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ABSTRACT

CIRCADIAN RHYTHMS IN LATE PREGNANCY:
A ROLE IN THE REPRODUCTIVE AXIS, UTERINE CONTRACTIONS AND PRETERM LABOR

By
Thu Van Quynh Duong

What drives labor onset remains largely unknown. Understanding the molecular
mechanisms defining pregnancy duration and preparing the uterus for labor onset can help
improve current treatment strategies to promote or halt labor. Biological processes with a ~24-
hour cycle called circadian rhythms are generated by endogenous “clock” transcription factors
referred to as the molecular clock, which drives daily changes in cellular functions. To understand
the role of circadian rhythms in pregnancy, we first characterized how the molecular clock of the
reproductive axis adapts to pregnancy and found the molecular clock is upregulated. Next, to
understand if the molecular clock helps define pregnancy duration, we analyzed gene expression
data from pregnant women. We found that low maternal levels of two clock genes increased the
risk of preterm birth 5 fold. As preterm birth is driven by a premature increase in uterine
contractions, we then asked how time of day impacted uterine contractile response to oxytocin, a
hormone that increases uterine contractions and is widely used to induce labor. As model for
human pregnancy, mice presented with daily time windows of increased uterine sensitivity to
oxytocin. To determine if the molecular clock drives this daily change in sensitivity to oxytocin, we
used conditional knockout mice which had the molecular clock ablated in uterine smooth muscle.
These mice lost the daily change in sensitivity to oxytocin-induced contractions and presented
stronger spontaneous uterine contractions than controls. In conclusion, we show that circadian
rhythms have an important role in regulating pregnancy duration and uterine function, where the

uterine molecular clock defines daily time windows of enhanced uterine sensitivity to oxytocin.
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PREFACE

In this dissertation, the role of the circadian rhythms in uterine contractions in late
pregnancy is explored. The studies demonstrate for the first time how the circadian rhythms can
be used as biomarkers for spontaneous preterm birth and potentially targets for development of
drugs to modulate uterine contractions. Each chapter in the dissertation is dedicated to an aspect
crucial to the work and is briefly summarized below.

Chapter one first established changes in circadian rhythms in normal pregnancy, both at
the tissue levels and the behavior levels. Chapter two then explored the role of circadian rhythms
in spontaneous preterm birth. Lastly, chapter three looked at how circadian rhythms of the uterus
regulated uterine contractile functions in late pregnancy, as the first step in determining uterine
circadian rhythms as a potential direction for future drug development for mistimed labor onset.

Even though more work is needed to translate the findings of this dissertation to clinical
practice, my work identified for the first time circadian rhythms as potential biomarkers for
spontaneous preterm birth and established the important role of circadian rhythms in uterine
contractile functions in late pregnancy, opening a new direction to develop treatments for preterm

labor and postterm labor.
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CHAPTER 1 — CIRCADIAN RHYTHMS IN LATE PREGNANCY



SIGNIFICANCE

Disruptions in timing of labor and birth often result in Caesarian section (C-section). Almost
4 million births occur each year in the United States'=. About 30% of these are from C-sections®.
C-section not only costs 50% more than vaginal birth?, but is also associated with increased risk
of long-term maternal and neonatal complications and therefore should be avoided unless
medically required®. One way to avoid unnecessary C-sections is to efficiently induce labor.
Unfortunately, labor induction drugs (uterotonics) have variable efficacies and approximately 25%
of induced labors still result in C-section®’. Understanding what drives labor onset will help

develop strategies to efficiently induce labor and reduce C-sections.

THE NATURAL TIMING OF LABOR AND BIRTH

Sixty percent of labor inductions occur at times of the day drastically different than natural
labor and birth. Across species, labor onset primarily occurs during the inactive (rest) phase of
the day®®. Evolutionarily speaking, this timing of labor and birth provides protection from predators
for both the mother and the newborn thanks to the presence of herd members, and is timed to
the rest phase of the day, where little to no ambulatory activity is needed®°. In humans labor
onset and birth remains circadian timed, where the pregnant uterus is physiologically primed to
increase contractions at night and most spontaneous births occur around 4.30AM*°.What allows
this timing of labor and birth to the rest phase of the day is poorly understood, but one possibility
is that factors that modulate uterine contractions may be more effective at night than during the
day. The current clinical practice of labor induction, however, does not take this nocturnal aspect
of natural birth into account as labor inductions are scheduled in the morning or early afternoon
for the convenience of hospital staffing*-12. We propose that the timing difference between labor

induction and natural labor onset is a contributing factor to the high rate of unsuccessful labor



inductions, as we speculate the uterus is less responsive to labor-inducing drugs during the day

than the night period.

THE UTERUS AND UTERINE CONTRACTIONS

The uterus is the organ that protects the developing fetus until birth. The myometrium is
the smooth muscle layer that generates uterine contractions for labor and delivery (Figure 1.1).
Pregnant women that deliver at term have a nocturnal increase in uterine contractions in the third
trimester. Interestingly, a small cohort study showed that women that experienced preterm birth
lost this nocturnal increase in uterine contractions in the third trimester, suggesting a disruption
to the circadian rhythms of uterine contractions might be associated with disruptions of pregnancy
length. One mechanism that drives the nocturnal increase in uterine contractions is increased
uterine sensitivity to oxytocin at night. Oxytocin, a major hormone in pregnancy known to increase
uterine contractions!**> and widely used to clinically induce labor in the form of Pitocin, its
synthetic version. A small study in late-pregnant Rhesus monkeys (n=5) shows that oxytocin given
at night is more efficient at inducing uterine contractions, than when given during the daytime®-
18 It remains unknown what drives this daily change in uterine sensitivity to oxytocin, where |

propose it is driven by the molecular clock within the myometrium.
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Figure 1.1. Diagram of a uterus in pregnancy. The uterus consists of the endometrium and the

smooth muscle myometrium, which generates uterine contractions.

CIRCADIAN RHYTHMS AND THE MOLECULAR CLOCK

Circadian rhythms are biological processes with a ~24h cycle that are autonomous and
persist without environmental cues!®2!, Circadian rhythms exist at the behavioral, tissue and
cellular levels. At the behavior level, circadian rhythms take many forms, the most common of
which is sleep-wake cycles?2. Circadian rhythms at the tissue level are reflected in for example

hormonal release patterns and changes in metabolisms?3.

CRY1/2

Cytoplasm

Nucleus
CLOC

Per1/2/3 Cryl/2

Figure 1.2. A transcriptional feed-back loop within each cell generates circadian rhythms.
Simplified view of how cellular circadian rhythms are generated. The transcription factors BMAL1
and CLOCK drive expression of Per and Cry, which after translation repress BMAL1/CLOCK

driven transcription by binding to the BMAL1/CLOCK complex. This feed-back loop generates a



Figure 1.2. (cont'd)
~24h rhythm within each cell. The capacity of BMAL1 to regulate tissue specific genes allows a

set of genes to acquire a circadian expression which drives optimal tissue function.

At the cellular level, circadian rhythms are an inherent property of almost all nucleated
cells. Circadian rhythms are generated by “clock” transcription factors, which are conserved
across species (Figure 1.2). Each cell contains an autonomous circadian clock allowing time-of-
day specific functions of cellular processes. The mammalian core molecular clock consists of the
transcription factors brain and muscle ARNT-like protein 1 (BMAL1 or MOP3), cryptochrome
(CRY1/2), circadian locomotor output cycles kaput (CLOCK) and period (PER1/2/3)?'. BMAL1
and CLOCK are members of the basic helix-loop-helix/Per-ARNT-SIM (bHLH/PAS) proteins
(REF?). BMAL1 and CLOCK heterodimerize and initiate the transcription of CRYs and PERs by
directly binding to E-box (5’-CACGTG-3) or E’-box (5’-CACGTT-3’) cis-regulatory elements (DNA
sequence) of these genes?2%, E-box and E’-box sequences can be located in the proximal or
distal promoter region, or even within the coding region of the target gebe?2%-31, and there can
be more than one E-box or E’-box sequences per gene®323 CRYs and PERs in turn dimerize
and inhibit their own transcription by binding to the BMAL1/CLOCK complex®, generating a ~24h
oscillation in gene expression. The BMAL1/CLOCK heterodimer remains bound on the DNA
throughout the circadian oscillation, and inhibition of transcription occurs through the interaction
between DNA bound BMAL1/CLOCK with negative regulators such as PERs and CRYs*. Beside
the core clock transcription factors exists complex accessory regulatory loops that add additional
layers of control to the cellular circadian rhythms. One such loop is via the reverse orientation c-
Erb a and B (Rev-ERB a and ) and retinoic acid receptor-related orphan receptors (RORs) a, 8
and y. These nuclear receptors bind to the RevErbs/ROR-binding elements (RORES) in the Bmall

promoter region. RORs activate the transcription of Bmall while RevErbs inhibit it?13438,



Interestingly, the expression of Rev-Erbs and Rors are regulated by CLOCK/BMALL1 binding to
E-boxes in their promoter regions®.

Beside generating cell’s endogenous circadian rhythms, “clock” transcription factors are
also involved in the transcription of about 25% of all genes in the cells. These genes are called
“clock-controlled genes” (CCGs). The “clock” transcription factors regulate the expression of
CCGs by binding to E-box or E’-box cis-regulatory elements, giving these genes a circadian
pattern of expression?:4°, The circadian expressions of CCGs are responsible for daily functional
changes in cells and tissues and have been utilized to improve drug efficacy as they allow for
tissue level circadian changes in response to treatments*'. This field of science is called

chronopharmacology.

THE MOLECULAR CLOCK IN PREGNANCY

It is becoming evident that clock genes play an important role in a healthy pregnancy.
Different tissues have daily changes in clock gene expression during pregnancy 243, In mice,
knock-outs of clock genes resulted in pregnancy complications. Disruptions to the clock genes
Clock (the negative dominant ClockA19 mutant) and Bmall (the myometrium-specific Bmall
knock-out) resulted in dystocia and mistiming of labor onset, respectively**4°. Bmall null-mutants
displayed an even more severe phenotype as they could not sustain pregnancy due to low serum
progesterone levels*. Interestingly, in humans, clock genes are also involved in pregnancy
complications. Specifically, Per2 is associated with implantation failure*’, Rev-Erb a is involved in
spontaneous abortion*®, Clock plays a role in preeclampsia and miscarriage*®*°, and certain
polymorphisms of the clock gene BMAL1 are associated with an increased risk of in miscarriage®..

One unique characteristic of BMALL is its essential role in generating circadian rhythms,
where its deletion results in loss of circadian rhythms at both the behavioral level and the cellular
level®>-%4, Even though deletion of the other clock genes results in disruption to circadian rhythms,

circadian rhythms still exist at the behavior and cellular levels?°5-°7, Deletion of Bmall, on the



other hand, completely abolishes the circadian rhythm of locomotor activity and clock gene
expression*®%657, Interestingly, the involvement of the molecular clock in the timing of labor and
birth is supported by studies in conditional knock-out mice, where BMALL is deleted in the
myometrium by crossing Bmall1™"* mice with mice carrying the Telokin® allele, an allele
targeting the myometrium and the smooth muscle of the bladder®®. These mice will be referred to
as cKO mice. Even though otherwise healthy, 35% of cKO mice have mistimed labor onset: they

give birth either too early or too late compared to wild type mice®,

VALUE OF THE MOUSE MODEL IN CIRCADIAN RHYTHM AND PREGNANCY RESEARCH

Much of our knowledge about circadian rhythms in mammals comes from the mouse
model. The smallest mammalian species available for studies, the mouse offers numerous
transgenic models, allowing us to study the function of a specific gene within a defined cell type.
With regards to circadian rhythms, while knock-outs of clock genes allow us to study the role of
each clock gene on the cellular or behavioral level, the knock-in PER2::LUCIFERASE
(PER2::LUC) reporter mice allow for real time detection of the circadian rhythms as evaluated by
PER?2 levels at the cellular and tissue levels®. PER2::LUC expression reflects the expression of
Per2, as well as the other clock genes due to their inter-regulation of each other (Figure 2). The
PER2::LUC knock-in mice contain the firefly luciferase (Luc) gene attached to the endogenous
Per2 gene. Incubating tissues from PER2::LUC mice in tissue culture media containing luciferin,
a substrate for luciferase, provides a semi-quantitative evaluation of PER2 through the measure
of luciferase, which is detected by a light signal generated by luciferase cleaving luciferin®-63,
Attaching Luciferase after genes of interest to detect their expression levels have been a
commonly used method to detect real-time gene expressions thanks to the short half-life of
luciferase (~10 minutes)®*.

The mouse model hence is a valid model to study the role of circadian rhythms in uterine

functions. The mouse, despite being a nocturnal organism (active at night) vs human (diurnal-



active during the day), exhibits a time-of-day-dependent timing of labor and birth: most mice give
birth around the transition between the dark phase and light phase®. The molecular clock is
conserved between human and mouse, and the mouse uterus also shows an increase in uterine
contractions in response to oxytocin®-°7, a primary hormone promoting labor and commonly used
in labor induction in humans!*>, The action of oxytocin through oxytocin receptor (OXTR) is
greatly conserved between human and mouse. Furthermore, the mouse model offers greater
experimental feasibility as pregnancy in the mouse is relatively short, ranging from 19 to 20 days,
vs 9 months in human®,

It is worth mentioning that most mouse models, especially C57B/6J, the most commonly
used laboratory mouse strain and also the genetic background of PER2::LUC mice, do not have
endogenous melatonin®®%79, Melatonin is a peptide hormone produced by the pineal gland which
synchronize circadian rhythms of cells and tissues in the body*°. However, within the scope of our
proposed studies focused on the role of circadian rhythms in uterine contractile functions and

receptor expression, C57B/6J remains a valid model.

RATIONALE AND HYPOTHESIS

Despite the vast knowledge of clock genes and circadian rhythms in the non-pregnant
state’>"2, little is known about clock genes and circadian rhythms in pregnancy, at both the tissue
and the behavioral levels, and how they relate to labor onset. The goal of my studies is to fill in
this gap of knowledge primarily using the mouse model. | hypothesized that circadian rhythms
exist at the tissue and behavior levels in pregnancy and regulate tissue functions, especially
uterine contractions in late pregnancy. In the first chapter, | determined how circadian rhythms in
the reproductive axis (the suprachiasmatic nucleus, the ovary and the uterus) and the locomotor
behavior adapted as pregnancy progressed. The second chapter explored the relationship
between circadian rhythms and timing of labor onset by determining the associations of serum

levels of clock genes and preterm birth (a type of mistiming of labor onset). Lastly, the third chapter



examined how uterine circadian rhythms, through the clock gene Bmall, regulated uterine

contractile functions in late pregnancy.



CHAPTER 2 — CIRCADIAN RHYTHMS IN THE MOUSE REPRODUCTIVE AXIS DURING THE

ESTROUS CYCLE AND PREGNANCY

This chapter was adapted from the following previously published manuscript:

Yaw, AM,* Duong, TV,* Nguyen, D and Hoffmann, HM. Circadian rhythms in the mouse
reproductive axis during the estrous cycle and pregnancy. J Neurosci Res. 2021

Jan;99(1):294-308. PMID: 32128870, PMCID: PMC7483169

* Authors contributed equally
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ABSTRACT

Molecular and behavioral timekeeping is regulated by the circadian system which includes
the brain’s suprachiasmatic nucleus (SCN) that translates environmental light information into
neuronal and endocrine signals aligning peripheral tissue rhythms to the time of day. Despite the
critical role of circadian rhythms in fertility, it remains unexplored how circadian rhythms change
within reproductive tissues during pregnancy. To determine how estrous cycle and pregnhancy
impact phase-relationships of reproductive tissues, we used PERZ2::Luciferase (PER2::LUC)
circadian reporter mice and determined the time of day of PER2::LUC peak (phase) in the SCN,
pituitary, uterus, and ovary. The relationships between reproductive tissue PER2::LUC phases
changed throughout the estrous cycle and late pregnancy and were accompanied by changes to
PER2::LUC period in the SCN, uterus, and ovary. To determine if the phase relationship
adaptations were driven by sex steroids, we asked if progesterone, a hormone involved in estrous
cyclicity and pregnancy, could regulate Per2-luciferase expression. Using an in vitro transfection
assay, we found that progesterone increased Per2-luciferase expression in immortalized SCN
(SCN2.2) and arcuate nucleus (KTAR) cells. In addition, progesterone shortened PER2::LUC
period in ex vivo uterine tissue recordings collected during pregnancy. As progesterone
dramatically increases during pregnancy, we evaluated wheel-running patterns in PER2::LUC
mice. We confirmed that activity levels decrease during pregnancy and found that activity onset
was delayed. Although SCN, but not arcuate nucleus, PER2::LUC period changed during late
pregnancy, onset of locomotor activity did not correlate with SCN or arcuate nucleus PER2::LUC

period.

11



INTRODUCTION

Circadian timekeeping plays an essential role in successful pregnancy, which requires the
precise coordination of a number of essential processes to occur, including ovarian follicular
development and maturation’®, ovulation’*”®, mating behavior initiation’*"> and mature oocyte
release”’®. Each of these processes are controlled by a fine-tuned feedback mechanism in which
the timing of hormone release is synchronized with receptor expression throughout the female
reproductive system to ensure pregnancy success’®’’. On a cellular level, circadian rhythms are
generated by an autoregulated transcription-translation feedback loop of molecular clock
transcription factors, of which Period 1/2 (Per1/2), Brain and Muscle ARNT-Like 1 (Bmall), Clock
and Cryptochromel/2/3, comprise the core mechanism, reviewed in’8. To synchronize these
cellular circadian rhythms to environmental conditions, a combined mechanism encompassing
both neural and hormonal signals is coordinated by the brain’s primary circadian pacemaker, the
suprachiasmatic nucleus (SCN)”>7>7 The SCN'’s principal role is to translate environmental
lighting information into neuronal and hormonal signals, allowing synchronization of behavioral
activity, hormonal release, and tissue sensitivity®°. Despite the well-established role of day-length
and circadian rhythms in regulating reproductive status in seasonal breeders®-84, the luteinizing
hormone surge promoting ovulation®-8 and the circadian timing of labor onset®-2, little is known
about how pregnancy impacts circadian rhythms and daily changes in behavior®%4, A significant
step towards understanding behavioral and circadian changes in pregnancy was published by
Martin-Fairey et al., 2019, who showed that pregnancy in both humans and mice was associated
with a reduction in locomotor activity and a shift in the timing of activity onset®, two behaviors
known to be regulated by the SCN%-°7,

In addition to understanding the role of circadian changes in behavior during pregnancy,
metabolic and hormonal changes during pregnancy may be influenced by circadian rhythms,
although this remains largely unexplored. Pregnancy is associated with dramatic changes in

metabolism® and hormone release patterns®®, both of which maintain strong ties to circadian
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rhythmicity'°-1%, Progesterone is a sex steroid which increases towards late pregnancy, and
peaks around gestation day (GD) 15-17 in mice'®®-1% The primary role of progesterone during
pregnancy is to allow implantation!®®-112 and to silence uterine contractions prior to labor onset.
Progesterone performs these functions through activation of both nuclear receptors, progesterone
receptor A and B (PRA and PRB, respectively), as well as membrane bound progesterone
receptors!*11®. During late pregnancy (beginning approximately at GD 17 in the mouse), a
reduction in progesterone in combination with PRA and PRB function allows for the progression
of parturition'!”118 initiation of lactation!'®'22, and maternal behaviors'?*124, |t should be noted
that the role of progesterone in labor initiation varies between species'?. In addition to the
aforementioned roles, progesterone also acts as a regulator of metabolic function?6. Recent work
indicates this metabolic action of progesterone might be regulated by the arcuate nucleus, a
hypothalamic structure which express high levels of progesterone receptorst?’-129,

While it is known that disrupted circadian rhythms can be detrimental to reproductive
success®®1% it remains largely unknown how they change from the non-pregnant state to
pregnancy. Understanding the role of circadian rhythms in regulating both behavior and tissue
specific circadian function during the estrous cycle and in pregnancy is an essential first step
towards elucidating the underlying mechanisms associated with infertility and pregnancy
complications, which are more prevalent in women with disrupted circadian rhythms32-135 We
hypothesize that circadian timekeeping during late pregnancy influences mouse behavior and
reproductive tissue circadian function in preparation for labor. Here, we confirm locomotor activity
changes during pregnancy and describe the changes in molecular circadian time-keeping
between the estrous cycle and pregnancy using the circadian knock-in reporter mouse,
PER2::Luciferase (PER2::LUC). Finally, we explore the potential role of PRA/B in driving circadian

rhythm changes.
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MATERIALS AND METHODS
Mice

All methods described here have been approved by the Institutional Animal Care and Use
Committee of Michigan State University and conducted in accordance with the Guide for the Care
and Use of Laboratory Animals. Period2::Luciferase (PER2::LUC) mice were purchased from JAX

(strain B6.129S6-Per2tm1Jt/J, #006852, https://www.jax.org/strain/006852). Mice were housed

under a 12 h light-dark cycle, lights on at 6AM (Zeitgeber time 0, ZT 0), with food and water ad
libitum. Mice were sacrificed by isoflurane or CO, overdose, followed by cervical dislocation.

