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Endometriosis is a complex and enigmatic disease that arises from the interplay among multiple genetic and en-
vironmental factors.Thedefiningfeatureof endometriosis is thedepositionandgrowthofendometrial tissuesat
sites outside of the uterine cavity. Studies to date have established that endometriosis is heritable but have not
addressed thecausalgeneticvariants for this disease.Here, weconductedwhole-exome sequencing tocompre-
hensively search for somatic mutations in both eutopic and ectopic endometrium from 16 endometriosis
patientsandfivenormalcontrolpatientsusing lasercapturemicrodissection.Wecompared themutational land-
scape of ectopic endometrium with the corresponding eutopic sample from endometriosis patients compared
with endometrium from normal women and identified previously unreported mutated genes and pathway alter-
nations. Statistical analysis of exome data identified that most genes were specifically mutated in both eutopic
and ectopic endometrium cells. In particular, genes that are involved in biological adhesion, cell–cell junctions,
and chromatin-remodeling complex(es) were identified, which partially supports the retrograde menstruation
theory that proposes that endometrial cells are refluxed through the fallopian tubes during menstruation and
implanted onto the peritoneum or pelvic organs. Conspicuously, when we compared exomic mutation data
for paired eutopic and ectopic endometrium, we identified a mutational signature in both endometrial types
for which no overlap in somatic single nucleotide variants were observed. These mutations occurred in a mutu-
ally exclusive manner, likely because of the discrepancy in endometriosis pathology and physiology, as eutopic
endometrium rapidly regrows, and ectopic endometrial growth is inert. Our findings provide, to our knowledge,
an unbiased view of the landscape of genetic alterations in endometriosis and vital information for indicating
that genetic alterations in cytoskeletal and chromatin-remodeling proteins could be involved in the pathogen-
esis of endometriosis, thus implicating a novel therapeutic possibility for endometriosis.

INTRODUCTION

Endometriosis (MIM131200) is considered as a common gyne-
cologic disease that affects 5–10% of women of reproductive
age; however, in women with pelvic pain, unexplained infertility

or both, the frequency is 35–50% (1). It is characterized by the
presence of endometrium-like tissue in abnormal locations,
mainly on the pelvic peritoneum but also on the ovaries, in the
rectovaginal septum, and, more rarely, in the pericardium,
pleura and even the brain (2,3). The concept that endometriosis
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is a tumor-like disease because of its metastatic potential, local
tissue invasion and increased growth and vascularization of
ectopic endometrial tissue is widespread and generally accepted
(3). Disease severity is classified using the revised American
Fertility Society (rAFS) system (4), which assigns affected indi-
viduals on a scale of Stages I–IV (defined as minimal-to-severe
disease), which quantifies disease according to the amount of
ectopic endometrial tissue present, its location and the amount
of pelvic scarring.

Although endometriosis predisposition is likely multifactor-
ial, a genetic component is evident (5–7). The genetic variants
potentially underlying the hereditary component of endometri-
osis have been widely investigated via hypothesis-driven
candidate gene studies and/or hypothesis-free genome-wide
approaches, such as genome-wide association studies (GWASs)
and genome-wide linkage studies (GWLSs) that reported a sig-
nificant association of endometriosis with 7p15.2, 9p21 and
10q23-26 loci, which are highly likely to be involved in the
pathogenesis of endometriosis in women of Japanese and Euro-
pean ancestry (8–12). Nevertheless, a comprehensive catalog
of genetic alternations is far from completed, and the corre-
sponding efforts to identify causal coding variants and the key
drivers of endometriosis pathogenesis remain poorly under-
stood. None of the current classification schemes are entirely
accurate, which suggests that a more complete understanding
of the genetic changes that are relevant to the pathogenesis of
endometriosis will be required for better classification of risk
and, ultimately, better approaches to therapy. Although the
study of the genetics of endometriosis is starting to bear fruit,
it is still faced with many challenges inherent to the complexities
of the disease and the genetic loci identified to date have not pin-
pointed the actual genetic variants that are functional and/or
causal to endometriosis.

In the present study, to explore the contribution of functional
coding variants to endometriosis, we surveyed the spectrum of
somatic alternations in women with or without endometriosis
by sequencing the exomes of endometrial cells from 16 endo-
metriosis patients and 5 healthy women. We analyzed non-
synonymous single-nucleotide variants (SNVs) across the
genome by exome sequencing in both eutopic and ectopic endo-
metrium samples and normal endometrium samples, and we
also compared the exome of the ectopic and eutopic endomet-
rium of the same patients with respect to endometrium from un-
affected samples. Frequently mutated genes in endometriosis
involved in cell adhesion, chromatin modification, cell cycle,
DNA repair and the regulation of apoptosis were the most
enriched biological pathways, suggesting that alternation of
genes in these pathways may be involved in the pathogenesis
of endometriosis and may provide opportunities for novel diag-
nostics and therapies.

RESULTS

Landscape of somatic mutations in the exomes of ectopic
versus eutopic endometrium

