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« Integration of clocks and initiation of parturition

ABSTRACT: The signals and mechanisms that synchronize the timing of human parturition remain a mystery and a better understanding of
these processes is essential to avert adverse pregnancy outcomes. Although our insights into human labor initiation have been informed by
studies in animal models, the timing of parturition relative to fetal maturation varies among viviparous species, indicative of phylogenetically dif-
ferent clocks and alarms; but what is clear is that important common pathways must converge to control the birth process. For example, in
all species, parturition involves the transition of the myometrium from a relaxed to a highly excitable state, where the muscle rhythmically and
forcefully contracts, softening the cervical extracellular matrix to allow distensibility and dilatation and thus a shearing of the fetal membranes
to facilitate their rupture. We review a number of theories promulgated to explain how a variety of different timing mechanisms, including
fetal membrane cell senescence, circadian endocrine clocks, and inflammatory and mechanical factors, are coordinated as initiators and effec-
tors of parturition. Many of these factors have been independently described with a focus on specific tissue compartments.

In this review, we put forth the core hypothesis that fetal membrane (amnion and chorion) senescence is the initiator of a coordinated, redun-
dant signal cascade leading to parturition. Whether modified by oxidative stress or other factors, this process constitutes a counting device, i.e. a
clock, that measures maturation of the fetal organ systems and the production of hormones and other soluble mediators (including alarmins) and
that promotes inflammation and orchestrates an immune cascade to propagate signals across different uterine compartments. This mechanism in
tumn sensitizes decidual responsiveness and eventually promotes functional progesterone withdrawal in the myometrium, leading to increased myo-
metrial cell contraction and the triggering of parturition. Linkage of these processes allows convergence and integration of the gestational clocks
and alarms, prompting a timely and safe birth. In summary, we provide a comprehensive synthesis of the mediators that contribute to the timing
of human labor. Integrating these concepts will provide a better understanding of human parturition and ultimately improve pregnancy outcomes.

Key words: labor and delivery / corticosteroids / senescence / oxidative stress / NK cells / progesterone receptors / endoplasmic

reticulum / unfolded proteins / p38MAPK / aging

Introduction

Parturition: evolutionary considerations

The appropriate timing of birth is a major determinant of pregnancy suc-
cess and evolutionary fitness in viviparous species. Parturition, a key
element in the reproductive cycle that is well matched to the species-
specific reproductive strategy, is under strong selective pressure. There
is wide diversity in the length of gestation and neonatal maturity at birth
that is independent of size at birth. Some species (e.g. marsupials) have
a relatively short gestation period and give birth to small and highly
dependent (i.e. altricial) neonates, whereas others (e.g. sheep) experi-
ence longer gestations, giving birth to large, precocial infants able
to stand and run independently within minutes after birth. With respect
to maturity at birth (i.e. dependent/altricial or independent/precocial),

human neonates are comparable with other altricial species even
though primates are generally considered to be precocial at birth. This
human trait, known as secondary altriciality, is thought to reflect the
combined effects of bipedalism, with a narrow, funnel-like pelvic outlet
and encephalization, which provides for a relatively large fetal head and
accommodates a complex fetal brain. The combination of these unique
hominid characteristics created an obstetric dilemma: how to deliver a
large-headed infant through a small pelvic outlet. Strong selective pres-
sure likely led to a birth timing system that optimizes the benefits of
both encephalization and bipedalism. Moreover, the need to ensure
successful pregnancy likely produced a redundancy of pathways to
ensure reliable uterine emptying and expulsion of the fetus. In this
context, the control of human birth timing is unique and it is not sur-
prising that most animals are poor models for the physiology of human
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pregnancy and delivery. The parturition-triggering pathway that is most
effectively activated and results in the birth of a viable neonate to a
healthy mother, capable of nurturing the infant, is typically considered
the ‘normal’ mechanism for that species. However, secondary path-
ways also evolve through natural selection, particularly in response to
specific physiological or environmental conditions.

Herein, we develop the hypothesis that fetal membrane senescence
is the initiator of a coordinated, redundant signal cascade leading to
parturition. We propose that multiple inputs into an inflammatory load
converge on common labor effectors such as progesterone withdrawal
and increased sensitivity to uterotonins [e.g. oxytocin and prostaglan-
dins (PGs)] to transform the uterus into a laboring phenotype. Each of
these inputs constitutes a functional ‘clock’ with interdependent timing
mechanisms. However, the extent to which any individual clock domi-
nates over other physiological or pathophysiological signaling mechan-
isms that stem from infection or metabolic derangement is likely to
explain the variability in human gestational length.

Birth usually occurs at a time in gestation referred to as ‘term’, when
the fetus is physiologically prepared to maintain homeostasis as a neo-
nate. A relatively wide range for human gestation (defined as 37 0/7
through 41 6/7 gestational weeks by the American College of Obstetrics
and Gynecology (2013)) is recognized, when the probability for neonatal
survival is optimal. Clearly, gestation must proceed for an amount of
time needed for the fetus to develop. This review addresses the question
of what mechanism controls the length of human gestation and how
its various related timing mechanisms are synchronized. Even with a term
delivery, several stereotypes support the concept that birth is a
metaphysical event. Babies are very rarely born with intact membranes, a
condition termed ‘en caul’, purportedly a good omen or a mark of great-
ness. In fact it is far more likely that membranes rupture before the onset
of contractions in normal pregnancy, sometimes by many hours or even
days. For women who present with contractions but do not go into
active labor or for women who arrest in active labor, the artificial rup-
turing of fetal membranes is a common procedure to induce labor.

Biological clocks

The Merriam-Webster dictionary defines a biological clock as ‘an inher-
ent timing mechanism in a living system that is inferred to exist in order
to explain the timing or periodicity of various behaviors and physiological
states and processes.” A biological clock can function as either a count-
ing device that records events (e.g. light—dark cycles or cell divisions) or
as a responder that monitors the level of a specific signal (e.g. nutrient
availability or level of circulating hormone). The system should respond
after a specific number of events (analogous to a ticking, preset alarm
clock) or at a specific signal vector (analogous to a sundial or a thermo-
stat set to maintain a specific room temperature). In this context, preg-
nancy biological clocks could count recurring events and/or monitor a
threshold of specific signals. Because fetal maturation is the core object-
ive of gestation, it is reasonable to assume that the length of gestation is
in part governed by a timing mechanism linked to the fetal developmen-
tal program. Such a system is exemplified in sheep, where birth timing is
controlled by the activity of the fetal hypothalamic—pituitary—adrenal
(HPA) axis. Increased activity of the fetal HPA axis induces a surge in
cortisol production by the fetal adrenals to stimulate the functional mat-
uration of the organ systems necessary for neonatal survival, in particular
the lungs. Importantly, this cortisol surge concomitantly decreases

production of progesterone in the placenta, leading to a systemic pro-
gesterone withdrawal that triggers parturition. In sheep, this fetal
neuroendocrine clock thus determines the length of gestation and coor-
dinates fetal maturation with parturition. Ablation of the fetal HPA axis
in sheep abolishes parturition and fetal growth continues post-term until
the size of the conceptus eventually overwhelms the maternal abdom-
inal cavity, constricts the rumen and causes the pregnant ewe to die of
starvation. Redundancy of parturition pathways appears to be lacking in
sheep and because this system is highly efficient in neonatal loss as a
result, aberrant birth timing is virtually absent in this species.

Parturition in the mouse is also triggered by a clock-like mechan-
ism; however, this time-keeping device appears to be located in the
maternal compartment. In rodents, the progesterone required to
maintain pregnancy is supplied by the maternal corpus luteum, which
persists for most of the pregnancy. Parturition is triggered by PG pro-
duction in the maternal decidua (pregnancy endometrium) late in ges-
tation in response to a presumed decidual clock. Decidual PGs
induce luteolysis, causing a rapid fall in the level of progesterone and
subsequently inducing parturition. Until recently, it had been assumed
that the clock controlling decidual PG production in rodent partur-
ition was independent of fetal development. However, it was recently
reported that in mouse embryos lacking both SRC-1 and SRC-2 ster-
oid receptor co-activators, parturition is severely delayed, but labor
can be rescued by surfactant protein A (SP-A) and a glycerophospho-
lipid (platelet-activating factor, PAF) derived from the lungs of wild-
type mouse fetuses (Gao et al., 2015). Thus, an integrated embryonic
component also appears to participate.

These examples of gestation clock mechanisms represent rather
extreme cases: the first example exclusively residing in the sheep
fetus, whereas in the second example predominantly residing in the
rodent mother with new evidence of fetal lung contribution.
Whether such similar systems control the length of human gestation
is currently an area of intense research. The relatively wide range of
human term gestation (37—42 gestational weeks) and the high inci-
dence of pre- and post-term births in the human species (with neo-
natal risks associated with both conditions) suggest considerable slack
and variance and ultimately the existence of multiple, redundant
clock-and-monitoring systems. Additionally, the rupture of fetal mem-
branes at term also exhibits distinct phenotypes. One-third of deliver-
ies experience premature rupture of the membranes at term
(PROM), whereas in many instances artificial rupture of the mem-
branes is required prior to delivering the fetus even after prolonged
labor. To date, many of the parturition phenotypes observed at term
have not been fully characterized either biologically or mechanistically
and thus our understanding of the pathways of parturition is limited.

Although the timing of parturition relative to fetal maturation varies
among viviparous species, indicative of multiple gestation clock and
parturition-triggering mechanisms, important common pathways and
their associated hormonal controls exist in the birth process. In all species
studied to date, parturition involves the transition of the myometrium
from a relaxed to a highly excitable state in which the muscle rhythmically
and forcefully contracts to become the engine for birth. Softening of the
cervical extracellular matrix (ECM) allows the distensibility needed for
dilation of the cervix, the gateway for birth and a weakening of the fetal
membranes that facilitates their rupture. Another parturition feature
common among viviparous species is inflammation within the gestational
tissues, i.e. the cervix, decidua/fetal membranes and myometrium.
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Inspired by the surrealistic masterpiece ‘The Persistence of
Memory’ created by the late Salvador Dali, we envision an integrated
and potentially sequential cascade of local and systemic signals
derived from multiple biological compartments, each with its own
intrinsic clock or alarm characteristics (Fig. 1). To provide a compre-
hensive overview of the evidence, we address these inputs in separ-
ate sections. We start from a traditional view, as described above for
sheep, where neuroendocrine signals derived from the fetus play a
critical role in synchronizing the onset of parturition. However, our
current working hypothesis, which is based on exciting new data that
we summarize in this review, posits natural, physiological fetal mem-
brane senescence as the prime instigator of normal labor.

The endocrine clock

The idea of a zeitgeber (i.e. time-keeper) or pacemaker, an external
influence that synchronizes the setting of a biological clock, has
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been a popular concept in endocrinology for decades. The classical
neuroendocrine axis zeitgeber has a short wavelength and is mono-
chromatic; it which induces a phase-response shift in retinal ganglion
cell signaling via the retino-hypothalamic tract to the suprachias-
matic nucleus, which in turn suppresses melatonin levels and
entrains circadian (~24 hours) glucocorticoid rhythms (Copinschi
et al,). Current molecular models of circadian clocks involve
mechanisms whereby protein dimers of basic helix-loop—helix tran-
scriptional enhancers (encoded by the Clock and Bmall genes, for
example) form stimulatory complexes. Their nuclear phosphopro-
tein targets (derived from the Period and Cryptochrome genes
(Hastings et al., 2007)) create an inhibitory feedback loop, thereby
generating alternating metronomic signals. In an elegant conditional
knockout model of pregnant mice, targeted deletion of Bmall cir-
cadian clock alleles in the maternal myometrium and bladder
resulted in a circa 20% reduction in myometrial Bmall mRNA, char-
acterized by early delivery in 18% and late delivery in 18% of litters.
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Figure 1 Proposed system of multiple biological clocks and alarms to optimize the duration of pregnancy. During pregnancy, at least four such
timing mechanisms exist and these can operate in parallel or in series. Neuroendocrine fetal hormones and placental factors, particularly those
modulating cortisol productions, have been classically invoked and are reviewed under ‘The endocrine clock’. The novel concept of natural fetal
membrane cell senescence is developed under ‘Fetal membrane clock: a source of parturition signals’, where several testable, amnion-derived sterile
inflammatory mediators are proposed. The decidual clock serves at the critical vascular feto—-maternal interface (The decidual clock: inflammation
and senescence). Ultimately, the myometrium becomes progesterone resistant and is activated to generate coordinated, forceful contractions, lead-
ing to fetal expulsion (Myometrial clock: progesterone and inflammation). Oxidative, nitrosative, folded-protein and ER stress pathways (Myometrial
stretch inputs and activation of parturition) also contribute to the molecular regulation of labor onset. Finally, redundancy and synergy provide assur-
ance against prolonged pregnancy duration, whereas premature activation of one or more pathways can trigger early delivery. Understanding the
integrated actions of these systems will inform new clinical approaches to the control of labor onset.
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Thus, uterine clock genes may be directly involved in the timing of
parturition (Ratajczak et al., 2012).

