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SUMMARY

We recently showed that endometriotic peritoneal fluid (PF) altered the regulation of enhancer of zeste
homolog 2 (EZH2) and H3K27me3. This study aimed to determine if PF by regulating EZH2/H3K27me3modu-
lated C-X-C chemokine receptor type 4 (CXCR4), a major chemokine involved in the proliferation and migra-
tion processes in endometriosis. Endometriotic PF induced the mRNA expression of CXCR4 and EZH2 and
protein expression of H3K27me3 in human endometrial stromal cells (hESCs) and eutopic endometrium (Eu).
CXCR4 inhibitor, AMD3100, decreased the PF-induced expression of these factors and reduced migration,
but increased the proliferation of hESCs. In contrast, the EZH2 inhibitor, GSK126, decreased the expression
of EZH2 and H3K27me3 and reduced proliferation, but increased the expression of CXCR4 and migration of
hESCs. A combination of both inhibitors decreased the expression of CXCR4, EZH2, and H3K27me3, as well
as reduced cell proliferation andmigration. Our study suggests that targeting both CXCR4 (inflammation) and
EZH2 (epigenetics) may be a better alternative for women with endometriosis.

INTRODUCTION

Endometriosis affects 1 in 10women, though recent studies indi-

cate that this ratio may have increased to 1 in 9 women,1,2 sug-

gesting that more than 176 million women worldwide are af-

flicted with this disease. Some of the major symptoms

associated with endometriosis include severe dysmenorrhea,

dyspareunia, and infertility.3,4 Though the pathophysiology of

this disease is not completely understood, several theories

have been proposed,5–7 which include Sampson’s theory, also

known as the retrograde menstruation theory, the coelomic

metaplasia theory, and the embryonic origin theory. Other recent

theories include stem cells, genetics, and autoimmune

disease.8,9

All the proposed theories suggest a pathological role for an in-

flammatory peritoneal microenvironment that differs between

women with and without endometriosis. In the former group,

peritoneal fluid (PF) is present in larger quantities and contains

excess levels of inflammatory cells, pain-inducing molecules,

growth promoters, and cytokines/chemokines.10–22 We and

others have also shown that oxidants present in abundance in

the PF can increase the proliferation and growth of endometrial

cells.10,23

Lymphokines such as interleukins 4, 6, and 10 and tumor ne-

crosis factor a are present in excess in the PF of women with

endometriosis. C-X-C motif chemokine receptor 4 (CXCR4) is

one of the most widely expressed chemokine receptors,24

which, upon binding to its only ligand CXCL12, or SDF-1, acti-

vates mechanisms that are important in reproductive biology25

as well as triggers signaling pathways important in cell prolifera-

tion and migration.24 Its ligand, CXCL12, can also interact with

CXCR7, another heptahelical G protein-coupled receptor.26 Pa-

tients with deep infiltrating endometriosis had increased concen-

trations of CXCL12 in the PF and thus showed a higher expres-

sion of CXCR4 in eutopic endometrial stromal cells compared to

control cells.27

Targeting CXCR4 has been explored as therapy in other dis-

eases.28,29 One such compound, AMD3100 (plerixafor), is a

highly selective CXCR4 chemokine receptor antagonist with an

IC50 value of 44 nM in cell-free assay that was originally devel-

oped as an inhibitor for HIV-1 and HIV-2 replication. This com-

pound inhibits the intracellular calcium signaling and chemo-

tactic response elicited by CXCL12.30 In endometriosis, Ruiz

et al. showed that AMD3100 alone decreased migration but

increased invasion of an endometriotic cell line, 12Z cells; how-

ever, when AMD3100 was added in the presence of the ligand

CXCL12, both migration and invasion were decreased.31 These

studies proposed targeting the CXCR4-CXCL12 axis as a poten-

tial non-hormonal therapy for endometriosis.

We recently showed that the PF from women with endometri-

osis alters epigenetic mechanisms such as the expression and

function of polycomb repressive complex 2 (PRC2) and its major

subunit enhancer of zeste homolog 2 (EZH2).32 EZH2 is a histone

methyltransferase that plays a key role in transcriptional repres-

sion through chromatin remodeling, thus regulating gene

expression, maintenance of cell identity, and oncogenesis.
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EZH2 activates H3K27me3, which in turn silences a broad range

of genes.33–36 EZH2 expression is elevated in various can-

cers,37–39 making it a major drug target in the treatment of can-

cer.40 We and others have observed an increased expression

of this complex in both the eutopic and ectopic endometriotic tis-

sues of women with endometriosis,41,42 as well as endometrial

stromal cells treated with endometriotic PF.32 This response

was inhibited by GSK126, a selective, S-adenosyl-methionine-

competitive small-molecule inhibitor of EZH2 methyltransferase

activity, which is more than 1,000-fold selective for EZH2 over

other histone methyltransferases and an IC50 value of

9.9 nM.43 Inhibition of EZH2 also decreased lesions in a rat

model of endometriosis.44

A positive correlation between the expression of EZH2 and

CXCR4 exists,45–48 and H3K27me3 histone modifications are

enriched at the CXCR4 promoter.49 We hence speculated that

the epigenetic regulation of the CXCR4 axis by the PRC2 com-

plex might be involved in the growth-promoting effects of endo-

metriotic PF. Blocking this axis should inhibit the PF-mediated

growth and migration of endometrial cells. Using endometriotic

PF-treated human endometrial stromal cells (hESCs) and eu-

topic (endometrium) tissues, we observed an association be-

tween EZH2 activation and the ability of the CXCR4 axis to alter

the proliferation and migration of cells. Our findings showed that

a combination of both CXCR4 and EZH2 inhibitors, and not the

individual drugs, was significantly more effective in lowering

the growth and migration of hESCs.

RESULTS

mRNA and protein expression of CXCR4 axis and EZH2
in hESCs
hESCs treated with either 1% control (n = 8) or endo PF (n = 6)

alone had minimal effects on the mRNA expression levels of

the CXCR4-CXCL12-CXCR7 axis. Only endo PF alone treatment

increased the expression of EZH2 nearly 3-fold but did not reach

statistical significance. When 1 mM AMD3100 alone was added

to the cells (n = 3), the expression of all genes showed a trend

of lowered expression (Figure 1A). The expression of CXCR4,

CXCL12, and CXCR7 mRNA also decreased when cells were

treated with AMD3100 in the presence of PF. The greatest

decrease in expression was observed in CXCR7 levels in cells

that were treated with 1% endo PF + 1 mM AMD3100 (0.11-

fold, p = 0.0196 vs. endo PF alone) (Figure 1B). Cells treated

with 1 mMAMD3100 in the presence of PF had a trend of lowering

EZH2 mRNA expression but it did not reach significance

(Figure 1C).

In contrast to the mRNA expression, protein levels were signif-

icantly altered in hESCs treated with 1% PF or AMD3100 alone.

Endo PF increased EZH2 protein expression by 1.55-fold

(p = 0.0221) and H3K27me3 by 2.03-fold (p = 0.0011). When

hESCs were treated with 1 mM AMD3100 alone, expression of

both EZH2 and H3K27me3 showed a significant downregulation

when compared to both the control and endo PF alone-treated

cells. EZH2 levels were decreased to 0.22-fold (p < 0.0001 vs.

Figure 1. mRNA expression of CXCR4 axis and EZH2 in hESCs treated with PF and/or AMD3100

(A) Relative mRNA expression of genes detected in 1% PF alone-treated cells showed endo PF increasing EZH2 expression approximately by 2.77-fold, but not

significant. 1 mM AMD3100 treatment lowered the expression levels of all genes determined.

(B) 1% PF + 1 mM AMD3100-treated cells showed a decrease in mRNA expression of all three genes in the CXCR4 axis, with CXCR7 (p = 0.0196) decreasing

significantly.

(C) A relative lowering in mRNA expression of EZH2 was also observed in 1% PF + 1 mM AMD3100-treated cells. $ = significant p value compared to endo PF

alone.
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1% CS-FBS media and 0.0009 vs. endo PF) and H3K27me3 to

0.23-fold (p = 0.0207 vs. 1% CS-FBS media and <0.0001 vs.

endo PF) (Figure 2A). PF + 1 mM AMD3100 showed a significant

downregulation of EZH2when added in the presence of both 1%

control PF and endo PF (0.33-fold, p = 0.0001 for control PF, and

0.17-fold, p < 0.0001 for endo PF vs. 1% CS-FBS media).

H3K27me3 also showed significant downregulation of expres-

sion in both 1% control PF + 1 mM AMD3100 (0.11-fold,

p = 0.0297 vs. 1% CS-FBS media alone and <0.0001 vs. endo

PF alone) or endo PF + 1 mM AMD3100 (0.24-fold, p < 0.0001

vs. endo PF alone)-treated cells (Figure 2B).

