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Abstract: Ectopic pregnancy is a common reproductive disorder of unknown etiology and is a leading cause of
maternal and fetal mortality. Because of the asymptomatic nature of early tubal ectopic pregnancy and the lack of
specific biomarkers for early diagnosis, a better understanding of the complex cellular and molecular interactions
that contribute to tubal ectopic pregnancy is required. DNA methylation is the most studied epigenetic process in
various tissues and cells, and the goal of this article is to provide a brief review of recent work describing the po-
tential mechanisms of DNA methylation and the biological function of such methylation in normal intrauterine preg-
nancy. Further, novel findings from our laboratory highlight the possible role of DNA methylation in human Fallopian
tube dysfunction and suggest a possible correlation between methylation of estrogen receptor o in women and the

occurrence of tubal ectopic pregnancies.
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Challenges in the understanding of the mech-
anisms behind human ectopic pregnancy

Human ectopic pregnancy (EP) is the second
most common cause of pregnancy-related first
trimester deaths [1, 2] and complicates up to
2% of all pregnancies in Europe and the USA
[3]. Approximately 98% of EPs occur in the
Fallopian tube [3]. In mammals, transport of
the female and male gametes, fertilization, ini-
tial embryonic development, and transport of
the embryo to the uterus take place in the
Fallopian tube [4]. After fertilization, a precise
timing of the transport of the embryo is required
for proper intrauterine implantation. Because
the Fallopian tubes are not accommodated to
hold a growing embryo, the implantation and
growth of the embryo will cause the Fallopian
tube to rupture if the EP is not surgically or
medically treated [1]. Women with a tubal EP

have an increased rate of infertility and an
increased risk for future tubal EPs [2]. A major
limitation to understanding the pathophysiolo-
gy of EPs is the time from the initiation of the EP
to the onset of EP-related symptoms. Although
multiple factors have been proposed to be
associated with an increased risk of tubal EP [3,
5, 6], no experimental studies have firmly estab-
lished causative roles for any of the factors
implicated in the pathogenesis of EP. These
putative predisposing risk factors should, there-
fore, be interpreted with caution [3] because
analysis is limited by the paucity of available
studies, small study populations, and conflict-
ing results. The results obtained to date sug-
gest that other, as yet unexamined, factors may
be involved in the pathogenesis of EP [5, 6].

Although our understanding of tubal physiology
is extensive [7], the data available from human
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Fallopian tube studies are generally limited to
being descriptive and speculative and result in
a fragmented picture of tubal function in
humans. This is in part due to the unfeasibility
of obtaining Fallopian tube tissues from women
at the same gestational stage of intrauterine
pregnancy [6]. Thus the physiological role of the
Fallopian tubes in maintaining normal intrauter-
ine implantation and pregnancy is not fully
understood. Animal studies have contributed to
our knowledge of Fallopian tube biology, but
none of the animal models that are currently
available reproduce tubal EP in humans [8].

Determining the cellular and molecular mecha-
nisms responsible for the development and
progression of abnormal pregnancy are among
the most challenging topics in the field of
female reproductive biology. The influx of new
findings from studies of human and rodent
Fallopian tubes under physiological conditions
[5, 9-12], however, is providing significant
opportunities to increase our understanding of
how tubal implantation occurs at the cellular
and molecular levels. This knowledge will likely
lead to novel clinical methods for preventing
and controlling the initial processes of tubal EP
in humans [3].

The biological roles of DNA methylation

DNA methylation is a biochemical process that
is important for normal development [13]. It
involves the addition of a methyl group to the
carbon at position 5 of the cytosine pyrimidine
ring or the nitrogen at position 6 of the adenine
purine ring. In prokaryotes, DNA methylation
occurs on both cytosine and adenine bases,
but in eukaryotes methylation occurs only on
cytosine bases. In humans DNA methylation
results in the formation of 5-methylcytosine
(5-mC), and it is estimated that between 60
and 90% of all cytosine-phosphate-guanine
(CpG) dinucleotide sequences in the human
genome are methylated [14]. 5-mC is an epi-
genetic marker that can regulate genomic activ-
ity and can be maintained throughout mitosis
and meiosis [15].