To define the mutational spectrum of endometriosis, we per-
formed whole-exome sequencing of genomic DNA from
paired eutopic and ectopic microdissected endometrium using
laser capture microdissection (LCM) and matched peripheral

blood samples that were obtained concurrently from 17 fertile
women patients with surgically confirmed ovarian endometri-
osis. Of these, one eutopic endometrium sample on which
whole-exome sequencing was performed lacked matched
whole-exome sequence data for the ectopic endometrium
owing to sequencing failure for this sample; therefore, it was
excluded from subsequent analyses (Supplementary Material,
Table S1 and Fig. S1). We enriched exonic sequences using Agi-
lent’s SureSFlect Human All Exon kit technology for targeted
exon capture, which targeted 50 Mb of sequence from exons
and their flanking regions in �22 000 genes. Subsequently, we
performed whole-exome sequencing on the Illumina Genome
Analyzer II platform with 100 bp by paired-end reads (Illumina,
Inc.) and aligned the reads to the reference human genome
(hg19) using MAQ and BWA software (Online Methods). On
average, we sequenced the 30 Mb targeted exome regions of
each sample to a mean depth of 30 × or greater, and, on
average, 82% of the targeted regions were covered sufficiently
for confident variant calling (defined as ≥6 ×; Fig. 1A, B and
Supplementary Material, Table S2). A Monte-Carlo simulation
indicated that the study detected 76% of the existing somatic
mutations (Online Methods and Supplementary Material,
Fig. S2). To eliminate common germline mutations, we
removed any potential somatic mutation that was observed in
either dbSNP132 or data from the 1000 Genomes Project. To
determine which of these alterations were somatic (that is, endo-
metriosis specific), we also removed those variation data that
were present in exomes from the matched blood samples.
Using stringent filtering criteria to avoid false-positive calls,
which included an empirically determined threshold that
accounted for read quality and depth and provided an optimal
balance between positive predictive value (82.3%) and sensitiv-
ity (96.4%; Online Methods). In total, across the coding regions
of the 16 cases, 18 879 somatic alterations were identified in
eutopic endometrium, with a range of 82 to 4864 per sample,
and 16 891 somatic alterations were identified in ectopic endo-
metrium, with a range of 265 to 3915 per sample (Fig. 2A). All
of the somatic alterations were absent in DNA from peripheral
blood that was collected from 16 fertile women with endometri-
osis. Of these, 6421 were synonymous (silent) mutations, and
12 458 were predicted to alter protein structure (range:
62–3265 per sample) in eutopic endometrium, and in ectopic
endometrium, 5641 were synonymous (silent) mutations and
11 250 were non-synonymous mutations in ectopic endomet-
rium. Among the mutations, the number of C.T mutations
was significantly greater than the numbers of other nucleotide
substitutions, which was consistent with spontaneous deamin-
ation (13), resulting in a high prevalence of C.T/G.A transi-
tions followed by C.A/G.T and A.G/T.C, and was
similar between the eutopic and ectopic endometrium (Fig. 2B
and E and Supplementary Material, Table S3), resembling the
mutational spectra in gastric (14) and colorectal cancers
(13,15) as well as endometrial carcinomas (16). Somatic muta-
tion rates varied considerably among these endometrium
samples. Some had mutation rates of ,2 per 106 bases,
whereas a few had mutations rates of .100 per 106 bases. The
overall non-synonymous median mutation frequency was 26.2
mutations per megabase (range of 1.76–107.9 mutations per
megabase) in eutopic endometrium and was 20 mutations per
megabase (range of 5.8–87.1 mutations per megabase) in
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Figure 1. Sequencing characteristics and mutation number and type. (A) Exome-sequencing quality control. Total raw sequencing reads and enrichment for the tar-
geted exome regions enrichments were similar across samples. (B) Coverage of the target coding regions analyzed at the indicated depth is plotted for each pair of
eutopic and ectopic endometrium specimens, and normal endometrium. (C) Non-synonymous versus synonymous mutations in the endometrium samples (including
eutopic endometrium and ectopic endometrium) were analyzed by whole-exome sequencing. (D) Plots demonstrating the number of somatic mutations (or the number
of somatic mutations per megabase) in eutopic and ectopic endometrium samples from 16 individuals with endometriosis; plots also showing the fraction of somatic
SNVs that were C.T/G.A transitions or other than C.T/G.A transitions in eutopic and ectopic endometrium from 16 endometriosis patients. The P-value indi-
cates whether there was a significantly different mutation number in eutopic and ectopic endometrium and was calculated using the two-tailed Wilcoxon signed-rank
test.
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Figure 2. Mutation spectrum of whole-exome sequenced eutopic and ectopic endometrium from endometriosis. (A) For each endometrium sample, the total number of SNVs, transition variants and transversion
mutations is shown. (B and E) The mutation spectra of single base pair substitutions in endometriosis as assessed by whole-exome sequencing. The number of each of the six base substitution classes resulting in
non-synonymous changes in the whole-exome screen is shown in B. Lego plots of mutation frequencies across 16 endometriosis samples from whole-exome sequencing. Base substitutions were divided into six
categories to represent the six possible base changes (each category represented by a different color). Substitutions were further divided by the 16 possible flanking nucleotides surrounding the mutated base as
listed in the trinucleotide context legend. Inserted pie charts indicate the distribution of all mutations for a given middle mutated base across the evaluated (as shown in E). (C) Somatic mutation rate per megabase of
the covered target sequence in the 16 cases with endometriosis and five normal control cases. (D) Number of non-silent mutations across other cancer types and number of non-silent mutations for the indicated
cancer types. MDS, myelodysplastic syndromes; ETP-ALL, early T-cell precursor acute lymphoblastic leukemia; CLL, chronic lymphocytic leukemia; CMML, chronic myelomonocytic leukemia.
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ectopic endometrium (Fig. 2C). Overall, the rates of alternations
that we observed in endometriosis, whether in the eutopic or
ectopic endometrium samples, were significantly higher than
had been previously determined rates for other tumors (13,17–
20) (Fig. 2D) that have also been sequenced by whole-exome
sequencing, but was similar to an ultramutated group of endo-
metrial tumors with unusually high mutation rates (16). These
findings may reflect differences in mitotic index, prior treat-
ments or carcinogen exposure between the endometrium
samples.