CXCR4 inhibitor, AMD3100, increased cell proliferation
but decreased migration
The rates of proliferation of the hESCs treated with PF and/or

AMD3100 alone or in combination were measured using the

xCELLigence technology. At 48 h, hESCs treated with control

PF had a 141.5% increase in proliferation, and endo PF had a

142.4% increase when compared to hESCs grown in 1% CS-

FBS media alone (p < 0.0001 for both). At 96 h, proliferation in

hESCs treated with control PF was 126.5% and 128.1% for

endo PF-treated cells (p < 0.0001 for both) compared to un-

treated cells. Surprisingly, the addition of AMD3100 increased

proliferation in the presence of PF. At 48 h, cell proliferation

was increased to 190.3% for control PF + 1 mM AMD3100

(p < 0.0001) and 155.6% (p < 0.0001) for control PF + 2.5 mM

AMD3100. Similarly, the increase was 180.7% for endo PF +

1 mM AMD3100 (p < 0.001) and 188.6% (p < 0.0001) for endo

PF + 2.5 mM AMD3100 when compared to 1% CS-FBS media

alone. At 96 h, proliferation lowered but it remained higher than

150% for both treatments (p < 0.0001) at 48 h and 163.3%/

158.77% (p < 0.0001) for control PF and 136.2/154.97%

(p < 0.0001) for endo PF-treated cells at 96 h. AMD3100 alone

did not lower proliferation at 1 mM, but at 2.5 mM, AMD3100

decreased proliferation to 71.2% compared to media alone at

48 h and to 59.5% proliferation (p = 0.0107) at 96 h (Table S2A).

The rate of migration of hESCs also determined using xCELLi-

gence technology showed that the rate of migration increased to

147% and 180% by hour 6 when treated with control or endo PF

alone, respectively. These rates began to slowly decrease by

hour 12 but were still higher than the 1% CS-FBS media alone.

Contrary to its effects on proliferation, AMD3100 in the presence

of PFs decreasedmigration. While an initial increase was noticed

for treatments with AMD3100, by hour 6, all treatments were

below or around the same rate of the 1% CS-FBS media alone.

Both endo PF + 1 mMAMD3100 and endo PF + 2.5 mMAMD3100

decreased to 71.66% and 77.59% at hour 9, respectively,

compared to endo PF alone (p = 0.0080, 0.0202)-treated hESC

migration. By hour 12, both concentrations (1 and 2.5 mM

AMD3100) lowered migration to 65.56% and 67.63%

(p = 0.0232, 0.0315 compared to endo PF alone). The biggest

decrease in the rate of migration by hour 12 was observed in

control PF + 1 mM AMD3100 at 52% (p = 0.0016 compared to

endo PF alone) (Table S2B).

EZH2 inhibitor, GSK126, upregulated the PF-mediated
expression changes of the CXCR4 axis
To determine if the increased proliferating effects seen with endo

PF treatment were due to its activation of EZH2, the aforemen-

tioned experiments were repeated in the presence of an EZH2 in-

hibitor, GSK126. hESCs were treated with 1 or 2.5 mM GSK126

either alone (n = 3) or in combination with 1% PF (control

[n = 6] or endo [n = 7]). mRNA analysis revealed that when

GSK126was added to the cells alone, 2.5 mMGSK126 increased

the expression of CXCR4 and CXCR7, while slightly decreasing

the expression of EZH2 (Figure 3A). When GSK126 was added

in the presence of endo PF, the expression of both CXCR4 and

CXCR7 increased 4- and 5.15-fold, respectively, but these re-

sults were not statistically significant (Figure 3B). When the cells

were treated with PF and GSK126, EZH2 expression was

decreased for all treatments when compared to 1%CS-FBSme-

dia alone but none reached significance (Figure 3C).

When GSK126 was added to the hESCs alone, significant

downregulation of EZH2 protein expression was seen at both

concentrations compared to endo PF alone-treated cells

(p = 0.0009, 0.0053, respectively). Protein levels of H3K27me3

also showed a lower trend in expression (Figure 4A). However,

when hESCs were treated with either control or endo PF in the

presence of 1 or 2.5 mM GSK126, there was a decrease in the

protein levels of EZH2 in all treated cells when compared to

Figure 2. Protein expression of EZH2 and H3K27me3 in hESCs

treated with 1% PF and/or 1 mM AMD3100

(A) Densitometric analysis of EZH2 protein, as determined by whole-exome

sequencing (WES), showed a significant increase in 1% PF alone-treated cells

(1.55-fold, p = 0.0221, endo PF compared to 1% CS-FBS media), but a sig-

nificant decrease in 1 mM AMD3100 alone-treated cells (0.53-fold, p = 0.0221

compared to endo PF). H3K27me3 protein expression also significantly

increased by 2.03-fold (p = 0.0011) in endo PF as well as in 1 mM AMD3100

alone-treated cells (0.23-fold, p = 0.0207 vs. CS-FBSmedia and p < 0.0001 vs.

endo PF alone).

(B) EZH2 protein significantly decreased in hESCs treated with both control

PF + 1 mM AMD3100 (0.33-fold, p = 0.0001 vs. CS-FBS media and p < 0.0001

vs. endo PF alone) or endo PF + 1 mMAMD3100 (0.17-fold, p < 0.0001 vs. CS-

FBS media and endo PF alone)-treated hESCs. The expression of H3K27me

protein was also statistically decreased when compared to endo PF alone for

both control (0.11-fold) and endo PF (0.24-fold) + 1 mM AMD3100 (p < 0.0001)

and when compared to CS-FBS media alone for control PF + 1 mM AMD3100

(p = 0.0297). * = significant p value compared to CS-FBS media alone. $ =

significant p value compared to endo PF alone.
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1% CS-FBS media alone (Figure 4B). The greatest lowering in

EZH2 expression was seen in hESCs treated with endo PF +

2.5 mM GSK126 (0.33-fold, p = 0.0334) and control PF +

2.5 mM GSK126 (0.44-fold, p = 0.0307) when compared to 1%

CS-FBS media alone cells or compared to endo PF alone

(p < 0.0001). When GSK126was added to the hESCs in the pres-

ence of PF, expression of H3K27me3 was shown to be signifi-

cantly downregulated when compared to hESCs treated with

1 mM GSK126 alone. The biggest decrease was seen in cells

treated with control PF + 1 mM GSK126 (0.37-fold, p = 0.0297).

EZH2 inhibitor decreased proliferation but increased
migration of hESCs
GSK126 alone at 1 mM decreased hESC proliferation to 55.7%

(p = 0.0013) and at 2.5 mM to 38.9% (p < 0.001) compared to

1% CS-FBS media alone at 48 h. In the presence of PF,

GSK126 at 1 mM only slightly decreased proliferation (99.34%

for control PF + 1 mM GSK126 and 92.95% for endo PF + 1 mM

GSK126), but at 2.5 mM, GSK126 decreased proliferation to

75.7% for control PF + 2.5 mM GSK126 and to 88.01% for

endo PF + 2.5 mMGSK126, though neither reached significance.

However, at 96 h, GSK126 alone at 1 mM (46.45%, p < 0.0001) or

2.5 mM (38.89%, p < 0.0001) decreased proliferation even further

when compared to 1% CS-FBS media. In the presence of PF,

GSK126 significantly decreased proliferation at both concentra-

tions, to 76.3%, p = 0.0067 for control PF + 1 mMGSK126 and to

67.98%, p = 0.0002 for endo PF + 1 mMGSK126. In the presence

of control and endo PF, 2.5 mM GSK126 decreased proliferation

to 61.22% (p < 0.0001) and 71.62% (p = 0.0025), respectively

(Table S3A).

In contrast to its inhibitory effects on hESC proliferation,

GSK126 increased migration at both concentrations and was

higher when compared to 1% CS-FBS media alone treatment.

Control PF + 1 mM GSK126 and endo PF + 1 mM GSK126 were

significantly higher when compared to 1% CS-FBS media alone

with migration rate of 205.98% and 200.63% at 6 h, respectively

(p = 0.0075, 0.0161). Even at 12 h, the rate was 180% higher than

that of 1% CS-FBS media alone. At hour 3, endo PF + 2.5 mM

GSK126 was 242.93% higher compared to 1% CS-FBS media

alone (p < 0.0001) and remained significantly higher until hour

12 (Table S3B).

Combined inhibition of CXCR4 and EZH2 provided
optimal overall effects
To examine if the combination treatment with AMD3100 and

GSK126 would have a synergistic effect than each drug individ-

ually, hESCs were treated with a combination of 1 mM AMD3100

and 1 mMGSK126 alone (n = 3) or along with 1% control or endo

PF (n = 4/each). The expression of CXCR4 and CXCR7 was

slightly increased by the combination drug treatments when

compared to the 1 mM AMD3100 alone treatments when the

drugs were added without PF. This may be due to the addition

of GSK126 in the treatments. The expression of EZH2 decreased

further in the combination treatment than with AMD3100 alone

(Figure 5A). In the presence of PF, CXCR4 expression increased

by 1.8-fold when compared to media control in hESCs treated

Figure 3. mRNA expression of CXCR4 axis and EZH2 in hESCs treated with GSK126

(A) No significant changes in relative mRNA expression of the CXCR4 axis genes or EZH2 in hESCs treated with GSK126 alone were observed although a 2-fold

increase in CXCR4 was seen in the 2.5 mM GSK126 alone treatment.

