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ABSTRACT Pelvic endometriosis is a complex syndrome characterized by an estrogen-dependent chronic inflammatory process that

affects primarily pelvic tissues, including the ovaries. It is caused when shed endometrial tissue travels retrograde into the lower

abdominal cavity. Endometriosis is the most common cause of chronic pelvic pain in women and is associated with infertility. The

underlying pathologic mechanisms in the intracavitary endometrium and extrauterine endometriotic tissue involve defectively

programmed endometrial mesenchymal progenitor/stem cells. Although endometriotic stromal cells, which compose the bulk of

endometriotic lesions, do not carry somatic mutations, they demonstrate specific epigenetic abnormalities that alter expression of key

transcription factors. For example, GATA-binding factor-6 overexpression transforms an endometrial stromal cell to an endometriotic

phenotype, and steroidogenic factor-1 overexpression causes excessive production of estrogen, which drives inflammation via

pathologically high levels of estrogen receptor-b. Progesterone receptor deficiency causes progesterone resistance. Populations of

endometrial and endometriotic epithelial cells also harbor multiple cancer driver mutations, such as KRAS, which may be associated with

the establishment of pelvic endometriosis or ovarian cancer. It is not known how interactions between epigenomically defective stromal

cells and the mutated genes in epithelial cells contribute to the pathogenesis of endometriosis. Endometriosis-associated pelvic pain is

managed by suppression of ovulatory menses and estrogen production, cyclooxygenase inhibitors, and surgical removal of pelvic lesions,

and in vitro fertilization is frequently used to overcome infertility. Although novel targeted treatments are becoming available, as

endometriosis pathophysiology is better understood, preventive approaches such as long-term ovulation suppression may play a critical

role in the future. (Endocrine Reviews 40: 1048 – 1079, 2019)

Definition of Endometriosis

A dvances made during the last two decades have
revealed endometriosis as a complex clinical

syndrome characterized by an estrogen-dependent
chronic inflammatory process that affects primarily
pelvic tissues, including the ovaries (, ). Endome-
triosis is the most common cause of chronic pelvic
pain in reproductive-age women and is strongly linked
to persistent episodes of ovulation, menstruation, and
cycling steroid hormones (, ). Its multifactorial
etiology and high prevalence resemble other chronic
inflammatory disorders associated with pain, such as
inflammatory bowel disease and gastroesophageal
reflux disorder (, ). Its dependence on estrogen as

the key biologic driver of inflammation, however,
makes endometriosis unique (–).

The classical definition of endometriosis is the
surgical detection of endometrial tissue outside of the
uterine cavity (); however, this narrow anatomic
definition has proven insufficient to explain the nat-
ural history of endometriosis, the full spectrum of its
clinical features, the frequent recurrence of its
symptoms, the underlying molecular pathophysiology,
or its responsiveness to currently available manage-
ment modalities (, , , ). Recently, the definition of
endometriosis has evolved to one that is more patient-
focused and takes into account the cellular and mo-
lecular origins of the disease; its natural history from
teenage years to the menopause; its complex, chronic,
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and systemic nature; the variety of tissues involved,
including the central nervous system; and the need for
treatments that address long-term suppression of
ovulation (, ).

Pelvic endometriosis, which may involve pelvic
peritoneal surfaces, subperitoneal fat, rectovaginal
space, or ovaries, occurs primarily via retrograde
menstruation and comprises the vast majority of all
cases of endometriosis (Fig. ). The disease may also
affect the bladder, bowel (most commonly the rectum
and appendix), deep pelvic nerves, ureters, anterior
abdominal wall, abdominal skin, diaphragm, pleura,
lungs, pericardium, and brain (). The symptoms of
pelvic endometriosis—painful periods, painful in-
tercourse, and chronic pelvic pain and infertility—
often disrupt the social, professional, academic, and
economic potential of young women. Living with
severe cyclic or continuous pelvic pain or the threat of
its return, often for decades, can also lead to anxiety
and depression (). Another key source of stress
associated with endometriosis is the potential com-
promise of current or future fertility (). Herein, we
review the clinical, biological, and genetic advances
that have been made in the area of endometriosis
during the past two decades, which may inform the
development of treatment and prevention approaches
for this debilitating disease.

Salient medical features
Taking a broad perspective of endometriosis—from
the molecular mechanisms to its impact on quality of
life—is essential for optimizing management that will
benefit patients suffering from this disease (). The
following are considered key features of endometriosis.
(i) Intense primary dysmenorrhea (painful periods),

uninterrupted and repetitious episodes of ovulation
giving rise to heavy periods associated with retrograde
menstruation, and pelvic endometriosis visualized by
laparoscopy are linked and likely represent progressive
stages of a common disorder (Fig. ) (). (ii) De-
bilitating menstrual pelvic pain first experienced
during or soon after menarche gradually increases in
severity as the inflammatory stimuli from pelvic dis-
ease persist and the peripheral and central nervous
system are recurrently conditioned, leading to the
phenomenon of central sensitization (, ). Patients
with endometriosis experience chronic pain contin-
ually or intermittently until the menopause. (iii) All
three forms of pelvic endometriosis, namely, perito-
neal endometriotic implants, rectovaginal nodules,
and ovarian endometriomas, are intimately linked
with ovulatory menses and probably originate pri-
marily from retrograde menstruation that follow
ovulation (Fig. ) (). (iv) The current diagnostic
standard, gross laparoscopic visualization of pelvic
endometriosis, does not take into account the presence
of microscopic inflammatory disease in the pelvic
peritoneum or eutopic endometrial tissue, both of
which may be the source of chronic pain that responds
to suppression of ovulation or estrogen formation (,
). Thus, endometriosis should be a clinical diagnosis
of exclusion and based on a detailed history and
symptoms, as clinicians in practice primarily manage
the symptoms of the disease. (v) Treatment-naive pa-
tients with endometriosis significantly benefit from
surgical or medical management, which leads to sub-
stantial pain relief for practically all of these patients
(); however, the response rate progressively and
sharply decreases with each treatment attempt (, ).
Therefore, management of recurrent disease or its

ESSENTIAL POINTS

· Pelvic endometriosis, manifested by chronic pelvic pain and infertility, is a complex syndrome characterized by an
estrogen-dependent chronic inflammatory process that affects primarily pelvic tissues, including the ovaries, caused by
repeated retrograde travel and survival of shed endometrial tissue in the lower abdominal cavity

· The underlying pathologic mechanisms in the intracavitary endometrium and extrauterine endometriotic tissue involve
defectively programmed endometrial mesenchymal progenitor/stem cells

· Although endometriotic stromal cells, which compose the bulk of endometriotic lesions, do not carry somatic mutations,
they demonstrate specific epigenetic abnormalities that alter expression of key transcription factors such as excessive
production of GATA-binding factor-6, steroidogenic factor-1, and estrogen receptor-b, which collectively cause estrogen-
dependent inflammation, and deficient expression of progesterone receptor, which causes progesterone resistance

· Populations of endometrial and endometriotic epithelial cells harbor multiple cancer driver mutations, such as KRAS,
which may be associated with the establishment of pelvic endometriosis or ovarian cancer

· It is not known how interactions between epigenetically defective stromal cells and the mutated genes in epithelial cells
contribute to the pathogenesis of endometriosis

· Endometriosis-associated pelvic pain is currently managed by suppression of ovulatory menses and estrogen production,
cyclooxygenase inhibitors, and surgical removal of pelvic lesions, whereas in vitro fertilization is frequently used to
overcome infertility

· Although novel targeted treatments are becoming available, as endometriosis pathophysiology is better understood,
simple preventive approaches such as long-term ovulation suppression are currently underused
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symptoms is the key clinical challenge in endome-
triosis (). (vi) Long-term suppression of ovulatory
menses is the mainstay of any successful manage-
ment strategy for endometriosis-associated pelvic
pain (, ). (vii) Epidemiologic studies have found
significant associations between the prevalence of
endometriosis and ovarian cancer (). The direct
observation of malignant transformation of endo-
metriosis to an adenocarcinoma, however, has been
reported only rarely (). Currently, the potential for
malignant transformation of endometriosis is not
considered a significant factor in standard clinical
decision-making, which should be revisited and
updated in light of recently published data (, ).

Clinically useful research findings
The following key observations and cellular and
molecular characteristics of endometriosis are
helpful starting points for interpreting more in-
depth and complex mechanistic studies of the dis-
ease. (i) Menstruation that follows an ovulatory cycle
is indispensably linked to the development of en-
dometriosis, at least in its early stages (Fig. ). Species
that do not menstruate do not develop endome-
triosis, and women who never had ovulatory menses
do not develop endometriosis. Interruption of
ovulatory menses in women with endometriosis is
usually therapeutic (Fig. ) (, ). (ii) Pathology in
various tissue types may contribute to the overall
clinical picture of endometriosis. Distinct cellular
and molecular abnormalities involving inflam-
mation and steroid responsiveness have been well
described at least in two types of tissues: eutopic
(intrauterine) endometrium and ectopic endo-
metriotic tissue (). It is also plausible that defects in
uterine spiral arteries and arterioles or pelvic peri-
toneal tissue may predispose certain women to
endometriosis (, ). The list of affected tissues
may grow as we understand more about endome-
triosis (, ). It follows that surgical removal of
pelvic endometriotic tissue, even by the most capable
surgeons, will not be curative. (iii) Most endo-
metriotic implants are composed primarily of
stromal cells and contain a small epithelial com-
ponent that lacks the deep invaginations (glands)
typically observed in the eutopic endometrium (Fig.
). The endometriotic stromal cell is epigenetically
misprogrammed and displays partial phenotypes of
ovarian theca/granulosa cells and tissue macro-
phages. For example, endometriotic stromal cells
express the full cascade of steroidogenic proteins
and enzymes such as steroidogenic acute regula-
tory protein (STAR) and aromatase and convert
the precursor molecule cholesterol to substantial
quantities of progesterone and estradiol (). The
endometriotic stromal cell also expresses and se-
cretes large amounts of immune molecules such as
IL-b, IL-, TNF, regulated upon activation normal

T cell expressed and secreted (RANTES), and
monocyte chemoattractant protein- (MCP-) (,
, ). (iv) The importance of estrogen excess in
endometriosis is somewhat similar to the role of
insulin deficiency in diabetes or the metabolic
syndrome (–). Estradiol is essential for endo-
metrial tissue attachment to peritoneum; lesion
survival; production of inflammatory substances
such as metalloproteinases, cytokines, or prosta-
glandins and growth factors; and angiogenesis (Fig.
) (–). Estrogen receptor (ER)b mediates the
effects of estradiol in endometriosis and triggers
pathways that enhance lesion survival, remodel
pelvic peritoneal tissue, and produce inflammatory
substances, which stimulate nociceptors in pelvic
tissues, leading to pain (Fig. ) (, ). Blocking
estradiol production either naturally (menopause) or
pharmacologically (ovarian suppression or aroma-
tase inhibition) causes regression of the disease and
its symptoms, including pain (Fig. ) (, , ). (v)
Endometriosis is a unique condition whereby pro-
gesterone resistance occurs owing to a deficiency of
progesterone receptor (PR) in endometriotic stromal
cells (Fig. ) (–). Endometriotic stromal cells
produce large amounts of progesterone locally; this
is consistent with progesterone resistance resulting
from PR deficiency (). This characteristic also
explains, in part, why endometriotic tissue responds
poorly to progesterone or its agonists. Alternatively,
synthetic antiprogestin compounds such asmifepristone
and ulipristal acetate (UPA), which bind to low levels of
PR with higher affinity, suppress endometriosis and
reduce pain more effectively (–).

Recently, three groups independently described
mutations affecting PIKCA, KRAS, ARIDA, and
other cancer driver genes in the epithelial components
of benign ovarian and extraovarian pelvic endome-
triosis tissue (, , ). Stunningly, the epithelial cells
of clinically and histologically normal endometrial
samples also contained mutations in mutant allele
frequencies similar to those observed in endometriotic
epithelium and some cancer types (, ). These well-
characterized driver mutations have also been reported
in clear cell and endometrioid-type ovarian cancers
uniquely associated with endometriosis, as well as in
other epithelial ovarian adenocarcinomas (, ). It
appears that fragments of inflamed endometriotic
stroma, together with mutated epithelium, may lo-
calize into ovarian inclusion cysts and transform to
cancer, possibly because the unique microenviron-
ment within the ovary becomes permissive to carci-
nogenesis (, ). Although the same phenomena
and mutations are observed in extraovarian deep-
infiltrating endometriosis, the risk of malignancy in
such sites is negligible, as the extraovarian location is
probably not supportive of malignant transformation
(). The significance of these epithelial cancer driver
mutations in histologically normal-appearing and
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clinically disease-free eutopic endometrial tissue re-
mains enigmatic.

Prevalence and distribution of endometriosis
Clinically, it is more meaningful to discuss the
prevalence of endometriosis rather than its incidence
because an average patient may suffer from the disease
for prolonged periods of time—up to decades (). The
disease process can begin as early as at the time of first
menses, and it may persist until after the menopause
(, ). This natural history expands the pool of
patients affected by endometriosis at any given time.
An estimated  in  reproductive-age women—or
~ million women worldwide—may be suffering
from endometriosis (). In women undergoing ab-
dominal surgery for chronic pelvic pain or infertility,
endometriosis represents one of the most common
pelvic pathologies (, ).

