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Abstract

Background

Mayer-Rokitansky-Kister-Hauser (MRKH) syndrome is a rare syndrome that is character-
ized by congenital aplasia of the uterus and the upper portion (2/3) of the vagina. Previous
attempts to identify causal mutations of MRKH syndrome have primarily resulted in negative
outcomes. We investigated whether these reported variants are associated with MRKH syn-
drome (types | and Il) in a relatively large sample size of Chinese Han patients, and whether
any gene-gene epistatic interactions exist among these variants.

Methods

This study included 182 unrelated Chinese women with MRKH syndrome (155 with type |
and 27 with type Il) and 228 randomized female controls. Seventeen candidate loci in the
AMH, PBX1, WNT4, WNT7A, WNT9B, HOXA10, HOXA11, LHXA1 and GALT genes were
genotyped using the Sequenom MassARRAY iPLEX platform. Single-marker association,
additive effects and multifactor interactions were investigated.

Results

The gene frequency distributions of MRKH type 1 and type 2 were similar. Rs34072914 in
WNT9B was found to be associated with MRKH syndrome (P = 0.024, OR = 2.65, 95%CI =
1.14-6.17). The dominant models of rs34072914 and rs2275558 in WNT9B and PBX1,
respectively, were significantly associated with MRKH syndrome risk in the Chinese Han
patients. Additive gene-gene interaction analyses indicated a significant synergetic interaction
between WNT9B and PBX1 (RERI = 1.397, AP = 0.493, Sl = 4.204). Multifactor dimensionality
reduction (MDR) analysis revealed novel dimensional epistatic four-gene effects (AMH,

PBX1, WNT7A and WNT9B) in MRKH syndrome.
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Conclusions

This association study successfully identified two susceptibility SNPs (WNT9B and PBX1)
associated with MRKH syndrome risk, both separately and interactively. The discovery of

a four-gene epistatic effect (AMH, PBX1, WNT7A and WNT9B) in MRKH syndrome pro-
vides novel information for the elucidation of the genetic mechanism underlying the etiology
of MRKH syndrome.

Introduction

Mayer-Rokitansky-Kiister-Hauser (MRKH) syndrome (MIM 277000) is a congenital malfor-
mation of the female reproductive system that is characterized by agenesis of the Miillerian
structures. The principal feature of MRKH syndrome is the absence of the uterus and the
upper portion (2/3) of the vagina. Patients normally carry a 46,XX karyotype, identifiable sec-
ondary sexual characteristics and functioning ovaries with no signs of androgen excess. Associ-
ated malformations (MRKH type II) include renal abnormalities (unilateral agenesis, renal
ectopia and horseshoe kidney), skeletal malformations (Klippel-Feil anomaly, fused vertebrae,
mainly cervical and scoliosis), and more rarely, cardiac and digital anomalies (syndactyly and
polydactyly) [1]. The congenital malformations affect 1 in every 4,500 female live births and
cause incurable infertility and sexual dysfunction [2]. Thus, over 810,420 patients are mentally
and physically suffering from this type of infertility worldwide.

The etiology of MRKH syndrome remains obscure [3]. It was initially observed sporadically,
suggesting the involvement of environmental factors, such as thalidomide-like teratogens or
diabetes [4]. However, no association with illness, drug use, or teratogen exposure has been
observed in studies of available pregnancy histories [5]. The Miillerian ducts (MD) form as an
invagination of the coelomic epithelium during embryonic development, extend caudally
through epithelialization along the Wolffian ducts (WD), and finally grow into the Fallopian
tubes, the uterus and the upper two-thirds of the vagina [6]. Numerous genes exhibiting a wide
range of activity during MD development, such as PBX1, HOX family genes, WNT family
genes and ant-Miillerian hormone (AMH), have been suggested as candidates for MRKH syn-
drome based on phenotypes that have been observed in mutant mice [7]. The roles of these
genes in this syndrome were preliminarily examined using Sanger sequencing. Table 1 lists the
candidate genes, and S1 Table details their reported genotype frequencies.

Table 1 and S1 Table show that some novel single nucleotide variants (SN'Vs) and existing
single nucleotide polymorphisms (SNPs) have been detected in these candidate genes. How-
ever, these results require further validation and replication in larger cohorts of different races
for the reasons discussed below [6, 8-18]. First, alleles at different loci that cause a particular
disease are heterogeneous in different populations because of inherent bias. Therefore, re-
evaluations of these SNVs in MRKH patients and their potential associations with this syn-
drome in different populations would be meaningful [19]. Second, the sample sizes of previous
studies did not generate enough power to detect pathogenic variants with only mild effects [20,
21]. Third, interactions of multiple-genes or-factors must be highlighted in a possibly complex
disorder, such as MRKH syndrome. Finally and most importantly, the phenotypes of the previ-
ously studied cases have not been pure because the studies have included patients with other
reproductive tract malformations, such as unicornuate uterus, septate uterus and vaginal sep-
tum [10, 11, 13]. MD malformations include a variety of congenital anomalies that result from
the incomplete fusion of mesonephric ducts, abnormal formation or arrested development
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Table 1. 17 candidate loci in genes involved in Miillerian duct development.

Gene Knockout

LHX1 No MD

WNT4 No MD, only MD
precursor cells with
Lhx1 expression

WNT9B Invagination of MD,
no elongation along WD

WNT7A MD formed, no proper
differentiation of
oviduct and uterus
tissue

HOXA10 the anterior part of the
uterus is transformed
into the oviduct

HOXA11 Abnormal FRT

PBX1 No MD

AMH Persistent MD in males

GALT

Locus Location Reference
Formation

Novel, Mis c.791G>C, p.264R>P Ledig, S et al., 2011

Novel, Mis c.35T>C, p.12L>P Philibert, P et al., 2008

rs16826648 c.276G>A, p.92L Chang, X et al., 2012

Novel, Mis C.697G>A, p.233A>T Philibert, P et al., 2011

Novel, Syn c.483C>T, p.161Y Ravel, C et al., 2009

rs4968281, Mis
rs34072914, Syn

¢.317T>C, p.106 M >T
¢.399G>T, p.133R

Ravel, C et al., 2009
Wang, M et al., 2014

Novel, UTR3 c.*158 C>T Wang, M et al., 2014
Differentiation
rs3749319, Intron c.298+37C>A Dang, Y et al,, 2012
Novel, Syn c.342C>T, p.114G Dang, Y et al.,, 2012
rs3762719,Syn c.459T>C, p.153S Dang, Y et al.,, 2012
Novel, Syn c.861G>A, p.287V Ravel, C et al., 2009
Novel, Mis c.170A>G, p.57Y>C Cheng, Z et al., 2011
Novel, Mis ¢.113C>G, p.38P>R Liatsikos, SA et al., 2012
rs2275558, Mis c.61G>A, p.21G>S Ma, J et al., 2011
Regression
Novel, Mis €.934C>T, p.312R>C Zenteno, JC et al., 2004

rs2070074, Mis c.940A>G, p.314N>D Zenteno, JC et al., 2004

MD, Miillerian duct; WD, Wolffian duct; FRT, female reproductive tracts; Syn, Synonymous mutations; Mis, Missense mutations; UTRS3, the 3’ untranslated

region.

doi:10.1371/journal.pone.0130202.t001

[22]. It is impossible to identify the pathogenic mutations of MD anomaly (MDA) because of
the wide range of phenotypes. However, studies of MRKH syndrome, which is the most com-
mon and serious type of MDA [23], and its etiological mechanisms may provide the critical
key for unlocking the mystery of MDAs. Therefore, etiological studies of large numbers of
MRKH syndrome patients of different races are urgently needed.

