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The cervix represents a formidable structural barrier for successful
induction of labor. Approximately 10% of pregnancies undergo
induction of cervical ripening and labor with prostaglandin (PG) E,
or PGE analogs, often requiring many hours of hospitalization and
monitoring. On the other hand, preterm cervical ripening in the
second trimester predicts preterm birth. The regulatory mecha-
nisms of this paradoxical function of the cervix are unknown.
Here, we show that PGE, uses cell-specific EP2 receptor-mediated
increases in Ca%* to dephosphorylate and translocate histone
deacetylase 4 (HDAC4) to the nucleus for repression of 15-hydroxy
prostaglandin dehydrogenase (15-PGDH). The crucial role of 15-
PGDH in cervical ripening was confirmed in vivo. Although PGE,
or 15-PGDH inhibitor alone did not alter gestational length, treatment
with 15-PGDH inhibitor + PGE, or metabolism-resistant dimethyl-
PGE, resulted in preterm cervical ripening and delivery in mice. The
ability of PGE; to selectively autoamplify its own synthesis in stromal
cells by signaling transcriptional repression of 15-PGDH elucidates
long sought-after molecular mechanisms that govern PG action
in the cervix. This report details unique mechanisms of action
in the cervix and serves as a catalyst for (/) the use of 15-PGDH
inhibitors to initiate or amplify low-dose PGE,-mediated cervical
ripening or (ii) EP2 receptor antagonists, HDAC4 inhibitors, and
15-PGDH activators to prevent preterm cervical ripening and
preterm birth.
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espite decades of clinical use for cervical ripening and in-

duction of labor, mechanisms of prostaglandin (PG)-mediated
cervical ripening are largely unknown. Likewise, it is not understood
why some women at term respond to vaginal PGs for cervical
ripening whereas others do not. Although failure rates vary
depending on preparation, method of administration, defini-
tion of failure, dose, and dosing interval, in general the overall
risk of the cervix remaining unchanged or unfavorable for in-
duction of labor 12-24 h after vaginal PGs is 21.6% (1), which is
consistent with a recent report in which 122 of 488 (25%) women
failed to obtain a ripe cervix (as defined by Bishop Score < 7)
after 4 PGE, (3 mg) tablets (2). Further, PGE, treatment leads
to uterine hyperstimulation in 1-5.8%, of which 31% are asso-
ciated with abnormalities in fetal heart rhythm (3). Both prob-
lems require emergency treatment and, in many cases, urgent
operative delivery.

Increased endogenous cervical PGs are derived from in-
creased expression of the enzyme cyclooxygenase-2 (COX-2),
which converts arachidonic acid to PGH,, which is then con-
verted by PGE synthase (PTGES) to PGE,. Increases in cervical
PGE, are prevented not only by low levels of COX-2 but also by
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high levels of the enzyme 15-prostaglandin dehydrogenase (15-
PGDH) that inactivates PGE, by converting it to inactive 15-
keto-PGE, (4-6). Hence, tissue levels of PGE, are regulated by
the relative abundance of COX-2 and 15-PGDH enzymes. COX-2
levels increase in the cervix at term and in the myometrium and
cervix of women with infection (7) or in preterm labor (8-10).
COX-2 inhibitors inhibit preterm labor (11, 12). In contrast to
COX-2, 15-PGDH levels are decreased in the ripe cervix at term
relative to the high levels of this enzyme before cervical ripening
(6). Together, these studies indicate that COX-2 and 15-PGDH
are inversely correlated in the human cervix, thereby regulating
the relative abundance of cervical PGE, and cervical ripening.
Dinoprostone (PGE;) and misoprostol (PGE; analog) are
commonly used to induce cervical ripening in women at term.
PGE, acts through four receptors (EP1, EP2, EP3, and EP4)
expressed at different relative levels, thereby directing PGE,
signaling in various cell types. Our studies have shown that
EP2 receptor expression is remarkably enriched in human cervical
stromal tissues relative to EP1, EP3, or EP4 (5). Further, experimental
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evidence indicates that PGE; acts specifically through EP2 receptors
in a cAMP-independent manner in these cells to repress 15-
PGDH gene expression (5). Nonetheless, the downstream cellular
signaling pathways of PGE,-EP2 interactions in the cervix
are unknown.

The objectives of the current investigation were to address the
molecular mechanism of PGE, action in cervical stromal cells
(CSCs) and the underlying pathways leading to cervical ripening.
We hypothesized that PGE, would initiate specific cellular
events in CSCs. Through physiological, genetic, and biochemi-
cal analyses on candidate human CSC (hCSC) genes, we report
the downstream molecular mechanism by which PGE, down-
regulates 15-PGDH in the human cervix. Our studies confirm
that cervical ripening agents PGE, and misoprostol regulate
metabolism of PGE, by transcriptionally inducing COX-2 and
PTGES and repressing 15-PGDH via an EP2-histone deacety-
lase 4 (HDAC4)-dependent, feed-forward regulatory mechanism
selective to hCSCs. Our studies further show that 15-PGDH is
crucial for maintaining cervical competency during pregnancy in
vivo and thus can be targeted by novel pharmacologic agents to
induce cervical ripening and labor.

