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Increased Mitogen-Activated Protein Kinase Kinase/
Extracellularly Regulated Kinase Activity in Human
Endometrial Stromal Fibroblasts of Women with
Endometriosis Reduces 3’,5'-Cyclic Adenosine 5'-
Monophosphate Inhibition of Cyclin D1
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Endometriosis is characterized by endometrial tissue growth outside the uterus, due primarily to
survival, proliferation, and necangiogenesis of eutopic endometrial cells and fragments refluxed
into the peritoneal cavity during menses. Although various signaling molecules, including cAMP,
regulate endometrial proliferation, survival, and embryonic receptivity in endometrium of women
without endometriosis, the exact molecular signaling pathways in endometrium of women with
disease remain unclear. Given the persistence of a proliferative profile and differential expression
of genes associated with the MAPK signaling cascade in early secretory endometrium of women
with endometriosis, we hypothesized that ERK1/2 activity influences cAMP regulation of the cell
cycle. Here, we demonstrate that 8-Br-cAMP inhibits bromodeoxyuridine incorporation and cyclin
D1 (CCND1) expression in cultured human endometrial stromal fibroblasts (hESF) from women
without but not with endometriosis. Incubation with serum-containing or serum-free medium
resulted in higher phospho-ERK1/2 levels in hESF of women with vs. without disease, independent
of 8-Br-cAMP treatment. The MAPK kinase-1/2 inhibitor, U0126, fully restored cAMP down-regu-
lation of CCND1, but not cAMP up-regulation of IGFBP1, in hESF of women with vs. without
endometriosis. Immunohistochemistry demonstrated the highest phospho-ERK1/2 in the late-se-
cretory epithelial and stromal cells in women without disease, in contrast to intense immunostain-
ing in early-secretory epithelial and stromal cells in those with disease. These findings suggest that
increased activation of ERK1/2 in endometrial cells from women with endometriosis may be re-
sponsible for persistent proliferative changes in secretory-phase endometrium. (Endocrinology
150: 4701-4712, 2009)

ndometriosis is a benign gynecological disorder that
Eaffects 6-10% of reproductive-age women and up to
50% of women with infertility and pelvic pain (1). The
pathogenesis of endometriosis is believed to derive from
retrograde transplantation of fragments and cells of eu-
topic uterine endometrium shed into the peritoneal cavity
during menses (2). Attachment, growth, neoangiogenesis,
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and survival of these cells on the peritoneum, ovaries,
bowel, and other organs are attributed to intrinsic abnor-
malities of the shed eutopic endometrium, proinflamma-
tory environment of the ectopic sites, and compromised
immune clearance of the lesions (2). The fact that eutopic
endometrium differs at the molecular level in women with
vs. without endometriosis is now well established, as stud-

Abbreviations: BrdU, Bromodeoxyuridine; CCND1, cyclin D1; CS, charcoal-stripped;
DMSO, dimethylsulfoxide; ERRFI1, ERBB receptor feedback inhibitor 1; ES, early secretory;
FBS, fetal bovine serum; GEF, guanine-nucleotide exchange factor; hESF, human endo-
metrial stromal fibroblast; HRP, horseradish peroxidase; IGFBP1, IGF-binding protein 1; LS,
late secretory; MEK, MAPK and ERK kinase 1/2; MS, midsecretory; PE, proliferative;
PERK1/2, phospho-ERK1/2; PI3K, phosphatidylinositol 3-kinase; PKA, protein kinase A;

RPL19, ribosomal protein L19.
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ies from our group and others have demonstrated incom-

7" lete transitioning of the endometrium from proliferative

- {estrogen-dominant) to secretory [progesterone and pro-
tein kinase A (PKA)-dominant] phases, a phenotype of
enhanced cellular survival, and attenuation of progester-
one-induced down-regulation of DNA synthesis and
cellular mitosis, compared with women without disease
(3-8). Because successful embryo implantation requires
proper timing and synchrony between the developing
embryo and endometrium and involves sequential en-
dometrial cell proliferation and differentiation (9, 10),
persistence of the proliferative phenotype in secretory
endometrium of women with endometriosis may con-
tribute, in part, to the observed infertility associated
with this disorder.

Cell proliferation and differentiation (decidualization)
of human endometrial stromal fibroblasts are regulated by
various factors, including cAMP and progesterone (11—
13). cAMP predominantly signals through PKA, but it
may also bind to cyclic-nucleotide-gated ion channels and
guanine-nucleotide exchange factors (GEFs), e.g. repres-
sor/activator protein GEF 3 [RapGEF3, also referred as
exchange protein activated by cAMP (EPAC1)], to regu-
late downstream targets (14). cAMP inhibits proliferation
‘n several cell lines by repressing cyclin D1 (CCND1) ex-
- .pression (15, 16). Although CCND1 is critical for early
checkpointregulation atthe G1 phase of the cell cycle (17),
and its down-regulation is essential for cAMP inhibition of
cell-cycle progression (18), the mechanism involved in
cAMP regulation of CCND1 is still largely unknown.

In addition to cAMP, MAPK has also been shown to
play a crucial role in regulating cell proliferation (19).
Indeed, persistent activation of the MAPK ERK1/2 (also
referred as p42/p44) is required to pass G1 phase restric-
tion of the cell cycle by transcriptionally up-regulating
CCND1 expression (20-23). Interestingly, our previous
results demonstrated that eutopic endometrium of women
with endometriosis has decreased expression of genes as-
sociated with inactivation of MAPK signaling cascades
relative to women without disease (3). Some of these genes
include ERBB receptor feedback inhibitor 1 (ERRFI1)
(also referred as MIG-6/RALT/Gene33), which is a neg-
ative regulator of MAPK signaling, and regulators of G
protein signaling 1 (RGS1), which is an activator of GT-
Pases that rapidly switches off G protein-coupled receptor
signaling pathways.