The addition of methyl groups changes the bio-
physical characteristics of the DNA and inhibits
the recognition of DNA by some proteins and
permits the binding of others [13]. In mammals
DNA methylation is tightly controlled by the
DNA methyltransferases (DNMTs) DNMT1,
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DNMT3a, and DNMT3b (Figure 1A). DNMT1 is
the maintenance methyltransferase and copies
pre-existing methylation patterns onto the new
DNA strand during DNA replication. DNMT3a
and DNMT3b are the de novo methyltransfer-
ases and are mainly responsible for introducing
cytosine methylation at previously unmethyl-
ated CpG sites [16].

5-mC has been found in every vertebrate exam-
ined, and in adult somatic tissues DNA methyl-
ation typically occurs in a CpG dinucleotide con-
text [13, 16]. 5-mC reduces gene expression by
interfering with the binding of transcription fac-
tors and other proteins of the transcription
complex that recognize cytosine bases in the
major groove of certain DNA sequences. The
majority of known transcription factors have
binding sites that recognize GC-rich DNA
sequences, and the recognition elements for
many transcription factors contain CpG dinu-
cleotides. Under normal conditions, transcrip-
tional factors bind to the CpG elements in the
promoter regions of genes and activate gene
transcription. Under disease conditions in
which DNA methylation is upregulated, exces-
sive methylation of CpG dinucleotides disrupts
binding of these factors and transcription is
repressed (Figure 1B) [13, 17]. Although DNA
methylation generally silences the gene expres-
sion and loss of DNA methylation is associated
with increased gene expression, exceptions to
this rule are beginning to emerge [16].

Evidence has shown that DNA methylation is a
dynamic epigenetic mechanism that plays a
significant role in regulating tissue- and cell-
specific gene expression [17]. On the genomic
level, microarray-based approaches and restric-
tion landmark genome scanning have identified
differentially methylated regions in specific tis-
sues that display an inverse correlation with
gene expression [13, 17]. On the single gene
level, an ever-increasing number of genes have
been found to be regulated by DNA methylation
during early development, in adult somatic
cells, and during disease progression [16, 17].
Within certain tissues, different cell types have
been shown to have different DNA methylation
statuses, and this is exemplified in human pla-
centa [18] and breast tissues [19]. Tissue- and/
or cell-specific gene regulation may be the
result of the recruitment of sequence-specific
transcription factors that are essential for tis-
sue-specific gene expression [15, 16], and
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Figure 1. A. DNMTs convert cytosine into 5-methylcytosine. B. Under normal conditions, most CpGs within a CpG
island are unmethylated and binding of TFs initiates gene transcription. However, when DNMTs convert unmethyl-
ated CpG islands into methylated CpG islands, TFs can no longer bind leading to gene repression. C, cytosine; 5-mC,
5-methylcytosine; DNMTs, DNA methyltransferases; CpG, cytosine-phosphate-guanine; TFs, transcription factors.

aberrant DNA methylation may disrupt this
specificity and result in the development of
complex diseases such as cancer [20].