We investigated the associations between MRKH syndrome and 17 candidate gene loci
reported in eligible published studies (Table 1) in 182 MRKH syndrome patients (155 type I
and 27 type II) and 228 female controls of Han Chinese ethnicity to verify and replicate these
candidate variants in a Chinese population. In addition, we searched for associations of MRKH
syndrome with combinations of two- and multiple-loci using new statistical approaches to
examine the multifactor interactions involved in etiology.

Materials and Methods
Study populations

A cohort of 182 unrelated Han females with MRKH syndrome (age 25.30+5.02 years) were
recruited from the central and southern regions of China from 2011-2012. Diagnoses of all
patients were based on comprehensive gynecological examination performed by 3 gynecolo-
gists (Man Wang, Ya Li and Yan Li), which included obtaining a medical history and conduct-
ing physical examination, hormone analysis, karyotype analysis, pelvic and abdominal
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ultrasonography and laparoscopy or surgery (details listed in S2-5S4 Tables). All patients had
normal external genitalia and ovaries, and the karyotype of all tested patients was 46,XX. The
results of blood tests revealed normal levels of estradiol, FSH, LH and testosterone, and none of
these women had a history of diethylstilbestrol exposure or diabetes or evidence of hyperan-
drogenism. The integration of medical history, general physical examination and inspection
revealed that these patients had associated malformations, including renal anomaly (17/182),
skeletal defect (4/182), both renal and skeletal malformations (1/182), hernia (3/182), atrial
septal defect (1/182) and schizophrenia(1/182).

The control group consisted of 228 region-matched women, who had at least one normal
pregnancy with eutocia. The ethnic background of the participants in this study was Chinese
Han. The Medical Ethics Committee of the Tongji Medical College, Huazhong University of
Science and Technology approved this study, and all participants provided written informed
consent for sample collection and subsequent analysis.

Candidate loci selection and genotyping

A thorough search of PubMed was performed to select reported SNV related to MRKH
syndrome. The search included all papers published until September 31, 2013, using a combi-
nation of the following key words: "congenital absence of the vagina", "MRKH", "Mayer-Roki-
tansky-Kiister-Hauser syndrome”, "CAUV", "MURCS", "Miillerian aplasia”, "Miillerian duct
abnormalities", "MDAs" and "polymorphism", "genotype", and "allele". The references of the
retrieved papers were also screened for suitable papers. The following criteria were adopted for
selection: (1) case-control studies that provided MRKH syndrome diagnoses, using subjects
without female reproductive tract defects as controls; (2) papers that listed sample sizes and the
genotype frequency for each variant; (3) studies concerning the mutations of candidate genes
and the risk of MRKH syndrome; and (4) studies in which the reported candidate loci were ver-
ified by performing GenBank searches. A total of 17 SNVs in MRKH syndrome candidate
genes were included in this study, the details of which are listed in S1 Table.

Total genomic DNA was extracted from 200 pL peripheral blood using a Fuji Film Quick
Gene DNA whole blood kit S, according to the manufacturer's instructions. DNA samples
were amplified by multiplex PCR, and the amplification products were used for locus-
specific single-base extension reactions. Genotyping analysis of the selected SNV's was per-
formed using Sequenom MassARRAY technology (San Diego, California, USA). Locus-
specific PCR and detection primers were designed using MassARRAY Assay Design 3.0 soft-
ware (S5 Table). Allele detection was performed using matrix-assisted laser desorption/ioniza-
tion time-of-flight mass spectrometry (Sequenom). Mass spectrograms were analyzed using
MassARRAY Typer software. Detected loci with call rate of lower than 95% in the cases and
controls were excluded.

Statistical analysis

Fisher's exact test was used to test Hardy-Weinberg equilibrium (HWE) for each SNP in the
control subjects. The y*-test was used to compare the genotype frequency distributions
between the cases and controls. All odds ratios were calculated for the minor allele of each
variant. All P-values were two-tailed and an alpha of 0.05 was used to determine statistical
significance.

Sorting Intolerant From Tolerant (SIFT) (http://sift.bii.a-star.edu.sg/www/SIFT_BLink
submit.html), PolyPhen-2 (http://genetics.bwh.harvard.edu/pph2) and PMut (http://mmb2.
pcb.ub.es:8080/PMut) were used in this study to predict whether an amino acid substitution in
a protein exerted a phenotypic effect. Alignments of amino acid and nucleic acid sequences of
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8 species (including Homo sapiens, Pan troglodytes, Mus musculus, Bos taurus, Felis catus, Sar-
cophilus harrisii, Gallus gallus and Danio rerio) were performed using Clustal Omega-
Multiple Sequence Alignment (http://www.ebi.ac.uk/Tools/msa/clustalo/).

We also explored interactive effects among candidate loci for MRKH syndrome. We per-
formed the following three measurements in additive gene interaction analyses [24]: relative
excess risk due to interaction (RERI); the attributable proportion due to interaction (AP); and
the synergy index (SI). High dimensional multifactor interactions were assessed using multifac-
tor dimensionality reduction (MDR; http://sourceforge.net/projects/mdr/) software. All possi-
ble interactions of the qualified SN'V's were tested using the default MDR parameters in an
exhaustive search.

Results

Single SNP association study

As showed in Table 2 and S6 Table, The genotype frequency distributions of MRKH types I
and IT were basically consistent. All SN'Vs in the control subjects were under HWE, except for
the novel variant ¢.35T>C in exon 1 of WNT4 and rs4968281 in WNT9B (S6 Table). Among
the remaining 15 SNVs, rs34072914 in WNT9B was significantly associated with MRKH syn-
drome in this Chinese cohort (P = 0.026, OR = 2.575, 95%CI = 1.089-6.085). This SNV
resulted in a synonymous substitution of guanine with thymine at nucleotide position 399 in
exon3 (¢.399G>T), which did not change the amino acid sequence. However, patients with the
minor T allele showed an increased risk of MRKH syndrome, including both types I and II
(Table 2). This association was also identified for MRKH type II (P = 0.010, OR = 4.480, 95%
CI =1.303-15.408), in a relatively small sample size of 27 patients. The variant ¢.934C>T in
AMH was significantly associated with isolated MRKH syndrome (P = 0.049 and OR = 0.346,
95%CI = 0.115-1.043), and it resulted in the change of arginine to cysteine at residue 312. A
protective effect of this variant was consistently observed in the patients with MRKH type II.
This mutation was predicted to be likely damaging using PolyPhen-2, with a score of 1.00
(specificity: 1.00), as well as by PMut, with an Output of 0.86 (reliability: 7).