Results

PGE, Regulates the Transcriptome of hCSCs in Vitro Through EP2-
Mediated Increases in Intracellular Ca**. RNA-sequencing (RNA-
seq) data analysis and validation experiments identified PGE,-
mediated changes in the transcriptome of CSCs at both early
(1 h) and late (24 h) time points. Interestingly, PGE, controlled
its own metabolism by down-regulating the major PGE, cata-
bolic enzyme 15-PGDH and up-regulating expression of two
genes involved in PGE, synthesis (COX-2 and PTGES) [Fig. 1 A
and B and SI Appendix, Fig. S1; Gene Expression Omnibus
(GEO) accession no. GSE99392]. Importantly, validation ex-
periments confirmed that results obtained in CSCs from the
nonpregnant cervix were relevant to those in cells from pregnant
women at term (SI Appendix, Fig. S1). PGE, and misoprostol,
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Fig. 1. PGE; regulates its own metabolism via EP2 receptors. (A) Relative
mRNA levels of 15-PGDH (24 h), PTGES (24 h), and COX-2 (6 h) after treat-
ment with DMSO or 100 nM of PGE,, misoprostol, PGF,,, sulprostone, or
PGD,. (B) Feedback mechanism of PGE, metabolism. PGE, increases COX-2
and PTGES, simultaneously decreasing 15-PGDH, thereby positively regulating
its own metabolism. (C) Prostanoid receptor profile in hCSCs. Data represent
fragments per kilobase of exon per million fragments mapped (FPKM) from
RNA-seq datasets. (D) 15-PGDH mRNA levels in hCSCs pretreated with DMSO
or EP2-selective antagonists (2 uM) for 1 h followed by treatment with either
DMSO or PGE; (100 nM) for 24 h. (A and D) Data represent relative mean + SD
of triplicates normalized to GAPDH from at least three different cell preps.
*P < 0.05 compared with DMSO treatment. RFE (AU), relative fold expression
(arbitrary units).
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but not PGF,,, sulprostone (EP3 agonist), or PGD,, regulated
15-PGDH, PTGES, and COX-2 (Fig. 14). These results are
consistent with the prostanoid receptor expression profile in these
cells in which EP2 receptors are highly expressed relative to other
prostanoid receptors (Fig. 1C) and confirm that cervical ripening
agents PGE, and misoprostol regulate metabolism of PGE, by
activating COX-2 and PTGES and repressing 15-PGDH in a feed-
forward regulatory mechanism. Three different EP2-selective an-
tagonists (PF-04418948, TG4-155, and TGS8-4) blocked PGE,-
mediated 15-PGDH gene repression (Fig. 1D). Unlike classical
PGEZ signaling in other cells, PGE,—EP2 interactions resulted in
Ca**-dependent signaling (e.g., DUSPI, c-fos), not cAMP, PKA,
and PI3-kinase (SI Appendix, Fig. S2).

Pathway analysis of the RNA-seq data 1ndlcated that the most
significantly affected pathway by PGE, was Ca>* signaling (Flg
24). Expresswn levels of 71 genes either regulated by Ca®*
involved in Ca*" signaling pathways were significantly changed
[false discovery rate (FDR) < 0.05] by PGE; at either 1 or 24 h or
both time points (Fig. 2B). Similar to PGE,, treatment with Ca**
ionophore (A23187) decreased 15-PGDH and increased COX-
2 mRNA (Fig. 2C and SI Appendzx Fig. S3). Ca’ —dependent
PGE,-mediated 15-PGDH repression was confirmed using a cell-
permeable intracellular Ca®* chelator BAPTA-AM (Fig. 2D).
Pretreatment with BAPTA-AM had little effect on PGE,-medi-
ated 15-PGDH repression in growth medium containing Ca®*. In
Ca**-free medium, however, BAPTA-AM blocked PGE,-medi-
ated 15-PGDH repression (Fig. 2E). Addition of Ca®* to Ca**-
free medium reversed this effect (Fig. 2E). Taken together, these
results confirm that PGE,-mediated down- regulatlon of 15-PGDH
is transduced through EP2 receptors and is Ca**-dependent
in hCSCs.

PGE, Down-Regulates 15-PGDH Gene Expression in Vitro by Increasing
HDAC4. Because intracellular Ca** results in activation of HDACs
(13) and HDAC inhibitors (HDACis) have been shown to induce
15-PGDH gene expression in several mammalian cell types (14-16),
we hypothesmed that PGE,-mediated Ca®* signaling activates
HDAG:, which in turn regulate 75-PGDH. ChIP results indicated
that acetylated histone H3 levels associated with 15-PGDH pro-
moter decreased ~fivefold in response to PGE, treatment (Fig.
34). Immunoblotting indicated that three different nonselective
HDAC:s increased 15-PGDH protein (Fig. 3B). As a positive
control for HDACI action, acetylated histone H3 levels were
probed, which also increased several fold in response to various
HDAC:s (Fig. 3B). Further, treatment with three different HDACis
increased mRNA levels of 15-PGDH significantly in a dose- and
time-dependent manner (Fig. 3 C and D). Interestingly, HDACis
induced 15-PGDH mRNA expression even in the presence of
PGE,; or A23187 (SI Appendix, Fig. S4), irrespective of order of
treatment (delayed or primed). Thus, HDACs are mediators
of PGE;-induced 15-PGDH gene repression.

To identify the specific HDAC involved in PGE,-mediated
regulation of 15-PGDH in hCSCs, we first studied PGE,-medi-
ated changes in expression of various HDAC genes using our
RNA-seq dataset. Among class I and II HDACs, HDACS5 and 9
mRNA decreased in response to PGE, (Fig. 3E). In contrast,
HDAC4 mRNA increased ~fourfold (Fig. 3E). Experiments
confirmed that PGE, increased HDAC4 mRNA in a dose- and
time-dependent manner, concomitantly decreasing /5-PGDH in
hCSCs (Fig. 44 and SI Appendix, Fig. SSA). Misoprostol and an
EP2 receptor-selective agonist (butaprost) also increased HDAC4
gene expression (SI Appendix, Fig. S5B), and EP2 receptor-selective
antagonists blocked PGE,-mediated activation of HDAC4 expres-
sion (Fig. 4B). PGE; also increased protein levels of HDAC4, which
was blocked by EP2 receptor antagonist PF-04418948 (Fig. 4C and
SI Appendix, Fig. S6). In contrast with colorectal carcinomas in
which marked increases in HDAC2 activity diminished levels of 15-
PGDH (14), siRNA-mediated knockdown of HDAC?2 did not affect
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Fig. 2. PGE,-mediated gene regulation is Ca’*-dependent. (A) Pathway

analysis of RNA-seq data (24 h). (B) Heatmap represents hierarchical clus-
tering of known Ca* responsive genes and genes involved in calcium sig-
naling differentially expressed (log-twofold change > 1.5) between control
and PGE, at 1 and 24 h. (C) 15-PGDH mRNA in hCSCs after treatment with
Ca%t ionophore A23187 (10 nM) for 24 h. (D and E) Cells maintained in
serum-free DMEM and then incubated in DMEM, Ca%*-free DMEM, or Ca%*-
free medium + CaCl, (200 mg/L) for 6 h, pretreated with either DMSO or
BAPTA-AM (1 uM) for 1 h. Thereafter, cells were treated with DMSO or PGE,
(25 nM) for 15 h. Data represent 15-PGDH mRNA as mean + SD of triplicates
normalized to GAPDH. *P < 0.01 compared with DMSO, ANOVA followed by
Tukey's post hoc testing. RFE (AU), relative fold expression (arbitrary units).

