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abstract: Endometriosis is a common, chronic gynaecological disease affecting up to 10% of women in their reproductive years. Its
aetiology still remains unclear, but evidence indicates genetic factors play a role. We previously identified a region of significant linkage
on chromosome 7 in 52 families comprising at least three affected women, stretching �6.4 Mb. We screened coding regions and parts
of the regulatory regions of three candidate genes with a known role in endometrial development and function—INHBA, SFRP4 and
HOXA10—located under or very near the linkage peak, for potential causal mutations using Sanger sequencing. Sequencing was conducted
in 47 cases from the 15 families contributing most to the linkage signal (Zmean ≥ 1). Minor allele frequencies (MAFs) of observed variants
were compared with MAFs from two publicly available reference populations of European ancestry: 60 individuals in HapMap and 150 indi-
viduals in the 1000 Genomes Project. A total of 11 variants were found, 5 (45%) of which were common (MAF . 0.05) among the 15 case
families and the reference populations (P-values for MAF difference: 0.88–1.00). The remaining six were rare and unlikely to be individually
or cumulatively responsible for the linkage signal. The results indicate that the coding regions of these three genes do not harbour mutations
responsible for linkage to endometriosis in these families.
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Introduction
Endometriosis is a benign, estrogen-dependent gynaecological disease
that affects up to 10% of women of reproductive age and 35–50% of
women seeking medical advice for infertility and/or pelvic pain
(Giudice and Kao, 2004). The aetiology and pathophysiology of endo-
metriosis remain unclear, but the prevailing hypothesis for peritoneal
disease is that it originates from exposure to retrograde menstruation
(Sampson, 1927). However, considering that retrograde menstruation
occurs in 76–90% of women (Seli and Arici, 2003) and only 5–15% of
women in the general population are affected, additional factors must
be present that determine the susceptibility to, and the spontaneous
evolution of, endometriosis.

There is now considerable evidence that genetic factors play a role
in the aetiology of endometriosis. This includes studies showing familial
clustering in humans (Kennedy et al., 1995) and non-human primates
(Zondervan et al., 2004); a higher prevalence among first-degree rela-
tives of patients with endometriosis (Simpson et al., 1980; Moen and

Magnus, 1993; Matalliotakis et al., 2008); a higher concordance rate in
monozygotic compared with dizygotic twins (Treloar et al., 1999), and
a higher kinship coefficient between cases compared with age- and
sex-matched controls in a large genealogical database in Iceland
(Stefansson et al., 2002).

In an effort to identify chromosomal regions harbouring genes impli-
cated in the aetiology of endometriosis, the International Endogene
Study (IES) previously conducted a whole genome linkage analysis
involving 1176 families with affected sister-pairs, which showed signifi-
cant linkage to chromosome 10q26 (Treloar et al., 2005). In a sub-
sequent study involving a subset of 248 families with three or more
affected members, a second region of significant linkage was found
on chromosome 7 (7p13–15) following a near-Mendelian pattern of
inheritance (Zondervan et al., 2007). Parametric linkage analyses
showed that the causal allele was most likely to be moderately rare
(minor allele frequency ¼ 0.02–0.04) with the two contributing data-
sets suggesting either a reduced penetrance dominant model, or a
near-complete penetrance recessive model.
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The present study aimed to investigate the putative role in endome-
triosis of three candidate genes in the region of linkage: Inhibin Beta A
subunit (INHBA, OMIM 147290), Secreted Frizzle-Related Protein 4
(SFRP4, OMIM606570) and Homeobox gene A10 (HOXA10,
OMIM142597). These three genes were chosen for mutation screening
because of their putative role in endometrial function. INHBA is a multi-
functional molecule, of which the homo-dimer forms activin A, and the
hetero-dimer combines with the inhibin alpha subunit to form inhibin
A. Both activins and inhibins are members of the transforming growth
factor beta superfamily. Activins regulate a wide variety of cellular
events, such as cell proliferation, differentiation and apoptosis (Chen
et al., 2002). Altered expression of inhibins/activins has been reported
in endometriotic cysts and the eutopic endometrium of women with
endometriosis (Reis et al., 2001; Rombauts et al., 2006). The abnormal
expression of activin A in conditions such as endometrial hyperplasia/
adenocarcinoma and endometriosis further supports a possible role
for activin A in endometrial pathophysiology (Florio et al., 2003).
SFRP4, a member of the frizzled-related protein family, is expressed in
human endometrium (Abu-Jawdeh et al., 1999). Frizzled-related pro-
teins are antagonistic molecules of the WNT signalling pathway, involved
in the mediation of cell–cell and cell–extracellular matrix interactions
and the regulation of cytoskeletal rearrangements, apoptosis and pro-
liferation (Abu-Jawdeh et al., 1999). Two recently published genome-
wide association studies (GWAS) have reported a possible association
between endometriosis and rs7521902, a SNP in an LD block including
the WNT4 gene (Uno et al., 2010; Painter et al., 2011), which also
suggested the WNT signalling pathway might play a role in the develop-
ment of endometriosis. Although SFRP4 has not been investigated in
endometriosis, its function in human endometrium has been studied.
Expression of SFRP4 is up-regulated (Tulac et al., 2003) and co-localized
with estrogen receptor-a (Fujita et al., 2002) in the proliferative phase of
the menstrual cycle, and up-regulated in human endometrial and breast
carcinomas compared with normal endometrium (Abu-Jawdeh et al.,
1999), implicating SFRP4 in endometrial physiology and tumour for-
mation. HOX genes, the principal regulators of tissue differentiation in
the embryo, play an important role in endometrial development and
receptivity. Aberrant HOX gene expression in endometrium from endo-
metriosis cases versus controls shows that altered development of
endometrium at the molecular level may contribute to the aetiology
of infertility in patients with endometriosis (Taylor et al., 1999).
Stromal levels of expression of HOXA10 are less in endometriotic
tissue than in eutopic endometrium (Browne and Taylor, 2006) and
less in the eutopic endometrium of endometriosis cases versus controls
(Gui et al., 1999). Whether or not the decrease in HOXA10 levels seen in
women with endometriosis is causal or reactive (part of the altered
uterine environment) remains unclear (Lee et al., 2007).