The most significant risk factor and cellu-
lar mechanism underlying pelvic endometriosis is
retrograde menstruation (Fig. ) (–). The risk of
endometriosis appears to increase with a greater
lifetime number of ovulatory cycles (Fig. ) (). The
gradual but consistent trend toward more menstru-
ations due to earlier ages of menarche and a pro-
gressively decreasing number of pregnancies per
woman (which naturally disrupt ovulatory cycles) has
increased the risk of implantation of retrograde-
traveled endometrium on pelvic tissues (–). Re-
peated cycles of ovulation and the genesis of ovarian
endometriosis have been linked, as endometriomas
seem to develop from ovarian follicles () and by
direct transition from hemorrhagic corpus luteum
cysts, based on serial ultrasound examinations (Figs. 
and ) (). It is quite likely that retrograde menstrual
endometrial material trapped in a recently ruptured
ovarian follicle gives rise to ovarian endometriomas
(). It was also suggested that endometrial fragments
on the ovarian surface epithelium may get trapped in
cortical invagination cysts and give rise to endome-
triomas; this possibility, however, was solely based on
histopathological examinations but not on temporal
evidence as in the case of the ovarian follicle hy-
pothesis (, ).

Histopathology
As discussed above, the term endometriosis initially
referred to a histologic diagnosis, but as the clinical
picture has become clearer with recent clinical and
molecular discoveries, the definition has evolved to
describe a symptom complex that affects the pelvic
tissues. Anatomically, pelvic endometriosis refers to
the presence of endometrium-like tissue outside of the
uterine cavity, usually on the pelvic peritoneal surfaces,
in the ovary or on other pelvic tissues such as bowel
(Fig. ). Surgical pathologic diagnosis is made upon the
identification of at least two of three key elements: (i)
endometrial stromal cells, (ii) endometrial epithelial

cells, and (iii) signs of chronic bleeding in or adjacent
to endometrium-like tissue, including collections of
red blood cells and hemosiderin-laden macrophages
(immune cells that engulf blood pigment, Fig. ).
Fibrosis comprised of fibroblasts and extracellular
matrix is commonly observed surrounding endo-
metriotic implants and possibly represents extensive
inflammation and tissue remodeling (Fig. ). From a
surgical perspective, there are three major forms of
pelvic endometriosis: (i) peritoneal endometriosis
found on uterine serosa or peritoneal or subperitoneal
tissue in pelvic side walls (Fig. a), (ii) deep infiltrating
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endometriosis that involves substantial fibrosis and
surrounding tissue remodeling and is usually found in
the pouch between the vagina and the rectum, that
is, rectovaginal nodule (Fig. b), and (iii) ovarian

endometrioma, an ovarian cyst with a wall that is lined
up with endometrial tissue and contains substantial
amounts of clotted and unclotted blood products in its
lumen (Fig. c–e).

Mechanisms of Endometriosis

Tissues that contribute to endometriosis
Several mechanisms have been proposed regarding the
histologic origins of endometriosis. Sampson () and
others postulated that fragments of menstrual endo-
metrium pass retrograde through the fallopian tubes,
then implant and persist on peritoneal surfaces (Fig. ).
This has been demonstrated in primate models and
observed naturally in humans; it is also supported
by the observation that spontaneous endometriosis
occurs exclusively in species that menstruate, that
is, female primates, including humans (). Young
women with a transverse vaginal septum or imper-
forate hymen that blocks the expulsion of menstrual
tissue from the vagina almost invariably develop pelvic
endometriosis (). An alternative hypothesis is that the
peritoneum, derived from the coelomic epithelium,
undergoes metaplasia to differentiate into islands of
endometriotic lesions within the peritoneal cavity ().
The defenders of yet another hypothesis suggest that
menstrual tissue from the endometrial cavity reaches
pelvic or other distant body sites via veins or lymphatic
vessels (). Additionally, it has been proposed that
circulating blood cells originating from bone marrow
differentiate into endometriotic tissue at various body
sites (). Distant organ endometriosis such as lung
endometriosis is very rarely encountered and may be
explained by vascular spread. However, it is highly
challenging to construct clinically relevant models to
support or refute the mechanisms proposed as alterna-
tives to Sampson’s retrograde menstruation theory.

Moreover, most molecular and clinical data accumu-
lated during the past two decades support Sampson’s
postulate as themainmechanism for pelvic endometriosis
(, ). Thus, this review centers on Sampson’s ret-
rograde menstruation hypothesis and considers the
eutopic endometrium as the key tissue source for the
genesis of pelvic endometriosis.

Intrauterine (eutopic) endometrium
Retrograde flow followed by implantation of in-
trauterine endometrial tissue is the most plausible
mechanism for most pelvic endometriotic lesions (Fig.
) (). Reflux menstruation of endometrial tissue
mixed with blood is routinely observed in almost all
ovulatory women, but only ~% of these women
develop the symptom complex of endometriosis.
Several explanations have been offered for how
refluxed endometrium to the peritoneal surface suc-
cessfully implants and survives in the long term in a
limited population of women (). (i) The mucosal
surfaces of the uterus, that is, eutopic endometrium
and the tubal mucosa, in women with endometriosis
display a number of cellular and molecular abnor-
malities. Molecular defects have been reported in
eutopic endometrial tissues of women with endo-
metriosis, such as activation of oncogenic pathways or
biosynthetic cascades that favor increased production
of estrogen, cytokines, prostaglandins, and metal-
loproteinases (Fig. ) (, , –). Upon the at-
tachment of these defective tissues to the peritoneum
or the ovary, the magnitude of these abnormalities is
amplified drastically to enhance their implantation
and longevity (). (ii) Compared with endometriosis-
free women, women with endometriosis may simply
have overwhelmingly higher numbers of molecularly
unremarkable endometrial tissue, including somatic
stem cells, that arrive at the pelvic abdominal cavity
during each menstrual episode (Fig. ). Several groups
proposed that endometrial somatic stem cells may be
involved in the pathogenesis of premenarchal and
adolescent endometriosis through retrograde neonatal
uterine bleeding due to maternal progesterone with-
drawal at birth (–). These endometrial somatic
stem cells would remain dormant beneath the peri-
toneum until increasing estradiol levels before men-
arche activate them to initiate clonal growths of
ectopic endometrium in the peritoneal cavity ().

It has also been suggested that a defective immune
system might fail to clear implants off the peritoneal
surface (, , ). One can further imagine that
defective spiral arterioles may lead to hypermenorrhea

Figure 1. (a) Laparoscopy of the pelvis performed at the time of menstruation. Predictable cyclic
ovulatory menses giving rise to repetitious episodes of retrograde travel of endometrial tissue and
blood into the dependent portions of the pelvic cavity is the main cause of pelvic endometriosis.
Not all women who experience retrograde menstruation, however, develop endometriosis. This
suggests that a number of differences between the patients with endometriosis and disease-free
women may account for this condition. These include increased quantities of menstrual tissue that
reach the abdominal cavity because of outflow track obstruction or deeper separation of the
functionalis layer from the basalis layer (see Fig. 6) and cellular and molecular defects in eutopic
endometrial or peritoneal tissues of women with endometriosis. (b) Graphic depiction of
retrograde flow of endometrial tissue fragments made of spindly stromal and cuboidal epithelial
cells. (c and d) Menstrual tissue fragments may survive and grow on peritoneal or subperitoneal
locations (peritoneal endometriosis) or may get deposited into the rectovaginal (RV) pouch during
repetitious episodes of menstruation and remodel the neighboring vaginal, rectal, and cervical
tissues via a chronic inflammatory process to give rise to a deep-infiltrating RV nodule. (e) The
endometrial tissue fragments may populate the exposed lining of a follicular or corpus luteum cyst
to eventually evolve into an endometrioma. [Adapted with permission from Bulun SE.
Endometriosis. In: Strauss J, Barbieri R, eds. Yen & Jaffe’s Reproductive Endocrinology. 8th ed.
Philadelphia, PA: Elsevier; 2019:609–642. Copyright © 2019 by Elsevier.]
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or other menstrual abnormalities and contribute to a
phenotype that favors endometriosis (). It is quite
likely that a whole variety of cellular and molecular
abnormalities in the eutopic endometrium or else-
where may lead to the common phenotype of en-
dometriosis together with its symptom complex.

Cellular and molecular aberrations in eutopic
endometrium. Eutopic endometrium of women with
endometriosis looks identical to that of disease-free
controls under routine microscopic examination via
hematoxylin and eosin staining. However, substantial
clinical and molecular data support the existence of
cellular and molecular differences in eutopic endome-
trial tissue of patients with endometriosis (Fig. ) ().
Stromal cells of eutopic endometrium of women
with endometriosis express strikingly higher levels of

aromatase, cyclooxygenase (COX), and IL- mRNA
and protein and display readily detectable levels of
aromatase enzyme activity that catalyzes the con-
version of androgens to estrogens (Fig. ) (, , ,
). Transcriptomic analysis of eutopic endometrium
from women with or without endometriosis con-
firmed these earlier observations and found dysre-
gulation of selected genes that contribute to implantation,
including embryonic attachment, embryo toxicity, im-
mune dysfunction, and apoptotic responses, as well as
genes that likely contribute to the pathogenesis of en-
dometriosis, including aromatase, PR, and angiogenic
factors (Fig. ) ().

Nerve tissue has been immunohistochemically
identified in the functional layer of eutopic endo-
metrial tissue in all women with endometriosis but not

Figure 2. Laparoscopic views of pelvic endometriosis. (a) A raised superficial endometriotic implant on bowel serosa [visceral
peritoneum]. (b) Deep-infiltrating endometriosis. A laparoscopic image sometimes described as “frozen pelvis” because of extensive
endometriosis and diffuse tissue remodeling causing dense adhesions between the ovary, bowel (rectum), and the uterine peritoneum.
White vesicular endometriotic lesions are visible in the delineated area that represents the upper tip of diffuse adhesions caused by
endometriosis. A challenging dissection into this plane will eventually take the surgeon into the previously existing rectovaginal (RV)
space now harboring a nodule composed of endometriotic tissue and surrounding fibrosis and allow the removal of this RV nodule [see
Fig. 4b]. (c) Enlarged left ovary because of a large endometrioma buried in the normal tissue [see (d) and Fig. 4c]. (d) Dissection into the
overly stretched normal white-tan ovarian cortical tissue. The fibrotic endometrioma cyst wall is grasped by a forceps. The suction
apparatus was inserted into the cyst lumen to remove the thick chocolaty fluid composed of blood products. The surgeon will develop a
plane between the normal ovarian tissue and cyst wall in an attempt to remove the cyst in its entirety.
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in the eutopic endometrium of disease-free women
(Fig. ) (). The pathologic presence of nerve fibers
points to a general defect in the differentiation of
somatic stem cells in the endometrium of patients with
endometriosis. This may have important implications
for understanding the generation of pain in these
patients. For example, this may explain why patients
with endometriosis continue to experience pain after
surgical resection of ectopic implants (). These nerve
fibers may be directly involved in transmitting pain
both in eutopic or ectopic locations ().

Progenitor/stem cells
In ovulatory women, the progenitor/stem cell pop-
ulations in the basalis layer of endometrium re-
generates the full thickness mucosa every month
within days under the influence of estrogen (Fig. ).
Thus, stem cell activity is extraordinarily important for
endometrial function. Mesenchymal (stromal) stem
cells isolated from endometrial tissue have similar
properties to bone marrow mesenchymal stem cells
(). Selective markers for mesenchymal stem cell
enrichment, CD, b-type platelet-derived growth
factor receptor (PDGFRB), and sushi domain
containing- (SUSD), reveal a perivascular location of
mesenchymal stem cells and suggest a pericyte identity
of these cells in blood vessels of the endometrium ().
Molecular analyses of SUSD-positive cells demon-
strate their phenotype as perivascular cells. Endome-
trial stromal cells or stromal cells isolated from
menstrual blood also display mesenchymal stem cell
characteristics and demonstrate broad differentiation

potential for mesodermal, endodermal, and ectoder-
mal lineages, indicating their plasticity and multi-
potency (). A recent study showed that, in contrast to
endometrial mesenchymal stem cells from disease-free
patients, eutopic endometrial mesenchymal stem cells
isolated from patients with endometriosis did not
differentiate in vitro to stromal cells that decidualize
properly (). This suggested that the observed pro-
inflammatory and progesterone-resistant gene ex-
pression signature in eutopic endometrial stromal
tissue from patients with endometriosis originates
from defective endometrial mesenchymal stem cells
(Figs.  and ). Immunohistochemical analyses of
endometrial tissues of patients undergoing bone mar-
row transplants has also suggested that bone marrow
cells may contribute small populations of endometrial
cell types (). It is conceivable that these circulating
stem cells may be involved in rare cases of extraper-
itoneal lesions ().

The discovery of markers for endometrial stem/
progenitor cells has enabled the examination of their
role in endometriosis, adenomyosis, and healthy en-
dometrial development for implantation (). How-
ever, we are still far from establishing clinically relevant
experimental models of human endometrial stem cells
that regenerate endometrial tissue in response to es-
trogen as during the menstrual cycle (). Together
with the DNAmethylation defects observed in eutopic
endometrium of patients with endometriosis, these
findings substantiate the extraordinarily important
and interactive roles of epigenomic mechanisms and
stem cells in the pathophysiology of endometriosis
(Figs.  and ) ().