Identification of background mutations in normal
endometrium cells

To determine whether normal endometrium cells could accumu-
late mutations over time, we also performed whole-exome
sequencing of normal endometrium and their matched peripheral
blood samples from five healthy women without endometriosis
(Supplementary Material, Fig. S1 and Table S1). On average,
over 77% of the targeted regions were covered sufficiently for
confident variant calling (defined as ≥6×; Fig. 1B and Supple-
mentary Material, Table S2). We determined somatic mutations
using the same method that had been used in the 16 patients with
endometriosis, and we identified 4562 somatic mutations, con-
sisting of 1437 synonymous and 3125 non-synonymous, which
were present in the DNA from normal endometrium cells from
five healthy women but absent from their matched peripheral
blood DNA. The observed mutation spectrum was very similar
to that of samples from 16 fertile women patients with ovarian
endometriosis. Both mostly had transitions, suggesting that
they may represent mutations caused by methylcytosine residues
deamination (Fig. 2A). The overall non-synonymous median
mutation frequency was 24.7 mutations per megabase (range
of 11.6–75.7 mutations per megabase) in these normal endomet-
rium samples (Fig. 2A and C). Although the preexisting muta-
tions would not be pathogenetically relevant, they would be
present in every cell in the founding clone and appear as
somatic mutations when the endometrium sample is sequenced.
Although this hypothesis cannot be proven directly with current
technologies, it strongly suggests that normal, self-renewing
endometrium cells derived from healthy women may accumu-
late random, benign background mutations that would increase
with the extension in endometrium update cycles and generally
be irrelevant for endometriosis pathogenesis. We also investi-
gated whether the high mutation frequency in endometriosis
was associated with clinical variables, including age and
disease stage. However, likely because of the limited sample
size of our study, no significant associations were identified
(Supplementary Material, Fig. S3A–D).

Variant allele frequencies within individual cases

By performing targeted sequencing with high read coverage to
validate the variants detected by whole-exome sequencing, we
were able to accurately estimate the variant allele frequencies
for somatic mutations identified in each endometriosis case (in-
cluding both eutopic and ectopic endometrium samples). The
variant allele frequencies were calculated according to Kernel
Density Analysis. Based on the variant allele frequency distribu-
tion, we estimated the clonal population number and size in each

endometrium sample. Recent studies have demonstrated the
importance of clonal evolution in tumor progression and meta-
stasis development (21,22). Clusters of mutations with similar
variant allele frequencies within individual cases provide poten-
tial evidence of single founding clones in both eutopic and
ectopic endometrium samples. According to Kernel Density
Analysis, we identified one cluster of mutations (likely repre-
senting the founding clone in all cases without additional
subclones derived from the founding clone) in each genome.
Conspicuously, in endometriosis cases, the number of variants
specific to each endometrium sample, whether eutopic or
ectopic endometrium cells, was relatively small. We focused
on mutations with variant allele frequencies of 20% in most
endometrium samples, which strongly suggested that these
somatic mutations were randomly distributed (Supplementary
Material, Fig. S4A–C).

Analysis of data to identify genes affecting the risk of
endometriosis and pathway analysis

Somatic mutations can either be ‘driver’ mutations that have a
role in endometriosis or functionally inert ‘passenger’ changes.
As described above, this screen yielded a ratio of 2.0:1
non-synonymous-to-synonymous changes (NS:S ratio), which
is not higher than the 2.5:1 NS:S ratio that was predicted for non-
selected, passenger mutations (23), suggesting that most of these
alternations are likely to be ‘passenger’ mutations rather than
‘drivers’ in endometriosis (Fig. 1C). A previous study has devel-
oped a significantly mutated gene algorithm to detect biological-
ly significant variants from cancer genome sequencing data in an
unbiased manner. Mutations were evaluated across samples to
distinguish somatic genetic variations, which appear to be tar-
geted by driver rather than passenger mutations using the
MutSig algorithm analysis (24–26). Therefore, to identify
genes that are mutated at significant frequencies across our
cohort, we used the MutSig, which takes into account gene
size, trinucleotide context, gene structure, sample-specific muta-
tion rate, non-silent to silent mutation ratios, clustering within
genes, and base conversation across species. This tool compares
mutation occurrence in each gene to what would be expected by
chance given a background mutation frequency model that
factors in the mutation spectra, silent mutations, mutation fre-
quencies and regional mutation frequencies along the genome
(27). To search for new recurrent mutations, we only considered
genes that were mutated in at least two samples that had been
subjected to whole-exome sequencing and were significantly
more mutated than the local background mutation rate.
However, in our cohort of 16 paired endometrium samples, we
unexpectedly could not identify any significantly mutated
genes in either eutopic or ectopic endometrium samples, which
was likely because of the limited sample size of our study,
This result does not in line with previous human cancer studies
(13,15,16,27). Taken together, these results suggest that
eutopic and ectopic endometrium cells have distinct mutational
profiles, even within different endometrium samples from the
same patient (Fig. 3A–C). One possible interpretation for this
difference between endometriosis and other human cancer is
because the endometrium has unique physiological and patho-
logical characteristics, such as constant updating in the eutopic
tissues and inert growth in ectopic tissues, which may delay
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diagnosis because of symptom variability and confusion with
other disorders (2,3), compared with other human cancers. Iso-
lated or rare mutations that did not reach significance across
the entire cohort were observed in many genes with known in-
volvement in cell adhesion, such as laminin b-3 (LAMB3), pro-
tocadherin b-6 (PCDHB6) and laminin g-3 (LAMC1), which
participate in the pathogenesis of endometriosis (28,29). These
data implied that all of the mutations were mutually exclusive,
suggesting that the effect of a mutation in one gene can substitute
for the other, and altering only one complex component may be
sufficient to disrupt or alter the entire complex.

