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Genome-Wlde Expression of Azoospermia_
Testes Demonstratés a. Specific: Profile’ and

lmphcates “ART3'in Genetlc Susceptlblhty
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lnfertnlrty affects about one in six couples attemptmg pregnancy, w:th the man rhesponsible in approxlmately half of the
cases. Because the pathophyslology underlying azoospermia is not elucidated, most.male infertility is dlagnosed as
idiopathic. Genome-wide gene expression analyses with microarray on testis specimens from- 47. non:obstructlve
azoospermia (NOA). and 11, obstructive azoospermia (OA) patients were performed, and 2,611 transcripts that
preferentially included genes relevant.to gametogenesis and reproduction according to Gene Ontology classification
were found to be dlfferentially expressed Using a set of 945 of the 2,611, transcnpts without. mlsslng data; NOA was

.....

differences between the other subdass and the. OA group. In addltlon, the 52 genes showmg hlgh statlstlcal dlfference
between NOA subclasses (p < 0.01 with Tukey’s post hoc test) were subjected to allelic association analyses to |dent|fy
genetic susceptlbllltles. After, two rounds; of, .screening, SNPs, of the. ADP-nbosyltransferase 3 gene (ART3) were
associated with NOA with hlghest signifi cance with ART3-SNP25 (rs6836703' p =0.0025) in 442 NOA patients and 475
fertile ‘men, Haplotypes with five SNPs were constructed, and the most common haplotype was found to be under-
represented in, patients, (NOA 26.6% versus, control 35.3%, p= 0.000073) Indmduals “having the most common
spermatogenesis. Thus, genome—wrde gene expresslon analyses were, used to identify genes involved in the
pathogenesis of NOA, and ART3 was subsequently identified as a susceptiblllty gene for NOA. These fi ndmgs clarlfy the
molecular pathophyslology of NOA and suggest a novel therapeutlc target in the treatment of NOA x e

Citation: Okada H Tajima A Shichiri K Tanaka A, Tanaka K, et al. (2008) Genome-wide expression of azoospermia testes demonstrates 3 speclﬁc profile and |mpllcates ART3

in genetlc susceptlbllity 'PLoS .Genet 4(2) e26. doi:10.1371/journal. pgen.0040026

. s R STV s .
Introduction e

Spemlatogenesxs, a maJor function of mammahan testes, is
complcx and stnctly regulated ‘While spermatogenesns is'a
maturauon of germ cells, other cells mcludmg Sertoli, Lcycllg,
and pentubular myoid ' célls’ ‘also play lmpm ‘tant 'roles, and
defects’at-any differentiation stage might result in mfertlhty
Male infertility is estimated to affect about 5% of adult
human -males, but "75% of the cases'are dlagnosed as
idiopathic because® the molecular mechamsms underlymg
the ‘defects have not been ‘elucidated. In’ consequcnce, ‘an
estimated one in' six couples experiences' difficulty in
conceiving ‘a child despite advances in assisted reproductive
technologies. Male-factor infertility constitutes about half of
the cases, and a significant proportion of male infertility is
accompanied by idiopathic azoospermia or sevete oligozoo-
spermia, which may well have’ potential genetic componerits.
It is well-recognized that men with very low sperm counts (<1
mllllonlml) identified through an' infertility’ clinic, have a
higher incidence: of Y-chromosome microdeletion (up to
17%) [1.2}. However, the ‘genetic causahtles of most cases of
azoospermia are not known. -

Global gene-expression ploﬁling with microarray technol-
ogies has been applied with great promise to monitor
biological phenomena and answer biological questions.
Indeed, microarray technologies have been successfully used

@ PLoS Genetics | www.plosgenetics.org

to ldentlfy blomnrkers dlsease subtypes and mechamsms of
toxicity. We applled mxcroarray analysxs to testis speumens
from mfertnle individuals mcludmg patlents with obstrictive
azoospermla (OA) and non-obstmctlve azoospermm (NOA'
[OMIM %606766]) to charactenze NOA and to 1dentlfy the
spec:ﬁc pathophyswlogy “and ‘molecular pathways of the
disease. In iddition, we attempted to ldentlfy genetlc‘
susceptlblhty to NOA. from genes dxfferentxally expressed in
NOA testedw,
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ART3 Genetic Suseeptibility Gene for NOA

