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Abstract

The remodeling of the cervix from a closed rigid structure to one that can open sufficiently for
passage of a term infant is achieved by a complex series of molecular events that in large part

are regulated by the steroid hormones progesterone and estrogen. Among hormonal influences,
progesterone exerts a dominant role for most of pregnancy to initiate a loss of tissue strength

yet maintain competence in a phase termed softening. Equally important are the molecular events
that abrogate progesterone function in late pregnancy to allow a loss of tissue competence and
strength during cervical ripening and dilation. In this review, we focus on current understanding
by which progesterone receptor signaling for the majority of pregnancy followed by a loss/shift

in progesterone receptor action at the end of pregnancy, collectively ensure cervical remodeling as
necessary for successful parturition.

INTRODUCTION

Throughout pregnancy, the cervix must remain closed to ensure protection of the fetus
through pregnancy (competence) yet simultaneously undergo progressive softening for
successful parturition at term (compliance). The intricate balance between the competence
and compliance is tightly controlled by action of endocrine factors such as steroids (i.e.,
progesterone, P4; estrogen, E2), and non-steroidal hormones (i.e., relaxin, oxytocin). In
recent years, our current understanding of endocrine regulation in pregnancy and parturition
has expanded. Among hormonal influences, P4 exerts a dominant role for most of pregnancy
to achieve cervical softening. Equally important are the molecular events that abrogate P4
function in late pregnancy to allow cervical ripening and dilation. In this review, we focus
on current understanding by which progesterone signaling regulates aspects of cervical
competence and compliance during softening and how a loss of progesterone signaling the
final steps to achieve maximal compliance during ripening and dilation.
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CERVICAL REMODELING

The cervix is comprised of a stromal region that harbors fibroblasts, smooth muscle

cells, blood vessels and immune cells. The fibroblasts synthesize a complex extracellular
matrix (ECM) in which collagen and elastic fiber structure influences cervical function.
Smooth muscle cells are interspersed between the fibroblasts in rodents and women and

in the human cervix are in greater density in the region of the internal os compared to

the external os [1,2]. Lining the cervical stroma is a cervical epithelium. Epithelial cells
provide a physical and immunological barrier against external insults such as harmful
pathogens. The remodeling of the cervix in preparation for parturition begins in early
pregnancy and is divided into distinct phases termed cervical softening, ripening, dilation
and postpartum repair. The softening period is a progesterone dominant phase and can be
further divided into an early and late softening period based on a distinct transcriptional
landscape and distinct mechanical properties as described in the mouse [3,4,5,6]. Cervical
ripening and dilation are accelerated phases of remodeling that encompass the end of
pregnancy and parturition. This is an estrogen dominant phase of remodeling. The ripening
and dilation phases are referred collectively in this review as there are no molecular
markers that distinguish these rapid overlapping phases. The demonstration that the cervix
softens in the first trimester of pregnancy in women, that cervical length as visualized by
vaginal ultrasound gradually shortens in a term pregnancy and that morphological changes
associated with cervical ripening/dilation occur in late preghancy suggest conservation of
these phases in the human [7,8].

FACTORS REGULATING CERVICAL REMODELING

The steroid hormones progesterone and estrogen play a central role in the molecular events
that ensure appropriate and timely cervical remodeling for safe delivery of a term baby.

In most species with the exception of humans, non-human primates and guinea pigs,
progesterone synthesis is high throughout pregnancy and circulating levels decline in late
gestation to allow onset of parturition [9,10,11,12,13,14]. While progesterone synthesis
remains high in women until birth due to placental production, loss of progesterone function
is achieved by numerous pathways resulting in similar changes to the uterus and cervix as
reported in other species [15,16,17]. Estrogen biosynthesis is lower in early pregnancy and
gradually increases in the latter half of pregnancy. The relationship between progesterone
and estrogen is complex and tissue specific, though the necessity of estrogen signaling to
induce progesterone receptor synthesis and the ability of progesterone to suppress estrogen
actions is generally conserved [18].