Experimental mice were 6-14 weeks of age at the start of experiments.

Timed mating

Two females and one male were housed together at ZT 10-11 and vaginal plug formation
was checked at ZT 3-4 during the mating assay. On the day of vaginal plug identification, the
female was separated from the male. If no vaginal plug was found, mating pairs remained co-
housed for up to 5 days, and daily checks for vaginal plugs were continued. Following vaginal
plug identification, pregnancy was confirmed by a significant increase in body weight, where a
weight gain of >2 g from gestational day (GD) 1 to 10 was indicative of pregnancy **. Gestational
stage was further confirmed the day of tissue collection, where embryo development was
established using Theiler Stage

(https://www.emouseatlas.org/emap/ema/theiler stages/StageDefinition/stagedefinition.html;

accessed January 2020). For wheel running behavior, timed mating was conducted as described

above, except that one female was mated with one male.

Wheel-running behavior
During timed mating, female and male mice were housed in light and temperature

controlled circadian cabinets (standard mouse circadian cabinet, Actimetrics, Wilmette, IL) within
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polypropylene cages (33.2 x 15 x 13cm.2 cm) containing a metal running wheel (11 cm diameter).
Males utilized for timed mating were individually housed in the same behavioral cabinet as the
females. Females were allowed 2-5 days acclimatization to running wheels prior to experimental
start. Female locomotor activity rhythms were monitored with a ClockLab data collection system
(Version 3.603, Actimetrics, Wilmette, IL) through the number of electrical closures triggered by
wheel rotations. Light intensity varied between 268-369 Lux inside the mouse cage with wheel.
Cage changes were scheduled at 3-week intervals. Wheel-running activity was analyzed using
ClockLab Analysis (Actimetrics Software) and complied into 5-minute bins by persons blind to
experimental group. Activity data collected during timed mating were not included in statistical
analyses. Daily onset of activity was defined as the first time when activity was counted for at
least 1 h after at least 4 h of inactivity. Pregnant females were euthanized and gestation day
assigned according to timed mating and Theiler Stage as described in “Timed Mating”. Following
euthanasia, ex vivo tissue explants were monitored for PER2::LUC bioluminescence as described
in “Monitoring of PER2::LUC bioluminescence”. To correlate locomotor activity onset with SCN
and PER2::LUC period, only PER2::LUC females used in the running wheel locomotor activity

set-up were used.

Determination of estrous stage

To assess estrous stage, vaginal smears were performed at the time of euthanasia
between ZT 3-6 on female mice (3-6 months) by vaginal lavage®’. Smears were collected on
glass slides and counterstained with 0.1% methylene blue (Spectrum, Gardena, CA). Cell type
was observed through bright field microscopy to determine the corresponding stage of the estrous

cycle, by persons blind to experimental group.
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Monitoring of PERZ2::LUC bioluminescence

Mice were euthanized at ZT 3-6 or ZT 15-17. Data from mice euthanized at ZT15-17 were
not used in phase analyses. Following euthanasia, the uterus, ovary, pituitary and brain were
removed and placed in a semi-frozen 1x Hank’s buffered salt solution (HBSS, 14065-056, Gibco).
Using a dissection scope the ovary and pituitary were isolated and the uterus dissected into pieces
of = 4 mm? (~2 mm x 2 mm). To prepare the uterine pieces the whole uterus was cleaned from
fat, and the uterine segment surrounding the fetuses cut in the longitudinal direction of the uterine
horn. The uterine horn was opened into a sheet and pinned down to a dissection dish. Using a
ruler, 2 x 2 mm uterine strips were collected midway between the cervix and the ovary near the
placental attachment and placed with the endometrium side down onto the MiliCell membrane
(MilliCell, PICMORG50; MilliporeSigma, Burlington, MA). Ice-cold brains were sliced coronally on
a vibratome (Leica VT 1200S) at 300 uym. After sectioning on the vibratome, a dissection scope
was used to identify the appropriate brain regions. The SCN and arcuate nucleus were identified
through anatomical identification 1%, The SCN was dissected as previously described Figure 2.1A
139140 For the arcuate nucleus, the median eminence was removed, where after two bilateral
scalpel incisions allowed to isolate the arcuate nuclei Figure 2.1B. Both arcuate nuclei were
placed onto a MilliCell membrane. MiliCell membranes were placed in 35 mm dishes (Nunc,
Thermo Fisher Scientific, Rochester, NY) containing 1.5 ml of 35.5 °C recording medium
(Neurobasal, 1964475, Gibco) supplemented with 20 mM HEPES (pH 7.2), B27 supplement (2%;
12349-015, Gibco), 1 mM luciferin (luciferin sodium salt; 1-360242-200, Regis, Grove, IL), and
antibiotics (8 U/ml penicillin, 0.2mg/ml streptomycin, 4mM L-glutamine; Sigma-Aldrich). Dishes
were sealed using vacuum grease and placed into a LumiCycle (Actimetrics, Wilmette, IL) inside
a light-tight 35.5 °C, 5% CO3, non-humidified environmental chamber. Uterine tissue was treated
with vehicle (1/50 dilution of diH.O) or water-soluble progesterone (P4, Sigma Aldrich #P7556,
50 nM and 100 nM, data was pooled as no difference in effect was observed). The

bioluminescence signal was counted every ten minutes for 1.11 min for 6 days (day 1- day 6 of
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recording time). Data were normalized by subtraction of the 24 h running average from the raw
data and then smoothed with a 1 h running average (Luminometer Analysis, Actimetrics) and
analyzed blind to experimental group. During the initial ~24 h (day 0) in the LumiCycle, the
PER2::LUC signal tends to decrease significantly prior to achieving a stable waveform. In our
analysis of PER2::LUC period, we exclude the first 24 h of recording to account for this.
Incomplete data sets, as caused by loss of data points, other technical problems, or explants
failing to show two PER2::LUC peaks (deemed arrhythmic#') were not included in the analyses
(Total of 6 SCN, 2 arcuate nucleus, 5 pituitary, 2 ovary and 1 uterine explants). PER2::LUC phase
was determined as the time-of-day of first PER2::LUC peak. PER2::LUC period was analyzed by
the Luminometer Analysis software (Actimetrics) as the time difference in hours between the two
peaks, with LM fit (damped sin) as the mathematical model. To determine the phase of the tissue,
we utilized the time peak activity on day 1 of recording (time of first peak). All phase data are
reported in degrees and reference to zeitgeber time (ZT) with time of lights on at ZT 0 from the

day of euthanasia.
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Figure 2.1. Diagram of SCN and arcuate nucleus dissections. Representative diagram of
dissected A.) suprachiasmatic nucleus (SCN) and B.) arcuate nucleus (ARC) for monitoring of
Per2::luciferase bioluminescence. Red lines indicate where individual cuts were made in the
tissue slices. Abbreviations are as follows: LA- lateroanterior hypothalamic nucleus, SCN-

suprachiasmatic nucleus, ME- median eminence, ARC-arcuate nucleus.
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Cell culture, transfections, luciferase assays and hormone treatment

NIH3T3 (mouse embryonic fibroblasts, American Type Culture Collection), KTAR (female
arcuate nucleus neurons, mouse)'#?; and SCN2.2 cells (immortalized rat suprachiasmatic nucleus
neurons)*3, were cultured in a humidified 5% CO- environment in DMEM (Corning/Mediatech),
with 1% penicillin-streptomycin (Sigma Aldrich) and 10% heat inactivated fetal bovine serum
(Sigma Aldrich) or 10% charcoal stripped fetal bovine serum (Gibco Cat#A33821), as indicated
in figures. NIH3T3, KTAR, and SCN2.2 cells were seeded into 24-well plates (Thermo Scientific)
at 0.05x108 (NIH3T3 and KTAR) and 0.3x108 (SCN2.2) cells per well. Transfection of cells was
performed 24 h after the cells were plated. Transient transfections were performed using
PolyJet™ (SignaGen Laboratories, Rockville, MD), following a previously published protocol
144145 For |uciferase assays, cells were transfected with 200 ng/well mouse -1128 to +2129 bp
Per2-luciferase reporter plasmid (pGL6 plasmid, Addgene.org)!*® and 100 ng progesterone
receptor A, B or pcDNA empty vector!4’. Five ng/well pGL4.74 Renilla luciferase reporter plasmid
(hRluc, Promega) was added and served as an internal control. To equalize the amount of DNA
transfected into cells, we systematically equalized plasmid concentrations by adding the
corresponding plasmid empty vector. Twenty-four hours after transfection, culture medium was
replaced with DMEM containing 0.1% Bovine Serum Albumin (BSA, Fisher Scientific) and
progesterone (water soluble P4, 100 nM, Sigma Aldrich #P7556) or vehicle control (water 1/50
dilution). For luciferase assays, cells were harvested 48 h after transfection in 1x Passive lysis
buffer (Promega Dual-Luciferase Reporter Assay System Kit). Dual-Luciferase assays were
performed following manufacturers recommendations. Luciferase values are normalized to hRluc
values to control for transfection efficiency. Values are normalized to pGL3 and are expressed as
fold change as compared to control plasmid as indicated in the figure legends. Data represent the

mean + SEM of at least four independent experiments done in replicate.
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Statistical analysis

Data were analysed using GraphPad Prism 8 (Graph Pad Software, La Jolla, CA).
Significant differences were designated as P < 0.05. Wheel running activity (total wheel rotations)
was analysed via a repeated measures mixed effects model. Correlation analyses were
completed using Pearson r. Wheel running onset, PER2::LUC period, and transient transfection
data were analyzed via one-way ANOVA. Post-hoc tests were completed using Tukey’s multiple
comparison test. PER2::LUC timing of first peak phase relationships were analyzed via a One
Criterion Analysis of Variance for Circular Data, followed by pairwise comparisons, Watson’s Two
Sample Test of Homogeneity using Bonferroni’s correction to accommodate familywise error rate,
where appropriate. Phase data were reported in degrees and standard error (SE). All data passed
normality testing. Statistical analyses for outliers (Grubbs’ test) were conducted on all data sets,
and no outliers were identified. Using G*Power software!“8, we estimated the number of animals
required for each experiment. Based on the literature, we expected that pregnancy would
dramatically reduce locomotor activity®*. Using the ANOVA repeated measures with an effect size
of 0.5, alfa-probability of 0.05, with a power at 0.95, with 6 measurements (repeated measure of

activity level) the experiment requires a total sample size of n = 8.

RESULTS
Late pregnancy impacts activity levels and activity onset independent of litter size

Pregnancy is associated with dramatic physiological changes, including great weight gain
149,150 Recent work showed that pregnancy caused a reduction in activity levels of both humans
and mice . To determine if the reduction in activity levels was directly associated with litter size,
we placed virgin female mice on running wheels for 15-20 days with light 12h:dark 12h (LD12:12)
to establish their baseline activity level Figure 2.2A, B (non-pregnant; NP). A male was introduced
to the chamber to allow pregnancy (timed mating). After positive identification of male mounting

(as evidenced by a vaginal plug), the male was removed and female running-wheel activity

19



monitored till late gestation (Gestation day 18-19; GD 18-19) Figure 2A, B. In agreement with the
previous study®, wheel running activity decreased significantly during pregnancy, specifically
during late gestation [GD 12-19, F (2.20, 13.46) = 19.99, n = 6-8/time point p < 0.0001], Figure
2.2B. This decrease in wheel running activity was not significantly correlated with the number of
pups in each litter [r(8) = 0.052, n = 8, p = 0.902; R? = 0.003], Figure 2.2C, or significantly
correlated with percentage of weight gain during pregnancy [r(8) = 0.321, n = 8, p = 0.44; R?=
0.11], Figure 2.2D. Interestingly, females displayed a delayed onset in activity during mid
pregnancy [GD 8-13, F (1.026, 7.182) = 6.182, n = 8/time point, p = 0.037], Figure 2.2E. The
changes to total activity and onset timing were not accompanied with changes in wheel running
period, for non-pregnant (24.00 h + 0.02), early (GD 2-7; 24.06 h + 0.02), mid (GD 8-15; 24.06 h
+ 0.06), or late (GD 16-19; 24.06 h + 0.2) pregnancy [F(1.09, 7.27) = 0.149, n = 7-8/time point, p
= 0.15]. Given the high variability in onset times during GD 14-19, we compared onset times from
GD 14-15, GD 16-17, and GD 18-19; however there were no differences [F(1.604, 9.625) = 0.766,

n = 7/time point, p = 0.46].
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Figure 2.2. Pregnancy impacts activity levels and activity onset independent of litter size.
(A) Representative double plotted actogram of wheel running in a female mouse before
pregnancy (Day 1-20), during timed mating (Day 21-22; dark blue-purple shading), and during
pregnancy [Gestation day (GD) 1-19; light gray shading]. (B) Total number of wheel revolutions

decrease beginning GD 12-13 and continued to decrease through late pregnancy. Pearson
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Figure 2.2. (cont'd)

correlation examining the relationship between the percentage decrease in wheel running activity
from non-pregnant to late pregnant levels (GD 14-19) compared to the number of pups in each
litter (C, n = 8, individual mice are shown as squares) and the percentage of weight gain during
pregnancy (D, n = 8). RZ and p values are indicated next to linear regression lines. Dashed curves
indicate 95% confidence intervals. (E) Timing of activity onset is significantly delayed during mid
pregnancy (GD 8-13), compared to non-pregnant (NP), early (GD 2-7), and late pregnancy (GD
14-19). Individual mice are shown as circles. Data were analyzed via repeated-measures one-

way ANOVA followed by a Tukey post hoc. *, p<.05; **, p<.01.

PER2::LUC period in the SCN and arcuate nucleus does not correlate with locomotor activity
onset in late pregnancy

To further understand the molecular mechanisms driving the changes in activity onset and
locomotor activity patterns in late pregnancy Figure 2.2, we used the validated circadian reporter
mouse, PER2::LUC to establish ex vivo tissue circadian rhythms in non-pregnant and pregnant
females. It is well-established that PER2::LUC rhythms reliably recapitulate SCN function and
reflect on behavioral wheel-running patterns*#. We compared PER2::LUC period in the SCN from
estrus (non-pregnant females), GD 14-15, GD 16-17 and GD 18-19 females. There was a
significant decrease in PER2::LUC period between estrus and early (GD 14-15) and late (GD 18-
19) pregnancy [F(3, 33) = 5.61, n = 6-14/group, p = 0.003], Figure 2.3A, B. This suggests that
changes to SCN period may be involved in the delayed locomotor onset in pregnancy. However,
due to the large behavioral variation in activity onset during late pregnancy Figure 2.2E, we
established the correlation between SCN PER2::LUC period and time of day of wheel running
onset Figure 2.3C. These correlation data [r(7) = 0.072, n = 7, p = 0.80; R?= 0.014], suggest the
SCN probably does not contribute to the delayed activity onset in pregnancy. Recent work

identified the arcuate nucleus as important in modulating metabolic status-driven locomotor
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activity changes®®. To determine if the molecular clock in the arcuate nucleus was involved in
changing locomotor onset during pregnancy, we recorded arcuate nucleus circadian rhythms in
our newly established arcuate nucleus slice preparation. The arcuate nucleus presents a
circadian expression of PER2::LUC Figure 2.3D, E. There were no significant changes in
PER2::LUC period between estrus and any of the studied gestation days [F(3, 28) = 1.104, n =
6-13/group, p = 0.36], nor a significant correlation between arcuate PER2::LUC period and time

of day of wheel running onset [r(6) = 0.739, n = 6, p = 0.44; R2= 0.16], Figure 2.3F.
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Figure 2.3. SCN, but not arcuate nucleus, PER2::LUC period correlates with locomotor
activity onset during late pregnancy. (A) Example traces of representative SCN PER2::LUC
recordings. (B) Histogram of PER2::LUC period in the SCN during pregnancy (n = 6-14/group).
(C) Pearson correlation examining the relationship between the SCN PER2::LUC period and
onset of wheel running activity on the day of euthanasia (GD 16-19), n = 7. (D) Example traces
of representative arcuate nucleus PER2::LUC recordings, and (E) histogram of PER2::LUC period
in the arcuate nucleus during pregnancy (n = 6-13/group). (F) Pearson correlation examining the

relationship between the arcuate nucleus PER2::LUC period and onset of wheel running the day
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Figure 2.3. (cont'd)

of euthanasia (GD 16-19), n = 6. Period data (B, E) were analyzed via one-way ANOVA followed
by a Tukey post hoc. *, p<.05. Individual values are indicated by circles or squares, and n is
indicated on the bars. R2 values and p-values are indicated next to linear regression lines. Dashed

curves indicate 95% confidence intervals.

Pregnancy alters reproductive tissue phase relationships

Changes in SCN output (as evidenced by changes in PER2::LUC period and behavioral
changes, Figures 2.2 and 2.3), might impact phase relationships between peripheral tissues. No
studies have, to our knowledge, addressed how phase relationships and circadian period changes
in normal pregnancy. We compared phase-relationships between reproductive tissues during
each stage of the estrous cycle and late pregnancy (GD 14-19) Figure 2.4A-C. There were
significant differences in the timing of PER2::LUC peak expression between the different tissues
during each stage of the estrous cycle [estrus: F(3, 29) = 21.7, n = 33, p = 1.4e™%; proestrus: F(3,
26) = 49.58, n = 34, p = 1.7e1%; diestrus l/Il: F(3, 36) = 20.17, n = 40, p = 7.7e%]. Specifically,
during proestrus, pituitary peak PER2::LUC expression (expressed in mean degrees + standard
deviation; 217.51 degrees * 0.55, n = 10) was significantly different from peak timing in the ovary
(327.77 degrees + 0.48, n = 6; Watson’s Two Sample Test of Homogeneity (referred to as
Watson’s) = 0.32, 0.001 < p < 0.01), uterus (47.30 degrees + 0.89, n = 11; Watson’s =0.41, p <
0.001), and SCN (300.16 degrees £ 0.67, n = 7; Watson’s = 0.21, 0.01 < p < 0.05). The ovary and
SCN both exhibited a phase difference from the uterus (ovary: Watson’s = 0.23, 0.01 < p < 0.05,
and SCN: Watson’s = 0.24, 0.01 < p < 0.05), but did not differ from each other (Watson’s = 0.09,
p > 0.10). During estrus, SCN (270.02 degrees + 0.89, n = 10 ; Watson’s = 0.34, 0.001 < p < 0.01)
and pituitary (203.11 degrees * 0.80, n = 8; Watson’s = 0.30, 0.001 < p < 0.01), peak expression
occurred ~2-8 h later than in the uterus (46.97 degrees £+ 0.77, n = 8). The pituitary phase also

significantly differed from the ovary (277.30 degrees £ 1.01, n = 7; Watson’s = 0.22, 0.01 < p <
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0.05) and uterus (Watson’s = 0.24, 0.01 < p < 0.05), with no differences between ovarian peak
expression and the SCN (Watson’s = 0.11, p > 0.10). Diestrus I/ll peak phase analyses revealed
that SCN and pituitary time of peak expression did not differ (SCN,169.95 degrees + 0.64, n =11
vs pituitary, 300.29 degrees £ 1.29, n = 9; Watson’s = 0.19, 0.01 < p < 0.05), and both the pituitary
(Watson’s = 0.36, 0.001 < p < 0.01) and SCN (Watson’s = 0.39, p < 0.001) exhibited peaks later
in the day than peak expression in the uterus (35.10 degrees + 1.27, n = 8). DI/ll ovary phase
(301.69 degrees = 0.37, n = 12) differed from the pituitary (Watson’s = 0.26, 0.01 < p < 0.05) and
uterus (Watson’s = 0.26, 0.01 < p < 0.05) with no differences between the ovary and SCN
(Watson’s = 0.09, p > 0.10) Figure 2.4A-C. To understand phase relationships during late
pregnancy, we next analyzed phase relationships across two-day periods from GD 14-19, Figure
2.4D. There were significant differences in the timing of PER2::LUC peak expression between
the different tissues during each of the 2-day periods [GD 14-15: F(3, 22) = 16.86, n = 26, p =
6.5e%; GD 16-17: F(3, 20) = 25.6, n = 24, p = 4.7¢°7; GD 18-19: F(3, 51) = 50.8, n = 55, p = 2.4e"
19]. Specifically, during GD 14-15, SCN PER2::LUC peaked (169.95 degrees + 0.64, n = 5) after
peak timing in the uterus (35.10 degrees + 1.27, n = 10; Watson’s = 0.29, 0.001 < p < 0.01), and
ovary (301.69 degrees £ 0.37, n = 5; Watson’s = 0.23, 0.01 < p < 0.05), with no differences
between the SCN and pituitary (pituitary: 300.29 degrees + 1.29; n = 6; Watson’s =0.18, 0.5 < p
< 0.10). GD 14-15 pituitary phase did not differ from peak phase in the uterus (Watson’s = 0.13,
p > 0.10) or ovary (Watson’s = 0.07, p > 0.10), however, the ovary and uterus exhibited different
phases (Watson’s = 0.20, 0.01 < p < 0.05). For GD 16-17, the SCN (173.68 degrees + 0.69, n =
6), again differed from the uterus (27.18 degrees + 0.68, n = 8; Watson’s = 0.30, 0.001 <p <0.01)
and ovary (306.16 degrees % 0.70, n = 6; Watson’s = 0.26, 0.01 < p < 0.05), with no differences
between the SCN and pituitary (pituitary: 276.54 degrees + 1.47, n = 4; Watson’s =0.15,0.5<p
< 0.10). GD 16-17 pituitary phase differed from the phase in the uterus (Watson’s = 0.24, 0.01<
p < 0.05), but not the ovary (Watson’s = 0.05, p > 0.10). During this time point, the ovary and

uterus phases did not differ (Watson’s = 0.14, p > 0.10). GD 18-19 peak phase analyses revealed
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that SCN time of peak expression differed from all other tissues (185.36 degrees + 0.79, n = 14;
ovary: Watson’s = p < 0.001, uterus: Watson’s = 0.53, p < 0.001, pituitary: Watson’s = 0.37,
0.001<p <0.01). The ovary (310.97 degrees = 1.08 n = 14) and uterus (33.73 degrees + 0.89, n
= 14) differed, Watson’s = 0.30, 0.001 < p < 0.01, and there were no differences between the
pituitary (20.49 degrees = 1.85, n = 13), compared to the ovary (Watson’s = 0.14, p < 0.10) or
uterus (Watson’s = 0.15, 0.05 < p < 0.10). There were no significant changes in PER2::LUC period
in the pituitary [F (3, 28) = 0.82 n = 5-13/group, p = 0.49], Figure 2.4E, F. However the PER2::LUC
period in the ovary was significantly different between estrus and GD 16-17 [F (3, 28) =3.10, n =
6-13/group, p = 0.042]. Uterine PER2::LUC period revealed a significant change [F(3, 36) = 4.97,
p = 0.006], with a lengthening of period from GD 16-17 to GD 18-19, Figure 2.4E, F. Correlation
analyses between time of first peak and period revealed a significant correlation in the ovary [r(50)
=-0.324, p = 0.02; R?= 0.105], whereas no significant correlations were seen in the pituitary [r(50)