C oy
s

SNPs, 191 SNPs of 42 candidate genes were mltmlly evaluated
" for' allelic, aﬁsocmnon with; NOA' After two" rounds of
screenmg, SNPs of the ADP-rlbosyltransfem.se 3 (ART}) gene
were found to be sngmﬁcandy associated-with NOA, and five
of (hese SNPs were selected for haplotype conslructxon “The
most common haplotype was significantly undcr-represemcd

i, in the patients and maybe protective. The funcuonal impact

.+ of this- haplotype was.further’ mvesugated AR

"‘Results Tt LA ey

- Extraction of NOA-Related Gene Expression Profile

As shown in Frgure 1A, the most notable dlfference in
hlstologlcal ﬁndmgs between NOA and OA testes was that the
NOA p‘ments exhibited, at varying degrees, mcompletc sets
“ of spermatogemc geim cells (spérmitogonia, spermalocytes
spermatids, and’ spermatozoa) in'the seminiferous tubules. In
“severe NOA pauents ‘we could’hot evén détect Sertoli cells;

IE DY t.w.,{-'v,, :',

: lzz";w’m»:_ é_p \m{ 'cwz‘s' R L; B IELE

azoospermla have ‘been- surveyed in "humans and” nuce,
especially ‘since gene targetmg lechnology accelerated the

ldenuﬁcauon of genes’ “that ‘play: crucml roles in' spermato- ‘

genesrs [3] Because - spermatogenesis' is a complex process
incliiding meiosis, 4 germ cell-specxﬁc event,’ gene expressron
profiles spe¢ific to “the* dlfferentlanon stage, ‘clinically -
classified by the Johnsen’s score;'were exammed to provide’*

mslght ‘into “the " pathogcncsxs of ’ azoospermla [4]. In the "

current stidy, we perforined mlcroarray analys€s on biopsied”
testes obtamed from -47 NOA patlcnts at dlverse clinical -
stages ‘without prlor “sélection and- 11 0A pauems The :47
NOA samples showéd 2 wide fangé-of heterogeneity,”
including a series of impairments at the differentiation stage
of spermatogenesis that so far have been evaluated mainly by
pathological findings. Thus, classification of NOA at the
transcriptome level is a necessary first step in elucidation of
the molecular pathogenesrs of NOA. To do th|s we, adopted
the non-negative matrix factonzanon (NMF) method, an
unsupervrsed classification algonthm developed for decom-
posmg images that hds been apphed in le‘lOUS fields of
science mcludmg blomformaues because of its potenual for
provrdmg msrghl into complex rclauonslups in large data sets
[5—7] 47 of the NOA-samples were d|V|ded mto three
subclasses by the NMF method, ind each class was associated
with clinical features. 149 transcripts were identified as
differentially expressed genes among the NOA subclasses
according to a statistical criterion, and the features involved
in spermatogenesis based on Gene Ontology classuﬁcauon
were demonstrated.

The genetic causality of, NOA most likely involves  the
expression level of a susceptibility gene, which might be
detected by genome-wide gene expression analysis. While it is
daunting to identify genetic susceptibility from 100-1000
differentially expresséd genes, genetic susceptibility might
more readily be identificd from random genes differentially
expressed with high significance rather than by mvcsugaung
only genes in a specific biological palhway Based on a well-
defined statistical procedure, 52 candidate gencs for NOA
were catalogued by gene expression profile dnd screened for
allelic association study in a total of 442 NOA patients and
475 fertile male controls. After gene-centric selection of
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- the major somatic’ ‘cells- of the semxmferous tubules, on
hlstologlcal éxafmination’ (ﬁgure not shown),‘ lndlcatmg
" clinical heterogeneity of- NOA festes: In ordér to €liicidate
the molecular systems underlymg NOA at the transcrlptome
level, it is important to ‘extract’ genes reﬂectmg the dlversuy
of NOA' phenolypes *For thls'purpose, ‘we ﬁrst ‘compaied
‘giobal gene expressron proﬁles in NOA lestes to those of OA
testes using “the -Agilent’ Human lA(v2) Oligo - Mlcroarray
system We chose the standard reference ‘design’ in two-color
mlcroarray expenments as an’ experlmcntal dcsrgn for thé
expresslon analysis'[8], where a smgle mlcroarray ‘was used to
comparé' either NOA or OA'tS the testlcular reference RNA
as described in"Materials ‘and Methods (Fxgure 1B).