The impact of DNA methylation on normal
intrauterine pregnancy

The implantation process requires that the
embryo attaches to the receptive endometrial
epithelium, traverses the cells of the epithelial
lining, and invades into the endometrial stroma
of the uterus [21]. There is increasing evidence
that epigenetic mechanisms, including DNA
methylation, are involved in the regulation of
endometrial changes during the menstrual
cycle [22-24], the implantation process [25-
28], and early embryo development [29]. These
mechanisms, therefore, make important contri-
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butions to normal pregnancy outcomes. For
instance, the expression levels of DNMT1, 3a,
and 3b are higher in the proliferative phase
than the secretory phase [22-24]. Moreover, in
vitro exposure to 17B-estradiol (E2) and/or pro-
gesterone (P4) has been shown to alter the lev-
els of DNMTZ, 3a, and 3b mRNA and protein in
human endometrium in a time-dependent man-
ner [24]. Preliminary results from our lab sug-
gest that decreases in endogenous E2 and P4
levels are associated with decreases in endo-
metrial DNMT1, 3a, and 3b protein levels in
post-menopausal women (preliminary with
unpublished). Thus, it is tempting to postulate
that expression of DNMTs is likely regulated by
E2 and P4 in women during intrauterine preg-
nancy, a time when circulating E2 and P4 levels
are markedly elevated.
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Uterine implantation has been shown to alter
the expression of various genes in the human
endometrium and rodent uterus [21]. In vivo
treatment of mice with 5-Aza-2’-deoxycytidine,
a DNA methylation inhibitor, result in the reduc-
tion of intrauterine implantation [25] highlight-
ing the role of DNA methylation in normal
implantation. Moreover, considerable evidence
from both in vivo and in vitro studies suggests
that DNA methylation has a biphasic effect on
the regulation of the expression of several
essential endometrial genes, such as oestro-
gen and progesterone receptors, in human
endometrial stromal cells and the mouse uter-
us [25, 28]. In addition, successful implanta-
tion depends on a complex and sophisticated
interaction between the competent embryo
and the receptive endometrium in humans
[21]. DNMTs are essential for normal embryon-
ic development because individual Dnmt1-,
3a-, or 3b-null mice show embryonic lethality or
postnatal death [29]. Several clinical studies
have shown that epigenetic changes very often
are associated with adverse pregnancy out-
comes [30].

New findings in the human Fallopian tube

The human Fallopian tube consists of an inner
mucosal layer (the endosalpinx) that is support-
ed by the lamina propria (a loose connective
tissue), a muscular layer (the myosalpinx), and
a serosal coat (the mesosalpinx) [31]. These
different tissue/cell layers are mainly com-
posed of epithelial cells, smooth muscle cells
[32]. Although it is still debatable whether the
tubal stromal cells undergo decidualization in
the Fallopian tube, stromal cells within the lam-
ina propria have been shown to transform into
decidual cells during the development of EP
[33]. The global DNA methylation status in nor-
mal human Fallopian tubes has recently been
reported [34], but it is unknown whether aber-
rant DNA methylation will be present when the
Fallopian tube becomes dysfunctional. To our
knowledge, no studies have examined the
expression pattern of DNMTs in the Fallopian
tube under both physiological and disease
conditions.

Direct comparison of DNMT expression and
global DNA methylation status in the Fallopian
tube between tubal and gestational age-
matched intrauterine pregnancies is difficult.
However, in our laboratory we have recently
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begun to investigate the expression levels of
DNMT1, 3a, 3b and the levels of 5-mC in
Fallopian tube biopsies from non-pregnant
women in mid-secretory phase (the implanta-
tion window) and from both the implantation
and non-implantation sites in women with EP.
Real-time RT-PCR analysis showed that mRNA
levels of DNMT1 and tet methylcytosine dioxy-
genase 1 (TET1) did not change significantly
between the implantation and non-implanta-
tion sites in women with EP; however, DNMT3a
and 3b mRNA expression was significantly high-
er in the EP implantation site (Figure 2).
Immunohistochemical assessments revealed
that both DNMT1 and 5-mC were present in the
nuclei of tubal epithelial and stromal cells taken
from non-pregnant women during their mid-
secretory phase (Figure 3B1 and D31). We
observed no expression of DNMT3a in these
tissues (Figure 3C1). In Fallopian tube tissue
samples from the non-implantation site in
women with EP, DNMT1 immunoreactivity was
observed in the cytoplasm of epithelial cells
(Figure 3B2) along with 5-mC (Figure 3D2), but
the level of 5-mC was slightly reduced from that
seen in the samples from non-pregnant women
in mid-secretory phase (Figure 3D1). No immu-
noreactivity was seen for DNMT1 or 5-mC in the
epithelial cells from the EP implantation site
(Figure 3B3 and 3D3). One interesting observa-
tion was that immunoreactivity of DNMT3a was
found to be absent in the epithelial and stromal
cells in the mid-secretory phase of non-preg-
nant women and from the non-implantation
site in women with EP (Figure 3C1 and C2), but
high levels of immunoreactivity were observed
in the nuclei of epithelial cells in the EP implan-
tation site (Figure 2C3). DNMT3b was difficult
to detect in any of the tubal cells (data not
shown). There were no changes in expression
of DNMT1- an3d 5-mC-positive or DNMT3a-
and 3b-negative smooth muscle cells in
response to either non-pregnant or pregnant
conditions (data not shown).