Uterine vasculature
Endometrial vasculature, in particular, the spiral
arterioles play a critical role in the process of
menstruation (). Upon the withdrawal of pro-
gesterone and estrogen during the late luteal phase
of a nonpregnant woman, these vessels undergo
acute vasoconstriction and intravascular coagulation
accompanied by inflammatory cell infiltration and
degradation of extracellular matrix in adjacent en-
dometrial tissue. This leads to shedding and expul-
sion of the top endometrial layer named functionalis
along with blood. It was proposed that the spiral
arteries and arterioles may be molecularly different in
the uteri of women with endometriosis compared
with those in disease-free women (Fig. ) (). Owing
to these differences, it is plausible that the process of
separation of the functionalis layer from the basalis
layer may occur at a deeper plane in women with
endometriosis and heavy menses (Fig. ). Because
endometrial somatic stem cells may likely be con-
centrated in the deeper (basalis) portion of this tissue,
this may lead to an higher influx of stem-like cells
into the lower abdominal cavity via retrograde
menstruation in women with endometriosis.

Figure 3. The indispensable roles of ovulation and estrogen in endometriosis, highlighting the
mechanisms of menstruation, tissue survival, inflammation and pain, and the targets of treatment
in endometriosis. E2, estradiol; P, progesterone. [Adapted with permission from Bulun SE.
Endometriosis. In: Strauss J, Barbieri R, eds. Yen & Jaffe’s Reproductive Endocrinology. 8th ed.
Philadelphia, PA: Elsevier; 2019:609–642. Copyright © 2019 by Elsevier.]
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Peritoneum
Theoretically, the formation of peritoneal endome-
triosis requires the initial adhesion of shed endometrial
cells to peritoneal and subperitoneal surfaces. From a
mechanistic perspective, this involves the expression of
extracellular matrix adhesion molecules and their
coreceptors (). Circumstantial and experimental
observations suggest that the process of implant

attachment to the peritoneal surface and its eventual
establishment into the subperitoneal space through
breaks in the mesothelial cell layer happens over a
short period of time (Fig. ) (). Thus, a mesothelial
surface with physical and temporal “windows” that
facilitate the implantation and survival of endometrial
tissue fragments may be essential for the formation of
peritoneal endometriosis.

Figure 4. (a) Peritoneal endometriosis with fibrosis. (b) Rectovaginal nodule with extensive fibrosis and tissue remodeling surrounding
islands of endometriotic stroma and occasional epithelial cells. (c) Sections of an ovarian endometrioma cyst. Note that the thickness of
the endometrial lining (stroma and luminal epithelium) varies throughout the cyst wall, with foci of bleeding and macrophages
containing blood pigment. The cyst wall is primarily composed of fibrotic tissue. (d and e) Higher-magnification pictures showing details
of the ovarian endometrioma cyst wall from (c).
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In contrast to the implantation theory, the
metaplasia theory suggests that the coelomic epi-
thelium pathologically differentiates into endometrium-
like tissue to give rise to peritoneal endometriosis
(). The idea of metaplasia is plausible, because cells
from both the peritoneum and endometrium derive
from a common embryologic precursor called the
coelomic epithelium. However, it is challenging to
demonstrate this potential mechanism experimen-
tally. Although overwhelming experimental data that
support the implantation of retrograde menstrual
material have accumulated, this is not the case for the
metaplasia theory (). Even so, the pelvic peritoneum
and its mesothelial surface seem to contribute
critically to the establishment of endometriosis
significantly ().

Key biological processes in endometriosis
Cell fate in endometriotic tissue has been studied
primarily at the level of the endometriotic stromal
cell, which dominates the lesion in terms of quantity
and exhibits most of the key and therapeutically
targetable molecular abnormalities of endometriosis,
such as estradiol production, progesterone re-
sistance, cytokine production, and prostaglandin
production (Fig. ) (). Endometrial or endometri-
otic stromal cells can be maintained in primary
culture to study their biology, whereas this is more
challenging with epithelial cells (, ). This technical
limitation has led to a disproportionate number of

mechanistic molecular studies that employ endo-
metrial or endometriotic stromal cells, which may
create a scientific bias against the potential roles of
other cell types. Until very recently, relatively little
has been known about the endometriotic epithelial
cell (, , ). Although no somatic mutations have
been found in endometriotic stromal cells (), a
stunningly high number of somatic mutations in
cancer driver genes have been recently discovered in
the epithelial cells of both clinically and histologically
normal eutopic endometrium as well as in benign
pelvic endometriotic lesions (, , ). The effects
of these mutations on epithelial cell fate, the
neighboring stromal cells, and endometriotic tissue
as a whole remain to be determined. Somatic epi-
thelial mutations in endometriosis are discussed in
greater detail below. The following biologic pro-
cesses pertain to endometriotic stromal and epi-
thelial cells.

Reduced apoptosis
Apoptosis is significantly decreased in endometriotic
stromal and epithelial cells compared with eutopic
endometrial tissues (, ). This may be linked to
pathologic levels of local estradiol biosynthesis ().
ERb mediates the antiapoptotic effects of estradiol in
endometriotic stromal cells ().

Defective differentiation
A critical observation in endometriosis is deficient
differentiation (decidualization) of the stromal cell (,
, ), which has been linked to progesterone re-
sistance (, ). Although the first molecular evi-
dence of progesterone resistance was observed in
the endometriotic epithelial cell, deficient stromal
decidualization was eventually found to be the primary
mechanism (, ). Epigenetically misprogrammed
mesenchymal stem cells in endometriosis also drives
deficient differentiation (, ).

Inflammation
Inflammation is the central process in endometriosis.
It leads to pain, remodeling of neighboring tissues,
fibrosis, adhesion formation, and infertility. The
production of cytokines and prostaglandins and in-
filtration of immune cells are some of the hallmarks of
inflammation (). The endometriotic stromal cell is
one of the major sources of cytokines and prosta-
glandins (, ). Recurrent episodes of bleeding and
an attempt by macrophages to remove blood pigments
also contribute to the inflammatory process and ad-
hesion formation (Fig. b). Inflammatory processes are
thought to be induced by estradiol and mediated by
ERb in endometriosis, as denial of ovarian or local
estradiol to endometriotic tissue using a GnRH analog
and/or an aromatase inhibitor stops or decreases pain
(Fig. ) (, , , , ).

Figure 5. Overview of the complex roles of retrograde menstruation, epigenetically defective
endometrial stromal cells, the epithelial cells carrying mutations, DNA methylation, nuclear
receptors, and inflammation in endometriosis. E2, estradiol. Endometrial tissue fragments may
implant on pelvic peritoneal tissue surfaces or may get trapped in an ovarian inclusion cyst such as
a hemorrhagic corpus luteum cyst.
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Proliferation
In eutopic endometrial tissue, the epithelial cell
proliferates under the influence of estrogen ().
The strikingly rapid rate of proliferation possibly con-
tributes to the acquisition of somatic epithelial
mutations in eutopic endometrial tissue (). Most
endometriotic implants, however, contain scant epithe-
lium and are comprised primarily of stromal cells (Fig. ).
In contrast to an epithelial cell, human mesenchymal
cells are not epigenetically programmed to proliferate
extensively, nor are they prone to accumulate mutations.
Therefore, endometrial or endometriotic stromal cells
show limited proliferative activity. In fact, significantly
less proliferative activity was reported in endometriotic
tissue compared with eutopic endometrial tissue ().
One exception is in abdominal wall endometriosis.
Endometriotic lesions seem to grow quite extensively in
the subcutaneous adipose tissue in the abdominal wall
(), likely driven by significant proliferative activity. It is
tempting to hypothesize that aromatase activity in adi-
pose fibroblasts in subcutaneous fat tissue may con-
tribute to this process (). Importantly, note that
aromatase activity in human subcutaneous adipose tissue
is significantly higher than that in the omentum or
visceral (e.g., subperitoneal) adipose tissue ().

Angiogenesis
Formation of blood vessels and their steroid
hormone–dependent function are routinely observed
in endometriotic lesions. In fact, recurrent and chronic
bleeding evident by hemosiderin-laden macrophages
is a unique histologic feature of endometriosis (Fig. ).
Cytokines such as IL-A may enhance angiogenesis
in the peritoneal cavity for the establishment and
growth of endometriotic lesions (). Moreover, an
ERb-selective estradiol agonist stimulated the ex-
pression of SLIT that may play a key role in en-
hancing angiogenesis in endometriosis ().

Tissue remodeling
Some survival capability seems to be necessary for the
initial attachment of endometrial tissue fragments to
pelvic peritoneum and the establishment of sub-
peritoneal endometriotic lesions (). Once the initial
implantation of the endometrial tissue fragment oc-
curs, limited proliferation and tissue growth may be
necessary for the long-term survival of the tissue.
Under the influence of estrogen, inflammation ensues
and causes significant remodeling of the peritoneal
and subperitoneal tissues, such as adipose tissue (Fig.
B and Fig. ). One of the best studied pathways that
mediates surrounding tissue remodeling involves high
metalloproteinase activity in endometriotic implants
(). In fact, fibrosis of the surrounding tissue is a
hallmark of peritoneal or ovarian endometriosis (Fig.
) (). Invasion and proliferation, however, are
much less important to the pathology of endometriosis
than they are to the pathology of malignant (e.g.,

endometrial cancer) or benign (e.g., uterine leio-
myoma) neoplasms (). Estrogen-driven inflamma-
tion seems to be the central process that shapes the
pathology of endometriosis.

Genomic alterations
Genomic alterations affect the structure and function of
the complete set of DNA including all of its genes and
noncoding intergenic regions. Genomic mechanisms
affect the regulation of all genes, which direct the
production of proteins with the assistance of epi-
genomic modifications (see below). Proteins make up
cells and tissues, regulate chemical reactions, and carry
signals between cells. Recent advances in genomics have
revolutionized how we approach complex systems in
health and disease. Intensive efforts have been made to
understand genome-wide mechanisms in endometri-
osis. Selected studies are highlighted below.

Inheritance
Endometriosis as a phenotype seems to be transmitted
in families in a polygenic manner (). In one study,

Figure 6. Possible interactions between spiral arterioles,
somatic stem cells, and menstruation and the risk of
endometriosis. Menstruation occurs after the functionalis layer
of endometrium separates from the basalis and is expelled
through the cervix or uterine tubes. This separation occurs in
association with vasoconstriction and coagulation in the spiral
arterioles giving rise to degradation of the extracellular matrix,
hypoxia, and necrosis in the separated segment. The basalis
layer may contain higher numbers of functional progenitor cells
that will regenerate the functionalis layer during the next
proliferative phase under the influence of estrogen. It is
plausible to hypothesize that the separation between the two
layers at a relatively superficial plane may lessen the likelihood
of heavy bleeding or travel of stem cells into the pelvic cavity.
Separation at a deeper plane, however, may favor the
endometriosis phenotype. One can envision, therefore, that
possible epigenetic abnormalities in the vascular system may
affect the process of separation between the functionalis and
basalis and thus affect the risk for endometriosis. The somatic
stem cells per semay also be defective, or simply larger numbers
of otherwise normal stem cells that travel into the abdominal
cavity may increase the risk for endometriosis. (Adapted with
permission from Bulun SE. Endometriosis. In: Strauss J, Barbieri
R, eds. Yen & Jaffe’s Reproductive Endocrinology. 8th ed.
Philadelphia, PA: Elsevier; 2019:609–642. Copyright © 2019 by
Elsevier.)
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the mothers and sisters of women with severe en-
dometriosis had a sevenfold higher likelihood of
suffering from endometriosis compared with primary
female relatives of their partners (). Consistent with
this observation is the finding that familial cases of
endometriosis tend to be more severe and have an
earlier onset of symptoms than do sporadic cases
(). Based on a study of  twins, the heritability
of endometriosis, or the proportion of disease variance
due to genetic factors, has been estimated at ~%
(). These studies of familial endometriosis point to
genetic transmission of the disease. The mode of
transmission, however, seems to be complex, as in
other chronic inflammatory conditions such as in-
flammatory bowel disease.

Candidate gene studies
Since the s, numerous large-scale international
studies have tried to identify candidate genes that lead
to the endometriosis phenotype. A number of “off-the-
shelf” candidate gene loci have been interrogated based
on their biological plausibility and possible connection
with endometriosis, but these studies were negative
(, ). Case-control genetic association studies,
performed primarily to find polymorphisms, also
failed to discover any function-altering genetic variants
in familial endometriosis (–). Geneticists have
cited the following factors for the failure of candidate
gene studies to ascertain the genetic basis of complex
inflammatory diseases such as endometriosis. (i) The
underlying biological hypothesis may not be valid. (ii)
These studies typically investigate a limited number
of genes in a potentially important biological path-
way. (iii) A limited number of variants in a gene
are tested. (iv) Cases (endometriosis) and controls
(endometriosis-free) may not be optimally defined. (v)
Sample sizes may not be sufficient to detect the effect
sizes that are expected for variants influencing a
complex trait (). The key reason for the lack of
meaningful results, however, could be as simple as the
actual absence of any classically defined germ cell
mutations that cause the endometriosis phenotype.

Genetic linkage analysis
Using genetic linkage analysis, an international study
group analyzed  affected sister-pair families
and found evidence of significant linkage of endo-
metriosis to chromosome q (). Subsequent
fine-mapping association analyses of chromosome
q suggested a possible association of common
variants near the CYPC gene, but mutations that
could explain the linkage signal could not be dem-
onstrated (, ). Note that CYPC encodes
an important drug-metabolizing enzyme involved
in the biotransformation of proton pump inhibitors
and antidepressants (). Estradiol via ERa inhibits
CYPC expression (). The same group later
identified significant linkage to chromosome p–

in a subanalysis of  families with more than three
affected members, suggesting that the presence of
one or more rare variants confers high risk; however,
no mutations could be identified (, ). To
date, family-based or case-control genetic association
studies have not led to any biologically meaningful
results.