Of the 18,716 t transcnpts screened with the mlcroarmy, ‘we
obtained trahiscripts' that-showed a 2- fold mean expression
difference between NOA and the reference, the NOA group;
the OA group compnsed transcripts showing less than 2-fold
mean expressron difference between OA and the reference
(Figure 1B). Of the transcripts overlapping the two groups,
2,611 transcripts were found to be differentially expressed
between NOA and OA testes after statistical filtering (based
on lowess-normalized natural ;log[Cy5/Cy3), Bonferroni's
corrected p < 0.05). Thrs gene list, termed NOA-related
(argel genes, comprlsed ?02 elevated and 1709 decreascd
transcripts in NOA testes. To chdractel ize the gene hst from
the biological aspect, the 2, 611 transcripts were sub)ected to
fum.uonal\glustermg accordmg to Gene Onlology (GO)
classification for biological processes with GeneSpring soft-
ware. We identified a total of 190 GO categories that were
significantly (p < 0.05 without multiple testing correction)
over-represented among the 2,611 transcripts. Table 1 shows
the ten top-ranked GO categories in descending order of
significance based on p-values with Fisher's exact test. Tt is
notable that the GO categories involved in. gametogenesis
(GO:48232; 7283; 7276), reproduction (GO:19953; 3), and the
cell cycle (GO:279; 51301; 7049; 7067) are. significantly
associated with the gene list. We furtherrana]yzed two
separate subsets comprising 1,709 decreased (Figure 2, upper)
and 902 elevated (Figure 2, lower) transcripts, based on their
GO annotations. The top-ranked. GO categories for NOA-
related target genes are more similar to those of the 1,709
decreased transcripts than to those of the 902 elevated ones
(Figure. 2; Table 1). Thus, the .predominant features may
reflect spermatogenic defects common to NOA testes. On the
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Figure 1. Experimental Design to Extract NOA-related Target Genes

ART3 Genetic Susceptibility Gene for NOA

Testls reference

[(NOA;-z) or (NOA—<112)] & (1/2<0A<2)

2 Conf dence
Welich t-test between NOA and OA
(Bonferroni’s corrected £<0.05)

| 2

2611 transcnpts (1709 decreased & 902 elevated in NOA)

| NOA-related target genes’|

' 3
|

(A) Representative testicular biopsies from NOA (left panel) and OA {right panel) patients. The seminiferous tubules in NOA testis show Sertoli cells only;
testicular histology of the OA patient indicates the presence of germ cells at all stages of spermatogenesis.

(B) Strategy for discovering the NOA-specific expression profile, i.e, the NOA-related target genes. Compared with the expression level of reference
RNA, the NOA', ‘group, with expression‘undergoing 2-fold or more mean change, was extracted; the OA group comprised transcripts with less than 2-fold

mean expression, change. Of the overlapping transcripts, only those. with statistically significant difference between NOA and OA (p < 0.05 with

Bonferroni’s correction) were identified as differentially expressed
doi:10. 1371/joumal Pgen.0040026. gOO‘l o

L S . v e EEE S

Tablé 1. Top-Ranked Ten Categories of Gene Ontology to
Significantly Overrepresented among 2,611 Transcripts -

A 0
E f

GO Category® Genes withrn GO —logP®

oo h ' Catégory - ' T
Number *“Percent® - o

Male gamete generation (GO:48232) '~ 55" T4 1307 287

Spermatogenesus (GO:7283) 55 120

Sexual reproduction (GO:19953) .-i ¢ - 7170: ot 38 N2y

Game(ogenesrs (GO: 7276) , 59 . . 105

Reprodudtion (GO3) 7t L T 78T At L e

M phase (GO:279) 57

Microtiibulé“based’ procéss (GO:7017): ;i 42}

Cell dlvrsron (60.51301) R 48

Cellcyde(607049) EPEANNPLARTS U RS -5 SRt X

Mitosis (GO:7067) 45’ 25 56

*All GO categories are from the subontology biological process.

bpercent denotes the percentage of coverage of NOA-related target genes. Of the 2,611
transcripts in the gene list, 1,784 are used for calculating the percentage of genes with a
given GO annotation because the GO s regarding biological process for the
others are not available. ' v
p-Value was determined by Fisher's exact test, comparing the observed percentage of
NOA-related target genes with a given GO annotation to that of genes on the Agilent
Human 1A(v2) microarray with the same GO annotation.
doi:10.1371/journal.pgen.0040026.1001

@ PLoS Genetics | www.plosgenetics.org

&
other hand 902Itranscnp[s elevated in NOA testés exhibited
a dlstmct GO proﬁlc that mcluded several GO categorles
invoived in blosynthesxs and metabolism in cytoplasm (Figure
2), lmplymg an mcrease in cytopl.xsmlc turnover rates such’as

steroid tumover m NOA testes

[xE) FER i ' )