In addition to the steroid hormones, peptide hormones also contribute to the regulation
of reproductive tract function. Relaxin (RIn) secreted by the ovary, binds to a membrane
receptor, Rxfpl, has numerous proposed roles such as tissue growth and development,
vasodilation, inhibition of myometrial contractions, softening of the cervix, development
of mammary gland, and inhibition of tissue fibrosis [19,20,21,22,23]. The primary role
of relaxin in pregnancy and parturition is to facilitate cervical growth and remodeling
[24,25,26,27].
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Prostaglandins are eicosanoids that mediate numerous inflammatory events associated
with uterine contractions and fetal membrane remodeling [28]. The prostaglandin, PGE
is used clinically to induce cervical softening and has long been considered to be a

key driver of cervical remodeling in women and animal models [29]. In recent years,
comparisons between term cervical remodeling and inflammation-mediated premature
ripening demonstrate an increase in prostaglandin synthesis and reduced prostaglandin
metabolism in inflammation mediated preterm birth, but not in term cervical remodeling
[28]. Supporting clinical evidence calls into question the role of prostaglandins to
physiologic cervical remodeling [30].

PROGESTERONE AND ITS ACTIONS IN THE CERVIX

Progesterone binds the progesterone receptor, a nuclear receptor that mediates
transcriptional control. The complexity of progesterone-mediated transcriptional regulation
is in part driven by the fact that the PR gene encodes for two isoforms PR-A and PR-B
with an extra coding sequence at the N-terminal of the PR-B gene. PR-A and PR-B display
similar DNA and hormone binding affinities, can bind to DNA as homo- or heterodimers
but are transcribed by different promoters [31]. Progesterone can transactivate distinct
transcriptional programs dependent on the relative abundance of PR-A/PR-B isoforms
[32,33]. Studies in isoform specific KO models demonstrate that PR-A is necessary and
sufficient for fertilization, implantation and maintenance of pregnancy to term [34,35].
Both /n vitroand ex vivo uterine studies demonstrate a role of PR-B to maintain uterine
quiescence and suppress inflammation during pregnancy. Transitions to increased levels

of PR-A in late pregnancy, termed the progesterone receptor isoform switch, promote the
activation of contractility and inflammatory processes [36,37,38].

The influence of P4’s actions on cervical remodeling are demonstrated by the ability of
progesterone receptor antagonists to induce cervical ripening (onapristone or RU486) and
the ability of P4 agonists (e.g. R5020, promegestone) to prevent cervical ripening in women
and animal models [28,39,40,41,42,43]. In the context of cervical remodeling, evidence for
PR isoform specific transcriptional programs exist but are not well understood. The global
PGR knockout mouse demonstrates impaired ovarian function and implantation defects that
limit the utility of this genetic model to ascertain isoform specific actions in the cervix
during pregnancy [15]. Several /n vitro studies demonstrate an antagonistic role of PR-A on
the function of PR-B resulting in functional P4 withdrawal [44,45,46]. A shift in the PR-B
to PR-A ratio is not observed in the mouse cervix at term and markers of cervical ripening
at term are reported to occur normally in the PR-B KO mouse [34]. This observation
suggests that in addition to antagonizing PR-B function, PR-A is able to activate gene targets
necessary for cervical remodeling. Further /7 vivo studies in the cervix are needed to clarify
the isoform specific functions in cervical remodeling.

PROGESTERONE RECEPTOR EXPRESSION IN CERVICAL CELLS

Multiple studies demonstrate cervix cellular proliferation, differentiation and turnover
is regulated by hormones, especially estrogen and progesterone during the nonpregnant
cycle, pregnancy and postpartum [47]. Both cervical stromal and epithelial cells express
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progesterone receptors [48]. In the nonpregnant mouse cervix, epithelial PR is required

for apoptosis and for suppressing epithelial proliferation. This function is distinct from the
uterine epithelia in which epithelial PR is not required to induce apoptosis or suppress
proliferation. The studies described by Mehta et al. highlight cell and tissue specificity of
PR’s actions that differ between the nonpregnant uterus and cervix. During pregnancy both
the stroma and epithelia continue to express PR. As seen in Figure 1, while all layers of
epithelia express PR, at specific time points the basal epithelia have reduced expression
compared to the luminal layers (gestation days 6, 12 and 18). Stromal PR expression
appears robust and constant during pregnancy and postpartum. Prior studies demonstrate PR
expression in the stroma with an absence of PR expression in macrophages [43]. Similar PR
patterns are described in the rat cervix during pregnancy [47]. In addition, a constant high
expression of ERa was observed in the cervical epithelia and stroma throughout pregnancy
and decline postpartum.