(B) Over a 4-fold increase in both CXCR4 and CXCR7 expression was observed in hESCs treated with 1% endo PF + 2.5 mM GSK126 (p > 0.05).

(C) 1% PF + GSK126 lowered EZH2 expression, but this did not reach significance.
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with control PF + 1 mM AMD3100 + 1 mM GSK126, but CXCL12

expression decreased even more than with 1 mM AMD3100

treatment alone. In the presence of endo PF + 1 mM

AMD3100 + 1 mM GSK126, CXCL12 expression significantly

decreased (0.12-fold, p = 0.0385), compared to media alone

(Figure 5B). EZH2 expression decreased from 0.77-fold for

endo PF + 1 mM AMD3100 to 0.32-fold in the endo PF + 1 mM

AMD3100 + 1 mM GSK126 (p = 0.0076 vs. endo PF alone)

(Figure 5C).

Protein levels for EZH2 showed a significant downregulation

when 1 mM AMD3100 + 1 mM GSK126 alone was added to

hESCs when compared to both 1% CS-FBS media and endo

PF alone-treated cells (0.31-fold, p < 0.0001 for both). The

expression of EZH2 was shown to decrease even further when

the combination was added in the presence of control and

endo PF to 0.11- and 0.10-fold, respectively (p < 0.0001 for

both when compared to both CS-FBS media alone and endo

PF alone cells). The expression of H3K27me3 was also signifi-

cantly downregulated, control PF + 1 mM AMD3100 + 1 mM

GSK126 showed an expression of only 0.11-fold (p = 0.172 vs.

CS-FBS media and <0.0001 vs. endo PF), and endo PF + 1 mM

AMD3100 + 1 mM GSK126 was 0.24-fold (p = 0.0235 vs. CS-

FBS media and <0.0001 vs. endo PF) (Figures 5D and 5E).

Both proliferation and migration of hESCs decreased
with use of combination drug treatment
Using xCELLigence, we examined the effects that the combina-

tion of 1 mMAMD3100 + 1 mMGSK126 had on hESC proliferation

and migration. The combination drug treatment, when added

alone to the hESCs, decreased proliferation by 47.8% at 48 h

(p = 0.0046) and 39.8% at 96 h (p < 0.0001). However, when

the combination drugs were added in the presence of PF, the

cell proliferation initially increased at 48 h to 143.1%when added

with control PF and 133.6% when added with endo PF, but

neither was statistically significant. By 96 h, proliferation signifi-

cantly decreased in both control and endo PF + 1 mM

AMD3100 + 1 mM GSK126 to 69.6% (p = 0.0420) and 61.6%

(p = 0.0010), respectively (Table S4A).

The rate of migration also decreased with the combination of

the drugs, but not as low as 1 mM AMD3100 alone. 1 mM

AMD3100 + 1 mMGSK126 alone had the lowest rate of migration

and was statistically significant when compared to endo PF

alone beginning at hour 6 at 72.43% (p = 0.0088) and continually

decreased. By hour 12, the rate of migration was shown to be

57.71% (p = 0.0297 compared to endo PF alone). In the pres-

ence of PF, the migration was lower than 1% CS-FBS media

alone at 93.22% and 92.2%, respectively (Table S4B).

CXCR4 and EZH2 inhibitors had similar effects on Eu
tissue as that seen in hESCs
To more fully explain if the changes that were observed due to

the PF treatment on the CXCR4 axis and EZH2/H3K27me3 in pri-

mary hESCs would also occur in whole tissues, we performed

similar studies in eutopic endometrium (Eu tissue). Eutopic endo-

metrium consists of heterogeneous cell populations (stromal,

epithelial, and other vascular cells), similar to endometriotic le-

sions, rather than just stromal cells. Control and endo PF alone,

as well as varying concentrations of AMD3100 and GSK126, and

the combination of AMD3100 + GSK126 that was used in the

hESCs treatments were added to Eu tissues (n = 3 for all com-

pound alone treatments, n = 6 for PF + compound treatments).

When endo PF alone was added to the tissues, we noted an in-

crease in both EZH2 and CXCR4 expression by over 2-fold,

which correlated with what was observed in hESCs for EZH2

but was higher in expression forCXCR4. At almost all concentra-

tions of the drug treatments, it either slightly lowered or did not

change the mRNA expression compared to media alone-treated

Eu tissues. EZH2 was significantly decreased in the 5 mM

GSK126 alone treatment when compared to endo PF alone

(0.27-fold, p = 0.0467 vs. endo PF alone) (Figure 6A). 1 or

2.5 mM AMD3100 in the presence of PF lowered the mRNA

expression of the CXCR4-CXCL12-CXCR7. The largest de-

creases in expression were seen in CXCR7 with endo PF +

1 mM AMD3100 being lowered to 0.39-fold (p = 0.0208). The

only exception was CXCL12 in the endo PF + 2.5 mM

AMD3100 treatment, which showed a 1.16-fold increase in

expression, but this was not significant (Figure 6B). Expression

Figure 4. Protein expression of EZH2 and H3K27me3 in hESCs

treated with GSK126

(A) Densitometric analysis showed a significant decrease of EZH2 protein as

determined using WES, in hESCs treated with 1 or 2.5 mM GSK126 alone

compared to endo PF alone (p = 0.0009 and 0.0053, respectively). The protein

levels of H3K27me3 trended toward lower expression but did not reach sig-

nificance.

(B) Densitometric analysis of EZH2 protein in EOOF5 cells treated with 1%

PF + GSK126 showed a significant decrease in all treatments when compared

to endo PF alone (p < 0.0001). EZH2 protein was significantly decreased in 1%

control PF or endo PF+ 2.5 mM GSK126-treated hESCs (0.44-fold, p = 0.0307

and 0.33-fold, p = 0.0334, respectively). The protein expression of H3K27me3

was also significantly downregulated in all treatments of 1% PF + GSK126

compared to 1 mM GSK126 alone-treated hESCs. Both concentrations of

GSK126 added in the presence of endo PF showed a decrease of approxi-

mately half that of CS-FBSmedia alone hESCs (0.48-fold, p = 0.0271 and 0.51-

fold, p = 0.0430). * = significant p value compared to CS-FBS media alone.

$ = significant p value compared to endo PF alone. & = significant p value when

compared to 1 mM GSK126 alone.
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of EZH2 was shown to increase when 2.5 mM AMD3100 was

added in the presence of endo PF to 1.31-fold, but this was

not significant (Figure 6C).

Tissues treated with 1% endo PF and GSK126 showed a sig-

nificant increase in CXCR4 expression by over 5-fold at all three

concentrations (p = 0.0122, 0.0301, and 0.0143, at 3, 5, and 9 mM

GSK126, respectively). 1 mM GSK126 in the presence of 1%

endo PF also showed a 3.5-fold increase in expression of

CXCR4, but this was not statistically significant. For CXCL12

and CXCR7, a significant upregulation was seen in the endo

PF + 9 mM GSK126 treatments with a 3.84-fold increase for

CXCL12 (p = 0.0261 compared to tissue alone) and 3.67-fold

for CXCR7, which was shown to be statistically significant

when compared to both 1% CS-FBS alone and endo PF alone

(p = 0.0079 and 0.0089, respectively). Expression was also

increased for the 3 mMGSK126 + 1% endo PF, but these results

were not statistically significant. While upregulation was also

seen in Eu tissues treated with 1% control PF + GSK126, none

were shown to be statistically significant (Figure 6D). EZH2

expression was lowered at all concentrations of GSK126 added

in the presence of PF when compared to endo PF alone tissues

and was significantly downregulated for 1 and 5 mM GSK126

treatments in the presence of endo PF (p = 0.0070 and 0.0044,

respectively) (Figure 6E).

The combination of 1 mMAMD3100 + 1 mMGSK126 showed a

downregulation of the CXCR4-CXCL12-CRCR7 axis, with a

greater decrease in expression seen when drugs were added

in the presence of PF. Though it did not reach significance, all

treatments showed an expression less than the media alone-

treated tissue (Figure 6F). EZH2 expression showed little change

in expression in the PF + AMD3100 + GSK126 treatments (data

not shown).

Protein expression of EZH2 was significantly increased in

endo PF-treated Eu tissues compared to untreated Eu tissue

(2.19-fold, p = 0.0348) (Figure 7A). An increase in expression of

H3K27me3 was also noted in the endo PF-treated Eu tissues

Figure 5. mRNA and protein expression of CXCR4 axis and EZH2/H3K27me3 in hESCs treated with a combination of AMD3100 and GSK126

drugs

(A) Relative lowering of CXCR4 axis genes and EZH2 mRNA expression was seen in 1 mM AMD3100 + 1 mM GSK126 alone-treated hESCs (p > 0.05).

(B) While a slight increase in mRNA expression of the CXCR4 axis was seen when the combination drugs (1 mM AMD3100 + 1 mM GSK126) were added in the

presence of 1% control PF, it was lowered in the presence of 1% endo PF + 1 mM AMD3100 + 1 mM GSK126 with CXCL12 expression reaching significance.