Discovery of Three Molecular Subclasses of NOA Testes
To clarify heterogeneity of NOA 'testes at the transcrip-
tome level; wc\further éxamined NOA-related target genes to
identify NOA siibclasses without! prior cIassnﬁcatlon with
pathological features. We adéptéd the NMF "algorithm
coupled with 2 model selection method [6] to a complete
dataset of 945 out of the 2,611 transcripts without missing
values of signal intensities for a total of 47 NOA samples.
Figure 3A shows reordered consensus matrices averaging 50
connective matrices generated for subclasses’X'= 2, 3, 4, and
5. Distinct ‘patterns of block partitioning were observed at
models with'2 and 3 subclasses (K = 2 and 3), whereas higher
ranks (K = 4 and 5) made block partitioning indistinct. Thus,
the NMF method predicts the existence of reproducible and
robust subclasses of NOA samples for K = 2 and 3. This
prediction was quantitatively supported by higher values of
cophenctic correlation coefficients (coph) for NMF-clustered
matrices. The NMF class assignment for K = 3 'showed the
highest coph value (coph = 0.993), indicating that three
molecular subclasses, termed NOA1, NOA2, and NOAS3, are
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Figure 2. Comparison of Ten Top-ranked Gene Ontology (GO) Categories Significantly Over-Represented in xhe Two Subsets (1,709 Decreased, Upper

Panel; 903 Elevated, Lower Panel) of NOA-related Target Genes ' ¢

Blue and red bars represent p-values for the ten top-ranked GO categories over-represented in the decreased and elevated gene lists, respectlvely Black
bars show the corresponding p-value using 2,611 NOA-related target genes. p-Values were determined by Fisher’s exact test using all of the GO-
annotated genes on the Agilent Human 1A(v2) microarray as a background, as shown in Table 1. The p-values are expressed as !he neganve logarithm

(base 10).
doi:10.1371/journal.pgen.0040026.9002

¢

the most reasonable: subclassification amimg, 47 .NOA- -

sainples! For comparativé analysis of class discovery, a
hierarchical clustering (HC) approach was applied to log-
transformed normalized ratios for NOA-related target genes.
As shown in Figure 3B, the HC dendrogram exhibited a
clustering pattern s:mllar to that of the NMF—bascd sub-
classnﬁcauon, as the three NMF-subclasses of NOA samples
tended to form distinct clustels in the HC analysns Thus, the
HC clustermg for NOA-related target genes appears to justify
the three NMF-based subclasses of NOA samples.

To - investigate. the clinical features. ofx the ythree NOA
subclasses, we compared several clinical measures among the
subclasses. The results obtained from statistical .analyses.in a
total of four groups including the OA group are summarized
in Table 2. We found sign'iﬁcam differences in the three NOA-
related clinical characteristics, testicular histological score
(Johnsen's score, p-= 1.4 X 10'6), serum FSH level (p = 9.8 X
107", and LH level (p = 0.0051) among the four groups using
Kruskal-Wallis test, but there were no differences in age and
serum testosterone level. Post hoc pairwise comparisons
revealed that both the NOA1 and NOA2 groups exhibited
low Johnsen’s scores and high levels of serum FSH compared
with the OA group (Table 2). In the NOA1 group, a high LH
level (p < 0.01) also was found compared with the OA group.
On the other hand, there were no significant differences in any
of the parameters between the NOA3 and OA groups, as well
as among three NOA subclasscs in post hoc analysis. Elevations
of serum FSH and LH concentrations often are observed in
infertile. patients with abnormal testicular histologies and are
correlated, to some extent, with the severity of spermatogenic

@ PLoS Genetics | www.plosgenetics.org
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. defects [9,10]. Testicular-histologies of NOA and OA patients

0004

have been evaluated by the johnsen s scores, rang'mg from 10
tol accordmg to the presénce or absence of spermatogeneSls-
related cell typcs (spermatozoa, spermatids, spermatocytes,
spermatogonia, and Sertoli cells) in seminiferous tubules [11].
The NMF-based subclasses of testicular gene expression
showed that the low score classes had- heterogeneity -(NOA1
and NOAZ2), presumably. indicating the possibility of distinct
spermatogenic defects at the molecular level that could not be
detected by morphologlcal examination. :

Identiﬁcation of Transc}'ibt,s Differentially Expressed in the
Three NOA Subclasses

Based on'the three N'OA<subclasses, we conducted further
statistical analyses to extract transcripts representing ex-
pression differences between NOA subclasses from the NOA-
related target genes (Figure S1). 149 out of 2,611 transcripts
showed significant differences (p < 0.05, Tukey’s post hoc test)
in testicular expression between the NOA subclasses, as
summarized in Table S1. To characterize this gene list based
on GO classification for biological processes, we examined
which GO terms were highly associated with the.149 differ-
entially expressed transcripts, relative to those for the NOA-
related gene list (as shown in Table 1 and Figure 2). Figure 4
shows the 10 top-ranked GO categories for the 149 tran-
scripts, using the 2,611 NOA-related target transcripts as a
background set' of genes for this GO analysis. Nine GO
categories excluding- gametogenesis appeared to be novel,
indicating that highly significant enrichments of transcripts
involved in DNA meuwbolism (06:6259; 6325; 6323; 6281),
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. K=2 (coph=0.982) _