Given that expression of cell cycle genes persists in se-
cretory endometrium of women with endometriosis and
f)xpression of MAPK-associated genes is dysregulated in
eutopic endometrial tissue of women with vs. without dis-
ease, we hypothesized that ERK1/2/MAPK activity may
influence cAMP regulation of the cell cycle gene CCND1
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in human endometrial stromal fibroblasts (hESF) of
women with endometriosis. Herein, we show increased
ERK1/2 activity in vivo and in vitro and inhibitory actions
of ERK1/2 activity on cAMP down-regulation of CCND1
expression in endometrial stromal cells from women with
vs. without endometriosis.

Materials and Methods

Human endometrial samples

Human eutopic endometrial tissue samples were obtained
from 24- to 50-yr-old women undergoing endometrial biopsy or
hysterectomy for diagnosis or treatment of pelvic pain, fibroids,
prolapse, and/or endometriosis (Table 1). Presence or absence of
endometriosis was confirmed by laparoscopic visualization and
histological analysis of peritoneal lesions. Staging of endometri-
osis was defined according to the revised American Fertility So-
ciety classification system (24), All patients did not use hormonal
medication within 3 months before surgery. Samples were ob-
tained through the University of California, San Francisco, Na-
tional Institutes of Health Human Endometrial Tissue and DNA
Bank with appropriate institutional review, approvals, and writ-
ten informed consent from all participating subjects, as approved
by the University of California San Francisco Committee on Hu-
man Research and the Stanford University Committee on the Use
of Human Subjects in Research. Endometrial samples were pro-
cessed for immunohistochemistry or cell culture experiments.

hESF isolation and culture

hESF from control (n = 10) and endometriosis (n = 12) sub-
jects were isolated by digesting endometrial tissue samples with
collagenase, followed by filtration, as previously described (25,
26). Isolated hESF were then cultured in growth medium [phenol
red-free medium of 3:1 high-glucose DMEM/MCDB-105, 0.676
mM sodium pyruvate, 10% charcoal-stripped (CS) fetal bovine
serum (FBS), 1% antibiotic-antimycotic mix, 50 pg/ml genta-
mycin, and § ug/ml insulin], up to three to seven passages. Me-
dium was replaced every 2-3 d. This method produces 99% pure
stromal fibroblasts (26, 27). For RT-PCR and Western blot ex-
periments, confluent cells were serum starved for 24 h in serum-
free medium (3:1 high-glucose DMEM/MCDB-105, 0.75 mm
sodium pyruvate, S0 pg/ml gentamycin, 50 pg/ml ascorbic acid,
10 pg/ml apo-transferrin) before treatment or collection. For
cAMP experiments, serum-starved cells were treated with vehi-
cle [dimethylsulfoxide (DMSO); Sigma-Aldrich, St. Louis, MO],
1-10 uMm of the PKA inhibitor H89, or 10 um of the ERK1/2
inhibitor U0126 (Calbiochem, San Diego, CA) for 30 min in 2%
CS-FBS-containing medium, according to the doses previously
described (28). Treatment with 10 pM H89 resulted in a high
percentage of cell death (detachment of cells from plate), whereas
treatment of H89 at 1 or 5 uM did not result in visible morpho-
logical changes in hESF. Hence, experiments herein used 1 or 5
pm H89. After addition of inhibitors, cells were treated with or
without 0.5 mm 8-bromoadenosine cAMP (Sigma-Aldrich) for
96 h, optimal conditions for decidualization, previously deter-
mined (26). Samples without any treatment were collected at d
0 to serve as time-0 controls. Culture media with inhibitors and
cAMP were refreshed every 48 h. All sample treatments were
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. TABLE 1. Subject characteristics

Cell culture Immunohistochemistry
Sample ID Diagnosis Sample ID Cycle phase Diagnosis
298 No endo (P) 441 PE No endo (Fb, M)
316 No endo (P, A, Fb) 426 PE No endo (Dm, Dp, M)
229 No endo (PP) 539 PE No endo (Fb)
236 No endo (POP) 588 PE Endo, stage If
275 No endo (Fb) 634 PE Endo, stage I
277 No endo (Fb) 697 PE Endo, stage IV
285 No endo (Fb) 114 PE Endo, stage IV
293 No endo (Fb) 123 PE Endo, stage IV
326 No endo (Fb)
310 No endo (Fb, Ec) 650 ES No endo (Fb, M)
456 ES No endo (Fb, Dm, Mm)
233 Endo, stage Il 458 ES No endo (M)
272 Endo, stage -V (A) 680 ES No endo (UVP)
242 Endo, stage -l 24 ES No endo (M)
243 Endo, stage lI-Il (A, Fb) 607 ES Endo, stage IV
279 Endo, stage II-IV 599 ES Endo, stage IV
288 Endo, stage IV 591 ES Endo, stage |
307 Endo, stage IV 625 ES Endo, unstaged
314 Endo, stage IV 471 ES Endo, stage I~V
375 Endo, stage IV 127 ES Endo, stage IV
381 Endo, stage IV
271. Endo, stage IV (A) 626 MS No endo (Cc, Ro)
305 Endo, stage IV (Fb) 465 MS No endo (Fb)
665 MS No endo (Fb, M, PP, A)
635 MS Endo, stage Il
546 MS Endo, stage Il (A)
; 37 MS Endo, stage Ill
> 526 MS Endo, stage llIHV (A)
462 LS No endo (SUI)
614 LS No endo (UVP)
648 LS No endo (Fb, SUI)
576 LS No endo (POC)

