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Abstract. The aim of this review article was to assess the 
potential link between somatic driver mutations in endo-
metriosis and the pathogenesis of fibrotic processes in other 
organ systems. This review presents the results of a PubMed 
literature search for publications dealing with the association 
between the endometriosis susceptibility driver gene muta-
tions and pathological gene alterations related to fibrosis in the 
liver, kidney and lung. Genetic studies have demonstrated that 
endometriosis has somatic mutations in driver genes, including 
AT-rich interaction domain 1A (ARID1A), phosphatase and 
tensin homolog (PTEN), phosphatidylinositol-4,5-bispho-
sphate 3-kinase catalytic subunit alpha (PIK3CA), KRAS, 
tumor protein P53 (TP53), P16 or B-Raf proto-oncogene, 
serine/threonine kinase (BRAF), directly related to neoplasms. 
Tissue injury and repair induce inflammation and oxidative 
stress, which induces (epi)genetic DNA damage and muta-
tions, promotes epithelial-mesenchymal transition  (EMT) 
and fibroblast-to-myofibroblast transdifferentiation (FMT) 
through the induction of fibrogenic signaling pathways regu-
lated by transforming growth factor (TGF)-β/Smad and these 
driver genes, resulting in α-smooth muscle actin (α-SMA) 
and collagen production and increased cellular contractility, 
leading to increased smooth muscle metaplasia (SMM) and 
fibrosis. Elevated levels of reactive oxygen species may lead 
to increased damage to DNA and may induce cell cycle 
arrest accompanied by the acquisition of replication stress, 
senescence-associated characteristics and carcinogenesis, at 
least to a certain extent. This process may be a major hallmark 
of fibrogenesis of the liver, kidney and lung. Given that somatic 
driver mutations occur frequently in benign endometriosis 
and the physiologically normal endometrium, there may be at 
least 2 distinct phases of epigenetic and genetic modifications 
in endometriosis: The initial wave of hemoglobin-induced 

oxidative stress and (epi)genetic DNA damages and mutations 
would be followed by the second big wave of cellular senes-
cence, fibrogenesis and finally, carcinogenesis. Thus, it can be 
concluded that endometriosis may represent a hemorrhage-
induced fibrotic and low-grade pre-neoplastic lesion that may 
be a precursor lesion of a subset of malignant transformation.
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1. Introduction

Among women with endometriosis, approximately 60% have 
endometriosis-related pelvic pain, up to 50% have infer-
tility (1) and approximately 1% of ovarian endometriomas give 
rise to ovarian cancer (2). The finding that a large number of 
somatic driver mutations occur frequently in the physiologi-
cally normal epithelial compartment of benign endometriotic 
lesions without concurrent cancer was surprising (3,4). The 
repeated hemorrhage in endometriotic lesions contains 
erythrocytes and their degradation products, such as hemo-
globin, heme and free iron. A previous study demonstrated 
a genetic overlap between the genes differentially expressed 
in endometriosis and those regulated by the master oxidative 
stress regulator, iron (5). Alterations in the redox balance or 
the oxidant/antioxidant pathway can affect the susceptibility 
to ovarian cancer  (5). Oxidative stress, chronic damage 
and inflammation in endometriosis can lead to epigenetic 
alterations and genetic mutations of the driver genes, including 
tumor protein P53 (TP53), phosphatase and tensin homolog 
(PTEN), AT-rich interaction domain 1A (ARID1A), phospha-
tidylinositol-4,5-bisphosphate 3-kinase catalytic subunit alpha 
(PIK3CA), KRAS and protein phosphatase 2 scaffold subunit 
Aalpha (PPP2R1A) (6) by altering (epi)genetic signaling in 
the endometriotic microenvironment (7). Furthermore, Guo 
previously demonstrated that frequently, mutated driver genes 
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in endometriosis may play important roles in fibrogenesis, but 
do not necessarily contribute to malignant transformation (3). 
This hypothesis may provide a potential link between somatic 
driver mutations and the progression of fibrosis. However, 
to date, at least to the best of our knowledge, there are no 
studies available reporting whether these genes are required 
for the development of endometriosis-related fibrosis. At least 
3 different types of examples of possibilities on these somatic 
driver mutations in endometriosis were selected to be shown 
in this review: i) A characteristic mutational landscape may 
be an intrinsic molecular processes of normal endometrium; 
ii) somatic mutations may be required to acquire a self‑defined 
fitness function of the endometriotic lesions under a fluc-
tuating environment during the initiation and progression 
of endometriosis; and iii)  they may not necessarily predict 
malignancy or pre-malignancy, but the result of selection 
pressure for fibrogenesis  (3,4,8). In this review article, we 
discuss the mechanisms through which somatic mutations or 
the abnormal expression of endometriosis-susceptibility driver 
genes can cause fibrosis in other organ systems.