Co-dominant, dominant and recessive models for each SNV were also tested (S7 Table),
and the positive results are listed in Table 3. The frequency of the dominant model (TG/TT) of
rs34072914 in WNT9B was significantly increased in the women with MRKH syndrome com-
pared with the controls (P = 0.039, OR = 2.47, 95%CI = 1.02-5.96), and this result was consis-
tently observed in the women with MRKH type II (P = 0.027, OR = 4.78, 95%CI = 1.34-17.11).
A harmful effect was also detected for the dominant model (AG/AA) of rs2275558 in PBX1
(P =0.046, OR = 1.749, 95%CI = 1.01-3.04). This SNP causes a substitution from glycine to

Table 2. Association of single nucleotide polymorphisms with risk of MRKH syndrome in Chinese population.

MRKH type | MRKH type I MRKH

Chr  Position Gene SNP OR(95%Cl) P OR(95%Cl) P OR(95%Cl) P

1 164529120 PBX1 rs2275558 1.109(0.825-1.490) 0.492  1.401(0.772-2.542) 0.266  1.147(0.865-1.521)  0.341
3 13896140 WNT7A rs3762719 0.813(0.609-1.086)  0.161 1.295(0.727-2.307) 0.379  0.871(0.660-1.147)  0.325
3 13916407 WNT7A rs3749319 0.894(0.638-1.254) 0.516  0.768(0.407—1.449) 0.414  0.874(0.633-1.205) 0.410
7 27216334 HOXA10  c.170A>G NA 0.276  0.344(0.035-3.367) 0.356  0.415(0.043-4.012)  0.780
9 34649442 GALT rs2070074 1.104(0.245—4.968) 1.000 NA 1.000 0.939(0.209—4.223)  1.000
17 44952531 WNT9B rs34072914 2.255(0.911-5.583)  0.071 4.480(1.303-15.408) 0.010 2.575(1.089-6.085)  0.026
17 44959243 WNT9B c.*158 C>T NA 0.405 NA NA NA 0.444
19 2251207 AMH AMH c.934C>T  0.346(0.115-1.043) 0.049  0.565(0.065—4.935) 0.479  0.368(0.125-1.087)  0.060
doi:10.1371/journal.pone.0130202.t002
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Table 3. Genetic Model.

Phenotype Gene
MRKHS WNT9B
rs34072914
MRKHS PBX1
rs2275558
Type Il WNT9B
rs34072914
Type | AMH
c.934C>T

doi:10.1371/journal.pone.0130202.t003

Genotype Case Control OR(95%Cl) P
Dominant

TG/TT 15 8 2.47(1.02-5.96) 0.039
GG 167 220

Dominant

AA/AG 160 183 1.749(1.01-3.04) 0.046
GG 22 44

Dominant

TG/TT 4 8 4.78(1.34—17.11) 0.027
GG 23 220

Recessive

TT 136 223 0.34(0.11-1.03) 0.047
TC/CC 9 5

serine at position 21 of the Pbx1 amino acid sequence. SIFT and PMut programs predicted that
the SNP rs2275558 was unlikely to have functional consequences, but PolyPhen-2 predicted
that it was likely damaging, with a score of 0.491 (sensitivity: 0.89; specificity: 0.90). A separate
genetic model analysis of MRKH type I demonstrated that the recessive model (TT) of AMH
€.934C>T was associated with MRKH type I (P = 0.047, OR = 0.34, 95%CI = 0.11-1.03). There
were no significant differences among the frequencies of the other 12 SNVs between the
patients and normal females.

The conservation of amino acid or nucleic acid sequences may reflect their importance to
some extent. Sequences alignments of 8 species (including Homo sapiens, Pan troglodytes, Mus
musculus, Bos taurus, Felis catus, Sarcophilus harrisii, Gallus gallus and Danio rerio) revealed
that rs2275558 in PBX1 was consistently present in all 8 vertebrates, and rs34072914 in
WNT9B and ¢.934C>T in AMH presented relatively conservative in mammals (Fig 1).

Additive gene-gene interaction analysis

We explored the possible additive interactions between pairs of candidate loci for MRKH syn-
drome by calculating the RERI, AP and SI (S8 Table). These measurements indicate significant
interactions when they differ from 0 (RERI and AP) or 1 (SI). A significant synergistic additive
interaction was observed between rs34072914 GT+TT in WNT9B and rs2275558 GA+AA in
PBX1 (P =0.032, OR = 2.833, 95%CI = 1.055-7.609), with an RERI of 1.397, AP of 0.493 and
SI of 4.204. A similar tendency was also observed between rs34072914 GT+1T in WNT9B and
rs3749319 CA+AA in WNT7A (P =0.026, OR = 3.148, 95%CI = 1.088-9.107, RERI = 2.211,
AP =0.702) and rs34072914 GT+TT in WNT9B and rs3762719 TC+CC in WNT7A

(P =0.026, OR = 3.148, 95%CI = 1.088-9.107, RERI = 2.211, AP = 0.702).

High-dimensional MDR interaction analysis

We identified potential high-dimensional gene-gene interactions by MDR analysis. The two-
to four-way models used are listed in Table 4. The two-way model with PBX1 rs2275558 and
WNT7 rs3762719 showed the highest testing-balanced accuracy. A three-way interaction was
found among PBX1 rs2275558, WNT7 rs3762719 and WNT9B rs34072914. A four-locus
model (AMH ¢.934C>T, PBX1 rs2275558, WNT7 rs3762719 and WNT9B rs34072914) was
chosen as the appropriate model, showing the highest testing-balanced accuracy of 59.61% and
the highest cross-validation consistency of 10/10. The four-locus model was found to result in
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Fig 1. Sequence alignments of wild-type rs2275558, ¢.934C>T in AMH and rs34072914 of eight species. (A) Nucleic acid sequence alignments of
rs227558 in PBX1, ¢.934C>T in AMH and rs34072914 in WNT9B of eight different species. (B) Amino acid sequence alignment of PBX1 p.21G>S and AMH
p.312R>C of eight different species. ClustalW program was used to perform alignments. The bold letters indicate the 3 variants of interest. The hyphen
indicates that the nucleotide base or amino acid is consistent with that in the human wild-type gene or protein, respectively. Zero means there is no
corresponding sequences. Rs2275558 in PBX1 was consistently present in all 8 vertebrates, and rs34072914 in WNT9B and ¢.934C>T in AMH presented

relatively conservative in mammals.

doi:10.1371/journal.pone.0130202.g001

Table 4. Gene-gene interaction test.

an increased the risk of MRKH syndrome (OR = 2.268, 95%CI = 1.494-3.443). Details of
the high-risk and low-risk models are shown in Table 4 and Fig 2.