To search for potential recurrent mutated genes, we looked for
genes with mutations in either the same or different mutated sites

in at least two endometrium samples. In total, we observed
somatic mutations in 8135 genes in endometriosis, but no muta-
tions in these genes appeared in our normal endometrium
exome-seq reads, of which, 2090 were mutated in two or more
eutopic endometrium samples and/or 1611 were mutated in
two or more ectopic endometrium samples (Supplementary
Material, Table S4). Of these genes, we also identified a large
number of genes with novel mutations (636 genes), most of
which occurred at high frequency found in both the eutopic
and ectopic endometrium genomes (Supplementary Material,
Table S5). Mutations in these genes may represent cooperating
events that are capable of interacting with several different initi-
ating mutations. We also observed �724 genes that were

Figure 3. Genes with high mutation loads in endometriosis. A plot of genes with a high load of somatic non-synonymous mutation load. Mutation subtypes are denoted
by color. Associations between genetic alterations and clinicopathological characteristics of endometriosis are shown. The bars indicate nonsense mutations (red),
missense mutations (green), and splice-site variants (blue) that lead to frame shifts and early chain termination. (A) Mutation distribution in recurrently mutated genes
in both eutopic and ectopic endometrium samples; (B) distribution of mutations in genes recurrently mutated only in eutopic endometrium samples; (C) distribution of
mutations in genes recurrently mutated only in ectopic endometrium samples; left, number and percentage of samples with mutations in a given gene.
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mutated in only two or more eutopic endometrium samples and
465 genes that were mutated in only two or more ectopic endo-
metrium samples. We also determined that mutations in 222
genes, as has been previously described in a GWAS of endomet-
riosis, also appeared in our whole-exome sequencing study, of
which, 106 genes were mutated in two or more endometrium
samples from endometriosis patients (Supplementary Material,
Table S6). To further understand the impact of the mutations
on gene function, we applied SIFT (30) and/or Polyphen 2 (31)
to predict the probable functional impact of the validated non-
synonymous mutations and determined that a large fraction of
the alterations would affect protein function and were predicted
to be deleterious (Supplementary Material, Table S7 and S8).

To shed light on the potential important underlying molecular
mechanisms of endometriosis and explore the functional impact
of the mutated genes, we performed a series of pathway analyses
using genes that were recurrently mutated in both eutopic and
ectopic endometrium samples from two or more individuals
using ClueGO (32,33) and identified mechanisms known to be
important in endometriosis such as cell adhesion (P ¼ 4.5 ×
1025) and biological adhesion (P ¼ 4.6 × 1025), which ranked
near the top of the list as enriched (Supplementary Material,
Table S9, Fig. S5 and Fig. 4). These findings support the hypoth-
esis that enhanced cellular motility and invasiveness has an
important role in endometriosis etiology (34,35). Aside from
these functional groupings, one of the enriched functional group-
ings was chromatin modification (P ¼ 3.8 × 1024), formed by
CHD6, MLL, MLL3 and KDM5A, which were significantly
mutated in the cohort. We also examined genes and gene
family mutation frequencies and observed frequent alternations
in multiple endometrium samples in 18 other chromatin-
remodeling genes (ING5, RSF1, CREBBP, INO80, TTF1,
CECR2, ARID1A, RPS6KA5, MLL5, BAZ1B, KDM2A,
SMARCD3, KDM3A, KDM3B, SETD2, BAZ2A, MLL4, BRD8).
Of these genes, four members of the MLL complex (MLL,
MLL3, MLL4, MLL5) were identified, which encoded histone
methyltransferase genes and are involved in histone H3 lysine
4 modification. We also detected alterations in other related
genes in more than two endometriosis patients: histone demethy-
lase genes KDM5A (JARID1A), KDM2A and KDM3B; two SWI/
SNF-related chromatin-remodeling genes, SMARCD3 and
ARID1A; the histone acetyltransferase CREBBP; and other
chromatin-remodeling genes, such as CHD6 (encoding a compo-
nent of the SNF2/RAD54 helicase family that remodels chroma-
tin to allow cell-type-specific gene expression) and SETD2
(encoding the only H3K36 trimethyltransferase in humans). In
addition, alternations in chromatin remodeling and DNA replica-
tion genes have also been reported in various other tumors (36–
39) [i.e., serous endometrial tumors (40,41)] in recent studies.
These novel findings led us to speculate that altered epigenetic
chromatin regulation and posttranslational modifications may
play a pivotal role in the pathogenesis of endometriosis, further
implicating frequent mutational disruption of these processes in
the molecular pathogenesis of one of the deadliest forms of the
disease progression of endometriosis.

Aside from those genes that were mutated in both eutopic and
ectopic endometrium, we also discovered some genes that were
only mutated in either eutopic or ectopic endometrium samples.
To distinguish those genes that were specifically mutated in
either the eutopic or the ectopic endometrium, we only

considered genes that were specifically mutated in at least two
samples in only eutopic or ectopic endometrium samples but
not mutated in normal endometrium. Using these criteria, we
identified 724 genes and 465 genes were specifically mutated
in eutopic and ectopic endometrium, respectively, but were not
mutated in normal samples, indicating that gene mutation differ-
ences do exist between the eutopic and ectopic endometrium
samples (Supplementary Material, Table S5). To decipher the
potential functionally important underlying mechanisms in the
eutopic and ectopic endometrium cells, we also performed a
series of pathway analyses using genes that were specifically
mutated in either eutopic or ectopic endometrium cells using
ClueGO, DAVID (database for annotation, visualization and
integrated discovery) Bioinformatics Resource 6.7 [(42) and
(43)], and a DAVID functional annotation analysis identified
that cellular membrane adhesion and cell–cell junction organ-
ization pathways were the most significantly enriched mutated
genes (Supplementary Material, Table S10 and S11).

DISCUSSION

Endometriosis is defined as the presence of endometrial glands
and stroma at extra-uterine sites. It is a multifactorial disorder re-
sponsible for infertility and pelvic pain that affects �5–10% of
women of reproductive age (44). Susceptibility to endometriosis
is thought to depend on the complex interaction of genetic, im-
munologic, hormonal and environmental factors. Therefore,
changes in normal cellular functions such as cellular proliferation,
cell migration, invasiveness and cell survival could be involved in
establishment of endometriosis. The multifactorial etiology
allows taking intoconsideration different theories on its pathogen-
esis, which is currently still not completely understood.

