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abstract: Accumulating evidence indicates that reduced fecundity associated with endometriosis reflects a failure of embryonic receptivity.
Microdomains composed of endometrial gap junctions, which facilitate cell–cell communication, may be implicated. Pharmacological or genetic
inhibition of connexin (Cx) 43 block human endometrial cell differentiation in vitro and conditional uterine deletion of Cx43 alleles cause implant-
ation failure in mice. The aim of this study was to determine whether women with endometriosis have reduced eutopic endometrial Cx43. Cx26
acted as a control. Endometrial biopsies were collected from age, race and cycle phase-matched women without (15 controls) or with histolo-
gically confirmed endometriosis (15 cases). Immunohistochemistry confirmed a predominant localization of Cx43 in the endometrial stroma,
whereas Cx26 was confined to the epithelium. Cx43 immunostaining was reduced in eutopic biopsies of endometriosis subjects and western
blotting of tissue lysates confirmed lower Cx43 levels in endometriosis cases, with Cx43/b-actin ratios ¼3.4+ 1.5 in control and ¼1.2+
0.3 in endometriosis biopsies (P , 0.01). When endometrial stromal cells (ESC) were isolated from endometriosis cases, Cx43 levels and
scrape loading-dye transfer were reduced by �45% compared with ESC from controls. In vitro decidualization of ESC derived from endometriosis
versus control subjects resulted in lesser epithelioid transformation and a significantly reduced up-regulation of Cx43 protein (1.2+0.2- versus
1.7+0.4-fold, P , 0.01). No changes in Cx26 were observed. While basal steady-state levels of Cx43 mRNA did not differ with respect to
controls, ESC from endometriosis cases failed to manifest a response to hormone treatment in vitro. In summary, eutopic endometrial Cx43
concentrations in endometriosis cases were ,50% those of controls in vivo and in vitro, functional gap junctions were reduced and hormone-
induced Cx43 mRNA levels were blunted.

Key words: endometriosis / gap junctions / immunohistochemistry / western blot / gene expression

Introduction
Endometriosis is a chronic gynecologic disorder characterized by the
growth of hormone-responsive endometrial tissue outside the uterine
cavity. Endometriotic implants typically are found on the pelvic peritoneal
surface, within the ovarian cortex or invading the rectovaginal septum;
however, many examples of more widely distributed extrapelvic
lesions have been described. A recent study comparing different diagnos-
tic methodology studies suggests that the overall prevalence of endo-
metriosis among reproductive-age women is �11% (Buck Louis et al.,

2011). Based on data extrapolated from the World Bank, it is estimated
that .176 million reproductive-age women are affected globally
(Adamson et al., 2010). Careful estimates of annual healthcare expenses
for endometriosis in the USA were $22 billion in 2002 (Simoens et al.,
2007); over the past decade this cost surely has grown.

The mechanisms that link endometriosis and infertility remain unclear,
although the association is clinically well established (Gupta et al., 2008;
de Ziegler et al., 2010). Prevailing theories support multifactorial causes
by which endometriosis interferes with reproduction, with published
reports of ovulatory dysfunction, reduced fertilization and impaired
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zygote transport in women with this disorder. The hypothesis that em-
bryonic implantation is adversely affected in cases of endometriosis
(Barnhart et al., 2002) has been supported by investigations from our
own group and collaborators worldwide. Unbiased interrogations of
global endometrial gene expression over the past decade revealed that
many mRNA transcripts encoding proteins involved in uterine receptiv-
ity are dysregulated in endometriosis (Tayloret al., 2002; Kao et al., 2003;
Giudice, 2004; Donaghay and Lessey, 2007; Eyster et al., 2007). These
findings affirm the postulated progesterone (P)-resistance state of endo-
metriosis (Bulun et al., 2010).

Recent studies have drawn attention to the critical role of endometrial
decidualization for the support of healthy embryonic implantation
(Brosens and Gellersen, 2006; Ramathal et al., 2010). Evidence that
this differentiation process is disturbed in endometriosis has been
reported (Klemmt et al., 2006; Aghajanova et al., 2009a). Our investiga-
tion of potential molecular mediators of endometrial decidualization led
to the identification of the transmembrane gap junction protein, con-
nexin (Cx)43, as necessary for endometrial decidual differentiation, in-
cluding morphological, biochemical and angiogenic responses (Laws
et al., 2008; Yu et al., 2011). Connexins integrate cellular coordination
within a tissue by allowing diffusion of small signaling molecules
through intercellular pores. While there is an emerging interest in the
role of connexin gene transcription (Firestone and Kapadia, 2012),
these proteins are predominantly regulated through phosphorylation
at serine residues in the carboxyl terminus of the molecule. As a result,
a variety of Cx43 isoforms can be generated by kinases and phosphatases
and distinguished using phospho-specific antibodies (Wu et al., 2012).
Post-translational modifications affect the opening and closing of
central aqueous channels within gap junctions as well as the intracellular
stability of the proteins (Marquez-Rosado et al., 2011).

Reduced levels of Cx43 and more epithelial distribution of the protein
have been described in ectopic implants of endometriosis (Regidor et al.,
1997), but to our knowledge, an analysis of Cx43 in the eutopic endo-
metrium of such patients is lacking. The latter is important, as lower
Cx43 may playa role in reduced implantation rates associated with endo-
metriosis. In a baboon model, surgically induced endometriosis produced
a dramatic decrease in eutopic endometrial Cx43 mRNA, although no
obvious alteration in Cx43 immunostaining in the stroma was observed
(Winterhager et al., 2009). The current study was undertaken to test
the hypothesis that differences in eutopic endometrial Cx43 protein
might distinguish endometriosis cases from controls without the disease.

