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MALE FACTOR
Multilocus analyses of estrogen-related genes reveal
involvement of the ESR1 gene in male infertility and
the polygenic nature of the pathology
Jose J. Galan, M.S.,a Belen Buch, M.S.,b Natalio Cruz, M.D.,c Ana Segura, M.D.,d

Francisco J. Moron, M.S.,a Lluis Bassas, M.D.,e Luis Martinez-Pineiro, M.D.,f

Luis M. Real, Ph.D.,a and Agustin Ruiz, M.D., Ph.D.a

a Department of Structural Genomics, Neocodex, Seville; b Unidad de Reproducción, Centro Gutenberg, Málaga; c Servicio de
Urología, Hospital Universitario Virgen del Rocío, Seville; d Unidad de Andrología, Hospital General Universitario de Alicante,
Alicante; e Department of Andrology, Fundación Puigvert, Barcelona; and f Servicio de Urología, Hospital La Paz, Madrid,
Spain

Objective: To examine whether polymorphisms within the ESR1, FSHR, ESR2, CYP19A1, and NRIP1 genes are
susceptibility factors for human male idiopathic infertility and to test the joint effects of these genes on male
reproductive function.
Design: Genetic association study of male infertility with polymorphisms, using both single-gene and multilocus
approaches.
Setting: Private and public fertility units and a private center for biomedical research.
Patient(s): One hundred four Spanish men with azoospermia or severe oligozoospermia and 95 unselected
race-matched healthy controls from the same geographic region.
Intervention(s): Peripheral blood extraction, DNA purification, and ESR1 g.938T�C, FSHR Ser680Asn, ESR2
*39A�G, CYP19A1 *19C�T, and NRIP1 Gly75Gly polymorphism analyses.
Main Outcome Measure(s): Single-gene statistical analyses and multilocus statistical analyses with Sumstat,
Permutation and Model-free analysis, and Estimating Haplotypes software.
Result(s): We observed an excess of homozygous infertile men for the ESR1 g.938T�C marker. Multilocus
analyses detected genetic interaction between the five candidate gene markers that are influential over male
infertility. In addition, we detected a five-loci protector genetic pattern with a frequency of 9.4% in controls but
absent in infertile men.
Conclusion(s): Our results support a relevant role for the estrogenic pathway, notably the ESR1 gene, in human
male reproductive function and advocate a complex trait model for male infertility. (Fertil Steril� 2005;84:910–8.
©2005 by American Society for Reproductive Medicine.)

Key Words: Male infertility, polygenic trait, multilocus analysis, Sumstat software, PM software, EH software,
estrogen, endocrine disruptors
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ale infertility is a major health problem in developed
ountries. More than 10% of couples are unable to achieve
regnancy, and in 30%–50% of these cases of infertility a
ale deficiency is involved (1).

It has been proposed that genetic factors might constitute
major source of reproductive pathology in the human male

2). In fact, some investigators believe that male infertility
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roblems tend to aggregate in families (3, 4). On the other
and, classic mendelian disorders have been described
hose affected male individuals are infertile (5). In addition,

t has been observed that infertile men present a higher
requency of chromosomal abnormalities than the general
opulation (6, 7). In this sense, long arm Y-chromosome
icrodeletions have been identified that account for 2%–

0% of infertile men (8), and various single-gene association
tudies have succeeded in identifying discrete genetic factors
redisposing to male infertility in different populations (5,
–15). Unfortunately, 30% of cases of male infertility must
till be classified as “idiopathic” (16).

On the other hand, it has been proposed that certain
nvironmental factors present deleterious effects on human

ale reproductive function (17, 18). In 1993, Sharpe and
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kakkebaek (19) published the “estrogen hypothesis,” claim-
ng that a group of male reproductive tract disorders (hypo-
padias, cryptorchidism, testicular cancer, and low sperm
ounts, called testicular dysgenesis syndrome) share a com-
on etiology (i.e., high exposure to estrogens in fetal life).
elated to this hypothesis, some widespread substances,
alled endocrine disruptors, have been identified that might
ffect sex hormone function. We propose that male idio-
athic infertility is a complex trait, defined as a trait in which
enes interact with environmental factors to produce the
henotype (20). Although heritability of subfertility might at
rst sight seem impossible on evolutionary grounds because

t would quickly be eliminated (21), this concept is perfectly
pplicable if, as mentioned above, we consider idiopathic
ale infertility as a complex trait in which multiple inter-

cting susceptibility loci, each of which contributes a small
ffect in an additive manner, influence but do not determine
he overall disease risk in the context of environmental
actors (22, 23).