__K=3 (coph=0993) .
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Figure 3 Non—Negative Matnx Factonzatlon (NMF) and Hlerarchical Clustenng (HC)-based Subdasslf catlon of 47 NOA Samples

.....

comprising of NOA-related target genes. NMF: computatlon and model selection were performed accordlng to Brunet et al. [6] as described in Materials
and Methods. Accordlng to cophenetic correlation coefficients (coph) for NMF{Iustered mamces, the NMF class asﬂgnment for K= 3 was the most
robust. '

(B) The HC method incorporated in GenéSpring also was used to classify NOA heterogenelty in testicular gene expression. To dlsplay correspondences

of subclassification by the two methods, the NMF class assignments for K = 3 are shown color-coded; NOA1 (green), NOA2 (pink), and NOA3 (light

purple).
doi;10.1371/journal.pgen.0040026.g003

chromosome organization and biogenesis (GO: :51276; 7001),
sex differentiation (GO: 7548), and response to cndogenous
stimulus (GO:9719; 6974) occurred after the extraction of 149
transcripts from the NOA-related target gene list (Figure 4). -
Other features of the 149 transcripts from the gene list (Table -
S1) were as follows: (1) a high frequency (24.2%) of sex
chromosome-linked genes; (2) a high frequency (13.4%) of

genes encoding cancerltestis antigens [12,13}; and (3) a '_'

moderate frequency (6.7%) of male infertility-related genes. .
Defect of these genes results in male infertility/subfertility in‘: '
mice [3,14-16).

Twenty-five of the 149 transcripts showing differences in -
between-subclass expression displayed elevated expression in
NOA, while the others (124 transcripts) had decreased
expression (Table S1). The 25 NOA-elevated transcripts
accounted only for differences in testicular expression
between NOA1l and the other two subclasses, NOA2 and
NOA3 (Figure S$2; Table S1), suggesting testicular hyper-
activity in NOA1 patients. For example, 3p-hydroxysteroid

dehydrogenase, encoded by HSD3B2 and HSD3BI, plays ai-

crucial role in biosynthesis of testosterone in Leydig cells [17).
Expression levels of the two transcripts in the NOA1 subclass
were hlgher than those in the NOA2 and NOAS3 subclasses,
and the expression difference between NOA1 and NOA3" was
significant by Tukey's  post hoc test (Figure S2; Table S1). As the
NOAT1 subclass showed significantly high LH and slightly low
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- ,f
lestosteronc |evels (Table 2), the elevated levels of the two
tr.mscrlpts may be explamed by a compensation process for

“mainfaining normal testosterone level. Thus, such enhanced

.- steroidogenésis of the NOA1 subclass might favor,” even if

'o‘n-ly ‘sxighuy',"'{é‘s':icular hyper'ac':ivi:’y‘ in NOA1 patients

transcrlpts, most transcrlp[s (118/]24) showed expression
differences between NOAS and the other two subclasses
(Figures Sg—S4 Table S1). Expression levels of these tran-
scripts in the NOA3 subclass were similar to those in testis
reference RNA (Figures 52-84), indicating that the NOA3
subclass has a mild defect in spermatogenesis. This notion is

supported by. the fact that the expression of INHBB encoding

“inhibin B subunit B in the NOA3 subclass is normal while

- 'NOA1 'and NOA2 subclasses showed low levels, indicating
that mhlbm B may be a marker of testicular dysfunction, as
prevxously reported [18].

Verification of Between-Subclass Differences in Testicular
Expression by Quantitative Real-Time RT-PCR

. To evaluate the appropriateness of microarray data on
transcripts representing expression differences between
NOA: subclasses, we sclected 53 with high significance (p <
0:01, Tukey's post hoc test, Figure S1 and Tablé S1) out of the
" 149 differentially expressed transcripts and subjected them to
real-time RT-PCR analysis. Of the 53 transcripts;, the highly

February 2008 | Volume 4 | Issue 2 | 26



ART3 Genetic Susceptibility Gene for NOA

Table 2. Clinical Characteristics of Three Molecular Subclasses of NOA

L }4)

. Sery;nl T.