2. Data collection methods

A computerized literature search was conducted to identify 
relevant studies reported in the English language. We conducted 
a literature search of the PubMed and Embase databases up 
to December 2018, combining the keywords ‘endometriosis’, 
‘fibrosis’, ‘fibrogenesis’, ‘carcinogenesis’, ‘liver’, ‘kidney’, 
‘lung’, ‘mutations’, ‘genetics’ and ‘epigenetics’. A variety of 
combinations of these terms was used, depending on which 
database was searched. Furthermore, the references of each 
article were searched to identify potentially relevant studies. 
The publications of original studies and review articles were 
included, while those documenting opinions, points of view or 
anecdotes were discarded.

3. The driver genes in endometriosis as a major hallmark 
of fibrosis in other organ systems

This review presents the results of a literature search for 
publications dealing with the association between the endo-
metriosis susceptibility driver gene mutations and pathological 
gene alterations related to fibrosis in the liver, kidney and lung.

Hepatic fibrosis. Hepatic fibrosis is an excessive wound-
healing repair following chronic injury to the liver, caused 
by virus and parasite infections, alcohol abuse, non-alcoholic 
hepatosteatosis (NASH), metabolic disorders, or autoimmune 
imbalances (9). Epidemiologically, progressive hepatic fibrosis 
is a precursor for the development of cirrhosis and hepatocel-
lular carcinoma (9). Activated hepatic stellate cells (HSCs) are 
the primary source of myofibroblasts (the transdifferentiation 
of quiescent cells into proliferative, fibrogenic myofibroblasts), 
the major players of fibrogenesis, that produce extracellular 
matrix (ECM) proteins (10). The possible molecular mecha-
nisms of hepatic fibrosis are associated with extrinsic and 
intrinsic factors, including angiogenesis, tissue-degrading 
enzymes, oxidative stress, inflammatory signaling, autophagy, 
or cellular senescence. Angiogenesis-related genes are key 
players in the pathogenesis of hepatic fibrosis and include 

the profibrotic cytokine, transforming growth factor  β 
(TGF-β), platelet-derived growth factor (PDGF), connec-
tive tissue growth factor (CTGF), hepatocyte growth factor 
(HGF), tumor necrosis factor-α (TNF-α), basic fibroblast 
growth factor (bFGF) and vascular endothelial growth factor 
(VEGF)  (11). Changes in the fine balance between tissue-
degrading matrix metalloproteinases (MMPs) and their 
counterparts, tissue inhibitors of metalloproteinases (TIMPs), 
which drives extracellular matrix turnover, may be critical 
to maintaining wound healing and ECM homeostasis (12). 
Tissue remodeling and fibrosis might be controlled by the 
MMPs/TIMPs imbalance (12). Reactive oxygen species (ROS) 
can activate HSCs and the progression of fibrosis, resulting in an 
increased collagen production and ECM deposition (13). ROS 
are generated through oxidative stress-related lipid peroxida-
tion (13) and inflammatory responses via Toll-like receptors 
(TLRs) (14). TLR4 and TLR9 signaling pathways play a role in 
the liver inflammation-fibrosis-carcinoma axis (14).

