


Abstract 27 
Endometriosis is a debilitating disease affecting 190 million women worldwide and the greatest 28 
single contributor to infertility. The most broadly accepted etiology is that uterine endometrial 29 
cells retrogradely enter the peritoneum during menses, implant and form invasive lesions in a 30 
process analogous to cancer metastasis. However, over 90% of women suffer retrograde 31 
menstruation, but only 10% develop endometriosis, and debate continues as to whether the 32 
underlying defect is endometrial or peritoneal. Processes implicated in invasion include: 33 
enhanced motility; adhesion to, and formation of gap junctions with, the target tissue. 34 
Endometrial stromal (ESCs) from 22 endometriosis patients at different disease stages show 35 
much greater invasiveness across mesothelial (or endothelial) monolayers than ESCs from 22 36 
control subjects, which is further enhanced by the presence of EECs. This is due to enhanced 37 
responsiveness of endometriosis ESCs to the mesothelium, which induces migration and gap 38 
junction coupling. ESC-PMC gap junction coupling is shown to be required for invasion, while 39 
coupling between PMCs enhances mesothelial barrier breakdown.  40 
  41 





and signaling molecules <1kD [Goldberg et al, 1999; Weber et al., 2004; Hernandez et al. 88 
2007].  89 

Gap Junctions have been implicated in other invasive processes, like metastasis. In a 90 
global screen of cervical squamous carcinoma, Cx43 emerged as one of three genes (along 91 
with PDGFRA2 and CAV-1) central to cancer invasion and metastasis [Cheng et al., 2015]. 92 
Interestingly, expression of functional gap junctions is suppressed in most primary tumors, as 93 
they suppress growth, But significant induction of Cx43 and/or Cx26 gap junctions, either by 94 
increased expression or trafficking to the cell surface [Kanczuga-Koda et al., 2006], has also 95 
been associated with metastatic breast cancer [Naoi et al. 2007; Stoletov et al., 2013], prostate 96 
cancer (Zhang et al., 2014; Lamiche et al., 2012), and melanoma (Ito et al., 2000). GJs appear 97 
to exert their effects both during intravasation and extravasation [el Sabban and Pauli, 1991, 98 
1994; Ito et al., 2000, Naoi et al, 2007], as well as forming hetero-cellular GJIC with the target 99 
tissue that pass miRNAs or cGAMP to promote target receptivity and an inflammatory 100 
environment [Lamiche et al., 2012; Hong et al., 2015; Chen et al., 2016]. 101 

Gap junctions have also been associated with multiple aspects of the other major 102 
pathology of endometriosis, infertility, GJs have also been shown to be involved from the 103 
earliest phases of oocyte meiosis [Simon et al, 1997; Richard and Baltz, 2014] to endometrial= 104 
decidualization [Kaushik et al., 2020], blastocyst implantation [Grummer et al.,1996: Diao et al., 105 
2013], and vascularization of the endometrium during pregnancy [Laws et al., 2008].  106 

Despite these links between GJs and the two major pathologies of endometriosis, 107 
studies have been limited to tracking connexin expression. Immunocytochemistry showed a 108 
shift in Cx expression of endometrial epithelial cells (EECs) from primarily Cx26 (GJB2) with 109 
some Cx32 (GJB1) in the uterus, to Cx43 (GJA1) in peritoneal (ectopic) endometriotic lesions 110 
(Regidor et al., 1997). A similar switch in EEC Cx expression profile was reported eutopically in 111 
the uteri of baboons with endometriosis [Winterhager et al., 2009], but this was not seen in 112 
human patient samples where Cx expression of EECs remained unaltered [Yu et al., 2014]. In 113 
contrast, endometrial stromal cells (ESCs) have been reported to retain Cx43 expression in 114 
both eutopic and ectopic locations, although at significantly reduced levels in endometriosis 115 
patients [Nair et al., 2007, Yu et al, 2014]. The reduced Cx43 expression in the uterus has 116 
been suggested to contribute to infertility associated with endometriosis [Yu et al, 2014], but to 117 
date no studies have explored the role of GJs in lesion formation. Of particular relevance to 118 
this is the consistent observations, mentioned above, that connexin expression is repressed in 119 
primary tumors, yet is induced in metastatic tumor cells to promote invasion. We investigate 120 
this same connection here with regard to endometriosis using primary endometrial stromal and 121 
epithelial cells isolated from 22 control and 22 endometriosis patients from stages I-II and III-IV 122 
of the disease (Table 1). 123 

 124 
RESULTS 125 

ESC and EEC mixes from endometriosis patients are more invasive, with ESCs being 126 
the primary invaders. 127 

As the first step in lesion formation, or any invasive process, is adhesion to the target, 128 
we tested the two major endometrial cell types for adhesiveness to mesothelial cells, as this 129 
would indicate which cell type we should focus on as the primary instigator of invasion. 130 
Peritoneal Mesothelial Cells (PMCs, specifically the LP9 cell line) or primary EECs or ESCs 131 
isolated from patients as described in Methods (see Fig. 1 - figure supplement 1) were 132 
attached to the cantilever of an Atomic Force Microscope (AFM) and brought into contact with 133 



LP9 mesothelial cells in a monolayer, and after 30 seconds, the force needed to separate the 134 
cells was measured [Fig. 1A - Sancho et  al., 2017; Roca-Cusachs et al., 2017)]. PMCs show 135 
low levels of adhesion to one another and to EECs, but 6-fold greater forces were needed to 136 
separate ESCs from PMCs (Fig. 1B). These measurements were conducted with cells from 137 
control patients. ESCs from endometriosis patients showed even higher levels of adhesion, as 138 
they were difficult to separate from PMCs even after only 1-2 seconds of contact, precluding 139 
accurate measurement of force using our instrumentation.  140 