Discussion

MRKH syndrome causes a loss of sexuality and fertility in patients, and effective treatments for
this disorder are lacking. A deeper understanding of its etiology would facilitate early diagnosis
and effective intervention and preventive measures. However, geneticists have struggled for
decades to define a variant that causes MRKHS, obtaining negative results. Increasing knowl-
edge about genetic diseases has prompted the current definition of MRKH syndrome as a syn-
drome of polygenic or multifactorial origin, with each factor explaining only a small fraction of
its overall heritability. Genetic association studies offer a potentially powerful approach for the
mapping of causal genes with modest effects [21]. Therefore, we conducted this association
study using Chinese Han patients to verify the contribution of candidate gene loci to MRKH
syndrome as well as their potential interactions.

Several related genes were screened in MRKH syndrome patients based on the findings of
previous studies of the mechanism of MD development, and candidate SN'V's were detected.
However, causal mutations were not identified in any of these genes, partially because of a lack
of validation in large case-control cohorts. The present genotyping study of a relatively large
number of MRKH patients verified 17 candidate loci in the PBX1, WNT4, WNT7A, WNT9B,
HOXA10, HOXA11, GALT, LHXA1 and AMH genes. With the exception of rs34072914,
rs2275558, ¢.934C>T in AMH and 2 SNPs that were not in HWE, the remaining 12 loci were
not found to be associated with MRKH syndrome type I or type II in our cohort (S6 Table).
We failed to replicate the 7 following previously reported variants: rs16826648 [10], c.697G>A
[15] and ¢.483C>T [8] in WNT4; ¢.342C>T [10] and ¢c.861G>A [8] in WNT7A; c.113C>G
[18] in HOXA11; and ¢.791G>C [25] in LHX1. The remaining 5 variants (rs3749319 [10] and
rs3762719 [10] in WNT7A; C.170A>G [17] in HOXA10; rs2070072 [14] in GALT; and
¢*158C>T [16] in WNT9B) were detected, but there were no significant differences in the fre-
quencies of these genotypes or alleles between the cases and controls in this Chinese cohort
(Table 2). These discrepancies may be due to differences among the study populations assessed
and genetic heterogeneity, which has been observed in previous studies, especially in studies of
monozygotic twins [26, 27]. The inconsistent results of candidate gene studies and the reported
discordance in monozygotic twins suggest the presence of wide genetic heterogeneity among
MRKH syndrome patients. The findings of this study suggest that these 12 variants are not

Model Training Bal. Acc. Testing Bal. Acc. Cross-validation
(%) (%) Consistency

(PBX1)rs2275558/(WNT7)rs3762719 0.5679 0.5354 9/10

(PBX1)rs2275558/(WNT7)rs3762719 /(WNT9B) rs34072914 0.5870 0.5497 10/10

AMH ¢.934C >T/ (PBX1)rs2275558/(WNT7A)rs3762719 /(WNT9B) 0.5981 0.5617 10/10

rs34072914
doi:10.1371/journal.pone.0130202.1004
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Fig 2. The optimal models as determined by MDR analysis for AMH ¢.934C>T, PBX1 rs2275558, WNT7A rs3762719 and WNT9B rs34072914.

Summary of four-locus genotype combinations associated with a high risk and low risk of MRKH syndrome, with the corresponding distribution of cases (left
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bars in boxes) and of controls (right bars in boxes), for each multi-locus-genotype combination. The four-locus model (AMH ¢.934C>T, PBX1 rs2275558,
WNT7A rs3762719 and WNT9B rs34072914) was found to result in an increased the risk of MRKH syndrome (OR =2.268, 95%CI = 1.494-3.443).

doi:10.1371/journal.pone.0130202.9002

associated with the pathogenesis of MRKH syndrome in the Han population. However, we
cannot eliminate their possible role as putative MRKH genes, and their pathogenicities in other
ethnicities require further study in large samples of patients from specific populations.

We have identified the SNP rs34072914 is associated with MRKH syndrome in Chinese
Han patients. Furthermore, the dominant model (TG/TT) of rs34072914 significantly
increased the risk of this syndrome (P = 0.039, OR = 2.47, 95%CI = 1.02-5.96). These associa-
tions were particularly evident for MRKH type II, and MRKH type I showed the same ten-
dency. The conservation of this nucleotide locus across mammalian species also verifies its
importance to the normal functioning of the WNT9B gene. This gene is a member of the WNT
family, which is a group of structurally related genes that act as extracellular signaling factors
[28]. A study of Wnt9b -/- mice has demonstrated that Wnt9b is essential for the development
of mesonephric and metanephric tubules and the caudal extension of the MD [29]. Further
analysis has shown that Wnt9b is required for the earliest inductive response in the metaneph-
ric mesenchyme [29]. The SNP rs34072914 causes no change in the WNT9B amino acid
sequence, but a growing body of evidence has revealed that synonymous SNPs perturb cellular
functions and cause distinct clinical phenotypes through several mechanisms, such as affecting
messenger RNA splicing, stability and structure as well as protein folding [30]. The results
obtained from our cohort suggest that rs34072914 interferes with the normal functioning of
WNT9B and other related genes or pathways, perturbs MD development, causing the MRKH
syndrome phenotype or multiple system malformations. Functional studies and further
research using larger cohorts of patients from other ethnicities are needed to further test this
hypothesis.

PBX1 encodes a three amino acid loop extension (TALE) class homeodomain protein that
participates in multimeric transcriptional complexes to regulate gene expression during devel-
opment [31]. Pbx1 is widely expressed in mesenchymal tissues, and its loss markedly reduces
outgrowth of thee urogenital ridge and leads to impaired differentiation of the mesonephros
and kidneys. The inactivation of PBX1 in the mammalian female reproductive system leads
to the absence of Miillerian structures. PBX1 is likely involved in MRKH syndrome [32].
Recently, mutations in 9 exons and exon-intron boundaries of the PBX1 gene were screened in
a cohort of patients with MDA in the absence of a control group, and two SNPs were identified
[13]. One of these SNPs was rs2275558, with genotype distributions of GG 38%, GA 32% and
AA 30% in the patients with MDAs, which obviously differ from the genotyping results of this
study (GG 12.2%, GA 51.6%, AA 36.3% in the MRKH patients and GG 19.3%, GA 43.4%, AA
36.8% in the matched control group). These discordant results may be due to diverse pheno-
types of patients with MDA (only 9.9% have MRKHS), the majority of whom have a mal-
formed uterus, as well as inherent bias between the populations of northern and southern
China, which is also apparent in Database 1000 Genomes(http://browser.1000genomes.org).
The dominant model (AG/AA) of PBX1 rs2275558 was found to be significantly associated
with MRKH syndrome in this study, and made the genotype carriers 1.75 times higher risk of
MRKH syndrome. This missense SNP was predicted to cause possible phenotypic effects, and
the high conservation of this amino acid residue in mammals indicates its indispensable value
for the normal functioning of the PBX1 gene. It is necessary to study PBX1 variants more
extensively to clarify the precise molecular mechanism.