The roles of driver genes in hepatic fibrosis. The driver 
genes in hepatic fibrosis are as follows: i) ARID1A: The muta-
tion of ARID1A, an SWI/SNF chromatin-remodeling gene, 
induces chromatin remodeling dysfunction and contributes 
to carcinogenesis  (15). The differentially expressed genes 
(DEGs) and the most commonly mutated genes observed in 
human hepatocellular carcinoma are TP53, ARID1A, PTEN, 
cyclin-dependent kinase inhibitor 2A (CDKN2A, p16INK4A), 
cyclin D1 (CCND1), catenin beta 1 (CTNNB1), telomerase 
reverse transcriptase (TERT ) and axin  1 (AXIN1)  (16). 
ARID1A deficiency has been shown to be associated with 
the proliferation, invasion and metastasis of human hepato-
cellular carcinoma after initiation (15). Arid1a expression is 
downregulated in regenerating tissues, and the loss of Arid1a 
has been shown to increase proliferation and reduce fibrosis 
following liver injury in an animal model (17). ARID1A has 
a negative impact on regeneration after hepatic injury (17). 
Thus, ARID1A may be a susceptible gene for hepatic damage 
and fibrosis. ii) PTEN: PTEN functions as a tumor suppressor 
by opposing the PI3K/AKT signaling pathway, indicating 
that the inactivation of PTEN by loss-of-function mutations 
leads to an aggressive cancer phenotype  (18). The PTEN 
gene is frequently hypermethylated in hepatocellular carci-
noma (16). The loss of PTEN plays a role in protection against 
hyperglycemia and insulin resistance, which results in the 
development of steatosis, steatohepatitis and NASH (12), as 
well as in the progression of hepatic fibrosis (19). iii) PIK3CA: 
The PI3K/Akt signaling pathway is a downstream target of 
TGF-β. The TGF-β/PI3K/Akt pathway is activated in pulmo-
nary fibrosis through the induction of cell proliferation and 
ECM synthesis (20). Therefore, the inhibition of this signaling 
pathway ameliorates hepatic fibrosis (20). iv) KRAS: Activating 
mutations of K-ras or the sustained activation of K-ras expres-
sion stimulates HSCs activation, hepatic cholestasis and 
fibrosis, possibly through the upregulation of TGF-β2 and 
CTGF gene expression (21). v) TP53: In response to genotoxic 
insults, TP53 serves multiple biological functions, including 
cellular responses to DNA damage, cell cycle arrest, DNA 
repair, apoptosis, senescence and fibrosis (22). TP53 promotes 
HSCs activation and hepatic fibrosis via the upregulation of 
fibrogenic genes, such as TGF-β, Wnt/β-catenin, CTGF, or 
Sonic hedgehog (SHH) (22). vi) BRAF: The activity of the 
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RAF/MEK/ERK signaling pathway is critical for cell cycle 
arrest, ECM synthesis and hepatic fibrosis (23).

Considering that the majority of driver genes observed 
in benign endometriosis are required for EMT, FMT, ECM 
production and hepatic fibrosis, somatic mutations in ‘cancer-
associated genes’ are insufficient for malignant transformation.

Renal fibrosis. We then aimed to address whether these driver 
genes are central elements of EMT, FMT, ECM production, 
senescence and fibrogenesis in the kidney. Renal tubuloin-
terstitial fibrosis is a common pathophysiological event of 
chronic kidney disease (24). Chronic kidney disease causes 
increased inflammation, oxidative stress and proximal tubule 
cell death in the form of apoptosis or senescence, with acceler-
ated fibrosis and reduced renal function (24). Kidney pericytes 
are considered to be a possible precursor of myofibroblasts, 
contributing to ECM production, increased tissue stiffness and 
fibrosis (24). A number of genes that have been reported to be 
commonly altered in renal fibrosis are TGF-β, Notch, hypoxia-
inducible factor 1 subunit  α (HIF-1α), protein kinase  C 
(PKC)/ERK, PTEN, PI3K/Akt, KRAS, TP53, nuclear factor κB 
subunit 1 (NF-κB), BRAF, CDKN2A, angiotensin II/ROS and 
microRNAs (miRNAs or miRs) (25).