Classic methods used to identify genetic markers predis-
osing to infertility have focused mainly on single-gene
ssociation studies. These methods ignore the multigenic
ature of complex traits and do not take into account possi-
le interactions between susceptibility genes (24). We be-
ieve that analyzing the joint effects of different genetic
arkers is a suitable approach for identifying idiopathic

nfertility genes.

In this study, we selected the estrogenic pathway to de-
elop association studies, using both single-gene and mul-
ilocus approaches. To our knowledge, this is the first study
n which multilocus analyses have been performed to eluci-
ate the etiology of human male infertility. Our results
upport the polygenic nature of this trait and highlight the
ole of the ESR1 gene in reproductive function in the human
ale.

ATERIALS AND METHODS
atients
he referral centers were the Unidad de Reproducción at the
utenberg Centre (Málaga, Spain), Hospital Universitario
irgen del Rocío (Seville, Spain), Hospital General Univer-

itario de Alicante (Alicante, Spain), the Fundació Puigvert
Barcelona, Spain), and Hospital La Paz (Madrid, Spain).
ne hundred four Caucasoid men with idiopathic nonob-

tructive oligozoospermia or azoospermia (sperm counts �5
106/mL) were recruited during this work. Because the

requency of Y chromosome microdeletions has been estab-
ished as 4% of infertile men in our population (25), we did
ot consider it to be a confounding factor in the present
tudy. For this reason we did not test the infertile group for

chromosome microdeletions. To estimate population fre-
uencies of the genetic markers analyzed, 95 unselected,
ace-matched, healthy controls from the same geographic
egion were genotyped in an anonymous fashion. Written

nformed consent was obtained from all patients and controls c

ertility and Sterility�
ncluded in the present study. The institutional review boards
f the referral centers and Neocodex approved this protocol.

election of Candidate Genes
he main production of estrogens in human testis starts with

he coupling of FSH over its specific receptor (FSHR) on the
lasmatic membrane of Sertoli cells. This interaction pro-
okes an increasing in intracellular cyclic adenosine mono-
hosphate, which activates the cytoplasmic enzyme CYP19
romatase (CYP19). This enzyme is responsible for the
ransformation of androgen steroid substrates into E2. Estra-
iol binds two types of intracellular receptors, estrogen re-
eptor � (ESR1) and � (ESR2). Estrogen action over ESR1
nd ESR2 involves ligand binding, dissociation of chaperone
omplexes and receptor phosphorylation, receptor dimeriza-
ion, nuclear translocation, DNA binding and interaction
ith cofactors, such as the nuclear factor RIP140 (26), and
odulation of transcriptional activity (27 and references

herein).

To study representative genes of both estrogen synthesis
nd function, we selected the FSHR gene (Mendelian Inher-
tance in Man [MIM] number 136435), the CYP19 aro-
atase (CYP19A1) gene (MIM 107910), the ESR1 gene

MIM 133430), the ESR2 gene (MIM 601663), and the
uclear receptor interacting protein 1 (NRIP1) gene (MIM
02490) as candidate genes to perform this work. To our
nowledge, no functional effects of the selected single nu-
leotide polymorphism (SNP) markers within each candidate
ene have been reported.

etection of FSHR, ESR1, ESR2, and CYP19A1 Genotypes
e selected the polymorphisms Ser680Asn of the FSHR

ene (SNP database [dbSNP] accession number rs6166),
.938T�C of the ESR1 gene (dbSNP accession number
s2234693), *39A�G of the ESR2 gene (dbSNP accession
umber rs4986938), and *19C�T of the CYP19A1 gene
dbSNP accession number rs10046) to perform the genotyp-
ng of patient and control groups. The technology and pro-
ocols used in this study have been recently reported by us
28–30).

