes for our existing NJMU NOA GWAS data and correlated
the imputed gene expression levels with the NOA trait (Fig. 2).
After false-discovery rate correction, we identified two poten-
tially NOA-associated genes: PILRA (paired immunoglobin
like type 2 receptor alpha) (PTWAS¼8.54 � 10�6) and
ZNF676 (zinc finger protein 676) (PTWAS¼5.01 � 10�5)
(Table 1).

PILRA is localized on chromosome 7q22.1 and ZNF676
on chromosome 19p12. Neither of these regions has been re-
ported to be correlated with NOA. In addition, our TWAS
analysis confirmed associations of several implicated genes
in 6p21.32 with NOA risk (uncorrected P< .05; Table 2). These
10 genes in 6p21.32 either have been previously reported in
NOA GWAS (20%, see Table 2) or are located in the vicinity
of reported tagging SNPs (within 1 Mb), implying that these
10 genes are the most functionally relevant genes underlying
this GWAS hit and could be prioritized in follow-up studies.
However, for the other known NOA GWAS loci, we did not
TABLE 1

Novel genes associated with nonobstructive azoospermia identified by TW

Region Gene Chr Locus start Lo

7q22.1 PILRA 7 99971068 99
19p12 ZNF676 19 22361893 22
Note: Chr ¼ chromosome; hg2 ¼ heritability; SE ¼ standard error for heritability; TWAS ¼ Transcri
a Derived from logistic regression model adjusting for the top principal component.

Jiang. TWAS revealed two NOA-associated genes. Fertil Steril 2017.
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identify any genes showing statistically significant associa-
tions with NOA reaching P< .05 (Supplemental Table 1, avail-
able online).

Functional Exploration of the Two Novel NOA-
Associated Genes

The GO enrichment analysis for genes coexpressed with the
PILRA gene did not reveal any statistically significant biolog-
ical process associated with azoospermia. For ZNF676, of
particular interest was that we found ZNF678, previously re-
ported in our NOA GWAS (8), was a homologous gene of
ZNF676 and statistically significantly coexpressed with
ZNF676 in testis tissues (P¼9.98 � 10�9, Supplemental
Fig. 2, available online). The GO enrichment analysis further
showed that genes coexpressed with ZNF676 gene in testis tis-
sues were enriched in pathways of spermatogenesis
(Pnominal¼1.24� 10�9, first rank) and male gamete generation
(Pnominal¼1.49 � 10�9, second rank), constituting highly sta-
tistically significant evidence of the involvement of ZNF676
in azoospermia (Supplemental Table 2, available online).
AS analysis.

cus end TWAS P valuea cis-hg2 SE

997719 8.54 � 10�6 86.8% 5.8%
379753 5.01 � 10�5 52.2% 11.3%

ptome-wide association study.
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TABLE 2

TWAS significant genes at known NOA GWAS loci.

Genea Chr Locus start Locus end TWAS P valueb cis-hg2 SE

HLA-DRB6 6 32520490 32527799 2.74 � 10�4 72.7% 8.6%
HLA-DQA2 6 32709119 32714992 1.10 � 10�3 61.0% 11.4%
HLA-DQB1-AS1 6 32628132 32628506 1.79 � 10�3 61.3% 10.7%
HLA-DQA1c 6 32595956 32611429 4.86 � 10�3 74.5% 9.3%
STK19P 6 31981047 31981564 5.91 � 10�3 63.3% 11.6%
HLA-DRB5c 6 32485120 32498064 9.25 � 10�3 80.1% 7.0%
XXbac-BPG248L24.12 6 31324424 31325414 1.14 � 10�2 86.7% 5.6%
C4A 6 31949801 31970458 1.65 � 10�2 51.4% 13.0%
HCG23 6 32358287 32361463 2.94 � 10�2 50.3% 12.9%
HLA-DPB1 6 33043703 33054978 4.89 � 10�2 67.3% 11.0%
Note: Chr ¼ chromosome; GWAS ¼ genome-wide association study; hg2 ¼ heritability; NOA ¼ nonobstructive azoospermia; SE ¼ standard error for heritability; TWAS ¼ transcriptome-wide
association study.
a Region ¼ 6p21.32.
b Derived from logistic regression model adjusting for the top principal component.
c Previously reported in NOA GWAS.