We screened the coding regions of INHBA, SFRP4 and HOXA10 for
rare variants through Sanger (PCR-based) sequencing of DNA from
47 cases in the 15 families contributing most to the chromosome 7
linkage signal, to investigate if an accumulation of variants in these
genes could account for the signal.

Materials and Methods

Samples
In our previous study, we reported a linkage region on chromosome 7 in
248 Caucasian families. Most of the linkage evidence came from 52

extended families collected by the Oxford group. Analysis of these 52
families alone showed a significant linkage signal in the same region
under a dominant model with reduced penetrance (Zondervan et al.,
2007). Our sequencing study therefore focused solely on these 52 families.
All affected members (a total of 47 women) from the 15 out of 52 families
that contributed most to the non-parametric linkage peak on chromo-
some 7 (with a non-parametric linkage Zmean ≥ 1) were selected.
Genomic DNA was extracted from peripheral blood using the
QIAampw DNA Blood Maxi Kit (Qiagen Ltd, West Sussex, UK), according
to the manufacturer’s protocol.

PCR sequencing and mutation detection
The 5′ untranslated regions (UTRs), exons and �500 bp of the upstream
sequence of INHBA, SFRP4 and HOXA10 were screened for any deletion
and/or loss of function mutations. The primers of all amplicons used for
PCR and their annealing temperatures are listed in Supplementary data,
Table S1. A 15 ml reaction system contains 7.5 ml Taq Master Mix from
Qiagen, 5 mM of each primer and about 10 ng genomic DNA. The proto-
col for amplification of the first fragment of exon 1 of HOXA10 was modi-
fied by adding 5% of dimethyl sulphoxide in the reaction system to increase
the amplification specificity. PCR reactions were performed by denaturing
at 948C for 10 min followed by 35 cycles of (i) denaturing at 948C for 45 s;
(ii) annealing for 45 s at the corresponding temperature listed in Sup-
plementary data, Table S1; and (iii) elongating at 728C for 45 s. A final
elongation step at 728C for 10 min followed cycling.

All PCR products were sequenced using a Sanger sequencing proto-
col. In brief, PCR products were treated with a PCR Product Pre-
Sequencing Kit (USBw Corporation, Cleveland, USA) to clean up the
redundant primers and dNTP. Next, cycle sequencing reactions were
conducted on the treated PCR products using the same primers as
for amplification. For amplicons with sizes around or larger than 1 kb,
two inner sequencing primers, one for forward and the other for
reverse, were used so that the whole amplicon could be covered
from both directions. The sequences of these primers are listed in Sup-
plementary data, Table S2. The extension products were purified by
either ethanol/EDTA precipitation or PERFORMAw DTRV3 96-well
short plates (Edge BioSystems, Gaithersburg, USA). The purified pro-
ducts were run on an ABI 3700; genotypes were called using proprie-
tary sequence analysis software (Applied Biosystems, Foster, USA).
Mutation variants in DNA sequences were identified using the Staden
package version 1.6.0 (Staden, 1996).