The roles of driver genes in renal fibrosis. The driver 
genes in renal fibrosis are as follows: i) ARID1A: No data are 
available for this gene in this context, at least to the best of 
our knowledge. ii) PTEN: TGF-β signaling upregulates the 
Notch signaling pathway, which in turn promotes TGF-β 
signaling, suggesting that Notch signaling plays a critical role 
in TGF-β1-induced fibrosis (26). PTEN in renal proximal cells 
is suppressed when TGF-β signaling is activated (26). Both 
the TGF-β and Notch pathways are involved in myofibroblast 
differentiation and in the increased production of α-smooth 
muscle actin (α-SMA) and ECM proteins, which results in 
the development of renal fibrosis via the inhibition of PTEN 
expression (27). iii) PIK3CA: The TGF-β/PI3K pathway plays 
a critical role in the EMT of renal tubular epithelial cells 
during renal injury  (28). PI3K also promotes angiotensin 
II-induced renal glomerular and tubular injury, suggesting 
that PI3K may be a core mediator of renal fibrosis  (28). 
iv) KRAS: K-ras activation has been shown to promote ECM 
production and stimulate renal fibroblast proliferation in a 
rat model, suggesting the possible role of K-ras activation in 
renal fibrosis (29). v) TP53: TP53 upregulation induced by 
HIF-1α facilitates ECM production and renal fibrosis during 
ischemic injury and hypoxia through the accumulation of 
G2/M cells and the activation of profibrotic TGF-β, CTGF and 
plasminogen activator inhibitor-1 (PAI-1)-mediated signaling 
pathways (30). Researches have highlighted the critical role of 
the hypoxia-activated, TP53-responsive profibrogenic pathway 
in the kidney. vi)  BRAF: The Raf-dependent profibrotic 
activity stimulates renal fibrosis through Raf/MEK/ERK 
signaling, demonstrating that the Raf kinase modulates renal 
fibrosis (31). vii) CDKN2A, p16INK4a: Renal fibrosis is mediated 
via the increased expression of senescence-associated markers, 
such as CDKN2A (p16INK4a), CDKN1A (p21Cip1/Waf1), TP53, 
RB transcriptional corepressor 1 (Rb1) and β-galactosidase 
in renal tubular cells (32). Similar results have been observed 
with TGF-β, cytochrome c oxidase subunit I (COX1) and heat 
shock protein A5 (HSPA5) in aging renal fibrosis (33).

In summary, the driver genes commonly mutated in endo-
metriosis may cause renal fibrosis.

Pulmonary fibrosis. Damage to the alveolar epithelium or the 
obliteration of alveolar-capillary structures has been proposed 
to be involved in TGF-β-induced myofibroblast differentiation 
and fibrosis (34). ROS are produced by the mitochondria and 
NADPH oxidase induces EMT, FMT and fibrosis by secreting 
TGF-β expression, which is the initiating factor in pulmonary 
fibrosis (35).

The roles of driver genes in pulmonary fibrosis. The 
driver genes in pulmonary fibrosis are as follows: i) ARID1A: 
No data are available for this gene in this context, at least to 
the best of our knowledge. ii) PTEN: The overexpression of 
PTEN may inhibit TGF‑β1‑mediated myofibroblast differen-
tiation by attenuating signaling via the TGF‑β/Smad3- and 
PI3K/Akt-induced production of α-SMA, MMP‑2 and MMP‑9 
in the lung (36). Pulmonary fibrosis has been shown to be 
associated with decreased PTEN expression, increased senes-
cence and the activation of NF-κB (37). Therefore, the loss of 
PTEN may induce pulmonary fibrosis via alveolar epithelial 
cell senescence through the DNA damage-induced NF-κB 
activation (37). iii) PIK3CA: The TGF-β/PI3K/AKT/mTOR 
pathway in pathological myofibroblasts contributes to the 
induction of pulmonary fibrosis (38). iv) KRAS: The aberrant 
expression of K-ras protein and mutation in the codon 12 of 
K-ras gene in type II alveolar pneumocytes are associated 
with the deterioration of pulmonary fibrosis, loss of functions 
and the induction of lung carcinoma in patients with idio-
pathic pulmonary fibrosis (IPF) (39). v) TP53: The senescence 
marker, TP53, drives the fibrotic signaling cascade (40). The 
senescence of alveolar type 2 cells is implicated in the patho-
geneses of pulmonary fibrosis through activating TP53-p21-Rb 
pathway (41). TP53 (62.9%) and BRAF (17.1%) have been found 
to be significantly mutated in IPF (41). vi) CDKN2A, p16INK4a: 
Cellular senescence markers, including p16INK4a, induce inter-
stitial remodeling, ECM deposit and pulmonary fibrosis (42). 
vii) BRAF: BRAF has been shown to be overexpressed and 
mutated in IPF samples (43). The high incidence of BRAF 
mutations has been observed in pulmonary fibrosis, most 
notably the BRAFV600E mutation profile (43). viii) NOTCH1: 
TGF‑β/NOTCH1 signaling induces myofibroblast differentia-
tion in pulmonary fibrosis (44).