Johnsen’s  _ Range

Group
' Score*

OA " IREILIEN3I3 TS, S4TI9 £
NOA1 :

NOA2
NOR2
NOA3

Yok

The data are represemed as mean * standard devnan
p "< 0.01 (Kruskal—Walhs test between four groups).’ . :

p < 0.01, NOAI versus OR (Scheﬂes posrhoc test' on Johnsen H xore, FSH and LH between four group’ . N i RS
p < 0.01, ,NOA2 versus OA (Scheffe’s ‘posthoc test on Johnsen's score, FSH and LH between four groups).,  * e : R
‘p < 0. as, NOA! versus OA (Scheffe s po.rrhéc test on Johnsen s score, FSH and LH between four groups)

FSH, follicle-stimul ing h ve; LH, | . .
doi:10. 1371/‘ ournal, pgen,0040026 1002

G, 22w

homologous‘VCX famlly)genes‘ VCX VCXZ and VCX3A, were, data‘ from NOA tlssues Genes that show dlfferences

expressnon' level between NOA subclasses regardless of

mlcroarray analysns, the squares of correlanon ‘coefficients :
(R )- ranging from‘O 40 (CT45-—2) 10 0 90 (GA_]) ThlS validation’ - !
znflym a]:)l P“:I";ed Statl;mmlllly F‘t’;‘“‘s'i :Vlder:ce[son ' ‘assocrauon with NO Despue the fact.thst these’ genes .were

coveen sy s cif erences for al of, the ranscripts (p not selected based on pathologlcal relevance to NOA, genes

< 0.05 with Kruskal-Walli td( th

W tuskal-Wallis test, data nd N own) such as SYCP3, DAZL, and INHBB, which were reported to
Screening of Candldate Genes for Genetlc Susceptlblhty 4 funcuon in spermatogenesis were included [21—2.’»] 191 single
for NOA - -~ = - .l - T s nucleotnde polymorphisms (SNPs). of 42 genes were subjected

Oné approach to prioritizing candidate' genes for genetic to allelic assocxanon'study with 190 NOA ‘patients’ and 190
suscepnblhty underlymg NOA is to adopt gcne cxpressxon - .fertile. men in the first round of screening. Ten genes

Ao e ;v B o .

10 top-ranked GO category

DNA metabolism (23), |

) ! DNA packagmg (12)’

establishment andlor maintenance {1 2)
. of chromatln archltecture

DNA repair (9) :
chromosome organlzatnon and (12)
biogenests (aensu Eukaryota)

O . iy ¥

sex dlfferenttataon (6)

chromosoma ‘org'aniiatron and blogenests (12)
response to DNA damage s’(lmulus {9)

’ 3

response to endogenous stimulus {9) -

gametogenesus (12)

' -_lOQmP

Figure 4. Significant Enrichments of Gene Ontology Categories in GO-based Profiling of 149 Differentially Expressed Transcripts
Grey bars represent p-values (expressed as the negative logarithm [base 10]) for the 10 top-ranked GO categories over-represented in the 149
differentially expressed transcripts, using the 2,611 NOA-related target transcnpts asa background set of genes for the determination of p-values. The
actual number of differentially expressed transcripts involved in each category is given in parentheses. In the process of extracting the 149 transcripts
from the NOA-related target gene list, sets of génes involved in nine GO categories, marked in magenta, were more condensed because they were not
found in the previous 10 top-ranked GO lists of NOA-related target genes (see Table 1 and Figure 2).

doi:10.1371/journal.pgen.0040026.9004
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Table 3. Analyses of Allelic Association between 44 SNPs of Seven Candldate Genes and Japanese NOA in Second Round of Inltlal

Screening (380 Cases versus 380 Controls) = - .. ion < o
Gene w. ) mlh’ap g N ‘rs-l'Df. - ; ‘Sequ"en:; Position® Localization . 'Variation  MAF' - : }’ ’ Nor;linaip
i ] H oo ———— .
: ‘ ' ] i ‘ Case  Control

ART3 159985300 £ 22520 ; L MG AT, 34 6% 560 0018

1517001357 12048 Intron3 oar M5% . 26.4% 350  0.061
©is110972300 F.1980%. 5 i 1 ET Beawen3 i Loy R AG L L 0 329% {0 404% T 779, 60,6053

156836703 34283 Intron11 ;i G/A 414%  328% 11.7 0.00061*

i, 151128864 + - H37TABL S . 2 I

£ 0.019
0.013

1:'393% . 332% .7 5.53"

DT 15302843

152611782

+i: 75591200
159898626
"i'5302854 °;
58072873

| 156503870 ;
rs1267542

,25‘3:41430
51460

i.',t;'
XAGES

J . 1, L .

