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Objective: To study the specific mechanisms through which progesterone and selective progesterone receptor modulators impact the
growth, synthesis, and accumulation of the extracellular matrix in uterine leiomyomas.

Design: Laboratory study.

Setting: Academic Research Institutions.

Patients (s): This study involved reproductive-age women diagnosed with infertility associated uterine leiomyomas who underwent
myomectomy either after selective progesterone receptor modulator ulipristal acetate (UA) treatment or without any
pharmacological pretreatment. Control samples included healthy myometrium tissue (n = 100). Specimens were obtained from the
Department of Reproduction and Gynecological Endocrinology and Biobank, Medical University of Bialystok, Poland.

Interventions: Daily (5 mg/d) UA treated for 2 months (n = 100) and untreated (n = 150) patients with uterine leiomyomas or normal
healthy myometrium (n = 100) tissue samples immediately after surgery were collected for transcriptional analysis and assessments.
Main Outcome Measures: Progesterone-induced activation of the signaling pathways related to uterine leiomyomas extracellular ma-
trix synthesis, deposition, and growth, as well as the expression profile of progesterone receptors in uterine leiomyomas, were assessed.
Results: The results indicated that progesterone activated the transforming growth factor-3 and SMAD3 signaling pathways and pro-
moted proliferation, growth, and extracellular matrix remodeling in uterine leiomyomas by up-regulating SMAD3, transforming
growth factor-@ (TGF-() receptor type 1 and II, Ras homolog A, vascular endothelial growth factor, or increasing the fibrosis-
related gene collagen, type I, a-1, and procollagen, type I, a-1 production. In contrast, UA had inhibitory effects on these processes.
The study also showed that both nuclear and membrane progesterone receptors play distinct roles in uterine leiomyoma pathobiology.
Conclusions: We showed that both nuclear and membrane progesterone receptors were relevant in the treatment of uterine leiomyo-
mas, especially when combined with selective progesterone receptor modulators. Novel therapeutic approaches combining selective
progesterone receptor modulators with or without direct and indirect extracellular matrix targeting through selected specifically
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TGF-8 and SMAD3 (SMAD3, TGF- receptor types 1 and I, Ras homolog A, vascular endothelial growth factor, collagen, type I, a-1)
signaling pathways could therefore be a treatment option for uterine leiomyomas. (Fertil Steril® 2024;122:341-51. ©2024 by American

Society for Reproductive Medicine.)
El resumen esta disponible en Espaiiol al final del articulo.
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tumors in reproductive-age women, with a range of

occurrence from 217-3,745 cases per 100 000 women
per year, and they are a major indication for hysterectomy
(1, 2). Uterine leiomyomas may negatively affect embryo im-
plantation in the uterus and increase the risk of miscarriage
(3, 4) or cause heavy menstrual bleeding, anemia, and pelvic
pain, thus decreasing the quality of life of women (2). Somatic
mutations are thought to underlie the primary cause of ULs
(5). Uterine leiomyomas’ development and growth are highly
dependent on ovarian steroid hormones, growth factors, and
cytokines (5), which further influence smooth muscle cell pro-
liferation, followed by excessive production of extracellular
matrix (ECM) (5). Although estrogen has long been considered
the most important initiating factor, recent research indicates
that progesterone (P4) plays a key role in UL growth and
development (6), as suggested by the increased expression
of nuclear progesterone receptors (PRs) in ULs (7). Progester-
one may also play a role in the epigenetic changes that lead to
mutations in normal uterine muscle cells (3). There is still a
data gap in the characterization and profiling of all the PRs
in ULs.

Transforming growth factor @ (TGF-(3) regulates the
expression of genes involved in tissue remodeling and ECM
regulation (8). Up-regulated TGF-@ signaling in ULs has
been suggested as a mechanism for the development of their
fibrotic phenotype (9). It has also been shown that P4 up-
regulates TGF-g8 expression in ULs (10). The TGF-£ signaling
complex is usually composed of the canonical SMAD 2, 3, and
4 transcription factor-dependent pathway or noncanonical
pathway activating the small Ras homolog GTPase Ras homo-
log family member A (RhoA) (8). Ras homolog family member
A may induce the growth of ULs via interactions with cyto-
skeleton proteins (11). Transforming growth factor § and
SMAD3 pathways have been also shown to upregulate
vascular endothelial growth factor (VEGF) expression, and
SMAD3 mediates TGF-81 induction of VEGF production in
several tissues (12, 13). However, there exists inadequate
functional data on the interactions of the above-mentioned
factors with P4, as well as more generally on the mechanisms
underlying P4 action in the regulation of UL proliferation,
apoptosis, and ECM synthesis (14).

