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Abstract

Objective—To study the genetic cause of Mayer-Rokitansky-Kuster-Hauser (MRKH) syndrome. 

Although a few candidate genes and genomic domains for have been reported for MRKH, the 

genetic underpinnings remain largely unknown. Some of the top candidate genes are WNT4, 
HNF1B, and LHX1. The goals of this study were to: 1) determine the prevalence of WNT4, 
HNF1B, and LHX1 point mutations, as well as new copy number variants (CNVs) in people with 

MRKH; and 2) identify and characterize MRKH cohorts.

Design—Laboratory and community based study

Correspondence should be addressed to Lawrence C. Layman, CA2041, IMMAG, Medical College of Georgia at Augusta University, 
1120 15th Street, Augusta, GA 30912, USA. Phone: (706) 721-7591; Fax: (706) 721-0340; lalayman@augusta.edu. 

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be 
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

Disclosure: The authors have nothing to disclose.

HHS Public Access
Author manuscript
Fertil Steril. Author manuscript; available in PMC 2018 July 01.

Published in final edited form as:
Fertil Steril. 2017 July ; 108(1): 145–151.e2. doi:10.1016/j.fertnstert.2017.05.017.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Setting—Academic medical centers

Patients—147 MRKH probands and available family members

Interventions—DNA sequencing of WNT4, HNF1B, and LHX1 in 100 MRKH patients; 

chromosomal microarray analysis in 31 North American MRKH patients; and ascertainment and 

sample collection of 147 North American and Turkish MRKH probands and their families

Main Outcome Measure(s)—DNA sequence variants and CNVs; pedigree structural analysis

Results—We report finding CNVs in 6/31 (~19%) people with MRKH, but no point mutations or 

small indels in WNT4, HNF1B, or LHX1 in 100 MRKH patients. Our MRKH families included 

43 quads, 26 trios, and 30 duos. Of our MRKH probands, 87/147 (59%) had MRKH type 1 and 

60/147 (41%) had type 2 with additional anomalies.

Conclusions—Although the prevalence of WNT4, HNF1B, and LHX1 point mutations is low in 

people with MRKH, the prevalence of CNVs was about 19%. Further analysis of our large familial 

cohort of patients will facilitate gene discovery to better understand the complex etiology of 

MRKH.

Introduction

Mayer-Rokitanksy-Kuster-Hauser (MRKH) syndrome (MIM #27700), also known as 

Müllerian aplasia, consists of congenital absence of the uterus and vagina. MRKH, which is 

the name patients prefer, accounts for 10% of the cases of primary amenorrhea (1), and it 

affects ~1/5,000 women (2). This anomaly constitutes the most severe malformation of the 

female reproductive tract, and occurs in isolation in two-thirds of patients, often referred to 

as Type 1 (2). A subset of patients (Type 2) presents with associated structural abnormalities 

such as unilateral renal agenesis (30%), skeletal defects (10–15%), cardiac anomalies (2–

3%), and deafness (2–3%). These patients have a normal 46,XX karyotype and typically 

exhibit normal ovarian function with normal development of breasts and external genitalia 

(2, 3).

The molecular pathways of Müllerian development have been well studied in animal 

models, and document the importance of WNT signaling, as mice with null or mutant alleles 

for Wnt9b, Wnt4, Wnt5a, and Wnt7a manifest varying degrees of Müllerian hypoplasia (4). 

In addition, other genes such as Pbx1, Pax2, Lhx1, and Emx2, have also been implicated in 

normal Müllerian development in the mouse (5, 6). However, the genetic underpinnings of 

human Müllerian developmental abnormalities are largely unknown. While many cases are 

sporadic, some familial cases have also been reported, suggesting a genetic role in the 

pathogenesis in some patients (7). Genetic transmission is difficult to ascertain since affected 

families are often small and affected individuals are unable to have children unless they 

undergo surrogacy or a uterine transplant (3, 8).

A number of chromosomal regions and candidate genes have been studied in humans with 

MRKH, and several have been observed by different investigators, but conclusive evidence 

for causation is lacking (3) except for causative mutations in WNT4 (9) and HNF1B (10). 

An LHX1 nonsense variant has been reported, but the segregation within families and in 
vitro confirmation have not been documented (11). However, studies in mice suggest that 
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mutations in Lhx1 could lead to an MRKH-like phenotype (12–14). Chromosomal 

microarrays have suggested numerous copy number variants (CNVs) associated with 

MRKH, with 17q12 and 16p11 being two more commonly affected regions (3, 15). These 

CNVs contain multiple genes, and it is currently not clear if MRKH is a genomic disorder or 

if one or a few genes within these regions could be involved in its pathophysiology (3).