Although a primary role of DNA methylation in
the Fallopian tube itself cannot be dismissed,
the presence of distinct DNMT1, 3a and 5-mC
expression patterns at the implantation site
suggests that an implanted blastocyst exerts a
paracrine influence on the DNA methylation
status of the Fallopian tubes in a cell type-spe-
cific manner. In light of our understanding of
the importance of embryo-endometrium inter-
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Figure 2. Change in mRNA levels of DNMTs in the implantation and non-implantation sites of women with ectopic
pregnancy. Fallopian tubes (n = 10) were obtained from the Department of Gynecology, Obstetrics and Gynecology
Hospital of Fudan University and were analyzed for DNMT1, DNMT3a, DNMT3b, and tet methylcytosine dioxygenase
1 (TET1) mRNA levels by qRT-PCR. mRNA levels of each gene are relative to glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) mRNA levels in the same samples. Values are mean + SEM. Significance was tested by one-way
ANOVA with Bonferroni correction when appropriate. *P < 0.05.

action for normal implantation and pregnancy
[241], it can be indirectly assumed that mole-
cules that derive from the developing blasto-
cyst and affect embryo-tubal communication
may favour tubal implantation. However, we do
not know how the changes in DNA methylation
patterns are relevant to the initiation and pro-
gression of tubal EP. The epithelial layer of the
Fallopian tube usually avoids implantation by
preventing the early embryo from physically
interacting with the epithelial cells [7]. Our
hypothesis is that the delay of the mature
embryo in entering the uterus due to tubal cell
damage and/or tubal microenvironmental
changes increases the risk of EP [6].

It has been reported that ovulation increases
double-strand DNA breaks in tubal epithelial
cells in mice in vivo, and the same study also
shows that alteration of the DNA repair activity
rather than an increase in the rate of apoptosis
is occurs in these damaged epithelial cells [35].
DNA methylation plays an important role in
DNA repair, and DNMT1, an ancestral DNA
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repair protein, is recruited to sites of DNA dam-
age when DNA repair processes are activated
[36]. It is possible, therefore, that loss of
DNMT1 expression may result in the interrup-
tion of DNA damage repair in epithelial cells
after ovulation and may allow the embryo to
implant in the Fallopian tube through DNA
methylation switching. The potential function of
DNMT1 in tubal epithelial cells during the trans-
port of the early embryo remains to be explored.

Although there are anatomical differences
between the Fallopian tubes and the uterus in
humans, the Fallopian tube and uterine endo-
metrial-subendometrial layers are of the same
embryological origin [37]. Tubal EP presents a
morphologically normal blastocyst at the tubal
implantation site as would be seen in an intra-
uterine pregnancy [38], and it is possible that
dynamic regulation of DNMT1/3a expression
and 5-mC formation in the Fallopian tubes of
women with EP may mirror the biological chang-
es that occur in the uterus during implantation.
Indeed, in agreement with our data (Figure