A, Adenomyosis; Cc, cystocele; Dm, dysmenorrhea; Dp, dysparenuria; Ec, enterocele; Endo, endometriosis; Fb, uterine fibroids; M, menorrhagia;
Mm, menometrorrhagia; No endo, without endometriosis; P, polyp; POC, paratubal ovarian cyst; POP, pelvic organ prolapse; PP, pelvic pain; Re,
rectocele; SUI, stress urinary incontinence; UVP, uterovaginal prolapse.

annealing at 60 C (IGFBP1, RPL19) or 59 C (cyclin D1) for 45
sec, and extension at 72 C for 60 sec. Absence of primer dimers
was routinely determined by performing a cycle of denaturation
at 95 C for 1 min and 35 cycles of increasing temperature (1 C)
from 65 C to 97 C for 33 sec at the end of each run. Relative
expression was computed using (1+EFF)™, where the effi-
ciency (EFF) of the cDNA standards is from 90-110%. Samples
were assayed in duplicate. Relative gene expression was normal-
ized with RPL19 (as the internal reference) and time-zero con-
trols within each group. Fold changes were calculated relative to
the average expression of untreated hESF (no endometriosis,
control) for respective time periods.

done in independent experiments to ensure reproducibility of
results.

Quantitative RT-PCR

Total RNA was isolated from cultured hESF using the
RNeasy Plus Mini Kit following the manufacturer’s protocol
(QIAGEN, Valencia, CA). Total RNA was quantified by UV
spectrophotometry and analyzed for integrity with the Agilent
2100 Bioanalyzer {Agilent Biotechnologies, Palo Alto, CA).
RNA samples were reverse transcribed using random primers
and the iScript RT reagents following the manufacturer’s pro-
tocol (Bio-Rad Laboratories, Hercules, CA). mRNA levels
were determined by real-time quantitative RT-PCR using the

Mx 3005 Pro (Stratagene, La Jolla, CA). The primer sets (0.3  Western blot

R JfGKGCC%”HHd 5'-GCCCATCTTTGATGAGCTTC-3'. cDNA

uM) were as follows: 1) CCND1, §’-GTGGGTGTGCAAGC-
CAGGT-3"and §'-TTCCTGTCCT ACTACCGCCT-3';2) IGF-
binding protein 1 (IGFBP1), 5'-CTATGATGGCTC GAAG-
GCTC-3" and §'-TTCTTGTTGCAGTTTGGCAG-3'; and 3)
ribosomal protein L19 (RPL19), 5'-GCAGATAATGGGAG-

samples (1 g RNA in 160 ul RT solution) were amplified by iQ
SYBR Supermix (Bio-Rad): 1) DNA polymerase activation at 95
C for 15 min and 2) 40 cycles of denaturation at 95 C for 15 sec,

Cell lysates were isolated using RIPA lysis buffer as previously
described (25). Protein quantity in the cell lysates was evaluated
by the Bradford protein assay following the manufacturer’s in-
structions (Bio-Rad). Twenty micrograms of total protein lysates
were loaded onto 4-20% SDS-polyacrylamide gels, transferred
to nitrocellulose membranes (Whatman), and blocked with $%
nonfat dry milk in Tris-buffered saline/0.1%Tween solution as
previously described (25). After blocking, membranes were in-
cubated with 1:1000 mouse monoclonal antihuman phospho-
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ERK1/2 (pERK1/2) antibodies (Santa Cruz Biotechnologies,

,~~Santa Cruz, CA), rabbit antihuman ERK1/2 (Santa Cruz), or

soat antihuman actin (Santa Cruz) at room temperature for 2 h
or incubated with 1:500 rabbit antihuman cyclin D1 (Santa
Cruz) at 4 C overnight. After washes of Tris-buffered saline/
0.1%Tween solution, membranes were incubated with 1:1000
horseradish peroxidase (HHRP)-conjugated sheep antimouse (GE
Health Care, Buckinghamshire, UK), HRP-conjugated donkey
antirabbit (Amersham Pharmacia Biotech, Inc., Piscataway, NJ),
or HRP-conjugated rabbit antigoat (Santa Cruz) antibodies at
room temperature for 1 h. Bound antibodies were detected by
ECL plus Western blotting detection system (Amersham Phar-
macia Biotech) and exposed to x-ray films (GE Health Care).
Western blots were scanned by HP Scanjet 5590 and quantified
by Image J.

Bromodeoxyuridine (BrdU) incorporation assay

Cultured hESF were plated at 5 X 10% cells per well in 96-well
plates and serum starved for 24 h before incubation with or
without cAMP for 96 h. Cells were incubated with BrdU for the
last 18 h. Cell proliferation was measured by the BrdU incorpo-
ration assay, according to the manufacturer’s instructions
(Roche Diagnostics GmbH, Mannheim, Germany), using a 96~
well plate reader at 450 nm wavelength (Bio-Rad).

ELISA

Conditioned media were collected after incubation with cul-
tured hESF and treated as described above. Samples were then
-subjected to ELISA to quantify IGFBP1 secretion following the
hanufacturer’s instructions (Diagnostic Systems Laboratories,
Webster, TX). Individual samples were assayed in duplicate, and
a standard curve was generated in each experiment. IGFBP1
production by hESF was normalized to total RNA simulta-
neously collected from the same hESF sample. Inter- and intraas-
say coefficients of variation for the IGFBP1 ELISA were 5.0~7.4

and 2.4-3.4%, respectively.