(C) Relative mRNA expression of EZH2 was significantly decreased in the presence of 1% endo PF + 1 mM AMD3100 + 1 mM GSK126 (p = 0.0076 compared to

endo PF alone).

(D) Densitometric analysis of EZH2 in hESCs treated with 1 mM AMD3100 + 1 mMGSK126, as determined by WES, showed a significant decrease in expression

(0.31-fold) when compared to both the CS-FBSmedia and the 1%endo PF alone-treated cells (p < 0.0001 for both). H3K27me3 protein levels also decreased but

did not reach significance.

(E) A significant decrease in expression of EZH2 was also observed when the combination drugs were added in the presence of 1% control or endo PF (drugs +

control PF, 0.11-fold or drugs + endo PF, 0.10-fold, p < 0.0001 compared to both CS-FBS media and endo PF alone). Expression of H3K27me3 was also

significantly downregulated in both the control (0.11-fold) and endo (0.24-fold) PF treatments (p < 0.0001 when compared to endo PF alone for both and p =

0.0172 and 0.235, respectively vs. CS-FBS media alone). * = significant p value compared to CS-FBS media alone. $ = significant p value compared to endo PF

alone.
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correlating with what was previously seen in the endo PF-treated

hESCs. When 1 mM AMD3100 alone was added to the Eu tis-

sues, H3K27me3 showed a significant downregulation when

compared to endo PF alone-treated Eu tissues (0.61-fold,

p = 0.0231). Significant downregulation was also seen for

H3K27me3 for the 3 and 5 mM GSK126 alone-treated tissues

(0.46-fold, p = 0.0495 and 0.20-fold, p = 0.0109, respectively)

when compared to endo PF alone tissues. EZH2 also showed

a significant decrease in expression in the 1 and 5 mM GSK126

alone-treated tissues (0.71-fold, p = 0.0082 and 0.81-fold,

p = 0.0178, respectively) when compared to endo PF alone.

Protein expression of EZH2/H3K27me3 in Eu tissues treated

with PF + AMD3100 confirmed the results seen for the mRNA.

Both concentrations of AMD3100 (1 and 2.5 mM) added in the

presence of endo PF showed significant downregulation of

EZH2 to 0.18- and 0.20-fold when compared to 1% endo PF

alone-treated Eu tissues (p = 0.0016 and 0.0004). Expression

of H3K27me3was also significantly downregulated in the tissues

treated with endo PF + 1 mM AMD3100 compared to the 1%

endo PF alone-treated tissues (0.89-fold, p = 0.0037) as well

as when 2.5 mM AMD3100 was added in the presence of 1%

control or endo PF compared to 1% endo PF alone-treated tis-

sues (0.79-fold, p = 0.0238 and 0.67-fold, p = 0.0171, respec-

tively) (Figure 7B).

Eu tissues treated with all concentrations of GSK126 (1, 3, 5,

and 9 mM) in the presence of control or endo PF showed signif-

icant downregulation of EZH2 expression when compared to tis-

sue alone. Endo PF + 5 mM GSK126 showed a decrease in

expression at 0.54-fold (p < 0.0001), and 9 mM GSK126 showed

the highest decrease in expression at 0.47-fold (p = 0.0002). Tis-

sues treated with control PF + 1 or 5 mMGSK126 showed signif-

icant downregulation of H3K27me3 when compared to endo PF

alone (0.63-fold, p = 0.0273 and 0.68-fold, p = 0.0365)

(Figure 7C).

EZH2 expression was shown to be significantly decreased

when the combination drugs were added in the presence of

Figure 6. mRNA expression of CXCR4 axis genes and EZH2 in eutopic endometrium treated with PF and/or inhibitors
(A) mRNA expression results paralleled that was observed with similar treatments in hESCs. A statistically significant decrease in the expression of EZH2 in the

5 mM GSK126 alone-treated Eu tissues (0.27-fold, p = 0.0467 vs. endo PF alone tissues) was observed.

(B) mRNA expression of the CXCR4 axis showed a decrease in expression, with CXCR7 showing a significant decrease when 1 mM AMD3100 was added in the

presence of endo PF (0.39-fold, p = 0.0208).

(C) EZH2 mRNA expression increased in the endo PF + 2.5 mM AMD3100-treated Eu tissues, while all other treatments decreased its expression.

(D) mRNA expression of theCXCR4 axis showed a significant increase in expression when GSK126 was added in the presence of endo PF. CXCR4 increased by

over 5-fold at the 3, 5, and 9 mMGSK126 treatments (p = 0.0122, 0.0301, and 0.0143, respectively), whileCXCL12 and CXCR7 significantly increased at the 9 mM

GSK126 + PF-treated Eu tissues (3.84-fold, p = 0.0261 and 3.67-fold, p = 0.0079 vs. tissue alone and p = 0.0089 vs. endo PF alone-treated Eu tissue).

(E) mRNA expression of EZH2 showed a significant decrease when 1 or 5 mM GSK126 was added to the tissues in the presence of endo PF (p = 0.0070,

p = 0.0044).

(F) While no significant p values were noted, 1 mM AMD3100 + 1 mMGSK126 added in the presence of PF decreased the expression of all 3 genes of the CXCR4

axis compared to their expression seen in media alone-treated Eu tissues. * = significant p value compared to CS-FBS media alone. $ = significant p value

compared to endo PF alone.
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control PF (0.20-fold) or endo PF (0.40-fold) (p = 0.0004 and

0.0031 compared to endo PF alone). The expression of

H3K27me3 was also shown to be significantly downregulated

in the Eu tissues treated with endo PF + 1 mM AMD3100 +

1 mM GSK126 when compared to the Eu tissues treated with

endo PF alone (0.69-fold, p = 0.0029) (Figure 7D).

DISCUSSION

Endometriosis is an elusive, enigmatic disease withmultiple sug-

gested theories of its origin. One commonality among all these

theories is that inflammation plays a major role in its etiology. In-

flammatory molecules are shown to be highly upregulated in

endometriosis, especially in the PF.10,12,15,18,50–52 We recently

showed that the PF from women with endometriosis is also

able to induce epigenetic changes, specifically the expression

of the PRC2 complex and its catalytic subunit, EZH2.32 Though

other studies in the literature have also seen upregulation of

EZH2 in endometriosis,41,42,44,53 the mechanism(s) by which

these epigenetic pathways are modulated in endometriosis is

not currently known and was the focus of this study. Knowledge

of the underlying mechanisms will assist in validating the use of

epigenetic inhibitors in endometriosis. The present study

confirmed our previous results as the endo PF significantly

increased the protein expression of EZH2 in both primary human

endometrial stromal cells (hESCs, p = 0.0221) and eutopic

Figure 7. Protein expression of EZH2/H3k27me3 in eutopic endometrium treated with PF and/or inhibitors

(A) Densitometric analysis of the protein expression, as determined usingWES, when PF alone, inhibitors alone, or their combination were added to the Eu tissues

showed a significant increase in EZH2 (2.19-fold, p = 0.0348) in the endo PF treatments. H3K27me3 was also shown to increase but was not significant. 1 mM

AMD3100 treatment decreased H3K27me3 to 0.61-fold (p = 0.0231). While 1 and 5 mMGSK126 treatment downregulated EZH2 (0.71, p = 0.0082 and 0.81-fold,

p = 0.0178, respectively vs. endo PF alone-treated Eu tissues), a significant decrease in H3K27me3 proteinswas seen at 3 and 5 mMGSK126 treatment (0.46-fold,

p = 0.0109 and 0.20-fold, p = 0.0495 respectively, vs. endo PF alone-treated tissues).

(B) Densitometric analysis of EZH2 and H3K27me3 in Eu tissues treated with AMD3100 in the presence of PF showed a significant decrease when compared to

endo PF alone for both proteins in all treatments. The only exception was the H3K27me3 in the control PF + 1 mMAMD3100 addition, but the expression was still

below 1.

(C) Densitometric analysis of EZH2 and H3K27me3 in Eu tissues treated with GSK126 in the presence of PF showed a significant decrease in the expression of

EZH2 in all treatments when compared to the expression of endo PF alone Eu tissues, with all being <1. The expression of H3K27me3 significantly decreased at 1

and 5 mM GSK126 in the presence of control PF when compared to endo PF alone (0.79-fold, p = 0.0238 and 0.67-fold, p = 0.0171, respectively)-treated Eu

tissues. Additions of GSK126 at all concentrations in the presence of endoPF showed decreased expression of H3K27me3 aswell, but none reached significance

(p > 0.05).

(D) Densitometric analysis of EZH2 and H3K27me3 in Eu tissues treated with 1 mMAMD3100 + 1 mMGSK126 in the presence of PF showed significant decreases

in the expression of EZH2 when added in the presence of control PF (0.20-fold) and endo PF (0.40-fold) (p = 0.0004, 0.0031 vs. endo PF alone). H3K27me3

showed a significant decrease in expression of 0.69-fold when the combination was added in the presence of endo PF (p = 0.0029 vs. endo PF alone Eu tissues).