Among the selective P4 receptor modulators (SPRMs),
ulipristal acetate (UA) successfully modulates PRs’ action
through its combined agonistic and antagonistic activity
(15). Ulipristal acetate decreases UL cell viability, sup-
presses their expression of growth factors, and induces
apoptosis, but does not affect the function of normal
myometrial cells (15). Clinical studies have shown that

U terine leiomyomas (ULs) are common gynecological

treatment with UA significantly shrinks ULs and controls
the frequency and abundance of uterine bleeding (16).
Functional data on the precise mechanisms underlying
the interference of UA with P4 action in the regulation
of UL proliferation, apoptosis, and ECM synthesis and re-
modeling remain obscure. Our present study was therefore
conducted to characterize the PR profile in ULs and to
investigate the molecular mechanisms underlying the ac-
tion of SPRM UA and its putative differential P4-induced
activation of the signaling cascades involved in UL in
the deposition and growth of ECM. Finally, to explore
the novel molecular mechanisms and signaling pathways
that may enhance the therapeutic effects on ULs.

MATERIALS AND METHODS
Study design

This was a controlled laboratory experiment to investigate the
molecular mechanisms underlying the action of the SPRM UA
and how it differs from the P4-induced activation of the
signaling cascades involved in UL in the deposition and
growth of the ECM. We wanted to investigate additionally
the mechanisms that explain the therapeutic effects of UA
in the control of UL growth and progression.

For the assessment and transcriptional analysis of human
ULs, we used patient-derived UL tissue samples, primary UL
cells, and UL explant cultures. To study the UA and P4 molec-
ular mechanisms of action, we assessed the PR profile in UA-
treated and UA-untreated (control) ULs in vivo as well as in
explant culture in vitro. After establishing the PR profile in
ULs, we tested the impact of P4 and UA on the activation of
the TGF-@ signaling pathway and SMAD3 signaling. For
this, patient-derived UL explants were treated without or
with inhibitors of TGF-g type I and II receptors (TGF-GRI
and II) and SMAD3. To investigate the SMAD3 translocation,
UL primary cell cultures were treated with UA. The therapeutic
effects of UA on UL cell proliferation, growth, and ECM accu-
mulations were investigated in vitro and in vivo. The sample
numbers are stated in the figure legends, and replicates are
described below. The statistical methods are described in
separate sections and indicated in the figure legends.

Uterine leiomyoma tissue samples

Fresh ULs (n = 250) or healthy myometrium (n = 100) tissue
samples were collected immediately after surgery at the
Department of Reproduction and Gynecological Endocri-
nology, Medical University of Bialystok, Poland, during the
years 2017-2021. The Local Human Investigation Ethics
Committee approved the study (R-1-002/482/2017,
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APK.002.4.2021). Written informed consent was obtained
from all the patients (before inclusion) before the surgery.
Uterine leiomyomas were collected from patients (aged 25—
45 years) who underwent myomectomy because of infertility
associated with ULs or had serious clinical symptoms like
heavy menstrual bleeding and severe intermenstrual bleeding
associated with lower abdominal pain. Patients were divided
into two groups: the UA-treated (UA-L) group (n = 100) and
the UA-untreated (NT-L) group (n = 150) before the surgery.
Preoperative UA therapy consisted of the administration of
UA (5 mg/d) for 3 months. A myomectomy was performed
in the first phase of the menstrual cycle, 1 month after the
end of the therapy. The type, size, and location of ULs were
different. In patients with multiple myomas, tumors (10-40
mm in diameter) from all (UA-L and NT-L) groups were
randomly selected. Myomas (>40 mm) were not selected to
avoid any potential degeneration and necrosis that may
have occurred in them.

Qualification criteria for the study, drugs, and inhibi-
tors, ULs and myometrium explants and their primary
cell culture, cell viability, real-time quantitative polymerase
chain reaction (qQPCR), cytokines measurement, and immu-
nohistochemical and immunocytochemistry analyses have
been shown in the Supplemental Materials (available
online).

Study approval

The Local Human Investigation Ethics Committee approved
the study (R-1-002/482/2017, APK.002.4.2021). The research
was carried out according to the Code of Ethics of the World
Medical Association (Declaration of Helsinki). Written
informed consent was obtained before the surgery from all
patients’ prior inclusion.

Statistical analysis

Results were expressed as mean + SEM. Statistical signifi-
cance was assessed using one-way ANOVA with the post
hoc Bonferroni test and two-way ANOVA with the post hoc
Bonferroni test using GraphPad PRISM v. 7.0 (GraphPad Soft-
ware, Inc). P<.05 was considered statistically significant.