Immunohistochemistry

Full-thickness human endometrial tissues from control (n =
14) and endometriosis (n = 16) subjects during proliferative
(PE), early secretory (ES), midsecretory (MS), and late secretory
(LS) phases of the menstrual cycle (Table 1) were fixed in 10%
buffered formalin and embedded in paraffin. Samples were then
cut into 4-um sections and mounted onto glass slides. Sections
were deparaffinized in xylene (Sigma-Aldrich), rehydrated in de-
creasing concentrations of ethanol, quenched with enzyme block
(Dako, Carpinteria, CA), and blocked with 3% BSA/0.1%
Tween solution. For pERK1/2 staining, slides were sequentially
incubated with 1) 1 pg/ml mouse antihuman pERK1/2-Tyr,,
(Santa Cruz) or preimmunized IgG, 4 (negative control; Sigma-
Aldrich) at room temperature for 1 h, 2) 10 pg/ml biotinylated
horse antimouse IgG (Vector Laboratories, Inc., Burlingame,
CA) at room temperature for 30 min, and 3) § pg/ml streptavi-
din-HRP conjugate at room temperature for 10 min, with PBS
washes between steps. All slides were then stained with, 3,3'-
diaminobenzidine (Vector Laboratories), counterstained with
“ematoxylin, dehydrated with increasing concentrations of eth-

—.__anol, and mounted with Permount solution (Sigma-Aldrich) for

examination under the DMS5000B microscope (Leica Microsys-
tems, Ltd., Wetzlar, Germany). Immunopositive cells (intense
brown stain) and a total of approximately 500 stromal and 300
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epithelial cells were counted on average from four randomly
selected fields (X200 magnification) per slide and expressed as
percent positive staining (number of immunopositive cells/total
number of cells X 100).

Data analysis

Data are presented as least square means * SEM and were
subjected to statistical analysis using Student’s # test, Mann-
Whitney U test, Kruskal-Wallis ANOVA, or two-way ANOVA
with (nonparametric) or without (parametric) ranks as indicated
in each figure legend. Differences between means in Kruskal-
Wallis ANOVA and two-way ANOVA were further analyzed by
Dunn’s multiple comparison test and Bonferroni post hoc test,
respectively. P < 0.05 were considered statistically significant.

Results

c¢AMP regulation of cell proliferation

hESF from women without endometriosis

Previously, our microarray analysis of cAMP-treated
hESF (n = 2) (13) demonstrated down-regulation of sev-
eral cell cycle-associated genes, including cyclin B and E2.
To confirm and explore the inhibitory action of cAMP on
proliferation of nonendometriotic hESF, we isolated and
cultured hESF from women without endometriosis. Be-
cause induction of CCND1 is the rate-limiting step in cell
proliferation that is essential for G1 progression (29), we
evaluated CCND1 expression in hESF of women without
endometriosis before and after cAMP treatment, As a re-
sult, cCAMP significantly reduced CCND1 protein levels by
about 63% in hESF (Fig. 1A) and inhibited CCND1
mRNA expression by about 74% (Fig. 1B). This phenom-
enon was observed even up to seven passages and does not
seem to be dependent on the menstrual cycle stage when
the cells were isolated (data not shown), consistent with
responses in earlier observations (26).

hESF from women with endometriosis

To determine whether persistent iz vivo expression of
cell cycle-related genes in eutopic endometrium of women
with vs. without endometriosis during ES phase (3) occurs
in vitro, we compared cAMP-dependent regulation of
CCND1 in hESF of women with relative to without en-
dometriosis. Although cAMP significantly inhibited
CCND1 mRNA levels in hESF of women without endo-
metriosis, cAMP did not completely down-regulate
CCND1 mRNA levels in hESF of women with disease (Fig.
1B), suggesting an attenuated response to cAMP in hESF
of women with endometriosis.

BrdU incorporation
To confirm whether dysregulation of CCND1 mRNA
expression is associated with abnormal cell proliferation
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FIG. 1. cAMP regulation of CCND1 expression in endometrial stromal
fibroblasts from women without vs. with endometriosis. A,
Endometrial stromal fibroblasts from patients without (no endo, gray
bars, n = 4) endometriosis were treated with vehicle (Ctrl) or 0.5 mm
8-bromo-cAMP (cAMP) for 4 d in 2% serum-containing medium, and
CCND1 protein expression was analyzed by Western blot. B,
Endometrial stromal fibroblasts from patients without (n = 6) or with
(endo, white bars, n = 6) endometriosis were treated as above, and
CCND1 mRNA expression was analyzed by quantitative RT-PCR. All
values were normalized by RPL19 for total actin and mRNA expression
for protein levels. C, Endometrial stromal fibroblasts from patients
without (n = 5) or with (n = 4) endometriosis were treated as above,
and cell proliferation was analyzed by BrdU incorporation. Bar graphs
(least square means = sem) represent fold changes relative to control
(Ctrl, no endo, without cAMP). Means with asterisks and same letters
indicate significant differences at P < 0.05 by Student’s t test and two-
way ANOVA followed by Bonferroni post hoc test, respectively.

in hESF of women with endometriosis, cell proliferation
was measured by BrdU incorporation. Although cAMP
significantly inhibits cell proliferation in hESF of women
without disease, this significant difference waslost in hESF
of women with endometriosis (Fig. 1C), consistent with
the attenuated regulation of CCND1 expression by cAMP
in hESF of women with disease. The data further support
the abnormal phenotype observed in the proliferative-
to-secretory transition in women with vs. without
endometriosis.