We also investigated the genotype differences between MRKH type I and type II separately.
Genotyping and statistical analysis reveal that the genotype frequency distributions of the 17
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candidate loci were similar between MRKH type I and type II. We also demonstrated that the
variant ¢.934C>T (p.312R>C) of AMH was associated with MRHK type I and played a protec-
tive role. This same tendency was also found for MRKH type II. AMH signal transduction
induces the degradation of MDs, and has been long implicated in MRKH syndrome. Previous
studies have screened the entire AMH gene and its receptor for DNA sequence variations and
have measured this hormone levels in MRKH syndrome patients, reporting negative results
[14, 33, 34]. The associated mutation ¢.934C>T, particularly the homozygous mutation (TT),
was predicted to interfere with the normal functioning of the AMH protein and to disturb
AMH-dependent Miillerian degeneration. Therefore, individuals with the T allele at c. 934

of AMH may have only a one-third risk of MRKHS. This finding highlighted the participation
of AMH signaling in the etiology of MRKH syndrome and suggested us its functional
mechanism.

Gene-gene interaction analysis indicated tendencies toward multiple interactions among
thee above genes. We observed significant additive interaction between the variants
rs34072914 in WNT9B and rs2275558 in PBX1, which were each separately associated with
MRKH syndrome risk in this cohort. These genes acted synergistically (RERI = 1.397, SI =
4.204) to increase the risk of MRKH syndrome. Among the individuals carrying these variant
alleles, 49.3% (AP = 0.493) of MRKH syndrome risk was attributable to the interaction of both
variants compared with the individual contribution of each of the two risk factors added
together. The biological interaction between WNT9B and PBXI1 has been studied in cleft lip
and/or palate resulting from abnormal morphogenesis of the face [35]. In mouse lines lacking
the Pbx gene in the cephalic ectoderm, the Pbx protein has been shown to directly regulate
Wnht signaling by binding to a Wnt9b-Wnt3 mid-facial regulatory element. Moreover, Pbx-
regulated Wnt signaling is essential for mid-facial morphogenesis. Wnt9b is also expressed
throughout the WD (rather than MD) epithelium during urogenital development [29]. The
WD delivers signals to the MD to extend caudally through epithelialization from MD mesoe-
pithelium [6]. Wnt9Db is a paracrine factor, and it is plausible that this signaling molecule acti-
vates the canonical Wnt signaling process during urogenital development [29]. Based on these
findings, we propose that Wnt9b in the WD and Pbx1 in the mesoepithelium may directly and
indirectly interact during elongation of the MD to activate Wnt signaling, induce epithelializa-
tion of the MD mesoepithelium to form the MD and guide it to extend caudally along the WD.

Our study also demonstrated a tendency for gene-gene interactions between WNT9B
rs34072914 and WNT7A rs3749319, as well as WNT9B rs34072914 and WNT7A rs3762719.
WNT?7A belongs to the WNT family, and it is expressed as a regulatory factor in the MD [36].
Wnt7a expression in Wnt9b mutants is restricted to an anterior epithelial structure that corre-
sponds to the initial coelomic invagination. Therefore, Wnt9b may act upstream of Wnt7a in
the caudal extension of the MD [29]. There is no clear evidence of a direct biological interaction
between Wnt9b and Wnt7a, and further functional studies of the molecular mechanism under-
lying their interaction are required.

We explored the interactive effects among 6 relevant SN'Vs (from 17 loci, excluding 2 SNPs
that were not in HWE, 7 loci without variants and 2 loci in linkage disequilibrium (LD)) using
MDR software to test the hypothesis that the joint functioning of candidate genes causes an
increased risk of MRKH syndrome. The ultimate goal of MDR analysis is hypothesis genera-
tion. Therefore, this approach may be preferred to reduce the risk of false negatives. We applied
the non-parametric approach and found many three- and four-way gene-gene interactions in
MRKH syndrome. The best four-way interaction model indicated by MDR analysis (Fig 2)
supported the following novel and bold assumption that the dimensional interactions of AMH,
PBX1, WNT7A and WNT9B may play a role in the etiology of MRKH syndrome during MD
development. Some results of studies of the cellular mechanisms of MD formation and
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regression in mice are also in support of this hypothesis [6]. Regression of the MD is initiated
by AMH signaling via Amhr2 [37]. WNT7a is a candidate signaling molecule that is secreted
by the MD mesoepithelium to activate Amhr2 [36]. B-Catenin, which is a mediator of the
canonical WNT pathway, functions upstream and downstream of AMH signaling during the
process of Miillerian regression [6, 38, 39]. Wnt proteins act primarily through the canonical
B-catenin-dependent pathway. Recently, a valuable gene expression profile of in vitro cultured
vaginal tissue from MRKH syndrome patients has identified dysregulation of MUC1, WNT7A,
JAG1 and DLL1, emphasizing the critical role of canonical Wnt signaling and the NOTCH
pathway [40]. Therefore, it can be reasonably assumed that WNT9b and WNT7a, as mediated
by B-catenin of the canonical WNT pathway, alter the mesenchymal signaling network, leading
to changes in cell fate during Miillerian development through AMH signaling.

Notably, gene-gene interactions among Wnt9b, Wnt7a and Pbx1 were detected in additive
and multiplicative models in this Chinese cohort. These results highlight the abnormal regula-
tion of the WNT pathway in the pathogenesis of MRKH syndrome and especially indicate a
critical role of the extracellular signaling factors Wnt9b. This hypothesis was already known,
but our four-way interaction model may provide a theoretical basis for the molecular genetics
of this syndrome and our findings suggest that MRKH syndrome is a complex polygenic dis-
ease. The studied WNT9B, WNT7A and PBX1 genes contributed small or moderate effects to
the disease manifestation. However, none of them was sufficient to induce the MRKH pheno-
type. Variants of these genes might interfere with interactions or the balance among these
genes, disturb the precise coordination of cellular programs during female reproductive tract
development, and ultimately result in MRKH syndrome. However, further studies of the
molecular mechanisms underlying MD development are required to elucidate how these genes
actually interrelate and interact with each other.

Conclusion

This study is the first to evaluate a series of candidate genes loci in a relatively large, but still
limited, cohort of Chinese patients with MRKH syndrome. This study successfully identified
two known SNPs (WNT9B and PBX1) that were separately and synergistically associated with
MRKH syndrome and increased its risk in this case-control cohort. Notably, we found a novel
dimensional epistatic four-gene effect (AMH, PBX1, WNT7A and WNT9B) in MRKH syn-
drome, providing novel data to contribute to the elucidation of the genetic mechanisms under-
lying its multifactorial etiology. In summary, our results suggest that a disordered network of
developmental genes result in MRKH syndrome. However, the approach based on gene-

gene epistatic interactions restricted the validity and assessment of the results of this study, and
corresponding functional studies with suitable in vitro models are needed. Fine mapping and
functional analyses of these newly identified associated loci may be conducted to confirm the
causal variants and interactions, and deepen our knowledge of the underlying mechanisms of
MRKH syndrome.