RESULTS
Progesterone and UA modulate the PRs subtype
expression profile in ULs

As P4 is pivotal for UL development and growth (1, 8), we
characterized the expression profile of the nuclear progester-
one receptors (PGRs) and all membrane P4 subtypes (mem-
brane P4 receptor a [mPRe], mPRB, mPRy, P4 receptor
membrane component 1 [PGRMC1], and P4 receptor mem-
brane component 2 [PGRMC2]) in UA-treated (n = 100)
and nontreated control (n = 150) UL samples, as well as
in normal myometrium (n = 100) tissue samples. The
expression levels of PGRA and B, PGRB, mPRa, mPRg,
and PGRMC1 were significantly higher in the nonUA-
treated UL tissue samples compared with normal myome-
trium (Fig. 1A). In contrast, only PGRA and B expression re-
mained up-regulated in the UA-treated UL samples, whereas
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those of PGRB, mPR«, mPR@B, and PGRMC1 were similar to
those in normal myometrium. The expression levels of
mPRy and PGRMC2 were similar in all three types of sam-
ples (Fig. 1A). The expression level of PGRA and B was
significantly up-regulated after P4 and UA treatments of
leiomyoma explants, but P4 showed no additive effects to
the UA action (Supplemental Fig. 1A, available online). In
contrast, PGRB expression was up-regulated by P4 but
down-regulated by UA treatment. Progesterone did not
abolish this UA-induced effect (Supplemental Fig. 1B, avail-
able online). Similarly, the expression levels of mPRe,
mPRB, mPRy, and PGRMC1 were significantly up-
regulated after P4 but down-regulated after UA treatments.
Progesterone did not reverse this UA action (Supplemental
Fig.1 C to F, available online). Progesterone and UA treat-
ments did not affect PGRMC2 expression level in leiomyoma
explants (Fig. 1G, available online).

Immunohistochemical studies demonstrated abundant
cytoplasmic staining for mPRa, mPRB, mPRy, and
PGRMC1 in the nontreated control ULs tissues (NT-L)
group (Fig. 1B to D and Supplemental Fig. 2D and E, avail-
able online), whereas traceable or weak staining was found
in the UA-treated ULs tissues (UA-L) group (Fig. 1E to G).
Densitometric quantification and optical density (OD) eval-
uation revealed a significantly decreased percentage ratio
of mPRa, mPRGB, mPRy and PGRMC1 expression in the
UA-L group compared with the NT-L group (Fig. 1H to J
and Supplemental Fig. 2F, available online). Ulipristal
acetate treatment did not affect the strong PGR nuclear
(Supplemental Fig. 2A and B, available online) and
PGRMC2 staining of ULs (UL-L vs. NT-L groups)
(Supplemental Fig. 2G, H, available online).

Next, we analyzed the effects of P4 (0-1 uM) and UA (0-
100 uM) on the viability of primary UL cells in vitro. Proges-
terone (0.01-1 uM) significantly and dose-dependently stim-
ulated (Fig. 1K and Supplemental Fig. 3A, available online),
whereas UA (1 uM) or higher doses inhibited UL cell viability
(Fig. 1K and Supplemental Fig. 3B, available online). We also
found that UA itself had no effect on primary UL cell viability
but inhibited the stimulatory effects of P4 (Fig. 1K).

Progesterone and UA activate differently the TGF-
B signaling pathway in ULs

The TGF-( superfamily pathways are regarded as a potential
stimulus for tumor progression (9, 17). Therefore, we charac-
terized the expression profiles of the TGF-8 family members
in UL tissues. Transforming growth factor §1, TGF-(3,
SMAD2, and SMAD3 expression levels in ULs were signifi-
cantly up-regulated compared with normal myometrium
(Fig. 2A to D). This response was abolished by UA treatment
in TGF-B1, TGF-83, TGF-GR2, and SMAD3 in UL tissues
and explants (Fig. 2A to D). In accordance, the secretion levels
of TGF-B1 and TGF-B3 were significantly higher in ULs
compared with normal myometrium, whereas UA treatment
significantly suppressed these levels in ULs but not in normal
myometrium (Fig. 2E and F).

To investigate further the TGF-8 signaling pathway
involvement affected by the UA or P4 actions in ULs, a
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Characterization of the progesterone receptors (PRs) expression profile in uterine leiomyomas (ULs) after ulipristal acetate (UA) and progesterone
(P4) treatment. The quantitative polymerase chain reaction gene expression profile of nuclear progesterone receptor isoforms (PGRA and PGRA/B)
and membrane progesterone receptors (mPRa, mPRB, PGRMC1, and PGRMC2) in normal myometrium (M) (n = 100) and ULs tissues of nontreated
(NT-L) (n = 150) and UA-treated (UA-L) women (n = 100) (A). Immunohistochemical (IHC) staining for mPRe, mPRB, and PGRMC1 in nontreated UL
tissues (NT-L) (n = 150) (B to D) and UA-treated UL tissues (UA-L) (n = 100) (E to G). Quantification of UL tissue IHC staining of mPRa (H), mPRg (1),
and PGRMC1 (J) using Fiji (Image J). The results are presented as percentages of the controls compared with the nontreated control. Scale bar, 200
um. The viability of cells after UA, P4, and UA + P4 treatments of ULs primary cell culture (n = 30) was measured using the MTT assay (K). The cell
viability level of the treated groups is presented as a percentage of the control group, considered to be 100%.