* = significant p value compared to CS-FBS media alone. $ = significant p value compared to endo PF alone.
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endometrium (Eu tissue, p = 0.0348). As EZH2 activates

H3K27me3, its expression was also significantly upregulated in

hESCs treated with endo PF (p = 0.0011).

One key inflammatory pathway that is shown to be upregu-

lated in endometriosis is the CXCR4 axis (CXCR4-CXCL12-

CXCR7), which can control migration, as well as invasion and

proliferation of ovarian cancer cells.54 Ruiz et al. showed that

the nuclear levels of CXCR4 are higher in ectopic lesions when

compared to proliferative endometrium from control subjects

and that this was even higher in the stromal compartment and

ovarian lesions. In an endometriotic cell line (12Z), a higher

expression of CXCR4 leads to an increase in proliferation

compared to control cells, but a higher expression of CXCL12

did not increase the proliferation rate.31 In the present study,

though the mRNA expression of CXCR4/CXCL12/CXCR7 did

not significantly increase in endo PF-treated cells, the expres-

sion of CXCR4 was increased over 2-fold in the endo PF-treated

eutopic tissues showing that PF can induce this axis and/or the

need for a heterogeneous cell population.

Due to initial evidence for its role in endometriotic lesion forma-

tion, it was suggested that targeting CXCR4 in women with

endometriosis might provide a new nonhormonal treatment.31

Another study used a bone marrow transplantation mouse

model and showed that CXCR4 and CXCR7 are highly ex-

pressed in the bone-marrow-derived cells engrafting endometri-

osis and that when either of those receptors was targeted, lesion

size was decreased compared to untreated controls.55 Since in

our studies, the PF alone treatment modulated the CXCR4

expression, we tested if the CXCR4 inhibitor, AMD3100, would

inhibit or reverse these PF-mediated effects in both hESCs and

eutopic endometrium (Eu tissues). We found that AMD3100 low-

ered the mRNA expression of CXCR4, CXCL12, andCXCR7 and

was able to decrease the expression of EZH2 and H3K27me3.

Contrary to our expectations, though AMD3100 decreased

CXCR4 expression, it increased the proliferation of hESCs in

the presence of endo PF while it lowered migration, but not

significantly. These results differed from the study by Pluchino

et al. where AMD3100 alone treatment had no significant effect

on the proliferation of endometrial cells.55 This suggests that fac-

tors in the PF are blocking the effects of AMD3100.

Since our recent study showed that endo PF can induce the

EZH2 pathway,32 we wanted to determine if blocking EZH2

would also block the CXCR4 axis and hence prevent PF influ-

ence on the CXCR4-mediated effects. To our surprise, we found

that GSK126, though inhibited themRNA and protein expression

of EZH2 and protein expression of H3K27me3, upregulated the

CXCR4 axis in the presence of PF in both the hESCs and Eu tis-

sues. Like AMD3100, GSK126 treatment also had dual effects on

the proliferation and migration of hESCs. Though not significant

from themedia alone-treated cells, GSK126 lowered the prolifer-

ation of hESCs. However, interestingly, GSK126 alone treatment

significantly increased the migration rate of hESCs, and this was

more pronounced in the presence of PF again suggesting that

the PF is modulating the GSK126 drug effects. Both control

and endo PF increased the proliferation and migration of hESCs

though at differing intensities. This similarity in responses be-

tween using the two types of PF may be related to the source

of the samples (patients having similar inflammatory molecules

in the PF, due to underlying clinical conditions). Our findings

correlated with other studies where GSK126 does decrease

the levels of EZH2/H3K27me3, as observed here, but it

increased the levels of CXCR4 and other inflammatory markers

due to increasing signaling through nuclear factor kB and genes

residing in PRC2-regulated chromatin.49,56

Due to the opposing influence that AMD3100 andGSK126 had

on the PF-mediated effects on theCXCR4 axis and EZH2, aswell

as on the proliferation andmigration of hESCs, we tested a com-

bination approach (1 mMAMD3100 + 1 mMGSK1216), by target-

ing both inflammation and epigenetics. Overall, this combination

approach resulted in a more positive outcome where the com-

bined use of these drugs in the presence of endo PF significantly

decreased the expression of all genes in the CXCR4 axis and the

protein expression of both EZH2 and H3K27me3. Additionally,

the combination of the drugs significantly lowered hESCs prolif-

eration, and while it initially increased migration, the rate fell

below the 1% CS-FBS media alone cells by hour 12.

Overall, our study showed that endo PF increased the expres-

sion of EZH2/H3K27me3 but did not increase the expression of

CXCR4 as much as expected. This might be attributed to the

presence of repressive marks for H3K27me3 on the CXCR4 pro-

moter thereby inhibiting its expression.49 The increase in expres-

sion of H3K27me3 in endo PF-treated hESCs and Eu tissue in-

hibited the CXCR4 expression in those same treatments. There

are no supporting studies in the literature on the CXCR4 inhibitor

AMD3100 effects on EZH2/H3K27me3 expression. However,

studies have shown that the use of AMD3100 decreased the

components of the PRC1 complex.57 It is known that during

PRC recruitment, methylation of H3K27me3 due to PRC2 can re-

cruit PRC1, which in turn facilitates the formation of heterochro-

matin and repression of genes.58 While the effects of AMD3100

have not been directly studied on the PRC2 complex, it may be

working through similar processes as that seen with PRC1, as

both PRC2 and PRC1 have similar functions of repressing

gene transcription. In our studies, it can only be speculated

that AMD3100 by inhibiting the CXCR4 axis lowers inflammation

in the PF, thereby lowering EZH2/H3K27me3 expression, as

observed here. Pluchino et al. showed that AMD3100 effects

on lowering endometrial lesions were probably due to blocking

bone-marrow-derived stem cell recruitment and not due to its

direct effects on endometrial cells.55 Additionally, with our

studies showing that AMD3100 increased the proliferation of

hESCs in the presence of PF, the use of this drug alone to reduce

lesions is cautioned.

The use of EZH2 inhibitor, GSK126 on the other hand

decreased the expression of H3K27me3, thereby releasing those

repressive histone marks on CXCR4, allowing for the full expres-

sion of CXCR4 as observed with endo PF treatment. This also

now allows CXCR4 to activate other inflammatory pathways in

the peritoneal cavity, thus releasing factors such as vascular

endothelial growth factor and matrix metalloproteinase-9, both

of which are upregulated and involved in the pathology of endo-

metriosis.59–63 Due to its ability to inhibit hESC proliferation, the

use of GSK126 to lower endometriotic lesions is tempting, but

its ability to increase the CXCR4 axis would not make it useful

as a drug targeting inflammation and pain in these women. While

the use of GSK126 as a treatment for endometriosis has begun to
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be examined in other laboratories, our findings serve as a caution

for its use as a solo drug.

Hence, the best alternative is the combination approach of tar-

geting both CXCR4 (AMD3100) and EZH2 (GSK126). By hitting

these mechanisms from both angles, we were able to restrict

both the inflammatory and epigenetic pathways and not result

in any cross-modulatory effects (graphical abstract). Our results

suggest that the interplay between inflammation and epigenetic

pathways in endometriosis is more complex than what is

currently known. Therapeutics that simultaneously target both

these pathways might be more optimal in endometriosis

treatment.

Limitations of the study
Only ex vivo studies were performed.
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tulli, P., Weill, B., Chapron, C., Dousset, B., and Batteux, F. (2014). Role of

the CXCL12-CXCR4 axis in the development of deep rectal endometriosis.

J. Reprod. Immunol. 103, 45–52. https://doi.org/10.1016/j.jri.2013.12.121.

28. Caspar, B., Cocchiara, P., Melet, A., Van Emelen, K., Van der Aa, A., Milli-

gan, G., and Herbeuval, J.P. (2022). CXCR4 as a novel target in immu-

nology: moving away from typical antagonists. Future Drug Discov. 4,

FDD77. https://doi.org/10.4155/fdd-2022-0007.

29. Leo, M., and Sabatino, L. (2022). Targeting CXCR4 and CD47 Receptors:

An Overview of New and Old Molecules for a Biological Personalized Anti-

cancer Therapy. Int. J. Mol. Sci. 23, 12499. https://doi.org/10.3390/

ijms232012499.

30. Hatse, S., Princen, K., Bridger, G., De Clercq, E., and Schols, D. (2002).

Chemokine receptor inhibition by AMD3100 is strictly confined to

CXCR4. FEBS Lett. 527, 255–262. https://doi.org/10.1016/s0014-

5793(02)03143-5.

31. Ruiz, A., Ruiz, L., Colón-Caraballo, M., Torres-Collazo, B.J., Monteiro,

J.B., Bayona, M., Fazleabas, A.T., and Flores, I. (2018). Pharmacological

blockage of the CXCR4-CXCL12 axis in endometriosis leads to contrast-

ing effects in proliferation, migration, and invasion. Biol. Reprod. 98, 4–14.

https://doi.org/10.1093/biolre/iox152.

32. Brunty, S., Ray Wright, K., Mitchell, B., and Santanam, N. (2021). Perito-

neal Modulators of EZH2-miR-155 Cross-Talk in Endometriosis. Int. J.