Shorter ultradian (circa |-2 hours) and longer circannual (circa
| year) patterns of hormone production also are recognized. Studies
in mating and parturition have traditionally focused on circannual
photoperiods in seasonal breeders, but in continuously reproductive
species like humans emphasis has mostly focused on the oscillatory
regulation of the hypothalamic—pituitary—ovarian function that leads
to owvulation, fertilization and conception. Long periodicity effects
have also been evaluated in human pregnancy. Onset of labor and
spontaneous rupture of fetal membranes were reported to occur
more commonly during a full moon (Stern et al., 1988) but a more
recent, larger study failed to show a relationship between birth rate
and lunar or atmospheric conditions (Morton-Pradhan et al., 2005).
Seasonal patterns of pregnancy and birth exist across different popu-
lations and geographic regions, but these cannot be attributed to a
biological clock per se. Instead, a high number of summer births is
attributed to ‘Christmas effect’ conceptions that correspond with
vacations and longer periods of darkness in the northern hemisphere
of the Western world (Cesario, 2002).

The HPA axis

The HPA axis has its own circadian rhythms, with a glucocorticoid
phase that changes the expression of Clock-related genes, including
the Period gene in mouse heart, liver and kidney (So et al., 2009). By
changing the expression of Clock genes, glucocorticoids influence
responses to stressors, including the regulation of food intake
(Damiola et al., 2000). Aberrant light—dark cycles have been shown
to impair mood and learning in mice via melanopsin-expressing neu-
rons. Increased glucocorticoid (corticosterone) concentrations in this
model were suppressed by administering fluoxetine or desipramine,
which are antidepressant drugs (LeGates et al., 2012). However,
results from large clinical studies and a meta-analysis are mixed. In a
Finnish population-based cohort of >845 000 singleton births, preg-
nant women exposed to selective serotonin reuptake inhibitors had a
significantly reduced risk of preterm delivery (Malm et al., 2015). By
contrast, a meta-analysis by Huybrechts et al. (2014) indicated that
antidepressant medications during pregnancy were associated with a
higher, not lower, risk of preterm birth, even when the diagnosis of
depression was controlled. Future studies are needed to ascertain
whether antidepressant medications pharmacologically modulate the
onset of labor.

Following its identification in the 1980s, corticotrophin-releasing
hormone (CRH) emerged as a crucial hypothalamic hormone regula-
tor of human labor (Petraglia et al., 1987). As with oxytocin (dis-
cussed below), CRH is classically synthesized in the hypothalamus,
but there is strong evidence that supports local placental production
of CRH and its related urocortin peptides. Early experiments demon-
strated that radiolabeled CRH can bind with high affinity and specifi-
city to placental membranes, and just recently CRH receptor mRNA
and proteins have been documented in human amnion, syncytiotro-
phoblast and term myometrial cells (Petraglia et al., 2010). In a recent
study, 22 primigravid women in active labor were subjected to fre-
quent plasma sampling to assess maternal CRH and IL-6 pulses. As
the plasma half-lives of CRH and IL-6 in humans are 4 and 7 minutes,
respectively, a 3-minute sampling interval was chosen to detect the

two proteins (Papatheodorou et al., 2013). CRH pulses were identi-
fied with a frequency of ~2 per hour. These were paralleled by a
slightly slower pattern of IL-6 pulses, wherein the cytokine peaks pre-
ceded each CRH peak by ~12 minutes. The authors interpreted the
time-integrated data to indicate that an inflammatory stimulus, mani-
fested as IL-6 peaks, drives CRH secretion (the role of inflammatory
cytokines as parturition clocks is discussed in more detail below).
Feedback regulation of CRH by cortisol in the intrauterine tissues is
quite distinct from that of the adult HPA axis. In the former, a posi-
tive feedback loop drives the exponential production of glucocorti-
coids near term, synchronizing labor and fetal organ maturation
(Robinson et al., 1988). Uterine contractions in the studied women
(Behnia et al., 2015), measured as Montevideo units, had a periodicity
of ~24 per hour, indicating substantially faster rhythm modulation by
the myometrial clock. No significant time-ordered correlations between
CRH pulses and myometrial contractility were observed.

Glucocorticosteroids and parturition

Glucocorticosteroid hormones are powerful synchronizers of bio-
logical clocks, and this class of hormones has long been thought to
control the timing of parturition. In most mammalian species,
increased concentrations of glucocorticoids are evident in the mater-
nal and fetal circulations and amniotic fluid prior to the onset of labor
(Li et al., 2014). As term approaches, the fetal membranes and pla-
centa produce CRH and concomitantly synthesize less CRH binding
proteins, robustly increasing bioavailable CRH (McLean et al., 1995;
Golightly et al., 201 1). High levels of CRH in turn up-regulate adreno-
corticotropic hormone and cortisol production in the fetal pituitary
and adrenal glands, respectively. However, unlike the adult HPA axis
where feedback inhibition occurs, cortisol promotes placental CRH
gene expression, thus creating a positive feedback loop and driving
the exponential production of glucocorticoids (Robinson et al., 1988).
Moreover, CRH appears to have a direct effect on fetal lung matur-
ation (Muglia et al., 1999), simultaneously assuring that adequate pul-
monary surfactant is present at the time of delivery.

Glucocorticoids predominantly exert their pleiotropic actions via
intracellular glucocorticoid receptors (GRs) that function as ligand-
activated transcription factors. Upon ligand binding, GRs dissociate
from chaperone heat shock proteins (HSPs) and immunophilins,
translocate into the nucleus and activate or repress target genes
bearing glucocorticoid response elements. GR action can be directly
modulated by heterodimerization with other transcription factors,
including nuclear factor kappa B (NF-kB) (Wang et al., 2014) and the
clock gene product itself (Nicolaides et al., 2014), which in turn influ-
ences immune responses. These effects may be ligand-dependent
given that progesterone and the synthetic progestin, medroxyproges-
terone acetate, repress cytokine-driven cyclooxygenase (COX) 2
expression via GR (Lei et al., 2012).

In most domestic animals, concentrations of glucocorticoids in
maternal, fetal and amniotic fluid surge at the onset of labor. In con-
trast, corticosteroid concentrations in human pregnancy progressively
increase during the third trimester of pregnancy without a dramatic
peripartum endocrine surge. However, Li et al. (2014) provide a
strong rationale for rapidly augmented local paracrine glucocorticoid
action within the fetal membranes and subjacent myometrium. In
human pregnancy, the fetus is protected from circulating maternal
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cortisol levels by the high level of expression of | | hydroxysteroid
dehydrogenase 2 (I 1p-HSD2), which is synthesized in the syncytio-
trophoblast. This enzyme inactivates most of the maternal cortisol
transferred across the fetal membranes by oxidizing it into inactive
cortisone. However, with advancing gestation and effects of pro-
inflammatory cytokines, maternal decidua and fetal amnion cells
acquire the ability to locally regenerate cortisol from cortisone, via
expression of the reductive isoenzyme | IB-HSDI (Sun and Myatt,
2003), and hexose-6-phosphodehydrogenase. The latter enzyme pro-
duces nicotinamide adenine dinucleotide phosphate (NADPH), a crit-
ical co-factor that provides reducing equivalents for |IB-HSDI
activity. Thus, high concentrations of cortisol are generated within
the fetal membranes, where they stimulate local production of PGs,
senescence factors and other potent uterotonins. This model reveals
how many labor mechanisms are preserved between ruminant and
human parturition, even when the compartments the pathways lie in
are divergent.

Finally, a number of targets down-stream of GR activation appear
to increase susceptibility to senescence, including epigenetic program-
ming effects, in what is referred to as the ‘glucocorticoid vulnerability
hypothesis’ (Garrido, 201 1). This concept is addressed in the next
section.

Other hypothalamic-pituitary peptides

Oxytocin is a nine-amino acid peptide classically produced in associ-
ation with neurophysin by hypothalamic magnocellular neurons
whose axons project toward neurosecretory endings in the posterior
pituitary. The same hormone is synthesized by chorionic trophoblasts
in placental membranes (Chibbar et al., 1993; Blanks et al., 2003) and
the decidua (Friebe-Hoffmann et al., 2007). Moreover, because
umbilical artery concentrations are up to |0-fold higher than the
levels in the umbilical vein (Malek et al., 1996), the fetus itself appears
to be a source of oxytocin. Within the uterus, the primary targets of
oxytocin are receptors in the myometrium (Arrowsmith and Wray,
2014), which mobilize intracellular Ca?* transients and stimulate uter-
ine contractility (Fuchs et al., 1982). Moreover, other local autocrine
and/or paracrine actions have been described for this hormone, with
oxytocin serving as a potent secretagogue for the release of both
CRH and prostaglandin F2 alpha (PGF2a) from trophoblast cells
(Fuchs et al., 1982; Petraglia et al., 1989). It has been reported that
the frequency of spontaneous oxytocin pulses in women in labor
(measured in ethylene diamine tetraacetic acid plasma to inhibit oxy-
tocinase) is 4-5-fold faster (~14 per hour) than the pulse frequency
prior to labor (~3 per hour). The zeitgeber for this clock has not yet
been identified (Fuchs et al., 1991). Based on this physiological
rhythm, it was hypothesized that pulsatile oxytocin infusion might be
more efficacious in inducing labor than the continuous administration
protocols that have been used in clinical practices over the past
50 years. However, in a well-powered study, Tribe et al. (2012)
found no difference in the ratio (1.01, 95% confidence interval
0.81-1.26, P = 0.90) of cesarean to vaginal deliveries. Similar findings
were reported by Cummiskey et al. (1989) in a randomized study of
94 women receiving continuous versus pulsed oxytocin infusion for
labor augmentation. Although the total administered dose was ~28%
less in the latter group, none of the clinical efficacy outcomes were
different.

Pro-inflammatory cytokines, including interleukins, IL-1p and IL-6,
and tumor necrosis factor alpha (TNF-a) have all been implicated in
parturition (Romero et al., 2006) and also fluctuate in a circadian pat-
tern with peak concentrations between midnight and early morning
hours. Their actions partially explain the strong clustering of contrac-
tions (67%) that occur at night in human pregnancy (Moore et dl.,
1994; Olcese, 2012; Reiter et al., 2014). These appear in part to be
due to the coordinated, nocturnal up-regulation of melatonin and
oxytocin receptors in the myometrium (Sharkey et al., 2009), possibly
driven by circadian cytokine release. A similar mechanism presumably
underlies the tendency for inflammatory joint symptoms to flare in
the early morning among patients with autoimmune disorders (Straub
and Cutolo, 2007). Increasing evidence supports a role for cellular
senescence in parturition (see below), and glucocorticoid exposure
has been invoked as a major determinant of immunological aging
(Bauer, 2008). Some of these effects appear to be mediated via ele-
vated cortisol levels, altered GR signaling, telomere shortening and
cell aging as observed in major depressive disorders (Wolkowitz
et al, 201 1). These are discussed in more detail in the following sec-
tions on fetal membranes and decidual clocks.

