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Abstract

During gestation, uterine smooth muscle cells transition from a state of quiescence to one of
contractility, but the molecular mechanisms underlying this transition at a genomic level are not well-
known. To better understand these events, we evaluated the epigenetic landscape of the mouse
myometrium during pregnancy, labor and post-partum. We established gestational timepoint-specific
enrichment profiles involving histone H3K27 acetylation (H3K27ac), H3K4 tri-methylation (H3K4me3),
and RNA polymerase Il (RNAPII) occupancy by chromatin immunoprecipitation sequencing (ChIP-seq), as
well as gene expression profiles by total RNA-sequencing (RNA-seq). Our findings reveal that 533 genes,
including known contractility-driving genes (Gjal, Fos, Oxtr, Ptgs2), are upregulated during active labor
due to an increase in transcription at gene bodies. Their promoters and putative intergenic enhancers,
however, are epigenetically activated by H3K27ac as early as day 15, four days prior to the onset of
active labor on day 19. In fact, we find that the majority of genome-wide H3K27ac or H3K4me3 peaks
identified during active labor are present in the myometrium on day 15. Despite the early presence of
H3K27ac at labor-associated genes, both an increase in non-coding enhancer RNA (eRNA) production,
and in recruitment of RNAPII to corresponding genes occur during active labor, at labor upregulated
gene loci. Our findings indicate that epigenetic activation of the myometrial genome precedes active
labor by at least four days in the mouse model, suggesting the myometrium is poised for rapid activation

of contraction-associated genes in order to exit the state of quiescence.

Introduction

Over the course of gestation, the myometrium transitions from a state of quiescence during
pregnancy to one of contractile activity during labor in response to both hormonal and mechanical

signals. Concomitant changes in gene expression that accompany this transition are thought to be a
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driving force for the initiation of labor [1,2]; however, little is known about the molecular mechanisms
underlying these changes. Across developmental contexts, the chromatin landscape is thought to
maintain a cell’s identity, with dynamic chromatin state changes differentiating various cell types from
one another as well as the same cell type under different conditions [3]. Across cell types, transcription
start sites (TSS) of actively transcribed genes are marked by histone H3 tri-methylation of lysine 4
(H3K4me3) and acetylation on lysine 27 (H3K27ac) and increased gene expression levels are correlated
with the presence of both markers at gene TSS [4-8]. Additionally, transcriptional enhancers, which can
be located at kilobase- to megabase-sized distances from the genes they regulate, contain a prominent
signature consisting of H3K27ac [3,4,9-11] and non-coding enhancer RNAs (eRNAs), both of which can
be used as a means of identifying regions with tissue-specific enhancer activity [12—14]. Finally, the
presence of histone modifications typically associated with active genes and the subsequent recruitment
of RNA polymerase Il (RNAPII) to gene promoters allow for transcription initiation and transition to
elongation, thereby upregulating gene expression [15]. Where, how, and at what point these events
occur in the myometrial genome during gestation are the inquiries guiding this study.

We know that uterine contractions are enabled when myometrial muscle cells act en masse to
generate a series of synchronous movements, actions that require the coupling of cells through the
presence of intercellular bridges, or gap junctions. Among the proteins mediating junction formation as
term approaches, gap junction alpha 1 (GJA1, also known as CX43) is most prominently upregulated
[16]. Selective reduction of GJA1 production in the uterine smooth muscle cells of two different mouse
models has been shown to significantly prolong the quiescent state during pregnancy and thereby delay
the onset of labor [17,18]. Reporter expression downstream of a synthetic Gjal promoter is increased
by co-expression of constructs encoding members of the activator protein 1 (AP-1) transcription factor
FOS and JUN sub-families [19—-21]. Furthermore, increased levels of FOS and FOSL2 in particular within

the nuclei of myometrial cells during labor raises the possibility that the FOS:JUN family acts to
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transcriptionally activate Gjal to initiate labor onset [22,23]. Several JUN sub-family members are
present in the myometrium throughout gestation; however they display a more limited ability to act as
activators of Gjal promoter-driven transcription. It is therefore likely that JUN proteins may have a role
in maintaining myometrial gene expression during pregnancy, but require heterodimerization with a
FOS sub-family partner to activate genes required for the onset of labor.