PROGESTERONE ACTION IN THE SOFTENING PHASE

Advances in our understanding of the molecular events that drive cervical remodeling set the
stage to better understand the regulatory roles of steroid hormones to this process. Starting in
early pregnancy, the cervix initiates a slow progressive remodeling phase termed softening.
Key hallmarks of this phase are the increase in tissue compliance with maintenance of tissue
competence and immunotolerance [49]. This phase requires progesterone receptor function
[40,41]. The softening period overlaps in late pregnancy with the accelerated phases of
ripening and dilation, in which the cervix loses its mechanical strength, yet maintains

an immunoprotected barrier. This phase is characterized by reduced progesterone receptor
function and increased action of estrogen signaling [4,50].

Changes in the composition and structure of the cervical extracellular matrix dictate the
balance between compliance and competence [51]. Collagen fibers are the major structural
protein made by cervical stroma. During softening, collagen content remains constant yet
collagen turnover is high [52]. This allows the replacement of mature, highly cross-linked
collagen with newly synthesized, less cross-linked collagen [3,53]. It is achieved by high
synthesis of fibrillar collagens, and a decline in expression of enzymes that determine the
type and degree of collagen cross-links (PlodZand Lox, respectively) which further correlate
with the decline in tissue stiffness during cervical softening. However, molecules in the
ECM that are necessary for assembly of collagen fibrils such as the small leucine rich
proteoglycans, decorin, biglycan and lumican are expressed at steady levels in the pregnant
and nonpregnant cervix. This ensures seamless processing, assembly and deposition of
collagen with appropriate strength required for cervical tissue function at different stages
of pregnancy [4, 52]. Structural changes to elastic fibers are also observed in cervical
remodeling and similar to fibrillar collagen, their assembly also requires decorin or other
SLRP family members [4,54]. While collagen structure regulates tissue strength, elastic
fibers are likely to contribute to tissue elasticity and resilience [5]. Nonstructural ECM
proteins that likely modulate the function of collagen and/or elastic fibers are suppressed
at the level of transcription during softening. These include thrombospondin 2 and tenascin
C [53]. The stepwise changes in structure and function of the cervical ECM identified in
rodent models is likely conserved in the nonhuman primate (NHP) as determined by shear

J Steroid Biochem Mol Biol. Author manuscript; available in PMC 2023 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Tripathy et al.

Page 5

wave elasticity imaging to assess softening [55,56]. Similar changes in cervical ECM in
women is supported by the increased risk of preterm birth due to cervical insufficiency in
women with Ehler-Danlos syndrome that results from genetic defects in proteins necessary
for assembly of collagen and elastic fibers [57].

The regulatory role of progesterone and estrogen to modulate ECM structure and function
are well documented in the cervix, uterus, pelvic floor and breast [4,51,58,59,60]. Cell and
tissue differences in regulation however; complicate current understanding and limit our
ability to extrapolate findings. For example, the cross-link forming enzyme lysyl oxidase
is regulated by estrogen (E2) in the mouse cervix while progesterone (P4) suppresses
E2-induced lysyl oxidase expression in the vagina [61,62].