=0.062, p = 0.67; R2=0.004], or uterus [r(59) = 0.073, p = 0.58; R?= 0.005].
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Figure 2.4. Reproductive tissue phase-relationships during estrous cycle and pregnancy.
Time of day of first PER2::LUC peak was used to establish the phase of the studied tissues during
the estrous cycle and during pregnancy. Phase-relationships during (A) estrus, n= 7-10/group,

(B) proestrus, n= 6-11/group, (C) diestrus | and Il (DI/Il). n=8-12/group, and (D) late pregnancy
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Figure 2.4. (cont'd)

[gestation day (GD) 14-19], n =5-15/group, except GD 16-17 pituitary, n=4. Mean time of first
peak is indicated by the vector lines and symbols indicate individual data points. Data were
analyzed via circular ANOVA where different letters indicate significantly different phases. (E)
Representative PER2::LUC traces during estrus and GD 15-19 in the pituitary, ovary and uterus
and (F) histogram of PER2::LUC period was compared between the indicated days in the pituitary,
ovary, and uterus. Data were analyzed via one-way ANOVA followed by a Tukey post hoc. *,

p<.05. For periods, individual values are shown as circles and n is as indicated.

Progesterone regulates PER2::LUC period in uterine tissue in late pregnancy

Given the important role of progesterone in uterine function in preparation for
parturition®21%3 we examined the effect of progesterone on PER2::LUC period of uterine tissue
by treating ex vivo GD 18-19 uterine tissue with either vehicle (water) or progesterone (50 and
100 nM) and following recorded the PER2::LUC period. We found that progesterone significantly
shortened PER2::LUC period [Student’s t-test, t = 2.195, df = 20, n = 10-12, p = 0.040], Figure

2.5A, B.

Progesterone receptors regulate Per2-luciferase expression in vitro

The potential role of PRs in the SCN remains elusive!®*!*° whereas PRs in the arcuate
nucleus are known to be important in regulating the negative feedback controlling the LH surge*®®.
To determine if PRA and/or PRB can regulate the mouse Per2-luciferase promoter in vitro, we
transiently transfected NIH3T3 cells (control cell line), SCN2.2 (rat SCN cell line) and KTAR cells
(mouse arcuate nucleus cell line) with Per2-luciferase with and without PRA/B. As progesterone
levels change dramatically during the estrous cycle and preghancy, we compared the capacity of
exogenous progesterone to regulate Per2-luciferase in NIH3T3, SCN2.2 and KTAR cells cultured

in heat-inactivated FBS (contains progesterone), and charcoal stripped serum (depleted of
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progesterone) (Figure 2.5C-E). In NIH3T3 cells, progesterone (100 nM), enhanced Per2-
luciferase expression through PRA/B, independent of the type of media Figure 2.5C (NIH3T3).
Interestingly, Per2-luciferase expression in SCN2.2 cells responded differently to progesterone
depending on the type of culture media, where progesterone significantly enhanced Per2-
luciferase expression in heat inactivated FBS (Figure 2.5D, left), which was not the case in
charcoal stripped media (Figure 2.5D, right). In addition, in SCN2.2 cells Per2-luciferase
expression increased in cells transfected with PRB in absence of progesterone, suggesting this
receptor might acquire constitutive activity in this cell line (Figure 2.5D). In the arcuate nucleus
kisspeptin cell line (KTAR), progesterone enhanced Per2-lucefase expression through PRA in
charcoal stripped buffer (Figure 2.5E, right), but had no effect in heat-inactivated FBS (Figure

2.5E, left).

29



_—
o
~—

(a)

< 327 Uterus
o] — .
‘= 301 » = Vehicle
@ a 15
Sl
& 24 12 3 -5
W 22- & -10
P Q™ 45 1 2 3 4 5
\\Q"Q o Time (days)
(c) NIH3T3 FBS Charcoal stripped serum
Vehicle P4 Vehicle P4
4 4
[0 *kE (O] *%
2 31 2 34 —
- g
G 24 O 2-
R} ©
S 14 S 14
0- 0-
FTovrd L Fuvuol YoXx ‘b ol ‘b
CQ%QQ*Q%QY &éqQ*Q%QR‘ v\ Q- Qy é)%
Q Q
(d) SCN2.2
4 Vehicle P4 Vehicle P4
()]
[)] 3 ns .
T —
S 2
ke,
0-
Tl Tl TV ool FutuoR
SHREY’ FRILY SHRR SREIY
$ Q & < $ Q $ Q
(e) KTAR .
i Vehicle P4 Vehicle P4
. .
(@)
D 3.
(4]
N
U -
T
O_
2 Q) Y2 Yot Fuvnol
SRR G Q‘Qy SEEY SREY
< Q Q Q

Figure 2.5. Progesterone regulates Per2-luciferase expression. (A) Histogram and (B)

example trace of PER2::LUC period in the GD 18-19 uterus in response to progesterone (P4 50-
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Figure 2.5. (cont'd)

100 nM) or vehicle control. (C-E) Transient transfections of NIH3T3 (mouse fibroblasts), SCN2.2
(rat SCN cells), and KTAR (mouse arcuate nucleus kisspeptin neurons) with Per2-luciferase,
PRA, PRB or empty vector (pcDNA), cultured in in heat inactive heat inactivated FBS (FBS, left
side) or charcoal stripped serum (right side). The capacity of progesterone (100 nM) or vehicle to
drive Per2-luciferase expression was evaluated. Data is expressed as fold change as compared
to control (pcDNA, vehicle). N=3-6 in duplicate. Statistical analysis by two-way ANOVA, followed

by a Tukey post hoc. *, p<0.05; **, p<.01; ***, p<.001, ns: non-significant.

DISCUSSION

The precise timing of hormone release and downstream signaling is central to optimal
functioning of the reproductive axis!®”%8, The SCN, pituitary, ovary, and uterus are all important
components of female reproductive function, where each of these tissues exhibit circadian
rhythms which are necessary for female fertility, including, but not limited to, ovulation 5°1° and
embryo implantation®-163, Measures of circadian-alignment between reproductive tissues can be
obtained using the validated circadian reporter mouse, PER2::LUC, PCR, or western blot studies.
Such experiments have determined that phase of reproductive tissues changes throughout the
estrous cycle!®*15, During the estrous cycle, the changes in circadian rhythms and tissue phase,
are in part driven by steroid hormone signaling, including progesterone®4%¢ a central hormone
in estrous cycling and pregnancy’-1%%, To further these studies, we assessed PER2::LUC period
and phase relationships between the SCN, pituitary, ovary, and uterus during the estrous cycle
and GD 14-19. Throughout all stages of the estrous cycle, the uterus and pituitary displayed
different phases, ~10-12h apart, of peak timing in PER2::LUC expression. Interestingly, the SCN
exhibited phase relationships during proestrus that were different from estrus or DI/II, which
suggests a possible role of progesterone on the phase of the SCN, due to the peak of

progesterone in proestrus, the estrous stage preceding estrus®®’. Specifically, during proestrus,
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the SCN exhibited a similar PER2::LUC peak to the uterus and ovary. During both estrus and
DI/ll, the SCN was in phase with the pituitary and ovary, while the uterine PER2::LUC peak
occurred earlier in the day than the SCN and pituitary. The fact that the SCN displays different
phase relationships within estrous cycle stages supports its sensitivity to estrogen and/or
progesterone, a mechanism supported in the work presented here, where we found progesterone
can regulate Per2-luciferase expression in vitro in SCN cells. However, more work, including
studies directly examining hormone application to tissue explants, is needed to further understand
the impact of estrogen and progesterone on the circadian timing of these tissues. In pregnancy,
progesterone and estrogen levels also change dramatically, and, as such, these hormones could
also change circadian rhythms throughout the reproductive axis at this time of life. Indeed, we
found that progesterone can shorten PER2::LUC period in the ex vivo uterus during late gestation.
Further, during late gestation (GD 14-15, GD 16-17, and GD 18-19), we observed significant
differences between the phases of reproductive tissues at each studied timepoint. Perhaps the
most striking changes involve the relationships surrounding the pituitary. During both GD 14-15
and GD 16-17, the pituitary is in phase with the SCN, however, during GD 18-19, the pituitary
exhibits an approximate 13 h delay following SCN peak phase. It is possible that these different
relationships could be occurring in preparation for parturition, potentially driven by the hormonal
changes involved in the transition to labor, including changes in oxytocin release, however more
work is necessary to investigate this hypothesis. It is important to note that while we examined
phase relationships within each stage of estrous and late preghancy, we did not perform any
statistical analysis of the phase relationships of individual tissues between stages of estrous and
pregnancy. We chose not to run such statistical tests, as doing so would have greatly reduced
our statistical power, given the necessary additional p-value corrections required to examine the
tissue phase across the six time points. Nonetheless, given the dramatic changes in phase
relationships within each stage of estrous cycle and during late pregnancy, we believe these

adaptations reflect upon a combined effect of changes in hormone release and tissue sensitivity.
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This hypothesis is supported by our finding that progesterone, a central sex steroid released from
the corpus luteum after ovulation, increases Per2-luciferase expression in SCN and kisspeptin
cells in vitro, and shortens PER2::LUC period in uterine tissue in late gestation. Others have
explored similar ideas and demonstrated that individual changes in tissue phase occur between
proestrus and diestrus, and that such circadian changes can be regulated by sex steroids and
gonadotropins®4179-172 Examining the contribution of hormones involved in reproductive function
and metabolism in adapting these relationships through the estrous cycle and pregnancy will be
of interest.

With the multitude of hormonal and physiological changes occurring during late
pregnancy, it is no surprise that behavioral activity patterns are altered during this time period.
Others have indicated a decrease in locomotor activity during pregnancy in a number of species,
including humans®, non-human primates'’®, and rodents®*174-17¢, The work presented here
confirms this decrease in locomotor activity during pregnancy and suggests that this decline in
activity occurs independently from litter size and may be only modestly caused by weight gain.
Importantly, others have found that pseudopregnancy, which is associated with increased
progesterone!’’, causes decreased locomotor activity!’>. This suggests that a hormonal
mechanism, and not metabolic changes or fetal signaling, is a plausible candidate driving the
decrease in activity observed in pregnancy. In addition to decreases in locomotor activity, the
onset timing of locomotor activity is altered during pregnancy®*'’¢. Both our study and work by
Martin-Fairey et al (2019) observed a change in activity onset time during mid-pregnancy;
however, their results differ from ours in direction, where we observed a significant delay in onset
of wheel running activity, while they observed an advanced onset. These differences could be
attributed to several factors, including mouse strain, which has recently been shown to influence
circadian wheel running activity between C57BL6/N and C57BL6/J males under constant light*8,
as well as differences in locomotor activity analysis (5-min bins in our work versus 6-min bins),

and/or rodent housing, where we maintained males within the behavioral chamber where the
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females were housed throughout the experiment. Even given these differences, it is evident that
circadian locomotor rhythms are highly influenced by pregnancy. As several aspects of circadian
rhythms, including period, timing onset, and length of activity combine to produce specific
rhythmic behavior patterns, it is important to consider how circadian variables influence each
other. One such relationship is an established correlation between increased locomotor activity
with advanced activity onset, whereas reduced locomotor activity delayed activity onset in
constant conditions’®. This is supported by our findings, where pregnancy dramatically
decreased overall locomotor activity and delayed activity onset. To further our understanding of
the underlying mechanisms driving the changes in onset timing and overall locomotor activity
during pregnancy, we focused on the known role of the SCN in regulating wheel running
behaviors!®®-182 Using ex vivo SCN explants, we found that PER2::LUC period was significant
shortened during two timepoints during late gestation, as compared to estrus. However, this
change in PER2::LUC period did not correlate with activity onset, suggesting the SCN is not a
strong driver of this behavioral change. That said, light can mask the effects of SCN function on
locomotor activity 18, and, as such, future studies done in constant darkness are required to
understand if the changes in locomotor activity are driven by the SCN. A second limitation of our
study is the caveat induced by evaluating locomotor activity using running wheels. Although wheel
running is a standard measure of circadian locomotor activity, it does possess limitations, such
as its rewarding properties and the potential difficulty for a late-pregnant mouse to climb onto the
elevated wheel, due to the significant weight gain and change in body proportions. Thus, it is
possible that wheel running decreases, but overall activity may not. To determine if this is the
case, in house activity could be evaluated.

Aside from the SCN’s role in driving locomotor activity, recent work has implicated
kisspeptin neurons from the arcuate nucleus in modulating behavioral rhythms in addition to the
timing of food intake, sleep, and body temperature in female mice %!, Given the considerable

metabolic changes occurring in the mother during pregnancy to support the developing fetus!®
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and the strong ties to circadian rhythmicity and metabolic state!®1192 s likely that such metabolic
changes play into the circadian time-keeping system. This made us examine how PER2::LUC
rhythms in the arcuate nucleus adapted to pregnancy. Our data did not reveal changes to
PER2::LUC period during late pregnancy, nor was there a positive correlation between
PER2::LUC period in the arcuate nucleus and activity onset. Despite these negative results, to
our knowledge, this is the first record of PER2::LUC rhythms evaluated in the arcuate nucleus,
and shows this structure possess a molecular clock, which can easily be studied using the
PER2::LUC reporter mouse.

In conclusion, this work describes both behavioral and tissue-specific changes in circadian
rhythms that occur during the estrous cycle and pregnancy. Our findings suggest that
progesterone is involved in coordinating late pregnancy circadian rhythm function in the SCN,
arcuate nucleus, and uterus. These studies are a first step towards understanding how the
circadian time-keeping system adapts during pregnancy and will be instrumental in elucidating

the molecular pathways involved in pregnhancy loss and pregnancy associated complications.
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CHAPTER 3 - LOW MATERNAL BLOOD LEVELS OF THE MOLECULAR CLOCK GENES
CLOCK AND CRY2 ARE ASSOCIATED WITH INCREASED RISK OF SPONTANEOUS
PRETERM BIRTH

This chapter was adapted from the following previously published manuscript:

Zhou, G, Duong, TV, Kasten, EP and Hoffmann, HM. Low maternal blood levels of the
molecular clock genes CLOCK and CRY2 are Associated with Increased Risk of
Spontaneous Preterm Birth. Biology of Reproduction. 2022 Jun; 105(4), 827-836. PMID:

34142702, PMCID: PMC8511660
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ABSTRACT

Studies have observed an association between maternal circadian rhythm disruption and
preterm birth (PTB). However, the underlying molecular mechanisms and the potential of
circadian clock genes to serve as predictors of PTB remain unexplored. We examined the
associations of 10 core circadian transcripts in maternal blood with spontaneous PTB (sPTB)
versus term births using a nested case-control study design. We used a public gene expression
dataset (GSE59491), which was nested within the All Our Babies (AOB) study cohort in Canada.
Maternal blood was sampled in trimesters 2-3 from women with sPTB (n=51) and term births
(n=106) matched for 5 demographic variables. Among the tested genes, only CLOCK and CRY2
transcripts in the 2" trimester maternal blood were significantly lower in sSPTB versus term
(p=0.02~0.03, FDR<0.20). In addition, the change of PER3 mRNA from trimesters 2 to 3 was
significantly different between sPTB and term (decline in sPTB but no change in term, p=0.02,
FDR<0.20). When CLOCK and CRY2 were modeled together in 2" trimester blood, the odds of
being in the low level of both circadian gene transcripts was greater in SPTB vs term (OR=4.86,
95%CI=(1.75,13.51), p<0.01). Using GSVA and Pearson correlation, we identified 98 common
pathways which were negatively or positively correlated with CLOCK and CRY2 expression (all
p<0.05, FDR<0.10). Among the top three identified pathways were amyotrophic lateral sclerosis,
degradation of extracellular matrix and inwardly rectifying potassium channels. These three
processes have previously been shown to be involved with neuron death, parturition, and uterine

excitability during pregnancy, respectively.
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INTRODUCTION

Preterm birth (PTB) is the leading cause of perinatal morbidity and mortality in the United
States!8518¢ accounting for more than 50% of long-term morbidity and 60-80% of perinatal
mortality'®’. PTB is defined as birth occurring between weeks 20 and 37 of gestation. PTB is
associated with an increased risk of severe developmental delays and lifelong medical
problems!8, About 15 million babies are born preterm each year in the world®186 The extensive
medical cost associated with PTB puts a tremendous financial burden on the families and
healthcare system, with an estimated annual cost of approximately $26 billion in 2005 in the US*8°
and from 2005 to 2016, the average cost of a preterm birth increased by 25%*%°. Spontaneous
preterm birth (sPTB), including spontaneous preterm labor (sPTL) and preterm premature rupture
of membranes (PPROM), accounts for two-thirds of all preterm births in the US*91192, About 95%
of SPTB cases are intractable to current interventions, and few predictors exist to identify women
at risk for PTB%1%4 However, recent findings suggest that circadian rhythms play a role in sPTB
etiologies.