Am J Transl Res 2013;5(2):116-125
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Figure 3. Comparison of endogenous DNMT1, DNMT3a, and 5-methylcytosine localization in human Fallopian
tubes. Human Fallopian tube biopsies from non-pregnant women at mid-secretory stage (n = 7) and from the
implantation and non-implantation sites of women with ectopic pregnancy (n = 8) were obtained from the Depart-
ment of Gynecology, Obstetrics and Gynecology Hospital of Fudan University and fixed in formalin and embedded in
paraffin. The histology of haematoxylin and eosin-stained human tubal biopsy samples is indicated in panels A1-3.
Mouse anti-DNMT1 (ab92453, 1: 100), mouse anti-DNMT3a (ab13888, 1: 100), and mouse anti-5-methylcytosine
(5-mC, ab73938, 1: 100) were obtained from Abcam (Cambridge, UK). The localization of DNMT1 (B1-3), DN-
MT3a (C1-3), and 5-mC (D1-3) was detected by a peroxidase-antiperoxidase detection method using a single
3,3’-diaminobenzidine (DAB) as the chromogen. Representative micrographs show that DNMT1 immunoreactivity is
heterogeneously distributed in the nuclei and cytoplasm of epithelial cells and in the nuclei of stromal cells in the
mid-secretory stage (B1). Increased cytoplasmic expression of DNMT1 is observed in the cytoplasm of epithelial
cells in the non-implantation site (B2), and mainly nuclear immunostaining of DNMT1is seen in stromal cells in
the implantation site (B3). DNMT1 immunostaining in the apical portion of epithelial cells (i.e., cilia) is consistently
observed in mid-secretory stage (B1) and tubal EP (B2 and B3). Representative micrographs show that very low
DNMT3a immunoreactivity is limited to a few apical epithelial cells in the mid-secretory stage (C1), and DNMT1 im-
munoreactivity is increased in the apical epithelial cells in the non-implantation and implantation sites (C2 and C3).
However, DNMT3a immunoreactivity is increased selectively in the nuclei of epithelial cells in the implantation site
(C3). Representative micrographs show that although 5-mC immunostaining densities are slightly different, 5-mC

121 Am J Transl Res 2013;5(2):116-125



DNMTs and ectopic pregnancy

immunoreactivity is homogeneously distributed in the nuclei of epithelial cells and stromal cells in the mid-secretory
stage (D1) and the non-implantation site (D2). 5-mC immunoreactivity is highly enriched in cilia in mid-secretory
stage (D1) and tubal EP (D2 and D3), but 5-mC immunoreactivity is absent in epithelial cells and rarely detected
in stromal cells at the implantation site (D3). Enhanced magnifications of the images are shown in the lower right
corner. Sections that were exposed to mouse IgG were used as negative controls (data not shown). Epi, epithelial

cells; Str, stromal cells. Scale bar, 50 ym.

3B3) a recent in vitro study has shown that the
level of DNMT1 is increased in human endome-
trial stromal cells during decidualization, which
is the process by which the trophoblast cells
invade the endometrium and establish the for-
mation of the placenta [39].

Clues for DNA methylation of ER« in the Fal-
lopian tube

Many of the functions attributed to the Fallopian
tube are regulated by a variety of endogenous
molecular mediators, including steroid hor-
mones [4]. 17B-estradiol plays a crucial role in
the intricate process of implantation [40]. For
example, E2 promotes blastocyte hatching,
which occurs early during uterine implantation
[41]. Several studies using a delayed-implanta-
tion mouse model have illustrated the
E2-dependent attachment of the embryo to the
receptive uterus for implantation [43, 44]. In
addition, changes in gene expression in
Fallopian tube cells are associated with oestro-
gen-induced tubal transport and development
[42, 43]. The effects of oestrogens are mediat-
ed through the nuclear estrogen receptors
(ERs), which regulate transcription of target
genes through binding to specific DNA target
sequences [40], and blastocysts fail to implant
in Esrl (ERa)-null female mice following donor
embryo transfer [44]. This suggests that func-
tional ER« is required for normal intrauterine
implantation in mice.