. Ibtron10.¢-
lmronl 5

,m;f,om- Spoo3s
000 099

£ £ S
Intrond

'Nudeotide posnion from the flrst nudeo(lde of exon 1 of each gene.
*Statistically significant {correctéd p = 0.027) based on Bonferroni-corrected p-value
doi:10.1371/joumnal.pgen.0040026.t003 . .

[ ] 1
(CTAGIB, LOC158812, LOC255313, MAGEA2, PEPP-2, TSFPY1,
TSPY2," VCX3A, VCY, and XAGEI) were hot analyzed because
no gené-based SNPs with minor allele ’frequenc'y (MAF) >
0.05 could be found. We |denuﬁed seven genes (ART3
LOC92196 NYD~SP20 PAGE5 TEXI4 TKTLI"and XAGE5)
wnth at lcast oné SNP showmg a dlscrcpancy in MAF of 5% or
gre.uer between cases and comrols (Table 82) Forty-four
SNPs in the seven genes were subJeued to a second round of
screenmg by increasing s.xmple size (380 NOA patients and
380 fertile men). After the two rounds of screenings, only one
SNP (rs6836703) of ART3 . (ADP-ribosyltransferase 3) was
positively associated with NOA after Bonferroni’s correction
for multiple testing (Table 3; x* = 11.7, corrécted p = 0.027).
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Allelic Association Study with ART3 : .
We focused on ART3 based on the result of the two rounds
of screenings, and identificd 38 SNPs with MAF > 0.1 by
database search or direct sequencing of the gene: 442 NOA
patients (casés) and 475 fertile men -(controls) were geno-
typed. Because we interided in this study to find a common
genetic cause for NOA, patients with microdeletions of the Y
chromosome at the azoospermia factor (AZF) locus, one of
the major causes of NOA [1,2], were not excluded from the
cases. However, to characterize the cases in regard to the AZF
deletions, we examined the incidence of the deletions in a
subset of the cases. Of the 442 NOA patients, 99 were
examined by PCR-based screening. Fourteen (14.1 %) of the
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Figure 5 Linkage D»sequihbnum Pattem of ART3
The gene structure together with.the

posmon of 38 SNPs is shown, Palrwuse LD coefﬁaents, D’ and 7, of controls were detemmned and expressed as a

block structure. In.the schematic block, red boxes indicate pairwise LD of |D’| > 0.9 or # > 0.8 and pink boxes 0.9 > |D’| > 0.7 or 0.8 > * > 0.5. Blank

boxes represent [D} < 0.7 or.”? £ 05. .
doi:10. 1371/jouma| pgen 0040026 9005
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99 cases examined showed the AZF deletions, and NOA -

patients with AZFc deletions were most frequent among the
14 cases (data not shown). The overall deletion frequency was
comparable to those of other studies [1,2], in which the higher

mcndence of AZFc dclcnons also was observed. The clinical

charactensucs of pauents ‘with the AZF delcuons did not
differ from those of the other NOA patients {data not shown).
Linkage disequilibrium map showed that all of the SNPs of
ART3 were in near complete LD evaluated with D’ statistic
({0’ > 0.7) in both cases and controls (only controls are
displayed in Figure 5). None of the SNPs in the controls
showed deviation from Hardy-Weinberg's equilibrium at a
threshold of p < 0.01 (data not shown). As shown in Table 4,
SNPs showing positive associations based on nominal p-values
were widely distributed throughout ART3. The most signifi-
cant association was observed with ART3-SNP25 (rs6836703)
located .in intron 11 of ART3 (1* = 9.16, nominal £ =0.0025,
odds ratio [95% CI] = 1.34 [1.11-1.63]). We applied - the
permutation method for adjustment of multiple testing to
avoid a false positive result [24]. A total. of four SNPs
including ART3-SNP25 met the empirical sngmﬁcance level of
£ < 0.05 (Table 4). Co - '
For the hap]otypc-b'lsed association study, we first selected
five SNPs (ART3-SNP1, 5, 23, 25, and 28) as tag SNPs captured
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_through LD in ART3 from 15 SNPs with nominal p < 0.05ata
_threshold of > 08 with Taggcr software [25). Haplotype.
frequencies were inferred using an expectation-maximization
(EM) algorithm. After excluding rare haplotypes (frequency <
0. 0]), association of ' ART:! haplo(ypes with NOA was

" examined in 442 cases and 475. comrols Haplotype H1, the

most common haplotype in controls, was under—represented
in cases wmthIgmﬁcance (Figure 6;26.6% in cases and 35.3 %
in controls; 'x = 15.7, df = 1, nominal p = 0000073)
indicating a protective impact of haplotype HI1. After
Bonfecrroni’s correction for multiple testing, a protective
effect of haplotype H1 was still significant. (corrected p=
0.00080). Other haplotypes showed no significant difference
in frequencies between cases and controls (Figure 6). We alao
applied a Baycsmn algorithm for phasmg haplotypes with,
PHASE version 2.1.1 [26,27). Regardless of haplotype-phasing
methods haplotype H1 was the most frequent in controls
(26 4% in cases and 35.0% in (.ontrola) and a sngmﬁcan(
difference in ‘haplotype H1 frequency between cases and
controls was observed (permutation p < 0.0001 in global
companson gcneraled after 10,000 iterations).