Inhibition of PKA by H89
To determine whether cAMP regulation of CCND1

- )fgene,expression,,,occurs,through PKA, hESF were treated

with varying doses of the PKA inhibitor H89. Inhibition of
PKA by H89 at 1 and 5 uMm (higher levels were toxic to
cells) did not affect basal mRNA expression of CCND1 in

endo.endojournals.org 4705

hESF of women without endometriosis (Fig. 2A). Treat-
ment with cAMP significantly inhibited CCND1 mRNA
expression in hESF of women without disease, but H89
additionat1and 5 um (higher levels were toxic to cells) did
not significantly reverse cAMP action on CCND1 mRNA
expression (Fig. 2A). Likewise, H89 did not influence
CCND1 transcript levels in hESF of women with endo-
metriosis, in the presence or absence of cAMP treatment
(Fig. 2A, right). Treatment with cAMP increased mRNA
expression of the decidualization marker, IGFBP1, in
hESF of women without endometriosis to a greater extent
than those of women with disease (Fig. 2B), consistent
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FIG. 2. Inhibition of PKA by H89 in endometrial stromal fibroblasts
from women without vs. with endometriosis. A and B, Endometrial
stromal fibroblasts from patients without (no endo, gray bars, n = 6)
or with (endo, white bars, n = 6) endometriosis were treated with
DMSO vehicle (no inh), 1 um H89, or 5 um H89 for 30 min in 2%
serum-containing medium, followed by addition of vehicle (Ctrl) or 0.5
mm cAMP for 4 d. Treatments and medium were refreshed every 2 d.
CCND1 (A) and IGFBP1 (B) mRNA expression were analyzed by
quantitative RT-PCR. All values were normalized by RPL19. Bar graphs
(least square means = sem) represent fold changes relative to control
(no inh/no endo). Means with same letters indicate significant
differences within treatments at P < 0.05 using two-way ANOVA by
ranks, followed by Bonferroni post hoc test. Means with asterisks
indicate significant differences in endo vs. corresponding no endo
treatment at P < 0.05 using Mann-Whitney U test.
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with previous reports (26, 30). Interestingly, H89 at 5 um

“utnot at 1 uM significantly reversed cAMP induction of
({GFBP1, which is a known cAMP/PKA target gene, in

hESF of women without endometriosis (Fig. 2B), demon-
strating the efficacy of H89 to block PKA in these cells.
HS89 failed to further inhibit the comparably lower cAMP
induction of IGFBP1 mRNA expression in hESF of women
with vs. without endometriosis (Fig. 2B), further confirm-
ing reduced cAMP/PKA action in these cells.

PERK1/2 levels in hESF from women with or
without endometriosis

Cyclin D1 induction has frequently been associated
with ERK1/2 activation (31). To explore the ERK1/2 sig-
naling in hESF from women with endometriosis, we first
evaluated the levels of pERK1/2 in hESF of women with-
out and with endometriosis. Incubation of hESF with 2%
serum-containing medium for up to 2 d resulted in de-
creased levels of pERK1/2/total ERK1/2 ratio in hESF of
women without but not with endometriosis (Fig. 3A).
Treatment with cAMP for 2 d did not affect pERK1/2/total
ERK1/2 ratio in hESF of women without or with endo-
metriosis, and pERK levels remained higher in hESF of
women with relative to without endometriosis (Fig. 3, B
and C). Because serum contains several growth factors
‘hat may affect pERK1/2 levels in cell lysates, confluent
hESF were serum starved for 24 h and then cultured in
serum-free medium. This resulted in an even greater dif-
ference in pERK1/2 levels (approximately 3-fold greater)
between hESF of women without endometriosis vs. with
endometriosis (Fig. 3, D and E). Expression of total
ERK1/2 and actin in hESF remained the same, indepen-
dent of disease or no disease (Fig. 3, D and F).

Previously, our microarray analysis indicated lower in
vivo expression of ERRFI1, a negative regulator of MAPK
signaling, in eutopic endometrium of women with mod-
erate/severe endometriosis, compared with those without
disease during the ES phase of the menstrual cycle (3).
Interestingly, increased pERK1/2 in cultured hESF was
also accompanied by decreased mRNA expression of
ERRFI1 (Fig. 3G), suggesting a correlation between in-
creased pERK1/2 levels and diminished ERRFI1 expres-
sion in the pathophysiology of endometriosis.

Contribution of pERK1/2 to hESF response to
cAMP

ERK1/2 is phosphorylated through a three-component
kinase module in which Raf activates MAPK and ERK

) "ﬁ,\(inase,1/27(MEK),,,and,MEK activates ERK (32). To de-

termine the consequence of persistently high pERK1/2 lev-
els in cAMP regulation of CCND1, we treated hESF with
the MEK1/2 inhibitor U0126. Treatment with U0126 re-
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sulted in comparably diminished pERK1/2/ERK1/2 ratio
levels in hESF, and this was independent of disease state
(data not shown). cAMP, but not U0126, decreased
CCND1 expression in hESF of women without endome-
triosis, and individual treatments of cAMP and U0126 did
not affect CCND1 expression in hESF of women with
endometriosis (Fig. 4A). Remarkably, whereas addition of
U0126 did not further affect cAMP-dependent down-reg-
ulation of CCND1 in hESF of women without endome-
triosis, U0126 successfully rescued the insensitivity of
cAMP down-regulation of CCND1 expression in hESF of
women with endometriosis (Fig. 4A), demonstrating an
inhibitory effect of MEK1/2/ERK1/2 on cAMP-mediated
inhibition of CCND1 in the setting of endometriosis.