Eicosanoids and endothelins

In addition to their maturational effects on fetal physiology, including
pulmonary, gut and neural systems, glucocorticoids can contribute to
myometrial preparation for labor via increased PG production,
through the up-regulation of COX-2 and down regulation of the cata-
bolic 15-OH PG dehydrogenase (Challis et al., 2002). Cytosolic
phospholipase A2, which liberates arachidonic acid from cell mem-
brane phospholipids, and carbonyl reductase I, an enzyme that can
convert PGE2 to PGF2a, also are positively regulated by cortisol
(Guo et al., 2014). That PGs serve as potent uterotonic mediators of
labor is supported by evidence that increases in amniotic fluid PGE2
and PGF2a concentrations precede parturition (Romero et al., 1996),
clinically administered PG preparations induce myometrial contrac-
tions at virtually any stage of pregnancy, and inhibitors of PG synthesis
delay labor onset. Furthermore, some of the endocrine and paracrine
factors reviewed in this section of the article (e.g. CRH, cortisol) have
been shown to signal through local PG production within the decidua
and/or fetal membranes. Other key myometrial contractile mediators
have been identified. Endothelin-1 is a 21-amino acid peptide that is
both a potent vasoconstrictor and a uterotonin (Carbillon et al.,
2001). A single nucleotide polymorphism in the endothelin-1 gene
was observed to contribute to a multilocus model of gene—gene inter-
action predisposing to pPROM (Romero et al., 2010), where elevated
midtrimester amniotic fluid concentrations of ET-I have been
reported (Margarit et al., 2006, 2007).

In superfused amnion explants from 6 of 8 subjects in labor, but not
from 10 women before labor, PGE2 and PGF2«a release was noted to
be pulsatile, with a periodicity of ~1 per hour (Reddi et al., 1990). The
actions and regulation of myometrial PG receptors that ultimately
transduce the effects of PGE2 and PGF2a on uterine smooth muscle
are complex. EP3 and FP receptors appear to dominate the contractile
effects of PGE2 and PGF2a, respectively. These receptors couple with
Gag/ 'l and Gai proteins to activate phospholipase C, generate inosi-
tol triphosphate and mobilize intracellular Ca+2 (Sakamoto et al.,
1995; Arulkumaran et al., 2012). The FP receptor also has been shown
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to modify multiple functions in the human myometrium and decidua,
including responsiveness to oxytocin, cytokines and activation of matrix
metalloproteinases (MMPs) to effect cervical remodeling and promote
fetal membrane rupture (Makino et al., 2007). Thus, coordinated
actions of eicosanoids and their receptors along with other uterotonins
drive the parturition clock. To our knowledge, pulsatile release of
endothelin-1 in the human uterus has not been reported, but micro-
dialysis studies in bovine corpora lutea revealed tight correlations
of circadian endothelin-1, oxytocin and PGF2a pulses in ovarian
venous plasma (Shirasuna et al., 2007).

Summary

In this section of the review, we summarize the influences of what
are regarded as many of the critical endocrine and paracrine factors
that regulate the onset of labor. It is assumed, but still not rigorously
established, that misexpression of combinations of these hormones
and eicosanoids might also precipitate preterm labor. A few general
principles are of note: (i) although central and systemic sources exist
for many of these signaling molecules, local production of the identi-
cal hypothalamic—pituitary hormones, steroids and eicosanoids within
the intrauterine membranes of the feto—maternal tissues allow para-
crine and autocrine actions of these classical endocrine factors;
(i) pulsatile production and secretion of labor-activating factors have
been demonstrated in the maternal circulation and often within organ
explants in vitro, suggesting that rhythmic pacemaker functions are
intrinsic characteristics of these reproductive tissues and finally
(i) complex, parallel and interactive signal transduction cascades
provide mechanisms for the synchronization of several cooperating
biological clocks that set the alarm for parturition. A more sophisti-
cated understanding, and ultimately the simultaneous pharmaco-
logical manipulation, of multiple pathways are likely to be needed
to establish successful strategies to reset the human labor clock
and prevent preterm birth, which continues to be a vexing clinical
problem.

Fetal membrane clock: a source
of parturition signals

Fetal membrane: structure and function

The so-called fetal membranes comprise two concentric cellular
layers: an internal amnion and an external chorion (Hay, 1981). The
amnion is composed of a single inner layer of cuboidal epithelium,
with a thickness of 50-500 pm, which surrounds the developing
embryo and lines the uterine cavity. The outer chorion is a much
thicker layer and comprises trophoblasts derived from the yolk sac
and allantois, representing the remnant of chorion laeve. The tropho-
blast layer is directly connected to the maternal decidua and
embedded within an ECM that is rich in type IV collagen (Bryant-
Greenwood, 1998). The amnion is constantly bathed apically by
amniotic liquor, preventing it from desiccation and providing it with a
fluid-filled space that protects the growing fetus from mechanical
‘shocks’ that might cause fetal injury (Mossman, 1991). The chorion
acts as a co-ordinating center for nutritional supply and metabolite
exchange across the feto—maternal interface, providing immune

protection, structural stability and a site for hormone production
(e.g. chorionic gonadotropin, CRH, oxytocin and estrogens), which is
critical for accommodation of fetal growth remodeling.

Fetal organ maturation signals and their
impact on fetal membranes

As discussed above, the timing of parturition in most species is a
result of coordinated signals arising from both the mother and fetus
(Mendelson, 2009). Previously, it had been suggested that the fetus
may provide a signal via pulmonary SP-A, secreted into the amniotic
fluid and accumulating in increasing amounts during late gestation until
myometrial contractility is activated (Condon et al., 2004). Increased
fetal lung surfactants have been demonstrated to stimulate the
release of PGs from the fetal membranes (Sun et al., 2006; Myatt and
Sun, 2010). As the onset of labor is accompanied by increased PG
levels in the fetal membranes, myometrium, amniotic fluid and mater-
nal circulation, these analyses initially defined a mechanism whereby a
fetal gestational clock can trigger a maternal parturition response.
More recent analyses have proved unequivocally, at least in the
mouse, that SP-A and PAF provide such pro-inflammatory fetal sig-
nals (Gao et al, 2015). As fetal lung production of SP-A and PAF
leads to increasing concentrations in the amniotic fluid, maternal
myometrial NF-kB activation and PGF2a levels follow. As a result
of these gestationally regulated paracrine effects, local maternal
expression of myometrial contraction-associated genes is increased.
Furthermore, these analyses provide compelling evidence that a signal
originating in the fetus can also modify the maternal endocrine axis by
regulating ovarian luteolysis and evoking progesterone withdrawal in
the pregnant mother as term approaches. In conclusion, at least one
fetal paracrine clock, utilizing surfactant lipoproteins, regulates gesta-
tion by signaling via the fetal membranes and maternal myometrium
when its lungs have developed the capacity for the transition from
the aqueous environment of the amniotic cavity to aerobic environ-
ment outside.

Besides SP-A and PAF from the lung, fetal organ maturation signals
such as endothelin-1 from kidneys, epidermal growth factor and
transforming growth factor (TGF) from liver, steroid receptor
co-activators | and 2, and a multitude of sensory input signals from
the brain are also examples of organ maturation-related signals
released into the amniotic fluid. Like SP-A, all these factors are
known activators of inflammatory cascades and impact a fetal mem-
brane response.

Fetal membrane aging

The above section described the signals generated by the maturing
fetus and its likely impact on fetal membranes. In this section, we
propose a novel mechanistic role played by fetal membranes to pro-
mote parturition. The concept described below is derived from our
recent data on natural and physiological aging of fetal membranes and
how the process associated with aging can generate a variety of bio-
chemicals, constituting sterile inflammation to promote parturition
(Behnia et al., 2015; Menon et al., 2016). Fetal membrane growth
during gestation is tightly coupled to embryogenesis and fetal growth.
The amnion layer surrounds the embryo and the fusion of amnion
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and chorion occurs between 14 and 16 weeks of gestation. This unit
structure continues to expand by remodeling its ECM through
processes that involve MMPs and their tissue-specific inhibitors
(Vadillo-Ortega et al., 1995; Fortunato et al., 1997, 2003) , eventually
obliterating the extra-embryonic celom and fusing with the chorion
(Mossman, 1991). Cells of the fetal membranes continue to divide
throughout pregnancy, although the rate of mitosis diminishes near
term (Teasdale, 1980; Fox, 1997). In addition to cell division, devel-
opment and maturation also progress throughout gestation.
Membranes multitask throughout pregnancy, mediating fetal wellbeing
by communicating between the fetus and the mother. As the fetus
approaches maturity near term, physiological aging of membrane cells
ensues and with it functional capacity declines. The status of the fetal
membranes at this point resembles the end stages of an organismal
life. Their dysfunction can be perceived as the final preparatory stages
for the eventual delivery. Based on these developmental aspects, we
postulate that fetal membranes function as an independent ‘Jeeva’
(organism or life form) to perform a specific function during gestation;
i.e. to protect the fetus and aid in its growth. Continued progressive
division of fetal membrane cells leads to a telomere-dependent cellu-
lar senescence that promotes an aging phenotype. The aging fetal
membrane cells promote their final function by propagating signals
that activate the decidua, resulting in functional progesterone with-
drawal and the generation of inflammatory signals in myometrium,
thus initiating contractions and ripening the cervix for fetal delivery
(Fox and Faulk, 1981; Fox, 1997; Menon et al., 2012, 2013, 2014a,b;
Menon, 2014; Bredeson et al., 2014; Behnia et al., 2015; Polettini
et al., 2015b).

Telomeres and fetal membrane senescence
at term

Replicative senescence, a telomere-dependent process, is a mechan-
ism associated with aging and involves cell cycle arrest triggered by
various endogenous and exogenous factors (Hayflick, 1974;
Blackburn, 1991; Campisi, 1997; Blackburn, 2001; von and Martin-
Ruiz, 2005; Campisi and d’Adda di, 2007; Coppe et al., 2010;
Kuilman et al, 2010; Sanders and Newman, 2013). Telomeres are
guanine nucleoside-rich caps at the ends of chromosomes, which
function to protect chromosome integrity (Harley et al., 1992; von
and Martin-Ruiz, 2005; Horn et al., 2010; Sanders and Newman,
2013). Telomere length is maintained in somatic cells by telomere
terminal transferase (or ‘telomerase’), an enzyme that adds
TTAGGG repeat sequences to the 3’ ends of deoxyribose nucleic
acid (DNA) (Blackburn, 1997, 2001; Boccardi and Paolisso, 2014;
Phillippe, 2014). Telomere length during embryogenesis peaks at
the blastocyst stage (Liu et al., 2007) but its precise regulation and
the role of telomerase activity in early pregnancy remain unclear.
Gestational age-dependent reduction in telomere length of fetal leu-
kocytes and fetal membrane cells was reported by Menon et al.
(2012). A progressive diminution in telomere length from ~18 to
~7kb was observed from 22 to 4| weeks of gestation (Menon
et al., 2012) (Fig. 2). This decrease in fetal telomere length was
rapid over a period of only |9 weeks. If the decrement in telomere
length per cell division is assumed to be 50—100 bases (Zhang and
Klotz, 2001; Liu et al., 2007; Ratsep et al., 2015), this rate of
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Figure 2 Fetal telomere shortening during pregnancy. Fetal
leukocyte DNA telomere analysis determined progressive reduc-
tion in telomere length as gestation progresses. The longest telo-
mere length was seen at 22 weeks and the shortest at term. This
is indicative of a telomere-dependent senescence process in the
fetal compartment.

shortening corresponds to a cell-doubling rate of |-2 days, typical
of human cells in vitro (Kim, 1995). These values also are consistent
with the so-called Hayflick limit of ~60 divisions (Hayflick, 1973a,b;
Blackburn, 1991).