In recent years, the development of non-invasive diagnostic
tools based on microarrays could be of great benefit in the clin-
ical management of endometriosis. To discover sufficiently sen-
sitive and specific genetic biomarkers that may be suitable for
non-invasive diagnosis of endometriosis and development of
strategies for the prevention of deleterious sequelae and treat-
ment, it is necessary to detect differences in genetic changes in
endometrium that are consistently found across individual
patients with endometriosis compared with women without
endometriosis. An understanding of the genetic underpinning
of endometriosis is prerequisite to the development of novel
diagnostic and therapeutic approaches. Moreover, the genetic
mutations occurring in sporadic endometriosis-associated
ovarian carcinoma have been elucidated by studies both in
human samples and in murine models of disease (45,46), high-
lighting the involvement of K-Ras, PTEN, HNF-1 and
ARID1A, among others. As with other complex diseases,
genetic factors contribute substantially to endometriosis devel-
opment. The ultimate purpose of identifying individual genetic
signatures is to eventually develop targets for improved diagnos-
tics. The recent development in genetic analyses has increased
the likelihood of pinpointing generalizable, endometriosis-
specific markers. Thus, the main objectives of our study were
to survey the genetic alternations by exome sequencing in the
ectopic endometrium compared with eutopic endometrium in
women with endometriosis and to gain new insight into the
underlying biology of this enigmatic disease. We found that
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both previously reported and newly identified genes coding for
proteins involved in biological adhesion were recurrently
mutated in endometriosis. In addition, we identified mutations
in genes involved in chromatin modification, cell cycle, DNA

repair and the regulation of apoptosis. The frequent alternation
of genes in these pathways may be involved in the pathogenesis
of endometriosis and provide opportunities for novel diagnostics
and therapies.

Figure 4. Integrative analysis of genomicalterations in endometriosis. The heatmap shows the pattern of case-specific, concurrent and mutually exclusivemutations in
16 eutopic endometrium and ectopic endometrium samples. Each column represents an individual affected case, and each row denotes a specific gene assigned to one
of 10 functional categories (labeled on the right). Significant and selected endometriosis related somatic mutations, splicing and stop-gain in endometriosis are indi-
cated. Mutation subtypes are denoted by color. If multiple mutations were found in a gene in a single sample, only one is shown.
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Compared with previously published studies

The application of high-throughput technologies for the analysis
of the genetic background of subjects affected by endometriosis
is revealing several genetic abnormalities of a different nature,
likely at the basis of the different familial and sporadic cases
of this recurrent pathology or implicated in disease susceptibil-
ity. In endometriosis, three major studies have been published
to date in two different populations (European and Japanese).
GWAS meta-analyses, conducted on thousands of endometri-
osis cases, has identified several endometriosis risk loci, includ-
ing WNT4, CDKN2BAS and FN1(8,9,12). Our study differs from
these studies; we applied the following strategies in the present
study. First, we focused on patients with deep endometriosis
and strictly selected fertile women with macroscopically
normal pelvic cavities as controls for a preliminary screening.
Correlation of basic science with a well-defined clinical popula-
tion is the key to successful translational research that will lead to
the development of new diagnostic and targeted therapeutic
approaches (47). Second, we used LCM to harvest the desired
cell type. LCM has been proven to be a tissue microdissection
procedure that allows accurate, single-cell, tissue sampling
from small target tissues such as endometriotic lesions (48).
The purity of epithelial cell purification was confirmed by a
histological review of laser capture microdissected cells as pre-
viously described (49,50). The use of LCM ensures an accurate
and reliable acquisition of cells of the desired type from specific
microscopic regions of tissue sections under direct visualization,
which in turn, permits the molecular genetic analysis of pure
populations of epithelial cells taken from lesion samples. The
procedure minimizes or even eliminates any possibility of con-
tamination. Because epithelial cells and stromal cells often
have different properties (51), the use of LCM increases more
specificity to our findings. In the present study, we chose to
focus on epithelial cells only, using LCM to avoid stromal and
host tissue cells in our preparations. Stromal cells are more dif-
ficult to separate from the underlying host tissues and inflamma-
tory cells, even with current technology. However, there is
strong evidence in the literature to support the importance of
stromal cells and the host tissue microenvironment (51). It is
likely that some, if not many, of the differences we found
between eutopic and ectopic endometriosis from endometriosis
patients could be ascribed to hormonal microenvironment differ-
ences: the ‘soil’ versus ‘seed’ analysis of this complex problem.
Third, whole-exome sequencing is a powerful tool for discover-
ing novel genetic variants that predispose to disease. To examine
the genetics basis of endometriosis, we analyzed the mutation
alternation in endometrium samples from 16 independent
cases with endometriosis and 5 normal female cases by sequen-
cing the exomes. To our knowledge, this is the first effort to date
where endometriosis has been studied by exome sequencing to
identify novel endometriosis-predisposing genes.