Because inhibition of proliferation in hESF by cAMP is
accompanied by stromal differentiation (decidualization)
(13), we evaluated the contribution of ERK1/2 signaling to
cAMP-mediated stromal differentiation, using IGFBP1 as
a decidualization marker. There is significant interaction
between cAMP treatments and U0126 addition with re-
gard to IGFBP1 expression in hESF of women without
endometriosis (P = 0.04), but this interaction is lost in
hESF of women with endometriosis (P = 0.10). Treatment
of hESF with cAMP, but not with vehicle or U0126, in-
creased IGFBP1 mRNA expression in hESF of women
without endometriosis to a greater extent than those of
women with disease (Fig. 4B). Addition of U0126 further
increased cAMP-induced IGFBP1 mRNA expression in
hESF of women without endometriosis, but it failed to
rescue the blunted IGFBP1 mRNA expression in hESF of
women with endometriosis (Fig. 4B). This suggests that
inhibition of cAMP action by MEK1/2/ERK1/2 activity
may be gene specific, because MEK1/2/ERK1/2 inhibits
cAMP regulation of CCND1 but not IGFBP1 mRNA ex-
pression in hESF of women with endometriosis. The gene-
specific inhibitory action of MEK1/2/ERK1/2 on cAMP
transcriptional activity is consistent with the seemingly
distinct mechanism involved in the regulation of CCND1
and IGFBP1 expression by cAMP (Fig. 2, A and B). More-
over, similar trends, albeit less significant, in IGFBP1
mRNA regulation by cAMP and U0126 were observed on
the protein level, when secreted IGFBP1 was measured in
conditioned medium from hESF of women with or with-
out endometriosis (Fig. 4C).

pPERK1/2 in human eutopic endometrium

To determine whether increased pERK1/2 in endome-
triosis occurs in vivo, as observed in vitro, we analyzed
pERK1/2 immunostaining in eutopic endometrium of
women with vs. without endometriosis. We selected ran-
dom fields to include pERK staining in both the functio-
nalis and basalis layer to have sufficient number of cells
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FIG. 3. ERK phosphorylation in endometrial stromal fibroblasts incubated with 2% serum-
containing or serum-free medium. A, Endometrial stromal fibroblasts from patients without (no
endo, gray bars, n = 6) or with (endo, white bars, n = 6) endometriosis were incubated in 2%
serum-containing medium for 0 min, 10 min, 1 h, or 2 d without refreshing the medium (A),
treated with vehicle (Ctrl) or 0.5 mm 8-bromo-cAMP (cAMP) in 2% serum-containing medium for
2 d without refreshing the medium (B and C), or incubated in serum-free containing medium for
24 h (D). Cell lysates were analyzed for Tyr,q,-phosphorylated ERK (pERK) and total ERK by
Western blot. Values for pERK (C and E) and total ERK (F) were normalized by total ERK and total
actin protein, respectively. Representative blots (A, B, and D) and graphical representations (C, E,
and F) are shown as least square means = sem and presented as fold change relative to control
(Ctrl, no endo). Means with asterisks and same letters indicate significant differences at P < 0.05
using Student’s t test and two-way ANOVA followed by Bonferroni post hoc test, respectively. G,
Endometrial stromal fibroblasts from patients without (no endo, n = 6) or with (endo, n = 6)
endometriosis were-incubated.-in-serum-free medium for 24 h. ERRFIT mRNA expression was
analyzed by quantitative RT-PCR. Values were normalized by RPL19 gene. Bar graphs (least square
means = sem) represent fold changes relative to control (no endo). Means with asterisks indicate
significant differences at P < 0.05 by Student's t test.

endo.endojournals.org 4707

for quantification. In human uterine
tissues, endometrial stromal cells of
women without endometriosis had
the highest pERK1/2 expression at LS
and lowest expressions at PE, ES, and
MS phases (Fig. 5, A and B). In con-
trast, stromal fibroblasts of women
with endometriosis had the highest
pERK1/2 expression at ES and lowest
expression at PE phase. Stromal fibro-
blasts of women with endometriosis
had relatively higher pERK1/2 ex-
pression in ES phase and have a nu-
merically higher trend, although not
significant, of pERK1/2 at MS phase
than those of women without endo-
metriosis (Fig. 5, A and B). Endome-
trial epithelial cells of women without
endometriosis had comparable pERK1/2
expression throughout the menstrual
cycle, whereas epithelial cells of women
with endometriosis had significantly in-
creased pERK1/2 expression at ES after
the low expression at PE phase (Fig. 5,
A and C). Epithelial cells of women with
endometriosis demonstrated signifi-
cantly higher pERK1/2 expression in
the ES phase than those of women with-
out disease (Fig. S, A and C). Because
hysterectomies are rarely performed in
the LS phase of the menstrual cycle, we
were unable to obtain a sufficient num-
ber of samples to analyze pERK1/2 ex-
pression in endometrium of women
with endometriosis in the LS phase.

Discussion

The present study describes the poten-
tial role of MEK1/2/ERK1/2 signaling
in the pathophysiology of endometrio-
sis. We show for the first time that 1)
hESF from women with endometriosis
have high in vivo and in vitro levels of
pERK1/2 relative to women without
disease, resulting in impaired cAMP
regulation of CCND1 mRNA in endo-~
metriosis, 2) increased pERK1/2 in
hESF of women with endometriosis is
accompanied by diminished expression
of the endogenous MAPK inhibitor
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FIG. 4. Contribution of MEK/ERK to cAMP regulation of CCND 1
and IGFBP1 expression in cultured endometrial stromal fibroblasts.
A-C, Endometrial stromal fibroblasts from patients without (no
endo, gray bars, n = 9) or with (endo, white bars, n = 7)
endometriosis were treated with DMSO (vehicle, no inh) or 10 um
U0126 for 30 min in 2% serum-containing medium, followed by
addition of vehicle (Ctrl) or 0.5 mm 8-bromo-cAMP for 4 d.
Treatments and medium were refreshed every 2 d. CCND1 (A) and
IGFBP1 (B) mRNA expression was analyzed by quantitative RT-PCR,
and values were normalized to the RPL19 gene. C, IGFBP1 protein
secretion was analyzed by ELISA, and values were normalized to
total RNA. All bar graphs (least square means =+ sem) represent fold
changes relative to control (Ctrl, no endo and no treatment). Means
with same letters indicate significant differences within treatments
it P < 0.05 using two-way ANOVA by ranks, followed by

~ .--Bonferroni post hoc test. Means with asterisks indicate significant

differences in endo vs. corresponding no endo treatment at P <
0.05 using Mann-Whitney U test.
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ERRFI1, and 3) regulation of cAMP-mediated transcrip-
tional activity by MEK1/2/ERK1/2 signaling differs de-
pending on the target gene (CCND1 or IGFBP1). Overall,
we demonstrate the consequential effects of elevated
pERK1/2 levels on cAMP action in eutopic endometrium
of women with endometriosis, which lays the foundation
to understand the interplay between MEK1/2/ERK1/2
and cAMP signaling in the pathophysiology of this
disorder.