Circadian rhythms are 24-hour oscillations in behavior and physiology. Circadian rhythms
exist across all types of organisms from bacteria and plants to mammals, including primates and
humans!®>1%_ Within cells, circadian rhythms are driven by endogenous biological clocks. The
cellular “clock” is formed of a complex set of transcription factors and transcriptional regulators,
which to a great extent have been conserved across species?®®. The mammalian core molecular
clock consists of the transcription factors Brain and Muscle ARNT-like protein 1 (ARNTL, BMAL1
or MOP3), Cryptochromes 1 and 2 (CRY1, CRY2), Circadian Locomotor Output Cycles Kaput
(CLOCK) and Period genes (PER1, PER2, and PER3)?**. BMAL1 and CLOCK dimerize and
initiate the transcription of CRY1/CRY2/CRY3 and PER1/PER2, which in turn dimerize and inhibit
their own transcription in a ~24-hour oscillation?2. To regulate the 24-hour transcript-translational
feedback loop, a large number of additional transcription factors, kinases and DNA regulatory

enzymes participate in this large regulatory network to fine tune the transcriptional activity of the
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molecular clock®?2%3, Studies in both animal models and humans have demonstrated that
circadian rhythms are involved in maintaining female reproductive health?°*-2% and pregnancy
success!92%8-210  |n pregnant women, numerous observational studies have shown an
association between maternal circadian rhythm disruption (e.g., shift work-related chrono
disruption) and spontaneous abortion, miscarriage, and preterm birth2°¢211-216_ However, to date,
the underlying molecular mechanism and the potential of clock genes being biomarkers to
predict/classify these adverse reproductive outcomes in humans are still unclear.

In this study, we examined the associations of 10 core circadian transcripts (ARNTL,
ARNTL2, CLOCK, CRY1, CRY2, NPAS2, PER1, PER2, PER3, and TIMELESS) in maternal blood
with sPTB vs. term births using a microarray gene expression dataset from a Canadian cohort
(GSEB9491) in the National Center for Biotechnology Information (NCBI) Gene Expression
Omnibus (GEO) database. These core clock genes were selected based on their critical roles in
circadian rhythms?!’ and the detectability of their mRNAs in the available microarray data. We
also analyzed the circadian genes-correlated and sPTB-associated biological pathways using the
Gene Set Variation Analysis (GSVA), which has greater noise/dimension reduction and biological

interpretability?18,

MATERIALS AND METHODS
Selection of Pregnant Women and Demographics

The samples were nested within the All Our Babies (AOB) study cohort, a community-
based longitudinal pregnancy cohort (N=1878, May 2008 - December 2010) in Calgary, Alberta,
Canada. The inclusion criteria included 18 years of age, gestation age <18 weeks at time of
recruitment, and singleton pregnancy?*°. The pregnant women with multifetal pregnancy and pre-
existing medical conditions including diabetes, high blood pressure, autoimmune disorders,

kidney disease, cardiovascular disease or chronic infection were excluded?®.
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Spontaneous PTB was defined as a delivery that occurred =20 and <37 weeks of

gestation including spontaneous preterm labor (sPTL) or preterm premature rupture of

membranes (PPROM)?%°, Term birth was =37 weeks’ gestation?'®. Women who had PTB were

confirmed by a manual review of the medical charts?*.
In the sPTB group, the included pregnant women consisted of 76.5% Caucasian with a
mean maternal age of 31 years, a mean pre-pregnancy BMI of 25, 19.6% smoked during

pregnancy, and 52.9% were nulliparous?*®.

Description of Nested Case-Control Data

We used a nested case-control study design, in which we had 51 sPTB samples at 2"
trimester (17-23 weeks’ gestation) and 47 sPTB samples at 3™ trimester (27-33 weeks’ gestation)
as well as 114 term samples from both trimesters. Spontaneous PTBs were matched to term
births at ratios of 1:1 (n=2), 1:2 (n=135), and 1:3 (n=20) on five characteristics, i.e. maternal age

(<35 years vs. =35 years), pre-pregnancy body mass index (BMI) (<18.5, 18.5-24.9, 25-29.9,
and =30 kg/m2), race/ethnicity (Caucasian vs. non-Caucasian), smoking during pregnancy (yes

vS. no), and parity (no previous birth vs. at least one previous birth). Eight women delivered at
term without matched cases and were excluded. The final dataset was composed of 51 sPTBs
for 2" trimester (15 sPTLs and 36 preterm premature rupture of membranes), 47 sPTB for 3rd
trimester (14 sPTLs and 33 preterm premature rupture of membranes) and matched 106 term
births for both trimesters. Maternal blood total RNA from each pregnant woman in both trimesters
2 and 3 was extracted, respectively, and then hybridized to Affymetrix Human Gene 2.1 ST
(Affymetrix, Santa Clara, CA) for microarray measurement?®. The generated raw gene
expression values were normalized using the Robust MultiArray Average (RMA) method with a

log base 2 (log2) transformation (GSE59491)%°,
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Bioinformatics and Statistical Analyses

Figure 3.1 summarizes the pipeline of our bioinformatics and statistical analyses. We
retrieved 10 core circadian genes (ARNTL, ARNTL2, CLOCK, CRY1, CRY2, NPAS2, PER1,
PER2, PER3, and TIMELESS) from the dataset GSE59491. The mRNA levels (log2-transformed)
of all 10 core circadian genes in 2nd and 3rd trimester maternal blood were summarized as means
with standard deviations (SDs). We examined the mean differences in gene mRNA levels
between the sPTB and term groups by using a two-sample, two-tailed t-test. Probability values
were adjusted for multiple comparisons using a false discovery rate of 20% (FDR = 0.20)?%°. To
test if there were threshold associations between circadian gene mRNA levels and sPTB, we

categorized mRNA values into two levels: <median and >median. The level of >median for each

circadian gene was set as reference. Odds ratios for the threshold associations of sPTB with the
categorized circadian gene mRNA levels were calculated in binary logistic regression models.

Next, we compared the differences of the changes of 10 core clock genes’ mRNA levels
from the 2nd to 3rd trimester between sPTB and term births using t-tests. The corresponding false
discovery rate (FDR) q values were calculated with the SAS proc multtest procedure to correct
multiple comparisons. The cut-off values for statistical significance were set as p<0.05 and FDR
0<0.20%%°,

To examine if there was a combined effect of two significant circadian genes on the risk
of sPTB, we combined the categorized two circadian gene mRNA levels into one three-level

variable: Level 1 — both gene mRNA levels <median; Level 3 — both gene mRNA levels =median;

and Level 2 — all other combinations. The association between the combined two circadian genes
variable (3 levels) and sPTB (yes/no) was assessed with a binary logistic regression model. The
cv.glm function in the R boot package was used for conducting a 5-fold cross-validation to
examine if the final model had a possible overfitting problem (Figure 3.1). Based on our previous

method??, the levels of the identified CLOCK and CRY2 transcripts were linearly combined to
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generate a continuous risk score. We assessed the performance of this risk score to classify sPTB
vs. term births with the receiver operating characteristic (ROC) analysis. We applied leave-one-
out validation to validate the final area under curve (AUC) curve of the risk score by using the
SAS “predprobs=crossvalidate” option in the proc logistic procedure. Finally, we calculated the

sensitivity, specificity, and the corresponding maximum Youden J index for the final AUC curve??2,

Normalized GSE59491 GSVA R package: convert gene matrix into
microarray gene expression pathway GSVA score matrix
Retrieve 10 candidate Limma t-tests: DE pathways (sPTB vs.
circadian genes Term) (P<0.05, FDR<0.25)
t-tests: DE CLOCK & CRY2 CLOCK- & CRY2-correlated DE pathways,
sPTB vs. Term (P<0.05, FDR<0.20) respectively

Threshold association of median-split
CLOCK/CRY2 with sPTB (yes/no) : binary
logistic regression model

Combined effect of two median-split Common DE pathways correlated with
CLOCK/CRY2 genes on sPTB risk both CLOCK & CRY2 genes
ROC AUC analysis

5-fold cross-validation

Figure 3.1. Flowchart summarizing the methodological steps of data analysis used in this
study. Gene Set Variation Analysis (GSVA) was used to explore gene expression relationships
between sPTB-clock gene changes and gene expression pathway changes. For details on
statistical analysis see Bioinformatics and Statistical Analyses section. Abbreviations: DE,

differentially expressed; ROC AUC, receiver operating characteristic area under the curve.

In order to explore the biological pathways that are involved in sPTB-clock gene

relationship, the Gene Set Variation Analysis (GSVA), an unsupervised method to estimate the
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variation of pathway activity over a sample population??®, was applied. The GSVA algorithm
includes: the non-parametric kernel estimation of the cumulative density function (KCDF) for each
gene expression profile; the rank-ordered expression-level statistic for each sample; and the
calculation of the Kolmogorov-Smirnov-like rank statistic (i.e., GSVA enrichment score) for each
gene set and each sample??3. Compared to the classical gene set enrichment analysis (GSEA)?%4,
the GSVA method increases the statistical power to detect subtle changes of pathway activity
over a sample population??®, As shown in Figure 3.1, the cleaned and normalized microarray gene
expression matrix (GSE59491) was converted into the sample-wise GSVA score matrix by using
the pathway sub-collection - c2.cp.v7.1.symbols.gmt in the Molecular Signatures Database
(MSigDB). A moderated t-statistic in limma R package?® was applied to identify differentially
expressed pathways between sPTB and term births (i.e., sSPTB-associated pathways) with the
cut-offs of p <0.05 and Benjamini and Hochberg adjusted p<0.25%?% (Figure 3.1). The Pearson
Correlation statistic was used to examine the correlations of the identified DE clock gene mRNA
levels with the sPTB-associated pathways (p<0.05 and Benjamini and Hochberg adjusted
p<0.10)??" (Figure 3.1). The subset of the pathways associated with both sPTB and clock genes
was referred to as circadian gene-correlated sPTB-associated pathways. Finally, we overlapped
the pools of sPTB-associated pathways correlated with individual circadian genes to get common
up- or down-regulated pathways in sPTB that were shared by circadian genes (Figure 3.1).

All data management and statistical analyses were performed with SAS v9.4 (SAS
Institute, Cary, North Carolina) and R (R Development Core Team).

According to the IRB guidelines and the HIPPA Privacy Rule, the analysis of de-identified,
publicly available data does not constitute human subjects research as defined at 45 CFR 46.102

and thus, the present study does not require IRB review.
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RESULTS
CLOCK and CRY2 are differentially expressed in maternal blood between sPTB and term births
Disrupted molecular clock function in transgenic mouse models has consistently been
associated with poor pregnancy outcomes??2-233  and disrupted circadian rhythms, through mis-
timed daily light exposure, such as during shift work, increases the risk of mis-timed birth?°,
indicating that molecular clock function is important in pregnancy. To explore if changes in clock
gene mMRNA levels in maternal blood could predict sSPTB, we analyzed transcript levels of the core
circadian clock genes ARNTL, ARNTL2, CLOCK, CRY1, CRY2, NPAS2, PER1, PER2, PERS3,
and TIMELESS in maternal blood in women with sPTB and term birth. As shown in Tables 3.1
and 3.2, out of 10 core circadian gene transcripts measured in 2" trimester maternal blood,
CLOCK and CRY2 were differentially expressed between sPTB and term births, where the means
of CLOCK and CRY?2 transcripts were lower in sSPTB than in term (Term birth mRNA expression
mean+SD: CLOCK [7.58 £ 0.17] and CRY2 [7.58 + 0.12] versus mRNA levels in sPTB: CLOCK
[7.51£0.17] and CRY2 [7.53 + 0.13]; t-statistic: p=0.02~0.03 and FDR=0.15). It should be noted,
however, that despite the statistical significance, the mean values of CLOCK and CRY2 mRNA
expression between term and sPTB are numerically close. In contrast, the mean differences of
all other studied genes were not statistically significant between the two groups (Table 3.1, p>0.05
and FDR>0.20). None of the circadian gene transcripts in 3" trimester maternal blood were

significantly associated with sSPTB (p>0.05 and FDR>0.20) (Table 3.1).
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Table 3.1. Descriptive statistics of 10 candidate circadian genes’ expression levels in the

2" and 3" trimester maternal blood (sPTB vs. term).

Term sPTB
Gene n Mean? n Mean (SD) p° FDR®
(SD)

Trimester

2:
ARNTL 106 9.25(0.20) 51 9.26 (0.22) 0.6959 0.8699
ARNTL2 106 3.39(0.20) 51 3.42 (0.20) 0.3417 0.5695
CLOCK 106 7.58 (0.17) 51 7.51(0.17) 0.0230 0.1500
CRY1 106 5.98 (0.23) 51 5.97 (0.22) 0.8375 0.9306
CRY2 106 7.58 (0.12) 51 7.53 (0.13) 0.0300 0.1500
NPAS2 106 5.78 (0.41) 51 5.66 (0.35) 0.0789 0.2630
PER1 106 6.60 (0.25) 51 6.60 (0.28) 0.9457 0.9457
PER2 106 6.33(0.17) 51 6.32 (0.20) 0.6333 0.8699
PER3 106 5.54 (0.27) 51 5.47 (0.26) 0.1343 0.3358

106 4.61(0.37) 51 4.54 (0.35) 0.2321 0.4642

TIMELESS

Trimester

3
ARNTL 106 9.24 (0.18) 47 9.21 (0.22) 0.2689 0.3830
ARNTL2 106 3.42 (0.18) 47 3.45(0.19) 0.3064 0.3830
CLOCK 106 7.53 (0.17) 47 7.46 (0.19) 0.0467 0.2335
CRY1 106 5.98 (0.19) 47 5.93 (0.20) 0.2275 0.3830
CRY2 106 7.55 (0.16) 47 7.51(0.17) 0.1006 0.3353
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Table 3.1. (cont'd)

NPAS2 106 5.79 (0.46) 47 5.61(0.41) 0.0288 0.2335
PER1 106 6.62 (0.27) 47 6.68 (0.31) 0.2307 0.3830
PER2 106 6.30 (0.19) 47 6.34 (0.23) 0.2241 0.3830
PER3 106 552 (0.25) 47 5.55 (0.24) 0.6015 0.6683

106 4.62 (0.33) 47 4.62(0.34) 0.9394 0.9394

TIMELESS

aMean of gene expression values, expressed as normalized log2 (RMA signal intensity), where
RMA robust multiarray average

®Two sample t test, a < 0.05 as significant, two-tailed

‘FDR values were calculated with the fdrtool package in R to correct comparisons.

Bold values denote statistical significance (p < 0.05 and FDR < 0.20)

Table 3.2. Associations of sPTB with the categorized mRNA levels of circadian genes

(median split) in 2" trimester maternal blood using logistic regressions.

N (%) Term, n (%) sPTB, N ORspre vs. term (95% P FDR
(%) Cl)

ARNTL

<median 78 53(68.0) 25(32.0)  0.96 (0.49, 1.88) 0.9084 0.9084
(100.0)

>median 79 53 (67.1) 26(32.9)  Ref.
(100.0)

ARNTL2

<median 78 54 (69.2)  24(30.8)  0.86 (0.44, 1.67) 0.6486 0.8108
(100.0)
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Table 3.2. (cont'd)

>median 79 52 (65.8) 27 (34.2) Ref.
(100.0)

CLOCK

<median 78 46 (59.0) 32 (41.0) 2.20 (1.11, 4.36) 0.0244 0.1220
(100.0)

>median 79 60 (76.0) 19 (24.0) Ref.
(100.0)

CRY1

<median 78 53 (68.0) 25(32.0)  1.04(0.53, 2.03) 0.9084 0.9084
(100.0)

>median 79 53 (67.1) 26 (32.9) Ref.
(100.0)

CRY2

<median 78 46 (59.0)  32(41.0)  2.20(1.11, 4.36) 0.0244 0.1220
(100.0)

>median 79 60 (76.0) 19 (24.0) Ref.
(100.0)

NPAS2

<median 78 50 (64.1)  28(36.9)  1.36(0.70, 2.67) 0.3648 0.7296
(100.0)

>median 79 56 (70.9) 23 (29.1) Ref.
(100.0)

PER1
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Table 3.2. (cont'd)

<median 78 51 (65.4) 27 (34.6)  1.21(0.62, 2.37) 0.5712 0.8108
(100.0)

>median 79 55 (69.6) 24 (30.4) Ref.
(100.0)

PER2

<median 78 51 (65.4) 27 (34.6)  1.21(0.62,2.37) 0.5712 0.8108
(100.0)

>median 79 55 (69.6) 24 (30.4) Ref.
(100.0)

PER3

<median 78 48 (61.5) 30 (38.5) 1.73(0.88, 3.39) 0.1136 0.2840
(100.0)

>median 79 58 (73.1) 21 (26.6) Ref.
(100.0)

TIMELESS

<median 78 48 (61.5) 30 (38.5) 1.73(0.88, 3.39) 0.1136 0.2840
(100.0)

>median 79 58 (73.1) 21 (26.6) Ref.
(100.0)

Bold values denote statistical significance (p < 0.05 and FDR < 0.20)

‘Ref.” = ‘reference’.
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Lower transcript levels of CLOCK or CRY?2 in the 2" trimester maternal blood increased the risk
of sPTB

To assess the threshold association between mRNA levels of each core circadian gene
with sPTB, we divided each core circadian gene mRNA into two levels (median-split) (2-quantile)
and determined the odds ratio of SPTB vs term births in each quantile. In the 2" trimester maternal
blood, odds of being in the lower quantile of both CLOCK and CRY2 genes was greater in sPTB
vs. term births than that of being in the higher quantile (odds-ratio (OR) (95% CI)= 2.20 (1.11,
4.36), p=0.02, FDR=0.12) (Table 3.2). All other studied genes had no threshold associations with
the risk of SPTB (p>0.05 and FDR>0.20) (Table 3.2). In the 3™ trimester maternal blood, none of
the 10 circadian genes studied had threshold associations with sPTB (p>0.05 and FDR>0.02)

(Table S1: https://academic.oup.com/biolreprod/article/105/4/827/6302545#supplementary-data

)

Specific decline of PER3 transcript from 2™ to 3™ trimester in sPTB

Table 3.3 demonstrated that the change in PER3 mRNA levels from the 2nd to 3rd
trimester was significantly different between sPTB and term births (p = 0.0153 and FDR
0=0.1530). The PER3 mRNA levels had a slight increase over time (Delta2-13=0.0182,
SD=0.2803, Table 3.3) without significance in term (p=0.5063, data not shown), but a significant
decline in sSPTB from trimesters 2 to 3 (Deltar2.13=—0.0979, SD=0.2446, Table 3.3) (p=0.0086,

data not shown).

Table 3.3. Comparisons of the changes of 10 clock genes’ mRNA levels across two

different trimesters between sPTB and term. N = number of samples.

Mean Differencer2. Mean Difference(r..

132 In Term 13) INn SPTB
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Table 3.3. (cont'd)

Gene Name N Deltacrz-t3) N Deltacrz-ts) term-spB P FDR"
(SD) (SD)

ARNTL 106 0.0013 47 0.0565 -1.95 0.0536 0.2680
(0.1551) (0.1764)

ARNTL2 106 -0.0307 47 -0.0323 0.04 0.9717 0.9717
(0.2521) (0.2586)

CLOCK 106 0.0497 47 0.0372 1.13 0.5994 0.7493
(0.1851) (0.1968)

CRY1 106 -0.0001 47 0.0262 -0.60 0.5495 0.7493
(0.2504) (0.2504)

CRY2 106 0.0274 47 0.0209 0.20 0.8391 0.9323
(0.1736) (0.956)

NPAS2 106 -0.0049 47 0.0804 -1.31 0.1910 0.5372
(0.3946) (0.3083)

PER1 106 -0.0272 47 -0.0914 1.10 0.2738 0.5372
(0.3104) (0.3816)

PER2 106 0.0348 47 -0.0152 1.24 0.2159 0.5372
(0.2197) (0.2508)

PER3 106 0.0182 47 -0.0979 2.45 0.0153 0.1530
(0.2803) (0.2446)

TIMELESS 106 -0.0129 47 -0.0922 0.99 0.3223 0.5372
(0.4546) (0.4573)
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Increased risk of sPTB in 2" trimester maternal blood samples with low mRNA levels of both
CLOCK and CRY2

To evaluate a combined effect of the two significant circadian genes (median split) on the
risk of sSPTB, we modeled the two categorized CLOCK and CRY2 genes together. The results
demonstrated that the odds of being in the high risk level of two circadian genes (i.e., lower
guantile for both CLOCK and CRY?2) was greater in sSPTB vs term (reference: low risk level, i.e.,
higher quantile for both CLOCK and CRY2) (OR=4.86 (1.75, 13.51), p=0.0025) while the medium
risk level (i.e., all other combinations of two genes) had a non-significant OR (OR=2.24 (0.87,
5.78), p=0.0946) (Table 3.4). Five-fold cross-validation analysis indicated that the above model
(combining two clock gene transcripts into a single variable) had no significant overfitting; the 5-
fold cross-validation estimation error, deltal, was 0.2097, which was very close to the bias-
corrected estimation error (delta2=0.2092) (data not shown). The performance of the linearly
combined transcripts to classify SPTB vs. term births was assessed with the ROC analysis (Figure
3.2). The resulted area under the ROC curve (AUC) was 0.66 (95% CI: 0.57 ~ 0.75, p=0.0005,
reference: by chance) with a sensitivity for sPTB of 76% and a specificity of 51% (data not shown).
The leave-one-out validation demonstrated that the cross-validated AUC was 0.64 (95% ClI: 0.54-

0.73), which was very close to the non-validated AUC (Figure 3.2).