The genetic component of MRKH may be complex and its complete understanding is 

hindered by the lack of large collections of MRKH families. Herlin et al (16) reported one 

family with two MRKH probands and reviewed the literature, reporting 67 families with at 

least two MRKH patients or one MRKH and one with MRKH-associated anomalies. 

However, these families were ascertained from multiple publications in the literature, and 

there has not been any large characterization of unselected MRKH patients from a single 

research team. Importantly and in addition, the prevalence of gene mutations in WNT4, 
HNF1B, and LHX1 has not been substantiated in a relatively large sample of MRKH 

women. The purpose of the present study was to: 1) collect and obtain clinical information 

and blood samples from a large cohort of MRKH families containing at least one MRKH 

patient; 2) determine the prevalence of variants in two accepted MRKH genes—WNT4 and 

HNF1B, as well as the candidate gene—LHX1; and 3) to determine if CNVs are present in a 

subset of our North American MRKH patients, which are absent in their unaffected parents.

Methods

Cohort characterization

Patients and families were recruited to participate via ascertainment of MRKH probands 

through our Developmental Gene Discovery Project (DGDP). Many probands were 

collected by authors (LCL and OMA), but a substantial number were ascertained from the 

Beautiful You MRKH Foundation (author ACL). MRKH was defined as a female with 

normal breast development, Tanner 5 pubic hair, and an absent vagina and uterus based upon 

physical exam, supported by imaging (ultrasound and/or an MRI) and/or surgery (2, 3). All 

patients had a 46,XX karyotype except our one previously reported patient with a 

chromosomal translocation involving chromosomes 3 and 16 (17). MRKH associated 

anomalies were identified by reviewing medical records and obtaining family history. Every 

attempt was made to collect available family members. Peripheral blood was collected for 

creating lymphoblastoid cell lines and extracting DNA as described previously (18). 

Lymphoblastoid cells were created so that a long-term supply of DNA, RNA, and protein 

could be available for in vitro analyses on identified genetic variants for confirmation. This 

study was approved by the Institutional Review Board at Augusta University; and all 

participating patients and available family members signed a consent form.

Sanger DNA Sequencing for WNT4, LHX1, HNF1B

DNA was extracted from peripheral blood leukocytes as described previously (18, 19). 

Sanger sequencing was performed on a cohort of 100 MRKH patients (79 with type 1 and 

21 with type 2) for the protein coding regions and splice junctions for 5 exons of WNT4 
(NM_030761.4), 5 exons of LHX1 (NM_005568.3), and 9 exons of HNF1B 
(NM_000458.3). Each fragment was amplified by PCR for 30 cycles consisting of a 5 
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minute denaturation step at 95° C followed by 30 cycles of the following: one minute at 95° 

C, 30–60 seconds at 55° C, and 30–60 seconds at 72° C followed by a 7 minute 72° C 

extension step. Each fragment was resolved by agarose gel electrophoresis, and then an 

aliquot of the sample was subjected to dideoxy sequencing on an ABI 310 Automated DNA 

Sequencer as described previously (20–22). Each fragment was sequenced in the forward 

and reverse directions. If a variant was identified, two additional sequencing reactions were 

performed. The obtained sequence was blasted to the wild type sequence.

Chromosomal Microarrays

DNA from 31 unrelated North American MRKH probands (10 with type 1 and 21 with type 

2) was subjected to chromosomal microarrays. Copy number variant analysis was performed 

at Harvard utilizing an Affymetrix Cytoscan HD array, which consisted of 750,000 SNP 

probes and 1.9 million copy number probes to detect CNVs. The lower limit of detection for 

CNVs was 50 kb. 100 ng of genomic DNA was labeled with Cytoscan reagent kit according 

to the manufacturer's instructions. The array data was analyzed with Chromosome Analysis 

Suite (ChAS) Software as described previously (22). Human genome hg19 assembly was 

used to map genomic coordinates.

Results

Cohort characterization

We acquired DNA (and lymphoblastoid cell lines on most) from a cohort of 147 MRKH 

female probands. These patients include 80 North American probands, 58 for which we have 

other family members (shown in Supplemental Figure 1a) and 22 singletons (not shown). 

We also have 67 Turkish probands, 41 with family members (shown in Supplemental Figure 

1b) and 26, which are singletons. We collected 43 quads (proband, 1–2 parents, 1–2 

siblings), 26 trios (proband, 1–2 parents, 1 sibling), and 30 duos (proband and 1 first degree 

relative). We have characterized phenotypes for the patients and family members in 

pedigrees, including Müllerian duct agenesis and associated anomalies (Figure 1; Table 1). 