Genome-wide association studies in endometriosis
Genome-wide association studies (GWASs) typically
focus on associations between single-nucleotide
polymorphisms (SNPs) and traits such as major hu-
man diseases and do not require the use of pedigrees.
Since , a number of widely acknowledged en-
dometriosis GWASs have been published; these
studies employed data sets involving thousands of
endometriosis cases and controls, primarily women of
Japanese or of European ancestry (, , ).
Meta-analyses of these GWAS data sets confirmed
their findings and revealed additional loci (). Many
GWAS-identified loci were reported in women with
endometriosis. A subset of these is discussed below.

Endometriosis GWASs collectively provided sig-
nificant evidence for association of loci near:
cyclin-dependent kinase inhibitor B antisense RNA
(CDKNB-AS), an intergenic region on chromosome
p., wingless-type MMTV integration site family
member- (WNT), vezatin (VEZT), an intergenic
region on p, and inhibitor of DNA binding- (ID)
(). Some of these loci had stronger effect sizes among
American Society of Reproductive Medicine advanced
stage (III to IV) cases, implying that they are likely to be
implicated in the development of moderate to severe, or
ovarian, disease (). Results from follow-up papers
have either confirmed or questioned these findings and
highlight the heterogeneity in the genetic loci that
underlie endometriosis in different populations, even
when sampled fromwomenwith similar ethnic ancestry
(). Despite these large-scale and expensive studies,
no mutations affecting these genes in familial cases of
endometriosis were reported. To date, these studies
have not resulted in the identification of any thera-
peutically targetable molecules or gene products.

Meta-analyses of endometriosis GWASs also
identified loci containing genes involved in ovarian
steroid hormone pathways: growth regulation by es-
trogen in breast cancer- (GREB), coiled-coil domain
containing  (CCDC), ERa (ESR), spectrin
repeat containing, nuclear envelope- (SYNE), and
FSH b-subunit (FSHB) (, ). The roles of FSHB
and ERa in ovarian function and estrogen action
are well known (). The product of the estradiol/
ERa target gene GREB increases proliferation and
extracellular matrix formation by ovarian cancer cells
(). GREB is expressed in % to % of serous,
endometrioid, mucinous, and clear cell carcinomas.
Serous, endometrioid, and mucinous ovarian cancers
are almost always positive for either ESR or GREB,
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suggesting a possible reliance on signaling through
ESR and/or GREB (). In breast cancer, recur-
rent rearrangements are seen between ESR and its
neighbor CCDC, which are enriched in the more
aggressive and endocrine-resistant luminal-B tumors
(). GWASs also demonstrated a critical missense
SNP located  kb downstream of ESR in another
neighboring gene, SYNE (). SYNE is involved in
nuclear organization and structural integrity, function
of the Golgi apparatus, and cytokinesis (). An iso-
form encoded by SYNE is downregulated in ovarian
and other cancers; this SNP was genotyped in patients
with serous and mucinous ovarian cancers ().

Some of these loci have stronger effect sizes among
advanced stage (III to IV) endometriosis, implying that
they are likely to be implicated in the development of
moderate to severe ovarian disease (). Despite these
large-scale and expensive genetic linkage studies or
GWASs, no germline mutations affecting these genes in
familial cases of endometriosis have been reported. In
summary, endometriosis GWASs identified genes as-
sociated with uterine development and stem cell
function (WNT), ovulatory function (FSHB, ESR),
and estrogen action (ESR, GREB, CCDC, SYNE,
CYPC) (, , ); notably, most of these genes
also have associations with breast or ovarian cancer
(–). As the mechanistic link between endome-
triosis and ovarian cancer becomes more clear, the roles
of these genes with SNPs may become more apparent.

Somatic epithelial mutations in endometrium
and endometriosis
Recently, a number of exome-wide sequencing studies
reported somatic epithelial mutations in ovarian
endometriomas and nonovarian deep-infiltrating en-
dometriosis as well as in eutopic endometrium (Figs. 
and ) (, , ). In , a group of investigators from
China was the first to report a large number (thousands)
of single nucleotide variants in laser-microdissected
epithelial cells from ovarian endometriosis and
matched eutopic endometrial epithelial cells and in
endometrial epithelium from endometriosis-free women
(). Most nonsynonymous and synonymous single-
nucleotide variants were commonly present in both
ectopic and matched eutopic endometrial cells and
associated with genes involved in chromatin remodeling
and cell adhesion (). These authors did not particularly
emphasize any ovarian cancer driver genes, but they
focused on the possible patterns of mutagenesis at the
base pair level (). Surprisingly, they observed a large
number of nonsynonymous single-nucleotide variants
predicted to alter protein structure in endometrial
epithelial cells from endometriosis-free controls (Fig.
) (). The numbers of mutations were comparable to
those found in common human malignancies ().

A Japanese study published in  examined laser-
microdissected cells from . ovarian endome-
triomas and a large number of control eutopic

endometria (Fig. ) (). In endometriotic and normal
endometrial epithelial cells, numerous somatic mu-
tations were identified within genes frequently mu-
tated in endometriosis-associated epithelial ovarian
cancers. PIKCA and KRAS were found to be the most
frequently mutated genes in ovarian endometriotic
epithelial cells (Fig. ). In particular, there was a sig-
nificantly higher mutant allele frequency for KRAS
(Fig. ) (). An exception was ARIDA, a gene fre-
quently mutated in ovarian clear cell cancer, a ma-
lignancy epidemiologically associated with pelvic
endometriosis (Fig. ) (). Although ARIDA muta-
tions were frequently detected in endometriotic epi-
thelium, they were absent or very rare in endometrial
epithelium (). A detailed sequencing analysis of.
single intrauterine endometrial glands (deeply in-
vaginated epithelial cells) demonstrated that each gland
carried distinct cancer-associated mutations, suggesting
the heterogeneity of the genomic architecture of en-
dometrial epithelial cells (). It was proposed that
significant increases in mutant allele frequency in
cancer-associated genes in endometriotic epithelium are
consistent with retrograde flow of endometrial cells
already harboring cancer-associated mutations. If these
tissue fragments implant at ectopic anatomic locations
with selective survival-supporting advantages, this may
increase the risk for the development of endometriosis
and also malignant transformation (Figs.  and ) ().
It follows that the ovary, particularly a hemorrhagic
corpus luteum cyst, is fertile ground for the development
of endometriosis and its malignant transformation. The
ovarian microenvironment, with massive levels of es-
trogen and possibly other mitogens of cancer cells, may
contribute to this phenomenon.

Another recent American exome-sequencing
study, published in , targeted extraovarian
deep-infiltrating endometriotic tissue and examined
both epithelial and stromal components of endo-
metriotic tissues (). No mutations were detected in
endometriotic or endometrial stromal cells (Fig. )
(). Whole-exome sequencing of epithelial cells of
extraovarian endometriosis demonstrated somatic
mutations in ~% of patients (Fig. ). The mutant
allele frequencies of somatic mutations were quite low,
however, at ,%. This suggests that that only a
subgroup of endometriotic epithelial cells had mu-
tations (). Although % of endometriotic tissues
carried known ovarian cancer driver mutations in
ARIDA, PIKCA, KRAS, or PPPRA, it was highly
improbable that these driver mutations occurred at
this rate incidentally (P5 .; Fig. ) (). A KRAS
mutation was detected in % to % of epithelial
cells in each endometriotic lesion, as shown by
droplet digital PCR analysis (). KRAS poly-
morphisms reported in patients with endome-
triosis further support a role of this gene ().
Because the risk of cancer in extraovarian endome-
triosis is negligible, the clinical significance of these

“Despite these large-scale and
expensive studies, no
mutations affecting these
genes in familial cases of
endometriosis were reported.”
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sporadic epithelial mutations in deep-infiltrating en-
dometriosis remains to be determined (). Similar
driver mutations in the epithelial cells of ovarian
endometriomas, however, may play key roles in ini-
tiating clear cell, endometrioid cell, or possibly other
types of ovarian adenocarcinomas (Fig. ) (). Ad-
ditionally, the epithelial mutations in extraovarian
deep-infiltrating endometriosis may play critical roles
in the implantation and establishment of endo-
metriotic lesions in these locations, although they may
not become malignant.

Epigenomic alterations
Epigenomic mechanisms affect all genes and inter-
genic regions in DNA, which are packaged together
with proteins (e.g., histones) into a structure known as
chromatin. Epigenetic modifications are reversible
alterations of a cell’s DNA or histones that regulate
gene expression without altering the DNA sequence,

as opposed to genomic or genetic alterations that
involve base pair changes that may change the
structure and function of a protein encoded by a
particular gene (Fig. ). Two of the most characterized
epigenetic (single genes) or epigenomic (genome-
wide) modifications are DNA (cytosine) methylation
and histone modification (methylation or acetylation
of specific histones in the chromatin). Studies of
endometriotic stromal cells provided clues about
epigenomic changes that lead to inheritable traits,
without altering the DNA sequence (Fig. ). Some of
these studies are reviewed below and link epigenetic
modifications to functional consequences such as
steroid production and action.

Genome-wide defective DNA programming in
endometriotic and endometrial stromal cells
Unlike endometriotic epithelial cells, endometriotic
stromal cells do not carry any somatic mutations, but

Figure 7. Roles of endometriotic cell types with distinct abnormalities. Endometriotic stromal cells do not contain nonsynonymous
base pair alterations (mutations) but display extensive epigenetic defects that regulate the expression or silencing of genes. Specific
patterns of DNA methylation (C) or demethylation (s) give rise to the suppression or overproduction of specific proteins. In
endometriotic stromal cells, GATA6, ERb, and SF1 proteins are overproduced, whereas PR is suppressed, leading to progesterone
resistance. These changes collectively cause the accumulation of inflammatory and tissue-remodeling substances, including PGE2, E2,
cytokines, and matrix metalloproteinases (MMPs). In contrast, portions of the eutopic endometrial or endometriotic epithelial cells
accumulate tumor driver mutations that disrupt or change the function of critical proteins, including Kirsten rat sarcoma homolog
(KRAS), phosphatidylinositol-3-kinase, catalytic a polypeptide (PIK3CA), AT-rich interactive domain-containing protein 1A (ARID1A),
and numerous other oncogenes or tumor suppressors. Extraordinarily high concentrations of E2 and its metabolites in the ovary and
stroma-derived inflammation may contribute to the accumulation of epithelial mutations. [Chronic inflammation is suspected to cause
mutagenesis and carcinogenesis in other tissues such as Barrett’s esophagus and esophageal cancer (208).] The relative contributions of
endometriotic stromal vs epithelial cells to the development of pelvic endometriosis are currently unknown. The effects of each cell
type on the acquisition of genome-wide epigenetic defects or mutagenesis are also not known.
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the expression levels of many genes in endometriotic
stromal cells are strikingly different than those in
eutopic endometrial stromal cells of women with or
without endometriosis (, ). This prompted in-
vestigators to examine potential epigenomic alter-
ations in endometriosis. Although genome-wide
alterations in histone modifications have not been well
defined in endometriosis, differential DNA methyla-
tion in single genes as well as genome-wide has been
studied extensively (Fig. ) ().

Methylation of DNA is initiated and maintained by
three DNA methyltransferases (DNMTs)—DNMT,
DNMTA, and DNMTB—which catalyze the addi-
tion of methyl groups to the 9 carbon of cytosine in
targeted cytosine-phosphate-guanine dinucleotides
(CpGs) (). Among these, DNMTB seems to be
differentially expressed in eutopic endometrial and
endometriotic stromal cells during the decidualization
process (). Additionally, DNMTB also binds to
the promoter regions of key genes, steroidogenic
factor- (SF) and ESR, in endometrial vs endo-
metriotic stromal cells (). Thus, differential
DNMTB expression and binding to critical gene
promoters in endometriotic stromal cells may con-
tribute to an aberrant DNAmethylome that misdirects
gene expression in endometriosis and contributes to
these cells’ altered response to steroid hormones ().

Genome-wide differences in DNA methylation
between endometriotic and normal endometrial
stromal cells have been reported and were correlated
with gene expression using an interaction analysis
strategy (). Out of some , methylation
sites, ., differentially methylated CpGs were
identified in endometriotic stromal cells compared
with normal endometrial stromal cells (Fig. ) ().
Differential CpG methylation patterns were seen most
often in intragenic regions and distal to classic CpG
islands, the methylation of which is typically negatively
correlated with gene expression (Fig. ) (). A total of
 genes showed significant differences in methyla-
tion; a large proportion of these genes encode tran-
scription factors (Fig. ) (). Many of these genes are
implicated in the pathology of endometriosis and
decidualization. Differential methylation affected the
HOX gene clusters, nuclear receptor genes, and the
GATA family of transcription factors (). It is now
clear that DNA methylation differentially regulates the
expression of hundreds of genes in endometriotic and
endometrial stromal cells (Fig. ).

The eutopic endometrium of women with endo-
metriosis also displays DNA methylation abnormalities
giving rise to altered gene expression and pro-
gesterone resistance (, ). In fact, this phe-
nomenon was demonstrated in a mouse model of
endometriosis (, ). These findings support the
hypothesis that, during the process of retrograde
menstruation, epigenetically abnormal populations
of stromal cells in eutopic endometrium may be

selected to survive as endometriotic implants in the
pelvis (Fig. ).