Table 3.4. Combined effects of CLOCK and CRY2 (median splits) on sPTB in 2" trimester

maternal blood (n =51 sPTB, n = 106 term) with logistic regression model.

N (%) Term, n (%) sPTB, n (%) ORspte vs. term (95% p

Cl)

High risk level* 40 (100.0) 20(50.0)  20(50.0)  4.86(1.75, 13.51) 0.0025
Middle risk level** 76 (100.0) 52 (68.4)  24(31.6)  2.24(0.87,5.78)  0.0946

Low risk level* 41 (100.0) 34(32.1)  7(13.7) Ref.

* Both CLOCK and CRY?2 transcripts < median
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Table 3.4. (cont'd)
** Both CLOCK and CRY2 transcripts > median
*** All other combinations

Bold values denote statistical significance (p < 0.05)

ROC Curves for Comparisons
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Figure 3.2. Visualization of the ROC analysis with the linearly combined CLOCK and CRY2
transcripts. The blue line represents the nonvalidated ROC curve (AUC=0.66, 95% CI=0.57-
0.75, P = 0.0005, ref.: by chance) for the combined transcripts. The straight line represents the

cross-validated ROC curve (AUC=0.64, 95% CI=0.54-0.73) for the combined transcripts.

52



sPTB-associated biological pathways commonly correlated with both CLOCK and CRY2 gene
transcripts

Both CLOCK and CRY2 are transcriptional regulators?®2°! and changes in their
expression would be expected to impact target gene expression patterns as well as molecular
clock function. To determine if CLOCK and CRY2 associated pathways were impacted in our term
and sPTB groups, we used the GSVA and limma R packages. We identified 315 out of 1707
pathways significantly different between sPTB and term births, among which 199 and 116
pathways were down- and up-regulated, respectively (p<0.05 and adjusted p<0.25) (Table S2:

https://academic.oup.com/biolreprod/article/105/4/827/6302545#supplementary-data ). To

further explore the sPTB-associated pathways that were commonly correlated with both circadian
genes (CLOCK and CRY2), we used Pearson Correlation statistic to examine CLOCK/CRY2
correlated sPTB-associated pathways. We found that 296 of 315 associated sPTB-pathways
were significantly correlated with CLOCK, whereas 100 out of 315 were significantly correlated
with CRY2 (absolute correlation coefficient r = (0.1789~0.6470), p<0.02, and FDR<0.03 for
CLOCK gene; r = (0.1730~0.2952), p<0.03, and FDR<0.10 for CRY2 gene) (Table S3:

https://academic.oup.com/biolreprod/article/105/4/827/6302545#supplementary-data ). The

combination of both CLOCK and CRY2 correlated sPTB-associated pathways resulted in 98
common pathways (30 up- and 68 down-regulated in sSPTB) negatively or positively correlated
with the two circadian genes (all p<0.05 and FDR<0.10) (Tables S4 and S5:

https://academic.oup.com/biolreprod/article/105/4/827/6302545#supplementary-data ). Based on

the absolute correlation coefficient values of CLOCK in sPTB, the top three correlated and up-
regulated pathways are AMYOTROPHIC LATERAL SCLEROSIS ALS, DEGRADATION OF THE
EXTRACELLULAR MATRIX, and INWARDLY RECTIFYING K CHANNELS (r = -0.56 ~ —0.53)
(Table 3.5) and the top three correlated and down-regulated pathways include TRNA
PROCESSING, TRNA PROCESSING IN THE NUCLEUS, and TRANSPORT OF MATURE

TRANSCRIPT TO CYTOPLASM (r = 0.58 ~ 0.65) (Table 3.5).
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Table 3.5. Top 3 increased and decreased pathways in sPTB which were negatively and

positively correlated with both CLOCK and CRY2 gene mRNA levels in 2" trimester

maternal blood, respectively (all p<0.05 and FDR<0.10).

Pathway Name

Correlation

Coefficient

CLOCK CRY2

Increased Pathways in sPTB:

KEGG_AMYOTROPHIC_LATERAL_SCLEROSIS_ALS -0.56 -0.17
REACTOME_DEGRADATION_OF_THE_EXTRACELLULAR_MATRIX -0.54 -0.21
REACTOME_INWARDLY_RECTIFYING_K_CHANNELS -0.53 -0.22
Decreased Pathways in sPTB:

REACTOME_TRNA_PROCESSING 0.65 0.18
REACTOME_TRNA PROCESSING_IN_THE_NUCLEUS 0.62 0.20
REACTOME_TRANSPORT_OF_MATURE_TRANSCRIPT_TO_CYTOPLASM 0.58 0.18

DISCUSSION

Numerous studies in rodents have demonstrated the role of circadian rhythms, through

the action of clock genes in pregnancy success??-233, In humans, although observational studies

documented an association between maternal circadian rhythm disruption and preterm

birth?13234235 and polymorphisms of CLOCK and PER3 have been associated with adverse

pregnancy outcome?3¢23"; to date the systematic evaluation of core circadian gene transcripts in

maternal blood in relation to SPTB has not yet been reported. Using a publicly available data set,

we here show that reduced levels of both CLOCK and CRY2 mRNAs in 2" trimester maternal

blood increased the odds ratio of SPTB about 5-fold, indicating that low mRNA levels of CLOCK

and CRY2 genes in maternal blood may be useful in detecting increased risk of SPTB as early as

the 2nd trimester.
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Limits of study

It is important to note the limits of the current study. The data set analyzed is a publicly
available data set (NCBI GEO GSE59491), and we do not have information about time of day or
time of year the samples were collected. In addition, our findings couldn’t be validated in a second
cohort as only one microarray maternal blood gene expression profiling dataset regarding sSPTB
(GSE59491) in the NCBI GEO database is currently available. The origins of maternal clock gene
transcripts were unknown. In addition, the performance of the combined CLOCK/CRY 2 transcripts
to classify sPTB vs. term births was modest, probably due to the relatively small number of SPTB
cases (n = 51) and the heterogeneity of SPTB. Other biomarkers or clinical predictors may need
to be included in the model for the improvement. These are all important caveats, as the body’s
circadian time keeping system adapts to the season of the year, and the key characteristic of
molecular clock genes is their circadian expression. That said, we believe our findings remain
relevant, and that low levels of CLOCK and CRY2 mRNAs in maternal blood are novel biomarkers
that can easily be screened for in 2" trimester maternal blood. Indeed, we specifically found that
a reduction in CLOCK and CRY2 mRNA levels is associated with sSPTB, whereas none of the
other 8 molecular clock gene mRNA levels were associated with SPTB in 2" trimester maternal
blood. This indicates that independent of time of day, reduced CLOCK and CRY2 transcript levels
can predict, with a 5-fold increased chance, women at risk for SPTB during the 2" trimester of
pregnancy. To validate these genes as biomarkers for sSPTB it will be important to repeat the study

controlling for time of day of sample collection and season of year.

Disrupted molecular clock function is associated with increased risk of SPTB

Over the last decade, numerous studies have found an association between changed
molecular clock gene expression and adverse pregnancy outcomes. This is particularly true for
CLOCK. Lower CLOCK gene expression at both mRNA and protein levels was detected in fetal

tissue and placental chorionic villi of spontaneous abortion (miscarriage), whose etiologies may
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overlap with that of preterm birth?®-24° as compared to those of induced abortion in a Chinese
population?*!, Using a publicly available maternal blood mRNA data set, we found that the odds

ratio of either low CLOCK or CRY2 transcript levels (<median) in the 2" trimester maternal blood

had a 2-fold increase in SPTB group compared to that in the term birth group. When both CLOCK
and CRY2 levels were low, the risk of sSPTB was almost ~5-fold higher. To our knowledge, our
results show for the first time that low mRNA levels of CLOCK and CRY?2 transcripts in maternal
blood in the 2" trimester of pregnancy is a potential new biomarker allowing to predict or classify
the risk of SPTB in mid-pregnancy. Importantly, the additional 8 core circadian genes we analyzed
neither were differentially expressed in maternal blood between sPTB and term births in the 2"
or 3" trimester of pregnancy nor were they significantly associated with an increased risk of sPTB,
making CLOCK and CRY2 promising biomarkers allowing predicting women at increased risk of
SPTB as early as the 2™ trimester of pregnancy. We are not the first to report that circadian rhythm
changes in mid pregnancy are a potential predictor of pregnancy outcomes. A small cohort study
in pregnant women found that women who had preterm labor did not have increased uterine
contractions during the night period in the late 2" trimester/early 3™ trimester of pregnancy?*
whereas another study revealed that uterine contraction frequency was significantly greater in
women who had preterm birth?*2, Such controversy may be related to the use of the different
definitions for the outcome and/or the different measuring time of the participants. More work is
required to further our understanding and classification of what is considered normal circadian
rhythm function in pregnancy, and how changes in circadian function adapts throughout

pregnancy.

PER3 mRNA change from trimesters 2 to 3 and sPTB risk

We also found that the change of PER3 mRNA from trimesters 2 to 3 was significantly

different between sPTB and term (decline in sSPTB but no change in term). In humans, a PER3
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single-nucleotide polymorphism (SNP) has been documented to be associated with PTB?*’. In
mice, the variation of Per3 transcript was evidenced to be causally associated with and also
responsive to stress and alcohol?®®. Maternal stress during pregnancy has been evidenced to
increase the risk of preterm birth in a case-control study?*. In addition, studies also indicated that
maternal stress may be involved in the regulation of parturition in different domestic animal
species?®. However, whether the dynamic change of PER3 transcript across trimesters 2 and 3
in SPTB is related to progressive maternal stress during pregnancy and/or parturition is unknown.

More rigorous studies are needed for further clarification.

CLOCK and CRY2 associated pathways and their potential role in sPTB

To further explore the molecular mechanism(s) underlying the relationship between the
MRNA levels of CLOCK and CRY2 genes with sPTB, we examined the pathways enriched by
both circadian genes and sPTB. The results revealed 30 up- and 68 down-regulated pathways in
sPTB. The top three CLOCK/CRY2 correlated and up-regulated pathways in sPTB are
Amyotrophic Lateral Sclerosis (ALS), Degradation of the Extracellular Matrix (ECM), and Inwardly
Rectifying K Channels.

ALS is a pathway related to neuron death?*. Circadian rhythm dysfunction has been
documented to induce neuron death via neuroinflammation and oxidative stress®*’. Evidence also
showed that the neuronal activity of cervix-related sensory neurons increases during pregnancy
in mice and plays a role in cervical ripening and parturition®*®, It will be of interest in future studies
to determine if there is a causative link between lower clock gene expression and increased ALS
pathway activity in maternal blood in sPTB in regard to cervix-related sensory neuron death and
premature cervical ripening.

A second pathway we found to be associated with CLOCK and CRY2 involved the
extracellular matrix (ECM), the non-cellular component in tissues that constantly undergoes a

remodeling process?*%2®0, ECM remodeling is essential for tissue morphogenesis and cell
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differentiation®°2°!, Studies have demonstrated that the protein levels of amniotic fluid matrix
metalloproteinase-2 (MMP-2) and MMP-9, two enzymes regulating ECM remodeling and
degradation 22, were increased in preterm premature rupture of membranes?32%4, Particular,
studies indicate that ECM degradation and remodeling is required for parturition and its abnormal
alteration may result in preterm birth?®. However, the exact mechanism underlying the
relationship between an increase in ECM pathways and lower clock gene expression and sPTB
is unclear.

Inwardly rectifying K channels (Kir channels) are integral membrane proteins responsible
for transporting potassium (K*) with a greater tendency for K* uptake than K* export?*¢257, The Kir
channels exist in a variety of cell types (e.g., cardiac myocytes, neurons, blood cells, epithelial
cells, etc.)?®8. In rat glial cells, the increased Kir channels were associated with the arrest of the
cell cycle®®2%0, In myometrial cells, the Kir channel 7.1 (Kir7.1) plays an important role in
myometrium excitability and allows to maintain uterine quiescence throughout pregnancy in
mice?!. However, in vitro results in animal cells appears to be controversial with our findings,
where we found that lower clock gene expression correlated with increased Kir7.1 pathway
activity. This could be related to different species, tissues, sampling time, or pathway interaction
that might cause a functional downregulation of Kir7.1, relieving Kir7.1-promoted relaxation of the
myometrium. More rigorous studies are needed to further clarify these associations.

In contrast, the top three CLOCK/CRY?2 correlated and down-regulated pathways in sSPTB
that we found in the present study include tRNA Processing, tRNA Processing in the Nucleus,
and Transport of Mature Transcript to Cytoplasm. These down-regulated pathways in sSPTB are
consistent with the findings in our previous study, in which several tRNA-related pathways (e.qg.,
cytosolic tRNA aminoacylation, tRNA charging, tRNA aminoacylation, and aminoacyl-tRNA
biosynthesis) or RNA metabolism pathway (including RNA intracellular transport) that correlated

with two IncRNAs were significantly decreased in sPTB22%3, This consistency suggests that
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these circadian clock genes-correlated and down-regulated pathways in sSPTB may also be

related to epigenetic regulation.

Conclusions

We here describe that low transcript levels of both CLOCK and CRY2 genes in 2™
trimester maternal blood may be informative in predicting the increased risk of sPTB. The
underlying mechanism might be partially linked to the abnormal circadian clock regulation of the
pathways such as increased neuron death, abnormal tissue/organ morphogenesis, and cell cycle
arrest/altered uterine excitability, as well as decreased RNA processing and RNA transport.
Additional pregnancy cohorts’ studies are needed to examine the robustness and generalizability

of our findings
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CHAPTER 4 - BMAL1 REGULATES SPONTANEOUS UTERINE CONTRACTIONS AND TIME
OF DAY EFFICACY OF OXYTOCIN IN THE MOUSE IN LATE PREGNANCY
This chapter was adapted from the following manuscript:
Duong, TV, Zhou, G, Cherukuri, A and Hoffmann, HM. Bmall regulates spontaneous uterine
contractions and time of day efficacy of oxytocin in the mouse in late pregnancy. Journal

of the Endocrine Society. In revision.
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ABSTRACT

Labor induction achieved by the oxytocin receptor agonist Pitocin has a modest efficacy
leading to a higher than necessary C-section rate. To determine if time of day impacts the
efficacy of oxytocin and to understand the role of circadian rhythms in myometrium function, we
deleted the molecular clock gene Brain and muscle ARNTL-like 1 (Bmall) in the mouse
myometrium using the Telokin®" allele (cKO). To determine if BMAL1 regulated uterine
contractions, we used a myograph to measure ex vivo uterine contractions every 6 h over a 24
h period at gestation day 18 (GD18). Although spontaneous uterine contractions in the GD18
control group did not significantly change depending on the time of day, the sensitivity of the
uterus to oxytocin was higher during the mouse active phase (night) than during the rest phase
(day). The uterus of GD18 cKO had a significant increase in spontaneous contractile force as
compared to controls at 3 of the 6 studied time points. However, the cKO uterus was less
sensitive to oxytocin. Interestingly, even though we found oxytocin receptor to be under
transcriptional control of BMAL1, the reduced uterine sensitivity to oxytocin in the cKO was not
driven by a down-regulation of OXTR. Together, our findings identify increased uterine
contractions in cKO, and show that the daily changes in uterine sensitivity to oxytocin were not
associated with oxytocin receptor protein expression. More work is needed to elucidate how

time of day changes the efficacy of oxytocin to promote uterine contractions in late gestation.
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INTRODUCTION

Induction of labor (IOL) is one of the most common clinical procedures in modern
obstetrics and is recommended when mother’s or fetus’ health is at risk. IOL is defined as an
initiation of uterine contractions by medical and/or surgical means before their spontaneous onset,
with the purpose of accomplishing vaginal birth. The overall IOL rate in the United States has
risen from 9.6% in 1990%%* to 29.4% in 2019%%°, Failed IOL can be defined as the inability to
achieve the active phase of vaginal labor and occurs in about 20% of induced pregnancies?®®®. IOL
failure may be related to multiple maternal characteristics and conditions including nulliparity,
gestational duration less than 41 weeks, maternal age higher than 30 years, preeclampsia and
gestational diabetes?®’. Additionally, an IOL procedure may increase the risk of caesarean section
(C-section)?,

The oxytocin receptor (OXTR) synthetic ligand Pitocin is one of the most commonly used
drugs for IOL in the US?%°. The predictors of successful response to oxytocin for IOL include lower
body mass index, greater cervical dilation, parity or gestational age?’®. Oxytocin is a neuropeptide
produced in the hypothalamus and acts on oxytocin receptors, which are highly expressed in the
uterine smooth muscle, the myometrium, promoting uterine contractions and labor onset?’!. The
effects of oxytocin on uterine contractility in labor can be regulated by local levels of oxytocin and
oxytocinase (an enzyme that degrades oxytocin) as well as the number and availability of oxytocin
receptors?’1272, 1t is well established that the level of oxytocin receptor mRNA increases during
pregnancy in the uterus, and the density of myometrial oxytocin receptors reaches a peak at the
onset of labor?”3. In mammals, the timing of peak Oxtr expression is generally aligned with the
start of the inactive phase of the day®, suggesting this receptor might be under circadian control.
Additionally, mice that do not produce oxytocin do not restrict birth to the inactive phase of the
day, suggesting oxytocin contributes to the timing of labor onset and birth?4. However, it is still
unknown if the loss of the circadian timing of birth in oxytocin deficient mice is also associated

with daily changes in OXTR. In fact, most mammalian species experience labor and give birth
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during their inactive phase of the day®. It is thought that this timing of labor and birth provides
increased protection of the mother and newborn from predators due to the occupancy of a burrow
and/or the presence of herd members, thus creating an evolutionary pressure to optimize
physiological functions to prime labor and birth to the time of day with the highest chance of
survival of the mother and offspring®. This evolutionary pressure remains evident in humans,
where spontaneous uterine contractions in the 3 trimester of pregnancy peak at ~2000 h,
followed by the peak in birth at ~0430 h'°. Supporting this theory is the increase in myometrial
contractions during the night in the 3™ trimester of pregnancy in non-human primates and
humans'”?75, This increase in nocturnal contractions correlates with the time of day of maximal
uterine sensitivity to oxytocin, as shown by a small cohort study of late-pregnant Rhesus monkeys
that found that oxytocin was more efficient at inducing uterine contractions when given at night
(rest phase of the day for Rhesus monkeys) than during the day*®. The increased sensitivity of
the uterus to oxytocin during the rest phase of the day could be one mechanism to explain why
the uterus exhibits a nocturnal increase in contractions and why most human natural births occur
at night*’. The current clinical practice of labor induction, however, does not take this nocturnal
aspect of a daily change in uterine sensitivity to oxytocin into account, and the majority of labor
inductions are scheduled in the morning or early afternoon for the convenience of hospital
staffing®®. We speculate this timing difference between the time of labor induction and the time of
day of increased uterine sensitivity to oxytocin might be a contributing factor to the high rate of
unsuccessful labor inductions.

To generate daily 24 h rhythms within tissues, nearly all nucleated cells have an
autonomous circadian time-keeping mechanism, referred to as “the molecular clock”. The
molecular clock is highly conserved across species, including humans and rodents, and has been
extensively studied in the mouse. Deletion of clock genes in mice results in irregular or ablation
of circadian rhythms at the cellular and behavioral levels?! and is frequently associated with

reduced fertility, increased loss of pregnancy, increased embryo resorption and mistimed or

63



unproductive labor+-4276_ |t is well established that the core molecular clock gene Brain and
muscle ARNTL-like 1 (Bmall) is essential to generate circadian rhythms at the cellular and
behavioral levels in mice?!. Particularly, Bmall knock-out females are infertile*, and close to 35%
of female mice with conditional deletion of Bmall in the myometrium have mistimed labor onset®8,
suggesting an important role of Bmall in pregnancy and defining the time of labor onset and birth.

Given the roles of Bmall and oxytocin in timing labor onset as well as the time-of-day
effects of oxytocin on uterine contractility in non-human primates, we hypothesized that Bmall in
the myometrium drives daily changes in contractile function and sensitivity to oxytocin in

pregnancy.