Overall, 87 have type 1 MRKH, and 60 are type 2. Of our affected type 2 probands, 

anomalies include: renal (n=24), skeletal (n = 34), hearing impairment (n = 25), and cardiac 

(n = 13).

Examination of family members indicates that none of the probands (58 families from North 

America and 41 from Turkey) in this study has a family member who is also affected by 

MRKH. However, we observed that 8/58 (14%) of the families from North America (Figure 

1) and 0/41 of the families from Turkey had a relative with an associated anomaly 

(Supplemental Figure 1).

Sanger DNA Sequencing for WNT4, LHX1, HNF1B and Chromosomal Microarrays

For the 100 patients with MRKH (79 type 1 and 21 type 2) in our cohort, we performed PCR 

on all protein coding exons and splice sites of WNT4, HNF1B, and LHX1. Agarose gel 

electrophoresis and Sanger sequencing failed to reveal evidence of deletions, small indels, or 

likely pathogenic variants in WNT4, HNF1B, or LHX1.
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Chromosomal microarray studies performed on 31 North American patients revealed that 6 

of 31 (~19%) had CNVs of potential clinical significance: 2/10 were found in people with 

MRKH type 1and 4/21 were found in individuals with MRKH type 2 (Table 2). Two MRKH 

type 1 patients had deletions involving 17q12—DGDP156 had a de novo CNV that was 1.9 

Mb and DGDP287 had a 1.4 Mb deletion. The other four CNVs were found in individuals 

with MRKH type 2. Another MRKH patient (DGDP284) had a 16p11 deletion (746 kb) and 

a duplication (456kb) of 11p11. MRKH patient DGDP149 had three different CNVs (a 

deletion involving 2q11 and two duplications—one at 8p23 and another at 12p12-12p13), 

but only the 12p CNV was de novo (Table 2). Both parents of DGDP149 had CNVs 

involving 8p23 and 2q11. A 4 Mb deletion at 1q21-1q22 was identified in DGDP273; and a 

2q13 deletion of 840 kb was found in patient DGDP155. We could only document that one 

17q12 deletion (in DGDP156) and the 12p12-12p13 duplication (DGDP149) were de 
novo---parents were not available for the other four patients with CNVs. Both HNF1B and 

LHX1 reside within 17q12, while WNT4 is localized to chromosome 1p36.12. Except for 

the 16p11 and 17q12 deletions, all other CNVs were not found in DECIPHER or ClinVar. 

Only 14 MRKH patients had both DNA sequencing and chromosomal microarrays.

Discussion

The molecular basis of MRKH remains largely unknown. A number of prior studies, most of 

which had small sample sizes, failed to show mutations in reasonable candidate genes 

including WT1, CFTR, WNT7A, GALT, HOXA7, PBX1, HOXA13, PAX2, HOXA10, 
AMH, AMHR, RARG, RXRA, CTNNB1, LAMC1, DLGH1, and SHOX (reviewed in 

Layman (3)). The best supportive evidence for a causative gene is WNT4, which was the 

first genetic cause identified and corroborated by functional studies (9). Mouse studies also 

provide additional support for WNT signaling in normal Müllerian development (4). The 

four MRKH patients described have heterozygous WNT4 mutations that impair WNT4 

function in vitro, but there was no evidence of genetic heritability, making inheritance 

ascertainment difficult (9, 23–25). Other affected family members have shown wild type 

WNT4 sequences in some of these families, which suggests de novo autosomal dominant 

inheritance with variable expressivity. Interestingly, MRKH patients with WNT4 mutations 

may also demonstrate hyperandrogenism (9), but hyperandrogenism is common in 

reproductive aged women (26), so some caution should be exercised. These investigators 

found that 4/37 (10.8%) of MRKH patients had WNT4 mutations (9, 23–25), so we 

expected to identify ~10 patients with WNT4 mutations. However, none of our 100 MRKH 

patients had WNT4 mutations detected by DNA sequencing. These findings indicate that 

perhaps the prevalence of WNT4 mutations is much less than previously reported in an 

unselected group of MRKH probands.