GATA-binding factor-2/GATA-binding factor-6:
opposing master regulators of physiology
and pathology

Differential DNA methylation and expres-
sion. Numerous CpGs throughout the promoter and
coding region of GATA-binding factor- (GATA)
showed higher methylation in endometriotic stromal
cells relative to endometrial stromal cells, whereas
GATA-binding factor- (GATA) had less methyla-
tion across ranges of intronic CpGs flanking CpG
islands in endometriotic stromal cells (Fig. ) ().
Detailed mapping showed complete unmethylation of
the GATA exon  in endometrium; this region was
predominantly methylated in endometriosis (Fig. )
(). Likewise, exon  of GATA showed full meth-
ylation in endometrium and full unmethylation in
endometriosis (Fig. ) (). GATA protein was highly
abundant in endometrial stromal cells with a strong
nuclear signal, but it was scarcely detectable in
endometriotic stromal cells. In contrast, GATA was
robustly expressed and localized to the nuclei in all
endometriotic stromal cells but barely detectable in
endometrial stromal cells ().

Physiologic functions of GATA2 in endo-
metrium. In mice, conditional GATA depletion in
uterine tissue resulted in diminished PR expression in
uterine epithelial cells and attenuated progesterone
signaling. Moreover, GATA depletion in mouse
uterine tissue gave rise to infertility due to implan-
tation failure (). In human endometrial stromal
cells, however, GATA depletion did not alter PR,
ERa, or ERb levels (), or the expression of some
other critical endometriosis-related genes such as
aromatase. In contrast, it was found that silencing
GATA significantly reduced the established markers
of decidualization (Fig. ) (). In the absence of
GATA, the induction of HAND and prolactin in
response to an in vitro decidualization (IVD) cocktail
including a progestin was reduced approximately by
half, and IGFBP induction was strikingly reduced by
% (Fig. ) (). These findings collectively suggest
that GATA acts as a mediator and partner of pro-
gesterone signaling in normal endometrial stromal
cells and may enhance the decidual response (Fig. )
(, ).

Pathologic roles of GATA6 in endometri-
osis. The ectopic expression of GATA in otherwise
normal eutopic endometrial stromal cells shifted gene
expression to reflect GATA expression patterns seen
in endometriosis (Fig. ) (). All three of the critical
steroid receptors showed significant changes in ex-
pression (Fig. ). ERa mRNA was reduced by .-fold
when GATA was overexpressed without IVD, and by
-fold after IVD (). The overexpression of GATA
also reduced PR transcript levels an average of .-fold.
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Figure 8. Genome-wide DNAmethylation differences between stromal cells isolated from eutopic endometrium and endometriosis. The
methylated (C) or unmethylated (s) state of a cytosine nucleotide in the CpG (or CG) sequence may in part regulate how genes are
expressed in the DNA of a cell. (a) Schematic diagram of CpGs depicts their genomic context relative to the nearest CpG island (top) or
gene (bottom). Gene contexts of CpGs were described as within an “island” (brown); on the “shore,” defined as within 4 kb around the
island (yellow); or in “open sea,” defined as at least 4 kb distal from an island, and relative to the nearest open reading frame within 1500 bp
(TSS1500; purple) or 200 bp (TSS200; pink) of a transcription start site (TSS); in the 59 untranslated region (UTR), the first exon of a
transcript (green); in the body of the gene (orange) or the 39UTR (red). (b) Pie charts show the distribution of the CpGs examined based on
their genomic context for all probes retained from the original array (top), for all the probes identified as differentially methylated between
endometriosis and endometrium (middle), and for all the differentially methylated probes that were matched to differentially expressed
mRNAs (bottom; note that stacked bar graphs show the CpG island context broken down for each of the gene contexts). A large number
(5423) of differentially methylated CpG islands in this array were linked to a differentially expressed gene. A further integrative analysis
demonstrated that 403 genes associated with one or more differentially methylated CpGs are differentially expressed with possible
functional consequences. “Transcription factors” as a category comprised the most important gene category, whereas the top biologic
pathway was “blood vessel development.” [Reproduced from Dyson MT, Roqueiro D, Monsivais D, et al. Genome-wide DNA methylation
analysis predicts an epigenetic switch for GATA factor expression in endometriosis. PLoS Genet. 2014;10(3):e1004158. Copyright © 2014 by
Dyson et al. This is an open access article distributed under the Creative Commons Attribution License, which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.]
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In contrast, the expression of ERb increased an
average of .-fold; IVD did not significantly affect
these genes (). The effects of GATA on the
protein levels of these steroid receptors have not
been reported. Matrix metallopeptidase  (MMP)
and aromatase mRNA levels were also strikingly
altered by GATA overexpression (Fig. ). MMP
was repressed by IVD, but overexpression of
GATA further reduced its transcript levels by
-fold relative to untreated controls. Aromatase
was expressed at very low levels basally, but was
strikingly increased after GATA overexpression (Fig.
) (). Overexpression of GATA profoundly re-
stricted the ability of endometrial stromal cells to
decidualize, effectively blocking all four genes expected
to increase with IVD (FOXO, HAND, PRL, and
IGFBP; Fig. ) ().

Endometriotic stromal cells synthesize estradiol via
the steroidogenic pathway, whereas normal endo-
metrial stromal cells do not produce steroid hormones
(). SF (also known as nuclear receptor subfamily ,
group A, member , or NRA) is critical, but not
sufficient, for activating the cascade that involves at
least five steroidogenic proteins or enzymes (Fig. )
(). Silencing of GATA in endometriotic stromal
cells showed that GATA was necessary for catalyzing
the conversion of progesterone to androstenedione by
-hydroxylase/,-lyase (CYPA) (Fig. ).
Ectopic expression of GATA alone or with SF was
essential for converting pregnenolone to estrogen
[b-hydroxysteroid dehydrogenase- (HSDB),
CYPA, and aromatase (CYPA)] (). How-
ever, simultaneous ectopic expression of both GATA
and SF was required and sufficient to confer

Figure 9. An epigenetic switch fromGATA2 to GATA6 in endometriosis. In endometrium, the GATA2 gene is characterized by a lack of
DNA methylation (s). In contrast, endometriosis has hypermethylated CpGs throughout a CpG island and proximal sequences within
the GATA2 promoter and throughout the gene. Several regions of the GATA6 gene are completely methylated in endometrium, whereas
methylation was absent within three CpG islands and their shores within the body of the gene. As a result, GATA2 is expressed in healthy
cells and upregulates several genes involved in decidualization; GATA2 may also maintain the expression of aldehyde dehydrogenase 1
family, member A2 (ALDH1A2), which is a key enzyme in retinoid metabolism. In endometriotic cells, aberrant methylation permits
expression of GATA6. GATA6 regulates the expression of several genes involved in steroid metabolism, the nuclear steroid hormone
receptors, and other GATA family members. Ectopic expression of GATA6 drives a pattern of gene expression similar to that seen in
endometriotic tissues, essentially transforming healthy endometrium away from spontaneous decidualization and toward the disease
phenotype. [Reproduced from Dyson MT, Roqueiro D, Monsivais D, et al. Genome-wide DNA methylation analysis predicts an epigenetic
switch for GATA factor expression in endometriosis. PLoS Genet. 2014;10(3):e1004158. Copyright © 2014 by Dyson et al. This is an open
access article distributed under the Creative Commons Attribution License, which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly cited.]
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induction of all five genes and their encoded proteins
that convert cholesterol to estradiol (Fig. ) ().
Functionally, only simultaneous knockdown of GATA
and SF blocked estradiol formation in endometriotic
stromal cells (). The presence of both transcription
factors was required and sufficient to transform en-
dometrial stromal cells into endometriotic-like cells that
produced estradiol in large quantities (Fig. ) ().
Thus, expression of both GATA and SF in endo-
metrial stromal cells is sufficient for transformation into
endometriotic-like cells capable of converting choles-
terol to estradiol (Fig. ) ().

SF1: coordinator of estrogen formation
in endometriosis

Epigenetic regulation of the SF1 gene. SF is
an orphan nuclear receptor (without a known

ligand) that was first described as a regulator of
adrenal and gonadal steroid production (). It was
the first nuclear receptor whose function was de-
fined in detail in endometriosis (). The practical
absence of the orphan nuclear receptor SF in
endometrial stromal cells and its ,-fold higher
presence in endometriotic stromal cells is, in part,
determined by a classic CpG island within its
promoter. This CpG island is heavily methylated in
endometrial stromal cells, which allows recruitment
of the silencer-type transcription factor methyl-
CpG–binding domain protein  that interferes with
the binding of transcriptional activators to the SF
promoter (). In endometriotic cells, the transcription
factor upstream stimulatory factor- (USF) is able
to bind to the unmethylated SF promoter to ac-
tivate it (). In vivo, USF levels are strikingly

Figure 10. Estradiol production in endometriosis: roles of SF1 and GATA6. The endometriotic stromal cell is capable of converting
cholesterol to estradiol via a number of enzymatic steps. Both transcription factors, SF1 and GATA6, are essential for the production of
estradiol and mediate the effects of PGE2 in stimulating these steroidogenic genes. SF1 is essential and sufficient for the expression of at
least five steroidogenic genes, whereas SF1 and GATA6 together are essential and sufficient for the expression of three of these genes.
The effects of SF1 or GATA6 on HSD17B1 in endometriosis are not known. The addition (ectopic expression) of both SF1 and GATA6 is
required for a normal endometrial stromal cell to make estradiol from cholesterol. CYP11A1, side-chain cleavage enzyme; HSD3B2, 3b-
hydroxysteroid dehydrogenase-2; HSD17B1, 17b-hydroxysteroid dehydrogenase type 1.
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higher in endometriosis compared with endometrium.
Thus, differential SF expression in endometriosis vs
endometrium is primarily controlled by an epigenetic
mechanism that permits binding of activator vs in-
hibitor complexes to its promoter (, ).

As detailed above, SF and GATA play a key role in
the conversion of cholesterol to estradiol in endo-
metriotic stromal cells (Fig. ) (). Estrogen supports
endometriotic cell survival, whereas prostaglandins and
cytokines lead to inflammation, chronic pelvic pain, and
infertility (, ). A positive feedback loop links in-
flammation and estrogen production in endometriotic
tissue, favoring overexpression of key steroidogenic
genes, notably aromatase, overexpression of COX, and
continuous local production of estradiol and prosta-
glandin E (PGE) (Fig. ) (, –).

Tissue sources of estrogen in endometriosis.
Inhibition of estrogen action by GnRH analogs, oral
contraceptives, progestins, and aromatase inhibitors
significantly reduces pelvic disease and pain (Fig. )
(). Estrogen production starts with the entry of
cytosolic cholesterol into the mitochondrion facili-
tated by STAR. Six enzymes [side chain cleavage
enzyme (CYPA), HSDB, CYPA, aromatase
(CYPA), and b-hydroxysteroid dehydrogenase-
(HSDB)] catalyze the conversion of cholesterol to
biologically active estradiol (Fig. ) (). Inhibition
of aromatase (CYPA) effectively eliminates all
estrogen production (Fig. ) (). SF coordinately
binds to the promoters of the genes that encode
STAR, CYPA, HSDB, CYPA, and aromatase
(CYPA), making it an essential transcription factor
regulating steroidogenesis in the ovary and endome-
triosis (Fig. ) ().

Estrogen is produced at three major body sites in
women with endometriosis. First, estradiol is secreted
by the ovary and reaches endometriotic tissue via the
circulation. Follicular rupture at each ovulation
causes extraordinarily large amounts of estradiol to
be released directly onto pelvic implants. Second,
aromatase produced by peripheral adipose and skin
tissue converts circulating androstenedione to es-
trone, which may reach endometriotic tissue via
the circulation. Endometriotic tissue expresses the
complete set of steroidogenic genes, including aro-
matase, allowing local conversion of cholesterol to
estradiol (). Local aromatase activity in endo-
metriotic tissues may underlie the observed superior
effect of treatment with a GnRH analog plus an
aromatase inhibitor compared with GnRH analog
alone for providing long-lasting pain relief in women
with endometriosis (Fig. ) ().

PGE2 stimulates estradiol formation. PGE
stimulates the expression of all steroidogenic genes in
endometrial stromal cells, leading to local de novo
synthesis of estradiol (). PGE regulation of STAR
and aromatase has been characterized extensively (Fig.
) ().

The PGE receptor subtypes EP, EP, EP, and EP
are expressed at similar levels in both endometriotic and
endometrial stromal cells (). Activation of the EP
receptor increases the levels of intracellular cAMP,
which induces STAR and aromatase expression in
endometriotic stromal cells (, , ). STAR and
aromatase levels and activity are stimulated by PGE
or a cAMP analog in endometriotic cells but not in
endometrial stromal cells (Fig. ) (, , ). The
transcription factor SF, which is present in endome-
triosis and absent in endometrium, mediates the PGE/
cAMP-dependent induction of STAR, aromatase, and
other steroidogenic genes in endometriotic stromal cells
(Fig. ) (). In PGE-treated endometriotic cells, SF
assembles into an enhancer transcriptional complex on
the STAR and aromatase promoters to induce gene
expression ().