Each bar represents the ratio of the investigated gene to the housekeeping gene (PPIA + SEM). *Statistically significant differences between
nontreated (NT-L) and treated (UA-L) groups (*, P<.05; **** P<.0001) (one-way ANOVA with the post hoc Bonferroni’s test).

C/NT-L = control/nontreated ULs; M = normal myometrium; mPRa = membrane progesterone receptor «; mPRG = membrane progesterone
receptor 8; mPRy = membrane progesterone receptor v; MTT assay = 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay; NT-L
= nontreated ULs; P4 = progesterone treated; PGRA = nuclear progesterone receptor isoform A; PGRA/B = nuclear progesterone receptor
isoform A/B; PGRMC1 = progesterone receptor membrane component 1; PGRMC2 = progesterone receptor membrane component 2; UA =
ulipristal acetate treated; UA-L, ulipristal acetate treated ULs; ULs = uterine leiomyomas.

Milewska. P4/SPRM actions on uterine leiomyoma. Fertil Steril 2024.

TGF-BRI and II inhibitor (iTGF-GRI and II) was used and II alone did not affect UL cell viability (Fig. 2G).
(Fig. 2G). Coculture of iTGF-BRI and II with UA or P4 When the SMAD3 inhibitor (iISMAD3) was added to P4
significantly enhanced the inhibitory effects of UA on or UA, it abolished the P4-dependent stimulation of the
the UL primary cell viability and inhibited P4-stimulated primary UL cell viability but showed no additive effects
leiomyoma cell viability (Fig. 2G). Furthermore, iTGF-8RI on the UA action (Fig. 2H).

344 VOL. 122 NO. 2 / AUGUST 2024



Fertil Steril®

TGFp/explants in vitro ONT HuA
Om EntL EuaL B 25 ok

- kkk

N

TGFpltissue in vivo

N
=]

3
3>

)

Relative expression TGFBs/PPIA
@
o

Relative expression TGFBs/PPIA
@

=)
=)

TGFp1 TGFp2 TGFp3 TGFBR1 TGFBR2 ML ML ML ML ML
TGF1 TGFp2 TGF3 TGFER1TGFRR2
c < SMADsftissue in vivo OM EINT-L EUA-L D < SMADs/explants in vitro  ONT EUA
g T .
Qa 20 > I kekk 20
3 e g% I -
5 g
51 5
s 5
% 10 'g 10
o [=3
35 3 s
2 2
8 o 8 4
(o} SMAD2 SMAD3 o}
[:4 14

m
m

= =
o) (=R = [=R02
\E’ 800: = E 800 =
k=4 200 o - =
‘o 600
3 2
s 3
E 400 @ 400
= @
g 200 & 200
Bl 2
Myometrium Leiomyoma Myometrium Leiomyoma
G Leiomyoma primary cell culture H Leiomyoma primary cell culture
= 150 = 150 -
[ [
€ b=}
8 8
G 100 'S 100
g g
2 2
3 50 5 50
8 8
S >
® )
Ol S
Cc C P4 P4 UA UA c UA  UA
N PO + - + ITGFBRII + -+ iSMAD3
I DAPI SMAD3 MERGED

J
NT-L
UAL

UA-L

Ulipristal acetate (UA) and progesterone (P4) treatment effects on the transforming growth factor (TGF-8) superfamily signaling pathway in uterine
leiomyomas (ULs). The quantitative polymerase chain reaction (QPCR) gene expression profile of TGF-g isoforms (TGF-81, TGF-32, and TGF-83) and
their receptors (TGF-8R1, TGF-8R2) in normal myometrium (M) (n =100) and ULs tissues of nontreated (NT-L) (n = 150) and UA-treated (UA-L) (n =
100) women (A), as well as in normal myometrium (n = 50) and ULs explants (n = 50) before and after UA treatment (B). The qPCR gene expression
profile of signal transducers (SMAD2, and SMAD3) in normal myometrium (M) (n = 100) and ULs tissues of nontreated (NT-L) (n = 150) and UA-
treated (UA-L) (n = 100) women (C), as well as in healthy myometrium (n = 50) and ULs explants (n = 50) before and after UA treatment (D). Release
of TGF-31 (E) and TGF-83 (F) to the medium by normal myometrium (n = 50) and ULs explants (n = 50) with or without UA treatment. Effects of UA
and P4 with or without the SMAD3 inhibitor (G) or with or without the TGF-8 receptor | and Il inhibitor (H) on ULs primary cell (n = 30) viability after
24 hours of treatment were measured using the MTT assay. The cell viability of the treated groups is presented as the percentage of the control,
considered to be 100%. Immunohistochemical staining of SMAD3 and phosphorylated SMAD3 (pSMAD3) in ULs from nontreated (NT-L) (n = 150)
and SMAD3 and pSMAD3 in ULs from UA-treated (UA-L) (n = 100) women (I). Scale bar, 200 um. Immunocytochemical localization of SMAD3
without or with UA treatment in ULs primary cells (n = 30) (J). Scale bar, 20 um.