Supporting Information

S1 Table. Genotype frequencies of reported candidate loci.
(DOC)

S2 Table. Mean age of the patients and healthy controls studied.
(DOC)

S3 Table. Sex hormone and karyotype analysis.
(DOC)

PLOS ONE | DOI:10.1371/journal.pone.0130202 June 15,2015 12/15


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0130202.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0130202.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0130202.s003

@’PLOS ‘ ONE

Evidence for Gene-Gene Epistatic Interactions in MRKH Syndrome

S$4 Table. Associated malformations.
(DOC)

S5 Table. Primer sequences of Sequenom MassARRAY system.
(DOC)

S6 Table. Allele characteristics of each candidate locus in Chinese Han.
(DOC)

S7 Table. Genetic model analysis of MRKH type I and type II.
(XLSX)

S8 Table. Additive interaction analysis of genes involved in MRKH syndrome in genotype
combinations by chi-square test using 2x2 factorial design.
(DOC)

Acknowledgments

The authors are grateful to the patients and volunteers who participated in the study and to all
of their colleagues for their contributions to the physical examinations of patients and the col-
lection of samples.

Author Contributions

Conceived and designed the experiments: WM Yan Li SW. Performed the experiments: WM
MW HL. Analyzed the data: WM. Contributed reagents/materials/analysis tools: Ya Li TS Yan
Li SW. Wrote the paper: WM Yan Li.

References

1. Morcel K, Camborieux L, Programme de Recherches sur les Aplasies M, Guerrier D. Mayer-Roki-
tansky-Kuster-Hauser (MRKH) syndrome. Orphanet journal of rare diseases. 2007; 2:13. doi: 10.1186/
1750-1172-2-13 PMID: 17359527; PubMed Central PMCID: PMC1832178.

2. Giriffin JE, Edwards C, Madden JD, Harrod MJ, Wilson JD. Congenital absence of the vagina. The
Mayer-Rokitansky-Kuster-Hauser syndrome. Annals of internal medicine. 1976; 85(2):224—-36. PMID:
782313.

3. Kobayashi A, Behringer RR. Developmental genetics of the female reproductive tractin mammals.
Nature reviews Genetics. 2003; 4(12):969-80. doi: 10.1038/nrg1225 PMID: 14631357.

4. Simpson JL. Genetics of the female reproductive ducts. Am J Med Genet. 1999; 89(4):224-39. PMID:
10727998.

5. Martinez-Frias ML, Bermejo E, Rodriguez-Pinilla E, Prieto L, Frias JL. Epidemiological analysis of out-
comes of pregnancy in gestational diabetic mothers. Am J Med Genet. 1998; 78(2):140-5. PMID:
9674904.

6. KlattigJ, Englert C. The Mullerian duct: recent insights into its development and regression. Sexual
development: genetics, molecular biology, evolution, endocrinology, embryology, and pathology of sex
determination and differentiation. 2007; 1(5):271-8. doi: 10.1159/000108929 PMID: 18391537.

7. Pizzo A, Lagana AS, Sturlese E, Retto G, Retto A, De Dominici R, et al. Mayer-rokitansky-kuster-hau-
ser syndrome: embryology, genetics and clinical and surgical treatment. ISRN obstetrics and gynecol-
ogy. 2013; 2013:628717. doi: 10.1155/2013/628717 PMID: 23431465; PubMed Central PMCID:
PMC3575620.

8. Ravel C, Lorenco D, Dessolle L, Mandelbaum J, McElreavey K, Darai E, et al. Mutational analysis of
the WNT gene family in women with Mayer-Rokitansky-Kuster-Hauser syndrome. Fertility and sterility.
2009; 91(4 Suppl):1604—7. doi: 10.1016/j.fertnstert.2008.12.006 PMID: 19171330.

9. Timmreck LS, Pan HA, Reindollar RH, Gray MR. WNT7A mutations in patients with Millerian duct
abnormalities. Journal of pediatric and adolescent gynecology. 2003; 16:217—21. doi: 10.1016/S1083-
3188(03)00124-4 PMID: 14550385

PLOS ONE | DOI:10.1371/journal.pone.0130202 June 15,2015 13/15


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0130202.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0130202.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0130202.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0130202.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0130202.s008
http://dx.doi.org/10.1186/1750-1172-2-13
http://dx.doi.org/10.1186/1750-1172-2-13
http://www.ncbi.nlm.nih.gov/pubmed/17359527
http://www.ncbi.nlm.nih.gov/pubmed/782313
http://dx.doi.org/10.1038/nrg1225
http://www.ncbi.nlm.nih.gov/pubmed/14631357
http://www.ncbi.nlm.nih.gov/pubmed/10727998
http://www.ncbi.nlm.nih.gov/pubmed/9674904
http://dx.doi.org/10.1159/000108929
http://www.ncbi.nlm.nih.gov/pubmed/18391537
http://dx.doi.org/10.1155/2013/628717
http://www.ncbi.nlm.nih.gov/pubmed/23431465
http://dx.doi.org/10.1016/j.fertnstert.2008.12.006
http://www.ncbi.nlm.nih.gov/pubmed/19171330
http://dx.doi.org/10.1016/S1083-3188(03)00124-4
http://dx.doi.org/10.1016/S1083-3188(03)00124-4
http://www.ncbi.nlm.nih.gov/pubmed/14550385

@’PLOS ‘ ONE

Evidence for Gene-Gene Epistatic Interactions in MRKH Syndrome

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24.

25.

26.

27.

28.

Dang Y, QinY, Tang R, MuY, Li G, Xia M, et al. Variants of the WNT7A gene in Chinese patients with
mullerian duct abnormalities. Fertility and sterility. 2012; 97(2):391—4. doi: 10.1016/j.fertnstert.2011.11.
025 PMID: 22177312.

Chang X, Qin Y, Xu C, Li G, Zhao X, Chen ZJ. Mutations in WNT4 are not responsible for Mullerian duct
abnormalities in Chinese women. Reproductive biomedicine online. 2012; 24(6):630-3. doi: 10.1016/j.
rbmo.2012.03.008 PMID: 22503279.

Philibert P, Biason-Lauber A, Rouzier R, Pienkowski C, Paris F, Konrad D, et al. Identification and func-
tional analysis of a new WNT4 gene mutation among 28 adolescent girls with primary amenorrhea and
mullerian duct abnormalities: a French collaborative study. The Journal of clinical endocrinology and
metabolism. 2008; 93(3):895-900. doi: 10.1210/jc.2007-2023 PMID: 18182450.