MATERIALS AND METHODS
Mouse breeding

All animal procedures were performed according to the protocols approved by the Animal
Use Committee and the Institutional Animal Care of Michigan State University and conducted in
accordance with the Guide for the Care and Use of Laboratory Animals (National Research
Council, 2011). Mice were maintained on a light/dark cycle of 12 h light, 12 h dark (LD12:12), with
lights ON (150-300 lux in the cage) at Zeitgeber Time 0 (ZT0) and lights OFF at ZT12. Mice had
food and water ad libitum. All mice were from a C57BL/6 genetic background 8-14 weeks-of-age
at the start of experiments and 10-24 weeks-of-age at time of euthanasia. PER2::LUC [Tg(Per2-
luc)1Jt, JAX #006852] and Bmal1"™ [B6.129S4(Cg)-Arntl™"Wel/J, JAX #007668] were crossed
with Telokin®"® mice®®. All Telokin®"® positive mice were heterozygous for Cre. Genotyping primer
sequences were as follows: Per2F: CAAAGGCACCTCCAACATG, Per2R:
AAAGTATTTGCTGGTGTGACTTG;
BmallFl: CTGGAAGTAACTTTATCAAACTG, BmallF2: CTGACCAACTTGCTAACAATTA

BmallR: CTCCTAACTTGGTTTTTGTCTGT,; CreF: ACCTGAAGATGTTCGCGATTATCT, CreR:
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ACCGTCAGTACGTGAGATATCTT. Mice with germline recombination were excluded from the

study.

Timed mating

Two females and one male were co-housed at ZT10-11 and vaginal plug formation was
checked the next day at ZT 3-4 with a clean pipet tip for each female mouse. On the day of vaginal
plug identification, the female was separated from the male. The morning of vaginal plug
identification was considered gestational day 1 (GD1). Pregnancy was confirmed by a significant
increase in body weight, where a weight gain of >2 g from GD1 to GD10 was considered indicative
of pregnancy?”’. Final gestational stage confirmation was done on day of tissue collection by

assessing embryo development using Theiler Stage?’8.

PER2::LUCIFERASE bioluminescence recording

GD18 females were euthanized by cervical dislocation at ZT3-4. Following euthanasia,
the uterus was removed and placed in semi-frozen 1x Hank's buffered salt solution (HBSS,
14065-056, Gibco). Under a dissecting scope (Laxco, T40-Z33) the uterus was opened with
scissors in the longitudinal direction and gently spread out to a sheet on a dissection dish. For
samples with endometrium removed, the endometrium was then gently scraped from the
myometrium with a scalpel. Using a ruler, ~ 2x2 mm? uterine explants were collected midway
between the cervix and the ovary near the placental attachment. Tissue explants were placed
onto a MiliCell membrane (MilliCell, PICMORG50, MilliporeSigma). Full-thickness uterine explants
were placed with the inside of the uterus (endometrium side) facing the MilliCell membrane.
MilliCell membranes were placed in 35-mm culture dishes (Nunc, Thermo Fisher Scientific)
containing 1.5 ml of 35.5°C recording medium [(Neurobasal, 1964475, Gibco) supplemented with
20 mM HEPES (pH 7.2), B27 supplement (2%; 12349-015, Gibco), 1 mM luciferin (luciferin

sodium salt; 1-360242-200, Regis, Grove, IL), and antibiotics (8 U/ml penicillin, 0.2 mg/ml
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streptomycin, 4 mM I-glutamine; Sigma-Aldrich)]. Dishes were sealed using vacuum grease and
placed into a LumiCycle (Actimetrics) inside a light-tight 35.5°C, 5% CO,, non-humidified
environmental chamber. The bioluminescence signal was counted every 10 min for 1.11 min for
6 days and analyzed on days 1-6 of recording time. Data were normalized by subtraction of the
24 h running average from the raw data and then smoothed with a 1 h running average
(Luminometer Analysis, Actimetrics) and analyzed blind to experimental group. The initial 12 h
(day 0) data from the LumiCycle recording was not analyzed to allow the tissue to adapt to the
culture conditions, and to achieve a stable PER2::LUCIFERASE (PER2::LUC) waveform.
Incomplete data sets were excluded from analysis. This included data sets with missing data
points, technical problems, or explants failing to show two distinguishable PER2::LUC peaks,
which were deemed arrhythmic?’®. Tissues with Bmall deleted are known to not present rhythmic
PER2::LUC expression?®® and were included in our analysis regardless of their rhythmicity.
PER2::LUC recordings were analyzed by the Luminometer Analysis software (Actimetrics) with
LM fit (damped sin) as the mathematical model. PER2::LUC period was defined as the time
difference in hours between two peaks. PER2::LUC amplitude was defined as the value of the
second peak in the time window of analysis as given by the Luminometer Analysis software.
PER2::LUC time of first peak was defined as the time of day of the first peak (h) in the time window

of analysis as given by the Luminometer Analysis software.

Uterine contractions

GD18 females were euthanized by cervical dislocation at ZT3, 7, 11, 15, 19 and 23. The
uterus was removed, cleaned of placentas and membranes, and dissected along the longitudinal
axis into full-thickness uterine strips (endometrium + myometrium) of ~ 2x5 mm? in ice cold
oxygenated physiological saline solution (PSS) [154 mM NacCl, 5.6 mM KCI, 1.2 mM MgSOQu, 10.2
mM HEPES, 2 mM CaCl, and 8 mM glucose]. The uterine strips were mounted in tissue organ

baths (DMT Muscle Strip Myograph System- 820MS) containing 6 mL oxygenated PSS at
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36.0£0.5°C to mimic physiological conditions. Each strip was stretched to a final tension of 6 mN
to obtain optimal contraction recordings in our settings (Table 4.1). Uterine strips were allowed to
equilibrate for ~2 h until 15 min of spontaneous contractions (regular, frequent and equal
amplitude, to visual inspection) occurred. The tissues were then treated with vehicle (Milli Q water,
at 1/2000 dilution), 500 nM atosiban (A3480-10MG, Sigma Life Science) or 1 nM oxytocin (03251-
1000IU, Sigma Life Science). At the end of all recordings, uterine strips were washed 3x with 6
mL PSS, 10 min between washes, and then treated with 100 mM KCI. Treatment with 100 mM
KCl was used to confirm uterine viability. Analysis of contractions was done in LabChart software
(ADInstruments) by evaluating area under the curve (AUC), amplitude and frequency of
contractions over a period of 10 min during baseline or drug application periods. To compare
spontaneous contractions between different time points and between groups (control versus
Bmal1":Telokin®"®, referred to as cKO), AUC and amplitude of each uterine strip were normalized
to the peak of contraction in response to 100 mM KCI. To compare oxytocin-induced contractions,
AUC, amplitude and frequency of oxytocin-treated contractions were normalized to vehicle-
treated contractions prior to oxytocin application, which will be elaborated more in the results

section.
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Table 4.1. Tension optimization for ex vivo uterine contraction measured on a myograph.
Each uterine strip from a GD18 control mouse euthanized at ZT3 was stretched at an increment
of 2mN. After each stretch, the tissue was treated with 100mM KCI and the value of maximal
contraction was recorded. The tissue was then washed 3x with PSS before being stretched for
another 2mN. The process was repeated until the final total tension of 14mN. 6mN was chosen
as the final tension to stretch each uterine strip since the value of contractile response to 100mM

KCI (Mean of KCI peak in mN) started plateauing at 6mN.

Total tension 2mN 4mN 6mN 8mN 10mN | 12mN | 14mN
Mean 4447 |5095 |5986 |6.133 |5798 |6.663 |7.119
Standard Deviation 1.092 1.291 2.319 2.622 2.47 2.451 1.638
Standard  Error  of

Mean 0.4883 | 0.5773 | 1.037 1.172 1.104 1.226 0.9455

Western Blot

Uterine tissues from GD18 females at ZT3, 7, 11, 15, 19 and 23 were collected in semi-
frozen 1xHBSS. To obtain a myometrium enriched sample, the endometrium was removed by
gently scraping the inside of the uterus with a scalpel. Myometrium samples (~10x10 mm?) were
rapidly frozen on dry ice before storage at -80°C until use. Myometrium samples were minced
with scissors and incubated in ice-cold lysis buffer [20 mM Tris-HCI (pH 7.4), 10 mM NacCl, 1 mM
MgCl, and 1% protease and phosphatase inhibitor cocktail] for 15-30 min on ice before 2x 10 sec
sonication at 20% (Sonifier, Branson). Lysates were centrifuged for 10 min at 4 °C at 2000 g.
Supernatant was recovered and protein concentration determination by Bradford Assay (Bio-
Rad). Protein samples were then denatured by boiling in Laemmli buffer at 95°C for 5 min. Fifteen
Mg of protein extract was run on a 10% SDS-polyacrylamide gel and transferred to a
polyvinylidene difluoride (PVDF) membrane (Immun-Blot PVDF, pore size 0.2 ym, Bio-Rad,

Hercules, CA) by electroblotting at 400 mA for 90 min. The PVDF membrane was washed in 1x
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tris-buffered saline (TBS, pH 7.6)/0.3% Tween-20 (TBS-T), blocked with buffer containing 5% milk
for 1 h at room temperature, and incubated with a rabbit anti-OXTR antibody (1:1000, Protein
Tech, 23045-1-AP, RRID: AB_2827425) for 16 h at 4°C. The blot was washed 3x5 min in TBS-T
and incubated in goat anti-rabbit IgG-HRP antibody (1:2000, BioRad, 1706515, RRID:
AB_11125142) in 5% milk for 1 h at room temperature. The blot was then washed 3x5 min in
TBS-T, rinsed in TBS and HRP activity visualized in an iBright machine (ThermoFisher Scientific)
using the ECL reagent (Amersham) according to the manufacturer’s instructions. To control for
equal loading, the blot was then washed 3x5 min in TBS, stripped with stripping buffer for 30 min
at room temperature (Restore Western Blot Stripping Buffer, 21059, Thermo Scientific), washed
3x5 min in TBS and 1x5 min in TBS-T, blocked with buffer containing 5% milk for 1 h at room
temperature, and incubated with a rabbit anti-Lamin B1 antibody (1:500, Invitrogen, PA5-19468,
RRID: AB_10985414) for 16 h at 4°C. Secondary antibody and visualization with ECL were similar
to those for the OXTR antibody. Antibodies used have been validated in previous publications?®-
286 \We identified the correct band by verifying the proteins by their molecular weight using a

protein marker (Precision Plus Protein Standards, Bio-Rad, 161-0374).

Sequence alignment and conserved region analysis

DNA sequence alignment was done with Clustal Omega?®’ and the UCSC Genome
Browser?8, Alignment with Clustal Omega was done on sequences from -1000bp to +200bp from
the beginning of the Oxtr genes of mouse, rat, human and Rhesus monkey obtained from NCBI

(August 2021).

Cell culture conditions, transient transfections and luciferase assays
Mouse embryonic fibroblast NIH-3T3 (American Type Culture Collection, VA, #CRL-
1658) cells were cultured in DMEM (Mediatech), containing 10% fetal bovine serum (Gemini Bio),

and 1x penicillin-streptomycin (Life Technologies/Invitrogen) in a humidified 5% CO; incubator at
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37°C. For luciferase assays, NIH-3T3 cells were seeded into 24-well plates (Nunc) at 50,000 cells
per well. Transient transfections for luciferase assays were performed using PolyJet™ (SignaGen
Laboratories), following manufacturer's recommendations. NIH-3T3 cells were co-transfected as
indicated in the figure legends with 200 ng/well luciferase reporter plasmids, as well as 100 ng/well
thymidine kinase-B-galactosidase reporter plasmid, which served as an internal control?°. The
plasmids used were human Oxtr overexpression plasmid (200 ng/uL, Addgene, #67848), mouse
-1000 to +200bp Oxtr-luciferase (200 ng/uL, VectorBuilder), mouse Bmall overexpression
plasmid (200 ng/uL (Addgene, #31367), mouse Bmall-luciferase (200 ng/uL, Addgene, #46824),
pGL3-luciferase (200 ng/uL), pcDNA 3.1 (between 0 ng/uL and 200 ng/uL), and pGL4-luciferase
(200 ng/uL). Site directed mutagenesis of the Oxtr-luciferase reporter was performed using the
NEB Q5 Site-Directed Mutagenesis Protocol (New England Biolabs Inc.), following
manufacturer's instructions, to mutate each E’-box to TGACGA. Primers for NEB Q5 site-directed
mutagenesis were designed using NEBaseChanger?® (Table 2). To equalize the amount of DNA
transfected into cells, we systematically equalized plasmid concentrations by adding the
corresponding inactive plasmid backbone. Cells were given their respective ligands 24 h after
transfection and were then harvested 48 h after transfection in lysis buffer [100 mM potassium
phosphate (pH 7.8) and 0.2% Triton X-100]. Luciferase values were normalized to [-
galactosidase values to control for transfection efficiency. Values were further normalized by

expression as fold change compared to pGL3 control plasmid, as indicated in the figure legends.
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Table 4.2. E’-box sequences (5'-CANNTG-3’) and primers for site-directed mutagenesis.

E’-box | Original Actual Forward primer Reverse primer
sequenc | mutated | (Uppercase = target-specific
e sequenc | primer)
e
El CATGTG | TGACGA | CTTAGGCTGTtgacgaTGTGACA | GTTACAAAACACTCA
GATACTAATG GGTC
E2 CACGTT | GACG-A | TGCATCTAATtgacgaAGAGAGC | TGTTTTATCCTGACAT
CCTG GTTATTTC
E3 CATATG | TCGTCA | CCCTAGCGGALtgacgaTGGTGC | GGCAGAGCAAACCGG
CGCAGCTCAGGGTTC CCG
E4 CAAATG | TCGTCA | CAGGGAAAAALgacgaTCACTTT | AGTAAATTGTAATAAA
CCAAGGTTCCTATATCTCTG GACGC

Statistical analysis

PER2::LUC expression comparisons between control and cKO were done with Student’s
t-test. For ex vivo uterine contraction data, the raw measurements were divided by the measured
KCl peak value to normalize the contraction AUC and amplitude data. Ex vivo uterine contractions
of both control and cKO mice were analyzed with One or Two-way ANOVA. To compare ex vivo
oxytocin-treated uterine contractions over ZTs between control and cKO mice, we used
(piecewise) linear mixed-effects models for three measured outcomes (normalized
AUC/amplitude or raw frequency), respectively. The net effect of the oxytocin treatment was
defined as the difference in the measurements (normalized AUC/amplitude or raw frequency)
between oxytocin and vehicle treatments. Next, we plotted the net effect of the oxytocin treatment

versus ZT using loess regression to visualize whether the trend of the outcome over ZT was linear
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or non-linear. The non-linear trend was modeled using a piecewise linear mixed-effects model
with the defined ZT breakpoints based on the above-mentioned visualization®. No treatment
measurement was considered as a covariate in the models to remove its possible effect to the
trend. Covariate ‘Group’ (coded as control vs. cKO) and its interactions with ZT periods separated
by breakpoints were also included in the models to evaluate whether the different groups had
different effects on baseline outcomes and/or outcome changes over ZT.

All data management and statistical analyses were done using Prism 9 (GraphPad Software, San

Diego, CA, USA), R (R Development Core Team) or SAS v9.4 (SAS Institute, Cary, NC, USA).

RESULTS
Deleting Bmall in the myometrium abolishes myometrial circadian rhythms

To further understand the role of the molecular clock and circadian rhythms in the
myometrium during pregnancy, we generated mice with Bmall conditionally deleted in the
myometrium by crossing Bmal1"™"* and Telokin®™T mice, here referred to as cKO. The
Telokin“-allele has previously been shown to target the myometrium and the bladder smooth
muscle®®. To confirm that Telokin®® recombines the Bmall"™"* allele in smooth muscle, we
evaluated Bmal1™"* recombination in cKO females by PCR. The Telokin“-allele recombined
the Bmal1"™*_allele in the myometrium, bladder, cervix, aorta, trachea and intestine, but not in
the liver, spleen, kidney, heart, skeletal muscle and stomach (Figure 4.1A). To validate that the
deletion of Bmall in the myometrium disrupted myometrium circadian rhythms, we crossed
controls and cKO mice with the validated circadian reporter mouse, PER2::LUC, here referred to
as cKO:PER2::LUC. The rhythmicity of PER2::LUC was verified by comparing the goodness-of-
fit (GOF) to the mathematical LM Fit (Damped Sin) model. A GOF of 100 means the data fit the
mathematical model perfectly. We found that uterine explants from GD18
Telokin®®™T:PER2::LUC and Bmal1":PER2::LUC had comparable PER2:LUC GOF,

amplitude of second peak, time of first peak, and period, thus these data were pooled into one
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group, referred to as PER2::LUC. GD18 PER2::LUC and cKO:PER2::LUC presented with a
circadian expression of PER2::LUC from full-thickness, endometrium-intact uterine explants
(endometrium + myometrium, Figure 1B) as supported by the GOF (Figure 4.1C). As expected,
the GOF in the cKO:PER2::LUC was significantly decreased compared to the control (Figure
4.1C, Student’s t-test, p<0.01, n=8 per group). Despite the significant difference in GOF, the
amplitude of the second peak, time of day of the first peak (phase) and PER2::LUC period were
comparable between control and cKO:PER2::LUC (Figures 4.1D-F, Student’s t-test, p>0.05, n=8
per group). As the endometrium is known to have a functional molecular clock?%?2%%, we next
evaluated how removing the endometrium would impact the PER2:LUC recordings in
myometrium explants. We found that the GD18 control myometrium maintained circadian rhythms
(myometrium, Figure 4.1G) and had a high GOF (Figure 4.1H), together confirming the viability
of this tissue explant for up to 6 days in the LumiCycle. In contrast, the PER2::LUC rhythms were
greatly diminished in the cKO:PER2::LUC myometrium explant (Figure 4.1G), and the GOF was
below 60 for all the explants (Figure 4.1H, Student’s t-test, p<0.0001, n=6 per group). In the
myometrium explants, the amplitude of the second peak and phase were not statistically different
between control and cKO:PER2::LUC, though the p-values were trending towards statistical
significance (Figure 4.11, J, Student’s t-test, p=0.13 and 0.07, respectively, n=6 per group), and
PER2::LUC period was significantly shorter in cKO:PER2::LUC than control (Figure 4.1K,
Student’s t-test, p<0.01, n=5 per group). Values of amplitude of second peak, phase and
PER2::LUC period of cKO:PER2::LUC myometrium were also significantly more varied compared
to control (F test. Full-thickness uterine explants: amplitude of second peak p=0.88, phase
p=0.64, PER2::LUC period p=0.047. Myometrium-enriched uterine explants: amplitude of second
peak p=0.17, phase p=0.0001, PER2::LUC period p=0.06), suggesting that myometrial circadian

rhythms in cKO:PER2::LUC were deregulated.
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Figure 4.1. The myometrium from GD18 female mice exhibit circadian rhythms that are
diminished in the absence of BMALL. (A) Indicated tissues were collected from adult female
cKO mice and analyzed for Bmal1""*_allele recombination using PCR. The presence of a white
band indicates Cre-induced recombination. (B) Full-thickness uterine explants from
PER2::LUCIFERASE reporter mice (PER2::LUC, blue) and triple transgenic cKO:PER2::LUC
mice (red) at GD18 displayed cyclic PER2::LUCIFERASE (PER2::LUC) recordings over 6 days.
Comparing (B-F) full-thickness uterine explants and (G-K) endometrium removed uterine explants
between control (PER2::LUC, blue) and cKO (cKO:PER2::LUC, red) in terms of (C, H) the
goodness-of-fit (GOF) of PER2::LUC rhythms to the mathematical model [LM Fit (Damped Sin)],
(D, 1) amplitude of the second peak of PER2::LUC rhythms, (E, J) time of day of the first peak of
PER2::LUC rhythms and (F,K) PER2::LUC periods. Statistical analysis (C-F and H-K) Student’s

t-test, n=5 per group, **p<0.01, ****p<0.0001. Outliers are excluded.
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Loss of BMAL1 in the myometrium increases spontaneous contractions in GD18 uterine explants

To determine how loss of myometrial circadian rhythms impacts uterine contractile
function, we performed ex vivo contraction studies on uterine strips obtained from control and
cKO mice every 4 h over a 24 h period at GD18 (Figure 4.2A). We verified that PER2::LUC,
Bmal1"™°* and Telokin®"® had comparable spontaneous uterine contractions and therefore
pooled together these mice into the control group (Table 4.3). We found that control uterine strips
displayed no significant change in ex vivo spontaneous contractions over a 24 h period with
regards to AUC, amplitude and frequency (Control, blue, Figure 4.2B-G). To compare
spontaneous uterine contractions between control and cKO, we carried out Two-way ANOVA on
AUC, amplitude, and frequency. Our analyses reveal that contraction force (AUC) was
significantly impacted by genotype [F(1,96)=49.67, p<0.0001] but not time of day [F(5,96)=2.183,
p=0.0624], with no interaction of genotype and time of day [F(5,96)=1.713, p=0.1389]. Post hoc
analysis showed that the cKO had significantly higher AUC at ZT3, 7, and 19 (Figure 4.2E, Sidak’s
multiple comparison test, *p<0.05, ***p<0.001, **** p<0.0001). Two-way ANOVA analysis showed
that amplitude was significantly impacted by both genotype [F(1,96)=33.97, p<0.0001] and time
of day [F(5.96)=2.483, p=0.0362], where an interaction between the two trended towards
significance [F(5,96)=2.307, p=0.0502]. The post hoc analysis of the contraction amplitude data
found that uterine strips from the cKO had significantly higher amplitude at ZT3 and ZT7 as
compared to controls (Figure 4.2F, Sidak’s multiple comparison test, ***p<0.001), whereas
contraction frequency was comparable between genotype [F(1,96)=3.249, p=0.0746], time of day
[F(5,96)=2.277, p=0.0529], and no interaction between genotype and time of day existed

[F(5,96)=0.3576, p=0.8762] (Figure 4.2G).
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Table 4.3. Parameters for spontaneous baseline uterine contractions of control mice.
Spontaneous uterine contractions from PER2::LUC, Bmall™/* and Telokin® mice at GD18
were analyzed in terms of AUC, frequency and amplitude. Statistical analysis: One-way ANOVA,

n=6 per group.