Our prior studies in decorin null mice with cervical defects in assembly of collagen fibrils
and elastic fibers suggested a dominant role of progesterone in collagen homeostasis and
estrogen in elastic fiber homeostasis [4]. Collagen fibril defects in ovariectomized decorin
null mice treated with P4 for 15 days were resolved while estrogen treatment in this model
rescued elastic fiber defects. Gene expression studies in cervices of ovariectomized wild
type mice demonstrate greater overlap and complexity in P4 and E2 regulation, as either

P4 or E2 treatment can induce transcription of one or more fibrillar collagens as well as
regulate components of elastic fibers (E/n, Fbnl, Fbn2, Mfap). Extrapolating the findings in
an ovariectomized system to pregnancy indicate the dynamic changes in P4:E2 levels and
cell type specific expression of their nuclear receptors allow for dynamic changes in cervical
ECM structure and function during cervical softening and ripening. Interestingly, P4 was
shown to inhibit collagen synthesis in human cervical fibroblast 3-D cultures though this
may not reflect in loss of collagen content in the cervix during pregnancy [63,64].

Adding to the richness and diversity of cervical ECM structure-function regulation in
pregnancy is the expression of the peptide hormone relaxin (RIn) and its receptor, Rxfpl
[65]. Increased levels of relaxin in mid to late pregnancy contribute to ECM remodeling,
though specific gene targets have not been identified. Mice lacking RxfpI or R/nhave
parturition defects that in part can be attributed to a failure of cervical remodeling [66].
Improved understanding of the molecular changes driving ECM reorganization that begin in
early pregnancy and the contributions of specific ECM components to distinct mechanical
parameters (e.g., stiffness, strength, resilience, etc.) of the cervix emphasize the need of
future studies to understand the role of PR signaling in regulation of these processes during
pregnancy and parturition [51].

Consistent with progesterone’s role in limiting pro-inflammatory responses, the softening
period is one of immunotolerance and high P synthesis [67]. The concept that pregnancy is
a period of immune suppression has shifted in recent years as evidence builds in support

of an immune environment that is functional yet tolerant [68]. Immunotolerance in the
cervical microenvironment during pregnancy in women is supported by the observation that
cervicovaginal secretions from pregnant women are capable of eliciting similar immune
mediators in response to HIV exposure as compared to cervicovaginal secretions from
nonpregnant women [69]. Cervical studies in mice demonstrate the steady presence of
resident leukocytes (neutrophils, macrophages) throughout pregnancy [70,71]. These cells
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appear quiescent based on low myeloperoxidase activity of neutrophils and gene expression
patterns that include low or absent proinflammatory gene marker expression [52,70,67]. The
cervical epithelia also provide immunoprotection through a physical and immune barrier
[72].

Gene expression patterns during pregnancy in the softening period are altered to induce
mucin biosynthesis and transport, expression of protease inhibitors (Sp/ink5), and epithelial
restitution factors ( 77fZ) [67]. While not well-studied during pregnancy, mucosal synthesis
and secretion, as well as epithelial cell proliferation, differentiation and tight junction
permeability are regulated by nonpregnant cyclic shifts in progesterone and estrogen [73,74].
A deeper understanding of the steroid hormone regulation of immune tolerance by immune
and epithelial cells during cervical softening is necessary to identify mis-regulation that
contributes to prematurity.

PROGESTERONE ACTION IN THE RIPENING PHASE

The transition from the period of cervical softening to cervical ripening at the end of
pregnancy is largely regulated by the decline in progesterone function and increased
responsiveness to estrogen. In mice and numerous other species, circulating progesterone
levels decline in late pregnancy while in the human, progesterone synthesis by the placenta
continues until birth [10,12]. Despite this important distinction, reduced progesterone
signaling is a common aspect of parturition initiation in humans and most mammalian
species. Decades of research by many laboratories have uncovered the diverse mechanisms
by which progesterone function is abrogated to alleviate uterine quiescence, and initiate
cervical ripening. In addition to the PR isoform switch that has been discussed earlier, local
metabolism of P4 was identified as a key driver of cervical ripening.