Materials and Methods

Source of human tissues
Thirty patients undergoing laparoscopy for elective gynecological surgery,
who provided written informed consent under a study protocol approved
by the institutional review boards at Emory University School of Medicine
and Northside Hospital in Atlanta, GA, USA and Wake Forest School of
Medicine, Winston-Salem, NC, USA, were identified from an ongoing
cohort. All the subjects selected were women with regular menstrual
cycles, who had not received hormonal therapy for at least 3 months
before surgery. The indications for surgery included evaluation of pelvic
pain, evaluation of infertility and desired sterilization; the operative findings
are described below. Nulligravidity per se was not an inclusion criterion
and the parity of the subjects ranged from 0 to 3. Eleven of 15 endometriosis
cases reported involuntary infertility persisting .12 months whereas only 5

of 15 controls were infertile. Among the endometriosis cases, 12 reported
chronic pelvic pain, whereas seven controls reported this complaint. Imme-
diately prior to laparoscopy, eutopic endometrial biopsies were collected by
Pipelle aspiration under sterile conditions and transported without personal
identifiers to the laboratory on ice in phosphate-buffered saline (PBS). Since
the surgical diagnosis was assigned after sample collection, the investigators
were blinded to the final study category. The tissue samples were apportioned
forhistological evaluations, lysatepreparationand/orstromal cell cultureestab-
lishment, based on the adequacy of the biopsy. For the majority of samples, as
indicated below, representative portions were fixed in 10% formalin and em-
bedded in paraffin for histological cycle phase dating (Noyes et al., 1975) and
immunohistochemistry. At laparoscopy, a full visual inspection of the pelvic
cavity was performed by senior gynecologic surgeons with extensive experi-
ence in the recognition and treatment of typical and atypical endometriotic
lesions (Nezhat et al., 1991). Following surgery, women were classified as
having endometriosis (n¼ 15) if their surgeon noted laparoscopic evidence
of endometriosis lesions that were histopathologically confirmed to contain
glands, stroma and hemosiderocytes. In this series, endometriosis staging
ranged from I to IV (American Society for Reproductive Medicine, 1997).
Women were classified as controls (n ¼ 15) if there was no visible evidence
of endometriosis. Among the controls, the primary operative findings in six
were subserosal or intramural (but not submucosal) fibroids, three had pelvic
adhesions, three had no evidence of pelvic pathology and three desired tubal
sterilization. Controls were matched for age (+2 years), race and menstrual
cycle phase (nine proliferative and six secretory) with the endometriosis cases.

Immunohistochemistry
Paraffin-embedded endometrial sections were subjected to immunohisto-
chemistry as described previously (Pritts et al., 2005) with modifications.
Briefly, after mounting, the slides were deparaffinized in xylene and rehy-
drated in graded concentrations of ethanol. The slides were then exposed
to 10 min of 3% hydrogen peroxide in methanol to quench endogenous
hydrogen peroxide activity. Each sample was then rinsed in water and
blocked with SuperBlock buffer (Thermo Scientific, Rockford, IL, USA) over-
night at 48C. More than 20 different connexin proteins are encoded in the
human genome (Firestone and Kapadia, 2012). In the human and rat endo-
metrium, Cx43 localizes to the stroma. For comparison, similar studies
were performed with Cx26, a connexin protein known to be predominantly
localized in the cytoplasm of glands, particularly along the apical glycocalyx
(Winterhager et al., 1991; Jahn et al., 1995; Grümmer et al., 1996). Cx43
was detected using polyclonal rabbit Cx43 antibodies (1:200 dilution, cat#
3512S, Cell Signaling Technology, Danvers, MA, USA) and monoclonal
mouse Cx26 antibodies (1:250 dilution, Cat #13-8100, Life Technologies,
Grand Island, NY, USA). The samples were incubated at room temperature
for 1 h. Secondary antibody incubation followed by a diaminobenzidine sub-
strate reaction was performed according to the manufacturer’s protocol and
the slides were counterstained with hematoxylin. Substitution of the same di-
lution of non-immune serum (Cat #Ab46540-1, Abcam, Cambridge, MA,
USA) for the primary antibody in control sections validated the specificity
of the Cx43 antibodies, which had been optimized previously (Darr et al.,
2011). Non-immune mouse IgG was used as a negative control for the
Cx26 antibodies, which had been validated for immunohistochemistry
(Kyo et al., 2008).