Statistical methods
Using sequencing data from cases in each pedigree, allele frequencies of all
variants identified were estimated from pedigree data using a maximum
likelihood method implemented in the programme MENDEL v10.0
(Model 1 was used, which adjusts estimates for familial relationships;
Lange et al., 2001). Where available, the allele frequencies of known
SNPs were compared with their corresponding population-based frequen-
cies in 60 individuals from the CEU—CEPH (Centre d’Étude du Polymor-
phisme Humain) Utah residents with Northern and Western European
ancestry—HapMap sample (http://www.hapmap.org) and 150 individuals
sequenced as part of the 1000 Genomes (1000G) Project (http://www.
1000genomes.org/, the final release of the pilot data in July 2010). Statisti-
cal differences in allele frequencies between individuals from case pedi-
grees and population-based individuals were calculated using Fisher’s
exact tests in SPSSv18.

606 Lin et al.

http://molehr.oxfordjournals.org/cgi/content/full/gar035/DC1
http://molehr.oxfordjournals.org/cgi/content/full/gar035/DC1
http://molehr.oxfordjournals.org/cgi/content/full/gar035/DC1
http://molehr.oxfordjournals.org/cgi/content/full/gar035/DC1
http://molehr.oxfordjournals.org/cgi/content/full/gar035/DC1
http://molehr.oxfordjournals.org/cgi/content/full/gar035/DC1


Results
Figure 1a shows the original linkage results for the 52 Oxford families,
and all 248 Oxford and Australian families combined (non-parametric
K&C LOD scores and best-fitting parametric dominant and recessive
models, respectively). Figure 1b shows the 1.5 LOD [logarithm (base
10) odds] support intervals of the original signal (blue) and the refined
region of interest identified through fine-mapping and haplotype
analysis using the original 23 and an additional 10 markers in the
Oxford dataset (yellow). The most likely region of linkage for the
Oxford dataset was reduced to 6.4 Mb and contained 48 genes in
total (Zondervan et al., 2007). Two of the selected candidate genes,
SFRP4 and INHBA, were located in this region (Fig. 1b). HOXA10
was located just outside the 1.5 LOD support and haplotype

boundaries of the combined Oxford + Australian dataset; however,
it was also selected because of previous evidence suggesting it has a
role in endometriosis (Gui et al., 1999; Browne and Taylor, 2006).

The results of PCR sequencing of the 5′ UTRs and coding regions of
INHBA, SFRP4 and HOXA10 in the 47 endometriosis cases from the 15
families are described in Table I. No variants were identified in the
coding regions of INHBA. However, in the 5′ UTR, one variant,
g.2199A.G(rs73100934), was identified in two samples belonging
to one family with an estimated frequency of the G allele of the
families of 3%. The estimated allele frequency of this SNP in
the 1000G Project was 9% (no allele frequency data available in the
HapMap database).

For SFRP4, eight SNPs were detected (Table I). Six of these eight
SNPs were known, located in 5′ upstream (g.2565G.T and

Figure 1 Linkage and haplotype analysis among families with at least three members affected with endometriosis. (A) Original results of non-
parametric (K&C LOD) and parametric (dominant and recessive model) linkage analyses among a combined Oxford/Australia dataset of 248 families
and the 52 Oxford families [Reproduced with permission from Human Reproduction (Zondervan et al., 2007)]; (B) Chromosomal location of the orig-
inal linkage signal and 1.5 LOD support interval of non-parametric (NPL) and parametric (Dominant model and Recessive model) (blue); boundaries
identified by haplotype analysis among Oxford families (yellow). The peak location of each interval is indicated as a red vertical bar in an interval. The
positions of the three candidate genes (HOXA10, SFRP4 and INHBA) sequenced in the present study are indicated in red in the bottom.
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g.2256C.T), exon 3 (g.567G.A), exon 4 (g.786C.T) and exon 6
(g.958C.A and g.1019G.A), respectively. The other two
(g.2415G.A and g.2163G.A) were novel SNPs located in 5′

upstream and 5′ UTR. The G to A transition at 1019 causes a non-
synonymous change of the amino acid sequence, p.R340K. Estimated
allele frequencies of the 15 families varied from 2 to 60%. Population-
based allele frequencies of the six known SNPs in the 1000G database
varied from 3 to 63%, with frequencies found in the HapMap database
for four of six SNPs varying from 24 to 58% (Table I).