Numerous enzymes convert progesterone to less inactive progestins. These include
aldoketoreductases (Akricl, Akric2, Akric3) and steroid S5a-reductase which metabolize
P4 into 20a-hydroxyprogesterone and 5a-dihydroprogesterone, respectively [75,76].
Transcripts encoding 5alpha-reductase type 1 (5a-R1)are induced in the cervical epithelia
on gestation day 15 in mice with peak expression on days 18 and 19 [77]. Mice lacking
steroid 5a-R1 demonstrated a parturition defect in 70% of pregnancies due to a failure of
cervical ripening. While circulating levels of progesterone declined on gestation day 18,
tissue levels of P4 remain elevated in the 5a-~Z null mice and prevented cervical ripening.
Uterine contractility was close to normal despite the lack of cervical ripening in the 5a-R1
deficient mice [50]. While the expression of 5a-R1 is not induced in the human cervix in
late pregnancy, studies by Andersson et al. demonstrated a conserved role of local steroid
metabolism to achieve cervical ripening during parturition in women [16].

Consistent with its ability to modulate immunoprotection, the decline in progesterone
during cervical ripening alters epithelial barrier properties and the cervical immune cell
composition. The epithelia modulate barrier functions through changes in composition of
tight junction proteins, desmosomes and mucus synthesis. Immunoprotection is provided
through formation of a mucus barrier and production of antimicrobials such as secretory
leukocyte protease inhibitor (SLPI), IgA and 1gG [78,79]. While combined and independent
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actions of estrogen and progesterone via binding their nuclear receptors to regulate the
described functions of cervical epithelia is supported by studies in the non-pregnant cervix,
pregnancy-specific regulation of epithelial functions by PR remain limited.

The reduced availability of ligand to bind PR leads to a significant alteration in

cervical immune cell composition during cervical ripening in mice with an influx of

tissue monocytes and increase in eosinophils [80]. While the cell-specific regulatory

events remain to be defined, the link with progesterone and progesterone receptor is
supported by the failed influx of monocytes in the 5a-R1 knockout mice during cervical
ripening and the premature increase in monocyte in the cervices of mice treated with

the progesterone receptor antagonist, RU486 [70]. During labor or shortly postpartum,
numbers or activity of neutrophils and macrophages are increased. Gene expression patterns
identify macrophage heterogeneity with markers of proinflammatory macrophages (M1) and
immunosuppressive/tissue repair macrophages (M2). While loss of progesterone function
during cervical ripening results in the influx of tissue monocytes, this does not support a
role of physiological inflammation to achieve cervical ripening but rather the postpartum
maturation to M1/M2 macrophages to allow for rapid tissue repair after birth [70,80].

While numerous studies suggest leukocytes and physiologic inflammation play a key role
to drive cervical ripening/dilation via release of proteases that breakdown the cervical

ECM [81,82,83] there is substantial evidence to oppose this historical paradigm. For
example, in women, gene expression microarray patterns from term pregnant cervical

tissue collected before and after birth do not identify increases in proinflammatory genes
until after birth [84]. Similarly in mice, transcriptional patterns identified by RNA-seq
demonstrate suppression of innate immune and inflammatory pathways during cervical
softening (gestations days 6, 12 and 15) and ripening (day 18) as compared to non-pregnant
[52]. Depletion of neutrophils in pregnant mice does not prevent cervical ripening or a term
birth [70,85]. The necessity of macrophages to cervical ripening is difficult to interpret from
depletion studies due to compromised placental function and a high incidence of infant
mortality [86].

Thus, the actions of progesterone receptor are diminished during cervical ripening. Increased
P4 metabolism within the cervical microenvironment in conjunction with alterations in PR
isoforms and reduced P4 synthesis ensure timely changes in the cervix. This may relieve
repression of genes regulated by PR directly or indirectly through PRs ability to regulate
other signaling molecules. In addition, since PR can reduce estrogen receptor signaling,
reduced PR activity may allow increased transcription of E2 regulated genes. Important to
this phase of cervical remodeling, loss of P4 action induces an influx of inflammatory cells
whose activation in the postpartum period suggests a role in postpartum repair of the cervix.