MaJ, QinY, Liu W, Duan H, Xia M, Chen ZJ. Analysis of PBX1 mutations in 192 Chinese women with
Mullerian duct abnormalities. Fertility and sterility. 2011; 95(8):2615-7. doi: 10.1016/].fertnstert.2011.
04.074 PMID: 21575942.

Zenteno JC, Carranza-Lira S, Kofman-Alfaro S. Molecular analysis of the anti-Mullerian hormone,
the anti-Mullerian hormone receptor, and galactose-1-phosphate uridyl transferase genes in patients
with the Mayer-Rokitansky-Kuster-Hauser syndrome. Archives of gynecology and obstetrics. 2004;
269(4):270-3. doi: 10.1007/s00404-002-0456-7 PMID: 15221321.

Philibert P, Biason-Lauber A, Gueorguieva |, Stuckens C, Pienkowski C, Lebon-Labich B, et al. Molecu-
lar analysis of WNT4 gene in four adolescent girls with mullerian duct abnormality and hyperandrogen-
ism (atypical Mayer-Rokitansky-Kuster-Hauser syndrome). Fertility and sterility. 2011; 95(8):2683—-6.
doi: 10.1016/j.fertnstert.2011.01.152 PMID: 21377155.

Wang M, Li Y, Ma W, LiH, He F, Pu D, et al. Analysis of WNT9B mutations in Chinese women with
Mayer-Rokitansky-Kuster-Hauser syndrome. Reproductive biomedicine online. 2014; 28(1):80-5. doi:
10.1016/j.rbmo.2013.09.022 PMID: 24268733.

Cheng Z, Zhu Y, Su D, Wang J, Cheng L, Chen B, et al. A novel mutation of HOXA10 in a Chinese
woman with a Mullerian duct anomaly. Human reproduction. 2011; 26(11):3197-201. doi: 10.1093/
humrep/der290 PMID: 21900391.

Liatsikos SA, Grimbizis GF, Georgiou |, Papadopoulos N, Lazaros L, Bontis JN, et al. HOX A10 and
HOX A11 mutation scan in congenital malformations of the female genital tract. Reproductive biomedi-
cine online. 2010; 21(1):126-32. doi: 10.1016/j.rbom0.2010.03.015 PMID: 20457539.

McClellan J, King MC. Genetic heterogeneity in human disease. Cell. 2010; 141(2):210-7. doi: 10.
1016/j.cell.2010.03.032 PMID: 20403315.

Spencer CC, Su Z, Donnelly P, Marchini J. Designing genome-wide association studies: sample size,
power, imputation, and the choice of genotyping chip. PLoS genetics. 2009; 5(5):e1000477. doi: 10.
1371/journal.pgen.1000477 PMID: 19492015; PubMed Central PMCID: PMC2688469.

Hirschhorn JN, Daly MJ. Genome-wide association studies for common diseases and complex traits.
Nature reviews Genetics. 2005; 6(2):95-108. doi: 10.1038/nrg1521 PMID: 15716906.

Raga F, Bauset C, Remohi J, Bonilla-Musoles F, Simon C, Pellicer A. Reproductive impact of congeni-
tal Mullerian anomalies. Human reproduction. 1997; 12(10):2277-81. PMID: 9402295.

Troiano RN, McCarthy SM. Mullerian duct anomalies: imaging and clinical issues. Radiology. 2004;
233(1):19-34. doi: 10.1148/radiol.2331020777 PMID: 15317956.

Andersson T, Alfredsson L, Kallberg H, Zdravkovic S, Ahlbom A. Calculating measures of biological
interaction. European journal of epidemiology. 2005; 20(7):575-9. PMID: 16119429.

Ledig S, Schippert C, Strick R, Beckmann MW, Oppelt PG, Wieacker P. Recurrent aberrations identi-
fied by array-CGH in patients with Mayer-Rokitansky-Kuster-Hauser syndrome. Fertility and sterility.
2011; 95(5):1589-94. doi: 10.1016/j.fertnstert.2010.07.1062 PMID: 20797712.

Gervasini C, Grati FR, Lalatta F, Tabano S, Gentilin B, Colapietro P, et al. SHOX duplications found in
some cases with type | Mayer-Rokitansky-Kuster-Hauser syndrome. Genetics in medicine: official jour-
nal of the American College of Medical Genetics. 2010; 12(10):634—40. doi: 10.1097/GIM.
0b013e3181ed6185 PMID: 20847698.

Rall K, Eisenbeis S, Barresi G, Ruckner D, Walter M, Poths S, et al. Mayer-Rokitansky-Kuster-Hauser
syndrome discordance in monozygotic twins: matrix metalloproteinase 14, low-

density lipoprotein receptor-related protein 10, extracellular matrix, and neoangiogenesis genes identi-
fied as candidate genes in a tissue-specific mosaicism. Fertility and sterility. 2015; 103(2):494-502 e3.
doi: 10.1016/j.fertnstert.2014.10.053 PMID: 25492683.

Bergstein Ivan, Eisenberg Leonard M., Bhalerao Jayant, Jenkins Nancy A., Copeland Neal G.,
Osborne Michael P., et al. Isolation of two novel WNT genes, WNT14 and WNT15, one of which
(WNT15) is closely linked to WNT3 on human chromosome 17921. Genomics. 1997; 46:450-8. PMID:
9441749

PLOS ONE | DOI:10.1371/journal.pone.0130202 June 15,2015 14/15


http://dx.doi.org/10.1016/j.fertnstert.2011.11.025
http://dx.doi.org/10.1016/j.fertnstert.2011.11.025
http://www.ncbi.nlm.nih.gov/pubmed/22177312
http://dx.doi.org/10.1016/j.rbmo.2012.03.008
http://dx.doi.org/10.1016/j.rbmo.2012.03.008
http://www.ncbi.nlm.nih.gov/pubmed/22503279
http://dx.doi.org/10.1210/jc.2007-2023
http://www.ncbi.nlm.nih.gov/pubmed/18182450
http://dx.doi.org/10.1016/j.fertnstert.2011.04.074
http://dx.doi.org/10.1016/j.fertnstert.2011.04.074
http://www.ncbi.nlm.nih.gov/pubmed/21575942
http://dx.doi.org/10.1007/s00404-002-0456-7
http://www.ncbi.nlm.nih.gov/pubmed/15221321
http://dx.doi.org/10.1016/j.fertnstert.2011.01.152
http://www.ncbi.nlm.nih.gov/pubmed/21377155
http://dx.doi.org/10.1016/j.rbmo.2013.09.022
http://www.ncbi.nlm.nih.gov/pubmed/24268733
http://dx.doi.org/10.1093/humrep/der290
http://dx.doi.org/10.1093/humrep/der290
http://www.ncbi.nlm.nih.gov/pubmed/21900391
http://dx.doi.org/10.1016/j.rbmo.2010.03.015
http://www.ncbi.nlm.nih.gov/pubmed/20457539
http://dx.doi.org/10.1016/j.cell.2010.03.032
http://dx.doi.org/10.1016/j.cell.2010.03.032
http://www.ncbi.nlm.nih.gov/pubmed/20403315
http://dx.doi.org/10.1371/journal.pgen.1000477
http://dx.doi.org/10.1371/journal.pgen.1000477
http://www.ncbi.nlm.nih.gov/pubmed/19492015
http://dx.doi.org/10.1038/nrg1521
http://www.ncbi.nlm.nih.gov/pubmed/15716906
http://www.ncbi.nlm.nih.gov/pubmed/9402295
http://dx.doi.org/10.1148/radiol.2331020777
http://www.ncbi.nlm.nih.gov/pubmed/15317956
http://www.ncbi.nlm.nih.gov/pubmed/16119429
http://dx.doi.org/10.1016/j.fertnstert.2010.07.1062
http://www.ncbi.nlm.nih.gov/pubmed/20797712
http://dx.doi.org/10.1097/GIM.0b013e3181ed6185
http://dx.doi.org/10.1097/GIM.0b013e3181ed6185
http://www.ncbi.nlm.nih.gov/pubmed/20847698
http://dx.doi.org/10.1016/j.fertnstert.2014.10.053
http://www.ncbi.nlm.nih.gov/pubmed/25492683
http://www.ncbi.nlm.nih.gov/pubmed/9441749