Group AUC Frequency Amplitude
Mean + SEM P- Mean + SEM | P- Mean + SEM P-value
value value
PER2::LUC | 296.30 + 58.01| 0.15 7.083 + | 0.70 1.582 +0.210 | 0.91
0.597
Telokin®©"® 182.80 + 5.833 + 1.263 +£0.183
43.67 1.358
Bmal1"o/lox | 338.60 + 7.083 + 1.852+0.177
62.58 1.440
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Figure 4.2. Depletion of Bmall in the myometrium (cKO) increases ex vivo spontaneous

contractions in the GD18 mouse uterus. (A) Timeline of uterine tissue collection and

contraction recordings. Pregnant mice at GD18 were euthanized every 4 h over 24 h. At every

time point, each uterine strip was mounted in a tissue organ bath of a DMT 820MS myograph,

stretched to a final tension of 6 mN and allowed to equilibrate for ~2 h, until the tissue exhibited

consistent, spontaneous baseline contractions for 15min. Data are ex vivo uterine spontaneous
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Figure 4.2. (cont'd)

contractions analyzed during the time point indicated with the orange box. Representative tracings
of ex vivo spontaneous uterine contractions between control (top) and cKO (bottom) at (B) ZT3,
(C) ZT7 and (D) ZT19. Ex vivo spontaneous uterine contractions in cKO (red) and control (blue)
at ZT3, 7, 11, 15, 19 and 23 with regards to (E) area under the curve (AUC), (F) amplitude and

(G) frequency. Statistical analysis for (E-G) Two-way ANOVA, ***p<0.001, ****p<0.0001. n=6 per

time point.

GD18 uterine explant contractile response to oxytocin in control mice is lowest at ZT11 and
greatest at ZT15

To determine if time of day impacted the efficacy of oxytocin to promote uterine
contractions in explants from GD18 control mice, we placed uterine strips on a myograph and
recorded their contractile response to 1nM oxytocin every 4 h over a 24 h period (Figure 4.3A).
We first verified OXTR specificity by blocking oxytocin-induced contractions with the OXTR
antagonist atosiban (Figure 4.3B, C). Vehicle (water) did not induce significant changes in uterine
contractions (Figure 4.3D-F), where a Two-way ANOVA showed that the contraction force (AUC),
amplitude and frequency were not significantly affected by treatment (vehicle vs baseline, AUC:
treatment [F(1,34)=1.260, p>0.05)], time of day [F(3.129,48.82)=0.9839, p>0.05)], interaction
between treatment and time of day [F(5,78)=0.1455, p>0.05)]. Amplitude: treatment
[F(1,34)=0.1697, p>0.05)], time of day [F(3.160,49.29)=1.544, p>0.05)] or an interaction between
treatment and time of day [F(5,78)=0.1066, p>0.05)]. Frequency: treatment [F(1,112)=1.225,
p>0.05)], time of day [F(3.290,73.70)=1.802, p>0.05)] or the interaction between treatment and
time of day [F(5,112)=0.1379, p>0.05)]). In contrast, 1nM oxytocin significantly increased uterine
contractions, where oxytocin promoted uterine contraction force (AUC) at all the studied time-

points in the control mice (Figure 4.3G), and the Two-way ANOVA showed that AUC was
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significantly affected by treatment [F(1,34)=18.93, p=0.0001)], but not time of day
[F(3.147,49.10)=0.4019, p>0.05)] or the interaction between treatment and time of day
[F(5,78)=0.7363, p>0.05)]. Oxytocin did not significantly increase contraction amplitude (Figure
4.3H, p>0.05), but did significantly increase contraction frequency at ZT7 and 19 (Figure 4.3I),
where the Two-way ANOVA showed a significant effect of treatment [F(1,112)=33.90, p<0.0001)].
To determine if the efficacy of oxytocin changed depending on the time of day, we normalized the
oxytocin data to the vehicle data at each ZT time point and expressed the normalized data as fold
change from vehicle data. The fold change data revealed a time of day change in the capacity of
oxytocin to promote uterine contractions (Figure 4.3J-L). One-way ANOVA with a Tukey’s post
hoc showed that oxytocin significantly increased contraction amplitude [Figure 4.3K,
F(5,56)=2.761, p=0.0268] between ZT11 and ZT15, but did not significantly increase contraction
force (AUC, Figure 4.3J, [F(5,56)=1.75, p=0.1382]) or frequency (Figure 4.3L, [F(5,56)=0.9123,

p=0.4798]).
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Figure 4.3. Time of day effect of oxytocin-induced uterine contractions in control GD18
mouse uterus. (A) Timeline for tissue treatment at each time point. After about 2 h of
equilibration, baseline consistent, spontaneous contractions occurred for 15min. Each uterine
strip was then treated with vehicle (water) for 15 min and then 1 nM oxytocin for 15 min. Data

shown are ex vivo uterine spontaneous contractions, vehicle-treated contractions and oxytocin-
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Figure 4.3. (cont'd)

treated contractions (orange box). (B, C) In uterine strips from GD18 control mice, oxytocin-
induced contractions are inhibited by 500 nM atosiban, an OXTR antagonist (vehicle = water)
(tracings representative of n=3). (D-F) Vehicle did not induce significant change in contractions at
any time over a 24 h period (dash line: baseline contraction, solid line: vehicle-treated
contraction). (G-L) The capacity of 1 nM oxytocin to promote contractions in GD18 control uterine
strips was assessed every 4 h over a 24 h time period. (G-1) Raw data of 1nM oxytocin induced
uterine contractions with regards to (G) area under the curve (AUC), (H) amplitude and (I)
frequency at multiple times over 24 h (dash line: vehicle-treated contraction, solid line: oxytocin-
treated contraction). (J-K) Oxytocin-treated data were normalized to vehicle-treated data for better
visualization of time of day effects of oxytocin on uterine contractions. This is the same data set
as G-l except that oxytocin is divided by vehicle. A value of 1 (dash line) means no difference
from vehicle. Statistical analysis for (D-I) by Two-way ANOVA with mixed effects and (J-L) One-

way ANOVA, *p<0.05, **p<0.01. n=6 per time point. Abbreviations: OX: oxytocin.

Loss of BMALL1 in the myometrium reduces GD18 uterine explant contractile response to oxytocin
during the dark phase

To determine how the loss of myometrial circadian rhythms impacted the daily change in
uterine contractile response to oxytocin, we treated control and cKO GD18 uterine strips with 1
nM oxytocin every 4 h over a 24 h period (Figure 4.4A). We first verified that vehicle did not induce
significant changes in uterine contractions in control and cKO at all time points (Figure 4.4B-G,
Two-way ANOVA with mixed effects, p>0.05, n=6 per group). To determine how loss of BMAL1
in the myometrium impacted the daily change in uterine contractile response to oxytocin, we then
evaluated the efficacy of oxytocin to promote contractions in control and cKO. Note that the control

data in Figure 4.4 is replotted from Figure 4.3 to allow comparison to cKO. In contrast to controls,
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where oxytocin induced significantly stronger force (AUC) and more frequent uterine contractions
than vehicle at 2-6 of the 6 time points studied (blue, Figure 4.4H, J), in the cKO, oxytocin only
increased uterine contraction force (AUC) and amplitude at ZT15 and did not significantly change
contraction frequency (red, Figure 4.4H-J). When comparing controls to cKO, there was a
significant effect of genotype on contraction force (AUC) [F(3,192)=51.42, p<0.0001] and
frequency [F(3,192)=21.33, p<0.0001]. To determine if the efficacy of oxytocin changed
depending on the time of day in the cKO, we normalized the oxytocin data to the vehicle data,
allowing us to express it as fold change and compare the efficacy of oxytocin to induce
contractions between controls and cKO (Figure 4.4K-L). The Two-way ANOVA mixed effect
model showed that contraction force (AUC, Figure 4.4K) was significantly impacted by time of day
[F(5,96)=2.923, p=0.0169] and genotype [F(1,96)=10.61, p=0.0016], although no interaction
between time of day and genotype was identified [F(5,96)=0.4497, p=0.8126]. Contraction
frequency (Figure 4.4M) was significantly impacted by genotype alone [F(1,96)=5.849, p=0.0175].
To confirm this statistical analysis, we reanalyzed our data by creating an overall mean profile of
the AUC, amplitude, and frequency over ZT. Figures 4.4K-M indicate the existence of three
breakpoints (ZT11, ZT15, ZT19) at which oxytocin-induced contractions with regards to AUC,
amplitude and frequency changed directions. Thus, we fitted a 4-piecewise linear mixed-effects
model in which we specified intercept as the random term with an unstructured covariance-
structure (Table 4.4). AUC was comparable between control and cKO at all time points, but
frequency and amplitude were different between control and cKO from ZT11 to ZT23 (Table 4.4).
Specifically, from ZT11 to ZT15, cKO displayed a reduced increase in oxytocin-induced changes
in amplitude than controls (Table 4.4, Bcontrol vs ck0y=0.111, SE=0.048, p=0.0238). From ZT15 to
ZT19, the cKO uterus displayed a reduced decrease in amplitude in response to oxytocin than
control as compared to controls, but not frequency (Table 4.4, amplitude: Bcontrol vs ckoy=-0.163,
SE=0.060, p=0.0075; frequency: B(control vs cko)=1.036, SE=0.552, p=0.0635). From ZT19 to ZT23,

cKO uterine strips displayed an increased contraction frequency in response to oxytocin than
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control (Table 4.4, Bcontol cvs k0)=-1.522, SE=0.616, p=0.0152), confirming our findings using the

Two-way ANOVA mixed effect model in Figure 4.4K-M.
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Figure 4.4. Depletion of Bmall in the myometrium (cKO) alters the ex vivo contractile

response to oxytocin in the GD18 mouse uterus. (A) Timeline for tissue treatment at each time
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Figure 4.4. (cont'd)

point (same timeline as Figure 3A). (B-D) Representative tracings of ex vivo spontaneous,
vehicle-treated and oxytocin-treated uterine contractions between control (top) and cKO (bottom)
at indicated time points (ZT15, ZT19 and ZT23). (E-G) Vehicle did not induce significant changes
in uterine contractions in both control and cKO at ZT3, 7, 11, 15, 19 and 23. (H-J) Raw data for
oxytocin-induced uterine contractions in cKO (red) and control (blue) at ZT3, 7, 11, 15, 19 and 23
with regards to (H) area under the curve (AUC), (1) amplitude and (J) frequency. (K-M) Oxytocin-
treated data were normalized to vehicle-treated data for better visualization of time of day effects
of oxytocin on uterine contractions between control and cKO. This is the same data set as H-J
except that oxytocin is divided by vehicle. A value of 1 (dash line) means no difference from
vehicle. Control data (E-M) are the same as those in Figure 3D-L. Statistical analysis for (E-J)
Two-way ANOVA with mixed effects, (K-M) piecewise linear mixed-effects models for three
measured outcomes (AUC, amplitude, frequency) (analysis done on oxytocin-treated data

subtracted by vehicle-treated data), *p<0.05, **p<0.01. n=6 per time point. Abbreviations: OX:

oxytocin.

Table 4.4. Summary of the piecewise linear mixed-effects models for measured 3 outcomes

(AUC/Amplitude/Frequency).

A contraction Auc)® A Contraction Amplitude)’ Acontraction Frequency)®

B SE p B SE p B SE p
Intercept 178.150 65.952 0.0082 0.564 0.165 0.0009 3.309 1.666 0.0499
ZT3-11 -5.797 6.786 0.3951 -0.012 0.014 0.3869 -0.119 0.127 0.3523
ZT11-15 22.837 18.813 0.2278 -0.005 0.037 0.8975 0.756 0.338 0.0275
ZT15-19 -27.403 23.418 0.2448 0.017 0.045 0.7152 -1.211 0.416 0.0044
ZT19-23 31.552 24221 0.1958 0.041 0.048 0.3937 1.258 0.449 0.0062
Baselined 0.088 0.092 0.3397 -0.212 0.055 0.0002 -0.143 0.189 0.4489
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Table 4.4. (cont'd)

Group:

Control  vs. 38.258 79.475 0.6313

cKO

-0.250

0.203

0.2203

2.561

1.919

0.1852

Baseline*Group:

Baseline* -0.005 0.142 0.9747

Control vs.

Baseline*

cKO

0.085

0.086

0.3258

-0.318

0.218

0.1471

ZT3-11*Group:

ZT3-11* -3.926 8.784 0.6559

Control vs.

ZT3-11*cKO

-0.012

0.018

0.5061

0.034

0.164

0.8361

ZT11-15*Group:

ZT11-15* 24.363 24.366  0.3199

Control vs.

ZT11-15*cKO

0.111

0.048

0.0238

-0.327

0.443

0.4624

ZT15-19*Group:

ZT15-19* -24.565 30.380 0.4207

Control vs.

ZT15-19*cKO

-0.163

0.060

0.0075

1.036

0.552

0.0635

ZT19-23*Group:

ZT19-23* -19.601 32.975 0.5536

Control  vs.

ZT19-23*KO

0.049

0.066

0.4605

-1.522

0.616

0.0152
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BMALL1 drives Oxtr expression in vitro

Due to the daily changes in uterine contractile response to oxytocin in GD18 control mice (Figure
4.3) and the reduced sensitivity to oxytocin in GD18 cKO uterine strips (Figure 4.4), we asked if
BMAL1 might regulate Oxtr expression. We used UCSC Genome Browser to identify highly
conserved regions of the mouse, rat, human, and monkey Oxtr regulatory regions (Figure 4.5A).
Within the conserved regions, we identified four semi-conserved BMAL1 binding sites (E’-boxes)
in the promoter region of the Oxtr regulatory region (Figure 4.5B). To determine if BMAL1
regulated Oxtr expression through these E’-boxes, we carried out an in vitro reporter gene assay
where NIH-3T3 cells were transiently transfected with a Bmall-overexpressing plasmid and the
Oxtr regulatory region driving-luciferase expression (Oxtr-luciferase). Bmall overexpression
increased Oxtr-luciferase expression in a dose-specific manner (Figure 4.5C, One-way ANOVA
followed by a Tukey post hoc, [F(3,12)=8.492, p=0.0027]). To determine if the enhancing effect
of BMALL1 on Oxtr-luciferase expression was through a direct action of BMAL1 binding to E’-boxes
in the Oxtr regulatory region, we mutated the identified E’-boxes using site-directed mutagenesis
(Table 4.2, Figure 4.5D). We found that 200 ng of Bmall significantly enhanced expression of the
Oxtr-luciferase plasmid with yE1 and pE3 but did not significantly enhance Oxtr-luciferase
expression with yE2 and pE4 (Figure 4.5D). Specifically, Two-way ANOVA showed Oxtr-
luciferase expression was significantly impacted by the E’-boxes [F(4,36)=3.178, p=0.0246] and
Bmal1 [F(1,36)=32.25, p<0.0001] but not an interaction between E’-boxes and Bmall
[F(2,36)=2.274, p=0.0803]. Post-hoc analysis with Sidak’s multiple comparison test showed that
the original E’'box (WT), and the mutated E’boxes PE1 and pE3 significantly enhanced Oxtr-
luciferase expressions (WT: p=0.0280; uE1: p=0.0010; uE3: p=0.0039). To determine if OXTR in
return regulates BMAL1, we repeated the transient transfection studies but with Oxtr
overexpression plasmids and Bmall-luciferase plasmid. We found that overexpressing OXTR did
not significantly enhance Bmall-luciferase (Figure 4.5E, Two-way ANOVA, p>0.05). To determine

if the regulatory effect of BMAL1 on the Oxtr-luciferase plasmid resulted in daily changes in OXTR
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protein levels in the GD18 myometrium, we performed Western Blot for OXTR and Lamin Bl
(Figure 4.5F). We chose Lamin Bl as our housekeeping protein as its expression did not
significantly change between the studied time points in GD18 myometrium samples (not shown).
That said, when we normalized OXTR to Lamin B1 (Figure 4.5G), the cKO OXTR levels appeared
to be higher than control, which is not what the Western Blot images showed (Figure 4.5F). Even
though Two-way ANOVA with mixed effects on the normalized OXTR levels showed no significant
difference in terms of time of day [F(5,42)=1.258, p=0.3000], genotype [F(1,14)=1.251, p=0.2823],
or an interaction between time of day and genotype [F(5,42)=0.7986, p=0.5570], we also
presented the data as raw OXTR levels (Figure 4.5H). The raw OXTR levels in controls and cKO
were very comparable, and no significant difference in OXTR was detected by Two-way ANOVA
with mixed effects (time of day: [F(5,50)=0.6825, p=0.6388]; genotype: [F(1,14)=0.4288,
p=0.5232]; interaction between time of day and genotype: [F(5,50)=1.424, p=0.2320]) (Figure
4.5H). Independently of how we presented the OXTR data, we did not see a significant impact of

time of day or genotype on OXTR protein levels in the GD18 myometrium.
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Figure 4.5. BMAL1 enhances expression of Oxtr through E’-boxes (5’-CANNTG-3’) in the

Oxtr regulatory region. (A) Using UCSC Genome Browser and (B) Clustal Omega, we identified

four semi-conserved BMAL1 binding sites (E’-boxes) in the Oxtr regulatory region (E1, E2, E3,

E4). ENCODE Candidate Cis-Regulatory Elements (cCRES) show sites of histone modifications

(H3K4me3, pink) and promoter-like region (red). The * indicates perfectly conserved nucleotides.

To determine if BMALL regulated Oxtr expression in vitro, NIH-3T3 cells were transiently
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Figure 4.5. (cont'd)

transfected with Bmall overexpressing plasmid and Oxtr-luciferase plasmids (C) without or (D)
with mutated E’-boxes (ME1, uE2, uE3, uE4). (E) To determine if a feedback mechanism existed,
and establish if OXTR regulated Bmall expression, NIH-3T3 cells were transiently transfected
with Oxtr overexpressing plasmid and Bmall-luciferase plasmid and then treated with vehicle or
1nM oxytocin. (F) Representative Western Blot of GD18 myometrium for OXTR and Lamin B1.
(G) OXTR levels were normalized to Lamin B1, and all the data were normalized to ZT3. (H)
Histogram of OXTR protein levels without normalization (Raw OXTR) in the mouse myometrium
at GD18 at indicated time points. Statistical analysis for (C) One-way ANOVA, n=4 per group,
and (D, E) Two-way ANOVA, n=4-5 (B, C) and n25 (G, H) per group, ns: non-significant, * p<0.05,

** n<0.05, *** p<0.005.

DISCUSSION

Here we show that daily changes in uterine contractions in late pregnancy are regulated
by the myometrium molecular clock. Specifically, we show that loss of the clock transcription factor
BMAL1 in the myometrium increases spontaneous uterine contractions and reduces the
contractile response to oxytocin in a time-of-day dependent manner. Although we identified
BMAL1 as a direct regulator of Oxtr in vitro, we did not see a significant change in OXTR protein
expression, suggesting the time of day effects of oxytocin are regulated by intracellular changes

impacting OXTR signaling.