These data provide evidence of a role for the endometriosis 
susceptibility driver genes in pulmonary fibrosis.

In conclusion, the multifactorial etiology includes repetitive 
tissue injury and repair, oxidative stress, the overproduction 
of reactive oxygen species and inflammation-related signaling 
processes, which promotes myofibroblast differentiation, 
cellular senescence, excessive ECM synthesis along with organ 
fibrosis. It is confirmed that the mutated driver pathways or 
gene sets identified in endometriosis may contribute to tissue 
fibrosis in the liver, kidney and lung.

4. Endometriosis as a fibrotic condition

Under a number of pathological conditions, endometriotic 
lesions promote EMT and the transdifferentiation of fibroblasts 
into myofibroblasts (FMT) in response to the TGF-β/Smad 
signaling pathway, resulting in the formation of exaggerated 
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accumulation of α-SMA and collagen, leading to increased 
smooth muscle metaplasia (SMM) and fibrosis (45). Scarring 
or excess fibrosis may lead to alterations of tissue function, 
which results in chronic pain and infertility as endometriosis 
develops. Scarring regains and maintains tissue integrity, 
although fibrosis induces adverse changes in tissue architec-
ture and the loss of physiological functions. Fibrosis represents 
consistent features of 3 different types (peritoneal, ovarian, or 
deep) of endometriosis (46). Older ovarian endometriomas 
have a higher collagen content and a greater extent of fibrosis 
than fresh ones (47). The degree of aggregated smooth muscle 
component and fibrosis, so-called SMM, is not an uncommon 
phenomenon in endometriosis (48). Among peritoneal, ovarian 
and rectovaginal (deep infiltrating) endometriotic lesions, 
SMM is the most common finding in deep infiltrating endo-
metriosis (48).

Several elegant reviews have been published focusing 
on the link between endometriosis and fibrosis thus far. 
The fibrosis‑related factors include TGF-β, neuropep-
tides substance  P  (SP), neurokinin receptor  1  (NK1R), 
calcitonin receptor like receptor  (CRLR), calcitonin gene 
related peptide  (CGRP), receptor activity modifying 
protein 1 (RAMP‑1), nuclear receptor subfamily 4 group A 
member 1 (NR4A1), nuclear factor, erythroid 2 like 2 (NFE2L2, 
also known as Nrf2), or glutamate cysteine ligase  (49,50). 
Among these fibrosis susceptibility genes, TGF-β is consid-
ered to be a key mediator in a number of fibrotic disorders, 
including endometriosis, and in fibrosis in hepatic, renal, 
pulmonary and cardiovascular systems (1). Activated TGF-β 
is released by platelets, macrophages, or myofibroblasts and 
positively regulates mitochondrial NADPH oxidase 4 (NOX4), 
which augments ROS generation (34). ROS signaling also leads 
to the activation of TGF-β (51). Therefore, ROS and NOX4 
form a positive feedback loop to amplify TGF-β signaling, 
which causes the deterioration of endometriosis and promotes 
fibrogenesis. Furthermore, platelets activated by excessive 
hemorrhaging drive SMM and fibrogenesis in endometriosis 
through EMT and FMT (52). SP, a neuropeptide expressed in 
peripheral sensory neurons, can stimulate the development 
EMT, FMT, SMM and ultimately, fibrosis, in endometriotic 
lesions, indicating that the main clinical features are chronic 
pelvic pain (53).