Each bar represents the ratio of the investigated gene to the housekeeping gene (PPIA 4+ SEM). *Statistically significant differences between
nontreated and treated groups (*, P<.05; **, P<.01; ***, P<.001; ****, P<.0001) (one-way ANOVA with the post hoc Bonferroni’s test).
C/NT-L = control/nontreated ULs; iSMAD3 = SMAD3 inhibitor; iTGF-gRI/Il = TGF-g receptor | and Il inhibitors; NT-L = nontreated ULs; M, healthy
myometrium; MTT assay = 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay; P4 = progesterone treated; UA-L = ulipristal
acetate treated ULs; ULs = uterine leiomyomas.

Milewska. P4/SPRM actions on uterine leiomyoma. Fertil Steril 2024.
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Ulipristal acetate affects nuclear translocation of
SMAD3 in ULs

Transforming growth factor § may promote tumor growth
through SMAD-dependent and/or independent pathways
(9). To determine whether P4 and UA activate TGF-(31-
SMAD signaling, we investigated their effects on the ratio
of phosphorylated SMAD3 (pSMAD3) and nonphosphory-
lated SMAD3 in ULs. The nontreated (NT-L) group showed
abundant expression of SMAD3 and pSMAD3, whereas the
UA-L group samples demonstrated weaker cytoplasmic
SMAD3 and nuclear pPSMAD3 staining (Fig. 2I). Automatic
quantification and OD evaluation revealed significantly
decreased SMAD3 and pSMAD3 expression in the UA-L
group compared with the NT-L group (Supplemental Fig. 4A
to C, available online). In accordance, immunocytochemical
localization of pSMAD3 could be found only in the NT-L
cell nuclei, and no pSMAD3 translocation was found in the
UA treatment samples (Fig. 2J).

ULIPRISTAL ACETATE AND P4 REGULATE VEGF
AND INTERLEUKIN-6 EXPRESSION IN ULs

To screen for other potentially relevant factors affecting UL
biology, we checked the expression of VEGF, interleukin 6
(IL-6), and collagen 1A1 (COL1A1) (5, 18-23). Abundant
VEGF staining was observed in the NT-L group, whereas
VEGF expression was very weak in the UA-L group
(Fig. 3A). Automatic quantification and OD evaluation re-
vealed a significantly decreased VEGF expression in the
UA-L group compared with the NT-L group (Supplemental
Fig. 5A, available online). Human recombinant VEGF (0-50
ng/mL) stimulation showed no effect on UL cell viability
(Supplemental Fig. 5B, available online). Vascular endothelial
growth factor A levels did not differ from healthy myome-
trium in nontreated UL (NT-L) tissue, was unaffected by P4,
but was suppressed by UA (UA-L) (Fig. 3B). Vascular endothe-
lial growth factor B level was up-regulated in NT-L tissue vs.
myometrium, and P4 did not affect UL, whereas UA sup-
pressed its levels (Supplemental Fig. 6A, available online).
VEGFC and VEGFR2 were down-regulated in NT-L tissue
vs. myometrium, and P4 up-regulated VEGFC but had no
effect on VEGFR2, whereas UA suppressed both genes
(Supplemental Fig. 6B and C, available online). UA inhibited
the VEGF release from UL explants, whereas iSMAD3
abolished this UA-induced effect (Fig. 3D).

Nontreated UL tissue showed abundant IL-6 staining,
whereas this expression was weak in UA-L tissue (Fig. 3A).
Automatic quantification and OD evaluation revealed signif-
icant IL-6 expression in UA-L tissue compared with NT-L tis-
sue (Supplemental Fig. 7A, available online). Treatment with
human recombinant IL-6 (0-30 ng/mL) significantly up-
regulated UL cell viability (Supplemental Fig. 7B, available
online). In UL explants, IL-6 and IL-6R were significantly
up-regulated after P4 treatment and significantly down-
regulated after UA treatment (Fig. 3C and, Supplemental
Fig. 7A and C, available online). Ulipristal acetate treatment
of UL explants significantly decreased their VEGF and IL-6
production, whereas the addition of iSMAD3 partially abol-
ished this UA effect (Fig. 3D to E and Supplemental Fig. 8B,

available online). Furthermore, iSMAD3 also reduced the
P4-stimulated IL-6 release (Fig. 3E).