Preparation of endometrial lysates
Approximately half of each fresh endometrial biopsy specimen (�50 mg)
was directly solubilized by vortexing in cell extraction buffer (cat#
FNN0011, Life Technologies), followed by protein determination using a
bicinchoninic acid protein assay kit (Sigma Chemical Co., St. Louis, MO,
USA). These samples were stored frozen at 2708C until they were subjected
to western blot analysis (see below).
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Endometrial stromal cell culture conditions
and in vitro decidualization
From endometrial biopsies performed in the proliferative phase (nine endo-
metriosis and nine controls), to avoid effects of endogenous luteal phase P,
tissue fragments were used to prepare cultures of endometrial stromal
cells (ESC), as described (Ryan et al., 1994). Briefly, after collagenase diges-
tion, glandular epithelial cells and debris were separated from ESC by filtra-
tion through 200 and 40 mm sieves. ESC were subcultured at least twice to
eliminate contamination by macrophages or other leukocytes and were
used before the sixth passage to avoid dedifferentiation. Prior studies from
our laboratory confirmed that the ESC are .95% pure and retain functional
estrogen and P receptors, as well as other phenotypic endometrial markers,
for at least five passages in vitro (Ryan et al., 1994). The cells were grown to
60–80% confluence in 6 cm dishes with phenol red-free medium (DMEM/
Ham’s F-12 cat# 10-092cv, CellGro, Manassas, VA, USA) supplemented
with 5% charcoal-stripped fetal calf serum. Replicate cultures from each
subject were prepared. Decidualization was effected byexposing the cultures
to a standard protocol of 10 nM 17b-estradiol + 100 nM P + 0.5 mM dibu-
tyryl cAMP in 0.1% EtOH [E/P/c (estradiol, progesterone and dibutyryl
cAMP)]. Basal conditions were achieved by incubation in the same medium
for 7 days, but solvent alone (0.1% EtOH) was substituted for the hormones.
As we and others have reported consistently, this hormone treatment
induces morphological changes and biochemical decidualization [e.g. secre-
tion of prolactin, IGFBP-1 (Gellersen et al., 2007) and VEGF (Yu et al., 2011)]
that are variably observed after 4–11 days of hormone treatment, depending
on the specific biomarker. In the current studies only morphology was mon-
itored routinely during the experiments, but biochemical confirmation was
obtained using a prolactin ELISA as described (Yu et al., 2011), which
showed that after 7 days E/P/c exposure, endometriosis ESC secreted
only �41% of control prolactin levels, similar to prior reports (Klemmt
et al., 2006; Aghajanova et al., 2009a). Representative data are shown in
the figures and the number (n) of independent observations for each
experiment is indicated.

Scrape loading-dye transfer assays
To assess functional gap junction formation in cultured ESC, we used the gap
junction-permeable fluorescent dye Lucifer Yellow (Molecular Probes, Life
Technologies) as described previously but with minor modifications
(Wu et al., 2012). ESC were grown for 7 days in the absence or presence of
decidualizing hormones as described above. Confluent cell cultures were
washed thoroughly with PBS and the monolayer was sliced with a scalpel
blade. Lucifer Yellow dye (1 mg/ml) was added to the scraped culture and
rinsed away after 5 min incubation. The ESC were washed three times
with PBS, fixed with 4% paraformaldehyde, and the lateral extent of dye trans-
fer from the scrape injury was detected by fluorescence emission under an
inverted microscope. Cells that incorporated Lucifer Yellow from nearby
scrape-loaded cells were considered to have gap junction communication.
Lateral diffusion of Lucifer Yellow via GJIC was measured in three fields
from each of 12 independent ESC cultures, derived from six cases and six
controls, without or with exposure to decidualizing hormones. Total pixel
area intensity was quantified using the Systat software image analysis
(Systat, Inc., San Jose, CA, USA) to determine the extent of gap junction inter-
cellular communications (GJIC).

Western blot analysis
Western blot analysis was performed on direct tissue or ESC lysates. Fifty
micrograms of protein were loaded onto 12% SDS-polyacrylamide gel
lanes, electrophoresced and transferred to polyvinylidene difluoride mem-
branes. After blocking with 5% skim milk in PBS, total Cx43 was detected
using rabbit polyclonal anti-Cx43 antibody (1:250 dilution, cat# 71-0700,

Life Technologies). Cx43 protein bands were detected after incubation
with secondary antibody linked to horseradish peroxidase and visualized
by chemiluminescent detection and exposure to ECL hyper film (Amersham
Pharmacia Biotech, Piscataway, NJ, USA). Blots were washed, reprobed with
mouse monoclonal anti-b-actin antibodies (1:1000 dilution, cat# 31430,
Sigma, St. Louis, MO, USA), and developed in an identical manner to
ensure even exposure. Molecular weight standards were used to calibrate
the migration of immunopositive bands.

Western blots of ESC also were evaluated using antibodies specific for
phospho-serine (Ser) 368 Cx43 (1:1000, Cell Signaling Technology, cat#
3511), non-phospho-Ser 368 Cx43 (1:1000, Life Technologies, cat#
13-8300), and other connexin proteins, Cx26 (1:500, Life Technologies,
cat# 13-8100) and Cx32 (1:500, Life Technologies, cat# 13-8200) were
included as controls. For quantification of the Cx43 and b-actin proteins,
the films were digitized on a flatbed scanner and Image J software (NIH)
was used to integrate the density of each band. Data are presented as
ratios of Cx43/b-actin intensity. In each set of experiments, equal
numbers of endometriosis and control samples were compared on a single
gel to minimize systematic errors due to subtle differences in exposure
time of individual blots to film. Control connexins (26 and 32) and Cx43
phosphoform analyses were not conducted in all experiments, so these
are provided as qualitative findings.