Mol. Sci. 22, 3492. https://doi.org/10.3390/ijms22073492.

33. Kadoch, C., Copeland, R.A., and Keilhack, H. (2016). PRC2 and SWI/SNF

Chromatin Remodeling Complexes in Health and Disease. Biochemistry

55, 1600–1614. https://doi.org/10.1021/acs.biochem.5b01191.

34. Chan, H.L., Beckedorff, F., Zhang, Y., Garcia-Huidobro, J., Jiang, H., Co-

laprico, A., Bilbao, D., Figueroa, M.E., LaCava, J., Shiekhattar, R., and

Morey, L. (2018). Polycomb complexes associate with enhancers and pro-

mote oncogenic transcriptional programs in cancer through multiple

mechanisms. Nat. Commun. 9, 3377. https://doi.org/10.1038/s41467-

018-05728-x.

35. Simon, J.A., and Lange, C.A. (2008). Roles of the EZH2 histone methyl-

transferase in cancer epigenetics. Mutat. Res. 647, 21–29. https://doi.

org/10.1016/j.mrfmmm.2008.07.010.

36. Kim, J., Lee, Y., Lu, X., Song, B., Fong, K.W., Cao, Q., Licht, J.D., Zhao,

J.C., and Yu, J. (2018). Polycomb- and Methylation-Independent Roles

of EZH2 as a Transcription Activator. Cell Rep. 25, 2808–2820.e4.

https://doi.org/10.1016/j.celrep.2018.11.035.

37. Kim, K.H., and Roberts, C.W.M. (2016). Targeting EZH2 in cancer. Nat.

Med. 22, 128–134. https://doi.org/10.1038/nm.4036.

38. Yamaguchi, H., and Hung, M.C. (2014). Regulation and Role of EZH2 in

Cancer. Cancer Res. Treat. 46, 209–222. https://doi.org/10.4143/crt.

2014.46.3.209.

39. Kondo, Y. (2014). Targeting histone methyltransferase EZH2 as cancer

treatment. J. Biochem. 156, 249–257. https://doi.org/10.1093/jb/mvu054.

40. Gulati, N., Béguelin, W., and Giulino-Roth, L. (2018). Enhancer of zeste ho-

molog 2 (EZH2) inhibitors. Leuk. Lymphoma 59, 1574–1585. https://doi.

org/10.1080/10428194.2018.1430795.

41. Colon-Caraballo, M., Torres-Reveron, A., Soto-Vargas, J.L., Young, S.L.,

Lessey, B., Mendoza, A., Urrutia, R., and Flores, I. (2018). Effects of his-

tone methyltransferase inhibition in endometriosis. Biol. Reprod. 99,

293–307. https://doi.org/10.1093/biolre/ioy030.

42. Zhang, Q., Dong, P., Liu, X., Sakuragi, N., and Guo, S.W. (2017). Enhancer

of Zeste homolog 2 (EZH2) induces epithelial-mesenchymal transition in

endometriosis. Sci. Rep. 7, 6804. https://doi.org/10.1038/s41598-017-

06920-7.

43. McCabe, M.T., Ott, H.M., Ganji, G., Korenchuk, S., Thompson, C., Van Al-

ler, G.S., Liu, Y., Graves, A.P., Della Pietra, A., Diaz, E., et al. (2012). EZH2

inhibition as a therapeutic strategy for lymphoma with EZH2-activating

mutations. Nature 492, 108–112. https://doi.org/10.1038/nature11606.

44. Seguinot-Tarafa, I., Luna, N., Suarez, E., Appleyard, C.B., and Flores, I.

(2020). Inhibition of Histone Methyltransferase EZH2 Suppresses Endo-

metriotic Vesicle Development in a Rat Model of Endometriosis. Reprod.

Sci. 27, 1812–1820. https://doi.org/10.1007/s43032-020-00257-9.

45. Liu, H., Liu, Y., Liu, W., Zhang, W., and Xu, J. (2015). EZH2-mediated loss

of miR-622 determines CXCR4 activation in hepatocellular carcinoma.

Nat. Commun. 6, 8494. https://doi.org/10.1038/ncomms9494.

46. Caron, G., Le Gallou, S., Lamy, T., Tarte, K., and Fest, T. (2009). CXCR4

expression functionally discriminates centroblasts versus centrocytes

within human germinal center B cells. J. Immunol. 182, 7595–7602.

https://doi.org/10.4049/jimmunol.0804272.

47. Brown, R.E., Zhang, S., and Wang, X.I. (2022). Morphoproteomics Iden-

tifies SIRT1, EZH2 and CXCR4 Pathways in Diffuse Large B-Cell Lym-

phoma: Therapeutic Implications. Ann. Clin. Lab. Sci. 52, 27–32.

48. Wang, B., Liu, Y., Liao, Z., Wu, H., Zhang, B., and Zhang, L. (2023). EZH2 in

hepatocellular carcinoma: progression, immunity, and potential targeting

therapies. Exp. Hematol. Oncol. 12, 52. https://doi.org/10.1186/s40164-

023-00405-2.

49. Krook, M.A., Hawkins, A.G., Patel, R.M., Lucas, D.R., Van Noord, R.,

Chugh, R., and Lawlor, E.R. (2016). A bivalent promoter contributes to

stress-induced plasticity of CXCR4 in Ewing sarcoma. Oncotarget 7,

61775–61788. https://doi.org/10.18632/oncotarget.11240.

iScience 28, 112143, April 18, 2025 11

iScience
Article

ll
OPEN ACCESS

https://doi.org/10.1080/1071576021000049908
http://refhub.elsevier.com/S2589-0042(25)00403-1/sref16
http://refhub.elsevier.com/S2589-0042(25)00403-1/sref16
http://refhub.elsevier.com/S2589-0042(25)00403-1/sref16
https://doi.org/10.1016/j.molmed.2018.07.004
https://doi.org/10.3892/mmr.2018.9137
https://doi.org/10.3390/diagnostics13050868
https://doi.org/10.3390/diagnostics13050868
http://refhub.elsevier.com/S2589-0042(25)00403-1/sref20
http://refhub.elsevier.com/S2589-0042(25)00403-1/sref20
http://refhub.elsevier.com/S2589-0042(25)00403-1/sref20
https://doi.org/10.3390/ijms21103515
https://doi.org/10.3390/ijms23031518
http://refhub.elsevier.com/S2589-0042(25)00403-1/sref23
http://refhub.elsevier.com/S2589-0042(25)00403-1/sref23
http://refhub.elsevier.com/S2589-0042(25)00403-1/sref23
https://doi.org/10.3389/fimmu.2020.02109
https://doi.org/10.1186/s12958-018-0333-2
https://doi.org/10.1186/s12958-018-0333-2
https://doi.org/10.3389/fphar.2020.574667
https://doi.org/10.1016/j.jri.2013.12.121
https://doi.org/10.4155/fdd-2022-0007
https://doi.org/10.3390/ijms232012499
https://doi.org/10.3390/ijms232012499
https://doi.org/10.1016/s0014-5793(02)03143-5
https://doi.org/10.1016/s0014-5793(02)03143-5
https://doi.org/10.1093/biolre/iox152
https://doi.org/10.3390/ijms22073492
https://doi.org/10.1021/acs.biochem.5b01191
https://doi.org/10.1038/s41467-018-05728-x
https://doi.org/10.1038/s41467-018-05728-x
https://doi.org/10.1016/j.mrfmmm.2008.07.010
https://doi.org/10.1016/j.mrfmmm.2008.07.010
https://doi.org/10.1016/j.celrep.2018.11.035
https://doi.org/10.1038/nm.4036
https://doi.org/10.4143/crt.2014.46.3.209
https://doi.org/10.4143/crt.2014.46.3.209
https://doi.org/10.1093/jb/mvu054
https://doi.org/10.1080/10428194.2018.1430795
https://doi.org/10.1080/10428194.2018.1430795
https://doi.org/10.1093/biolre/ioy030
https://doi.org/10.1038/s41598-017-06920-7
https://doi.org/10.1038/s41598-017-06920-7
https://doi.org/10.1038/nature11606
https://doi.org/10.1007/s43032-020-00257-9
https://doi.org/10.1038/ncomms9494
https://doi.org/10.4049/jimmunol.0804272
http://refhub.elsevier.com/S2589-0042(25)00403-1/sref47
http://refhub.elsevier.com/S2589-0042(25)00403-1/sref47
http://refhub.elsevier.com/S2589-0042(25)00403-1/sref47
https://doi.org/10.1186/s40164-023-00405-2
https://doi.org/10.1186/s40164-023-00405-2
https://doi.org/10.18632/oncotarget.11240


50. Donnez, J., Binda, M.M., Donnez, O., and Dolmans, M.M. (2016). Oxida-

tive stress in the pelvic cavity and its role in the pathogenesis of endome-

triosis. Fertil. Steril. 106, 1011–1017. https://doi.org/10.1016/j.fertnstert.

2016.07.1075.

51. Santanam, N., Murphy, A.A., and Parthasarathy, S. (2002). Macrophages,

oxidation, and endometriosis. Ann. N. Y. Acad. Sci. 955, 183–406. discus-

sion 119-200.