Multiple physiological factors contribute to telomere length loss,
with a key mediator being oxidative stress (OS). Decreased telomere
length was observed in term labor fetal membranes compared with
term not-in-labor samples and also compared with membranes
exposed to cigarette smoke extracts (CSEs) in vitro, and this was
inversely correlated with amplifiable telomere fragments in the amni-
otic fluids (Polettini et al., 2015a). OS at term builds up in the intra-
uterine cavity as a result of increased fetal metabolic demands on
mitochondria, reduced maternal supply of metabolic substrates,
depleted antioxidants and increased stretching of placental and uter-
ine tissues (Buhimschi et al., 2003; Myatt and Cui, 2004; Agarwal
et al., 2005; Paamoni-Keren et al., 2007; Schulpis et al., 2007; Menon
et al., 2014b). Guanine-rich repeats of 100—400 bases on the 3’ end
of telomeres are particularly susceptible to OS because of the high
density of guanine bases, which are oxidized through electron transfer
(Saito et al., 1995; Stewart et al., 2003). Conversion of guanine into
8-oxoguanine (8-oxoG) creates lethal DNA lesions (Fortini et al.,
2003), which are targets for base excision by 8-oxoG glycosylase
(OGGI), a highly expressed DNA repair enzyme in human fetal
membranes (Menon, 2014; Menon et al., 2014b). In-vitro analysis of
normal term not-in-labor amnion epithelial cells exposed to CSE
showed DNA damage and the formation 8-oxoG but with no
increase in OGGI, indicating persistence of damage (Menon, 2014;
Menon et al., 2014b). Exposure of primary amnion epithelial cells to
CSE for up to 96 hours substantially reduced the telomere length
compared with untreated controls. This experimental evidence
shows that OS at term can result in accumulation of DNA damage
and telomere fragmentation (Agarwal et al., 2005). Telomere reduc-
tion can be a marker for OS as well as aging. Therefore, the next set
of experiments we performed using fetal membrane tissues provided
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evidence for senescence, a mechanism associated with aging (Menon
etal., 2016).

Evidence for fetal membrane senescence

Masoro (1995) and Finch (1992) aided our understanding of fetal
membrane aging by emphasizing that senescence of the amniochorion
progresses slowly from as early as the |2th week of gestation, con-
tributing to the decreased vitality of the fetal membranes and framing
the time for parturition. A natural extension of this thinking is that
premature senescence of these membranes might accelerate amnio-
chorion aging and lead to preterm birth and other adverse pregnancy
outcomes, like stillbirth or miscarriage (Polettini et al., 2015a,b).

Our group has systematically examined term human fetal mem-
branes for signs of senescence consistent with the end stage of this
tissue’s life cycle. Several markers were observed to increase in speci-
mens from laboring pregnancies compared with those sampled prior
to labor (Behnia et al., 2015), including: (i) ultrastructural evidence of
round mitochondria, swollen endoplasmic reticulum (ER), and con-
toured nuclei containing condensed chromatin; (i) increased expres-
sion and activation of p38 mitogen-activated protein kinase (MAPK),
a stress-responsive kinase; (iii) increased numbers of cells positive for
senescence-associated beta-galactosidase (SA-f-gal); (iv) loss of
lamin BI, a structural nuclear envelope protein. Additionally, an
archetypal phenomenon known as the senescence-associated secre-
tory phenotype (SASP) is characterized by the promulgation of pro-
inflammatory cytokines, chemokines, growth factors and MMPs that
manifest a form of sterile inflammation (Coppe et al., 2010; Rodier
and Campisi, 201 |; Velarde et al., 2013). Amniotic fluid samples from
term labor have higher concentrations of pro-inflammatory cytokines
and chemokines (e.g. IL-6, IL-8 and granulocyte monocyte colony-
stimulating factor) compared with amniotic fluid from women from
term not-in-labor (Behnia et al., 2015). Conversely, SASP markers
related to pro-cell growth were lower in amniotic fluid from women
during term labor. Although not designated as SASP markers (Behnia
et al., 2015), changes in concentrations associated with many of these
factors (cytokines, chemokines, growth factors, metalloproteinases,
receptor agonizts and antagonists and PGs) are already documented
in various feto—maternal compartments (Behnia et al.,, 2015). Their
biological functions as pro-parturition factors have also been well
documented in both human and animal model studies.

However, these data do not necessarily support senescence as a
trigger for term labor because the association could simply reflect
changes in response to parturition. Thus, using an in-vitro model of
fetal membrane organ explant cultures and primary amnion epithelial
cells from term not-in-labor tissue, we attempted to recapitulate
these findings to establish causality. In such studies, we have shown
that OS accelerates telomere shortening and senescence and pro-
duces overwhelming inflammation (SASP), recapitulating findings from
clinical specimens.

How can senescent fetal membrane signal
parturition?

Conventional theories of parturition initiation, as described above,
include feto—maternal endocrine and immune changes within the

intrauterine compartment (Casey et al., 1983; Smith et al, 2002;
Romero et al., 2006; Gomez-Lopez et al., 2009, 2013; Mendelson,
2009; Shynlova et al., 2013; Vega-Sanchez et al., 2015). Herein, we
propose that OS-induced senescence of fetal membranes may tilt the
inflammatory threshold in the intrauterine cavity to generate signals
required for parturition.

Besides SASP, senescent fetal membranes also release damage-
associated molecular pattern (DAMP) markers. DAMPs are mole-
cules that elicit an immune response to injured, necrotic or apoptotic
endogenous factors (Farkas et al., 2007). Several DAMPs have been
reported in laboring tissue, including high-mobility group box
(HMGB) |, HSP70, uric acid, single- and double-stranded DNA and
RNA, S100 and hyaluronan (Buhimschi et al., 2004, 2009; Gravett
et al., 2004; Lange and Vasquez, 2009; Romero et al., 2014b; Vega-
Sanchez et al., 2015; Gomez-Lopez et al, 2016) DAMPs cause
immune activation (Seong and Matzinger, 2004) and tissue injury in a
feedback loop, additionally enhancing the inflammatory load of the
uterine cavity. This review further highlights the mechanistic roles of
DAMPs that can be propagated as signals enhancing the sterile
inflammatory load in different uterine compartments. SASP and
DAMPs reflect changes in fetal membrane physiology that contribute
to inflammatory overload and may act as fetal signals that can be pro-
pagated to other compartments, where they cause tissue damage or
increase inflammation. Below, we provide experimental evidence
from our laboratory where we have shown two DAMPs, namely
HMGBI and cell-free fetal telomere fragments, that may function to
enhance the overall inflammatory load, by providing a feed forward
loop to enhance fetal cell senescence.

HMGBI as a DAMP: role as a parturition
signal

As mentioned above, one of the characteristic signs of senescence is
loss of the nuclear envelope protein Lamin Bl. Loss of Lamin Bl can
cause nuclear contents to leak into the cytoplasm and extracellularly.
One of the commonly externalized proteins is HMGBI, a 25-kD,
non-histone chromatin-associated protein that binds double-stranded
DNA (Andersson et al., 2002; Romero et al., 2012; Kang et al., 2013;
Venereau et al., 2013; Janko et al., 2014) and stabilizes nucleosomes
during DNA repair and recombination (Ticconi et al., 2007; Lange
and Vasquez, 2009; Romero et al, 201Il; Yanai et al, 2012).
However, in response to OS and loss of Lamin BI, HMGBI becomes
acetylated and displaced into the cytoplasm, where it can then be
secreted and function as a pro-inflammatory cytokine. HMGBI is
known to be expressed in human endometrium (Zicari et al., 2008;
Nogueira-Machado et al, 2011), placenta (Wang et al., 2011),
decidua, cervix (Oh et al., 2006), amnion epithelial cells and immune
cells, and has been reported in cases of chorioamnionitis (Mercer and
Lewis, 1997; Nogueira-Machado et al., 201 |; Pisetsky et al., 2011;
Romero et al., 2012). Higher concentrations of HMGBI in the amni-
otic fluid of laboring (term and preterm) compared with non-laboring
women suggest it has a role in parturition (Mercer and Lewis, 1997)
and HMGBI has been implicated recently as a mediator of sterile
inflammation in preterm labor (Huang et al, 2010; Romero et dl.,
2014b). Animal models have shown that HMGBI is a ligand for the
receptor of advanced glycation end products (Buhimschi et al., 2009).
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Bioinformatics analysis of differentially regulated SASP genes in
human fetal membranes from term labor (in vivo) and after OS induc-
tion of amnion cells (in vitro) show that HMGBI signaling is one
of the top five canonical pathways. HMGBI| perpetuates a pro-
inflammatory positive feedback loop through p38MAPK (a prosenes-
cence marker in fetal membranes)-dependent and Toll-like receptor
(TLR) 2-mediated pathway to enhance target cell senescence and tis-
sue injury (Bredeson et al., 2014). HMGBI-induced production of
inflammatory cytokines was blocked by the p38MAPK inhibitor
SB203580. Taken together, these data support the concept that
HMGBI, as a DAMP, induces a local inflammatory state within the
fetal membranes. Its release from damaged fetal cells as an inflamma-
tory cytokine can be considered a signal for parturition. A recent
report showed that intrauterine administration of HMGBI can cause
preterm birth in animal models, which supports our concept
(Gomez-Lopez et al., 2016).

Cell-free fetal telomere fragments as
DAMPs: role as a parturition signal

As described above, fetal membrane senescence in humans is asso-
ciated with OS and telomere attrition. The released telomere frag-
ments are measurable in biological fluids such as amniotic fluid,
where their concentrations are higher in term labor compared with
term not-in-labor (Fig. 3). In-itro telomere shortening in amnion
cells occurs in response to OS. These free-floating DNA fragments
are considered DAMPs because they can elicit pro-inflammatory
responses. DNA as a DAMP is sensed directly or via specific binding
proteins to instigate a pro-inflammatory response (Palmai-Pallag and
Bachrati, 2014). This prompted us to test the role that shed telomere
fragments play in enhancing senescence and inflammation using an
in~vitro model of amnion epithelial cell cultures and in situ in pregnant
CDI mice.
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Normal term not-in-labor human amnion epithelial cells treated
with tandem oligonucleotides [TTAGGG ;)] mimicking the 3" ends of
telomeres revealed additional OS-activated p38MAPK-induced senes-
cence and increased cytokine and chemokine production compared
with untreated cells (Polettini et al., 2015a). In pregnant CDI mice,
intrauterine administration of telomere oligonucleotides on day 14 of
pregnancy elevated amniotic fluid IL-6 and IL-8 and caused OS, pro-
viding histological evidence of senescence in the amniotic sac com-
pared with saline-injected mice. Senescence and inflammation were
reduced to normal levels (saline-treated animals) after treatment with
the p38MAPK inhibitor SB203580, confirming senescence-related
mechanisms of inflammatory activation. Although the study did not
test the initiation of parturition by telomere fragments, it does docu-
ment that cell-free fetal telomere fragments can damage healthy fetal
cells and induce a sterile inflammatory response. Phillippe theorizes
that cell-free fetal DNA may function as a potential signal for
parturition by enhancing inflammation through the TLR-9 pathway
(Phillippe, 2014, 2015).

SASP and DAMPs produced by senescent
fetal membranes act as signals for
parturition

In summary, at least two DAMPs (HMGBI and telomere fragments)
activate positive feedback loops, cause senescence through stress-
associated p38MAPK, increase SASP factors, and promote further
deterioration of the fetal membranes. Moreover, ongoing studies
indicate that HMGBI induces the release of uric acid from fetal mem-
brane cells (unpublished data), and that HMGBI is also a DAMP that
can increase inflammation (Foell et al., 2007; Mulla et al., 2011;
Girard et al., 2014). In addition, recombinant HMGBI causes a pro-
gesterone receptor switch (PR-A:PR-B) in favor-functional progester-
one withdrawal in myometrial cells (see the section on the
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Figure 3 Telomere length changes in fetal membranes and telomere fragments in amniotic fluid at term. Telomere length reduction in fetal mem-
branes in term laboring membranes compared with term not-in-labor membranes. (A) At term, the transition from not-in-labor to labor is asso-
ciated with telomere length reduction in fetal membranes. (B) The decrease in fetal membrane telomere length is associated with an increase in
telomere fragments in the amniotic fluid of women undergoing labor and delivery.
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myometrial clock below), a process reversed by p38MAPK inhibitor
SB203580. This suggests that HMGBI, which reaches the myome-
trium, can trigger parturition by activating p38MAPK also in the
myometrium.