Jiang. TWAS revealed two NOA-associated genes. Fertil Steril 2017.
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Best GWAS SNP at the Two Novel NOA-Associated
Loci

Focusing on the two TWAS statistically significant associa-
tions that surpassed multiple-testing burden, we further
explored the best GWAS SNP at these two loci. In the
7q22.1 loci, the best GWAS SNP rs6945952, within an intron
of PILRA, showed a statistically significant association with
NOA risk (OR 2.04; 95% CI, 1.64–2.54; P¼2.64 � 10�10)
(Supplemental Fig. 3A and Supplemental Table 3, available
online). In the original GWAS array, rs6945952 was untyped.
Furthermore, the eQTL analysis showed risk genotypes of
rs6945952 associated with higher expression of PILRA in
testis tissues (Supplemental Fig. 4A, available online).

The best GWAS SNP in the 19p12 loci was rs808373,
located upstream of ZNF676 (OR 1.26; 95% CI, 1.11–1.42;
P¼3.18 � 10�4) (see Supplemental Fig. 3B and
Supplemental Table 3). The risk genotypes of rs808373 corre-
lated with higher expression of ZNF676 in testis tissues from
eQTL analysis (Supplemental Fig. 4B, available online). How-
ever, SNP rs808373 did not reach predefined genome-wide
significance (P<5 � 10�8) for NOA susceptibility in our
GWAS samples, which further underscored the increased po-
wer of the TWAS approach.
DISCUSSION
By combining genetic and expression variation from the
GTEx Pilot Project, we have entered expression levels of
1,296 cis-heritable genes and correlated these gene expres-
sion levels with NOA risk based on our existing NJMU NOA
GWAS data. Collectively, two genes (PILRA and ZNF676)
in two distinct loci (7q22.1 and 19p12) were associated with
NOA susceptibility. In addition, our NOA TWAS results also
supported the conclusion that 6p21.32 was a susceptible re-
gion to NOA risk.

Paired Ig-like type 2 receptor (PILR), a member of a paired
receptor family, comprises activating and inhibitory mem-
bers, designated ‘‘PILRB’’ and ‘‘PILRA,’’ respectively. Both
RNA-seq-based gene expression data from GTEx (https://
1060
www.gtexportal.org) and protein abundance data from the
Human Protein Atlas (http://www.proteinatlas.org) demon-
strated PILRA expression in the testis. By using a modified
yeast two-hybrid system, Mousseau et al. (37) first cloned
PILRA, encoding a 303-amino acid immunoglobulin-like
transmembrane receptor bearing two cytoplasmic tyrosines
positioned within an immunoreceptor tyrosine-based inhibi-
tory motif (ITIM). It has been reported that PILRA could recruit
PTPN11 (protein-tyrosine phosphatase non-receptor type 11)
through its tyrosine-based motif upon tyrosine phosphoryla-
tion (37). Of note, PTPN11 was known to be essential for the
proliferation of spermatogonial stem cells as well as the integ-
rity of the blood-testis barrier and attachments of spermato-
gonial stem cells to their niche (38–42). And PTPN11 also
regulated the production of steroids including testosterone
in Leydig cells (40, 43). However, the role of PILRA in
spermatogenesis has not been evaluated until now. We
speculated that the PILRA protein might regulate
spermatogenesis and the blood-testis barrier by PTPN11 pro-
tein, which in turn could lead to azoospermia in patients with
PILRA abnormalities. However, further functional studies are
needed to validate our speculation.

ZNF676 is abundantly expressed in human testis in the
human multi-tissue RNA Seq studies (http://www.proteinat-
las.org). Because the ZNF676 protein contains classic Cy-
s2His2 zinc finger domains (ZnFs), by binding to specific
DNA sequences in the promoter or enhancer regions of target
genes it might alter the expression of these genes. The GO
enrichment analysis showed that genes coexpressed with
the ZNF676 gene in testis tissues were enriched in pathways
of spermatogenesis and male gamete generation, indicating
its involvement in altering the expression of genes associated
with germ cell development. In addition, ZNF676 was also re-
ported to regulate telomere homeostasis in humans by
genome-wide meta-analysis (44), and it was associated with
telomere length in a Korean population (45). Telomere ho-
meostasis control is important for spermatogenesis; previous
studies have shown that telomere homeostasis is compro-
mised in spermatocytes from patients with idiopathic
VOL. 108 NO. 6 / DECEMBER 2017
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nonobstructive azoospermia (46). However, further func-
tional studies on the specific role of the ZNF676 gene in sper-
matogenesis are warranted.