52. Wright, K.R., Mitchell, B., and Santanam, N. (2017). Redox regulation of

microRNAs in endometriosis-associated pain. Redox Biol. 12, 956–966.

https://doi.org/10.1016/j.redox.2017.04.037.

53. Colon-Caraballo, M., Soto-Vargas, J., Urrutia, R., and Flores, I. (2017). Dis-

secting the role of EZH2 and H3K27me3 in endometriosis. FASEB J.

31, 1051.

54. Guo, Q., Gao, B.L., Zhang, X.J., Liu, G.C., Xu, F., Fan, Q.Y., Zhang, S.J.,

Yang, B., and Wu, X.H. (2014). CXCL12-CXCR4 Axis Promotes Prolifera-

tion, Migration, Invasion, and Metastasis of Ovarian Cancer. Oncol. Res.

22, 247–258. https://doi.org/10.3727/096504015X14343704124430.

55. Pluchino, N., Mamillapalli, R., Shaikh, S., Habata, S., Tal, A., Gaye, M., and

Taylor, H.S. (2020). CXCR4 or CXCR7 antagonists treat endometriosis by

reducing bone marrow cell trafficking. J. Cell Mol. Med. 24, 2464–2474.

https://doi.org/10.1111/jcmm.14933.

56. Serresi, M., Siteur, B., Hulsman, D., Company, C., Schmitt, M.J., Lieftink,

C., Morris, B., Cesaroni, M., Proost, N., Beijersbergen, R.L., et al. (2018).

Ezh2 inhibition in Kras-driven lung cancer amplifies inflammation and

associated vulnerabilities. J. Exp. Med. 215, 3115–3135. https://doi.org/

10.1084/jem.20180801.

57. Kim, J., Lee, S.W., and Park, K. (2021). CXCR4 Regulates Temporal Differ-

entiation via PRC1 Complex in Organogenesis of Epithelial Glands. Int. J.

Mol. Sci. 22, 619. https://doi.org/10.3390/ijms22020619.

58. Laugesen, A., Højfeldt, J.W., and Helin, K. (2019). Molecular Mechanisms

Directing PRC2 Recruitment and H3K27 Methylation. Mol. Cell 74, 8–18.

https://doi.org/10.1016/j.molcel.2019.03.011.

59. Rein, D.T., Schmidt, T., Bauerschmitz, G., Hampl, M., Beyer, I.M., Paupoo,

A.A.V., Curiel, D.T., and Breidenbach, M. (2010). Treatment of endometri-

osis with a VEGF-targeted conditionally replicative adenovirus. Fertil.

Steril. 93, 2687–2694. https://doi.org/10.1016/j.fertnstert.2009.04.042.

60. McLaren, J., Prentice, A., Charnock-Jones, D.S., Millican, S.A., M€uller,

K.H., Sharkey, A.M., and Smith, S.K. (1996). Vascular endothelial growth

factor is produced by peritoneal fluid macrophages in endometriosis

and is regulated by ovarian steroids. J. Clin. Investig. 98, 482–489.

61. Otsuka, S., and Bebb, G. (2008). The CXCR4/SDF-1 chemokine receptor

axis: a new target therapeutic for non-small cell lung cancer. J. Thorac.

Oncol. 3, 1379–1383. https://doi.org/10.1097/JTO.0b013e31818dda9d.

62. Laird, S.M., Widdowson, R., El-Sheikhi, M., Hall, A.J., and Li, T.C. (2011).

Expression of CXCL12 and CXCR4 in human endometrium; effects of

CXCL12 on MMP production by human endometrial cells. Hum. Reprod.

26, 1144–1152. https://doi.org/10.1093/humrep/der043.

63. Wang, H.S., Tsai, C.L., Chang, P.Y., Chao, A., Wu, R.C., Chen, S.H.,

Wang, C.J., Yen, C.F., Lee, Y.S., and Wang, T.H. (2018). Positive associ-

ations between upregulated levels of stress-induced phosphoprotein 1

and matrix metalloproteinase-9 in endometriosis/adenomyosis. PLoS

One 13, e0190573. https://doi.org/10.1371/journal.pone.0190573.

64. Mishra, R.K., Shum, A.K., Platanias, L.C., Miller, R.J., and Schiltz, G.E.

(2016). Discovery and characterization of novel small-molecule CXCR4 re-

ceptor agonists and antagonists. Sci. Rep. 6, 30155. https://doi.org/10.

1038/srep30155.

65. Oki, S., Sone, K., Oda, K., Hamamoto, R., Ikemura, M., Maeda, D., Take-

uchi, M., Tanikawa, M., Mori-Uchino, M., Nagasaka, K., et al. (2017).

Oncogenic histone methyltransferase EZH2: A novel prognostic marker

with therapeutic potential in endometrial cancer. Oncotarget 8, 40402–

40411. https://doi.org/10.18632/oncotarget.16316.

66. Lowry, O.H., Rosebrough, N.J., Farr, A.L., and Randall, R.J. (1951). Protein

measurement with the Folin phenol reagent. J. Biol. Chem. 193, 265–275.

12 iScience 28, 112143, April 18, 2025

iScience
Article

ll
OPEN ACCESS

https://doi.org/10.1016/j.fertnstert.2016.07.1075
https://doi.org/10.1016/j.fertnstert.2016.07.1075
http://refhub.elsevier.com/S2589-0042(25)00403-1/sref51
http://refhub.elsevier.com/S2589-0042(25)00403-1/sref51
http://refhub.elsevier.com/S2589-0042(25)00403-1/sref51
https://doi.org/10.1016/j.redox.2017.04.037
http://refhub.elsevier.com/S2589-0042(25)00403-1/sref53
http://refhub.elsevier.com/S2589-0042(25)00403-1/sref53
http://refhub.elsevier.com/S2589-0042(25)00403-1/sref53
https://doi.org/10.3727/096504015X14343704124430
https://doi.org/10.1111/jcmm.14933
https://doi.org/10.1084/jem.20180801
https://doi.org/10.1084/jem.20180801
https://doi.org/10.3390/ijms22020619
https://doi.org/10.1016/j.molcel.2019.03.011
https://doi.org/10.1016/j.fertnstert.2009.04.042
http://refhub.elsevier.com/S2589-0042(25)00403-1/sref60
http://refhub.elsevier.com/S2589-0042(25)00403-1/sref60
http://refhub.elsevier.com/S2589-0042(25)00403-1/sref60
http://refhub.elsevier.com/S2589-0042(25)00403-1/sref60
http://refhub.elsevier.com/S2589-0042(25)00403-1/sref60
https://doi.org/10.1097/JTO.0b013e31818dda9d
https://doi.org/10.1093/humrep/der043
https://doi.org/10.1371/journal.pone.0190573
https://doi.org/10.1038/srep30155
https://doi.org/10.1038/srep30155
https://doi.org/10.18632/oncotarget.16316
http://refhub.elsevier.com/S2589-0042(25)00403-1/sref66
http://refhub.elsevier.com/S2589-0042(25)00403-1/sref66


STAR+METHODS

KEY RESOURCES TABLE

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Human subject participants
Women ages 18 to 60 years, undergoing tubal ligation or having non-endometriosis disorders (controls) or patients with endometri-

osis (‘‘endo’’, laparoscopically diagnosed followed by pathological confirmation and/or patients with symptoms) were recruited from

the Obstetrics-Gynecology clinic at Cabell Huntington Hospital, Joan C Edwards School of Medicine, Marshall University (Hunting-

ton, WV). This HIPAA compliant study was approved by the Institutional Review Board of the Marshall University School of Medicine

and was carried out per the principles of the Declaration of Helsinki. All patients were consented prior to the study. The inclusion

criteria included women ages 18–60 years old, with regular menstrual cycles who have not been on any hormonal medication for

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

EZH2 Cell Signaling 5426S; RRID: AB_10694683

H3K27me3 Cell Signaling 9733C: RRID: AB_2616029

b-actin Cell Signaling 4970S; RRID: AB_2223172

H3 Active Motif 39451; RRID: AB_2793242

Biological samples

Peritoneal Fluid OBGYN Dept at Cabell Huntington Hospital

Eutopic endometrium tissue OBGYN Dept at Cabell Huntington Hospital

Chemicals, peptides, and recombinant proteins

DMEM/F12 Gibco 11320033

FBS Gibco A5670701

Pen/Strep Gibco 15070063

Glutamine Gibco A2916801

GSK126 Cayman Chemical 1346574-57-9

AMD3100 155148-31-5 Sigma-Aldrich

HBSS HyClone SH 30268.02

TRI reagent Sigma-Aldrich T9424

Protease inhibitor cocktail Sigma-Aldrich P2714

SYBR Green Biorad 1725270

Critical commercial assays

iScript cDNA synthesis kit Biorad 1708890

E-plates Aglient 5469813001

CIM16 plates Aglient 5665825001

Experimental models: Cell lines

Primary stromal endometrial cells (hESCs) Emory University

Oligonucleotides

Primers for mRNA expression. See Table S1

Software and algorithms

Compass for WES software Protein Simple

Prism GraphPad Version 9.0.0

Other

xCELLigence Technology Agilent 05469759001

Bullet Blender homogenizer Next Advance BBX24

WES automated western blotting system Protein Simple 004-600
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at least one month before sample collection. Exclusion criteria included subjects with current medical illnesses such as systemic

lupus erythematosus or rheumatologic disease, positive HIV/AIDS, and active infection. Subjects were asked to stop multivitamins

that contain high levels of antioxidants and anti-inflammatory medications a month prior to sample collection.