Other mediators of parturition linked to
fetal membranes

Senescence of fetal membranes is one of the key events associated
with human parturition, as we outlined here and reported in our pub-
lications (Menon et al., 2016). Either the result of senescence-
dependent disturbances of the membrane structure or through a
senescence-independent process, inflammatory mediators could be
generated from fetal membranes. ECM fragments such as fetal fibro-
nectin have also been shown to have immunogenic properties and
induce inflammatory markers such as COX-2 and MMPs (Schaefer
and Schaefer, 2010; Schaefer, 2010; Mogami et al., 2013). Therefore,
aside from senescence-associated SASP and DAMPs, disturbances to
extracellular proteins can also cause inflammatory changes in fetal
compartments (Behnia et al., 2015). Their biological functions as pro-
parturition factors have also been reviewed in both human and ani-
mal model studies (Romero et al., 1989, 2006; Kelly, 1996; Keelan
et al., 2003; Lindstrom and Bennett, 2005; Elovitz, 2006; Lappas and
Rice, 2007). We also acknowledge the latest reports by Mysorekar
and colleagues and Aagaard and colleagues, where the sterility of the
placenta and membranes has been challenged (Stout et al., 2013;
Aagaard et al.,, 2014; Cao and Mysorekar, 2014). A change in the
resident flora of the placenta and membranes as a result of inflamma-
tory overload or senescence may contribute to parturition, likely by
changing human leukocyte antigen-G expression at the feto—maternal
interface, thus disturbing maternal tolerance of the semiallograft
(Stout et al., 2013).

Summary

We propose that SASP and DAMPs released by senescent fetal
membranes at term influence placental, decidual and myometrial
cells in a sequential and progressive manner, propagating inflamma-
tory signals. The signature and intensity of inflammation induced by
SASP and DAMPs may vary based on intrauterine cell and tissue
type and the initial signal strength received from the fetal cells. The
strength of the signal generated by senescent fetal cells in turn may
depend on the extent of senescence experienced by the fetal mem-
brane cells.

The decidual clock: inflammation
and senescence

The decidua has its own developmental
time-course

Immediately subjacent to the fetal membranes lie the decidua. Its tis-
sue is originally derived from the transformed maternal endometrium,
but takes on unique biochemical functions upon fetal trophoblast
invasion, and when leukocytes are recruited from the maternal circu-
lation, the result is the creation of this complex organ.

The life of human decidua begins with perivascular pre-
decidualization during the mid-luteal phase immediately prior to
embryonic implantation and under circadian control (Muter et dl.,
2015) of established clock genes. The decidual stromal cell popula-
tion includes subsets with characteristics of both fibroblasts and mes-
enchymal stems cells (Vacca et al, 2015). Endometrial stromal
fibroblasts undergo dramatic differentiation to become the polygonal
cells that comprise the majority of the early decidua. The stromal
differentiation process includes change in cellular shape, expression
of tight and gap junctions, and a redistribution of intermediate fila-
ments (Oliveira et al, 2000). In the rodent, decidual cells become
multinucleated. Several mechanisms are thought to be involved in
this process, including neddylation of proteins (Liao et al, 2015).
Compounds that have been known to induce decidualization in vitro
include progesterone, cAMP and arachidonic acid (Tessier-Prigent
et al, 1999). Decidual stromal cells express high levels of vimentin
(Glasser and Julian, 1986) compared with the surrounding stroma,
and in addition differentially express desmin (Glasser and Julian, 1986;
Oliveira et al., 2000) prolactin (Jabbour and Critchley, 2001) and
insulin-like growth factor binding protein-1 (Martina et al, 1997).
Dysregulation of these molecules may lead to pregnancy failure
(Rahkonen et al., 2010).

The decidua basalis, which interacts directly with invading extravil-
lous trophoblast, is thought to be terminally differentiated following
successful implantation (at about day 8 of gestation in the mouse)
(Oliveira et al., 2000). In humans, the decidua covering the implanted
embryo, called the ‘decidua capsularis’, eventually degenerate at
about |6 weeks of gestation. The exact mechanisms involved are still
under investigation (Genbacev et al., 2015); however, it is interesting
to speculate that over-zealous degeneration of the decidua capsularis
and related amniochorion might underlie so-called late miscarriages,
and thus potentially represent a mechanism that bridges the gap
between preterm birth and miscarriage. Decidual capsularis degener-
ation is followed by a fusion of the parietal decidua, which until this
point had functioned as the lining in the rest of the uterine cavity.
The decidua parietalis matures when chorionic cells interact with it
and invade (Sindram-Trujillo et al., 2004; Genbacev et al., 2015). This
is a time when the decidua structurally supports the fetal membranes
by serving as a glue between the membranes and the myometrium.

Decidual senescence

As discussed above for fetal membrane cells, decidual stromal cells
undergo spontaneous senescence, when critical cellular functions are
inhibited (Liao et al., 2015). In the mouse, an examination of decidual
and placental gene expression suggests that the two tissues express
different patterns over time (Knox and Baker, 2008). Moreover, fur-
ther analysis of the data (GSEI 1220, NCBI) suggests that there are
distinct signatures generated by early-to-mid versus late gestation
decidua. Late in gestation, newly or increased decidual expression of
cathepsin and protein kinase B (Akt) (Hirota et al., 2010) family genes
was found to be involved in the senescence process and as well as
genes expressed as part of the SASP (Coppe et al, 2010), as
described above. Disruption of key cellularathways such as those
involving p53 (in mice) has been shown to lead to senescence, and
furthermore, to preterm birth (Hirota et al., 2010). Aged mice
experience increased reproductive failure, and this is related to an
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altered decidual physiology, which can be ameliorated by inhibition of
NADPH oxidase | and enhanced activity of superoxide dismutase,
which supports the idea that decidual stromal cells are susceptible to
senescence via oxidative and nitrosative stress (Silva et al., 2015).

Differentiated endometrial stromal cells are not the only inhabi-
tants of the decidua, nor are they the only focus of change during
pregnancy. The decidua mediate inflammatory signals that activate
parturition primarily by controlling the type and function of its resi-
dent immune cells. It is thought that a population of mesenchymal
stem cells within the decidua exerts immune-modulating effects on
extant inflammatory cells through expression of molecules such as
indoleamine 2,3-dioxygenase, and through the support of differenti-
ation and trafficking of M2 macrophages, tolerogenic dendritic cells,
regulatory T cells, angiogenic neutrophils (Amsalem et al., 2014) and
natural killer cells (Ratsep et al., 2015), with the help of molecules
such as L-kynurenin, IL-33, IL-15, TGF-p (Vacca et al., 2015) and
IL-10 (Liu et al., 2007; Prins et al., 2015). Early in gestation, decidual
cells secrete factors such as growth-related oncogene alpha (GRO-a)
(Engert et al., 2007), macrophage chemotactic protein-I (Engert
et al, 2007; Matta et al., 2007), C-X-C motif chemokine 5 (CXCL5
or ENA-78), IL-1, IL-8, Chemokine (C-C motif) Ligand 5 (CCLS5) or
RANTES, and Chemokine (C-C motif) Ligand | (CCLI) (Engert
et al., 2007) among others that control the trafficking of peripheral
immune cells into the decidua. In addition, it is thought that the
decidua also control trafficking of incoming activated T cells (Nancy
et al, 2012) and activated dendritic cells that drain the lymph nodes
(Collins et al., 2009). Infection, however, can overcome these
mechanisms [e.g. in the mouse (Constantin et al., 2007; Chaturvedi
et al, 2015)], and other environmental stimuli can cause develop-
mental dysregulation (Dixon et al., 2006; Brown et al., 2013), prema-
turely activating these pathways. At term, decidual leukocytes show
an increasingly inflammatory phenotype (Galazka et al., 2009), includ-
ing increased expression of TNF--and IL-6 and reduced expression of
immunoregulatory cytokines such as IL-4 and the IL-| receptor antag-
onist (Castillo-Castrejon et al., 2014).

The decidua responds to signals from fetal
membranes

Close approximation between decidua and the amniochorion has led
to the hypothesis that, as the fetus grows larger, stretch might gener-
ate activation and senescence of decidual cells. Indeed it has been
reported that stretch increases decidual cell expression of MMPI,
IL-8 and GRO-a (Zhao et al., 2013), which are thought to play a part
in the phenotype of senescent cells (Coppe et al., 2010). Infection
can also generate the expression of senescence phenotype molecules
such as vascular endothelial growth factor (VEGF) (Snegovskikh et al.,
2009). Decidual cells themselves are highly responsive to inflamma-
tory signals (Deb et al., 1999; Gomez-Chavez et al., 2015) such as
the senescence/inflammatory cytokine IL-6 (Devi et al., 2015), and
show an inherent up-regulation of molecules such as p38MAPK
(Takanami-Ohnishi et al., 2001), which are part of the inflammatory
cascade in several tissues (Emami et al, 2015; Li et al., 2015; Liu
et al., 2015). These in turn may lead to an amplification of the inflam-
matory cascade and elaborate molecules that weaken fetal mem-
branes (Kumar et al, 2014). Recently, it was reported that

inflammatory signals generate senescence in human decidual cells, as
in, for example, fetal membranes where IL-1- can induce expression
of SA-B-gal in cultured decidual cells and further increase expression
of p21 (Okabe et al., 2014).

Moreover, late gestation decidua express increased levels of FMS-
like tyrosine kinase | (Knox and Baker, 2008), a receptor for the sen-
escence proteins VEGF and placental growth factor (Coppe et dl.,
2010). This suggests that late gestation decidual cells in the mouse
might be increased in their ability to respond to senescent signals
generated by other tissues, such as fetal membranes. Leukocytes
within the decidua are also likely to be able to respond to senescent
signals over time and transmit them to other cells. For example, it
has been reported that a population of natural killer cells in the
decidua can express c-kit, the receptor for stem cell factor, another
member of the SASP (Coppe et al., 2010). These interactions thus
constitute a functional decidual clock for parturition.

Decidual transmission and generation of
signals supportive of membrane rupture
and uterine contractions

Within the decidua, there exist possible overlap and synergy between
inflammation and senescence and between signals coming from and
going to the membranes in the process of parturition. For example,
inflammation can increase the expression of VEGF (Snegovskikh
et al, 2009), which may be a driver of senescence. Because early
human (6-9 weeks) decidual cells express receptor C-X-C chemo-
kine receptor type 4 for the senescent protein SDF-1 (CXCLI2)
(Zhou et al., 2008), and binding of SDF-I to these cells up-regulates
MMP2 and MMP9 in these cells, it can be hypothesized that senes-
cent signals received by decidual cells may induce the mechanism(s)
leading to membrane rupture later in gestation.

The above-mentioned study of gene expression in mouse decidua
suggests that near-term decidua show increased expression of genes
thought to be part of SASP in other tissues, including fibronectin,
osteoprotegerin, CCL2 and Colony Stimulating Factor |. These mole-
cules may then spatially signal ‘back’ to the fetal membranes and/or
‘forward’ to the uterus. There is strong evidence that decidual cell sen-
escence leads to increased PG production (Hirota et al., 2010). For
example, activated leukocytes within the decidua, including macro-
phages (Mackler et al., 2003), may produce PGs, which in turn pro-
mote uterine contractions. Moreover, dysregulation of this tissue
through inflammation or senescence leads to lower expression of
the progesterone receptor (PR) (Guzeloglu-Kayisli et al., 2015), which
could contribute to a local but highly functional progesterone with-
drawal. Progesterone is linked to unfolded protein response (UPR) in
decidual cells (Yang et al., 2013), and one could speculate that func-
tional withdrawal might lead to cellular stress in this tissue. In addition,
it has been noted that decidual cells produce metalloproteinases in
response to PGs (Ulug et al., 2001), and this may in turn enhance the
breakdown of attached membranes.

It is unclear whether a genetic predisposition to decidual senes-
cence exists, and further, it is unclear whether alteration in the regu-
lation of decidual senescence leads to preterm birth or whether
abnormal pregnancy outcome is an event that is remembered with
the next pregnancy and contributes to recurrent preterm birth. Of
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note, chorio—decidual inflammation in one pregnancy has been linked
with preterm birth in subsequent pregnancies (Hackney et al., 2014).

Summary

The decidua comprise multicellular tissue that is spatially and physio-
logically positioned to contribute to the termination of pregnancy. It
receives senescence and inflammatory signals at a time appointed by
the fetal membranes, augments these signals with molecules pro-
duced during its own developmental program, and transmits these
signals to both fetal membranes and the uterus during the process of
pregnancy termination.