RNA isolation, end-point reverse
transcription-polymerase chain reaction
(RT–PCR) and real-time quantitative
(q)RT–PCR
Nine control and nine endometriosis-derived ESC preparations were incu-
bated without or with E/P/c for up to 7 days as described above. Total
RNA was isolated from the cells using TRI-reagent and PureLinkw RNA
Mini Kit (Invitrogen, Grand Island, NY, USA, cat# 12183025) following the
manufacturer’s protocols and frozen at –808C until analyzed. cDNA was
synthesized from mRNA samples and subsequently used as template for con-
ventional, end-point or qRT–PCR assays. Primers for PCR amplification
were made by Integrated DNA Technology, Inc. (San Diego, CA, USA)
with sequences as follows: Cx43 sense (5′-TACCATGCGACCAGTGGT
GCGCT-3′), and Cx43 antisense (5′-GAATTCTGGTTATCATCGGGG
AA-3′) [292-bp amplicon]); glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) sense (5′-CCATGGAGAAGGCTGGG-3′), GAPDH antisense
(5′-CAAAGTTGTCATGGATGAC-3′ [185-bp amplicon]). Invitrogen Plati-
numw Blue PCR SuperMix (cat# 12580-015) and 2 ml cDNA were used for
Cx43 amplification, and 1 ml GAPDH cDNAwas used according to the man-
ufacturer’s specifications, which included DNase treatment of the prepara-
tions to exclude genomic (g)DNA contamination. Absence of a PCR
product when reverse transcriptase was excluded from the amplification
mix afforded an additional control against gDNA interference. PCR was per-
formed in an Opticon thermocycler (Bio-Rad Laboratories, Hercules, CA,
USA) under the following conditions: one denaturation cycle of 948C for
3 min followed by 28 amplification cycles at 948C for 30 s, 608C for 30 s
and 728C for 1 min. cDNA amplicons were visualized on 1.0% agarose
gels containing 0.2 mg/ml ethidium bromide. A 1 kb Plus DNA Ladder (Invi-
trogen, cat# 10787-018) was used as the molecular size standard.

Real-time qRT–PCR was performed in a CFX ConnectTM Real-Time PCR
Detection System (Bio-Rad Laboratories, cat# 185-5200), using mRNA col-
lected under basal conditions and after up to 7 days of incubation with E/P/c
to determine optimal expression in a detailed kinetic analysis (see Fig. 7B).
SsoAdvancedTM SYBRw Green Supermix (Bio-Rad, cat# 172-5261) was
used following the vendor’s guidelines with some modifications. A total reac-
tion volume of 20 ml contained 10 ml SYBR Supermix, 1 ml 50 mM MgCl2,
2 ml primer mix for Cx43 and 1 ml primer mix for GAPDH. We also analyzed
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Cx26 and Cx32 transcripts as controls, using proprietary commercial primer
pairs from Qiagen (cat# QT00244531 and QT00213255, respectively)
under the manufacturer’s recommended conditions. Amplification was
carried out for 35 cycles. Normalized Cx43, Cx26 and Cx32 mRNA levels
were determined from 2DDct calculations using GAPDH as the housekeeping
control gene, as noted above.

Statistical analyses
Data are presented as mean+ SD and the number of independent samples
tested in each analysis is reported. The western blot images are from repre-
sentative gels and each result was replicated in a minimum of four independ-
ent experiments. The ratios of digitized band densities in the western blots
were not always normally distributed, so comparisons are expressed as Z
scores with corresponding P-values, determined using the conservative, non-
parametric Mann–Whitney U-test. A power analysis had indicated that 12
subjects in each group would provide 1-b ¼ 0.80 at an a ¼ 0.05 to detect
a 30% difference in Cx43 concentrations.

Results
For the in vivo studies, 15 controls (35+6 years) and 15 endometriosis
cases (34+ 7 years) were matched by age, race and menstrual cycle
phase. Nine subjects in each clinical group represented the

proliferative phase (cycle days ranged from 7 to 12) and six each in the
secretory phase (cycle days ranged from 18 to 25) at the time of endo-
metrial sampling. Immunohistochemical analysis of 10% formalin-fixed,
paraffin-embedded endometrial biopsies using anti-Cx43 and anti-
Cx26 antibodies was performed. To establish the histological distribu-
tion, serial sections of a proliferative phase (cycle day 10) control
biopsy were stained with antibodies against Cx26, Cx43, or hematoxylin
and eosin (H&E) (Fig. 1A). A negative control for the immunohistochem-
istry method was included (Fig. 1A). As previously reported, Cx26 was
predominantly localized in the cytoplasm of glands, along the apical gly-
cocalyx, whereas Cx43 was mostly confined to stromal cytoplasm
(Winterhager et al., 1991; Jahn et al., 1995; Grümmer et al., 1996).
Representative eutopic endometrial biopsies from proliferative (cycle
day 11) and secretory phase (cycle day 18) controls (Fig. 1B, first and
second panels) revealed strong stromal Cx43 staining, whereas
samples from proliferative (cycle day 10) and secretory phase (cycle
day 20) endometriosis cases (Fig. 1B, third and fourth panels) showed
reduced stromal Cx43 staining with redistribution of scattered immuno-
positive cells within the epithelium, particularly in the secretory phase.
Cx26 was largely expressed in endometrial epithelium and present in
proliferative (cycle day 10) and secretory phase (cycle day 20) controls
(Fig. 1C, first and second panels) as well as in proliferative (cycle day

Figure 1 (A) Sections from a control, proliferative phase (cycle day 10) endometrial biopsy stained with antibodies against Cx26, Cx43, non-immune
serum (control) or hematoxylin and eosin (H&E). Horizontal magnification bar at right base of the H&E panel indicates 100 mm. (B) Anti-Cx43 antibody
staining of proliferative (prolif., cycle day 11) and secretory phase (secret., cycle day 18) control and proliferative (prolif., cycle day 10) and secretory phase
(secret., cycle day 20) eutopic endometrium from endometriosis (endo.) cases. Horizontal magnification bar at right base of the secretory endometriosis
panel indicates 100 mm. (C) Endometrial biopsies from the same subjects as in (B) immunostained using anti-Cx26 antibodies. Horizontal magnification bar
at right base of the secretory endometriosis panel indicates 100 mm.
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10) and secretory phase (cycle day 19) biopsies from subjects with endo-
metriosis (Fig. 1C, third and fourth panels). The specificity of the Cx26
and Cx43 antibody staining was confirmed in human midtrimester
decidua as a positive control (data not shown). The results are represen-
tative of immunohistochemistry experiments in 12 control and 10 endo-
metriosis cases.