In this context, we found that endometriotic cells from endo-
metriosis patients possess a unique genetic fingerprint compared
with healthy endometriotic cells. Moreover, the existence of
similarities and differences among frequently mutated genes in
eutopic or ectopic endometrium might reflect that most of the
mutations present in endometrium genomes from endometriosis
patients already existed in the eutopic endometrium cell that was
‘transformed’ by the initiating mutation, and nearly all of these

mutations are probably benign and irrelevant for pathogenesis.
Consistent with this hypothesis, we observed that eutopic and
ectopic endometrium exomes have similar numbers of total
aforementioned mutations (Fig. 1D), and eutopic exomes
contain unique mutations that rarely occur in ectopic endomet-
rium cells. Conversely, ectopic cells also contain unique muta-
tions that are almost never present in eutopic endometrium
cells. As mentioned above, there were many mutant genes that
were shared between the eutopic endometrium cells and
ectopic endometrium cells, suggesting that these mutations
might cooperate with a variety of initiating mutations (Supple-
mentary Material, Table S5). To a certain extent, our results
suggest the following model for the pathogenesis of endometri-
osis: the disease commences when menstrual tissue fails to exit
the body and instead travels back to the ovaries and/or peritoneal
cavity, partially supporting the Sampson’s theory of retrograde
menstruation, which claims that ectopic endometrial tissues ori-
ginated from eutopic tissues that traveled to the most common
site of implantation, the peritoneal cavity, through the fallopian
tubes during menstrual shedding, where they adhere to the peri-
toneal cavity wall, invade the extracellular matrix, proliferate
and form endometriotic lesions (52). In this study, we revealed
similarities and differences of mutated genes between eutopic
and ectopic endometrium cells, which could support the hypoth-
esis that the endometrium cells that travel to other sites under
certain conditions have abnormal genetics, which could contrib-
ute to ‘transforming’ eutopic endometrium into ectopic endo-
metrium tissues. Taken together, our results represent a
significant advance in our understanding of the pathogenesis of
endometriosis; however, questions remain. It is unclear why
only some women develop endometriosis, although retrograde
menstrual flow likely occurs in most women of reproductive age.

Pathways likely to be involved in endometriosis pathogenesis

Our study has confirmed previously reported findings and newly
identified genes coding for proteins involved in the pathogenesis
of endometriosis. A number of molecules, phenotypically rele-
vant to adhesion, attachment, invasion and migration, are
involved in the regeneration, growth and functions of the endo-
metrium (53–55). Notably, ectopic endometrial-tissue frag-
ments have mechanisms by which they can attach to and
invade peritoneal surfaces (56,57). Some cell-adhesion mole-
cules, but not all, for the adhesion of endometrium to the periton-
eum have been identified by gene expression analysis. The
endometrial tissue from controls and women with endometriosis
showed constitutive expression of laminin g-2 (LAMC2), apoli-
poprotein (ApoE), integrin b-2 (ITGB2), integrin b-7 (ITGB7),
laminin g-1 (LAMC1) and junctional adhesion molecule-1
(JAM-1). Gene expression of ApoE and JAM-1 was decreased
in both proliferative and secretory phases in the endometrium
from endometriosis patients compared with controls. Additional-
ly, LAMC1 expression level was reduced in the endometrium
from women with endometriosis compared with control endo-
metrium in the proliferative phase (29). In addition, a higher
mRNA expression of LAMC2 was observed in ectopic endomet-
rium from women with endometriosis compared with eutopic
endometrium from endometriosis patients (28). Intriguingly,
when we reviewed our exome-sequencing data, out of the six
molecules studied above, we found three genes (LAMC1,
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LAMC2 and JAM1) with genetic alterations in our study (Supple-
mentary Material, Table S9). It is tempting to speculate that either
gene expression changes or genetic alternations of these adhe-
sion, attachment and invasion proteins in endometrium from
endometriosis patients may independently or collaboratively
contribute to the pathogenesis of endometriosis, although we
did not detect the expression levels of these genes in the present
study. These results suggest that abnormal of molecules with
these properties may have a role in anchoring endometrial cells
at ectopic sites, thus initiating the development of endometriosis.

Endometriosis also results from elevated cellular proliferation
or decreased apoptosis of the retrograded endometrium in re-
sponse to appropriate stimuli. Based on the implantation theory,
the survival of the refluxed endometrium in the pelvic cavity
may be essential for the initial development of endometriosis. A
previous study has revealed that apoptosis was decreased in
eutopic endometrium from endometriosis patients compared
with that from women without endometriosis during the late se-
cretory phase (58). Additionally, microarray analysis of samples
from women with endometriosis has identified gene expression
changes involved in several important signalingpathways, includ-
ing the rat sarcoma (RAS)/RAF/mitogen activated protein kinase
(MAPK) pathway, the wingless type murine mammary tumor
virus integrationsite family (WNT)-relatedpathwayand the phos-
phoinositide-3-kinase (PI3K) pathway (59–62). Alterations in
these signaling pathways contribute to the transformed phenotype
including cell growth, proliferation, differentiation, cell survival,
adhesion and cell motility (63–65), which may be necessary for
the initial development and growth of endometriosis. In addition,
other studies in the last decade have contributed to the consolida-
tion of the hypothesis that endometriosis develops from stem/pro-
genitor cells, through different approaches, both in experimental
models of disease and in specimens collected from diseased
women during surgical procedures (66,67). In this context, one
recent study has investigated the differential expression of a
panel of 13 stemness-related genes (BMI1, ERAS, TCL1, UTF1,
OCT4, SOX2, SOX15, NONOG, SALL4, DPPA2, GDF3, ZFP42
and KLF4) in human endometrial and endometriotic tissues, re-
vealing an overall increased expression of these stemness-related
genes in endometriotic samples, suggesting that stem cells could
play a role in the pathogenesis of endometriosis (68). To interro-
gate whether genetic alternations also appeared in such genes, we
reviewed our exome-sequencing data. However, few genes that
have been previously reported by gene expression analysis were
identified. There are several possible explanations for these
results. First, this is the first study to investigate the spectrum of
somatic alternations of epithelial cells in both eutopic and
ectopic endometrium from endometriosis patients, using the com-
bined methods of whole-exome sequencing and LCM. Second, it
is easy to see that there are vast differences, at least at the genetic
level, between the ectopic and eutopic endometrium, despite the
fact that endometriosis is defined as the ectopic presence of endo-
metrial glands and stroma (see Supplementary Material,
Table S5). Because these vast differences are only a snapshot in
the long process of the pathogenesis of endometriosis, many
mutated genes, especially those involved in the initiation of the
disease, may not be captured. This is especially true because our
exome sequencing did not achieved a high coverage or provide
enough information. In addition, our filtration analysis cannot
capture any genetic changes. Some, but not all, genetic changes