The overexpression of COL1A1 and excessive production
of procollagen I a-1 (proCOLIA1) have been associated with
fibrosis and were potentially regulated by P4 (19). In UL ex-
plants, P4 treatment increased COLIA1 expression as well
as the release of proCOLIA 1, whereas UA treatment decreased
collagen type I expression and proCOLIA1 release (Fig. 3F and
g). Furthermore, iISMAD3 significantly suppressed P4-stimu-
lated COL1A1 expression but showed no additive or
synergistic effects with UA (Fig. 3F).

Progesterone and UA regulate the RhoA pathway
in ULs

Ras homolog family member A, a key regulator of ECM accu-
mulation, is activated by TGF-8 and VEGF in several fibrotic
or neoplastic diseases (20-22). We found abundant RhoA
staining in the NT-L tissue, whereas only weak expression
and levels were found after UA treatment (Fig. 31). Automatic
quantification and OD evaluation revealed significantly
decreased RhoA expression in UA-L tissue compared with
NT-L tissue (Supplemental Fig. 4C, available online). In addi-
tion, UA significantly down-regulated RhoA expression
levels in UL tissues and explants (Fig. 3J and K). Progesterone
up-regulated RhoA expression in UL explants, and this effect
could be abolished by iSMAD3 (Fig. 3K). The addition of
iSMAD3 to UA showed an additive effect on the down-
regulation of RhoA expression in UL explants (Fig. 3K). Co-
treatment of VEGF with P4 did not enhance the stimulating
effects of P4 (Fig. 31). VEGF abolished the UA and iSMAD3-
dependent down-regulation of RhoA (Fig. 3I). Furthermore,
UA treatment up-regulated the RhoA antagonist Rnd3
expression levels in UL tissues (Fig. 3H).

DISCUSSION

The functional implications of P4 actions through activation
of the nuclear and membrane PRs are still rather poorly un-
derstood in the biology of ULs, although up-regulated PGR
expression levels in them have been demonstrated (24).
Among the two distinct isoforms of the human progesterone
receptor (PGRA and PGRB), the transcriptional effects of
PGRA and PGRB on progestin-responsive promoters differ
(25). In general, PGRB functions as a transcriptional activator
of progesterone-responsive genes, whereas PGRA is an inhib-
itor of steroid hormone receptors, as well as for the PGRB iso-
form (26). The current study showed that the expression of
PGRB was down-regulated after UA, and the expression of to-
tal PGRA/B was up-regulated, indirectly suggesting that UA
increases the expression of the PGRA isoform in ULs. Our re-
sults, therefore, suggested that UA may inhibit the transcrip-
tional action of PGRB through an antagonistic effect.
Conversely, UA might activate the inhibitory effect of
PGRA as its agonist, causing double inhibition of the activity
of PGR in ULs. Moreover, UA showed no effect on PGR and
PGRMC2 but down-regulated the mPRa, mPRS, mPRy, and
PGRMC1 membrane receptors at gene and/or protein levels
in ULs. These novel findings suggested that not only PGRs
but also the membrane P4 receptors may play a role in UL
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FIGURE 3
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The effect of ulipristal acetate (UA) and progesterone (P4) treatments on vascular endothelial growth factor (VEGF), interleukin 6 (IL-6), collagen
type | a-1 chain (COL1A1), and Ras homolog family member A (RhoA) expression and on the VEGF, IL-6, and proCOLTA1 release by uterine
leiomyoma (UL) cells and explants. Immunohistochemical (IHC) staining of VEGF and IL-6 (A) in ULs from nontreated (NT-L) (n = 150) and UA-
treated (UA-L) (n = 100) women. The quantitative polymerase chain reaction (qPCR) analysis of VEGFA (B) and IL-6 (C) expression in NT-L, UA-
L, and P4-treated (P4-L) ULs explants (n = 50). Release of VEGF (D) and IL-6 (E) levels in the control, P4, and UA with or without iSMAD3 in ULs
cells (n = 30). The gPCR gene expression analysis of COL1A1 in ULs primary cells (n = 30) after treatment with UA, P4, and iSMAD3 (F).
Release of proCOL1A1 (G) levels in the NT-L, P4-, and UA-treated ULs explants (n = 50). The qPCR gene expression analysis of Rnd3 in normal
myometrium (M) (n = 100), ULs tissue from nontreated (NT-L) (n = 150), and UA-treated (UA-L) (n = 100) (H) women. Immunohistochemical
staining of RhoA (1) in ULs from nontreated (NT-L) (n = 150) and UA-treated (UA-L) (n = 100) women. The gPCR gene expression analysis of
RhoA in UL tissue from nontreated (NT-L) (n = 150) and UA-treated (UA-L) (n = 100) (J) women. The gPCR gene expression analysis of RhoA in
UL explants (n = 50) after treatment with UA, P4, iSMAD3 (K), and VEGF (I).