etection of NRIP1 Genotypes
o perform the genotyping of the polymorphism Gly75Gly
f the NRIP1 gene (dbSNP accession number rs2229741),
e used a fluorescent resonance energy transfer protocol.
e designed and synthesized amplification primers and flu-

rescent detection probes for the polymerase chain reaction
PCR) of the Gly75Gly polymorphism. The selected primer
airs, detection probes, and the protocols are available on
equest.

nalysis of the ESR1 Gene Dinucleotide Repeat
olymorphism (GDB:63488)
o detect the alleles corresponding to the ESR1 gene dinu-

leotide repeat polymorphism (GDB:63488), we performed
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standard PCR protocol coupled to capillary electrophoresis
eparation and fluorescent detection of the different alleles in
DNA sequencer (CEQ 8000; Beckman Coulter, Fullerton,
A), according to the manufacturer’s instructions.

tatistical Analysis
wo-Point Analyses. Using the standard Pearson �2 test or
isher’s exact test, we compared both allelic and genetic
attern frequencies between groups. The software programs
tatcalc (with epiInfo 5.1; Center for Disease Control and
revention [1999], Atlanta, GA) or Analyse-It version 1.65
Analyse-It Software [2000], Leeds, United Kingdom) were
sed for these analyses.

For statistical analysis of genotype distribution, test for
eviation of Hardy-Weinberg equilibrium (HWE), or two-
oint association studies, we used tests adapted from Sasieni
31). These calculations were performed in the online re-
ource at the Institute for Human Genetics, Munich, Ger-
any (http://ihg.gsf.de).

Linkage disequilibrium value (D=) between the genetic
arkers, haplotype frequencies, and haplotype-based asso-

iation analysis were calculated with Thesias software
available at http://genecanvas.ecgene.net).

ultilocus Analyses
e performed multilocus analyses to detect and model the

nteraction between selected loci and phenotype. We decide
ot to use a conventional logistic regression approach be-
ause of the shortcomings it presents in multilocus analyses
32). Alternatively, we used two different approaches to
erform such multilocus analyses: the set association and
llelic association approaches.

Identification of gene–gene interactions and their relation-
hip with phenotype were investigated with the set association
pproach that has been implemented in Sumstat software (avail-
ble at http://linkage.rockefeller.edu/ott/sumstat.html) (24). In
he set association approach, a trait association statistic for each
arker is suitably chosen, and sets of such statistics are

ummed. To circumvent the multiple testing problems and
aintain the statistical power of the studied sample, the signif-

cance levels of each sum are evaluated with computer-based
andomization (permutation) procedures giving a P value. The
mallest of these P values (min p) is corrected, again with the
ermutation test, to give a genome-wide significance level
alue (Pmin) irrespective of the number of SNPs included in the
tudy (for a detailed description of the set association approach,
ee Ho et al. [24]). The genetic markers included in the sum
roducing a Pmin value �.05 are considered to be influential
ver the phenotype.

To investigate both marker–marker and disease–marker
ssociations, along with the genetic models that best fit our
ata, we used the Estimating Haplotypes (EH) and Permu-

ation and Model-free analysis (PM) software programs, g

912 Galan et al. Multilocus analyses in infertile men
oth available at http://linkage.rockefeller.edu/ott (33). In
rief, EH software allows testing for an allelic association
etween loci or between loci and the disease locus by com-
aring the likelihood of the data under the assumptions of
onassociation and association. This software outputs three
ifferent log likelihoods, corresponding to the hypotheses of
either marker–marker nor marker–disease associations al-
owed; marker–marker association but not marker–disease
ssociation allowed; and both marker–marker and marker–
isease associations allowed. These log likelihoods are com-
ared with �2 statistics to obtain the significance levels.
stimating Haplotypes software also estimates the theoreti-
al frequency of each haplotype combination, evaluating
ifferent models of interaction between loci and the disease
ocus. Estimating Haplotypes software requires that the dis-
ase model be fully specified with a penetrance vector.