ERa serves as a dominant regulator of Fallopian
tube development [45]. In humans and rodents,
ERx is expressed in the Fallopian tubal cells,
with mRNA or protein levels that do not fluctu-
ate during the menstrual cycle in contrast to
the oestrous cycle [40]. In women with EP, epi-
thelial ERa expression is frequently lost in the
implantation site but not in the non-implanta-
tion site in the Fallopian tubes [40]. It is not yet
clear whether loss of ERa expression in the
tubal implantation site is an cause or a conse-
quence of tubal EP, but itis clear that decreased
ERx expression occurs in parallel to decreased
DNA methylation in the intrauterine implanta-
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tion site in folate-deficient mice [27]. Previous
studies have demonstrated that elevated DNA
methylation of the ERa gene promoter is asso-
ciated with reduced ERa expression in breast
cancer cells in vitro [46, 47]. Indeed, many
actively transcribed genes have been found
with high levels of DNA methylation suggesting
that the differential distribution of DNA methyl-
ation is crucial to transcriptional regulation
[48].

It has not yet been established that epigenetic
alterations of the ERa gene participate in the
initiation and development of tubal EP in
humans. A previous study has shown that
recruitment of DNMT3a and 3b parallels to the
loss of methylation at an oestrogen-response
element [49]. We note that increased DNMT3a
expression is associated with reduced ER«
expression in the implantation site of the
Fallopian tube during EP. This raises the possi-
bility that de novo DNA methylation contributes
to the inhibition of ERa expression in women
with tubal EP. Certainly, establishment of the
relationship between promoter DNA methyla-
tion patterns and expression of ERx in the
Fallopian tube in future studies will aid in under-
standing how the epigenetic modification of
endogenous ERa participates in the pathogen-
esis of tubal EP.

Conclusions and perspectives

The triggers for tubal EP are still unknown [3]. A
significant challenge in identifying the potential
cellular and molecular abnormalities in the
Fallopian tube that lead to the onset of tubal
implantation is essential. Recent studies reveal
roles of DNA methylation in normal intrauterine
implantation and early embryo development in
humans in vitro and in mice in vivo. Thus the
link between DNA methylation and tubal
implantation in humans in vivo is an area of
keen interest. The data presented here provide
new insights into the hypothesis that DNA
methylation and DNMTs might play a direct role
in the occurrence of tubal EP in women. While
unique characteristics of DNA methylation are

Am J Transl Res 2013;5(2):116-125



DNMTs and ectopic pregnancy

clear [15-17], a cause and effect relationship
between DNA methylation and tubal EP remains
to be determined.

Epigenetic processes begin with DNA methyla-
tion, which constitutes an essential mecha-
nism for repression of tissue- and/or cell-spe-
cific gene expression [17], and determining the
distribution of DNMTs in the human Fallopian
tube is likely to be an important key to under-
standing the role of DNA methylation. However,
simply reporting DNMT protein levels and glob-
al DNA methylation status is no longer suffi-
cient. Ideally, studies using bioinformatics anal-
yses to decipher the connection of DNA
methylation and modified gene-specific pat-
terns for the elucidation of epigenetically regu-
lated pathways associated with the develop-
ment of tubal EP should be performed in the
future. Because the activity of DNMTs and the
genes required for intrauterine implantation
are hormonally regulated, it is possible that
dynamic regulation of epigenetic modification
is one of the key mechanisms involved in the
biology of female reproduction. Although the
biology of ERx in general remains an area that
warrants further study [40], its role in intrauter-
ine and tubal pregnancies in humans is of par-
ticular interest. Further investigation is required
to determine whether the changes seen in DNA
methylation status, DNMT expression patterns,
and DNMT-mediated ERoa regulation in the
Fallopian tube contribute to, or are a conse-
quence of, tubal EP.
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