A second causative MRKH gene is HNF1B, mutations of which result in maturity onset 

diabetes of the young type 5 (MODY5) with nondiabetic renal disease (10). Interestingly, 

two affected females with heterozygous intragenic HNF1B deletions impairing function in 
vitro, also had Müllerian aplasia (10). Two studies examined the prevalence of HNF1B 
mutations in small numbers of patients. Bernardini et al (27) studied 20 MRKH patients and 

Ledig et al (28) studied 56 patients, and found no point mutations. Our DNA sequencing 

results also failed to show any HNF1B point mutations or small indels in 100 patients, again 
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indicating low prevalence. Interestingly, HNF1B is located within the common 17q12 

deletion CNV. To date these findings suggest that HNF1B mutations are causative, but since 

the 17q12 CNV has been reported more than 10–15 times, it suggests other genes within this 

region could play some role (3). Thus, a different gene within the interval or a contiguous 

gene deletion syndrome cannot be excluded at this time.

LHX1 is a promising candidate gene for MRKH for several reasons. First, LHX1 resides 

within the relatively common 17q12 CNV, which has been associated with MRKH in several 

studies (3, 15), including ours. Second, conditional deletion of Lhx1 in Wolffian-derived 

(12) or Mullerian-derived (14) tissues recapitulates an MRKH-like phenotype in female 

mice. One heterozygous human nonsense variant in LHX1 has been described, but no other 

family members were available and no in vitro analyses were performed (11). Two other 

studies found LHX1 missense variants, but no family studies or in vitro analyses were 

performed (28, 29). We found neither LHX1 point mutations nor small intragenic indels in 

100 MRKH patients indicating that these types of mutations in this gene are uncommon in 

MRKH. This gene also resides within the 17q12 CNV deletion interval, but appears to be 

uncommonly involved in MRKH by itself. Therefore, there is no conclusive evidence that 

LHX1 variants cause MRKH. A variety of other gene variants in TBX6 (29, 30), WNT9B 
(31, 32), and RBM8A (30) have been described, but all reports suffer from a lack of in vitro 
confirmation and family studies, clouding their true role in MRKH causality at this time.

Our chromosomal microarray analysis revealed potentially pathogenic CNVs in 6 of 31 

(~19%) patients, including two patients with 17q12 deletions, both of whom had MRKH 

type 1. The 17q12 region is one of the most commonly identified CNVs in MRKH, and it 

has been found in both type 1 and type 2 MRKH (3, 15). We also found one proband with a 

16p11 deletion, which has also been reported by multiple different investigators (3, 15). All 

other CNVs were absent in DECIPHER and ClinVar. Of interest, our proband with the 

16p11 deletion also had an 11p11 duplication. We identified a deletion in the 1q21.1-1q21.2 

region that includes the region for TAR (thrombocytopenia absent radius) syndrome, marked 

by absent radii and early onset thrombocytopenia due to RBM8A gene mutations (30). Some 

patients with TAR syndrome have Mullerian aplasia, but our patient did not have the TAR 

phenotype. CNVs of the long arm of chromosome 2 are associated with developmental 

delay, intellectual disability, microcephaly, skeletal abnormalities, short stature, and cleft lip 

and palate (33). A patient with type 2 MRKH was found to have a microdeletion at 2q11.2, 

as we have confirmed here. Of interest, our patient with the 2q13 deletion presented with 

renal agenesis, cardiac, and skeletal defects. The 2q13 region includes PAX8, which has 

been shown to coordinate with PAX2 to regulate branching morphogenesis and nephron 

differentiation during kidney development, a process closely linked to Müllerian duct 

development (34).

We could only document two patients with de novo CNVs (we did not have DNA on parents 

of other probands with CNVs)—one with a 17q12 deletion and the other with a 

12p12-12p13 duplication. The patient with the 1 Mb duplication at 12p had two other CNVs 

involving 2q11 and 8p23 that originated from the parents, suggesting they could be 

polymorphisms. However the sizes and breakpoints are different from the proband. Our 

MRKH proband had a 1.5Mb deletion at 2q11, which encompasses the 962 kb deletion 
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identified in her mother. This same MRKH proband also had a 1.9 Mb duplication at 8p23, 

which is similar in size to the 2 Mb duplication found in her father. Intriguingly, the 

proband’s mother had an 8p23 deletion (rather than duplication) of 455 kb, which is partially 

encompassed in the deleted region of the affected daughter and husband (DGDP149 in Table 

2). This dynamic change of CNV breakpoints on the same chromosomal regions in this 

family is worthy of future investigation. Perhaps these parental CNVs of 8p23 and 2q11 

deletions in her mother and the 8p23 duplication in the father had an interchromosomal 

effect contributing to the generation of the 12p12-12p13 duplication in the MRKH proband. 

Although the CNVs we have identified are possibly pathogenic, they do not provide 

convincing evidence of causation.