Permutation and Model-free analysis software provides a
umber of methods for testing for association between markers
nd disease, avoiding the need to accurately specify the trans-
ission model, and prepares a matrix with the best penetrance

ector for the EH software. Considering the population preva-
ence of the disease, PM outputs different likelihood ratio tests
ased on different transmission models. P values obtained with
M software are based on asymptotic �2 distributions, which
ight be inaccurate with small sample sizes. Thus, we con-

ucted a permutation procedure to carry out a Monte Carlo test
f statistical significance, using 10,000 random data sets de-
ived from the original genotyping results.

ESULTS
escriptive and Two-Point Analyses
e investigated the allelic frequencies and genotype distri-

utions of five SNPs in 104 idiopathic infertile men and 95
ontrols (summarized in Table 1). Genotype frequencies
bserved during this study are in accordance with the HWE
aw, with the exception of the ESR1 g.938T�C polymor-
hism in the subfertile group, owing to an excess of homozy-
ous patients (P�.006) (Table 1).

On the other hand, we conducted a two-point association
tudy for the five selected genetic markers individually, by
pplying different tests for the association previously described
31). We did not observe any genetic association statistically
ignificant in any of the markers studied. However, the ESR1
.938T�C marker showed a trend toward association in the
eterozygous test (P�.07) (Table 1). Obviously, this observa-
ion could be a consequence of the HWE deviation observed for
his marker in the subfertile group.

Because moderately high values of HWE in affected in-
ividuals are indicative of genetic association to a suscepti-
ility locus (24), we decided to test the possibility that a
enomic rearrangement or a mutation in linkage disequilib-
ium with ESR1 g.938T�C SNP could be responsible for the
xcess of homozygous individuals observed in the infertile

roup. We carried out the genotyping of a highly informative
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icrosatellite marker in both patient and control groups. We
elected the (TA) dinucleotide repeat marker available at the
enome Data Bank web site (www.gdb.org) with accession
umber GDB:63488. This genetic marker is located approx-
mately 35 kilobases 5= upstream of the ESR1 g.938T�C
NP and presented a heterozygosity of 0.82 in an Italian
opulation (34).

The GDB:63488 marker heterozygosity was 0.68 and 0.81
n the subfertile and control groups, respectively. The dif-
erence between heterozygosity values in both groups was
ery near to being statistically significant [�2(1) � 3.38;

TABLE 1
Allele frequencies and genotype distributions of

Gene SNP Variation

Ra
freq

Patients

FSHR Ser680Asn A/G G: 0.40

ESR1 g.938T�C T/C C: 0.42

ESR2 *39G�A G/A A: 0.38

CYP19A1 *19C�T C/T C: 0.49

NRIP1 Gly75Gly G/A A: 0.41

Note: Two-point association studies. (a) � deviation fro
individuals; (b) � allele frequency differences test; (c) � h
test; (f) � Armitage’s trend test.

Galan. Multilocus analyses in infertile men. Fertil Steril 2005.
�.06]. The (TA) dinucleotide repeat alleles frequencies in b

ertility and Sterility�
oth patient and control groups are shown in Figure 1. The
imodal distribution of these alleles is similar to that found in
arlier studies in Caucasians (35, 36). We did not observe any
tatistically significant difference in (TA) repeat alleles distri-
ution between patients and controls [�2(17) � 20.07; P�.3].