Association of MAPK activity with the pathogenesis of
endometriosis was first described in ectopic lesions, where
higher levels of phospho-p38 MAPK were observed, rel-
ative to eutopic endometrium of the same patients (33). A
more recent study also demonstrated up-regulation of
pERK1/2 MAPK and Src homology 2 domain-containing
transforming protein 1 (SHC1) in ectopic endometrium of
women with ovarian endometriosis relative to eutopic en-
dometrium of women without disease (34). Up-regulation
of MAPK subfamilies are thought to play important roles
in regulating growth and maintenance of ectopic endo-
metrial tissues by influencing expression and function of
various cytokines. Activation of MEK1/2/ERK1/2 is nec-
essary for TNFa-induced IL-6 expression and IL-18-in-
duced COX-2 expression, and activation of p38, c-jun
N-terminal kinase (JNK), and ERK1/2 are important for
IL-1B-induced IL-8 secretion in ectopic endometriotic
stromal fibroblasts (33, 35, 36). Moreover, inhibition of
p38 by FR167653 in an endometriosis mouse model suc-
cessfully reduced the size of endometriotic lesions, without
affecting the number of lesions, uterine weight, or body
weight (37). Although several studies on MAPK and en-
dometriosis have focused on ectopic sites, the present
study demonstrated that pERK1/2 is also up-regulated
in eutopic endometrium of women with endometriosis.
Interestingly, a more recent paper has identified similar in-
creased pERK1/2 levels in eutopic endometrium of women
with endometriosis (38). Although there are some varia-
tions in their findings and ours, i.e. increased pERK1/2 in
eutopic endometrial glandular epithelial cells of women
with endometriosis at early-mid PE phase but not at
ES-MS phase, they also observed increased pERK1/2 lev-
els in eutopic endometrial stromal cells of women with
endometriosis in the ES phase. Consistency in these ob-
servations underscores the potential involvement of in-
creased stromal pERK in the pathophysiology of endo-
metriosis. Indeed, our data demonstrate that increased
MEK1/2/ERK1/2 activity influences cAMP signaling
within the eutopic endometrial stromal cells of women
with endometriosis. To our knowledge, this paper pro--
vides the first indication of the inhibitory role of MEK1/
2/ERK1/2 on cAMP-mediated transcriptional activity in
human endometrial stromal fibroblasts.
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FIG. 5. Immunohlstochemlstry for ERK phosphorylatlon in eutopic endometrium of women with or without endometriosis. A, Representative
photomicrographs of immunostaining for Tyr,e,-phosphorylated ERK (pERK) (brown) in paraffin sections of human endometrium from women
without (no endo, white bars) vs. with {(endo, gray bars) endometriosis during different phases of the menstrual.cycle. Panels are shown at X200
magnification. B and C, Graphical representation of pERK staining in stromal cells (B) and epithelial cells (C) is shown as least square means + sem
and presented as percent pERK-positive cells.” Means with same fetters indicate significant differences across the menstrual cycle at P < 0.05 using
Kruskal-Wallis ANOVA, followed by Dunn's multiple comparison test. Means with asterisks indicate significant differences in endo vs.
corresponding no endo treatment at P < 0.05 using Mann-Whitney U test. For PE phase, no endon = 3 and endo n = 5; for ES, no endo n = 5

and endo n

Murk et al. (38) further demonstrated that estrogen
induces pERK1/2 levels within 10 min in hESF of women
with but not without endometriosis. Here, we demon-
strated persistently high pERK1/2 levels in hESF of women
with vs. without endometriosis even in the absence of es-
trogen after 2 d incubation with 2% CS-serum-containing
medium or after 24 h incubation with serum-free medium
after 10% CS-serum-containing medium (phenol red-
free). The reason for the increased pERK level in hESF of
women with vs. without endometriosis in these estrogen-
free culture conditions is not clear. It is tempting to spec-
ulate that preincubation or incubation with serum may
contribute to persistence of pERK in hESF of women with
endometriosis. Further investigation is required to under-
stand the role of estrogen and other serum factors in reg-

The ability of H89 to sxgmﬁcantly attenuate cCAMP ac-
tivation of IGFBP1 but not inhibition of CCND1 expres-
sion suggests that cAMP transcriptional activity may in-

= 6; for MS, no endo n = 3 and endo n = 4); for LS, no endo n = 4. EP, Epithelial cells; ST, stromal cells.

volve distinct molecular mechanisms depending on gene
targets: IGFBP1 regulation predominantly through PKA
signaling and CCND1 regulation involving an essential
alternative pathway. Confirmation of the exact signaling
pathways of IGFBP1 and CCND1 regulation by cAMP is
currently under investigation in our laboratory. The com-
plexity of cAMP signaling has also been described in cell
cycle regulation. cAMP can positively or negatively regu-
late G1 phase progression depending on cell type (39, 40).
Here, we demonstrate that cAMP can inhibit CCND1 ex-
pression in hESF that allows repression of cell cycle pro-
gression. Inhibition of cell cycle genes by cAMP requires
repression of MEK1/2/ERK1/2 in several cell types, e.g.
H-Ras-mutated C643 cells (41-43). However, the present
study demonstrates an inhibitory action of CAAMP on the

cell cycle gene CCNDI1 in hESF without affecting

pERK1/2 levels, similar to other cell types, e.g. B-Raf-
mutated cell lines (B-CPAP and 8505C cells) (41, 44 -46).
Although cAMP inhibition of cell cycle genes in hESF does
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not appear to be through pERK down-regulation, our

/ 'h?resem data show that higher expression of pPERK in hESF

- -of women with vs. without endometriosis can negatively
influence cAMP regulation of CCND1.