The molecular basis of MRKH is difficult to characterize. The major barrier is the lack of a 

large familial cohort of MRKH families to systematically study both clinically and at the 

molecular level. Any identified variant should be subjected to family studies to determine if 

the variant segregates with the phenotype, which cannot be easily done without a large 

cohort. Then, in vitro analysis is required for confirmation. In the current study, we sought to 

gather a large sample of MRKH families, enlisting the assistance of the patient support 

foundation—Beautiful You MRKH (https://www.beautifulyoumrkh.org/). We collected a 

sample of 147 MRKH probands, including 99 with available family members (Supplemental 

Figure 1). From our large familial MRKH cohort, no proband had an additional affected 

relative with MRKH. Only 14% of North American and no Turkish probands had a relative 

with an MRKH-associated anomaly. This, along with unknown phenotypic effects in males, 

adds to the complexity of MRKH genetics, and it must be considered when studying 

families. Even in small families, segregation analyses can be performed, and we would not 

expect unaffected individuals to have the same variant, as exemplified for WNT4 (9) and 

HNF1B (10) mutations.

Herlin et al (16) described a familial case of MRKH and ascertained MRKH probands in the 

literature who had at least one more person affected with MRKH or MRKH associated 

anomalies. They found that 36 of the 67 families had two or more MRKH patients, while the 

remainder had at least one associated anomaly. Our findings are more unselected since we 

collect all MRKH patients and families we can recruit, which perhaps gives a more 

reasonable estimate of MRKH family structure, avoiding publication bias as in Herlin et al 

(16). The family structures of the reported multiplex MRKH families argue against 

autosomal recessive inheritance, although this seems more possible in our Turkish patients 

because of potential consanguinity. Instead de novo autosomal dominant, or polygenic/

multifactorial modes of inheritance are more likely, which has been proposed by others (16). 

As recommended by Schaffer (35), true digenic/polygenic inheritance is extremely 

challenging to substantiate since human families, cellular studies, and mouse models are 

needed for corroboration.

Clearly, our understanding of the molecular basis of MRKH is in its infancy, unlike other 

reproductive disorders such as hypogonadotropic hypogonadism and gonadal failure for 

which the genetic basis is known for a significant proportion of affected individuals (36–38). 

Our cohort of MRKH probands and family members, as well as our collection and usage of 

lymphoblastoid cell lines, will allow gene segregation analysis to test for true de novo 
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variants, determine effects upon RNA and protein, and examine for inheritance patterns. 

Because we have a large number of quads and trios, determination of inheritance of 

identified variants should be more easily accomplished. Future efforts will include whole 

exome sequencing and whole genome sequencing in our cohort to generate comprehensive 

data via high throughput next generation sequencing methods. In vitro analyses will be 

needed to complement the effect of any genetic variant, particularly for missense variants, 

which are commonly variants of undetermined significance unless they are studied in vitro 
(39). However, newer bioinformatic programs, such as pVAAST (pedigree variant 

annotation, analysis and search tool), are able to mine next generation DNA sequencing data 

from quads, trios, or any family structure. pVAAST incorporates linkage, association, and 

variant severity. This method has been shown to be superior to other methods in analyzing 

genome sequencing data for autosomal dominant, autosomal recessive, and particularly 

relevant to the MRKH phenotype, dominant inheritance resulting from de novo mutations 

(40). Digenic/polygenic disease is also amenable to pVAAST analysis (40).

In summary, the genetic basis for MRKH remains largely unknown, and nongenetic causes 

such as epigenetic changes and somatic anomalies could play a role in some patients. The 

prevalence of mutations in the two known genes WNT4 (n = 4) and HNF1B (n = 1 family) is 

exceedingly low. There is no solid evidence at this time for causation in other genes, 

although there are promising candidate genes, such as LHX1, TBX6, WNT9B, and RMB8A 
that require future study. The repetitive identification of CNVs in regions such as 17q12, 

16p11, and 1q21 suggests their involvement, as well as a potential explanation for the 

etiology of multiple cases that would be missed by DNA sequencing of exons. However, 

further work is needed to prove causation. Large well-characterized MRKH families with 

lymphoblastoid cell lines, such as our large international cohort, along with significant 

public support from the MRKH community, will be essential to unravel its complex 

genetics.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
(A–H) Eight MRKH pedigrees from North America with at least one affected family 

member with an MRKH-associated anomaly are shown. Arrows indicated MRKH probands.
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Table 1

The frequency that an associated anomaly was observed in our cohort of 147 MRKH patients.

MRKH (n) Renal Skeletal Cardiac Hearing Deficits

147 24 34 13 25

(16%) (23%) (9%) (17%)
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