To analyze endometrial Cx43 more quantitatively and objectively, we
performed western blots of eutopic endometrial sample lysates.
Figure 2A shows a representative gel with 10 control and 10 endometri-
osis subjects’ specimens (loading all lysates on a single gel was precluded
by the gel comb size and need to include molecular weight markers).
Cx43 levels were generally reduced in cases compared with controls
(top panel). Equal amounts of total lysate protein were loaded into
each gel lane, but variable amounts of plasma, mucus and secreted
(extracellular) proteins are present in endometrial aspirates, potentially
interfering with comparative analyses (Hannan et al., 2012). To avoid this
pitfall, we used b-actin to normalize each sample for cellular protein
content (lower panel). Cx43/b-actin ratios were quantified in digitized
western blots, performed with a total of 12 endometriosis and 12
control samples compared on common gels to minimize errors due to
exposure time of individual western blots (Fig. 2B). The data revealed
that the relative concentration of endometrial Cx43 in endometriosis
cases was only 35% that of controls (Cx43/b-actin ratios of 3.4+1.5
in control biopsies versus 1.2+0.3 in endometriosis cases [n ¼ 24,
Z ¼ 3.12, P , 0.01]). We observed a doubling of the Cx43/b-actin
ratio across the menstrual cycle in control subjects (proliferative
phase, 1.4+ 0.7 versus secretory phase, 2.8+1.2; n ¼ 12, Z ¼ 2.40,
P , 0.02), but the study was underpowered to stratify cycle phases
more precisely (e.g. early versus late secretory). In our small sample,
we failed to detect a significant increase in the Cx43/b-actin ratio
across the menstrual cycle in endometriosis subjects (proliferative
phase, 1.6+ 1.7 versus secretory phase, 1.5+1.0; n ¼ 12, Z ¼ 0.73,
P ¼ 0.47). Based on our cellular mRNA data (below) we suspect that
this reflects a failure of endometriosis patients to up-regulate Cx43 in re-
sponse to endogenous estrogen and P in the secretory phase, or it could
be the result of a type II error.

Connexin proteins are predominantly regulated through phos-
phorylation at serine residues in the carboxyl terminus of the molecule
(Firestone and Kapadia, 2012) and these can be detected using
phospho-specific Cx antisera. Experiments were undertaken to evaluate
Cx43 phosphoforms in our endometrial biopsies. Results are shown for
two representative controls and two representative endometriosis
cases, selected for equal b-actin signal (intracellular protein concentra-
tion). In addition to reduced total Cx43 in the endometriosis tissues
(Fig. 3, top panel), antibodies against the phospho- and non-phospho-Ser
368 isoforms of Cx43 indicated that these too were decreased in eutopic
biopsies from endometriosis subjects, relative to controls (Fig. 3, second
and third panels). By contrast, levels of the two different connexins, Cx26
and Cx32, andb-actin appeared comparable in cases and controls (Fig. 3,
fourth to sixth panels). Four independent controls and four endometri-
osis cases examined with this set of antibodies yielded similar findings.

In a prior publication (Yu et al., 2011), we reported that exposure of
proliferative phase, control ESC cultures to decidualizing hormones
(E/P/c) induced an up-regulation of Cx43, concomitant with the classical
biochemical marker of stromal differentiation, prolactin. In the current
study, using a new series of study participants and specimens, we
desired to test whether this response was due to an increase in functional

GJIC and whether it might be different in cells derived from women
without or with endometriosis. Thus, primary ESC prepared from biop-
sied, proliferative phase eutopic endometrial tissues from controls and
endometriosis cases were compared. Scrape loading-dye transfer
assays in cells derived from controls demonstrated that 7 days of incuba-
tion in the presence of decidualizing hormones (E/P/c) increased func-
tional GJIC relative to those exposed to vehicle alone for 7 days (Fig. 4A).
Image analysis of fluorescent signal along the scrape injury revealed a
6.1+ 3.9-fold increase with E/P/c treatment in control ESC from six
independent cultures. In ESC preparations derived from endometriosis
subjects, basal GJIC was reduced (Fig. 4B) and hormone treatment
resulted in smaller increase in fluorescence density (3.4+ 1.8-fold;
n ¼ 6, Z ¼ 2.74, P , 0.01) relative to untreated cells. This finding was
confirmed when the cells were examined for morphological changes
associated with decidualization. An experiment representative of six cul-
tures is shown in Fig. 4C, where ESC derived from a proliferative phase
control biopsy manifested typical fibroblastic stromal shape in the

Figure 2 (A) Western blot of eutopic endometrial protein lysates
from 10 control (C) and 10 endometriosis (E) subjects using
anti-Cx43 (upper panel) and anti-b-actin (lower panel) antibodies.
(B) Digitized Western bands from a total of 12 subjects in each group
analyzed as integrated Cx43/b-actin density ratios.