The absence of SF in endometrial cells underlies
the lack of responsiveness of steroidogenic genes to
PGE. Additionally, a number of transcriptional in-
hibitors of STAR and aromatase provides a fail-safe
system for silencing these steroidogenic genes in en-
dometrial cells. These repressors are chicken oval-
bumin upstream transcription factor (COUP-TF),
Wilms’ tumor- (WT), and CAAT/enhancer binding
protein-b (C/EBPb). Normal endometrial tissue ex-
presses much higher levels of WT and C/EBPb
compared with endometriotic tissue. In the absence of
SF, these repressors form a transcriptional complex
on the steroidogenic promoters that suppresses ex-
pression in endometrial cells ().

In summary, upon PGE induction, SF is
recruited to the promoters of the essential steroido-
genic genes to drive local estradiol synthesis in
endometriotic stromal cells (Fig. ). Aromatase in-
hibitors completely block estradiol synthesis, making it
an attractive target for endometriosis therapeutics.
Aromatase inhibitors have been shown to diminish or
eradicate treatment-refractory endometriotic implants
and associated pain ().

ERb: mediator of estrogen-induced inflammation
Epigenetic regulation of the ESR2 and ESR1

genes. In endometriotic stromal cells, ERb (ESR)
levels are -fold higher and ERa (ESR) levels are
-fold lower compared with normal endometrium
(Fig. ) (). Hypomethylation of a CpG island at
the promoter region of the ESR gene leads to high
levels of expression in endometriotic stromal cells, and
hypermethylation silences the ESR gene in endo-
metrial stromal cells (Fig. ). In contrast, the ESR
promoter is unmethylated in eutopic endometrium
and heavily methylated in endometriosis (Fig. ) (),
leading to lower ERa levels in endometriotic vs en-
dometrial stromal cells (). Consequently, the ab-
normally high ERb/ERa ratio in endometriotic
stromal cells may perturb estradiol induction of the
PGR (PR) gene, which in turn may in part be the basis
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for low PR expression in endometriosis (Fig. ). In
endometrial vs endometriotic stromal cells, the PGR
gene is also differentially methylated, which may
contribute to its suppressed expression in endo-
metriotic cells (Fig. ) ().

ERb is the key mediator of estrogen action in
endometriotic stromal cells. Endometriotic stromal cells
show severely suppressed ERa and significantly higher
ERb levels compared with eutopic endometrial stromal
cells (Fig. ) (). A hypomethylated promoter region
in the ESR gene results in remarkably higher ERb
mRNA and protein expression relative to the normal
endometrium (Fig. ) (, ). The eutopic endo-
metrium of women with endometriosis also shows
higher ERb expression compared with the endome-
trium of healthy women, suggesting that abnormally
high levels of ERb in the endometrium may predispose
women to develop endometriosis (, ). In
endometriotic stromal cells, ERb was found to tran-
scriptionally repress ERa, indicating that elevated ERb
confers a unique estrogen response mechanism that
may contribute to disease progression (Fig. ) ().

ERb action in endometriosis and uterine
tissue. Genome-wide comparative analysis of ERb
binding and gene expression in human endometriosis
and endometrial tissues identified Ras-like, estrogen-
regulated, growth inhibitor (RERG) and serum and
glucocorticoid–regulated kinase (SGK) as key ERb
targets (Fig. ) (, ). Estradiol induces RERG mRNA
and protein levels in human endometriotic stromal cells,
whereas PGE phosphorylates RERG and enhances its
nuclear translocation. RERG induces ribosome bio-
genesis and the proliferation of primary endometriotic
cells (Fig. ); thus, the integration of ERb and PGE

signals at RERG leads to endometriotic cell proliferation.
The ERb/PGE/RERG pathway represents a novel
candidate for therapeutic intervention (Fig. ) ().
Estradiol/ERb also stimulates SGK expression and
enzyme activity, leading to increased human endometriotic
cell survival (Fig. ) (). In uterine microvascular en-
dothelial cells, ERb mediates estradiol-stimulated COX
expression and PGE production ().

In a mouse model of endometriosis that expresses
high ERb levels, treatment with an ERb-selective es-
tradiol antagonist suppressed mouse ectopic lesion
growth (Fig. ) (). ERb interaction with apoptotic
machinery in the cytoplasm to inhibit TNF-induced
apoptosis may evade endogenous immune surveillance
and contribute to cell survival (Fig. ) (). ERb also
enhances cellular adhesion and proliferation properties
by interacting with components of the cytoplasmic
inflammasome to increase IL-b (Fig. ) ().

ERb and PGE2 connect estrogen and in-
flammation. Pelvic pain and infertility in endome-
triosis are directly related to endometriotic cell survival
and inflammation. Estrogen enhances the survival or
persistence of ectopic endometriotic tissue, whereas
prostaglandins and cytokines mediate pain,
inflammation, and infertility (, ). Inflammation
and estrogen production in endometriosis are linked
by a positive feedback cycle in which chronic over-
expression of aromatase and COX support sustained
production of estradiol and PGE in endometriotic
tissue (Fig. ) (, –). Estradiol/ERb stimulates
PGE formation, whereas PGE stimulates estradiol
synthesis (, ). Selective or nonselective COX in-
hibitors that disrupt PGE synthesis effectively reduce
pelvic pain in endometriosis (). Likewise, aroma-
tase inhibitors that disrupt estradiol biosynthesis
significantly reduce endometriosis-associated pain and
cause regression of pelvic lesions (, ).

Taken together, ERb plays a central role in
the development and pathophysiology of endometri-
osis. The overproduction of estradiol in endometriosis
drives ERb signaling to support endometriotic tissue
survival and inflammation (). Additionally, ERb may
have estradiol-independent pathologic actions.

PR: progesterone resistance
Role of progesterone in endometriosis.

Compared with the clearly pathologic effect of es-
trogen in endometriosis, the role of progesterone
has remained ambiguous for several reasons. First,
although progesterone has a protective role in endo-
metrial cancer (characterized by epithelial proliferation),
it does not have the same effect in endometriosis, in
which benign lesions are comprised of primarily stro-
mal cells with diminished apoptosis or differentiation
(). Paradoxically, progesterone induces a transient
proliferation of stromal cells in normal endometrium
during the secretory phase (). Second, progestin-
based treatments are at best variably effective at

Figure 11. Estrogen and PRs in endometriosis. Compared with
endometrial stromal cells, ERb levels are higher and ERa levels
are lower in endometriotic stromal cells because of altered DNA
methylation. The PR gene is also differentially methylated
between these two cells types. It is likely that the severely
elevated ratio of ERb/ERa is in part responsible for the observed
inhibition of ERa and PR expression in endometriotic stromal
cells.
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reducing endometriosis-related pain, especially in pa-
tients who received other forms of treatment (, ).
Progestins likely reduce pain via suppressing or attenu-
ating ovulation (), although a direct effect on endo-
metriotic tissue cannot be excluded. Third, antiprogestins
with mixed agonist and antagonist properties (also
known as selective PR modulators) reduce
endometriosis-associated pelvic pain, possibly more
effectively than progestins (, , ). Furthermore,
endometriotic tissues produce significant quantities of
progesterone and express significantly lower levels of
PR compared with endometrium (, ). These
conflicting observations have prevented the formation
of a unified hypothesis describing progesterone’s role
in endometriosis.

PR deficiency in endometriosis. Progesterone
resistance in endometriotic tissue is readily explained
by the extremely low PR levels (). In normal en-
dometrium, levels of the PR isoforms, PR-B and
PR-A, increase during the proliferative phase, peak just
before ovulation, and then diminish; this pattern
suggests that estradiol stimulates PR expression ().
In simultaneously collected tissues of endometriosis,
PR-B is undetectable and PR-A is markedly lower
compared with normal endometrium. Moreover, the
endometrium of baboons with endometriosis shows
deficiency of the co-chaperone FKBP, which is
necessary for PR function, and this may contribute to
progesterone resistance ().

17b-Hydroxysteroid dehydrogenase-2 en-
zyme deficiency in endometriosis. Progesterone
has an antiestrogenic effect in the healthy endometrium,
but a hallmark of endometriosis is progesterone re-
sistance and elevated local estradiol levels ().
b-Hydroxysteroid dehydrogenase type (HSDB)
catalyzes the conversion of biologically potent estradiol
to less potent estrone (Fig. ) (–). Progesterone
via PR increases formation of retinoic acid (RA) in
endometrial stromal cells, which induces HSDB
expression in neighboring endometrial epithelial cells
(Fig. ) (–). In contrast, endometriotic
stromal cells with progesterone resistance do not
produce RA (Fig. ) (), which leads to a loss of
paracrine signaling to induce HSDB expression in
the epithelial cells and therefore failure to inactivate
estradiol in endometriosis (Figs.  and ) (, ).
Combined with high estradiol production due to
aberrant aromatase activity, this additional defect
further contributes to the abnormally high estradiol
activity in endometriosis (Figs.  and ) ().

Retinoid deficiency in endometriosis. Reti-
nol binding protein binds retinol (vitamin A) and
delivers it to tissues via the circulation (Fig. ) (,
). Retinol binds its cell surface receptor STRA
and enters the cell, where retinol and retinal de-
hydrogenase enzymes catalyze its conversion to
transcriptionally active RA. RA acts through various
RA receptors (RARs), including RAR-a, RAR-b, and

RAR-g and peroxisome proliferator-activated receptor
(PPAR)-b/d, to regulate target gene transcription (Fig.
) (). Because STRA is strongly induced by PR
signaling, PR-deficient endometriotic stromal cells are
unable to produce sufficient RA (Fig. ) (, ).

Transcriptional activation of the nuclear receptor
RAR by RA often leads to cell growth inhibition.
However, in some tissues, RA acting through PPARb/
d induces the expression of prosurvival genes to
promote cell survival and hyperplasia (). RA ac-
tivation of these two receptors is regulated by the
intracellular lipid-binding proteins CRABP and
FABP, which specifically deliver RA from the cytosol
to nuclear RAR and PPARb/d, respectively ().
Thus, RA signals through RAR to drive apoptosis in
cells with a high CRABP/FABP ratio, but signals
through PPARb/d to promote survival in cells with a
low CRABP/FABP ratio ().

In normal endometrial stromal cells, RA induces
apoptosis via the CRABP/RARa pathway; in
CRABP/RARa-deficient endometriotic cells, RA
does not have the same effect (Fig. ) (, ). This
favors survival of endometriotic stromal cells and may
support the development and persistence of pelvic
endometriotic implants. Because PR induces CRABP
gene expression (Fig. ) (), PR resistance in
endometriotic stromal cells leads to deficiency of
CRABP; this supports the overall model of deficient
PR action in endometriosis (Fig. ) ().

General deficiency of progesterone action in
endometriosis. Estrogen and progesterone are es-
sential and sufficient for endometrial function by
regulating expression of multiple genes during the

Figure 12. ERb action in endometriosis. ERb induces RERG expression, whereas PGE2, via protein
kinase A (PKA), phosphorylates RERG. RERG phosphorylation is associated with its nuclear
translocation. Estradiol- and PGE2-mediated activation of RERG regulates endometriotic cell
proliferation. Estradiol via ERb also induces expression of serum and glucocorticoid–regulated
kinase (SGK1), which is also activated by PGE2 and oxidative stress. This leads to phosphorylation of
FOXO3a, a proapoptotic factor, and enhanced cell survival. [Adapted fromMonsivais D, Dyson MT,
Yin P, et al. ER beta- and prostaglandin E2-regulated pathways integrate cell proliferation via Ras-like
and estrogen-regulated growth inhibitor in endometriosis. Mol Endocrinol. 2014;28(8):1304–1315.]
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menstrual cycle (). Indeed, administration of es-
tradiol and progesterone is sufficient to prepare the
endometrium for implantation in postmenopausal
women undergoing donor embryo transfer ().
Progesterone exposure induces differentiation of both
endometrial stromal cells (decidualization) and epi-
thelial cells (secretory phenotype). Increased epithelial
glycodelin and stromal prolactin levels signal pro-
gesterone action in the endometrium (, ,
). Progesterone induces lower levels of prolactin
expression in endometriotic vs endometrial stromal
cells, again supporting the progesterone resistance
model in endometriosis ().

Gene expression profiles in the endometrium of
women with or without endometriosis revealed that a
number of progesterone target genes are dysregulated
during the window of implantation, the time when
progesterone levels in the endometrium reach their
peak (, ). As an example, the progesterone-
responsive gene glycodelin is downregulated in the
endometrium of women with endometriosis com-
pared with women without endometriosis (). Thus,
the eutopic endometrium of women with endome-
triosis also shows evidence of progesterone resistance
(, ).

To summarize, progesterone resistance in endo-
metriosis is associated with PR deficiency in poorly
differentiated stromal cells (Fig. ). Defective

progesterone action has tangible downstream
consequences. Upon exposure to progesterone in
endometrial capillaries, poorly differentiated stromal
cells with deficient PR fail to send physiologic para-
crine signals to adjacent epithelial cells (). RA is an
essential paracrine factor, and its deficiency due to
progesterone resistance is associated with the de-
ficiency of the enzyme HDSB in endometrial
epithelial cells (, , ). HSDB is essential
for effectively inactivating local estradiol at the en-
dometrial epithelium–embryo interface during the
implantation window (). HSDB deficiency be-
cause of progesterone resistance gives rise to local
estradiol excess in endometriotic tissue (). This
possibly causes enhances estradiol-driven inflamma-
tion and also implantation failure in eutopic endo-
metrium because progesterone resistance was also
demonstrated in eutopic endometrial tissue of patients
with endometriosis (). Interestingly, compounds
with mixed progesterone antagonist/agonist properties
more effectively reduce uterine bleeding and pelvic
pain associated with endometriosis compared with
progestins (, , ). This may be due to their
ability to bind and act via lower levels of PR in
endometriotic tissue and/or by affecting the endo-
metrium (, , ).