Two variants were found for HOXA10: g.2351C.T in one, and
g.1151G.A in three, of the 47 samples with estimated minor allele
frequencies (MAFs) of 2% for both (Table I).

g.2351C.T is a novel mutation, not present in the latest version
of the 1000G dataset or in HapMap. For g.1151G.A (rs34957925),
the population-based frequency in 1000G was 4% (5% in HapMap).
The three g.1151G.A samples were from members of the same
family; the g.2351C.T sample came from a different family.
g.1151G.A is a known SNP and is located near the end of the
exon 2 coding region, but this transition does not cause an amino
acid change. g.2351C.T is located in the 5′ UTR and is a novel
mutation, so the effect caused by this polymorphism is still not known.

Discussion
In our previous whole genome linkage study in families with three or
more affected individuals we reported significant linkage to chromo-
some 7. The best-fitting parametric models suggested that the signal
was most likely due to one or more rare variants in a 6.4 Mb region
with near-Mendelian inheritance patterns (Zondervan et al., 2007).
This implied the presence of one or more causal mutations occurring
with high frequency in cases from these families, but with rarity in the

general population [similar therefore to the BRCA1 and BRCA2 variants
in breast cancer (Miki et al., 1994; Wooster et al., 1995)]. Recently
published GWAS studies (Uno et al., 2010; Painter et al., 2011) did
not provide evidence of a significant signal in the linkage region; signifi-
cant association was found for a SNP located 20 Mb away, but this was
too distant to be responsible for the linkage signal on the basis of local
linkage disequilibrium patterns. However—given their population-
based design—GWAS have little or no power to detect associations
with rare variants, but rather are designed to investigate variations
that are relatively common in general population (MAFs . 5%).
They are therefore complementary to family-based approaches such
as presented here, which aim to detect variants responsible for familial
aggregation patterns due to variants that are otherwise rare in the
general population.

In the current study, we selected three promising endometriosis
candidate genes (INHBA, SFPR4 and HOXA10) located within or
close to the 1.5 LOD interval of the linkage signal, and screened for
variants across coding regions and upstream regulatory sequences
using Sanger sequencing. Several variants were identified, including
two novel variants in SFRP4 and one in HOXA10. However, most of
the variants were rare in the pedigree cases, as well as population-
based individuals from HapMap and 1000G; they were therefore unli-
kely to explain, individually or cumulatively, the linkage signal. Those
variants that were common among cases had similarly high allele fre-
quencies in HapMap and 1000G.

Although the precise aetiology of endometriosis remains unclear, its
development must, according to the implantation theory, involve
several important mechanisms such as adhesion, angiogenesis and
the invasion of endometrial-like tissue into organs in the peritoneal
cavity. Genes that regulate the fate of cells, such as those which
help ectopic endometrial reflux survive clearance by immune

.............................................................................................................................................................................................

Table I Variants identified in three genes by PCR sequencing among 47 cases derived from 15 families contributing most
to the chromosome 7 linkage signal.

Variants Position SNP ID Est. Freq.a 1000G Freq. (P)b (n 5 150) HM Freq. (P)c (n 5 60)

INHBA

g.2199A.G 5′UTR rs73100934 0.03 0.09 (0.86) N/A

SFRP4

g.2565G.T 5′US rs62443106 0.03 0.03 (1.00) N/A

g.2415G.A 5′US Novel 0.02 N/A N/A

g.2256C.T 5′US rs71546610 0.20 0.32 (0.85) N/A

g.2163G.A 5′UTR Novel 0.02 N/A N/A

g.567G.A Exon 3 rs1132552 0.38 0.38 (1.00) 0.42 (0.95)

g.786C.T Exon 4 rs1132553 0.60 0.63 (0.97) 0.58 (0.98)

g.958C.A Exon 6 rs1802073 0.33 0.33 (1.00) 0.33 (1.00)

g.1019G.A Exon 6 rs1802074 0.14 0.22 (0.88) 0.24 (0.86)

HOXA10

g.2351C.T 5′UTR Novel 0.02 N/A N/A

g.1157G.A Exon 2 rs34957925 0.02 0.04 (0.93) 0.05 (0.91)