that we observed are surely linked to endometriosis progression.
Other mutations may also have occurred as a result of ectopic re-
location of endometrial cells. Third, the heterogeneity observed
in endometriosis is to be expected because, like tumors, hetero-
geneity among endometriotic lesions may be a result of ‘a high
level of redundancy, and hence increased chances of survival
and growth’ (69). Fourth, genetic alternations in those genes,
which are involved in the regulation of signaling pathways
(i.e., MAPK, PI3K and WNT) or in the control of stem cell prop-
erties, may be harmful for their structural and functional integ-
rity. Endometrial cells with these gene mutations will not
grow, adhere and develop endometriotic implants. In addition,
the presence of cells with stemness-related gene mutations in
these tissue implants cannot proliferate and do not lead to the for-
mation of cysts or endometriosis. Although further studies are
necessary to clarify the functional roles of these genes and pro-
teins in eutopic endometrium from patients with endometriosis,
the present findings suggest that biological adhesion and
chromatin-remodeling pathways may be involved in the initial
development of endometriosis and may be the basis for a poten-
tial novel strategy for prevention or effective targeted therapy.

SUMMARY

In summary, our study performed whole-exome analysis of both
eutopic and ectopic endometrium cells from 16 endometriosis
patients. Although many mutations in endometriosis have been
discovered by sequencing more limited parts of exome, candidate
whole-exome sequencing in our study did not achieved a high
coverage or provide enough information to confidently predict
the full spectrum of mutations that are required for disease in an
individual patient or determine the global exomic character of a
disease. More sequencing data are needed to identify additional
rare mutations; however, our data suggest that most of the
somatic events in endometriosis exomes are random, preexisting,
background mutations in endometrium cells that acquired the key
initiating mutation. Only a tiny fraction of total mutations in each
endometriosis genome are therefore likely to be relevant to patho-
genesis and potential targeted therapy. Our preliminary analysis
provides a more comprehensive catalog of genetic alternations
in endometriosis and important clues to understanding endomet-
riosis pathogenesis that may help develop novel diagnostics and
therapeutics for this disease. Notably, our results suggest that
endometriosis is a disease that is caused not by hundreds of muta-
tions but by only a few. Additionally, the comprehensive ap-
proach to acquiring data in this study provided an opportunity
to investigate whether any particular new pathways play a role
in endometriosis. From this analysis, we identified mutations in
genes that are involved in the endometriosis process, including
chromatin remodeling, biological adhesion, cell–cell junctions,
histone modification and the immune system. The results may
enhance our biological insight of endometriosis and will hopeful-
ly direct us towards new strategies to improve patient care.

MATERIALS AND METHODS

Method summaries

Eutopic endometrium, ectopic endometrium and their matched
blood biospecimens were obtained from 16 endometriosis
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patients, and normal endometrium samples were collected from
five healthy women with appropriate consent from Institutional
Review Boards (IRBs). In total, 2 mg of DNA was sheared by
sonication to a fragment length of 200–300 bp (peak on electro-
phoresis). Illumina DNA sequencing libraries were constructed
from each sample using adapters suitable for ‘indexing’, which is
a method for identifying samples during a multiplexed sequen-
cing run with several samples per lane of the sequencing flow
cell. Exome enrichment was performed using the Illumina
TruSeq exome enrichment kit. Sequencing was performed by
the Mayo Clinic Genomics Core on an Illumina Hiseq2000 in-
strument to 100 bp in length in paired-end mode (each read
representing 100 bp × 2).

DNA extraction and sample collection

All of the samples were obtained under IRB approval and with
documented informed consent. All of the samples were fresh-
frozen primary resections from individuals with endometriosis
who had not been treated previously with chemotherapy or radi-
ation. A board-certified pathologist examined hematoxylin and
eosin-stained slices and selected cases with glandular-like struc-
tures in their ectopic endometrium samples. Cells surrounding
the eutopic endometrium and ectopic endometrium glandular
cavity from 16 endometriosis patients were isolated by LCM
using the Arcturus PixCell II microscope and CapSure Macro
caps (LCM 0211; Arcturus, Carlsbad, CA). Peripheral blood
samples from corresponding patients were collected concurrent-
ly for white blood cell DNA extraction. Frozen sections of
normal endometrium cells from five healthy women were also
collected through LCM as the control samples, and the corre-
sponding peripheral blood samples were also obtained. DNA
was extracted using salt precipitation or phenol-chloroform ex-
traction and quantified using PicoGreen dsDNA Quantitation
Reagent (Invitrogen).

Whole-genome amplification (WGA) and quality control

WGA was achieved on the LCM samples using the PEPLI-g Mini
Kit according to the manufacturer’s manual (QIAGEN GmbH).
A reaction in 50 ml was performed at 308C for 16 h and termi-
nated at 65 8C for 5 min. The concentration of DNA products
was measured using the Qubit Quantization Platform (Invitrogen
Life Science). Multiplex PCR containing eight housekeeping
genes located on different chromosomes was performed to
assess amplified DNA product coverage. The DNA products
that amplified successfully with at least six housekeeping genes
were selected for further library construction procedures.