It has been proposed that when normal repair mechanisms 
breakdown, the injured tissues initiate proliferation, myofi-
brogenesis or various diseases, including cancers, at least to 
a certain extent. Cellular senescence may be one of the major 
mechanisms involved in the beneficial and deleterious effects 
of tissue injury-induced fibrogenesis. Tissue injury has been 
proposed to promote a number of DNA damage response 
mechanisms and to repair signaling cascades that control cell 
cycle arrest to allow DNA damage repair and induce cellular 
senescence and cell fate (54). Cellular senescence promotes 
the renewal of damaged tissues. Damage accumulation 
stimulates the activity of CDK inhibitors, CDKN2A (p16Ink4a), 
CDKN1A (p21Cip1/Waf1), CDKN2B (p15Ink4b), or TP53, which 
antagonizes CDKs to block cell cycle progression and induce 
senescence (54). Thus, the CDKN families are essential for the 
maintenance of the senescent-cell-cycle arrest. Not only CDK 
inhibitors, but also the transcription factor, hepatocyte nuclear 
factor (HNF)-1β, are significantly upregulated in endometriosis 

and its malignant transformation, clear cell carcinoma of the 
ovary (55). HNF-1β is considered to promote G2/M cell cycle 
arrest in response to DNA damage through the HNF-1β/ubiq-
uitin specific peptidase 28 (USP28)/Claspin/Chk1 signaling 
pathway (56). Cellular senescence is recognized as the state of 
irreversible cell cycle arrest in response to a variety of various 
intrinsic and extrinsic cellular stresses (57) and sometimes 
evolves as a beneficial response to protection against tissue 
fibrosis  (58). On the other hand, cellular senescence also 
entails irreversible replicative arrest and acquires senescence-
associated secretory phenotype that causes endometriotic 
cells to become susceptible to their own harmful microenvi-
ronment and gradually accumulates DNA damage, and even 
the promotion of tumorigenesis (59). Hypotheses involving 
cellular senescence will be developed, from two points of 
view: Senescence appears to be beneficial or deleterious.

An interesting study demonstrated that numerous somatic 
mutations were identified, not only in benign endometriosis, 
but also in the normal endometrium (8). Suda et al discussed 
the impact of intrinsic molecular processes on mutation acqui-
sition in the normal endometrium (8). Repeated hemorrhaging 
during menstruation and in endometriotic lesions leads to 
severe hemolysis that results in high levels of hemoglobin, 
heme and free iron. Autoxidation and fenton reaction of 
hemoglobin from the ferrous Fe2+ (oxyhemoglobin) state to 
the ferric Fe3+ (methemoglobin) state lead to the production 
of excess ROS, such as O2- and ·OH, which mediate oxidative 
stress and promote DNA damage and mutations (60). DNA 
mutations provide benefits that are essential for the survival 
of endometriotic cells and normal endometrial cells exposed 
regularly to menstrual blood. These cells may be adapted or 
selected to survive under the conditions of oxidative stress.

Recent data have indicated a fundamental role of oxida-
tive stress, secondary to the influx of hemoglobin, heme 
and free iron, in expressing CpG demethylases, ten-eleven 
translocation (TET) and jumonji (JMJ) genes (61). Both TET 
and JMJ genes recognize a wide range of endogenous DNA 
methyltransferases (DNMTs)  (61). The expression levels 
of DNMTs may be involved in the subsequent epigenetic 
modulation of endometriosis susceptibility genes (61). Indeed, 
8-OHdG immunohistochemical staining, a marker of oxida-
tive DNA damage, has been found in normal ovarian cortex 
surrounding ovarian endometriomas (62). Elevated levels of 
ROS may lead to the increased damage of DNA and induce 
cell cycle arrest accompanied by the acquisition of replication 
stress, senescence-associated characteristics and carcinogen-
esis (63). This review supports the hypothesis that there are at 
least 2 distinct phases of epigenetic and genetic modifications 
in endometriosis: The initial wave of hemoglobin-induced 
oxidative stress and (epi)genetic DNA damage and mutations 
would be followed by the second big wave of cell senescence, 
fibrogenesis and finally, carcinogenesis.