Nuclear receptor coregulators in endometriosis
Steroid receptor coactivators (SRCs) dynamically mod-
ulate nuclear receptor–mediated cellular processes in a
tissue-selective manner to precisely respond to ex-
ternal hormonal stimuli (). Alterations in SRC
concentrations or modifications of SRCs in steroid
target tissues may underlie nuclear receptor–
dependent human disease progression (). An
SRC-null mouse model revealed that the SRC gene
plays an essential role in endometriosis progression
(). Compared with normal endometrium, a -kDa
proteolytic C-terminal isoform of SRC is highly el-
evated in both the endometriotic tissue of mice with
surgically induced endometriosis and in eutopic en-
dometrial stromal cells biopsied from patients with
endometriosis (). TNF-induced MMP activity
mediates formation of the -kDa SRC isoform in
endometriotic mouse tissue. In contrast to full-length
SRC, the endometriotic SRC fragment prevents
TNF-mediated apoptosis in human endometrial ep-
ithelial cells and causes the epithelial–mesenchymal
transition and the invasion of human endometrial
cells (). Thus, the TNF/MMP/SRC pathway
promotes key pathologic functions in endometriotic
tissue (Fig. ) ().

The nuclear actions of the SRC fragment are
currently not known (). It is possible that SRC
or other nuclear receptor coregulators modify the
activities of key nuclear receptors, such as ERb, SF,
and PR, in endometriotic stromal cells (Fig. ).

Figure 13. Interactions of ERb, TNF, SRC1, and IL-1b in endometriosis. ERb plays a unique role
in endometriotic tissue, where it interacts with the cytoplasmic apoptotic machinery and
inflammasome complex to prevent TNF-induced cell death and enhance adhesion and proliferative
activities of endometriotic tissues via SRC1 and IL-1b in this broad mechanistic pathway. This
nongenomic action of ERb has a predominant role in endometriosis progression. [Reproduced
from Han SJ, Jung SY, Wu SP, Hawkins SM, Park MJ, Kyo S, Qin J, Lydon JP, Tsai SY, Tsai MJ, DeMayo
FJ, O’Malley BW. Estrogen receptor b modulates apoptosis complexes and the inflammasome to
drive the pathogenesis of endometriosis. Cell. 2015;163(4):960–974. doi: 10.1016/j.cell.2015.10.034.
Copyright © 2015 by Elsevier, Inc.]
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Summary of key mechanisms in endometriosis
Women who develop the clinical symptoms of en-
dometriosis may have an inheritable predisposition to
this disease, including epigenomic abnormalities in
tissue progenitor/stem cells in the coelomic epithelium
(peritoneum), endometrium, endometrial vasculature,
and other pelvic tissues. Continual and frequent ep-
isodes of ovulatory menses that expose the lower
abdominal cavity to large quantities of blood and shed
endometrial tissue increase the risk for developing
pelvic endometriosis. Exposure of pelvic tissues to
high levels of estradiol also increases the risk and
severity of endometriosis, driving the persistence,
tissue remodeling, and inflammation in endometriotic
lesions (Fig. ).

Repeated exposure of lower abdominal tissues to
poorly differentiated endometrial mesenchymal stem
cells gives rise to the formation of symptomatic en-
dometriosis in the peritoneum, ovarian surface and
hemorrhagic cysts, and the area between the rectum
and vagina. The endometriotic stromal cell displays
critical abnormalities in genome-wide DNA methyl-
ation, regulation of gene expression, and signaling
pathways. Most of these perturbations occur in
stromal cells exhibiting stem cell properties and partial
ovarian granulosa cell–like and immune cell–like
characteristics such as estradiol, prostaglandin, and
cytokine production. These cells originate from the
eutopic endometrium and exhibit abnormal expres-
sion of key transcription factors, including high levels
of GATA, SF, and ERb and deficiencies in GATA,
ERa, and PR in both eutopic and ectopic stromal cells
(Figs.  and ).

GATA and ERa regulate key genes necessary
for progesterone-driven differentiation of healthy
endometriotic stromal cells. The promoters of these
genes are hypermethylated and thus transcriptionally
repressed in endometriotic cells, whereas GATA is
hypomethylated and abundant in endometriotic
cells. GATA blocks hormone sensitivity, represses
GATA, and induces markers of endometriosis when
expressed in healthy endometrial cells. Ectopic ex-
pression of GATA in a normal endometrial stromal
cell effectively transforms it to an endometriotic
stromal cell, recapitulates key molecular defects such
as aromatase and ERb expression, and induces es-
trogen biosynthesis and progesterone resistance
(Figs.  and ).

The sustained cell survival and inflammation
characteristic of endometriosis have been linked to
a stromal cell defect involving excessive formation
of estrogen and prostaglandin and progesterone re-
sistance, all of which originate from two transcription
factors, SF and ERb. Exposure of endometriotic cells
to the local hormone PGE leads to coordinated
binding of SF to the promoters of multiple ste-
roidogenic genes, including aromatase, causing for-
mation of large quantities of estradiol (Fig. ).

ERb mediates estrogen action in endometriosis.
Estradiol acts via ERb to stimulate COX, leading to
overproduction of PGE. Thus, inflammation and
estrogen are linked via a positive feedback cycle in-
volving overexpression of genes encoding the aro-
matase and COX enzymes and continuous formation
of their products, estradiol and PGE, in endometriotic
tissue. Moreover, a strikingly low ERa/ERb ratio is
associated with deficient induction of PR levels, which
leads to progesterone resistance and disruption of a
paracrine pathway that inactivates estradiol. Enhanced
estradiol formation and deficient inactivation in en-
dometriosis results in accumulation of estradiol. Fi-
nally, via genomic and nongenomic pathways, ERb
modulates the activities of RERG, TNF, and IL-b to
promote survival, proliferation, and inflammation in
poorly differentiated endometrial stromal cells. This
model is clinically relevant because therapeutic tar-
geting of aromatase, COX, ERb, or PR reduces pelvic
pain or ablates visible endometriotic lesions (Figs. ,
, and ).

It is now clear that the epithelial cells of normally
functioning endometrium contain numerous

Figure 14. Progesterone resistance: HSD17B2 deficiency in endometriotic epithelium. HSD17B2 is
specifically expressed in eutopic endometrial epithelial cells during the secretory phase. This
expression coincides with progesterone secretion by the corpus luteum. HSD17B2 converts the
biologically potent estrogen, estradiol (E2), to estrogenically weak estrone (E1). In endometriotic
tissue, however, this epithelial HSD17B2 is severely deficient, giving rise to E2 excess. These findings
are suggestive that progesterone stimulates HSD17B2 in eutopic endometrium and that its
deficiency in endometriosis is a consequence of progesterone resistance. [Reproduced from
Zeitoun K, Takayama K, Sasano H, Suzuki T, Moghrabi N, Andersson S, Johns A, Meng L, Putman M,
Carr B, Bulun SE. Deficient 17b-hydroxysteroid dehydrogenase type 2 expression in endometriosis:
failure to metabolize 17b-estradiol. J Clin Endocrinol Metab. 1998;83(12):4474–4480.]
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mutations, including driver mutations of ovarian
cancer. Some of these mutations (e.g., in KRAS,
PIKCA, and ARIDA) are enriched in endometriotic
epithelial cells from ovarian endometriomas or
extraovarian deep-infiltrating endometriosis and
may play roles in the pelvic implantation of endo-
metriotic tissue fragments with survival and growth
advantages. Although epithelial driver mutations
in extraovarian sites do not cause malignant
transformation, the same mutations in ovarian
endometriomas may be essential for initiating
endometriosis-associated epithelial ovarian can-
cers. The intense paracrine inflammatory sig-
nals, together with estrogen from epigenomically

misprogrammed endometriotic cells, may enhance
epithelial mutagenesis or carcinogenesis [Fig. 
()].

Some intriguing questions remain unanswered.
What are the relative roles of the environment vs the
genome in the widespread epigenomic abnormalities
in endometriotic stromal cells? Are these epigenomic
abnormalities transmissible through the generations?
What happens to the epithelial cells carrying cancer
driver mutations in eutopic endometrium? What
determines the malignant transformation of some but
not all ovarian endometriomas with similar epithelial
mutations? How do epigenomically abnormal stro-
mal cells and mutated epithelial cells influence each

Figure 15. Paracrine stromal–epithelial interactions for progesterone and retinoid action in endometrium and endometriosis.
Deficient genes and pathways in endometriosis are indicated by arrows and dotted lines. Blood vessels deliver progesterone (P4) to
endometrial stromal cells, which express PR; activation leads to the production of paracrine factors, including RA. RA acts in a paracrine
manner to stimulate differentiation and oppose estradiol (E2)-dependent proliferation in endometrial epithelial cells. Moreover, RA
stimulates HSD17B2, which converts biologically active E2 to estrogenically weak estrone (E1). Endometriotic stromal cells express
lower levels of PR, which leads to lower RA formation. As a result, paracrine signaling to neighboring epithelial cells is lost, and these cells
do not differentiate or express HSD17B2, leading to excess E2. The mechanisms supporting retinoid transport between endometrial
stromal and epithelial cells are not fully understood. The retinoid cell surface receptor stimulated by RA-6 (STRA6) in endometrial
stromal cells binds retinol binding protein (RBP)–bound retinol in the circulation for cellular uptake of retinol. Retinol is converted to
RA and transported to nuclear RARs by the shuttling protein cellular RA binding protein-2 (CRABP2). RA-bound RAR stimulates
endometrial stromal cell differentiation and apoptosis. PR induces stromal STRA6 and CRABP2 expression. In endometriosis, this
pathway is disrupted by a deficiency of PR, STRA6, and CRABP2 as abnormal expression of the RA-metabolizing enzymes CYP26B1 and
CYP26A1 in stromal and epithelial endometrial cells. 4OH-RA, 4-hydroxy-RA. [Reproduced from Kim JJ, Kurita T, Bulun SE. Progesterone
action in endometrial cancer, endometriosis, uterine fibroids, and breast cancer. Endocrine Rev. 2013;34(1):130–162.]
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other in a paracrine fashion in benign and malignant
settings?

Innovations in Clinical Management

The goals of medical therapy for endometriosis are pain
control, improvement of the quality of life, prevention
of disease recurrence, fertility preservation, and re-
duction of operative intervention (). Endometriosis-
associated pain involves the stimulation of sensory
nerve tissue in the eutopic endometrium, pelvic peri-
toneum, and other pelvic tissues by inflammatory
substances produced as a consequence of the complex
disease process. Inflammation is closely linked to re-
peated episodes of ovulatory menses and retrograde
travel of blood and other menstrual tissue into the pelvic
cavity. Estrogen is the most hierarchically upstream and
potent stimulus of survival and inflammation in eutopic
and ectopic endometrial tissues.

Following from this mechanistic understanding
of disease pathology, successful treatments of
endometriosis-associated pain focus on suppression of
ovulation and estrogen production (). The ratio-
nale for hormone therapy is to induce amenorrhea,
thereby creating a relatively hypoestrogenic envi-
ronment that will inhibit the inflammatory process
and prevent disease progression (). Traditionally,
ovulatory cycles associated with estrogen secretion and
retrograde menstruation have been suppressed at the
level of hypothalamus/pituitary using oral contra-
ceptives, progestins, or GnRH agonists (). Pain
and other abdominal symptoms usually recur upon
treatment discontinuation, however (Fig. ), and these
treatments do not address pathogenic factors in en-
dometriosis tissue such as local aromatase activity,
nuclear receptor activity, or cytokine production.
Some recently approved, experimental, or emerging
treatments are discussed below.

Oral GnRH antagonists
Although GnRH agonists have been used to suppress
ovulation in the treatment of endometriosis, GnRH
antagonists have not been available until recently. Oral
nonpeptide forms of GnRH antagonists (e.g., elagolix,
relugolix) have been developed, and elagolix has been
approved by the Food and Drug Administration to
treat endometriosis (, ). Elagolix is an oral
GnRH antagonist that rapidly suppresses the pituitary-
ovarian hormones in a dose-dependent manner ().
However, ovulation may still occur during treatment,
particularly at lower doses that partially suppress
ovarian estrogen production (). Oral GnRH an-
tagonists produce a hypoestrogenic environment;
however, at low doses they can maintain sufficient
circulating estradiol levels to avoid severe vasomotor
symptoms, vaginal atrophy, and bone demineraliza-
tion (, ). The efficacy, safety, and tolerability

of elagolix for the management of endometriosis-
associated pain have been demonstrated in phase 
and phase  trials (). During a -week period,
elagolix demonstrated similar efficacy on endometriosis-
associated pain to subcutaneous medroxyprogesterone
acetate but with a minimal effect on bone mineral
density ().

Phase  trials showed that higher ( mg twice a
day) and lower ( mg daily) doses of elagolix
were effective in improving dysmenorrhea and
nonmenstrual pelvic pain during a -month period in
women with endometriosis-associated pain ().
Both doses of elagolix were, however, associated
with hypoestrogenic adverse effects (). Extension
studies evaluated  continuous months of treatment
with both doses of elagolix (). Endometriosis
patients benefited from sustained reductions in
dysmenorrhea, nonmenstrual pelvic pain, and dys-
pareunia (). The higher dose was associated with
greater improvement of dysmenorrhea (). The
side effects were consistent with reduced estrogen
levels and no new concerns were associated with
long-term use of elagolix (). Nonhormonal
contraception is needed, as neither dose of elagolix
reliably suppresses ovulation ().