PREGNANCY COMPLICATIONS AND THE CERVIX

Preterm birth (PTB) is the leading cause of neonatal morbidity and mortality worldwide
and affects, approximately 1 out of every 10 births in the United States [87]. The majority
of PTBs are spontaneous (not medically induced) and caused by multiple etiologies, some
of which remain undetermined. While premature cervical remodeling precedes preterm
birth in most cases, cervical dysfunction as the initiating factor is established in cervical
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insufficiency as well as in ascending infection [88]. In cervical insufficiency, structural
defects in the cervix lead to premature opening in the absence of uterine contractions
[57,89,90]. In ascending infection, a breach in the cervical barrier allows for the ascension of
harmful pathogens which can result in inflammation-mediated premature birth. Ascending
infection accounts for roughly 25-40% of spontaneous PTBs in women [88].

CERVICAL INSUFFICIENCY

The molecular events that drive cervical insufficiency remain to be identified though genetic
evidence targets ECM dysfunction as a key contributor [57]. Pregnant women with gene
defects in molecules required for collagen or elastic fiber synthesis or assembly have a
greater incidence of preterm birth due to cervical insufficiency or preterm premature rupture
of membranes (PPROM) [89]. Given the demonstrated regulatory role of progesterone,
estrogen and relaxin in regulation of ECM, future studies to define how altered hormone
signaling may contribute to ECM dysfunction in cervical insufficiency is warranted.

INFLAMMATION AND PRETERM BIRTH

Loss of PR signaling is necessary to induce myometrial contraction, relieve suppression

of inflammatory processes and reorganize the cervical ECM to ensure maximal tissue
compliance during the ripening phase. Given this accepted paradigm, researchers have
sought to understand how PR controls these diverse processes and how perturbations in

PR signaling or PR-targeted pathways contribute to PTB. Administration of progesterone
receptor antagonists such as mifepristone (RU486) or onapristone to mice induces PTB
within hours. Features of cervical ripening at term are prematurely induced with RU486
treatment on gestation day 15 demonstrating that loss of PR functions are necessary

and sufficient to achieve ripening [28,39]. Scientists have studied several models of
inflammation-mediated PTB via ascending infection of E. coli, intraperitoneal, intrauterine
or intra-amniotic application of lipopolysaccharide, and viral exposure [6,91]. In contrast
to term or RU486-induced PTB, premature ripening induced by intrauterine LPS-induced
inflammation models are characterized by a distinct transcriptional program that includes
a robust pro-inflammatory response and increased protease expression [6,92]. Furthermore,
prostaglandin levels are increased and necessary for inflammation-mediated ripening but
not term ripening. Assessment of ECM ultrastructure suggests degradation that is consistent
with reports of impaired mechanical function [5, 6]. Collectively, these studies demonstrate
a pathway of cervical remodeling with infection/inflammation that is distinct from term
ripening. A decline in circulating levels of P4 before the onset of inflammation-mediated
PTB is observed (28,93). Studies conducted in human cervical fibroblast cells report the
ability of the proinflammatory cytokine, //-15to induce the aldoketoreductases (AkrIcl,
Akric2, Akric3) and steroid 5a-reductase type 1 at both mRNA and protein levels which
collectively metabolize P4 to less active progestins [94]. Studies carried out by Kniss and
Summerfield [95] in human cervical stromal fibroblasts demonstrate P4-mediated changes
in cytokine induced gene expression. P4 selectively modulated the global cytokine-induced
gene expression profile with both synergistic (/rak3, Hsd11b1, Fkbp5) and antagonistic
(Has2, II-1B, IL6, Mmp10, Ptgs2) effects on genes with proposed functions in the cervical
stroma [95]. Collectively, both mouse /n vivo and human cell data suggest a decline in PR
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signaling precedes the activation of inflammatory responses. Further, mechanistic studies are
warranted to demonstrate this connection.

Equally important to understanding the impact of uncontrolled inflammation to cervical
remodeling, is the need to understand how host response mechanisms fail to allow
unmitigated inflammation. The cervical epithelia are the first line of defense against
bacterial and viral induced damage. Mice with a disrupted cervical epithelial barrier due
to gene targeted loss of hyaluronan or pathogen exposure (e.g., Group B Streptococcus

or Ureaplasma parvum exposure after chemical disruption) provide insight as to how a
compromise in host protection contributes to PTB with exposure to ascending infection
[91,96,97]. The regulatory role of PR and ER on epithelial cell proliferation, apoptosis,
barrier and immune protection has been well studied in the non-pregnant cervix, yet in the
context of term pregnancy and premature birth the signaling pathways in both the stroma
and epithelia that regulate pregnancy-specific changes and responses is an understudied area
that warrants investigation.