We then directly assessed invasiveness using an established 3D-invasion model [Nair 141 
et al 2008]. Endometrial cells labelled with a lipophilic fluorescent dye (Di-O) are dropped onto 142 
a hormone depleted Matrigel coated Boyden chamber on which is grown a confluent 143 
monolayer of the LP9 PMCs (Fig. 1C). Neither ESCs nor EECs invaded through the 144 
membrane alone, confirming a dependence on a PMC monolayer for invasion. PMCs alone 145 
showed limited invasiveness, but this was excluded as only Di-O labeled cells were counted. 146 
Comparisons of ESC and EEC invasiveness from all patients showed ESCs to be 2-fold more 147 
invasive (Fig. 1D), consistent with their higher level of adhesiveness to PMCs observed above. 148 
This led us to focus our invasion comparisons between control (8) and endometriosis (11) 149 
patients primarily on ESCs. ESCs from endometriosis patients were 4-6 fold more invasive 150 
than from controls (Fig. 1E) mostly due to patients from more advanced disease (Fig. 1 - 151 
support data 1). This difference was less (~2.5 fold) when invasion was measured in the 152 
absence of a serum gradient, or at higher gradients (data not shown), indicating that 153 
endometriosis ESCs are more responsive to low-level chemo-attractant gradients. We also 154 
observed a similar difference of ~4 fold when we compared invasiveness across PMCs derived 155 
from either control or endometriosis patients (Fig. 1E). 156 

In the retrograde model of endometriosis, fragments of endometrium, containing both 157 
ESCs and EECs, invade the mesothelium, explaining why both cell types are found in 158 
endometriotic lesions. So while EECs alone were less invasive, we did test the effect of mixed 159 
ESC/EEC cultures in invasion across PMCs, but in the absence of an attractive serum gradient 160 
to more closely mimic in vivo conditions. When EECs were mixed in equal numbers with ESCs 161 
they enhanced invasion by 1.5-fold in control samples (n=9), and 2.1-fold in endometriosis 162 
samples (n=8), but this was only significant (P<0.01) in endometriosis samples (Fig. 1F). 163 
Differential labeling the two cell types (Fig. 1 - Figure supplement 2) confirmed that ESCs 164 
were the primary invading cells, with EECs making up 20% and 40% of the invading cells in 165 
controls and endometriosis, respectively (Fig. 1 - source data 1). 166 

 While most endometriosis lesions are restricted to the peritoneal cavity, some (<5%) 167 
can be found outside, even as far as the lungs and brain. Such lesions clearly cannot arise 168 
form retrograde menstruation, but as we have shown that ESCs from patients are highly 169 
invasive through PMCs, we tested whether they may also be able to intravasate into the 170 
circulation, allowing further spread. A comparison of 8 patients with different invasive 171 
tendencies demonstrated that invasiveness across a PMC monolayer was highly correlated 172 
with invasiveness across an endothelial cell monolayer of HUVECs (Fig. 1G), suggesting that 173 
spread on endometrial cells through the circulation may also be enhanced in endometriosis. 174 

 ESCs from endometriosis patients show greater inherent motility, and this is further 175 
enhanced by PMCs. 176 

 To assess another major contributor to invasiveness, we compared motility of ESCs 177 
from control and endometriosis patients using a wound healing assay (Fig. 2A and B). 178 
Comparisons of ESCs from 15 control and 11 endometriosis patients (4 stage I-II and 7 stage 179 

























Table 1: Patient Data 
     Patient Etnicity Age BMI Cycle stage 

   CONTROL         CYCLE STAGE Legend   
1 Cauc 22 18.1 OCP OCP Oral contraceptives 
9 NS 35 27 LS IUD Intra-uterine device 

10 Cauc 36 31 irregular P Proliferative   
12 Hisp 38 30 unknown ES Early secretory 
14 Hisp 40 29.2 post-delivery MS Mid-secretory 
17 Cauc 23 32.6 ES LS Late Secretory 
21 Hisp 25 28.3 P M Menstruation 
25 Afr Am 33 25 ES 

   30 Afr Am/Hisp 37 43.4 LS * PMCs also obtained 
33 * Hisp 31 39.6 P 

   34 Cauc 30 38.2 OCP 
   36 Cauc 36 33.1 M 
   37 * Cauc 28 37.3 post-delivery 
   38 * Hisp 25 27.7 unknown 
   45 * Cauc 33 38 OCP 
   47 * Hisp 29 24.5 OCP 
   H11 Hisp 38 34 P 
   H19 Cauc 25 28 LS 
   H20 Cauc  45 25 P 
   H25 Hisp 26 29 P 
   H27 Cauc 26 19 P 
   H47 Cauc 24 33 P 
   ENDOMETRIOSIS I-II       
   4 Hisp 35 22.5 P 
   16 Pac Isl 30 28 ES 
   23 Cauc 25 27.4 M 
   24 Cauc 35 27.6 ES 
   26 Cauc 24 23.1 MS 
   27 Cauc 31 31.3 P 
   31 Hisp 30 25.8 OCP 
   32 Cauc 39 29.9 P 
   35 * Cuac 28 21.7 P 
   39 * Hisp/Pac Isl 25 24.2 MS 
   43 Cauc 25 40.2 MS 
   ENDOMETRIOSIS III-IV        
   2 Cauc 26   M 
   3 Cauc 31   OCP 
   5 Afr Am 28 18.9 OCP 
   6 Cauc 41 45.1 LS 
   7 Hisp 40 20.3 OCP 
   13 Cauc 37 23 MS 
   15 Cauc 23 25 LS 
   19 Cauc 30 22 P 
   40 * Hisp 34 18.9 IUD 
   41 Cauc 32 23 M 
   42 Cauc 34 21 OCP 
    654 
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