Clinical Relevance of the Haplotype Associations
The functional relevance of haplotype H1 in comparison
with the clinical data was then explored. Diplotype was
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Table 4. Allehc Assocnatlon of 38 SNPs m ART3 with NOA in Japanese Populatlon (442 NOA Patlents versus 475 Controls) - '

Number rsiD - - Sequ'ehté'l’osition- - Localization . Variation MAF L. Nominalp Permutahon o

. U ‘ ~ ' Case Control . ::
A;RTB-I i, ..rs13111494 - 10376 ¢ ... . S'-ypstream  {.-. - - T/C 37.7% - 434% . EX]
ART3-2  rs9995300 -2520° 5’-upstream g AG . 387%  358%
33337 | jmron2 3 NG T 393% . 432% . 284
3941 intron2 ) TIC T 515%  487% 1.40
55623 L. intion2 L UL TC L FUE 439% 488%. - 4427 ox_);g;{,f .;“%3
7070 intron2 G/A - 346%  307% 314 0077,
D Yition3 - UM Ti6 T 4 168% - 178% T 029, 05 "
intron3 or " 466% 45.9% 513 0024
ART3-9 rs43083837 . 130 25 crr‘_,}:' T 35.8% 5 . 3120, 010 4347, 0,040,
ART3-10" rs17001364  -13478% 31.2% 5.47 o019,
ART3-1174 7675618 - i 155455?

ART3-1 2 rs4859422 1 6736

1327 6357
146 023
;:8.84,%, 0.0030,
257 o
1340

" 13131187
rs17001385’

111026
192 017
i 67175 0010
039 053 -
9.16.2; 0.0025.

1
'-downs‘ream

SNPs in bold show statistical significance and are subjected to haplotype analysis as shown in Figure 6.

'Nudeotlde posmon fvom the first nudeotide of exon 1. : . : - . :
pvalues' gen d by 10000 ions. SNPs in bold show sxatlstlcal signlﬁcance based on the permutation p-values.,, ) .o -

doi:10.1371/journal pgen.0040026.1004 .~ . r .

: o - )
! - '

' o (AR P o .. b .

- ST 1 LR TRRFRYE N cerietly ’ P .omatir

inferred with EM algonthm, and three categories (code 0, 1, groups of, hap]otype Hl and serum tcstosteronc levels (data .
and 2) were defined by the number of haplotype H1 carried not shown).

without counting the other haplotypes, and nonparametric - L . :
analysis of variance test with clinical data was performed. ART3 Protein Localization in Azoospermic Testis

Serum levels of hormones (LH FSH, and testosterone), ART3 protein expression in azoospermic .testes .was
other. biochemical and pathophysiological markers, and, ¢xamined by immunohistochemical analysis. As shown in
Johnsen'’s score were analyzed by Kruskal-Wallis test with a  Figure 8, specific staining of ART3 protein was predom-
Bonferroni/Dunn post hoc. test .between the three diplo-  inantly observed in.spermatocytes in OA testes (Figure 8C-
groups. Serum testosterone levels were significantly differ--  8E) as well as in normal testes from individuals of accidental
ent among the three groups (Figure 7; df =2, p=0.0093), but  sudden-death (Figure 8A and 8B). Staining was not.observed
there were no significant 'differences in other clinical . in other stages of undifferentiatcd germ cells or Sertoli cells.
markers. Post hoc pairwise comparisons revealed that serum in the seminiferous tubules, or the interstitial tissues such as:
testosteronc levels were significantly higher in the subgroup ~ Leydig cells: On the other hand, we did not detect any ART3
having two copies of haplotype H1 than in a subgroup with protein in NOA téstes with Johnsen's scores ranging from 2 to
one or rio haplotype H1 (p = 0.0064 or p = 0.0004, 3, which showed no spermatocytes, spermatids, or spermato-
respectivély, Figure 7). PHASE-inferred individual diplo-  zoa in the seminiferous tubules (n = 12 samples; Figure 8F-
types ‘also reveiled a similar correlation between diplo- 8H). There was' no marked difference in testicular ART3
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