@’PLOS ‘ ONE

Evidence for Gene-Gene Epistatic Interactions in MRKH Syndrome

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Thomas J. Carroll, Park Joo-Seop, Hayashi Shigemi, Majumdar Arindam, McMahon AP. Wnt9b plays a
central role in the regulation of mesenchymal to epithelial transitions underlying organogenesis of the
mammalian urogenital system. Developmental cell. 2005; 9:283-92. doi: 10.1016/j.devcel.2005.05.016
PMID: 16054034

Hunt R, Sauna ZE, Ambudkar SV, Gottesman MM, Kimchi-Sarfaty C. Silent (synonymous) SNPs:
should we care about them? Methods in molecular biology. 2009; 578:23-39. doi: 10.1007/978-1-
60327-411-1_2 PMID: 19768585.

Schnabel CA, Selleri L, Cleary ML. Pbx1 is essential for adrenal development and urogenital differenti-
ation. Genesis. 2003; 37(3):123-30. doi: 10.1002/gene.10235 PMID: 14595835.

Burel A, Mouchel T, Odent S, Tiker F, Knebelmann B, Pellerin |, et al. Role of HOXA7 to HOXA13 and
PBX1 genes in various forms of MRKH syndrome (congenital absence of uterus and vagina). Journal
of negative results in biomedicine. 2006; 5:4. doi: 10.1186/1477-5751-5-4 PMID: 16556301; PubMed
Central PMCID: PMC1444933.

Resendes BL, Sohn SH, Stelling JR, Tineo R, Davis AJ, Gray MR, et al. Role for anti-
Mullerian hormone in congenital absence of the uterus and vagina. Am J Med Genet. 2001; 98(2):129—
36. PMID: 11223848.

Oppelt P, Strissel PL, Kellermann A, Seeber S, Humeny A, Beckmann MW, et al. DNA sequence varia-
tions of the entire anti-Mullerian hormone (AMH) gene promoter and AMH protein expression in patients
with the Mayer-Rokitanski-Kuster-Hauser syndrome. Human reproduction. 2005; 20(1):149-57. doi:
10.1093/humrep/deh547 PMID: 15550498.

Ferretti E, Li B, Zewdu R, Wells V, Hebert JM, Karner C, et al. A conserved Pbx-Wnt-p63-Irf6 regulatory
module controls face morphogenesis by promoting epithelial apoptosis. Developmental cell. 2011; 21
(4):627—41. doi: 10.1016/j.devcel.2011.08.005 PMID: 21982646; PubMed Central PMCID:
PMC3199312.

Parr BA, McMahon AP. Sexually dimorphic development of the mammalian reproductive tract requires
Wnt-7a. Nature. 1998; 395(6703):707—10. doi: 10.1038/27221 PMID: 9790192.

Lane A H, Donahoe PK. New insights into Mullerian inhibiting substance and its mechanism of action.
Journal of Endocrinology. 1998; 158:1—-6. PMID: 9713320

Hossain A, Saunders GF. Synergistic cooperation between the beta-catenin signaling pathway and ste-
roidogenic factor 1 in the activation of the Mullerian inhibiting substance type Il receptor. The Journal of
biological chemistry. 2003; 278(29):26511-6. doi: 10.1074/jbc.M300804200 PMID: 12724325.

Allard S, Adin P, Gouedard L, di Clemente N, Josso N, Orgebin-Crist MC, et al. Molecular mechanisms
of hormone-mediated Mullerian duct regression: involvement of beta-catenin. Development. 2000; 127
(15):3349-60. PMID: 10887090.

Nodale C, Ceccarelli S, Giuliano M, Cammarota M, D'Amici S, Vescarelli E, et al. Gene expression pro-
file of patients with Mayer-Rokitansky-Kuster-Hauser syndrome: new insights into the potential role of
developmental pathways. PloS one. 2014; 9(3):€91010. doi: 10.1371/journal.pone.0091010 PMID:
24608967; PubMed Central PMCID: PMC3946625.

PLOS ONE | DOI:10.1371/journal.pone.0130202 June 15,2015 15/15


http://dx.doi.org/10.1016/j.devcel.2005.05.016
http://www.ncbi.nlm.nih.gov/pubmed/16054034
http://dx.doi.org/10.1007/978-1-60327-411-1_2
http://dx.doi.org/10.1007/978-1-60327-411-1_2
http://www.ncbi.nlm.nih.gov/pubmed/19768585
http://dx.doi.org/10.1002/gene.10235
http://www.ncbi.nlm.nih.gov/pubmed/14595835
http://dx.doi.org/10.1186/1477-5751-5-4
http://www.ncbi.nlm.nih.gov/pubmed/16556301
http://www.ncbi.nlm.nih.gov/pubmed/11223848
http://dx.doi.org/10.1093/humrep/deh547
http://www.ncbi.nlm.nih.gov/pubmed/15550498
http://dx.doi.org/10.1016/j.devcel.2011.08.005
http://www.ncbi.nlm.nih.gov/pubmed/21982646
http://dx.doi.org/10.1038/27221
http://www.ncbi.nlm.nih.gov/pubmed/9790192
http://www.ncbi.nlm.nih.gov/pubmed/9713320
http://dx.doi.org/10.1074/jbc.M300804200
http://www.ncbi.nlm.nih.gov/pubmed/12724325
http://www.ncbi.nlm.nih.gov/pubmed/10887090
http://dx.doi.org/10.1371/journal.pone.0091010
http://www.ncbi.nlm.nih.gov/pubmed/24608967