15-PGDH gene expression in hCSCs (SI Appendix, Fig. S7A).
Among class III HDAC:s (sirtuins), SIRT2 levels increased twofold
within 1 h of treatment (SI Appendix, Fig. S7B), but unlike HDACis,
the SIRT inhibitor, aristoforin, did not alter /5-PGDH gene ex-
pression (SI Appendix, Fig. STC).

To determine if Ca®* is involved in PGE,-mediated HDAC4
gene expression, experiments were conducted as described in
Fig. 2D. Whereas absence of extracellular Ca®* alone was in-
effective, chelation of intracellular Ca®>* by BAPTA-AM resulted
in decreased HDAC4 mRNA (Fig. 4D). Further, pretreatment
of hCSCs with BAPTA-AM completely blocked PGE,-mediated
increases in HDAC4 gene expression in all conditions (Fig. 4D).
Thus, in hCSCs, PGE, increases HDAC4 gene expression via
EP2 receptors, and HDAC4 and 15-PGDH genes are inversely
regulated by PGE, in a Ca2+-dependent manner. Interestlngly,
PGE, treatment did not change HDAC4 gene expression in cell
types with different EP receptor profiles [MCF7 (17) and MELS5
(18); SI Appendix, Fig. S8].

Next, the crucial role of HDAC4 in mediating 15-PGDH
gene expression in hCSCs was established. Specifically, siRNA-
mediated knockdown of HDAC4 increased, whereas adenovirus-
mediated overexpression decreased basal levels of 15-PGDH
mRNA, suggesting that 15-PGDH is an HDAC4 target gene
(Fig. 4E and SI Appendix, Fig. S9). Notably, knockdown
of HDAC4 abrogated PGE,-mediated down-regulation of
15-PGDH gene expression (Fig. 4E), suggesting that HDAC4
is necessary to mediate down-regulation of this gene. The
opposing actions of HDAC4 siRNA and PGE, resulted in no
change in HDAC4 expression levels (Fig. 4E). These findings
are compatible, therefore, with the lack of dramatic HDAC4
knockdown effects on PGE,-mediated down-regulation of
15-PGDH (Fig. 4E). LMK-235 (an HDAC4/5 selective en-
zyme inhibitor) treatment resulted in five- to sixfold increases
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in basal levels of 15-PGDH mRNA and protein (Fig. 4F).
LMK-235 also blocked PGE,-mediated down-regulation of
15-PGDH gene expression (Fig. 4F). However, siRNA-mediated
knockdown of HDACS did not alter /5-PGDH gene expression
in these cells, indicating that the effects of LMK-235 are medi-
ated through inhibition of HDAC4, not HDACS (SI Appendix,
Fig. S10). Interestingly, siRNA-mediated knockdown of HDAC4
together with LMK-235 treatment led to cumulative loss of
HDAC4 mRNA and synergistic activation of 15-PGDH gene
expression (Fig. 4 G and H). Collectively, results indicate that
PGE,-mediated increases in HDAC4 expression and its deace-
tylase activity are crucial for PGE,-mediated down-regulation of
15-PGDH in hCSCs.

PGE; Mediates HDAC4 Nuclear Import in Vitro. Inmunofluorescence
studies show weak HDAC4 immunostaining distributed in both
cytoplasmic and nuclear compartments in baseline hCSCs treated
with vehicle (Fig. 5 A and B). Treatment with PGE, resulted in not
only an overall increase in HDAC4 immunofluorescence but also
increased nuclear localization (Fig. 5 4 and B). Immunoblotting
clearly shows that nuclear HDAC4 levels increased within 1 min of
treatment with PGE, and steadily increased as a function of time
(Fig. 5 C and D). Cytoplasmic HDACH4 levels did not change until
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Fig. 3. PGE; results in deacetylation of chromatin associated with the 15-
PGDH gene promoter. (A) Chromatin immunoprecipitation (IP) of acetylated
histone H3 (AcH3) is compared with IP of IgG (negative control) in cells
treated with DMSO or PGE; (100 nM) for 24 h. Data represent average fold
enrichment. *P < 0.05 compared with DMSO, Student’'s t test. n = 3.
(B) Representative immunoblot and quantitation of 15-PGDH levels in hCSCs
treated with DMSO or HDACi SAHA (2.5 pM), TSA (1 uM), or HDAC-42 (1 pM)
for 24 h. Acetylated histone H3(AcH3), positive control; p-actin, loading
control. *P < 0.05 compared with DMSO, Student’s t test. n = 3. (C) Dose-
(24 h) and time-dependent [SAHA (2.5 pM), TSA (1 uM), or HDAC-42 (1 pM)]
increases in 15-PGDH after treatment with HDACi. *P < 0.05 compared with
DMSO (C) or 0 time point (D), ANOVA, Dunn’s post hoc testing. n = 3.
(E) Data represent fragments per kilobase of exon per million fragments
mapped (FPKM) of class I, IIA, 11B, and IV HDACs expressed in hCSCs treated
with DMSO or PGE; (100 nM) for 1 or 24 h mined from the RNA-seq dataset.
GAPDH and RPLPO are shown as controls (1/100th FPKM values). *P < 0.05 com-
pared with corresponding DMSO control.
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Fig. 4. PGE,-mediated 15-PGDH repression is mediated by HDAC4.
(A) HDAC4 and 15-PGDH mRNA after treatment with increasing concentra-
tions of PGE, for 24 h. (B) HDAC4 mRNA in hCSCs pretreated with DMSO or
EP2-selective antagonists (2 puM) for 1 h followed by either DMSO or PGE,
(100 nM) for 24 h. (C) HDACA4 protein levels in hCSCs pretreated with DMSO
or PF-04418948 (2 pM) followed by DMSO or PGE,. -actin, loading control.
(D) HDAC4 in hCSCs in media + Ca®*, pretreated with DMSO or BAPTA-AM
(1 pM) for 1 h, then with DMSO or PGE, (25 nM) for 15 h. (E) 15-PGDH and
HDAC4 expression levels after siRNA-mediated knockdown with control
negative siRNA or siHDAC4 for 48 h followed by treatment with DMSO or
PGE, (100 nM) for 24 h. (F) 15-PGDH mRNA quantified in hCSCs treated with
DMSO or PGE; (25 nM) in combination with LMK235 (500 nM). Immunoblot
of 15-PGDH protein levels in whole-cell protein extracts prepared from
hCSCs treated with DMSO or LMK-235 (1 pM) for 24 h. p-actin, gel loading
control. (G and H) HDAC4 (G) and 15-PGDH (H) mRNA levels in hCSCs
transfected with no siRNA, control siNeg, or si-HDAC4 with or without the
HDAC4/5 enzyme inhibitor LMK-235. Bars represent relative mean + SD of
triplicates. *P < 0.01, ANOVA followed by Dunnett’s test using vehicle or
DMSO/si-Neg as control. Experiment was repeated in three cell preps with
identical results.