Myometrial clock: progesterone
and inflammation

Role of progesterone and PRs

Progesterone, as its name implies, is a ‘pro-gestation’ hormone that
is essential for the establishment and maintenance of pregnancy
(Corner and Allen, 2005). Progesterone maintains pregnancy by pro-
moting myometrial relaxation, cervical closure, and decidual quies-
cence (Csapo, 1956; Siiteri et al, 1977). In all viviparous species
studied thus far, withdrawal of progesterone induces parturition and
is presumed to be the convergent point for the parturition-triggering
mechanism and pregnancy zeitgeber (Young et al., 2010). Thus, pro-
gesterone withdrawal could be viewed as a zeitgeber responder,
analogous to the alarm mechanism in an alarm clock or the feedback
switch in a thermostat. Once progesterone withdrawal occurs, the
tissue of the gravid uterus exhibits sterile, localized inflammation
(Osman et al., 2003, 2006) and transforms from a quiescent to a
laboring phenotype (i.e. myometrial contractions, cervical softening,
and membrane weakening) to facilitate emptying. In the context of a
pregnancy clock mechanism, key questions regarding the role of pro-
gesterone in the physiology of human parturition emerge: (1) What is
the mechanism for progesterone withdrawal in human pregnancy and
(2) what are the up-stream signals that induce progesterone with-
drawal and how do they relate to a pregnancy clock mechanism?
Progesterone is produced by the placenta during pregnancy and
secreted into the maternal circulation in large amounts. In contrast to
most species (e.g. sheep, goat, rat, and mouse) in which parturition is
triggered by a drop in maternal progesterone levels, progesterone
production in women remains high throughout pregnancy and during
parturition, decreasing only after the placental expulsion (Walsh
et al., 1984). Thus, human parturition occurs without systemic pro-
gesterone withdrawal, arguing against progesterone withdrawal being
a requirement to trigger parturition. However, treatment of women
with PR antagonists/modulators, such as mifepristone and onaprit-
sone, augments myometrial contractility and induces labor at all
stages of pregnancy (Chwalisz and Garfield, 1994; Neilson, 2000;
Hapangama and Neilson, 2009). This suggests that appropriate PR
signaling is essential for pregnancy maintenance and that disruption of
PR signaling alone is sufficient to trigger the full parturition cascade. It
is therefore hypothesized that human parturition is triggered by func-
tional rather than systemic progesterone withdrawal that involves a
physiological control of PR signaling to desensitize target cells in the

uterus to pro-gestational actions of progesterone (Avrech et dl.,
1991; Henshaw and Templeton, 1991; lkuta et al., 1991; Carbonne
et al, 1995; Cadepond et al., 1997). According to this model,
up-stream gestation clocks/monitoring signals could induce labor by
modulating PR signaling to cause functional progesterone withdrawal.

The human PRs exist as two major isoforms, PR-A and PR-B (Wei
and Horwitz, 1985; Horwitz et al., 1986). The proteins in PR-A and
PR-B are identical except that PR-B has an additional 165 N-terminal
amino acids. As with other steroid hormone receptors, PR-A and
PR-B primarily function as ligand-activated transcription factors.
Progesterone responsiveness represents the net effect of PR-A and
PR-B, each mediating distinct effects on specific gene targets (Mulac-
Jericevic et al., 2000, 2003; Richer et al., 2002; McEwan, 2009). This
genomic mode of PR-mediated progesterone action suggests that
progesterone maintains pregnancy by promoting expression of genes
encoding pro-gestational factors and/or by inhibiting expression of
pro-labor genes. Because the promoter regions of most parturition-
related genes lack classical progesterone response elements, it is
thought that PRs function by interacting with other transcription
factors or by modulating the abundance of specific microRNAs
(miRNAs) that target pro-labor mRNAs and inhibit translation (Faivre
et al., 2008; Renthal et al., 2010; Williams et al., 2012a,b).

Modulation of PR transcriptional activity in the uterine cell may be
a mechanism for functional progesterone withdrawal. In some cells,
including human myometrial cells, PR-A represses the transcriptional
activity of PR-B and decreases net progesterone responsiveness
(Tung et al., 1993; Vegeto et al., 1993; Pieber et al., 2001; Condon
et al., 2006; Hardy et al., 2006; Merlino et al., 2007). These findings,
coupled with the observation that PR-A levels in term myometrium
increase in association with the onset of labor in women (Mesiano
et al., 2002; Condon et al., 2006), led to the PR-A:PR-B hypothesis
for functional progesterone withdrawal which posits that progester-
one withdrawal is mediated by the increased abundance and transre-
pressive activity of PR-A which represses the transcriptional activity
of PR-B. In this context PR-A abundance and transrepressive activity
could serve as a master integrator of the gestation clock by mediating
functional progesterone withdrawal. Other mechanisms for functional
progesterone withdrawal also may exist, including increased expres-
sion of other transrepressive PR isoforms (Condon et al., 2006),
altered expression of PR co-activators (Condon et al., 2003), meta-
bolization of progesterone into less active forms within target cells
(Andersson et al., 2008; Williams et al., 2012a), and neutralization of
PR interaction with other transcription factors, especially NF-xB
(Kalkhoven et al., 1996).

Progesterone withdrawal and inflammation

It is now generally accepted that parturition is an inflammatory pro-
cess (Kelly, 1996; Romero et al., 2006, 2007, 2014a; Norman et dl.,
2007). Immediately prior to the onset of clinical labor, the myome-
trium, cervix, and decidua exhibit manifestations of inflammation in
the form of edema, neutrophil infiltration, and expression of chemical
mediators of inflammation, especially pro-inflammatory cytokines,
chemokines, and PGs (Thomson et al., 1999; Osman et al., 2003,
2006). Other pro-inflammatory stimuli, such as mechanical distention
of the myometrium and fetal membranes while the conceptus grows
that induce inflammatory cytokine expression and tissue-level
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inflammation (Kendal-Wright, 2007; Shynlova et al., 2007, 2010; Hua
et al., 2012) and fetal membrane senescence (see above), are asso-
ciated with normal and preterm birth, especially in cases complicated
by preterm premature rupture of the membranes (pPROM). We
propose that the gravid uterus is sensitive to multiple inflammatory
factors derived from developmental programs (e.g. fetal membrane
senescence) and/or environmental influences (e.g. social stress or
infection) that together constitute a net ‘inflammatory load,” and that
the parturition trigger is activated when the inflammatory load thresh-
old is surpassed (Fig. |). According to this paradigm, the rate of
change in the inflammatory load and its trajectory toward reaching
the parturition trigger threshold satisfy the properties for a zeitgeber.

Implicit in the inflammatory load zeitgeber hypothesis is the con-
cept that uterine quiescence is maintained when inflammation is
repressed. This concept is not novel. In the 1970s, Siiteri et al. pro-
posed that progesterone promotes uterine quiescence by acting as
an immunosuppressant agent in the gravid uterus (Siiteri et al., 1977).
More recent data support this hypothesis by showing that progester-
one, via its interaction with PR-B, inhibits the response of human
myometrial cells to inflammatory stimuli (Hardy et al., 2006; Tan
et al., 2012). Taken together, the data suggest that withdrawal of pro-
gesterone’s PR-B—mediated anti-inflammatory activity in myometrial
cells causes tissue-level inflammation, which prompts the uterus to
move into a state of labor. Importantly, withdrawal of PR-B—mediated
progesterone actions could be caused by the increased transrepres-
sive activity of PR-A (Tan et al., 2012). According to this paradigm,
functional progesterone withdrawal precedes inflammation. However,
the fact that inflammation induces parturition suggests that inflamma-
tion may precede or supersede progesterone withdrawal. On the
other hand, data showing that inflammatory cytokines and senes-
cence factors such as HMGBI increase PR-A abundance in human
myometrial cells (see above) suggest that inflammation induces
PR-A—mediated functional progesterone withdrawal and that this
initiates a positive feedback tissue-level inflammatory state, leading
to increased local cytokine production (especially PGs) that trans-
form the uterine tissues into the laboring phenotype.

Positive feedback loops, although potentially disruptive, serve use-
ful functions in biological systems by precipitating specific events.
Cyclical biological systems typically rely on negative feedback servo-
mechanisms. Mammalian reproduction in the female, with its charac-
teristic temporal milestones like puberty, ovulation, and pregnancy,
utilizes positive feedback loops. An example is the neuroendocrine
control of ovulation, which is induced by a surge in gonadotropin
secretion from the pituitary. The gonadotropin surge occurs because
estradiol produced by developing ovarian follicles in response to
gonadotropins switches from exerting negative feedback on to posi-
tive feedback stimulation of gonadotropin secretion. The estrogen—
gonadotropin positive feedback loop is subsequently broken by ovu-
lation (i.e. the terminal event precipitated by the positive feedback
loop), which disrupts estradiol synthesis, thus breaking the positive
feedback loop and restoring ovarian homeostasis and cyclicality. We
propose that similar positive feedback hormonal loops likely operate
to control parturition. For most of human pregnancy, progesterone
acting via PR-B promotes uterine quiescence by repressing the
responsiveness of gestational tissues to pro-inflammatory/pro-labor
stimuli. However, the PR-B-mediated anti-inflammatory block to par-
turition is not absolute, and as pregnancy progresses, inflammatory

load on the gestational tissues gradually increases until an inflamma-
tory load threshold is reached, at which time the transrepressive
activity of PR-A is activated. The counter-regulatory effect of PR-A
abolishes the PR-B—mediated anti-inflammatory effects, leading to a
net pro-inflammatory response and local production of cytokines and
chemokines that further amplify the inflammatory state by promoting
the infiltration of activated neutrophils and macrophages. The PGs
produced by the inflamed tissues are potent stimulators of myome-
trial contraction and lead to cervical dilation and membrane weaken-
ing. PR-A—induced functional progesterone withdrawal may also
potentiate inflammation in response to danger signals (e.g. intrauter-
ine infection, fetal stress or maturation, and uterine wall over-
distention) that induce labor. This reasoning would imply that a
gestation clock impacts paracrine hormonal loops within the uterine
tissues to either maintain a non-inflamed state or precipitate a posi-
tive feedback pro-inflammatory loop to induce parturition. Also
implied is that induction of PR-A—mediated functional progesterone
withdrawal by inflammation is a major integrator of signals derived
from the gestation clock via the inflammatory load trajectory. In this
context the pregnancy zeitgeber is analogous to a thermostat with
inflammatory load represented by room temperature and activation
of PR-A transrepression as the temporal switch mechanism.

Responses to decidual and fetal membrane
senescence

Multiple factors may contribute to the inflammatory load impacting the
gravid uterus. One major factor described above may be senescence
within the gestational tissues. We have found that stress-associated
p38MAPK directly influences the PR-A:PR-B ratio by increasing the
abundance of PR-A in myometrial cells likely via post-translational modi-
fications (PTMs). It is now clear that PTM is a mechanism for fine tuning
PR function to cell-type physiology by qualitatively and quantitatively
affecting PR transcriptional activity and stability (Abdel-Hafiz and
Horwitz, 2014). Phosphorylation of PR-B on serine-294 increases its
transcriptional activity and promotes its ubiquitination and proteosomal
degradation (Lange et al., 2000), which decrease PR-B abundance. In
contrast, phosphorylation of PR-A on serine-294 results in its sumoyla-
tion, which increases its abundance by decreasing its degradation (Daniel
et al., 2007). Importantly, sumoylation of PR-A is necessary for the trans-
repression of PR-B (Abdel-Hafiz et al, 2002). PR-A turnover is also
decreased (leading to increased PR-A abundance) by MAPK signaling,
especially mitogen-activated protein kinase kinase |-induced p38MAPK
activation (Khan et al., 2011). This effect may explain our finding that
HMGBI, via p38MAPK activation, increases PR-A abundance in human
myometrial cells and suggests that HMGB | (and possibly other DAMPs)
produced by the fetal membranes in response to senescence contribute
to the inflammatory load and PR-A—mediated functional progesterone
withdrawal thanks to increased PR-A abundance (and possibly increased
transrepressive activity) as a result of p38MAPK-induced PTMs.