Each bar represents the ratio of the investigated gene to the housekeeping gene (PPIA + SEM). * Statistically significant differences between
nontreated control and treated groups (*, P<.05; **, P<.01; ***, P<.001; ****, P<.0001) (one-way ANOVA with the post hoc Bonferroni’s test).
C/NT-L, control/nontreated ULs; iSMAD3, an inhibitor of SMAD3; M, healthy myometrium; P4, progesterone treated ULs; RhoA, Ras homolog
family member A; UA-L, ulipristal acetate treated ULs. Scale bar, 200 um.

Milewska. P4/SPRM actions on uterine leiomyoma. Fertil Steril 2024.

pathobiology, which might be of future importance in UL to activate the signaling pathways involved in the control of
treatment strategies along with UA. ECM deposition and cell proliferation (5). The present study

Excessive accumulation of ECM components plays an emphasized a major role for P4 in ULs in the regulation of
important role in the formation of ULs (5). P4 has been shown the TGF-@ signaling pathway. Besides SMADs, TGF-8 can
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Overview of progesterone (P4) and ulipristal acetate (UA) action via genomic and nongenomic signaling in uterine leiomyomas (UL) cells.
Progesterone induces the classical signaling by binding to PGR located within the cytoplasm. This conformation activates genomic action by
triggering the transcription of target genes in UL cells. One of the effects of genomic P4 action is SMAD3 phosphorylation, which controls
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shows no effect on PGR and PGRMC2 at gene and/or protein levels in ULs. Through PR blockage, UA inhibited UL proliferation, growth, or
ECM accumulation via the TGF-8 and SMAD3 signaling pathway and downstream specific targets. Figure 4 was created with BioRender.com.
P4 = progesterone; PR = progesterone receptor; mPR = membrane progesterone receptor.
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activate other signaling molecules, modulating cellular
downstream responses (27, 28). Transforming growth factor
G receptors may regulate the Rho GTPases like Ras, RhoA,
Cdc42, and Rac1 nonSMAD factors through phosphorylation
or direct interaction (29). However, these kinases can also
activate the canonical SMAD pathway (27). Ras homolog
family member A plays an important role in different pro-
cesses, including cell growth, proliferation, and modulation

of the actin cytoskeleton and ECM (30, 31). We demonstrated
the overexpression of RhoA in ULs. Progesterone and UA
regulated differentially RhoA expression in an SMAD3-
dependent manner, P4 with up-regulation and UA with
down-regulation, which suggested RhoA action in ULs may
also be regulated by canonical SMAD signaling. It has been
demonstrated that SMAD3 regulates RhoA activation and
cytoskeletal reorganization by controlling neuroepithelial
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cell transforming 1 in TGF-G1-induced cells (32). Interest-
ingly, in the present study, UA up-regulated the RhoA
antagonist Rnd3 in ULs, which was a novel finding with
future target application potential.

Overexpression of collagen subtypes, an abnormal
collagen structure (5), and TGF-33 are the main factors for
the induction of collagen expression in ULs (23). Additionally,
the SMAD3 mediation is known to play an important role in
TGF-(-induced transcription of fibrosis-related genes,
including collagens (33, 34). Hereby, we found that P4
increased COL1A1 expression and proCOL1A1 production
by UL explants; both were suppressed by UA. It has been
shown that SMAD3 down-regulation may decrease the gene
expression of procollagen types I and III in fibroblasts and
reduce the ECM deposition and fibrosis processes in keloid
disease fibroblasts (35). Our findings provide additional evi-
dence that UA treatment might affect several central fibrotic
factors, such as collagens, potentially influencing the
abnormal ECM deposition in ULs.

Besides TGF-(, other cytokines, like interleukins, may
regulate the pathobiology of ULs (18). It has been shown
that IL-6 may regulate ECM remodeling and induce collagen
production (36). Our study revealed significantly up-
regulated IL-6 and IL-6R expression after P4 treatment but
no effects on IL-6 release. Interleukin-6 down-regulation by
UA highlighted the involvement of this interleukin in UL
biology. In addition, SMAD3 silencing has been shown to
attenuate IL-6-induced collagen synthesis in dermal fibro-
blasts (36). Thus, the inhibition of IL-6 release after SMAD3
blockage may suggest that the canonical TGF-§ signaling
pathway regulates its activity in ULs.

Because of excessive production and accumulation of
ECM, ULs have been considered to possess poor vasculariza-
tion (37). We hereby show that UA treatment down-regulated
the high VEGF expression and their release in ULs. Activation
of the canonical TGF-8 pathway has been shown to play a key
role in the regulation of VEGF release (12, 13). We did not
observe any P4-induced up-regulation of VEGF production
in ULs. However, when we blocked SMAD3, it significantly
inhibited the P4-support of VEGF release, suggesting that
P4 may sustain VEGF activation via the TGF-5-SMAD3
pathway. In addition, VEGF has been shown to stimulate
angiogenesis in a Rho GTPase-dependent manner in endothe-
lial cells. The VEGFA and VEGF2 axes stimulate the activa-
tion of RhoA, Cdc42, and Racl, leading to vascular
development and the formation of cytoplasmic migratory
structures (20, 21, 38). Our present analysis revealed that
VEGF up-regulated RhoA expression in UL explants, and
UA inhibited this effect. The mechanistic sequence of events
might involve the release of VEGF by the ULs to stimulate in-
tratumor angiogenesis, which was enhanced by P4 through
SMAD3 signaling. The RhoA pathway was likely involved
not only in the ECM reorganization but also in its regulation
of vascular processes inside the ULs. Extracellular matrix
deposition and structure are crucial for fibrotic tumor
formation (39).