6 h after treatment, after which levels increased and remained
elevated (Fig. 5 C and D). These changes in nuclear localization of
HDAC4 were accompanied by changes in the phosphorylation
status of HDAC4 (Fig. 5 E and F). HDAC4 (Ser246) was
dephosphorylated in response to PGE, treatment within 1 h.
Total HDAC4 protein levels did not change during this time
period but increased at later times (Fig. 5 E and F). Although
immunoblotting of phospho-HDAC4 alone indicates that
HDAC4 phosphorylation seems to recover at later time points,
normalization to increased protein levels of HDAC4 indicates
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that phosphorylation of HDAC4 actually decreased with time
(Fig. 5F). In sum, PGE, induces HDAC4 dephosphorylation and
nuclear relocalization.

Phosphorylation of class II HDACs by serine/threonine kinases
regulates their cellular localization, stability, and ability to regulate
targeted gene expression (19, 20). Phosphorylated HDAC4 binds
14-3-3 protein, a complex retained in the cytoplasm (21). De-
phosphorylation of cytoplasmic HDAC4, on the other hand, leads
to release from the complex and nuclear import of HDAC4 (22).
Nuclear Ca**/calmodulin-dependent protein kinase II (CaMKII)
binds and phosphorylates nuclear HDAC4 for export to the cyto-
plasm (23). CaMKII inhibitors KN62 and KN93 down-regulated
15-PGDH 40-60% mimicking PGE, (SI Appendix, Fig. S114). As
expected, inhibition of CaMKII did not affect HDAC4 gene ex-
pression (SI Appendix, Fig. S11A4). Likewise, treatment with a cy-
tosolic serine/threonine phosphatase activator C2 ceramide (24)
repressed 15-PGDH but with no effect on HDAC4 (SI Appendix,
Fig. S11B). Further treatment with okadaic acid, which was pre-
viously shown to block HDAC4 de-phosphorylation by inhibiting
protein phosphatase 2A (22), prevented PGE,-mediated down-
regulation of 15-PGDH (SI Appendix, Fig. S11C). Okadaic acid,
however, did not alter KN-93-mediated down-regulation of 15-
PGDH gene expression (SI Appendix, Fig. S11D). These results,
therefore, are compatible with the overall pathway in which PGE,
signaling regulates not only expression of HDAC4 but also
HDACH4 cellular localization, thereby bringing about targeted re-
pression of 15-PGDH (Fig. 5D).

HDAC4 Levels and Localization During Late Gestation in Human
Cervical Stromal Tissues in Vive. To determine if HDAC4 expres-
sion is regulated in human cervical stromal tissues during the
course of cervical ripening, relative levels of HDAC4 mRNA and
protein localization were determined in human cervical stromal
tissues from nonpregnant and pregnant women (SI Appendix,
Table S1). HDAC4 mRNA levels were increased significantly in
stroma from pregnant women in late gestation (35-42 wk)
compared with those from nonpregnant or pregnant women in
early gestation (Fig. 64). mRNA levels for 15-PGDH were de-
creased significantly in stroma of women in labor compared with
nonpregnant or stromal tissues before cervical ripening (Fig.
6A4). Immunostaining indicated that HDAC4 was present in the
cytoplasm of some, but not all, cervical stromal fibroblasts from
nonpregnant women (Fig. 6 B, a). Before cervical ripening in late
pregnancy, HDAC4 immunoreactivity was abundant in most
CSCs and localized to the cytoplasm (Fig. 6 B, b). In the ripe
cervix at term, HDAC4 immunoreactivity was present in virtually
all CSCs and distributed in both cytoplasmic and nuclear com-
partments (Fig. 6 B, c¢). In contrast with the unripe cervix,
HDACH4 protein staining was intense and predominantly local-
ized in the nucleus during cervical dilation in labor (Fig. 6 B, d).

Down-Regulation of 75-PGDH Is Crucial for PGE,-Induced Preterm
Labor in Mice. A precisely timed pregnant mouse model was
used to determine the importance of PGE,-mediated regulation
of 15-PGDH for cervical ripening and labor. Lp. injection of
pregnant mice with PGE, did not alter duration of gestation,
with all mice delivering at the expected time on d 19 dpc (days
post coitum) similar to vehicle-treated animals (Fig. 74). We
reasoned that high levels of 15-PGDH enzyme and rapid in-
activation of PGE, lead to failure of PGE,; to induce preterm
labor. Interestingly, treatment with metabolism-resistant 16,16,-
dimethyl PGE, (dmPGE,) that also induced HDAC4 and de-
creased /5-PGDH mRNA levels in hCSCs (SI Appendix, Fig.
S12A) caused preterm birth on d 15 within 8-12 h. All pups were
dead at the time of delivery, with evidence of mechanical trauma.
Sacrifice of pregnant animals 6 h after dmPGE, treatment on
d 15 revealed a tonically contracted uterus, intrauterine death,
and pallid pups consistent with lack of oxygenation (SI Appendix,
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repression.