Figure 3 Endometrial lysates from two representative control (C)
and endometriosis (E) cases each immunoblotted with antibodies se-
lective for total Cx43, phospho-serine (Ser) 368 and non-phospho-Ser
368 Cx43 isoforms. Cx26, Cx32 andb-actin also were quantified on the
same blots. Molecular weights (in kD) are indicated.
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absence of hormones, but underwent transformation to polygonal,
epithelioid cells after 7 days of E/P/c (right upper panel). By contrast,
these effects were attenuated in cells derived from subjects with endo-
metriosis, with few cells showing prominent decidual morphology
(Fig. 4C, right lower panel), consistent with prior studies (Klemmt
et al., 2006; Aghajanova et al., 2009a).

Figure 5A shows a western blot of Cx43 levels (top panel) in ESC
lysates prepared from nine control and nine endometriosis specimens,
collected in the proliferative phase. As observed in the intact tissues,

Cx43 levels were reduced in the endometriosis-derived cells when nor-
malized forb-actin (bottom panel). Using digitized results, the calculated
mean Cx43/b-actin ratios were 2.2+ 0.9 in control ESC and 1.0+0.3
in endometriosis ESC (n ¼ 18, Z ¼ 2.96, P , 0.01, Fig. 5B). In contrast,
Cx26/b-actin ratios in control and endometriosis-derived ESC were
0.6+ 0.1 and 0.6+0.1, respectively (n ¼ 6, Z ¼ 0.67, P ¼ 0.51, data
not shown).

Further characterization of ESC responses to decidualization is shown
in examples of cells derived from two endometriosis cases and two sets

Figure 4 (A) Primary ESC established from proliferative phase control biopsies and cultured for 7 days without (left panel) or with (right panel) estradiol,
progesterone and dibutyryl cAMP (E/P/c) were scrape-loaded aftera scalpel scratch. Gap junctions were revealed by diffusion of fluorescent Lucifer Yellow
dye (upper panels). Phase contrast views (lower panels) show scrape injury. (B) Scrape-loading dye transfer in ESC monolayers derived from endometriosis
cases under basal (left panel) and hormone-induced (right panel) conditions for 7 days. Phase contrast views (lower panels) show scrape injury. (C) ESC
monolayers under phase contrast microscopy with fibroblastic morphology in the absence of hormones (left panels) and after 7 days of hormone exposure
(E/P/c). Control (C, upper panels) and endometriosis-derived (E, lower panels) ESC.
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of control cells. Total Cx43 levels were lower under basal (2) and
hormone-treated (+) conditions in samples derived from subjects
with endometriosis (E) compared with controls (C) (Fig. 6A, top
panel). Two major isoforms of Cx43 can be resolved in the ESC Wes-
terns using antibodies against total Cx43 and Cx43 phosphorylated at
serine (Ser) 368. The intensity of most Cx43 bands appear to increase
in response to E/P/c, particularly in control ESC. In other experiments

we have demonstrated that alkaline phosphatase treatment converts
the upper band to the lower species in these cells (Wu et al., 2012), a
finding consistent with the observation that antibodies specific for
Cx43 not phosphorylated at Ser 368 selectively recognized the lower
band (Fig. 6A, third panel). By contrast, Cx26 and Cx32 levels do not
differ between endometriosis and control cells, nor are they affected
much by decidualization (Fig. 6A, third panel). The lower level of expres-
sion of Cx26 in all the isolated ESC preparations is consistent with its
predominant epithelial derivation (Fig. 1). Levels of b-actin also were
neither affected by clinical group nor hormone treatment (Fig. 6A, lower
panel). These findings are representative of four independent samples
from each clinical group.

In nine control and nine endometriosis ESC lysates, prepared from
proliferative phase specimens and treated for 7 days with E/P/c, the
Cx43 response quantified on western blots was noted to be blunted in
ESC derived from endometriosis cases. Whereas in vitro decidualization
induced a mean increase in the Cx43/b-actin ratio of 1.7+0.4-fold in
control ESC, the same hormone treatment afforded only a 1.2+
0.2-fold increase of Cx43/b-actin ratio in endometriosis ESC (n ¼ 18,
Z ¼ 2.69, P , 0.01, Fig. 6B).

These findings led us to consider the mechanisms by which Cx43 pro-
duction was specifically regulated in ESC. To validate the detection of
Cx43 mRNA in the cell culture model, end-point RT–PCR was under-
taken using four samples each of ESC from control and endometriosis
cases. As documented in Fig. 7A, amplicons of the expected base pair
lengths for Cx43 and GAPDH transcripts were observed after 7 days
without (2) or with (+) E/P/c exposure (Fig. 7A). To rigourously quan-
tify Cx43 mRNA concentrations, qRT–PCR experiments were per-
formed. An example of time-course analyses of ESC mRNA from a
representative control and an endometriosis subject is provided in
Fig. 7B. Cx43 transcript levels were determined at intervals over the
7-day E/P/c exposure using the 2DDct method normalized to GAPDH
mRNA. Although basal levels of Cx43 mRNA did not differ between
control and endometriosis cells, the response to E/P/c treatment was
greater in control cells with a maximal effect 24 h after hormone expos-
ure. This finding is summarized in Fig. 7C, where nine control and nine
endometriosis cultures revealed no differences in Cx43 mRNA under
basal conditions (2DDct ¼ 10.9+ 1.3 versus 10.7+ 1.2; n ¼ 18, Z ¼
0.31, P ¼ 0.76). However, after 24 h of E/P/c, Cx43 transcripts
increased 1.5+ 0.7-fold in control cells, whereas no increase was
noted in endometriosis cells (0.8+0.5-fold; n ¼ 18, Z ¼ 1.90, P ¼
0.06). In contrast, neither Cx26 nor Cx32 mRNA levels differed
between control versus endometriosis ESC under basal (P ¼ 0.63 and
0.57, respectively) or decidualized conditions (P ¼ 0.51 and 0.33,
respectively; Fig. 7C).