A better mechanistic understanding of the synthesis and
accumulation of ECM is critical for the development of further
novel therapeutic strategies for ULs. However, for clinical

Fertil Steril®

translation, several key points still need to be addressed
(like combining UA with direct and indirect ECM targeting
with SMAD3, TGF-GRI and II, RhoA, VEGF, or COL1A1).
This proof of the principal and concept experiments could
be a limitation of this study. The most important next step
would be to investigate the combination therapy of UA with
RhoA and ROCK inhibitors, as well as with VEGF or IL-6 in-
hibitors, to determine their effectiveness in the regulation of
ECM synthesis and accumulation in ULs in vitro, followed
by in vivo studies. Subsequently, the tolerance and safety of
these therapies should be assessed. We assert that identifying
and targeting fibrogenic signaling hubs like RhoA could serve
as a strategy for the design, characterization, and translation
of new antineoplastics against ULs and other neoplasms with
excessive fibrosis.

CONCLUSIONS

In summary, P4 activated the TGF-38 and SMAD3 signaling
pathways and stimulated proliferation, growth, and ECM re-
modeling in ULs (Fig. 4). On the contrary, SPRM-
presentative UA showed novel opposite effects on UL prolif-
eration and growth or ECM accumulations through the
TGF-6 and SMAD3 signaling pathways, namely negatively
acting through SMAD3, TGF-g RI and II, RhoA, VEGF, or
decreasing the fibrosis-related gene COL1A 1 and proCOLIA 1
production. Our present findings therefore highlight a novel
treatment option for ULs through combining selected TGF-8
and SMAD3 signaling pathway members with SPRMs.
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Fertil Steril®

Evidencia funcional de dos mecanismos de accion distintos de progesterona y un modulador selectivo del receptor de progesterona en
los leiomiomas uterinos

Objetivo: Estudiar los mecanismos especificos a través de los cuales la progesterona y los moduladores selectivos del receptor de pro-
gesterona impactan el crecimiento, sintesis y acumulacion de la matriz extracelular en los leiomiomas uterinos.

Diseno: Estudio de laboratorio.
Lugar: Instituciones de Investigacion Académica.

Paciente(s): Este estudio involucré a mujeres en edad reproductiva con diagnoéstico de infertilidad asociada a leiomiomas uterinos que
se sometieron a miomectomia ya sea después de un tratamiento con el modulador selectivo del receptor de progesterona acetato de uli-
pristal (UA) o sin ningun tratamiento previo farmacolégico. Las muestras control incluyeron tejido de miometrio sano (n = 100). Las
muestras se obtuvieron del Departamento de Reproduccion y Endocrinologia Ginecolégica y del Biobanco de la Universidad Médica de
Bialystok, Polonia.

Intervencion(es): Se recolectaron muestras de tejido miometrial inmediatamente después de cirugia para su analisis y evaluacién tran-
scripcional de pacientes con leiomiomas uterinos tratadas durante dos meses con UA diario (5mg/d) (n = 100) y de pacientes que no
recibieron tratamiento (n = 150) o miometrio sano normal (n = 100).

Principal(es) Medida(s) de Resultado(s): Se evalud la activacion inducida por progesterona de las vias de senalizacion relacionadas
con la sintesis, el depdsito y el crecimiento de la matriz extracelular de los leiomiomas uterinos, asi como el perfil de expresion de los
receptores de progesterona en los leiomiomas uterinos.

Resultado(s): Los resultados indicaron que la progesterona activo las vias de senalizacion del factor de crecimiento transformador-g3y
SMAD3 y promovié la proliferacion, el crecimiento y la remodelacién de la matriz extracelular en los leiomiomas uterinos mediante la
regulacion a la alta de SMAD3, el receptor del factor de crecimiento transformador-g8 (TGF-0) tipo I y II, el homdlogo A de Ras, el factor
de crecimiento vascular endotelial, o aumentando la produccién del gen de colageno relacionado con fibrosis, tipo I, -1,y procoldgeno,
tipo I, -1. Por el contrario, el UA tuvo efectos inhibidores sobre estos procesos. El estudio también mostr6 que los receptores de pro-
gesterona tanto nucleares como de membrana desempenan funciones distintas en la biopatologia del leiomioma uterino.
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