Linkage disequilibrium between both ESR1 gene markers
as been previously reported (35, 36). The distribution of the
TA) repeats number in CC versus TT individuals (consid-
ring patient and control groups jointly) is consistent with a
inkage disequilibrium between both markers [�2(14) �
21.71; P�10�4], with a lower number of (TA) repeats

SNP markers used in this study.

llele
cies

Genotype
distribution Statistical

analysis
(P values)Controls Patients Controls

G: 0.46 AA: 38 AA: 26 .85/.42(a)
AG: 49 AG: 51 .23(b)
GG: 17 GG: 18 .19(c)

.30(d)

.16(e)

.22(f)
C: 0.44 TT: 42 TT: 30 .006/.95(a)

TC: 37 TC: 47 .70(b)
CC: 25 CC: 18 .07(c)

.98(d)

.19(e)

.72(f)
A: 0.39 GG: 41 GG: 32 .67/.14(a)

GA: 47 GA: 52 .84(b)
AA: 16 AA: 11 .25(c)

.78(d)

.40(e)

.83(f)
T: 0.48 TT: 29 TT: 24 .43/.47(a)

TC: 48 TC: 44 .61(b)
CC: 27 CC: 27 .79(c)

.62(d)

.69(e)

.62(f)
A: 0.43 GG: 38 GG: 30 .36/.77(a)

GA: 46 GA: 48 .71(b)
AA: 20 AA: 17 .38(c)

.85(d)

.46(e)

.71(f)
ardy-Weinberg equilibrium in subfertile patients/control
ozygous test; (d) � homozygous test; (e) � allele positivity
the

re a
uen

m H
eter
eing linked to the g.938T�C marker T allele and vice
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ersa. To analyze the degree to which these polymorphisms
re in linkage disequilibrium and construct haplotypes in
atient and control groups, we performed standardized pair-
ise linkage disequilibrium (D=), using Thesias software. To

arry out these analyses, we split the microsatellite marker
lleles into two groups, H and L, for (TA) repeats �18 and
18, respectively, as previously reported (36). Both markers

re in partial linkage disequilibrium (D= � 0.64, P�10�4

FIGURE 1

Allele frequency distribution of the ESR1 GDB:63488

Galan. Multilocus analyses in infertile men. Fertil Steril 2005.

TABLE 2
Haplotypes construction using g.938T>C SNP an
locus.

Haplotype

Markers at ESR1 locus

g.938T>C GDB:63488a

1 T L
2 C H

3 C L

4 T H

Note: Haplotype frequencies in patient and control group
a GDB:63488 marker alleles were split into two groups. G

comprises alleles with (TA) repeats �18.
b Haplotype used as reference.
Galan. Multilocus analyses in infertile men. Fertil Steril 2005.

914 Galan et al. Multilocus analyses in infertile men
nd D= � 0.84, P�10�4 in patients and controls, respec-
ively). No differences in haplotypes frequencies were de-
ected (Table 2).

ultilocus Analyses
ecause the single gene association studies revealed a pre-
ominant role of the ESR1 gene in male infertility, we used

rosatellite marker in controls and patients (cases).

DB:63488 microsatellite marker at the ESR1

Haplotype
frequency
in patients

Haplotype
frequency
in controls

Odds ratio
(P value)

0.511981 0.528447 1b

0.266788 0.344237 0.82424
(P�.371681)

0.151481 0.092605 1.66765
(P�.125506)

0.069750 0.034711 2.19811
(P�.144496)

o-point statistical analysis with Thesias software.
L comprises alleles with (TA) repeats �18, and group H
mic
d G

s. Tw
roup
Vol. 84, No. 4, October 2005



S
b
N
U
H
v
t
(
m
t
u
e
g

t
a
(
t
e
(
t
r
a
t
3
b
s

c
r
fi
r
b
a

b
b
t
d
l
a
q
a
[

(
S
g
d
t
t
t
a
i

F

umstat software to identify possible genetic interactions
etween the ESR1 locus and FSHR, ESR2, CYP19A1, and
RIP1 loci and their effects on male reproductive function.
sing two different association statistics (“difference in
WD between patients and controls” and “HWD in patients
s. HWD � 0”), and after 50,000 data set random permu-
ations, we obtained two statistically significant min p values
.019 and .009, respectively) for sums comprising all five
arkers under study. Both min p values were corrected

hroughout new permutation tests that resulted in Pmin val-
es of .03 and .016, respectively. These results support the
xistence of genetic interactions between our candidate
enes and their implication in human male infertility.