Discussion
There is convincing evidence to support the association of endometriosis
with reduced fecundity (D’Hooghe et al., 2003); however, establishing
causation has been challenging. Several plausible, hypothetical mechan-
isms have been offered over the past decades: ovulatory dysfunction
with inappropriate gonadotrophin secretion and luteal function (Chees-
man et al., 1983); luteinized unruptured follicle syndrome (Ory, 1987);
phagocytosis of spermatozoa by activated pelvic fluid macrophages
(Martı́nez-Román et al., 1997); abnormal tubal anatomy (Fakih and
Marshall, 1994) and dysfunctional gamete transport (Kissler et al.,

Figure 5 (A) Western blotting for Cx43 (top panel) and b-actin
(bottom panel) in ESC lysates prepared from nine control (C) and
nine endometriosis (E) specimens. (B) Digitized western blots analyzed
as integrated Cx43/b-actin density ratios in ESC.

Figure 6 (A) Total Cx43 levels under basal (2) and decidual
hormone (E/P/c)-treated (+) conditions in ESC derived from subjects
with endometriosis (E) and controls (C) (top panel). Two isoforms
(arrows) correspond to putative phosphorylated (upper) and unpho-
sphorylated (lower) species. Antisera selective for phospho-Ser 368
Cx43 (second panel), non-phospho-Ser 368 Cx43 (third panel), Cx26
(fourth panel), Cx32 (fifth panel) andb-actin (sixth panel). (B) Digitized
western blots analyzed as integrated Cx43/b-actin density ratios
without versus with 7 days of decidualizing hormones in control
versus endometriosis ESC.
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2007). More recently, findings have converged from a few research
groups that attribute endometriosis-induced subfertility to defective em-
bryonic implantation (Klemmt et al., 2006; Aghajanova et al., 2009a, b;
Weiss et al., 2009). In support of the latter hypothesis, we and others
have documented that physiologically expressed mRNAs associated
with endometrial receptivity are repressed in eutopic endometrial biop-
sies from women with surgically diagnosed endometriosis (Taylor et al.,
2002; Kao et al., 2003; Giudice, 2004; Burney et al., 2007; Donaghay and
Lessey, 2007; Eyster et al., 2007).

We observed nearly exclusive Cx43 immunostaining in the stromal
compartment of control biopsies, but the signal was reduced and

redistributed to scattered epithelial cells of the eutopic endometrium
in endometriosis (Fig. 2A). Similar findings in human ectopic lesions
(Regidor et al., 1997) and in the eutopic endometrium of baboons
with experimental endometriosis (Winterhager et al., 2009) have been
reported. The current studies are descriptive and only document an as-
sociation between endometriosis and reduced endometrial Cx43 con-
centrations. However, through a combination of translational human
cell and tissue-specific murine knock-out studies, we previously estab-
lished a determinative role for Cx43 function on decidual differentiation
and embryonic implantation (Laws et al., 2008; Yu et al., 2011). In both
models, pharmacological or genetic ablation of Cx43 gap junctions

Figure7 (A) End-point RT–PCR for Cx43 and GAPDH mRNA in ESC from four control (Ca – d) and four endometriosis (Ea – d) subjects, incubated in the
absence (2) or presence (+) of E/P/c for 7 days. The expected amplicons of 292 and 185 bp, respectively, were noted. 100-bp molecular size markers in
the flanking lanes. (B) Steady-state Cx43 mRNA levels were quantified by qRT–PCR and normalized to GAPDH in ESC from a control subject (C) and from
an endometriosis case (E). Accumulation over a 7-day time course of E/P/c was compared. Inset shows amplification profiles and melting curves of qRT–
PCR. (C) qRT–PCR in nine control and nine endometriosis ESC samples was performed to measure steady-state Cx43 (stippled histograms), Cx32 (dark
histograms) or Cx26 (striped histograms) mRNA concentrations under basal conditions (left panel) and after 24 h of E/P/c treatment (right panel).
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prevented morphological and biochemical decidualization. The clinical
significance of these observations is supported by findings that Cx43
levels are reduced in the decidua of women with recurrent early preg-
nancy loss (Nairet al., 2011) and the fact that the anti-malarial medication
mefloquine, which blocks Cx43 gap junctions, is associated with an
increased risk of spontaneous abortion (Nevin, 2011). It was of interest
that we observed a selective reduction in Cx43 protein, but in neither of
the related Cx26 or Cx32 proteins in endometrial biopsies from endo-
metriosis cases (Figs 1 and 3). Moreover, we confirmed that isolated
stromal cells obtained from women with endometriosis demonstrated
�45% reduction in GJIC as manifested by Lucifer Yellow diffusion and
had reduced basal and hormone-induced Cx43 protein production
(Figs 5A and B and 6A and B), and an attenuated Cx43 mRNA response
to 24 h of E/P/c exposure (Fig. 7C). ESC from endometriosis subjects
also showed morphological evidence of impaired decidual differentiation
in vitro (Fig. 4C). In agreement with these results, prior studies indicated
that prolactin production was reduced by .50% in decidualized ESC
derived from endometriosis subjects, compared with cells from
endometriosis-free controls (Klemmt et al., 2006; Aghajanova et al.,
2009a). Although Aghajanova et al. (2009a) observed impaired decidual
responses in endometriosis-derived samples independent of the cycle
phase at collection, we elected to compare only proliferative phase-
derived cultures, as the growth characteristics of cells collected in this
phase are most consistent and reproducible in our hands (Yu, Ryan
and Taylor, unpublished results).