Summary

The contractile state of the gravid uterus is ultimately controlled by
hormonal signaling networks that impact myometrial, cervical, and
decidual cells. A key hormone in this process is progesterone, which
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for most of the duration of the pregnancy promotes uterine relax-
ation and quiescence. In all species examined to date, withdrawal of
progesterone, whether systemic or functional, triggers the parturition
process. In this context, the pregnancy zeitgeber likely impacts the
progesterone withdrawal mechanism. Clinical and laboratory evi-
dence suggests that inflammation within the uterine compartments
also plays a central role in the parturition-triggering mechanism. We
propose that net inflammatory load (i.e. the aggregate effect of mul-
tiple sources of pro-inflammatory stimuli) on the gravid myometrium
gradually increases with advancing gestation until it reaches a thresh-
old where it triggers progesterone withdrawal to induce parturition.
In this context, the pregnancy clock, at least in part, involves the rate
of change of the inflammatory load on the gravid uterus.

Myometrial stretch inputs and
activation of parturition

Changes in the fetal membranes and myometrium in response to
uterine wall distention caused by the growing conceptus also figure
into the parturition-triggering signal scenario. During the third trimes-
ter, the uterine wall comprises the perimetrium (the outer-most
layer), myometrium, decidua, and fetal membranes consisting of dis-
tinct layers of cells, and the ECM is subjected to increased distention
as the rate of fetal/conceptus volume increases. At about the 20th
week of gestation, the amnion adheres to the chorion and these two
tissues fuse with the decidua to become an integral component of
the uterus. The tensile strength and distensibility (i.e. elasticity) of this
conglomerate is mainly attributed to the myometrium and amnion
and associated ECM structures in these tissues (Strohl et al., 2010).
Importantly, after the 28th week of gestation, the rate of fetal mem-
brane growth slows as a result of the decreased proliferation of
amnion epithelial cells (Schmidt, 1992) and decreased myometrial
growth because of the transition of myometrial cell growth dynamics
from hyperplasia to hypertrophy (Shynlova et al., 2006). Thus, with
advancing gestation, a mismatch occurs between the rate of uterine
wall growth and the growth of the conceptus, which translates into
increased uterine wall distention. It is estimated that the amnion is
distended up to 70% late in the third trimester (Millar et al., 2000).
Through the process of mechanotransduction, physical forces gener-
ated by distention of amnion, chorion, decidua, and myometrial cells
are transduced to changes in intracellular signals, gene transcription,
ECM production and degradation, and cell adhesion (Ruoslahti, [997;
Langevin et al., 2005). Importantly, in-vitro studies show that a
mechanotransduction response to distention of amnion and myome-
trial cells increases the production of inflammatory cytokines and
ECM remodeling (Kendal-Wright, 2007; Hua et al, 2012; Adams
Waldorf et al., 2015). In vivo, these changes would increase myometrial
contractility, weakening the amniotic membrane. Although the relative
contribution of this distention-induced signaling from the fetal mem-
branes, decidua, and myometrium is not fully defined, it is clear that
each tissue, and especially the amnion and myometrium, respond to
physical distortion by altering their ECM structure and producing pro-
inflammatory cytokines that could contribute to the triggering of partur-
ition. With respect to the pregnancy clock, uterine wall distention is
likely part of a feedback mechanism to ensure that the uterus is

emptied before the conceptus exceeds the pelvic outlet capacity. A
likely scenario is that a threshold of uterine wall distention exists, above
which the induction of pro-labor and pro-inflammatory gene expression
contributes to the activation of the parturition cascade.

Fetal membrane senescence as a potential
regulator of myometrial contractility
through modification of the uterine myocyte
ERSR-UPR

The following discussion examines the potential links between the
uterine myocyte ER stress response-unfolded protein response (ERSR-
UPR) and accumulation or release of fetal membrane-related SASPs
(such as reactive oxygen species, ROS) and the resulting advanced oxi-
dation protein products (AOPPs), cytokines and other DAMPs asso-
ciated with both premature and term rupture of fetal membranes. We
postulate that these molecules function to alter the local uterine con-
tractile response through modification of the ERSR-UPR. Our recent
findings demonstrate that ERSR-UPR in the pregnant uterine myocyte
has the capacity to generate a gestationally regulated tocolytic non-
apoptotic caspase (CASP) 3- and 7-signaling cascade that accommo-
dates uterine quiescence throughout gestation during transitional
uterotonic episodes. Activation of CASP3/7 in the pregnant uterus
occurs in the absence of cell death (Kyathanahalli et al., 2015). We
propose that senescence of the fetal membranes acts as a biological
clock that regulates the tocolytic action of non-apoptotic uterine myo-
cyte CASP3/7, the uterine contractile potential and ultimately gesta-
tional length, through modification of the uterine myocyte ERSR-UPR.

Role of the ER

The ER is an organelle that serves an essential role in multiple cellular
processes that are required for normal cell function and survival (Ma
and Hendershot, 2004; Pizzo and Pozzan, 2007; Anelli and Sitia, 2008).
The ER allows for the increased processing of newly made proteins
needed for cellular adaptation to biochemical, hormonal and mechanical
stimuli. The ER correctly folds and assembles newly made proteins prior
to their transit to intracellular organelles and the cell surface. However,
ER function requires a stable luminal environment. Accordingly, luminal
perturbation during prolonged or excessive periods of cellular adaption
can lead to an accumulation of misfolded and unfolded proteins. This is
termed ‘ER stress’. During periods of ER stress, the UPR is activated.
UPR alters transcription and translational programs to manage and
adapt to the accumulation of misfolded or unfolded proteins in the ER
lumen (as discussed in detail below). However, when this balance can
no longer be maintained as a result of excessive and/or prolonged ER
stress, CASP3/7-mediated cell death programs are activated to remove
cells that have lost their ability to correctly fold proteins.

The unfolded protein response

The UPR encompasses a sophisticated integration of controls regulat-
ing gene expression at multiple levels, which can be described in
three potential activation arms, as shown in Fig. 4 (Ron and Walter,
2007; Scheuner and Kaufman, 2008). Briefly, excess misfolded and
unfolded proteins are (i) targeted for ubiquitin-mediated proteolytic

9T0Z ‘T Jequada uo 1senb Ag /Biosfeulnolploxo pdnwiny//:dny woly papeojumod


http://humupd.oxfordjournals.org/

550

Menon et al.

Endoplasmic
Reticulum (ER) Stress

|
A ilﬁﬂ 1 xem1

XBPL =% hliced

B | ATF6 |

g

3 ATFEpS0

c h
phos
phos PERK | -» alf2q > ATF4
¥
Attenuated

protein

Misfolded ER
Translation

Anti-Apoptotic Signaling

Unfolded Protein
Response (UPR)

]'—>
' ERAD
genes

Resolution of
ER Stress

Ubiquitination &
Degradation of
Excess Proteins

Increased
Protein Folding

—']:( Chaperones [~

BIP
Decreased
Protein
CHOQP Translation

v
nee  CASPASE 12/4
¥

1AP Family Members

{ CASPASE 3/7

¥
UTERINE MYOCYTE

QUIESCENCE

Figure 4 The ERSR-UPR signaling cascade. IREI, serine/threonine-protein kinase/endoribonuclease inositol-requiring enzyme |; ATF6, activating
transcription factor 6; PERK, protein kinase RNA-like endoplasmic reticulum kinase; ERSR, endoplasmic reticulum stress response; elF2a, eukaryotic
initiation factor 2 alpha; XBPI, X-box binding protein |; BiP, binding immunoglobulin protein; CHOP, CCAAT-enhancer-binding protein homolo-
gous protein. This figure is adapted from in vivo cellular adaptation to ER stress: survival strategies with double-edged consequences (Tsang et al.,
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degradation thereby resolving ER stress by decreasing the resident
luminal protein load. In addition, (ii) elevated levels of chaperone pro-
teins such as binding immunoglobulin protein allow for increased pro-
tein folding and export, which also permits the ER to regain
homeostasis. Furthermore, (iii) attenuated protein translation decreases
the protein levels in the ER lumen, thereby acting as another mechanism
utilized by the ER to regain homeostasis during periods of ER stress.
Although UPR manages the cellular adaptation to acute ER stress,
chronic ER stress results in the activation of apoptosis, as discussed earl-
ier, thereby preventing the propagation of damaged cells (Nakagawa
et al, 2000; Morishima et al., 2002; Rao et al., 2002; Katayama et dl.,
2004; Hitomi et al., 2004a,b).

In this discussion, we examine evidence that senescence of the fetal
membranes has the capacity to act as the biological clock driving the tim-
ing of labor by modulating gestational length through sensing ERSR-UPR.

OS regulates the ERSR-UPR

As outlined in the section on fetal membrane aging as a biological
clock, increasing levels of ROS that have accumulated in the intrauter-
ine cavity have the capacity to damage and accelerate fetal membrane
senescence by damaging proteins, lipids and DNA in the cell, which
in turn result in telomere reduction and accelerated cell cycle arrest,
ultimately leading to the senescence of the fetal membranes asso-
ciated with pPROM and at term.

In this section, we examine the capacity of OS to modulate ERSR-
UPR and how ERSR-UPR may in turn regulate OS parameters (Fig. 5).

The protein-folding process requires an oxidized environment,
which is provided within the ER to promote appropriate disulfide

Oxidized
Proteins

ROS

increases awidized protein levels

decrenses chaperone levels

ROS ROS

Figure 5 Modulation of the uterine ERSR-UPR by senescence-
associated secreted factors. ROS, reactive oxygen species; PR, pro-
gesterone receptor; DAMPs, damage associated molecular patterns.

bond formation (Chakravarthi et al., 2006). However, elevated ER
stress can give rise to increased intracellular ROS production as a
by-product of accelerated oxidative protein folding (Cullinan et dl.,
2003; Brookes and Darley-Usmar, 2004; Tu and Weissman, 2004).
More importantly in this context, it has also been demonstrated that
ROS and OS are up-stream regulators of ERSR-UPR (Yokouchi et dl.,
2008). Two mechanisms have been proposed to explain why ROS
might cause ER stress: (i) the generation and accumulation of
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oxidatively modified abnormal proteins that become trapped in the
ER lumen and (ii) ROS-induced functional perturbations of ER cha-
perones that inhibit appropriate protein folding (Brunet et al., 2000).

It has been demonstrated that accumulation of AOPPs in the
serum as a result of OS act as reliable markers and potential media-
tors of ROS-induced protein damage (Kacerovsky et al., 2014; Menon,
2014; Menon et dl., 2014a). Recently, ROS in circulation were shown
to induce ER stress, which could be reversed by the addition of a ROS
scavenger (Tang et al., 2015). These data indicate that exposure to oxi-
dation products as a result of excessive OS is up-stream of,
and regulates the induction of, an ER stress-induced signaling cascade.
Furthermore, it has been demonstrated that lipid peroxidation pro-
ducts, produced in response to oxidation of phosphatidylcholine,
accumulate in the ER, activate ERSR by directly modifying protein
chaperones within the ER and inhibit protein-folding capacity
(Takahashi et al., 1998; Carbone et al., 2005; Haberzettl and Hill,
2013; Levonen et al., 2014). Therefore, based on the known inter-
actions between ROS, OS and ERSR-UPR,; it is very likely that accu-
mulation of systemic ROS-mediated oxidation protein products
during fetal membrane senescence, such as elevated 8-oxoG in
pPROM (Menon et al., 2014b), have the capacity to modulate local
uterine myocyte ERSR-UPR-CASP, resulting in a modified uterine
contractile responsiveness and altered gestational length.

NF-kB can be activated by ERSR-UPR

Many investigators have demonstrated that NF-kB coordinated tran-
scription of immune response genes is tightly related with the onset of
term and preterm birth through decreased local uterine myocyte PR
transactivation (Condon et al., 2006; Lee et al., 2012). However, it has
also been shown that stimulation of ERSR-UPR s critical to the activa-
tion of NF«xB (Jiang et al, 2003; Jiang and Wek, 2005) (Fig. 5).
Phosphorylation of eukaryotic initiating factor 2 (eiF2), a major compo-
nent of UPR, reduces global translation, allowing cells to conserve their
resources to manage stress conditions and alleviate cellular injury by
returning the ER to homeostasis. eiF2 phosphorylation can also lead to
the activation of NF-kB by reducing levels of the endogenous NF-kB
inhibitor I-B (Jiang et al., 2003; Jiang and Wek, 2005). It has been
demonstrated that |-B is very sensitive to eiF2 phosphorylation, there-
fore reduced synthesis of I-B triggers translocation of active NF-xB to
the nuclear fraction (Jiang et al., 2003; Jiang and Wek, 2005). These
data suggest that changes in local uterine ERSR-UPR-CASP brought
about by exposure to SASPs as a result of increased fetal membrane
senescence may also have the capacity to regulate uterine contractility
through myometrial NF-kB activation and impaired PR transactivation.