Using PM software, we investigated the genetic models
hat best fit our raw data. We conducted a test for allelic
ssociation between human male infertility and single locus
5 test) or different loci combinations (26 test). We found
hree statistically significant loci combinations under differ-
nt disease models, with the ESR1 locus present in all three
Table 3). Interestingly, the best P values were obtained in
he five-loci combination; this fact is in accordance with the
esults derived from the Sumstat software. Notably, the
utosome dominant model and the model-free analysis gave
he best results (P�.0011 and P�.0016, respectively) (Table
). Because the P values obtained with PM software on the
asis of asymptotic �2 distributions might be inaccurate with
mall sample sizes, we conducted a permutation procedure to

TABLE 3
Best P values obtained during the investigation o
using model-free analysis and the permutation te

Number of loci Interactions

4 loci ESR1-FSHR-ESR2-CYP19
ESR1-FSHR-ESR2-NRIP1

5 loci ESR1-FSHR-ESR2-CYP19-NRIP1
a P�.05.

Galan. Multilocus analyses in infertile men. Fertil Steril 2005.

TABLE 4
Risk and protector genetic patterns in patients a

Genetic
patterns

FSHR
Ser680Asn
genotype

ESR1
g.938T>C
genotype

ESR2
*39A>G

genotype g

Protector No AA No TT GG
Risk AA — AA
Risk — No CT No GA
Note: — � SNP not included in the genetic pattern.
Galan. Multilocus analyses in infertile men. Fertil Steril 2005.

ertility and Sterility�
arry out a Monte Carlo test of statistical significance. We
ecalculated the P value for all the disease models, using the
ve-loci combination, throughout the generation of 10,000
andom data sets from the real one. Again, we obtained the
est P values in the autosomal dominant and the model-free
nalysis (P�.0043 and P�.0057, respectively).

Finally, to estimate the haplotypic frequencies using com-
ined genotypes of the five loci studied and to compare them
etween patients and controls, we ran the EH software with
he best penetrance vector obtained during PM analysis (the
ominant model) (33). The EH software was able to calcu-
ate the frequencies of 32 different haplotypes in both patient
nd control groups. With these theoretical haplotypic fre-
uencies, the EH software revealed a statistically significant
ssociation of the five markers with the infertile phenotype
�2(62) � 94.23, P�.005].

Because of the great number of possible genetic patterns
35 � 243) considering the five genetic markers under study,
umstat, EH, and PM software are not able to identify
enetic patterns influencing the phenotype. Thus, we con-
ucted a manual search for these genetic patterns. We iden-
ified a protector genetic pattern in 9 of 95 controls (9.4%)
hat was not present in any infertile man (Fisher exact test,
wo-tailed, P�.001) (Table 4). According to the multilocus
nalyses, this protector pattern comprises the five loci stud-
ed. On the other hand, we found two different risk patterns,

netic models for the male infertility phenotype
or allelic association.

tosomal
cessive

Autosomal
dominant

Model-free
analysis Heterogeneity

.21 .007a .01a .09

.03a .09 .04a .02a

.03a .0011a .0015a .0017a

controls.

P19
C>T
type

NRIP1
Gly75Gly
genotype

Patients/
controls

P value
(Fisher exact test)

CT GA 0/9 .001
CC — 9/1 .03

AA 9/1 .03
f ge
st f

Au
re
nd

CY
*19
eno

No
No
—

915



e
1

i
N
o
t
t
i

D
W
e
i
fi
d
o
h
s
c

c
X
T
e

T
f
t
o
(
m
w
K
X
a
e
a
s
p
u
a
a
W
(
S

g
o
G
E

ach comprising three loci. Both risk patterns were found in
of 95 controls and in 9 of 104 patients (Table 4).

Taken together, the results firmly support the genetic
nteraction between ESR1 and FSHR, ESR2, CYP19A1, and
RIP1 loci in relation to male infertility and the implication
f genes related to the estrogenic pathway in the reproduc-
ive function of the human male. To our knowledge, this is
he first time that the polygenic nature of human male
diopathic infertility has been observed.