Aromatase inhibitors
Most hormonal treatments for endometriosis are
focused on inhibiting ovarian estrogen production
rather than blocking estrogen produced locally in
endometriotic lesions. Aromatase is encoded by a
single gene and is the final enzyme in the estrogen
biosynthesis pathway. Its inhibition effectively
eliminates all estrogen production. Recently in-
troduced highly specific aromatase inhibitors have
successfully treated pelvic pain and significantly re-
duced lesion size (). In premenopausal women, an
aromatase inhibitor alone may induce ovarian fol-
liculogenesis, and thus aromatase inhibitors are
combined with a progestin, a combination oral
contraceptive, or a GnRH agonist (Fig. ) ().
Although combining an aromatase inhibitor with a
GnRH agonist may lead to extremely severe hypo-
estrogenic side effects, the side-effect profile of aro-
matase inhibitors administered in combination with
an oral contraceptive or a progestin is remarkably
tolerable and consists of mild hot flashes and de-
creased sexual desire (). In premenopausal pa-
tients, the combination of an oral contraceptive or
progestin (norethindrone acetate, . to mg/d) with
an aromatase inhibitor reduces visible lesions and
pelvic pain refractory to other available medical and
conservative surgical treatments (–, ).

Endometriosis that persists after surgically in-
duced or natural menopause is rather uncommon
but continues to be a serious clinical challenge ().
For postmenopausal endometriosis, the medical
treatment of choice is an aromatase inhibitor, either

1071doi: 10.1210/er.2018-00242 https://academic.oup.com/edrv

REVIEW
D

ow
nloaded from

 https://academ
ic.oup.com

/edrv/article-abstract/40/4/1048/5469279 by N
orthw

estern U
niversity Library user on 17 July 2019

http://dx.doi.org/10.1210/er.2018-00242
https://academic.oup.com/edrv


anastrozole ( mg/d) or letrozole (. mg/d) (). Hot
flashes and bone loss may be mitigated by adding
norethindrone acetate (. to  mg/d) and/or a
bisphosphonate (zoledronic acid,  mg IV infusion/yr).
Long-term use of a progestin may increase breast cancer
risk in a postmenopausal woman (). In contrast, in
postmenopausal women with breast cancer, zoledronic
acid decreases the recurrence of invasive breast cancer
but slightly increases the risk of jaw necrosis associated
with a dental procedure (). In advanced stage
(American Society for Reproductive Medicine stage III
to IV) endometriosis, the combination of anastrozole
and a GnRH agonist during postsurgical therapy de-
creased pain recurrence in approximately half of pa-
tients at the -year follow-up ().

Antiprogestins
Selective PR modulators have primarily anti-
progestogenic effects and includemifepristone (RU),
asoprisnil, and UPA (). Mifepristone alleviates pain
symptoms and induces amenorrhea without causing
hypoestrogenism in patients with endometriosis (,
). UPA ( to mg) is approved for the treatment of
endometriosis in Europe and Canada (). In clinical
trials, anovulation was observed in .% women in the
 mg group and % in the  mg group, and
amenorrhea occurred in .% and % of women in
the  mg and mg groups, respectively (). Because
UPA induces amenorrhea and possibly reduces pain, it
can be used in cases of endometriosis with pain re-
fractory to existing treatments (). After this drug was
approved in Europe and Canada, sporadic cases of liver
injury and hepatic failure were recently reported in

association with its use (). UPA was not taken off the
market, but the European Medicines Agency has ad-
vised periodic liver monitoring before, during, and after
treatment with UPA in all patients who consider using it
for uterine fibroids ().

Targeting prostaglandin production or action
Prostaglandins are locally produced hormones linked
to inflammation and pain in endometriosis. PGE and
prostaglandin F (PGF)a are produced excessively in
uterine and endometriotic tissues (). PGFa in-
duces vasoconstriction and uterine contractions that
may contribute to dysmenorrhea, whereas PGE may
induce pain directly (). Reduction of prostaglandin
formation by nonselective COX inhibitors has
been shown to significantly decrease endometriosis
associated pelvic pain (, ). Chronic adminis-
tration of nonselective COX inhibitors (e.g., ibuprofen,
naproxen) is limited due to their gastrointestinal side
effects. Long-term administration of a selective COX
inhibitor with milder side effects significantly reduces
chronic pelvic pain, but its use has been limited by
increased cardiovascular risk (). In fact, the COX-
selective nonsteroidal anti-inflammatory drug celexocib
was approved by the Food and Drug Administration for
primary dysmenorrhea that is part of the symptom
complex of endometriosis ().

Arachidonic acid released by phospholipase A is
presented to COX, which catalyzes its conversion to
prostaglandin H (PGH) in most cells, including in
myometrium, endometrium, and endometriotic tissue
(). Among the two isoforms, COX is generally
responsible for basal prostaglandin synthesis, whereas
COX is important in various inflammatory and in-
duced settings. The coupling of COX-dependent syn-
thesis of PGH to its metabolism by downstream
enzymes is orchestrated in a cell-specific fashion.
Uterine cells are rich in PGF synthase and microsomal
PGE synthase (mPGES), which catalyze the conversion
of PGH to PGFa and PGE, respectively ().

The contribution of excessive PGE production via
induction of multiple enzymes, in particular COX
and mPGES, in inflammatory settings such as endo-
metriosis is a developing concept (). Large quantities
of PGE produced by endometriotic stromal cells in turn
induce local estrogen biosynthesis and pelvic pain (, ,
, ). COX is upregulated in endometriotic stromal
cells compared with endometrial stromal cells, and its
expression is also higher in endometrium of women with
endometriosis compared with endometrium of disease-
free women (, ). Expression of mPGES has been
observed in both benign and malignant endometrium
(–). Thus, increased synthesis of PGE observed in
vivo in endometriosis may be due to coordinate hy-
peractivity of COX and mPGES.

COX expression and PGE production are
stimulated in endometriotic and uterine cells (Fig. ).
The cytokine IL-b and PGE itself (in an autocrine

Figure 16. Summary of key estrogen-dependent mechanisms in endometriosis. Pathologically
decreased methylation of the SF1, GATA6, and ERb genes causes extremely high levels of their proteins
in endometriotic stromal cells. SF1 together with GATA6 coordinately mediate the PGE2-induced
expression of many genes in the estrogen synthetic cascade to produce estradiol from cholesterol. In
addition to decreased methylation of its gene promoter, ERb expression is high also due to a
stimulatory effect from GATA6. Estradiol and ERb induce COX2 expression and PGE2 production in
endometrial cells. Moreover, PGE2 per se and IL-1b also induce COX2 expression and PGE2 production
in endometrial cells. ERb and GATA6 suppress ERa and PR, leading deficiencies of RA production and
the HSD17B2 enzyme. The end result is extremely high local concentrations of estradiol and PGE2 in
endometriotic tissue; both of these molecules are key inducers of inflammation and pain in
endometriosis. This pathway is clinically relevant because its disruption by an aromatase inhibitor or a
COX inhibitor (e.g., a nonsteroidal anti-inflammatory drug) reduces the extent of disease or pelvic pain.
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manner) induce COX expression in endometriotic
and endometrial stromal cells (, ). The angio-
genic factor VEGF and estradiol via ERb rapidly in-
duce COX expression in uterine endothelial and
endometriotic stromal cells (–). These re-
dundant mechanisms maintain large quantities of
PGE in endometriotic tissue (Fig. ).

The biological actions of PGE are mediated via the
G protein receptors EP, EP, EP, and EP, which
integrate multiple cell signaling pathways ().
Using a xenograft mouse model of endometriosis that
utilizes human endometriotic cell lines, pharmacological
inhibition of the EP and EP receptors demonstrated
a potential clinical benefit (). Specifically, selective
inhibition of EP/EP: (i) decreased growth and survival
of endometriosis lesions; (ii) decreased angiogenesis
and innervation of endometriosis lesions; (iii) sup-
pressed the proinflammatory state of dorsal root ganglia
neurons to decrease pelvic pain; (iv) blunted the pro-
inflammatory, estrogen-dominant, and progesterone-
resistant molecular environment of the endometrium
and endometriotic lesions; and (v) restored endometrial
functional receptivity (). These data suggest that long-
term inhibition of PGE action may be an alternative
treatment of endometriosis ().

In summary, cytokines, angiogenic factors, PGE, and
estradiol all induce COX expression in endometriosis

to ensure large quantities of PGE production. Estradiol
induces COX via ERb in endometriosis. Disruption of
PGE synthesis via selective or nonselective COX in-
hibitors effectively reduces pelvic pain in endometriosis
().

Cytokines and ERb
Estrogen and progesterone have variable effects on
the production of different cytokines in endometrial
or endometriotic cells in vitro and in vivo (, ).
Recently, an intriguing link was noted between ERb,
TNF, and IL-b in endometriotic tissue (). ERb
acts as a master regulator that interacts with the
cytoplasmic apoptotic machinery and inflammasome
complex to prevent TNF-induced cell death and IL-
b–enhanced adhesion and proliferative activities in
mouse and human endometriotic tissues (). This
nongenomic action of ERb has a predominant role in
endometriosis progression (Figs.  and ), and
ERb-selective compounds that act as estradiol an-
tagonists in endometriotic tissue are potential ther-
apeutics. The potential role for such a compound was
recently demonstrated in a mouse model of endo-
metriosis (). Likewise, the blockage of TNF action
using systemically administered recombinant TNF
receptor type- or a monoclonal antibody against
TNF prevented the establishment of endometriosis

Figure 17. A vision of the future of endometriosis treatment. Human iPS cells are currently being tested for the treatment of a number
of human conditions. The genomes of the biopsied skin or bone marrow cells are reprogrammed via the addition of four stem cell
factors (OCT4, SOX2, KLF4, and MYC) to generate iPS cells. It was recently demonstrated that these pluripotent stem cells can be
differentiated to endometrial stromal cells (ESCs) under defined molecular conditions (207). In the future, the differentiation protocol
may be optimized to produce appropriately progesterone-responsive and healthy ESCs, which can be used to replace epigenetically
defective and progesterone-resistant stromal cells in the intrauterine endometrial tissue of a woman with endometriosis.
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or reduced the lesion size in a baboon model of
endometriosis (, ).

Management of endometriosis-related infertility
Infertility management in women with endometriosis is
challenging and controversial. Clinicians and patients
have moved away from laparoscopic surgical treatment
of all stages of endometriosis, and many clinicians no
longer operate on ovarian endometriomas until fertility
treatments are completed (). In women with min-
imal to mild endometriosis (American Society for
Reproductive Medicine stage I to II), all of the fertility
outcomes were comparable to disease-free women; this
included live birth rate (). Women with more severe
disease (American Society of Reproductive Medicine
stage III to IV), however, had a lower live birth rate,
lower clinical pregnancy rate, and lower mean number
of oocytes retrieved per in vitro fertilization (IVF) cycle,
when compared with women with no endometriosis
(). Ovulation induction combined with intrauterine
insemination seems to robustly increase the risk of
recurrent endometriosis-associated pain or disease
progression (). Therefore, IVF is the preferred
method for treating infertility associated with endo-
metriosis (). In general, live birth rates associated
with IVF are not different in infertility patients with or
without endometriosis (), and pregnancy rates are
not seemingly reduced in oocyte donation recipients
affected by endometriosis (). However, ovarian
suppression with a GnRH agonist or oral con-
traceptive significantly improved implantation rates
in patients with endometriosis (). Ovarian sup-
pression before IVF should be considered in patients
with advanced-stage endometriosis or adenomyosis.
Importantly, note that the clinical impact of endo-
metrial factor infertility in endometriosis is still
debated and not well understood.

Future treatment considerations
Theoretically, replacement of abnormal eutopic en-
dometrial stromal cells with normal ones is a potential
novel therapeutic approach for endometriosis. As
detailed in previous sections, epigenetically defective
and progesterone-resistant eutopic endometrial stro-
mal cells with stem-like properties may reach the
pelvic cavity via retrograde menstruation and con-
tribute to the establishment and persistence of en-
dometriosis (, , ). During the past decade, induced
pluripotent stem (iPS) cells derived from bone marrow
or skin biopsies provided a patient-specific source that
can be differentiated to various cells types and used
as a cell-based treatment (). It was also suggested
that normal endometrial stromal cells themselves
could serve as a source of adult stem cells for thera-
peutic applications ().

A recent breakthrough opened up the possibility of
iPS cell–based treatment of endometriosis (Fig. ). A
group directed the differentiation of human iPS cells
through intermediate mesoderm, coelomic epithelium
followed by the Müllerian duct to endometrial stromal
fibroblasts under molecularly defined embryoid body
culture conditions using specific hormonal treatments
(). Activation ofb-catenin was essential for expression
of PR that mediated the final differentiation step of
endometrial stromal cells (). Thus, it is possible to use
skin fibroblasts of an endometriosis patient to generate
iPS cells and then epigenetically reprogram these iPS cells
under defined hormonal and molecular conditions to
produce healthy and progesterone-responsive en-
dometrial stromal cells. These healthy iPS-derived
cells can be used for endometrial regeneration for
future cell-based treatments. Multiple major technical
challenges need to be overcome before it may be
possible to replace diseased endometrial stromal cells
with the normal ones regenerated from iPS cells.
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