ERSR-UPR regulates p38MAPK action

eiF2 kinases can also function in conjunction with other kinases such
as p38MAPK (Kato et al., 2003) to tailor gene expression programs
under specific stress conditions (Fig. 5). C-Jun amino terminal kinase
(c-JUN) and p38MAPK are described as stress-activated kinases and
are both also triggered by ER stress and UPR signaling (Urano et al.,
2000; Matsuzawa et al., 2002). For example, ER stress-activated
p38MAPK greatly increases the emigration efficiency of transcription
factor sXBPI to the nucleus (Lee et al., 2011). sXBPI is the master
regulator of ER-mediated protein-folding capacity, increasing the

expression of essential ER chaperone proteins (Lee et al., 2003). It
has also been demonstrated that p38MAPK allows for PR isoform
switching at term in the pregnant uterine myocyte. Therefore, again,
at the level of the pregnant uterine myocyte, aberrant activation of
the ERSR-UPR-CASP cascade by precociously increased SASPs asso-
ciated with fetal membrane senescence, such as ROS and oxidized
lipids and proteins, can shift the pregnant uterus to a more contract-
ile phenotype through increased p38MAPK action.

Inflammatory mediators as regulators of the
ERSR-UPR

Inflammation is frequently triggered by ERSR-UPR as a result of the
accumulation of misfolded proteins. The nucleotide-binding oligomeriza-
tion domain-like receptor (NLR) family, which mediates CASPI-
dependent maturation of the highly pro-inflammatory cytokine IL-1,
specifically the NLRP3 inflammasome, acts as an ER stress sensor
(Menu et dl.,, 2012). In resting cells, NLRP3 is associated with the ER
membranes; when activated by ER stress, NLRP3 translocates to the
mitochondria, leading to CASP2 and CASPI activation, mitochondrial
damage, DAMP production and IL-1- secretion (Bronner et al., 2015)
(Fig. 5). However, although DAMP production has been found to be
ER stress-dependent, and circulating DAMPs of fetal membrane origin
can also affect local myometrial ERSR and uterine contractile respon-
siveness by binding to their receptors. For example, extracellular
HMGBI binds to the receptor for advanced glycation end products
(RAGE) (Hori et al., 1995) and TLR2 and 4 (Park et al., 2006), stimulat-
ing NF-kB-induced transcription. Similarly, SI00 proteins also bind and
activate the RAGE and TLRs, producing pro-inflammatory effects in a
manner similar to HMGBI| (Hofmann et al., 1999; Ryckman et al., 2003;
Ehrchen et al., 2009). In related studies, activation of TLRs has also
been found to up-regulate the protective adaptive arms of UPR (Woo
et al, 2012). Indeed analysis of TLR2 and TLR4 knockout mice were
each found to promote differential induction of ERSR and CASP3 acti-
vation (Messlik et al., 2009). These data suggest that senescence-
associated factors such as DAMPs, which increase with gestational age,
have the capacity to modulate local uterine inflammatory responses in
an ERSR-UPR—dependent manner, acting as a fetal membrane-derived
biological clock regulating the timing of labor.

Summary

In summary, multiple points of potential interaction exist among fac-
tors that are systemically secreted into the maternal circulation as a
result of senescence of fetal membranes and ERSR-UPR (Fig. 5).
Although these circulating factors are not classical endocrine media-
tors, their exchange could indeed alter uterine ERSR-UPR-mediated
maintenance of normal gestational length. We speculate that fetal
membrane SASPs, which are released as term approaches, act as a
biological clock and drive the onset of myometrial contractions upon
membrane rupture in an ERSR-UPR-dependent manner. In cases of
pPROM, we speculate that modulation of uterine ERSR-UPR to pro-
mote precocious preterm uterine contractions may serve a protect-
ive role, promoting the successful delivery of a premature fetus to
avoid potential fatal consequences to mother and fetus, associated
with the retention of a prematurely ruptured fetal unit.
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Cervix—a responder of
feto—-maternal clocks and alarms?

The clocks and alarms set and activated by circulating pregnancy
hormones, senescing fetal membranes, decidua and myometrium
propagate signals that initiate the process of parturition. The final
process is ultimately effected by cervical effacement and dilatation,
allowing a progressive and controlled delivery of the fetus (Stjernholm
et al., 1996; Ekman-Ordeberg et al., 2003; Word et al., 2007; Myers
et al., 2009). Cervical ripening represents a localized inflammatory
process and its cellular and molecular mechanisms have been eluci-
dated by several laboratories. The cervical microbiome and metabo-
lome are increasingly recognized as contributors to the overall
integrity of cervix during pregnancy and changes within the microbial
environment are also associated with parturition (Danforth, 1983;
Uldbjerg and Ulmsten, 1990; Norman et al, 1993; Hassan et dl.,
2010; Mahendroo, 2012; Prince et al., 2014; Ghartey et al., 2015;
Sanders et al., 2015). Premature cervical ripening can accompany pre-
term parturition; however, the trigger for this process is still not clear
(Nold et al., 2012; Parry and Elovitz, 2014). Precocious activation of
cervical senescence may be a response to maternal risks for preterm
delivery, or derive from an independent biological cervical alarm. The
discussion of pregnancy clocks and alarms would not be complete
without discussion of the cervix as it reflects an integral compartment
of human parturition. The following section highlights the importance
of cervical tissue biology. It is imperative that we better understand
its mechanisms of activation, as interventions to prevent preterm
birth using progesterone have had modest effects in improving
neonatal health.

Although there is evidence suggesting that hormonal factors play a
complex and possibly indirect role in cervical softening and ripening
(Yellon et al., 2009; Akgul et al., 2012), controversy remains around
the mechanism (Elovitz and Mrinalini, 2005) and efficacy of hormonal
therapy to prevent or treat cervical insufficiency (Meis et al., 2003;
Schuit et al., 2015; Norman et al., 2016). Differences among patient
populations have been offered as an explanation, but the disparate
findings imply that other factors may be important in this process
(Norman et al., 2016). In keeping with the theoretical model of this
review, it is important to note that the cervix is an organ that also
undergoes its own developmental program, with remodeling occur-
ring throughout pregnancy and accelerating towards the end of gesta-
tion (Dubicke et al, 2015). For example, collagen becomes
progressively less densely structured due to reduced collagen gene
expression, decreased crosslinking and increased collagen degrad-
ation. The glycosaminoglycan composition of the cervix also changes
through pregnancy, with increased hyaluronan accumulation accom-
panied by a reduction in its average molecular weight at term (Akgul
et al., 2012). In addition, the term cervix has an increased water con-
tent that supports softening. These events occur in parallel with func-
tional changes in the smooth muscle, epithelial and fibroblast
components (Larsen and Hwang, 201 I). Data from women and ani-
mal models suggest there is a progressive increase in the expression
of inflammatory cytokines, and the presence of macrophages
(Mackler et al., 1999; Osman et al., 2006), that also contribute to
ripening or decreased load-bearing capacity as pregnancy progresses.
Recent gene array expression studies in rats suggest that cervical
macrophages show up-and down-regulated genes that may relate to

SASP responsiveness at term (Dobyns et al., 2015). The SASP fac-
tors, TNFa and PGE2, may also alter activity of hyaluronan by
increasing its binding protein (Fujimoto et al., 2002). Moreover, it has
been postulated that MMPs, themselves members of the SASP family
of molecules, contribute to collagen disorganization that occurs near
term (Larsen and Hwang, 2011). Finally, data from human tissues
emphasize the increased inflammatory/SASP profile of fetal mem-
branes overlying the cervix at term and the potential for regionalized
interactions between the cervix and amniochorionic membrane-
associated senescence signals (Lappas et al., 2008). Unpublished data
from the Menon lab identified more senescence-associated factors
(with >85% SA-f-gal positive cells and near total loss of lamin Bl) in
laboring fetal membranes at term overlying the cervix, compared to
mid-uterine portions of the membranes, suggesting differential inter-
actions between these compartments. It is likely that SASP factors
can compromise cervical the homeostatic balance, co-ordinating the
cervical program with the pace of the fetal membrane clock and tilt-
ing it to favor delivery. Thus, the cervix may represent a tissue with a
unique capacity to both generate and receive senescent signals at
parturition.

Conclusions

Pregnancy, an event that reveals and shapes the fundamental biology
of mother and fetus, provides a critical window into future health.
Advances in reproductive science (including cell and molecular biol-
ogy), burgeoning ‘omics’ technologies, and increasing access to large
data sets of well-phenotyped pregnancies are generating abundant
information. Yet many critical questions remain about what risk fac-
tors lead to abnormal pregnancy. Many investigators believe that the
understanding of preterm birth in humans is inextricably linked to the
understanding of normal term birth. The current assessment of preg-
nancy complications falls short because of knowledge gaps in our
understanding of normal parturition. One such example is preterm
birth, the leading cause of neonatal death (Messlik et al., 2009). We
propose that it is useful to pause and undertake a broad, system-
wide analysis of existing data to formulate frameworks for interpret-
ation and generation of stronger hypotheses. However, parturition is
a complex and redundant process that involves multiple organ sys-
tems, and unique human labor characteristics are not experienced by
other species, making the initiators and effectors of normal and
pathological pregnancies challenging to elucidate. In addition, abnor-
mal pregnancies arise abruptly rather than transition progressively
from normal pregnancies. Our current understanding of biological
mechanisms, pathways, and biomarkers of normal parturition have
not led to effective interventions to reduce the risk of preterm births.
This suggests either a lack of understanding of normal pregnancies or
the independent activation of mechanisms of premature labor in
abnormal pregnancies.

Integration of clocks and
initiation of parturition

Current knowledge of fetal signaling associated with term parturition
is restricted to fetal organ maturation signals and endocrine factors.
Normal term parturition is driven by essential, redundant back-up
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Figure 6 Propagation of fetal signals that will initiate parturition. In this review, we project fetal membrane senescence as one of the major
contributors of initiation of human parturition. Natural and physiologic aging of fetal membranes mediated by telomere-dependent senescence
and senescence-associated inflammation (contributed by senescence associated secretory phenotype [SASP] and damage associated molecular
patterns [DAMPY]) increases the overall inflammatory load in fetal membranes. These inflammatory signals get propagated to decidual layer, caus-
ing leukocyte and natural killer (NK) cell activation, causing inflammatory overload in the decidua. Fetal membrane and decidual inflammatory
overload transition the quiescent myometrium to an active state of functional progesterone withdrawal.

processes, which must interact in a positive feedback loop, cascading
and even accelerating toward delivery. Once started and the once
the ‘tipping point’ is reached, the teleological objective is to expel
the fetus from the uterus before placental function becomes irrevers-
ibly impaired and reduced oxygen flow causes fetal hypoxemia.
Ultimately, the clock alarms with modulation of the degree of
urgency. We propose a model that depicts the generation of fetally
derived signals and their propagation (Fig. 6). OS at term and other
factors from the fetus that are well documented can accelerate
fetal membrane aging through p38MAPK-mediated senescence.
Senescence and fetal membrane injury release sterile inflammatory
agents that include, but are not limited to, SASP and DAMPs. These
signals are diffused and propagate to other compartments, such as
the decidua (causing decidual cell senescence and leukocyte and NK
cell activation) and myometrium (causing p38MAPK-mediated func-
tional progesterone withdrawal), transforming a quiescent myome-
trium into an active muscle, exhibiting labor-associated changes. We
have reviewed the role of cellular organelles, such as the ER, which
contribute to this overall process in response to OS or uterine
stretch. In summary, we introduce a novel concept of fetal tissue

aging, propagation of signals and involvement of multiple organ sys-
tems that can produce a sterile inflammatory overload, which leads
to parturition.
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