Daily changes of uterine contractions in the uterus and the role of oxytocin and its receptor herein

In humans and non-human primates, the myometrium increases contractions during the
night in the 3" trimester of pregnancy'”?’. Unexpectedly, we did not find that ex vivo mouse
GD18 uterine strips presented with a significant daily change in spontaneous contractions over a

24 h period. One limit of this study is that, in contrast to established daily changes in uterine
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contractions during late pregnancy in humans and non-human primates, it remains unknown if
this is also the case in mice. That said, indirect evidence suggests uterine contractions likely are
circadian in mice, as this species, just like hon-human primates and humans, display a circadian
pattern of birth timing, which peaks during the rest phase of the day®. In non-human primates and
humans, the increase in nocturnal uterine contractions appears to be at least partially driven by a
nocturnal increase in the uterotonic efficacy of oxytocin!®, combined with the potentiating effect of
the nocturnally released hormone melatonin on uterine contractions62%4.2% |n addition to a daily
change in hormone release that allows for increased nocturnal contractions in late gestation, the
molecular clock transcription factor BMAL1 regulates daily changes in melatonin receptor
expression, a receptor that is upregulated in the myometrium in late pregnancy in women2%6:2%7,
To understand the molecular mechanisms allowing the development of the daily change in
oxytocin efficacy, we asked if BMAL1 regulated OXTR expression. Using transient transfections
of cells, we show for the first time that BMALL is a direct activator of Oxtr. Surprisingly, in GD18
mouse myometrium, we did not see a daily change in OXTR protein in the control or cKO, nor did
cKO of Bmall significantly reduce OXTR levels in the myometrium. This suggests that the level
of OXTR (as evaluated by Western Blot) does not directly correlate with the efficacy of oxytocin
to induce uterine contractions and indicates a more complex mechanism underlying the time of
day changes in uterine contractile response to oxytocin. One possible explanation for the lack of
correlation between OXTR levels and the uterus’ contractile response to oxytocin is a potential
change in the capacity of OXTR to modulate intracellular signaling cascades, especially calcium
release from the sarcoplasmic reticulum, which might change depending on the time of day?%.
Moreover, the change in basal contractile function of the cKO myometrium (discussed in detail in
section “Deletion of Bmall in the myometrium strengthens spontaneous uterine contractions”)
indicates that BMAL1 regulates myometrium excitability and might alter OXTR signaling through
changes in expression and function of calcium channels on the membrane which are regulated

by OXTR?%8-30° Taken together, we propose the daily changes in uterine contractions in vivo are
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driven by daily changes in hormonal input to the uterus, combined with daily changes in target

receptor expression and/or signaling efficacy.

Time of day impacts the efficacy of oxytocin to promote contractions in the GD18 mouse
myometrium

C-section is often a result of failed IOL and much remains to be explored about uterine
sensitivity to oxytocin, the hormone whose synthetic version, Pitocin, is commonly used in
IOL%8:26° While there is evidence that spontaneous uterine contractions and uterine sensitivity to
oxytocin in vivo change depending on the time of day*”*8, little is known about what regulates this
daily change in uterine function. In agreement with this prior work, we show here that the mouse
myometrium has defined daily time windows of increased and decreased contractile response to
oxytocin, with the greatest sensitivity to oxytocin at ZT15 and the lowest sensitivity to oxytocin at
ZT11. Interestingly, ZT11 and ZT15 encompass the time points of transition between the light
phase and the dark phase, when mice generally give birth?’4, This supports the idea that the daily
change in uterine contractile response to oxytocin plays a role in timing labor onset. This finding
could also be clinically relevant for the development of strategies to improve IOL success, as it is
well established that chronopharmacological studies can improve drug efficacy while reducing
drug dose3. To our knowledge, our study is the first to report a time of day effect of oxytocin in
the mouse myometrium. These findings highlight the value of chronopharmacological studies to
increase drug efficacy and indicate that Pitocin efficacy for IOL might be improved by identifying

the daily time windows of increased capacity to promote uterine contractions in pregnant women.

Deletion of Bmall in the myometrium strengthens spontaneous uterine contractions
Spontaneous uterine contractions are significantly increased prior to labor onset in women
having preterm birth®°2, Interestingly, our cKO mice, whose molecular clock function was

disrupted, had a similar phenotype where their spontaneous uterine contractions were about two-
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three times stronger than those of control mice during the light phase (rest phase of the mice),
while control mice displayed no time of day change in spontaneous contractions. As BMAL1 is
circadian in the pregnant uterus’?, these unexpected results might be caused by a deregulation
of the balance between inhibitory and activating pathways regulated by BMALL. The increases in
spontaneous contraction force (AUC) in the cKO were primarily driven by an increase in the
amplitude of the contractions, and not their frequency. Among the primary ion channels regulating
contraction amplitude is the large-conductance voltage- and calcium-dependent potassium
channel (BKCa), which belongs to a family of channels that we previously found to be among the
top deregulated pathways downstream of the clock genes CRY2 and CLOCK?%, Remarkably, in
neurons of the brain’s circadian pacemaker, the suprachiasmatic nucleus, BKCa channels drive
the daily changes in neuron firing, which are higher during the day than night period343%5, BKCa
channels in the suprachiasmatic nucleus have a circadian expression driven by the molecular
clock®%43% In the myometrium, BKCa channels are the most abundant potassium channels
responsible for membrane repolarization and muscle relaxation3%¢-3%¢, Membrane potential
determines intracellular ion levels and ultimately determines the amplitude of contractions3°°-310,
where activation of BKCa drives myometrial relaxation while inhibition of BKCa leads to
myometrial contraction®®31, |t will be of interest in future work to determine how BKCa
expression is impacted in the cKO uterus and to determine what other molecular mechanisms are

driving the increase in basal contractions of this mouse model.

Bmall in the myometrium generates circadian rhythms

It is well established that BMALL1 is required for circadian rhythm generation?. In
agreement with this, we find that deleting Bmall in the myometrium significantly reduces the
guality of the circadian rhythm, as evaluated through the GOF to the cosinor mathematical model.
While the GOF is an indicator of reduced rhythmicity within the myometrium, the fact that we see

a GOF of ~10-50 suggests our myometrium-enriched explants are not fully depleted of rhythms,
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probably due to the presence of glands within the myometrium, which still have a functioning
molecular clock, in addition to incomplete removal of the endometrium. Indeed, previous work has
shown the Telokin®" allows deletion of BMAL1 in the myometrium but not the endometrium?®®.
Further analysis of the PER2::LUC rhythms revealed a significant shortening in PER2::LUC period
in myometrium-enriched explants, which translated into a non-significant (p=0.07) difference in
phase. However, it is important to consider the limits of placing a high value on the cKO
myometrial PER2::LUC period and phase data that do not fit the circadian rhythms of the cosinor
mathematical model. Despite these limits, our data support the known circadian expression of
clock genes in the endometrium?®22%3 as our cKO full-thickness uterine explants (endometrium +
myometrium), had no change in PER2::LUC period or phase as compared to control. This
indicates that the endometrium significantly contributes to the circadian rhythm of the uterus.
Taken together, these data validate the cKO model, by showing a functional loss/reduction of

circadian rhythms in the myometrium depleted of Bmall.

Conclusions

We here identify BMAL1 as a significant contributor to spontaneous uterine contractions
in pregnancy. Using ex vivo uterine contraction studies we show that the GD18 mouse uterus
exhibits a time of day sensitivity to oxytocin, validating previous findings in primates. Despite the
approximately doubled spontaneous uterine contractions of the BMAL1 depleted myometrium
(cKO), these mice had reduced contractile response to oxytocin. Together, these findings show
that time of day of drug administration (chronopharmacology) is an import variable to be
considered in pharmacological studies focused on uterine contractile function, and identify BMAL1
as a regulator of Oxtr, which might contribute to the changes in intracellular signaling cascades

driving the daily change in oxytocin efficacy.
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This PhD dissertation explored the role of circadian rhythms in late pregnancy, with the
primary goal of establishing how uterine circadian rhythms regulate uterine contractile function
and the long-term goal of improving outcomes of mistimed labor. Mistimed labor onset leads to
preterm labor or postterm labor. Each year, one in ten babies is born preterm and one in ten is
born postterm. Preterm labor, if not halted, will result in preterm birth, which is associated with
severe developmental delays including cerebral palsy and impairments in behavior, sensory,
cardiovascular, and renal functions3!2-314, Postterm birth, on the other hand, is associated with
neonatal encephalopathy and impaired social behavior in early childhood3!®. While there currently
is no efficient treatment to halt preterm labor, labor in postterm women is often induced. However,
labor induction efficacy is variable and often fails, leading to a high number of Caesarian sections,
a procedure with associated surgical complications®. Ensuring that labor happens at term,
between 37-40 weeks of pregnancy in women, will ensure better health outcomes for both
mothers and their babies. By understanding the molecular mechanisms regulating labor onset,
we can come up with novel pharmacological targets for preterm and postterm labors.

Labor onset is defined as a significant increase in uterine contractions, therefore the
majority of this research focused on uterine contractile function in late pregnancy. While many
factors regulate uterine contractions, little is known about what regulates the timing of labor onset.
Interestingly, women that deliver at term exhibit a daily rhythm of uterine contractions, with
significantly higher contractions at night than during the day in the third trimester of pregnancy?’.
This third-trimester nocturnal increase in uterine contractions is lost in some women with preterm
birth'’, and significantly increased in others?*2, suggesting daily rhythms within the uterus play a
role in the timing of labor onset. One mechanism known to regulate daily changes in tissue
function is the body’s molecular clock. The molecular clock generates cellular endogenous 24h
(circadian) rhythms through a complex feedback loop of molecular "clock” transcription factors,
including the core transcription factors BMAL1, CLOCK, CRY1/2 and PER1/2/3%!. The molecular

clock exists in almost all cells and tissues in the body?'™, aligning cell- and tissue-specific
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functions to the appropriate time of day. The core molecular clock transcription factors are also
associated with reproductive health and pregnancy outcomes?3!6-318, Of particular interest is the
involvement of these clock transcription factors in pregnancy outcome and labor progression/birth.
Specifically, the dominant negative ClockA19 mutant mice have non-productive labor (dystocia)**,
the myometrium-specific Bmall knock-out mice have mistimed labor compared to wild-type
mice®®, and PER3 polymorphisms in humans are associated with sPTB3°, Moreover, disruptions
to circadian rhythms at the behavior level, particularly due to shiftwork, are associated with
adverse pregnancy outcomes including an increased risk of miscarriage and sPTB in humans3'’.
Despite these findings, little is known about how the molecular clock adapts to pregnancy and
what roles it might lead in regulating uterine contractions in late pregnancy.

This thesis is separated into three topics with the overall goal of understanding how the
molecular clock is involved in late pregnancy. My work looked at (1) how the molecular clock in
reproductive tissues adapted to pregnancy in the mouse, (2) how the molecular clock is
associated with sPTB in human, and (3) how the molecular clock regulates uterine contractions

in late pregnancy.

Circadian rhythms in the body change as pregnancy progresses

Numerous studies have demonstrated that circadian rhythms and the molecular clock
exist in different tissues in the non-pregnant state’ "2, However, little is known about how the
molecular clock adapts to pregnancy. Understanding changes in the molecular clock in normal
pregnancy will allow us to figure out changes associated with pathologies of pregnancy
complications, including mistimed labor onset, and identify potential targets for drug development
for these complications. To answer this question, | looked at changes in the molecular clock in
the reproductive axis (SCN, ovary, and uterus) as pregnancy progressed in mice. We found that
circadian rhythms were present in the reproductive axis and the times of maximal clock gene

expression changed from mid to late pregnancy in the mouse. As the molecular clock regulates
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clock-controlled genes, this change in circadian rhythms of the reproductive axis in pregnancy
would be expected to lead to changes in clock-controlled gene expression required for normal
pregnancy progression. Evidence supporting a role of the molecular clock in normal pregnancy
has been further demonstrated in mouse models with disrupted molecular clock function.
Disruptions to the clock genes Clock (the negative dominant ClockA19 mutant) and Bmall (the
myometrium-specific Bmall knock-out) resulted in dystocia and mistiming of labor onset,
respectively**“°. Bmall null-mutants displayed an even more severe phenotype as they could not
sustain pregnancy due to low serum progesterone levels*®, which could be one mechanism by
which circadian rhythm disruption by shiftwork causes miscarriage in humans.

Though we do not know what regulates the change in the molecular clock in pregnancy,
others have shown that steroid sex hormone levels, including estrogen and progesterone, have
a daily change that also changes during pregnancy®?°32! and these hormones regulate circadian
behavior?2-325, Qur study showed that progesterone regulated the molecular clock in the uterus
and the SCN by decreasing time intervals between maximal clock gene expressions, thereby
altering the timekeeping function in these tissues. However, even though the SCN controls
locomotor activity onset and offset®26-328 we found no association between changes in SCN
circadian rhythms and changes in circadian locomotor activity during pregnancy. Our findings
show that progesterone regulates SCN circadian rhythms but does not regulate locomotor activity
in the same manner during pregnancy compared to non-pregnancy. More work is needed to
elucidate what regulates changes in locomotor behavior in pregnancy to understand the role of
the molecular clock. In agreement with previously published findings®?°, our study does show a
decrease in murine locomotor activity as pregnancy progresses. However, our study revealed a
daily delay in activity onset, whereas a previous study found a daily advance. This discrepancy
could be due to the use of different mouse strains (C57BL6/J in our study versus C57BL6/N in
the other study), different data analysis criteria for defining an activity bout, and different mouse

housing facilities. Although mice are nocturnal (active at night) and humans are diurnal (active
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during the day), during late pregnancy both species have a significant reduction in locomotor
activity®?°. This supports the value of the mouse to further understand basic processes in normal
pregnancy.

In conclusion, this work shows that circadian rhythms in the body change during normal
pregnancy and identifies progesterone as a regulator of circadian rhythms at the tissue level.
Future studies would involve identifying changes in circadian rhythms at the behavior level
associated with adverse pregnancy outcomes such as preterm birth, to identify key behavioral
changes as predictors for such pregnancy complications. Even though more work is also needed
to understand what regulates circadian changes at the behavior level in pregnancy, the observed

changes in circadian rhythms indicate that clock genes play a role in normal pregnancy.

Lower levels of the clock genes CLOCK and CRY2 put women at significantly increased risk of
sPTB

While studies in humans and mice with environmental or genetic disruption to the circadian
system have shown an association between disruptions of circadian rhythms and adverse
pregnancy outcomes including miscarriage and sPTB3!, no work has focused on determining if
changes in clock genes might be predictable of pregnancy outcome. To determine if clock gene
levels in maternal blood change in women with sPTB, we analyzed publicly available gene
expression data and found that low blood levels of CLOCK and CRY2 in the second trimester of
pregnancy significantly increased the risk of SPTB (Figure 5). This identified for the first time clock
genes as potential biomarkers for sPTB. In addition, women with sPTB had deregulated PER3
expression. As PER3 polymorphisms have been associated with sPTB3!?, this finding suggests
that PER3 may play arole in the pathology of sSPTB and further supports that deregulation of clock

genes and the circadian system negatively impact pregnancy outcome.33
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Figure 5.1. The molecular clock plays arole in normal pregnancy. The molecular clock exists

in the reproductive axis, changes as pregnancy progresses, and adapts to changing levels of the
core pregnancy hormone progesterone. The molecular clock is required for normal pregnancy
progression as low serum levels of the clock genes CLOCK, CRY2, and PER3 increased the risk
of sPTB, showing a potential for the molecular clock to be used as biomarkers for sPTB. Lastly,
the molecular clock regulates daily uterine contractile function, both spontaneous contractions
and contractile response to oxytocin, indicating that time-of-day of oxytocin impacts the efficacy

of oxytocin to promote contractions.

To further understand the potential role of the clock in sPTB, we performed a
bioinformatics analysis to identify pathways predicted to be deregulated when CRY2 and CLOCK
were low. Among the identified pathways were those involved in cervical ripening®! and

maintaining uterine quiescence?®!. As labor can only happen when the cervix is ripe (sufficiently
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thin and open to allow passage of the fetus) and uterine contractions are sufficient in strength,
frequency and duration to push the fetus, these are undoubtedly two key factors involved in labor
onset. These pathways might be under direct regulations of the molecular clock and play a role
in the pathology of sPTB. However, more work is needed to establish a contribution of the
identified pathways in SPTB and establish their value as potential targets for drug development.
In conclusion, in the second study, we identified CLOCK, CRY2 and PER3 as associated
with increased risk of SPTB. In addition, we found that CLOCK and CRY2 are potential biomarkers
for sPTB and their associated pathways might be involved in the pathology of sPTB. It is worth
mentioning, however, that the dataset we used for our analysis did not consider time of day or
time of year of serum collection. Because clock gene expression changes with the time of day
and time of year (seasonality) and is associated with sPTB3°, future studies should take these

two factors into consideration.

The myometrial molecular clock regulates uterine contractile function in late pregnancy

Given the lack of efficient treatments or biomarkers for sPTB, our finding that low CRY2
and CLOCK are associated with sPTB led us to more closely examine the role of the molecular
clock in uterine smooth muscle (myometrium) function in pregnancy. We generated a mouse
model with low myometrial levels of clock genes by conditionally deleting the clock gene Bmall
and studied ex vivo uterine contractions in late pregnancy in these cKO mice. The cKO mice
exhibited stronger ex vivo spontaneous uterine contractions than control mice, a phenomenon
seen in women with sPTB?42:392, The fact that cKO mice had stronger ex vivo spontaneous uterine
contractions than control mice only during the light (inactive) phase shows a time-of-day effect on
spontaneous uterine contractions, supporting the role of the molecular clock in regulating
spontaneous uterine contractions. As the molecular clock regulates daily tissue function, this

finding suggests that the molecular clock is also involved in daily uterine contractile function.
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Since oxytocin is the most commonly used hormone in labor induction and many of its
antagonists have been studied as treatments for preterm labor, we examined daily uterine
contractile response to oxytocin. Indeed, the uterine strips from control mice exhibited a time-of-
day contractile response to oxytocin, with the biggest difference between ZT11 and ZT15.
Interestingly, this is the time encompassing the transition between the light phase and the dark
phase, when mice generally give birth?’4, suggesting that the daily uterine contractile response to
oxytocin may play a role in the timing of labor onset. This finding is also the first
chronopharmacological study done on the uterus in pregnancy, displaying its potential application
in improving labor induction efficiency by scheduling labor induction at the time of day when the
uterus is most responsive to oxytocin. To determine if the molecular clock regulates uterine
contractile response to oxytocin, we compared uterine contractile response to oxytocin in cKO
and control and found that cKO displayed a diminished response to oxytocin as compared to
control. Even though Oxtr expression is regulated by BMALL, OXTR levels did not correlate with
time-of-day changes in uterine contractile response to oxytocin in control mice or explain the
difference in contractile response to oxytocin seen between cKO and control. Based on the
current literature, we propose that the complex mechanisms underlying the observed uterine
contractile response to oxytocin could be generated downstream of OXTR, particularly by the
capacity of OXTR to regulate calcium channel or potassium channel functions. However, such
studies were out of scope for our studies and not explored in this dissertation, but they are
interesting avenues for future research.

In conclusion, this work shows that the molecular clock regulates spontaneous uterine
contractions and impacts the contractile response to oxytocin. Future work will involve identifying
the key mechanisms underlying uterine contractile function differences between control and cKO
and determining how the molecular clock can be used as a target for pharmacological
development to treat preterm labor or enhance labor induction efficacy. Our finding that time of

day impacts oxytocin capability to induce uterine contractions shows the potential for
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chronopharmacology in enhancing labor induction, by scheduling labor induction when the uterus

is most responsive to oxytocin. More work is needed to apply this concept in the clinical setting.

Overall conclusion

Preterm and postterm birth continue to cause serious neonatal morbidity and mortality and
lack effective treatments. While strong evidence exists linking a role of circadian rhythms in
maintaining normal pregnancy and the timing of labor onset, little is known about mechanisms
underlying how circadian rhythms regulate these processes. This presented work begins to
answer this gap of knowledge by investigating how the molecular clock is involved in regulating
uterine contractile function in late pregnancy (Figure 5). Specifically, we established how the
molecular clock in the reproductive axis changed in normal pregnancy in mice, identified the clock
genes CLOCK, CRY2 and PERS3 as associated with sSPTB in women, and investigated the role of
the clock gene Bmall in ex vivo spontaneous uterine contractions and uterine contractile
response to oxytocin in late pregnancy in the mouse. This work has shown that the molecular
clock is a promising biomarker for SPTB and potential target for drug development for sPTB.
Based on these results, chronopharmacolgy could be implemented to improve labor induction
efficiency in the future. Even though more work is needed, the research done in this PhD
dissertation provides a first step towards understanding and utilizing circadian rhythms in uterine

functions to improve pregnancy outcomes.
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