Fig. S12B). Because dmPGE,; is a competitive inhibitor of
15-PGDH, we sought to determine if inhibition of 15-PGDH led
to cervical ripening and preterm birth. However, treatment with a
15-PGDH inhibitor, SW033291 (25), alone did not affect ges-
tational length, and offspring were born healthy and full-term
(Fig. 7A4). Interestingly, treatment with a combination of PGE,
and SW033291 induced preterm labor within 12-48 h in 100% of
animals (Fig. 74). Combination treatment did not cause fetal
death in utero and premature pups born on d 15 or d 16 de-
livered atraumatically with intact placentas and fetal membranes
(Fig. 7B). Premature pups born on late d 16 or d 17 were alive
but died shortly thereafter due to extreme prematurity (Fig. 7C).
Perhaps the most interesting aspect of this treatment (PGE, +
SW033291) is that mice delivered only two pups closest to the
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cervix, whereas the remaining pups were retained, delivering at
the expected time on day 19 alive and healthy, suggesting that
the predominant effect of PGE, + 15-PGDH inhibitor was
on the cervix and lower uterine horns (Fig. 7D). Thus, we
assessed the impact of treatment on histomorphology of the
cervix. In vehicle-treated animals, the endocervix was lined by a
layer of 4-5 pseudostratified columnar epithelial cells that pro-
gressively differentiate from the basal epithelium to fully de-
veloped mucus-secreting cells toward the lumen (Fig. 7E). The
collagenous stromal matrix was dense and well-organized. Epi-
thelial and stromal morphology was similar in vehicle-, PGE,-, or
SWO033291 alone-treated animals (Fig. 7E). In contrast, treat-
ment with PGE, + SW033291 resulted in increased size and
numbers of mucus-laden epithelial cells and dramatic remodeling
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Fig. 6. HDAC4 mRNA and protein levels in human cervical stromal tissues at different stages of pregnancy. (A) HDAC4 and 15-PGDH mRNA levels quantified
in human cervical stromal tissues obtained from nonpregnant (NP, n = 7), pregnant early gestation (E. gest, n = 4), pregnant with cervix not ripe and not in
labor (near term, Not Ripe, n = 7), term pregnant with cervix ripe before labor (Ripe, n = 8), and term pregnant in labor (IL, n = 7). Data represent relative
mRNA levels normalized to GAPDH mRNA levels. *P < 0.05, **P < 0.001 compared to nonpregnant. NS, not significant. ANOVA followed by Tukey’s multiple
comparisons test. AU, arbitrary unit. (B) Immunolocalization of HDAC4 in human cervical stroma of (a) nonpregnant (NP) and (b) pregnant women in early
gestation (10-14 wk), at term before cervical ripening (Not Ripe), (c) term after cervical ripening but before labor (Ripe), and (d) in labor (In Labor). Results

were consistent, representing 3-4 tissues in each group. (Scale bar, 20 pm.)

of the collagenous matrix surrounding the stromal fibroblasts and
smooth muscle cells (Fig. 7E). Biomechanical properties of cervi-
ces (on d 16) from treated animals were determined. Although
similar in PGE,- and SW033291-treated animals, baseline cervical
dilation was increased in combination-treated animals compared
with controls (Fig. 7F). This increase in baseline dilation was accom-
panied by significant increases in distensibility without compromise
of maximal force (Fig. 7F). The results, together with the preterm
delivery phenotype, indicate that 15-PGDH plays a crucial role in
maintenance of cervical competency during pregnancy in the presence
of increasing levels of PGE, and that down-regulation of cervical
15-PGDH is a prerequisite for PGE; action at term for delivery.

Discussion

Studies reported here used CSCs in culture to elucidate the
molecular pathways of PGE, action in the human cervix. Human
cervical tissues confirmed differential regulation of HDAC4 local-
ization during human cervical ripening. Finally, studies in the mouse
indicate that down-regulation of 15-PGDH is a crucial component
of successful PGE,-induced cervical ripening and labor. The ex-
periments suggest that continuous doses of PGE,;; may fail to induce
cervical ripening and labor if endogenous levels of cervical 15-PGDH
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are high. Therefore, 15-PGDH represents an enzyme important for
cervical competency during pregnancy.

It is well-known that COX-2-derived PGE; plays a major role
in cervical ripening during term and preterm birth (7, 11, 26-28).
Inhibition of COX-2 during pregnancy, however, is relatively
contraindicated because PGE, interacting with EP4 receptors is
crucial for patency of the fetal ductus arteriosus (29, 30). The
studies reported herein indicate that EP2, not EP4, receptors me-
diate the effects of PGE, in CSCs. Activation of EP2 receptors led
to decreased expression of 75-PGDH through detailed intracellular
events unique from EP2 signaling in other cells. Specifically, acti-
vation of stromal cell EP2 receptors led to increases in intracellular
Ca**, Ca®*-dependent dephosphorylation of cytoplasmic HDACH4,
which is then localized to the nucleus to modify the transcriptome
of hCSCs. Further, we show that PGE,-mediated down-regulation
of its own catabolic enzyme, 15-PGDH, was required for PGE,-
mediated cervical ripening.

RNA-seq data confirmed that PGE, activates Ca®" signaling
pathways in hCSCs. Early cellular events after EP2 activation in-
cluded Ca®*-dependent dephosphorylation of HDAC4 and its nu-
clear import. Phosphorylation of class II HDACs by serine/
threonine kinases regulates their cellular localization, stability, and
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ability to regulate targeted gene expression (19, 20). Phosphorylated
HDACH4 binds 14-3-3 protein, a complex retained in the cytoplasm
(21). Dephosphorylation of cytoplasmic HDAC4 by protein phos-
phatase 2A, on the other hand, leads to release from the complex
and nuclear import of HDAC4 (22). Global inhibition of serine/
threonine phosphatases with okadaic acid confirmed that de-
phosphorylation of HDAC4 was an important signaling event.
After the initial dephosphorylation of HDAC4 and changes in
gene expression (including cfos), HDAC4 increased as a function
of time, and DUSPI mRNA remained increased for up to 24 h.
These findings sug%est that EP2 signaling results in an early increase
in intracellular Ca”" and dephosphorylation of HDAC4 but that
later events continue to promote the signals. Recently, it was shown
that electrical stimulation of cervix leads to cervical softening and
labor in rats (31). Because electrical stimulation results in de-
polarization of the cell membrane and influx of Ca**, we suggest
that electrical stimulation of the cervix stimulates 1ncreases in in-
tracellular Ca®" and downstream effects of PGE, including de-
phosphorylation of HDAC4 and suppression of 15-PGDH. Further,
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in the presence of an intact capillary bed with extracellular Ca**,
the resulting increase in [Ca®*]; is likely to activate phospholipases,
release arachidonic acid, and thereby amplify the feed-forward ef-
fects of COX-2 activation on the cervix.