ISCUSSION
e carried out association studies to test the role of five

strogen-related genes and their joint effects on human male
nfertility. Using the marker-by-marker approach, we did not
nd any association between male infertility and our candi-
ate genes individually. However, we observed a deviation
f HWE in the ESR1 g.938T�C SNP, due to an excess of
omozygous individuals in the infertile group. This fact
uggests an involvement of the ESR1 gene in the low sperm
ount trait.

Interestingly, results from a Greek population-based asso-
iation study testing two ESR1 gene markers (PvuII and
baI) in the male infertility trait have been reported (10).
he PvuII polymorphism analyzed in the study by Kukuvitis

FIGURE 2

De Fineti diagram with Hardy-Weinberg parabola for
population-based study and (B) a Greek population-b
C, reported by Kukuvitis et al. [10]). Allele and genoty
and black lines for patients and controls, respectively
frequency of the genotype CT. The length of the left
genotype TT. The length of the right perpendicular l
x axis represents the frequency of the allele T. The in
vertical lines represents the frequency of the genotyp

Galan. Multilocus analyses in infertile men. Fertil Steril 2005.
t al. (10) corresponds to the g.938T�C SNP presented here. m

916 Galan et al. Multilocus analyses in infertile men
hese investigators studied a control group of 64 healthy
ertile men (group A) and an infertile cohort divided into
hree groups: group B (n � 29), with idiopathic moderate
ligospermia (sperm counts of 10–20 � 106/mL); group C
n � 42), with azoospermia or idiopathic severe oligosper-
ia (sperm counts �10 � 106/mL); and group D (n � 38),
ith azoospermia or oligospermia of known etiologies.
ukuvitis et al. found a statistically significant difference in
baI genotypes when comparing groups A and C, and no

ssociation with the ESR1 g.938T�C polymorphism. How-
ver, they did not report the results of the HWE test. To
nalyze the HWE in the Greek population-based association
tudy, we performed a statistical analysis, using the raw data
ublished in that work. The results of the statistical analysis
sing the raw data derived from Kukuvitis et al. are in
ccordance with both the results obtained in our population
nd those presented in the original article (data not shown).
e observed a deviation of the HWE law in group C

P�.01). The deviations of the HWE in both the Greek and
panish infertile groups are depicted in Figure 2.

On the other hand, we decided to look for a possible
enetic rearrangement or mutation that could account for this
bservation by using the highly informative microsatellite
DB:63488, located 35 kilobases 5= upstream from the
SR1 g.938T�C SNP locus. The genotyping results of the

ESR1 g.938T�C marker in (A) a Spanish
d study (considering the raw data of groups A and
frequencies are depicted with discontinuous blue
e length of the vertical lines represents the
endicular lines represents the frequency of the
represents the frequency of the genotype CC. The
ection of the Hardy-Weinberg parabola and the
T in cases of Hardy-Weinberg equilibrium.
the
ase
pe
. Th
perp
ines
ters
e C
icrosatellite GDB:63488 did show a higher frequency of
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eterozygous individuals in the control group than in the
nfertile group, although the difference between both groups
as not statistically significant.

In any event, the results obtained in the single-gene asso-
iation studies support an important role for the ESR1 gene
n human male infertility. This idea is in agreement with the
bservations derived from animal models (16). To identify
ccurately the possible genomic rearrangement or mutation
esponsible for the higher frequency of homozygous indi-
iduals observed in the infertile group for the ESR1
.938T�C SNP and the GDB:63488 marker, we are cur-
ently designing a linkage disequilibrium study using a high-
ensity panel of genetic markers covering the whole
enomic region of the ESR1 gene.

In view of these results, the multilocus analyses were
erformed to identify the possible interactions between the
SR1 locus and FSHR, ESR2, CYP19A1, and NRIP1 loci and

heir effects on male infertility. The multilocus analyses
esults strongly support an interaction between the ESR1
ocus and the other four candidate loci and their association
ith human male idiopathic infertility. These results were
btained with different highly conservative statistical soft-
are, which reinforces our findings. To our knowledge, this

s the first time that the polygenic nature of male infertility
as been genetically observed in humans.