PROGESTERONE THERAPY FOR PRETERM BIRTH

Given the necessity of progesterone for maintenance of pregnancy, numerous clinical
studies report the benefits of progestin (17-hydroxyprogesterone caproate or progesterone)
therapy for prevention of preterm birth [98,99]. In particular, vaginal progesterone was
reported to benefit women with a sonographically detected short cervix, one risk factor for
PTB. However, two recent large randomized clinical trials failed to demonstrate efficacy
[100,101,102]. This subsequently led to recommendations to withdraw FDA approval of
the drug Makena (17-hydroxyprogesterone caproate) [103]. Consistent with in the lack

of efficacy of progestin therapy in women, a similar outcome was observed in a mouse
model of inflammation-mediated PTB with intrauterine LPS administration. Recent studies
by Zierdan et al. [104] report the development of a vaginal nano delivery system for
optimized delivery of P4. They demonstrate that P4 alone cannot prevent LPS-induced PTB
but co-administration of P4 with a histone deacetylation inhibitor effectively reduced the
occurrence of PTB resulting in birth of viable pups. Collectively, these studies suggest loss
of P4 may be necessary but not sufficient to induce PTB mediated by inflammation and that
benefits of P4 therapy, if any, will require identification of specific PTB etiologies that are
responsive.

CURRENT UNDERSTANDING AND FUTURE DIRECTIONS

As summarized in Figure 2, during the first 95% of pregnancy, progesterone receptor
signaling events are regulators of the key processes necessary for the success of cervical
softening. This includes an extensive ECM reorganization that increases tissue compliance
yet keeps the cervix closed and competent and the generation of an immuno-protective
environment. Equally critical to the success of cervical remodeling is the reduced PR
function during the ripening phase that is collectively achieved by the PR isoform switch,
local metabolism of P4 and in most species other than human, by a decline in P4 synthesis.
This is superseded with increased ER signaling that regulates further changes to achieve
maximal tissue compliance with the onset of uterine contractions during parturition. A
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major gap in our understanding are the molecular details by which PRA, PRB and ER
regulate cell specific events through the softening and ripening period and how these are
modulated by peptide hormones or growth factors. For example, a functional role of smooth
muscle cells in cervical remodeling is unknown. Defining the potential hormone-regulated
transitions between synthetic and contractile SMC phenotypes during cervical softening
and ripening may provide functional insights. Several priority questions are: What is the
cell- type specific direct gene targets of both PR isoforms in the cervix? What are the
paracrine regulatory signals by which for example PR may regulate transcription of a
secreted stromal factor that in turn activates signaling pathways in the cervical epithelia? Do
perturbations in PR regulated signaling pathways giving rise to PTB of a specific etiology
and is this PTB subtype a potential target of P4 therapies? New advances in genomics,
spatial transcriptomics and single cell analysis will allow researchers the tools to tackle
some of these fascinating questions and ultimately advance knowledge relevant to a term
birth and preterm births of specific etiologies.
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Figure 1: Progesterone receptor (PR) localization in non-pregnant and pregnant cervix.
Immunohistochemical localization of PR in cervical sections of non-pregnant (NP), pregnant

and postpartum (PP) mice. Epithelial PR is localized throughout the basal and luminal

layers of squamous epithelia in the NP and PP cervix. Similar patterns are noted in cervical
sections from gestation days 6 and 15 while basal layers have reduced PR expression relative
to the luminal secretory cells on days 12 and 18. Stromal PR remains high throughout
pregnancy and postpartum compared to non-pregnant cervix. Images are taken at 20X. E=
Epithelia; S= Stroma.
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Figure 2: Progesterone and progesterone receptor signaling during cervical remodeling.
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