The role of 15-PGDH in preterm birth has been studied pre-
viously (32). The 15-PGDH hypomorphic mice with low levels of
15-PGDH delivered almost 24 h early, but pups were required to
be hypomorphic for this effect on gestational length (32). In
keeping with this observation, in our mouse model, inhibition of
15-PGDH alone did not alter gestational length. Treatment of
pregnant mice with a combination of PGE, and 15-PGDH in-
hibitor SW033291 induced preterm cervical ripening and labor in
all animals tested. More provocative is that delivery was always
incomplete. Pups from the ovarian end of each horn were retained
and delivered at term on d 19 with normal growth and develop-
ment. Maintenance of pups at the ovarian ends suggests that this
ripening was not accompanied by strong uterine contractions or
progesterone withdrawal in which the uterus empties completely.
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Interestingly, RNA-seq data did not reveal PGE,-mediated
increased expression of proteases (or down-regulation of protease
inhibitors), hyaluronan synthases, or progesterone receptors. Fur-
ther, although PGE, suppressed collagen type VI gene expression,
the predominant fibrillar collagens were not affected. Decreases in
COLAGA as well as differential regulation of integrin receptors may
alter the matrix environment and matricellular signaling in the
cervix. An important consideration, however, is PGE,-mediated
increases in genes involved in cytokine—cytokine receptor interac-
tions (e.g., CCLS, CXCL-1 and -2, ILIRI, and several members of
the TNF/TNF receptor superfamily), suggesting that PGE, may
alter matrix remodeling of the cervix indirectly through stromal cell
recruitment and activation of immune cell types within the cervix.
Nonetheless, the key finding is the crucial role of 15-PGDH in
regulating all aspects of PGE, action in the cervix.

This investigation identifies (i) EP2 receptor antagonists,
(ii) HDAC:s, and (jii) activators of 15-PGDH as potential inter-
ventions to prevent preterm shortening of the cervix and pre-
term birth. With the discovery of several biologically active EP2
selective antagonists in the last 4 y, these can be considered as
potential safer alternatives for COX-2 inhibitors in pregnant
women with preterm shortening of the cervix or risk for preterm
birth. Although differences in EP receptor profiles in the cervix
of rats and mice compared with humans do not allow us to test
EP2-selective antagonists in animals, the potential for these
therapeutic targets to impact initiation, propagation, and rate of
cervical ripening in pregnant women is supported by (i) down-
regulation of 15-PGDH in cervical stromal tissues of pregnant
women during cervical ripening (6), (if) EP2 receptor pre-
dominance in cervical tissues obtained from pregnant women,
(#ii) increased HDAC4 mRNA in the pregnancy cervix, and (iv)
progressive increases in nuclear localization of HDAC4 in stro-
mal cells of the cervix from before ripening, during ripening
before labor, to the dilated ripe cervix in labor. Further, we
confirmed previous studies in which the HDACi TSA delayed
parturition in mice (33) and found that extension of treatment
time delayed parturition for up to 3 d without immediate adverse
effects on the fetus. Taken together with our in vitro data, we
suggest that HDAC:is target HDAC4 to increase basal levels of
15-PGDH that neutralizes active PGE, and PGF,,. With many
HDAC: considered as therapeutics for various diseases and well-
established pharmacokinetics and toxicity profiles, identification
of HDACH4 as a key regulatory intermediate for PGE, action on
the cervix may lead to new strategies to inhibit, or prevent,
preterm cervical ripening and preterm birth.

In summary, unraveling the signal transduction pathways of
PGE; signaling in the cervix and identification of the crucial role
of 15-PGDH in maintenance of cervical competency are im-
portant steps in understanding regulation of cervical function
during pregnancy. We propose that 15-PGDH inhibitors with a
short half-life and safe pharmacological profile may not only
increase the success of PGE,-induced cervical ripening but also
facilitate use of lower doses of PGE,,; and thereby decrease the
induction-to-delivery interval, an important consideration if in-
duction of labor is conducted in an adverse perinatal environ-
ment. In contrast, development of EP2 antagonists and
HDACH4 inhibitors may successfully interrupt the vicious cycle of
preterm cervical ripening and preterm birth.

Materials and Methods

Cell Culture and Treatments. hCSCs were cultured as described previously.
Briefly, all experiments in CSCs were conducted in cells obtained from
nonpregnant women undergoing hysterectomy for benign gynecological
conditions with one exception. The one exception was that CSCs from
pregnant women undergoing cesarean-hysterectomy for placenta previa at
term before the onset of labor were used to validate RNA-seq data. Dissected
stromal tissues (from internal os to midcervix) were separated from the
epithelium, washed with DMEM, and minced into tiny pieces followed by
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incubation in DMEM supplemented with 10% FBS for 18-20 d until cells grew
onto the culture plates (passage 0). Cells were then trypsinized, subcultured
once (passage 1), and used for various treatments. Cells were incubated in
serum-free media for 24 h before treatments to completely remove FBS-
derived prostanoids. PGE,, PGF2a, PGD,, butaprost, misoprostol, sulprostone,
PF-04418948, 8-bromo-cAMP, Wortmannin, A23187, TSA, SAHA, HDAC-42, KN-
62, KN-93, C2-ceramide, okadaic acid, and 16,16-dimethyl PGE, were obtained
from Cayman Chemical. Ly294002 and Aristoforin were obtained from Santa
Cruz Biotechnology. BAPTA-AM was from ThermoFisher Scientific. LMK-
235 was from Selleck Chemicals. TG4-155 and TG8-4 were synthesized as
described previously (34). All reagents unless mentioned were dissolved in
dimethyl sulfoxide (DMSO) and further diluted in DMSO for treatment of cells.
Final concentration of DMSO was <0.2% for all treatments. All experiments
were conducted in triplicates in at least three cell culture preparations from
cervices obtained from different subjects.