All women completed a gynecologic/infertility history form, a pre-operative quality of life questionnaire, and an assessment of pain

using a visual analog scale for assessment of endometriosis-associated pain (dysmenorrhea, non-menstrual pelvic pain, dyspareu-

nia, and dyschezia) (adapted from the validated International Pelvic Pain Society’s Pelvic Assessment Form). The date of their last

menstrual period was used to assess their cycle time.

Of the 17 different endometrial PF samples that were used for this study, 8 were stage I/II and 4 were stage IV, for the remaining 5,

the stage was not indicated. PFwas used as individual samples and not pooled. Pathological confirmation for endo patients revealed

that most of the patients belonged to the peritoneal, uterine serosa, or ovarian pathology. Only 3 of the patients with endometriosis

indicated that they did not experience pain symptoms. PF (devoid of blood contamination) was collected on ice from all women dur-

ing laparoscopic surgery. PFwas spun at 2000 x g to remove any cellular debris. The supernatant was used immediately for studies or

stored in a �80�C freezer for future use. Twelve different (age and cycle-matched) control PF samples were used in this study; 5 of

them were collected from women who indicated that they did experience pain. All patients were undergoing laparoscopic hysterec-

tomy or tubal ligation of which 2 patients had an adhesion or fibroid, while, 3 others were noted for uterine serosa or adenomyosis

pathology but were not shown to be positive for endometriosis.

The eutopic endometrium (Eu tissue) was obtained from women without endometriosis undergoing a laparoscopic hysterectomy.

Five different tissue samples were used (3 fresh and 2 frozen). The excised tissues were either used immediately or placed in a�80�

freezer for future use.

Cell lines
Primary stromal endometrial cells (hESCs) (a gift from Emory University isolated from eutopic endometrium obtained from a 34-year-

old woman without endometriosis undergoing surgery for tubal ligation), were cultured in T75 flasks in complete media (DMEM/F12,

10% FBS, 1% Pen/Strep, 1% glutamine). hESCs were stained with vimentin to confirm that they were of stomal origin.

METHOD DETAILS

PF treatment of endometrial stromal cells and eutopic (endometrium) tissues
When hESCs were approximately 80% confluent, media was changed to a DMEM/F12 containing 1% charcoal-stripped FBS (1%

CS-FBSmedia) before being treated for 48 hours with either 1%PF fromwomen with (endo PF) or without (control PF) endometriosis

diluted in cell culture media (1 in 100), 1 or 2.5 mMGSK126, 1 mMAMD3100, or 1 mMAMD3100+1 mMGSK126 alone for 48 hours, or

1% control or endo PF for 24 hours before adding 1 or 2.5 mM GSK126, 1 mM AMD3100, or 1 mM AMD3100+1 mM GSK126 for an

additional 48 hours. Cells were collected for protein and RNA analysis at the end of the treatment time points. hESCs grown in

1% CS-FBS media alone were used as the media-alone group for data comparison. Concentrations of AMD3100 and GSK126

used in this study were taken from studies published studies64,65 as well asMTT assays performed in our laboratory (data not shown).

Eutopic endometrium (Eu tissue) from women without endometriosis (n=5) was washed twice using Hanks’ Balanced Salt Solution

(HBSS) prior to use. 50mg aliquots of Eu tissue were placed into each well of a 24-well plate. 500 mL of media (DMEM/F12, 10%FBS,

1% Pen/Step, 1% Glutamine) was added to each well and then placed in the 37�C incubator for 4 hours. After 4 hours, Eu tissues

were treated with 1% control or endo PF (n=6 each) alone, 1, 3, 5 or 9 mM GSK126 alone, or 1% PF plus 1, 3, 5 or 9 mM GSK126.

Another subset of tissues was treated with 1 or 2.5 mM AMD3100, or 1 mM AMD3100+ 1 mM GSK126 alone or in combination

with 1% PF (control or endo PF). For PF or drug(s) alone treatments, the compounds were added for 48 hours before collection.

For combination treatments, PF was added to the tissues for 48 hours before drug(s) were added for an additional 48 hours and

then collected. All treatments were performed in duplicates, with one set of treatments used for protein analysis and the other for

RNA isolation. Eu tissue treated with 1% CS-FBS media alone was used as the media-control for comparison.

Cell proliferation using xCELLigence
hESCs were used to test cell proliferation under various conditions using xCELLigence technology. This technology uses modified

16-well plates in which microelectrodes are attached at the bottom of the wells and cell impedance or cell index (CI) can be

measured. When more cells adhere to the bottom of the wells and divide, the CI measurement is higher. 5,000 hESCs per well

were plated in 100 mL of complete media and placed on the xCELLigence machine for 24 hours; readings were taken every hour.

After 24 hours, media was removed from all wells and 1% CS-FBS media was added before beginning various cell treatments.

Cell treatments included 1% control or endo PF alone (n=8 for control and n=7 for endo), 1 or 2.5 mM GSK126 or AMD3100 alone,

1%PF plus 1 or 2.5 mMGSK126 or AMD3100, or a combination of 1 mMAMD3100 and 1 mMGSK126 alone and in the presence of 1%

PF. Both compounds were added at the same time for the combination treatments. Once all treatments were added to appropriate

wells, the plates were left in the xCELLigence machine within a 37�C incubator, and continuous readings were taken every hour for a

total of 100 hours. All treatments were performed in triplicates and the CI averages were compared to 1% CS-FBS media treated

wells as a percentage of cell growth.
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Cell migration using xCELLigence
xCELLigence technology was also used to study how the migration potential of hESCs could change under various conditions. We

used 16-well CIM16 plates in which two different chambers were present. Electrodes attached to the bottom of the wells of the bot-

tom chambermeasure the number of cells that had passed from the top chamber to the bottom (migrated) providing a cell impedance

(CI) number. First, 160 mL of 1%CS-FBSmedia was added to each well of the bottom chamber making sure a meniscus had formed.

The top chamber was placed on top of the bottom chamber before adding 30 mL of 1% CS-FBS media to each well. Plates were

placed in the incubator for one hour before a background scan was taken. 20,000 hESCs per well were added to the top plate along

with various cell treatments, which were similar to the cell proliferation studies. Once hESCs and treatments were added, scans were

taken by the xCELLigence machine every 15 minutes for 48 hours. All treatments were performed in triplicate and the number of

hESCs that had passed between chambers (migrated hESCs) was compared to 1% CS-FBS media only wells and given as a

percentage.

mRNA isolation and expression
PF or drug-treated hESCswere suspended in TRI reagent and total RNAwas isolated following themanufacturer’s instructions. PF or

drug-treated Eu tissues were homogenized in TRI reagent using zirconium oxide beads in a Bullet Blender� homogenizer. The su-

pernatant was removed, and RNA was isolated following the manufacturer’s instructions. The quantity and quality of RNA were

measured using the NanoDrop 2000 spectrophotometer. cDNA synthesis from 1 mg RNA of each sample was performed using iScript

cDNA synthesis kit. mRNA expressionwas analyzed in the cDNA samples using the respective primers listed in Table S1 by the SYBR

Greenmethod. The mRNA levels of the respective genes in the treated hESCs or Eu tissues were determined using the Pfaffl method

considering the expression in the 1% CS-FBS media treated samples as 1.

Protein expression using automated western blotting (WES)
Protein lysates of the PF and drug-treated hESCs were suspended in RIPA buffer containing protease inhibitors. Eu tissues were ho-

mogenized using zirconium oxide beads in a Bullet Blender� homogenizer. Protein concentrations were determined using amodified

Lowry protocol.66 7 mg of protein from either cells or tissues was run on the automated western blotting system, WES. The primary

anti-rabbit antibodies for EZH2 (1:50), H3K27me3 (1:25), b-actin (1:100), and H3 (1:100) were used. HRP-conjugated rabbit second-

ary antibody provided in theWES kit was used.WES plates (12-250 kDa and 25 capillaries) were run using default settings and results

were analyzed using the Compass forWES software. The band area corresponding to themolecular weight of the protein being stud-

ied as detected by theCompass softwarewas used and expressed as their relative ratio to b-actin or H3. Results were expressed as a

ratio in which 1%CS-FBSmedia alone was considered 1. It is important to note that proteins determined using the automatedWest-

ern Blotting system, WES, have different observed molecular weights compared to traditional Western blotting, due to differences in

its technology.

QUANTIFICATION AND STATISTICAL ANALYSIS

Prism softwarewas used to perform statistics for all protein andmRNA analyses using one-way ANOVA. P-values less than 0.05were

considered significant.
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