5. Endometriosis as a premalignant condition

The epidemiological, histological, genetic and molecular 
alterations in endometriosis may suggest that endometriosis 
is a premalignant condition (64,65). First, there is evidence 
of a broad overlap between gene mutation clusters for benign 
endometriosis and its malignant transformation. The candidate 



WORLD ACADEMY OF SCIENCES JOURNAL  1:  105-112,  2019 109

mutated driver gene sets, including ARID1A, PIK3CA, 
PTEN, TP53, KRAS and PPP2R1A, have been identified in 
endometriosis (6,7). More recently, Lac et al reported that 
hotspot mutations in KRAS, erb-b2 receptor tyrosine kinase 2 
(ERBB2), PIK3CA and CTNNB1, heterogeneous PTEN loss 
and ARID1A loss were also identified in endometriosis (66). 
Genetic studies have demonstrated that endometriotic 
lesions have somatic mutations in genes directly related to 
endometriosis-associated ovarian cancer (6,7,64-66). It has 
been established that gene mutations are found in benign 
endometriotic lesions adjacent to invasive carcinomas having 
mutations (67). However, the same mutations have also been 
described in benign endometriosis that do not coincide with 
synchronous carcinoma specimens or that never progress to 
malignancy (66). Studies have shown a significant overlap 
in driver mutations between endometriosis with or without 
coexistent malignancy (6,7,66,67).

Second, a recent study by Suda  et  al reported that 
numerous somatic mutations were identified in both 
endometriotic and normal epithelium samples  (8). The 
eutopic endometrium may share similarities with the ectopic 
endometrium at the environmental level: Erythrocytes release 
some inflammatory mediators, including oxidative stress and 
ROS, into the uterine cavity, peritoneal cavity, or into cysts. 

A previous study demonstrated a global overlap in the genes 
differentially expressed in endometriosis and those modulated 
by the oxidative stress regulator, iron (5). Alterations in the 
redox balance can explain a part of the somatic oncogene 
mutations (5). For example, oxidative stress, in the form of 
lipid peroxidation and 4-hydroxy-2-nonenal, has been linked 
to site-specific mutations of the TP53 gene (68). A positive 
association has also been shown between heme iron intake and 
the risk of colorectal carcinoma with activating G>A mutations 
in KRAS (69). The iron-induced genetic mutations that may 
arise from the formation of 8-OHdG involve GC →  TA 
transversions (70). Epidemiological, biological and molecular 
data suggest that endometriosis is a risk factor for the later 
development of several types of cancer, including endometrial 
cancer and ovarian cancer (64,65). The key genetic alterations 
occur as a normal endometrium and progress to endometriosis, 
and ultimately tumor cells, which may explain the reasons 
and mechanisms though which the normal endometrium 
can change into endometriosis and subsequently into several 
types of cancer. However, the exact molecular mechanisms 
underlying the conversion of the normal endometrium to 
endometriosis and then cancers remain uncertain.

Finally, it is of interest that cancer, endometriosis and 
the normal endometrium often share common pathogenetic 