Human Cervical Tissues. Cervical stromal tissues were obtained from non-
pregnant women as described above and from pregnant women undergoing
cesarean hysterectomy according to protocols approved by the Institutional
Review Board at the University of Texas Southwestern Medical Center.
Gestational age and other details were recorded, and cervical ripening was
ascertained using a modified Bishop's score in pregnant women (35). In cases
that precluded a clinical examination (i.e., placenta previa), cervical length was
substituted for effacement (>4 cm = 0, 2-3 cm = 1, and 0-2 cm = 2), station
was presumed to be 0, and dilation of hysterectomy specimen was used to
categorize cervical ripening. Cervical stroma was separated from endocervical
epithelium from the internal os to midcervix. Ectocervix was not included.
Clinical characteristics of pregnant women from whom samples were obtained
are shown in S/ Appendix, Table S1. Only the stromal region of the cervix was
dissected and stored in RNA later for RNA extraction. Specimens were without
contamination from cervical epithelium as determined by absent expression of
epithelial 17BHSD2 (36). Another small section of cervix from the midcervix
was formalin-fixed immediately and processed for immunostaining. Tissues
from women with infections, trophoblast invasion into the cervix, cervical
dysplasia, or steroid treatment were excluded.

RNA-Seq and Analysis. Total RNA samples were processed with the TruSeq
Stranded Total RNA LT Sample Prep Kit from Illumina. Total RNA was isolated
from two biological replicates of hCSCs treated with vehicle or PGE, for 1 or
24 h and processed for whole-genome polyadenylated RNA sequencing
(polyA™ RNA-seq). Total RNA samples were subjected to enrichment of
polyA* RNA using Dynabeads Oligo(dT)25 (Invitrogen). Thereafter, strand-
specific RNA-seq libraries were prepared as described previously (37) and
sequenced using an lllumina HiSEg. 2500 using SBS v3 reagents for 100-bp
paired-end reads. Reads were trimmed to remove adaptor sequences and low-
quality bases using fastg-mcf (v1.1.2-806, https://github.com/ExpressionAnalysis/
ea-utils/blob/wiki/FastgMcf.md), followed by mapping to human genome (hg19)
using Tophat (v2.0.10, ref. 38) with igenome annotations (https:/ccb.jhu.edu/
software/tophat/igenomes.shtml). Duplicate reads were marked but not re-
moved. FeatureCounts (39) was used for read counting and edgeR (40) for
expression abundance estimation and differential expression test. Pathways
enriched in differentially expressed genes were identified by DAVID (41, 42).
RNA-seq datasets generated for this study are available at https:/www.ncbi.
nim.nih.gov/geo/query/acc.cgi?acc=GSE99392.

RNA Extraction and qRT-PCR. RNA extraction from cells was performed using
RNA extraction kit from Invitrogen (AM1914). RNA extraction from human
cervical stromal tissues (S/ Appendix, Table S1) was performed using guani-
dine hydrochloride extraction method as described elsewhere (43). cDNA
synthesis was performed using iScript Reverse Transcription Supermix from
BIO-RAD according to the supplier’s protocol (170-8841). PCR was done using
iTag SYBR Green PCR Master mix (4309155) or TagMan Gene expression
master mix (4369016) from Applied Biosystems in an ABI 7900HT Fast Real-
Time PCR system. Gene-specific oligonucleotide sequences and catalog numbers
used for gRT-PCR are supplied in S/ Appendix, Table S2.

Protein Extraction and Immunoblotting. Posttreatment cells were washed with
cold PBS twice and scraped into RIPA buffer (50 mM TriseHCI, 150 mM Nadcl,
0.1% SDS, 0.5% sodium deoxycholate, 1% Nonidet P-40, protease inhibitor
mixture), vortexed for 30 s, and incubated on ice for 30 min. Lysates were
then centrifuged at 9,300 x g for 5 min at 4 °C. Clear supernatants were
collected and protein amounts were quantified using BCA protein assay kit
from ThermoScientific (23223, 23224). Cytoplasmic and nuclear protein
fractions were prepared as described previously (44). We resolved 40 pg of
whole cell/cytoplasmic or 20 pg of nuclear protein extracts using Mini-PROTEAN
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TGX gels from BIO-RAD (456-9033) and transferred them to PVDF membrane
(BIO-RAD, 162-0177). Membranes were blocked with 5% skim milk solution in
TBS for 1 h at room temperature followed by incubation with specific antibodies
against 15-PGDH (Cayman Chemical, 1606 15), HDAC4 (Cell Signaling, 7628),
phospho-HDAC4(Ser246)/HDACS (Ser259)/HDAC7(Ser155) (Cell Signaling, 3443),
acetylated histone H3 (Millipore, 06-599), or p-actin (Cell Signaling, 4967)
overnight at 4 °C. Blots were then washed with PBS containing 0.1% Tween
20 and further incubated with HRP-conjugated secondary antibodies (anti-
rabbit 170-6515 or anti-mouse 170-6516; BIO-RAD) followed by washing and
developed using SuperSignal West Pico chemiluminescent kit (Thermo Scientific,
34080). Immunospecific signals were detected using FujiFilm LAS-3000 imager.
For reprobing with different antibodies, membranes were stripped using One-
Minute Advance Western Blot stripping kit (GM Biosciences, GM6031). Densi-
tometry was performed using Multi Guage V3.0 software.

Chromatin Immunoprecipitation. ChIP assays were performed as described
elsewhere (45). hCSCs were treated with either DMSO or PGE; (100 nM) for
24 h followed by fixing with formaldehyde. Immunoprecipitations were
performed with either IgG or Acetylated Histone H3 antibodies (Millipore,
06-599). We used 5'GGTAGGCTACCAGCGGCTCT3’ and 5-GTTCCCATCTCG-
TAATCAGTGG-3’ oligonucleotides for amplification of region of interest in
the 15-PGDH promoter (46).

siRNA-Mediated Knockdown. hCSCs were maintained in serum-free Opti MEM
(11058-021, Life Technologies) overnight and transfected with 30 nM of
either control negative siRNA (4390846, Ambion), HDAC2 siRNA (4390824,
Ambion), HDAC4 siRNA (sc-35540, Santa Cruz Biotechnologies and 4392420,
Ambion), or HDACS5 siRNA (4390824, Ambion) using Lipofectamine RNAimax
Transfection reagent (13778-075) according to the supplier’s protocol.
Transfection medium was replaced with fresh DMEM with 10% FBS and
incubated further for 24 h followed by a change to serum-free DMEM for
24 h. For quantifying basal levels of 15-PGDH, cells were further incubated
for 12 h before processing for qRT-PCR. For different pharmacological
treatments, cells were treated with either DMSO, PGE,, or LMK-235 alone or
PGE, + LMK-235 for 24 h in serum-free media.