5′US, 5′ upstream; N/A, not available.
aEstimated frequencies of the mutated alleles in the 15 linkage pedigrees.
bPopulation-based frequency in CEU population from 1000 Genomes Project (release in July 2010) and P-value of allele frequency difference between cases and 1000G individuals.
cPopulation-based frequency in CEU population from HapMap Project release 28, and P-value of allele frequency difference between cases and HapMap individuals.
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responses, as well as apoptosis, intercellular adhesion, angiogenesis
and cell proliferation have therefore been suggested as plausible can-
didate. Many genes with such functions are reported to be differen-
tially expressed in ectopic and eutopic endometrial tissue in women
with endometriosis compared with unaffected controls (Ueda et al.,
2002; Matarese et al., 2003; Osteen et al., 2003; Braun et al., 2007;
Kim et al., 2007), but it is uncertain whether these findings are
causal or secondary to the disease, and whether they are robust to
replication. Studies investigating the influence of genetic polymorph-
isms on disease risk, focusing on specific candidate genes because of
a biological hypothesis, aim to identify causal mechanisms. However,
as biological pathways of interest contain many potential candidate
genes, the effect sizes of genetic variants on endometriosis are
known to be modest and studies in endometriosis have often been
too small to have sufficient power of association detection (Zondervan
et al., 2002). In addition, the results from candidate gene studies are
rarely replicated or consistent (Montgomery et al., 2008). Theoreti-
cally selecting candidate genes based on hypothesis-free, positional
evidence—such as from linkage or GWAS—has a much greater
prior probability of success, as the number of potential genes of inter-
est is greatly reduced.

The three genes screened here are putative candidates because
they are located in a region that shows significant linkage to endome-
triosis and they have been found to play roles in endometrial develop-
ment and function. All three genes are expressed in human
endometrium and their levels are altered in women with endometrio-
sis (Abu-Jawdeh et al., 1999; Gui et al., 1999; Matsuzaki et al., 2004).
INHBA is a multifunctional molecule that is involved in cell prolifer-
ation, differentiation and apoptosis in the form of homo- or hetero-
dimers (Chen et al., 2002); SFRP4 is also involved in the regulation
of cytoskeletal rearrangements, apoptosis and proliferation by antago-
nising the WNT signalling pathway (Abu-Jawdeh et al., 1999), and
HOXA10 is a member of the HOX gene family, which is highly con-
served in evolution and a principal regulator of tissue differentiation
in the embryo, playing a very important role in endometrial develop-
ment and receptivity.

In this study, several variants were identified in SFRP4 and HOXA10,
including one non-synonymous mutation in exon 6 of SFRPR
(g.1019G.A, causing a change in amino acid sequence p.R340K)
and three novel variants in coding or UTRs (two in SFRP4 and one
in HOXA10). More analyses would be required to study what effects
these changes have (if any). However, all the variants in the three can-
didate genes were found with insufficient frequency among the cases
sequenced to account for the linkage signal on chromosome 7, or
were found to be as common in reference population samples. It
should be noted that this does not mean that these genes should
be entirely disregarded as candidates. First, sequencing was limited
to the coding, and part of the regulatory, regions as the most likely
location of rare variants responsible for the linkage signal. However,
meaningful variants that alter the expression levels of these genes
might also exist in regulatory elements located in regions other than
those screened, such as introns, 3′ UTR and downstream regions
and 5′ upstream regulatory regions. These regulatory elements were
not included in the present study because their position was not
known. A sequencing analysis of HOXA10 comparing endometriosis
cases and controls was previously conducted by Wu et al. (2008).
Although they also did not identify a significant association between

the number of genetic alterations in HOXA10 coding regions and
endometriosis, they found that—among endometriosis cases—the
presence of such variants appeared significantly associated with rAFS
stage and serum CA-125 concentration (Wu et al., 2008). In addition
to alterations in the DNA sequence itself, differential expression levels
of the candidate genes might be caused by nucleotide modification, for
example methylation. Of interest, therefore, is the report that methyl-
ation in the promoter and intron 1 of HOXA10 might be associated
with an increased risk of endometriosis (Wu et al., 2005). However,
as such differential methylation patterns tend to arise as a conse-
quence of environmental exposures, they would be unlikely to mani-
fest themselves as significant linkage, which could only be caused by
the presence of inherited DNA mutations.

All the samples sequenced were derived from affected members in
those families that contributed most to the linkage signal on chromo-
some 7. No unaffected controls were screened; instead, variants were
compared with the frequency of the CEU population in HapMap or
1000G where data were available. Such a strategy was adopted
because it was the most cost-efficient and powerful method to identify
variants, including InDels and/or malfunction mutations, which are
highly prevalent in the endometriosis cases, but rare in the general
population.

In conclusion, sequencing of coding regions in three candidate
genes, INHBA, SFRP4 and HOXA10, selected from a region of signifi-
cant linkage on chromosome 7, did not reveal any mutation(s) respon-
sible for the signal. Given that only coding regions, 5′ UTR and part of
the upstream regions were screened, the three genes cannot be
entirely excluded as positional candidates, although their involvement
is unlikely. In addition, other candidate genes in the region need to be
explored in the future.
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Supplementary data are available at http://molehr.oxfordjournals.org/.
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