The endocrine regulation of endometrial Cx43 is complex and some-
what controversial. In the mouse and rat, Cx43 is up-regulated by estro-
gen and expressed in the decidua prior to placental invasion (Pauken and
Lo, 1995; Grümmer et al., 1996). The temporospatial expression of
Cx43 in cycling human endometrium was reported to be maximal in
the periovulatory period with a predominantly stromal localization
(Jahn et al., 1995). In contrast, Granot et al. (2000) observed an increase
in Cx43 during the mid-late secretory phase, when P levels are greatest.
According to our quantification of Cx43 in control endometrial tissue
lysates, protein concentrations were 2-fold higher in secretory than in
proliferative phase samples, consistent with our observation that in
vitro decidualization of endometrial stromal cells afforded a 1.7-fold
increase in Cx43 protein (Fig. 6B) and a 1.5-fold increase in Cx43
mRNA (Fig. 7C). Elevated human endometrial Cx43 in the secretory
phase, when a combination of estrogen and P effects are present, also
is in keeping with our murine studies. In both the delayed implantation
and induced decidualization models in this species, P priming of the endo-
metrium is required before estrogen can activate Cx43 expression in the
uterine stroma (Laws et al., 2008).

A number of studies implicate a state of P insensitivity in subjects with
endometriosis (Burney et al., 2007; Bulun et al., 2010). More recent re-
search has uncovered several novel signaling molecules downstream of
the P receptor, including the transcription factor CCAAT/enhancer-
binding protein (C/EBP)-b, interleukin-11, signal transducer and activa-
tor of transcription 3 (STAT3), bone morphogenetic protein (BMP)-2,
wingless-related murine mammary tumor virus integration site 4
(WNT4) and b-catenin that appear to function in a rather linear
pathway to induce the ‘progestational’ phenotype of decidualized ESC
(Wang et al., 2012; Li et al., 2013). Moreover, we have shown that
pharmacological or genetic ablation of Cx43 gap junctions prevents mor-
phological and biochemical decidualization in transgenic mice and human
ESC (Laws et al., 2008; Yu et al., 2011). Thus, we postulate that the

attenuated levels of Cx43 protein in cases of endometriosis cause
failure of both ectopic and eutopic endometrium to undergo physiologic-
al differentiation during the secretory phase, presumably by limiting
the intercellular transport of small signaling molecules that mediate the
pathway implicated above. While there is an emerging interest in the
role of connexin gene transcription (Firestone and Kapadia, 2012),
these proteins are predominantly regulated through phosphorylation
at serine residues in the carboxyl terminus of the molecule. Our qRT–
PCR experiments revealed that basal concentrations of ESC mRNAs
encoding Cx43, Cx26 and Cx32 did not differ based on their source.
However, we did note that control ESC showed a 1.5-fold increase in
Cx43 following 24 h of in vitro decidualization (Fig. 7C), whereas ESC
derived from cycle phase-matched endometriosis cases failed to
up-regulate Cx43 mRNA in response to hormones. This differential
effect approached statistical significance (P ¼ 0.06) based on a stringent,
nonparametric test and was not observed with Cx26 and Cx32 tran-
scripts, consistent with their stable protein responses. It should be
noted that the kinetics of optimal Cx43 mRNA accumulation (�24 h)
differ substantially from those of Cx43 protein expression (�7 days) fol-
lowing E/P/c treatment. This is not surprising given the extensive trans-
lational and post-translational modifications that Cx proteins undergo
(Kjenseth et al., 2012). Studies byothers, using RT–PCR arrays, reported
that mRNAs encoding human gap junction proteins Cx30 and Cx31.9
were down-regulated in ectopic endometriosis lesions relative to autolo-
gous eutopic tissue in 11 subjects (Eysteret al., 2007), but comparisons to
normal endometrial tissue were not performed. Further studies into the
regulation of Cx43 gene expression in this condition are warranted.

Our study establishes that Cx43, a protein with well-characterized
properties as a facilitator of cell–cell communication (Ramathal et al.,
2010), can be added to the growing list of endometrial products
whose production is impaired in cases of endometriosis. Unfortunately,
many of the previously identified mRNAs and proteins [e.g. glycodelin
(Taylor et al., 2002), dickkopf homolog-1 (Burney et al., 2007), prolactin,
IGFBP-1 and calcitonin (Brosens and Gellersen, 2006; Aghajanova et al.,
2009b)] have mostly unknown functions within the endometrium. Our
new Cx43 findings prompt us to postulate that the intercellular transport
of small (,1 kD) metabolites capable of traversing gap junctions is
needed to promote the distinct morphological, biochemical and func-
tional characteristics of endometrial receptivity, including angiogenesis
(Laws et al., 2008; Yu et al., 2011), that optimize embryonic implantation.
These actions appear to be compromised by dysfunctional GJIC in cases
of endometriosis. Identification of the specific critical metabolites that
traffic via gap junctions is likely to suggest novel interventions for
endometriosis-associated subfertility.
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