Adenovirus-Mediated Overexpression. hCSCs grown in six-well dishes were
infected with 5 pL (1 x 10° pfu/mL) of either p-galactosidase expressing
control adenovirus (000197A, Applied Biological Materials Inc.) or HDAC4
expressing adenovirus (000426A, Applied Biological Materials Inc.) for 36 h
in complete growth medium with 10% FBS followed by incubation in serum-
free growth medium for 24 h before processing for qRT-PCR (no reverse
transcriptase controls were included to confirm that RNA preparations were
free from HDAC4 DNA from residual adenovirus in RNA preparations)
and immunoblotting.

Immunocytochemistry. hCSCs were grown on tissue culture eight-chambered
glass slides (4808, Lab-Tek) and treated with either DMSO or PGE, (100 nM)
for 24 h. ICC was performed as described previously (47) with few modifi-
cations. Posttreatment cells were fixed with freshly prepared 4% formal-
dehyde for 15 min at room temperature. Cells were then rinsed with PBS
three times (5 min each) to remove formaldehyde. Cells were then blocked
using 10% normal goat serum (50062Z, ThermoFisher Scientific) in PBS with
0.3% Triton X-100 for 1 h at room temperature. After blocking, cells were
incubated in anti-HDAC4 antibody (sc-11418, Santa Cruz Biotechnologies)
diluted in PBS with 0.3% Triton X-100 overnight (dilution- 1:500) at 4 °C.
After washing three times with fresh PBS for 5 min each, cells were then
incubated with Alexa Fluor 488 goat anti-rabbit secondary antibody
(A11008, Molecular Probes by Invitrogen) diluted in PBS with 0.3% Triton
X-100 (1:500) for 1 h at room temperature in the dark. Cells were then
washed three times with PBS (5 min each) and mounted with DAPI (P36395,
Molecular Probes by Invitrogen), coverslipped, and imaged using a Leica TCS
SP5 confocal microscope. Treatments were performed on the same slide, and
images were captured with identical settings. Negative controls consisted of
cells undergoing identical procedures with nonspecific IgG substituted for
the primary antibody. Fluorescence was absent in these negative controls.
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Immunohistochemistry. Formalin-fixed, paraffin-embedded tissues were sec-
tioned at 5 pm and mounted on slides. Tissue sections from positive and
negative sections were mounted on the same slide (48). Sections were
immunostained with antibodies against HDAC4 (1:150, sc-11418, Santa Cruz
Biotechnologies) in EDTA buffer using heated steam as the antigen retrieval
method. Immunostaining was negative in controls in which tissues un-
derwent all treatments except without primary antibody.

Animals and Treatments. To precisely determine the duration of gestation,
C57BL/6 mice (with a gestation duration of 19 d) were time mated for 4 h
(9:00 AM to 1:00 PM), after which females were separated from the males (day 0)
and randomly divided into four treatment groups: (/) vehicle [88.33% D5W (5%
Dextrose in water), 6.66% Ethyl alcohol, 3.33% Kolliphor EL (#C5135, Sigma),
1.66% DMSO], (ii) PGE; (1.68 mg/kg), (iii) SW033291 (2.5 mg/kg), and (iv)
PGE; + SW033291. Reagents were freshly prepared each time just before
treatment, and 300 pL was injected i.p. using a 28G needle, every 12 h (9:30 AM
and 9:30 PM) starting on day 15 and observed for time of delivery using
camera surveillance. Treatment was terminated on appearance of first pup,
and the time of delivery was recorded for each treated animal. Final con-
centrations of vehicle components were similar in all treatment groups. Sep-
arate treatment groups were used for histology and biomechanics. Cervices
were collected from different treatment groups on d 16 36 h posttreatment.

Histology. Tissues were harvested from three animals per treatment group on
gestation d 16. The female reproductive tract containing the vagina, cervix,
bifurcation of the uterus, and two lower pups were fixed in neutral=buffered
formalin for 24 h. Thereafter, the buffer was changed to 50% ethanol
and embedded in paraffin. Transverse serial sections from the external
cervical os were obtained every 500 pm, and Masson’s trichrome staining
was performed.

Biomechanical Testing. Each cervix was suspended between two stainless steel
wire mounts inserted through the cervical os and attached to a steel rod
apparatus with a calibrated mechanical drive and to a force transducer (49-
51). Tissues were maintained in a physiologic salt solution in water baths at
37 °C with 95% O, and 5% CO,. After acclimation for 15 min, each ring was
equilibrated to slack length (ring diameter at resting tone) as measured by
the calibrated mechanical drive. Rings were distended in 1-mm increments
with 2-min intervals between each increment to allow stabilization of forces
before subsequent distention. This process was continued until failure
(breakage) or until plateau of force generation. Force in Newtons was
plotted against deformation, producing a sigmoid-shaped curve. Distensi-
bility was considered the inverse of tissue stiffness, which was calculated
from the slope of the linear portion of the curve.

Statistical Analysis. RNA-seq data were analyzed as described above. Other-
wise, for multiple groups, ANOVA followed by Dunnett’s post hoc testing
(vehicle as control) was used except for gestational timing, in which an ANOVA
was used followed by Tukey’s post hoc testing. Student’s t test was used to
compare two independent groups.

Study Approval. Cervical tissues were obtained from women undergoing
hysterectomy for benign gynecological conditions unrelated to cervical dis-
ease under a protocol approved by the Institutional Review Board at the
University of Texas Southwestern Medical Center, with informed consent
from all patients. Experimental protocols on animals were approved by the
Institutional Animal Care and Use Committee of Texas Southwestern Medical
Center.
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