Library preparation and sequencing

For each qualified DNA sample, 2 mg of DNA was randomly
fragmented by Covaris, and the library fragment size was
mainly distributed between 150 and 200 bp. Adapters were
ligated to both ends of the resulting fragments. The adapter-
ligated templates were purified by the Agencourt AMPure
SPRI beads, and fragments with insert sizes of �180 bp were
selected. Purified DNA was amplified by ligation-mediated
PCR (LM-PCR), purified, and hybridized to the Agilent SureS-
Flect Human All Exon 50 Mb Kit for enrichment. Hybridized

fragments were bound to the streptavidin beads, whereas non-
hybridized fragments were washed out after hybridization. Cap-
turedLM-PCRproducts were subjected to theAgilent 2100 Bioa-
nalyzer to determine the effect of enrichment. Each captured
library was then loaded on a Hiseq2000 platform, and we per-
formed high-throughput sequencing for each captured library
with the paired-end 100-bp read option to ensure that each
sample met the desired average sequencing depth. Raw image
files were processed by Illumina base calling Software 1.7 for
base calling with default parameters, according to the manufac-
turer’s instructions.

Detecting somatic mutations

We aligned the whole-exome sequencing reads to the NCBI
human reference genome (hg19) using Burrows–Wheeler
Aligner (BWA) (70). After marking the duplicated read pairs
by Mark duplication from the Picard tools package, we then per-
formed local realignment around known indel intervals using the
Genome Analysis Toolkit (71). For each endometrium sample,
we called somatic mutations using the matched blood sample
as a control by VarScan (v2.2) (72) after the base quality score
recalibration. The raw mutations were screened via applying
several heuristic rules: (i) both endometrium and matched
blood samples should be covered by more than six (and ,100)
reads at the compared genomic positions; (ii) any base supporting
variant for a given genomic position should have a quality value
of no ,20 in both endometrium cells and blood samples; (iii) any
read supporting variant should have a mapping quality of no
,20; and (iv) variants should be supported by at least 10% of
the total reads from the endometrium, and no .1% variant-
supporting reads in blood samples were detected at the same
genome position. We then annotated the high quality somatic
mutations and obtained the mutated genes. To eliminate previ-
ously described germline variants, somatic mutations were cross-
referenced against the dbSNP (version 132) database and SNP
datasets from the 1000 Genomes Project. Any mutations that
were present in these datasets were filtered out, and the remaining
mutations were subjected to subsequent analyses.

Mutation annotation

Somatic point, insertion and deletion mutations were annotated
using information from publicly available databases, including
the UCSC Genome Browser’s UCSC Genes track, miRBase
release 15, dbSNP build 132, UCSC Genome Browser’s ORe-
gAnno track, UniProt release 2011_03 and COSMIC v51.
ANNOVAR was used to separate SNVs into different functional
categories according to their genic location and their expected
effect on encoded gene products, based on information from
the RefSeq database information.

Mutation significance analysis

For the purpose of discovering recurrently mutated genes, we
used the MutSig algorithm, as described. In short, this method
builds a background model of mutational processes, which
takes genome-wide variability in mutation rates into account.
This was achieved by considering different covariates that
affect mutation rates: GC content (measured on 100 kb
windows); local relative replication time; open versus closed
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chromatin status as determined by HiC (fine-scale mapping of
nuclear three-dimensional DNA contacts); and gene expression
and local gene density measured in a 1 Mb window. For each
gene, we defined a set of nearest neighbors according to these
covariates and estimated the background mutation rate from
non-coding (in flanking sequences and introns) and silent muta-
tions of these neighbors. We then assigned a score based on the
ratio between the non-silent coding mutation rate of the gene and
the non-coding and silent mutation rate of the given gene and its
neighbors. Furthermore, we performed an independent signifi-
cance analysis that was restricted to events that had been previ-
ously reported in the COSMIC database.

Power analysis of whole-exome sequencing

The power of detecting somatic mutations at each nucleotide
position in whole-exome sequencing was estimated by Monte-
Carlo simulation (n ¼ 1000) on the basis of the observed mean
coverage depth for each exon in germline and endometrium
samples and the observed endometrium content for each
sample, which were estimated using the observed mutation
allele frequencies. For the samples with no observed somatic
mutations, the average endometrium content of the informative
samples was employed. Simulations were performed across a
total of 192 424 exons.

Pathway analyses

Pathway analyses were performed as reported. First, a gene list
was selected. We processed different combinations of three
lists: (i) all relevant genes (those with mutations leading to non-
synonymous substitutions or affecting exon junctions); (ii)
damaged genes (those with mutations predicted to be damaging);
and (iii) recurrently altered genes (those with relevant mutations
in both eutopic and ectopic endometrium in more than two
samples; and those with relevant mutations only either in
eutopic or ectopic endometrium in more than two samples).
Several sources of gene sets were selected including Gene Ontol-
ogy (GO), Kyoto Encyclopedia of Genes and Genomes (KEGG),
Database for Annotation, Visualization and Integrated Discov-
ery (DAVID), and Cytoscape (see URLs). The sets included
groups based on molecular function, cellular localization, bio-
logical processes and signaling pathways. The resulting lists
were examined for enrichment in terms from GO (biological
process) and KEGG pathways. For the latter, pathways asso-
ciated with diseases were filtered out as reported. Enrichment
analysis was based on a hypergeometric test. P values were
adjusted using Benjamini–Hochberg’s FDR; only FDR , 0.1
was considered. A correction for genes in overlapping clusters
was applied.

SUPPLEMENTARY MATERIAL

Supplementary Material is available at HMG online.

URLS

The 1000 Genomes Project, http://www.1000genomes.org/;
KEGG (Kyoto Encyclopedia of Genes and Genomes) database,

http://www.genome.jp/kegg/; DAVID (database for annotation,
visualization and integrated discovery), http://david.abcc.
ncifcrf.gov/summary.jsp; Cytoscape database, http://www.
cytoscape.org; MutSig Algorithm, http://www.broadinstitute.
org/cancer/cga/mutsig; Polyphen-2,http://genetics.bwh.harva
rd.edu/pph2/; SIFT, http://sift.jcvi.org/.
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