Activation of K-Ras, which is an upstream regulator of
the Raf/MEK1/2/ERK1/2 module, in the ovarian surface
epithelium of a transgenic mouse results in benign epithe-

~ lial lesions, reminiscent of the epithelial component of
endometriosis (47). However, the lack of association
between the common variants of K-Ras and risk of en-
dometriosis (48) suggests that persistent activation or re-
duced inhibition of the Ras/MEK/ERK pathway in endo-
metriosis may involve an unknown mechanism other than
mutation of the K-ras gene. Here, we showed that persis-
tently elevated pERK1/2 levels in hESF of women with vs.
without endometriosis were accompanied by reduction in
expression of the MAPK inhibitor ERRFI1. Overexpres-
sion of ERRFI1 has previously been shown to inactivate
ERK1/2 in the NIH3T3 fibroblast cell line without affect-
inginitial activation of ERK1/2 (49). Moreover, the ability
of ERRFI1 to inhibit ERK1/2 activity is consistent with the
endometrial hyperplasia phenotype observed in the uterus
of ERRFI1-null mice (50). It is tempting to speculate that
persistently high levels of pERK1/2 in hESF of women
with endometriosis may be in part a consequence of de-
éreased ERRFI1 expression. Future studies on ERRFI1
and pERK in endometriosis may provide important new
approaches in alleviating the negative contribution of
pERK on cAMP signaling in endometriosis.

Mouse models of endometriosis demonstrate that
transplantation of normal mouse endometrium in an ec-
topic location leads to gene expression changes (decreased
HOXA10 and IGFBP1) in eutopic endometrium, sugges-
tive of a weakly receptive endometrium (51). This suggests
that systemic factors produced by ectopic endometrium in
endometriosis lead to abnormalities in eutopic endome-
trium, characterized by aberrant hormonal response and
reduced embryo receptivity. Our present and earlier data
demonstrate that in vitro cultured hESF from women with
vs. without endometriosis still retain an abnormal re-
sponse to cAMP and persistent elevation of pERK1/2 lev-
els, even up to several passages (26). Ability of eutopic
hESF from women with endometriosis to remember its
impaired endometrial response has also been observed by
others (30, 52), suggesting that the possible retention of
defect in these cells may be a consequence of aberrant gene
imprinting. Indeed, hypermethylation of implantation-as-
sociated genes, e.g. Hoxa10 and PR-B, has been observed

\ )zn eutopic endometrium of a mouse model for endome-

" triosis (51, 53), whereas hypomethylation of steroido-
genic factor 1 (SF-1) and ERB genes were reported in
ectopic vs. eutopic endometrium from women with endo-
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metriosis (54, 55). Whether the impaired cAMP response
and elevated levels of pERK in eutopic endometrium of
women with endometriosis are associated with hyper-
methylation of MAPK-associated genes warrants further
investigation.

We previously demonstrated that simultaneous activa-
tion of MEK 1/2/ERK1/2 and PI3K/AKT pathways by high
doses of insulin (1 ng/ml) inhibits estrogen/progesterone-
induced IGFBP1 expression in normal hESF and that si-
multaneous inhibition of both pathways is necessary to
fully restore IGFBP1 expression in these cells (56). Our
current data demonstrated that exclusive inhibition of
MEK1/2/ERK1/2 activity by the U0126 compound is suf-
ficient to elevate cAMP-induced IGFBP1 mRNA expres-
sion in insulin-free cultures of normal (nonendometriosis)
hESF but not endometriosis hESF. Dominance of MEK1/
2/ERK1/2 action on regulating cAMP-induced IGFBP1
expression in insulin-free normal hESF may be due to ab-
sence of AKT/phosphatidylinositol 3-kinase (PI3K} activ-
ity in these cells. Indeed, cAMP inhibits AKT/PI3K activity
in normal hESF (57) without influencing the low basal
level of pERK1/2 (current data). Interestingly, although
higher expression of pERK1/2 is consistent with lower
IGFBP1 expression in hESF of women with vs. without
endometriosis, inhibition of pERK1/2 by itself is not suf-
ficient to restore cAMP-induced IGFBP1 mRNA expres-
sion in endometriosis hESF. It is tempting to speculate that
cAMP-treated hESF of women with endometriosis may
also have persistently high levels of phospho-AKT and
that simultaneous inhibition of MAPK and AKT is nec-
essary to restore cAMP-induced IGFBP1 mRNA expres-
sion in these cells. Future studies on the contribution of
AKT/PI3K and MEK1/2/ERK1/2 activity on regulation of
IGFBP1 mRNA level by cAMP are currently underway in
our laboratory.

In conclusion, our data demonstrate the inhibitory role
of MEK1/2/ERK1/2 on cAMP-dependent cell cycle regu-
lation in the pathophysiology of endometriosis. Whether
elevated pERK1/2 levels in eutopic endometrial stromal
cells are a consequence or a precursor of endometriosis is
uncertain and requires future studies. Identification of
pathways involved in the pathophysiology of endometri-
osis underscores potential targets for therapeutics to in-
hibit progression and potentially minimize pain and in-
fertility associated with this disorder.
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