Genome-wide association studies in Han Chinese men
have provided strong evidence for the role of HLA region
for NOA risk (8, 10). The importance of the HLA region in
NOA risk was also supported by the gene expression
signature of human spermatogenic failure, which has
identified some inflammation-related genes for azoospermia
susceptibility (47). Our TWAS approach further supported
the involvement of the HLA region in susceptibility to NOA,
prioritizing 10 genes for follow-up studies.

Because Gusev and Ko (17) have validated that a substan-
tial proportion of the best GWAS SNPs at TWAS-selected
gene loci could be discovered in a larger GWAS cohort
(76%), the two best GWAS SNPs found by our NOA TWAS
approach were probably novel NOA-associated signals, which
had beenmissed because of the large number of untyped SNPs
and small number of samples. In addition, the best GWAS
SNP has an eQTL effect for the corresponding TWAS-
implicated gene, constituting a high possibility of phenotypic
association. Thus, our TWAS results also help to refine the list
of promising candidate SNPs for future research.

We carried out a TWAS strategy to pinpoint disease-
associated genes; both genome and transcriptome levels of
information were considered, and cis-heritable genes were
explored and evaluated efficiently. However, the unavailabil-
ity of testis tissues for us meant we could not detect the gene
expression levels directly in the selected patient samples to
validate our results. And another important concern is that,
although both known and novel signals were successfully
identified, several known variants revealed negative results.
Among the possible explanations could be that those variants
were independent of cis expression (48) or were related to ge-
netic heterogeneity, in that the reference panel from GTEx are
European samples.
CONCLUSION
Our studies identified two novel susceptibility loci (7q22.1
and 19p12) that are statistically significantly associated
with NOA, and we also pinpointed several other potentially
functional genes, such as PILRA and ZNF676, that could pro-
vide novel insight into NOA risk. Further functional studies
are warranted to validate our findings.
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SUPPLEMENTAL FIGURE 1

Distribution of cis-SNP-heritability estimates using GTEx database.
The black line corresponds to all 16,611 converged genes, and the
red line corresponds to 1,296 genes with cis-SNP-heritability
>>0 by LRT. Dotted lines show the respective mean.
Jiang. TWAS revealed two NOA-associated genes. Fertil Steril 2017.
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SUPPLEMENTAL FIGURE 2

Coexpression analysis. The coexpression of ZNF676 and ZNF678
based on gene expression levels of 157 testis tissues form GTEx
database. Linear regression model was used in this analysis.
Jiang. TWAS revealed two NOA-associated genes. Fertil Steril 2017.
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SUPPLEMENTAL FIGURE 3

Regional association plots with lead variants indicated by a purple diamond at 7q22.1 (A) and 19p12 (B). The association of an individual variant is
plotted as �log10P against chromosomal position. The y axis shows the recombination rate estimated from 1000 Genomes Project CHB and JPT
data.
Jiang. TWAS revealed two NOA-associated genes. Fertil Steril 2017.
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SUPPLEMENTAL FIGURE 4

Expression quantitative trait loci (eQTL) box plot. Box plot displaying the effect of the genotypes on gene expression levels in GTEx testis tissues.
Genotypic effects of (A) SNP rs6945952 on expression of PILRA and (B) SNP rs808373 on expression of ZNF676.The y axis shows the rank
normalized gene expression levels, and the x axis shows the genotypes of SNPs. The box plot displays the first and third quartiles (top and
bottom of the boxes), the median (band inside the boxes), and the lowest and highest point within 1.5 times the interquartile range of the
lower and higher quartiles.
Jiang. TWAS revealed two NOA-associated genes. Fertil Steril 2017.
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