Figure 1. A hypothesis for the pathogenesis of endometriosis fibrogenesis. Genetic studies have demonstrated that endometriotic lesions have somatic muta-
tions in driver genes, including AT-rich interaction domain 1A (ARID1A), phosphatase and tensin homolog (PTEN), phosphoinositide 3-kinase (PI3K), 
KRAS, tumor protein P53 (TP53), P16, or B-Raf proto-oncogene, serine/threonine kinase (BRAF), directly related to neoplasms. Tissue injury and repair 
induce inflammation and oxidative stress, which induces (epi)genetic DNA damage and mutations, promotes epithelial-mesenchymal transition (EMT) and 
fibroblast-to-myofibroblast transdifferentiation (FMT) through the induction of the transforming growth factor (TGF)-β/Smad signaling pathway, resulting 
in α-smooth muscle actin (α-SMA) and collagen production and increased cellular contractility, leading to increased smooth muscle metaplasia (SMM) and 
fibrosis (45). Elevated levels of reactive oxygen species (ROS) may lead to increased damage to DNA and induce cell cycle arrest accompanied by the acquisi-
tion of replication stress, senescence-associated characteristics and carcinogenesis, at least to a certain extent (63). This process may be a major hallmark 
of fibrogenesis of liver, kidney and lung. There may be at least 2 distinct phases of epigenetic and genetic modifications in endometriosis: the initial wave of 
hemoglobin-induced oxidative stress and (epi)genetic DNA damage and mutations would be followed by the second big wave of cell senescence, fibrogenesis 
and finally carcinogenesis. Therefore, endometriosis may represent a hemorrhage-induced pre-fibrotic and low-grade neoplastic lesion that may be a precursor 
lesion of a subset of malignant transformation of endometriosis. Our hypothesis is not inconsistent with available evidence that a type I tumor exhibits an 
adaptive stepwise progression from normal endometrium, through endometriosis and fibrosis, to endometriosis-associated ovarian cancer.
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determinants, such as DNA damage, oxidative stress, chronic 
inflammation and other chronic conditions, such as the longer 
duration of menstruation and hemorrhaging. This article 
outlined the possibility of endometriosis fibrogenesis, possibly 
through driver genes controlling malignant transformation. 
This review supports novel conceptual ideas that frequently 
mutated driver genes in endometriosis may initially play 
dominant roles in the initiation and progression of fibrogenesis, 
although these genetic abnormalities alone are insufficient for 
malignant transformation.

6. Conclusions and future considerations

Given that somatic driver mutations occur frequently in the 
physiologically normal endometrium and benign endome-
triosis, herein, we reviewed the functions of these driver genes 
(ARID1A, PTEN, PI3K, KRAS, TP53, CDKN2A and BRAF) 
in EMT, FMT, ECM production and increased SMM during 
fibrosis in liver, kidney and lung (6,7,64-66). To date, much has 
been shown about a complex pathway model for fibrogenesis 
based on common driver genes. The driver molecules related 
to the progression of fibrosis are TGF-β, Notch, HIF-1α, 
PTEN, PIK3CA, PI3K/Akt, KRAS, TP53, NF-κB, BRAF, 
CDKN2A and ARID1A that can activate myofibrogenesis, 
resulting in increased ECM production, collagen deposition 
and fibrosis (11-13,16,22,25,32,49,50,54). A significant overlap 
was observed between 2  sets, epigenetic alterations and 
genetic mutations of the driver genes in endometriosis and the 
driver molecules related to the progression of fibrosis in the 
liver, kidney and lung. This review provides support for the 
hypothesis that these driver genes can accelerate the process 
of fibrogenesis in endometriosis (Fig. 1).

In both endometriotic and normal epithelium samples, 
numerous somatic mutations have been identified within 
genes frequently mutated in endometriosis-associated ovarian 
cancers (8). Perhaps the greatest uncertainty is not why endome-
triosis spontaneously develops into fibrosis, but rather why the 
normal endometrium with similar driver mutations does not. 
Endometriosis, but not the normal endometrium, are prone to 
repetitive hemorrhage-induced tissue injury and repair, which 
persistently induces oxidative stress, the overproduction of ROS 
and inflammation-related signaling. We made the following 
hypothesis that long-term damage to the endometriotic lesions 
leads to excess oxidative stress, inflammation, senescence, 
myofibroblast differentiation and ultimately fibrosis, whereas 
excessive menstruation may cause a series of repetitive injuries 
to the eutopic endometrial tissue resulting in an altered healing 
process, which changes the architecture of the uterine myome-
trium, leading to the development of adenomyosis.

In conclusion, the aberrant expression or somatic genetic 
mutations in TP53, PTEN, ARID1A, PIK3CA and KRAS iden-
tified in endometriosis may not be limited to early stages of 
cancer evolution, but cause fibrosis in various organs. Future 
studies are warranted to summarize the mechanisms and 
functions of the somatic driver landscape of endometriosis 
affecting fibrogenesis.
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