Because of the complexity of the possible interactions
etween the genetic markers under study, Sumstat, EH, and
M software are not able to identify protector or risk genetic
atterns influencing male infertility. We have characterized
anually one protector and two risk patterns in our study.
lthough these patterns could be responsible for the results
btained in the multilocus analyses, we are not able to
ropose a specific genetic model for the interactions between
hese loci. Nevertheless, we have analyzed the protector
attern in an independent group of 177 Spanish healthy
omen used as controls in an osteoporosis association study

manuscript in preparation), in which the frequency of the
rotector pattern is practically the same as in our control
roup (9.6% and 9.4%, respectively). This fact, along with
he lack of this protector pattern in 104 infertile men, rein-
orces the implication of the five candidate genes in male
nfertility.

In addition, our multilocus analyses results are quite sim-
lar to those observed in the controlled ovarian stimulation
rait previously reported by us (29). We think that the inter-
ction between different estrogenic pathway loci could be
lso relevant in other estrogen-dependent traits, such as
reast cancer, endometriosis, osteoporosis, polycystic ovary
yndrome, prostate cancer, or psychiatric disorders (29). In
act, the CYP19A1, ESR1, and androgen receptor loci inter-
ction has already been proposed in a polygenic model for
rostate cancer risk (37).

Interestingly, using the same genetic markers, we found

ssociation with male infertility in the multilocus analyses e

ertility and Sterility�
nd not in the two-point analysis. This fact demonstrates that
negative result in a marker-by-marker approach is insuffi-

ient to discard the participation of a specific gene in the
evelopment of a complex disease. Regarding this idea, the
ature of the genes influencing complex traits makes the
evelopment of new mathematical approaches mandatory to
lucidate the real interactions between candidate genes and
etween candidate genes and environmental susceptibility fac-
ors (38). Unfortunately, the suitable algorithms to perform this
ind of analysis are very scarce to date, though promising
tatistical tools are currently being developed (32).

Despite the suggestive results obtained from this work and
he conservative character of the statistical tests used, we be-
ieve that the statistical power of the analyses should be in-
reased, including additional samples in the study. We are
urrently collecting patient and control samples approximately
hree times larger than in this study, to reanalyze our results.

Because of the polygenic nature of male infertility, we
elieve that additional loci might be involved in the devel-
pment of the subfertile phenotype. Nevertheless, we do not
urrently know how many genes determine the infertility
rait in the human male. To shed light on this question, it
ould be necessary to include in further multilocus analyses
ther core genes involved in the estrogenic and estrogen-
elated pathways, as well as previously described suscepti-
ility loci or genetic markers, such as DNA polymerase
amma gene (9, 14), the gr/gr deletion, and other microde-
etions affecting the azoospermia factors in the long arm of
he Y-chromosome (8, 15).

In view of the results obtained in our study, the idea of a
roup of male infertile individuals highly sensitive to endo-
rine disruptor action becomes a possibility. A deficiency in
he estrogenic pathway could benefit the pleiotropic effect of
enoestrogens in the human male reproductive tract. This
dea is in agreement with both the polygenic etiology of
uman infertility and the “estrogen hypothesis” regarding
esticular dysgenesis syndrome (19).

Although the molecular interaction between our candidate
enes is well established (26, 27), the effects of the genetic
olymorphisms studied in our work cannot be accurately
lucidated. The detection of functionality of polygenes (i.e.,
NA variants involved in complex traits such as male in-

ertility) is nearly impossible with the conventional technol-
gies because the effect from a single genetic variant/
utation is expected to be small, and it is only the joint

ffect of several susceptibility genes that leads to disease
38). Reanalysis in independent cohorts of patients of candidate
enes/variants detected is the best way to confirm our results
ather than performing functional analysis of polygenes. In this
espect, two independent association studies in Greek and Jap-
nese populations have presented results similar to ours con-
idering ESR1 gene two-point analysis (10, 11).

In summary, our results support a relevant role for the

strogenic pathway, notably the ESR1 gene, in human male
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eproductive function and advocate a complex trait model
or male infertility.
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