Despite extensive in vitro studies correlating FOS:JUN activity with Gjal promoter activation and
consequent labor initiation, little is known about the active chromatin landscape on a genome-wide
scale in the myometrium as uterine smooth muscle cells exit the pregnant and enter the laboring state.
We address this gap in the literature by investigating the epigenetic and transcriptomic changes that
take place in the nucleus during this cellular transition. Using total RNA-sequencing (RNA-seq) methods,
we observed an increase in primary transcript levels for the majority of genes that display increased
expression during labor, suggesting that the initiation of contractility involves substantial modulation of
gene transcription. Despite these temporally-dependent differences in transcription output, the
myometrial genome does not undergo a corresponding acquisition of euchromatin-associated histone
marks. Instead, we determined that H3K27ac and H3K4me3 modifications are established at labor-
upregulated gene promoters during the uterine quiescent stage, several days prior to the onset of labor.
Although gene promoters are pre-marked with these histone modifications, we identified increased
RNAPII enrichment at promoters and across gene bodies, and increased expression of enhancer RNAs
(eRNAs) in non-coding regions surrounding labor-associated genes during active labor. Furthermore, we
found that intergenic regions exhibiting H3K27ac peaks and labor-upregulated eRNA expression
displayed an enrichment of AP-1 transcription factor motifs, thereby implicating FOS:JUN heterodimers
in the distal regulation of gene transcription changes at labor onset. These observations collectively
suggest that the murine myometrium undergoes a cascade of epigenetic events that begins well in

advance, and continues to the commencement, of labor at term.
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95

96 Results

97  Up-regulation of labor-associated genes involves a transcriptional mechanism.

98 To establish a comprehensive profile of pregnant and laboring myometrial transcriptomes, we

99 conducted total strand-specific RNA-sequencing (RNA-seq) on RNA isolated from the myometrium of
100  pregnant C57BL/6 mice at gestational day (d)15 or day (d)19 while in active labor (n=5 each, Fig 1A).
101 Based on the RNA-seq data, we observed clustering of the same samples within each timepoint of
102 collection, as expected (S1 Fig). Differential gene expression analysis based on exon read counts (S1
103  Table) revealed that a total of 956 genes showed gestational timepoint-varying expression levels (Fig 1B,
104  fold change cut-off of 4, P<0.01), with hierarchical clustering analysis of these genes revealing similar
105  expression trends in mice of the same gestational age (Fig 1C). 578 genes exhibited a significant increase
106  in expression during active labor (d19) compared to d15. Apart from up-regulation of Fos (Fig 1D), these
107  genes included (but were not limited to) prominent labor-associated players Gjal, Ptgs2, and Oxtr, as
108  well as matrix metalloproteinases (Mmp7, Mmp11, and Mmp12); signaling proteins (Cxc/1, Cxcl5); and
109 adhesion molecules and proteins (Vcam1, Thbs1, Ceacam1) known to exhibit elevated levels at term.
110 Conversely, 378 genes were found to be significantly downregulated during active labor compared to
111 d15, including (but not limited to) proteins responsible for cell-extracellular matrix interactions (Col4a6,
112 Colllal, Col13al, Col15al, Col26al, Spock2), proteins involved in calcium signaling (Mchr1, Calmi3,
113 Calb2), proteins regulating myometrium response to low oxygen tension (Hif3a) and resistance to
114  oxidative stress (Akr1b7), and voltage-dependent calcium, potassium, and water channels (Cacnale,
115  Kcngl, and Agp8, respectively).
116
117  Figure 1. Quiescent and term laboring myometrial transcriptomes exhibit differential expression

118  profiles. (A) Gestational schematic outlining days and timepoints at which myometrial tissues were
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119  collected for transcriptome- or genome-wide sequencing analyses. Collection days include gestational
120 day 15 (d15), day 19 term-not-in-labor (d19 TNIL), day 19 active labor (d19 LAB) and postpartum (pp)
121  (n=5 per gestational day). (B) RNA-seq volcano plot highlighting transcriptional status of genes exhibiting
122  differential expression levels between d15 and d19 LAB myometrial tissues (C) Hierarchical clustering of
123 gene groups based on RNA expression changes between d15 and d19 LAB samples. (D) Total RNA-seq
124 reads (reads per million, RPM) at the labor-associated Fos gene locus for d15 and d19 LAB samples

125 mapped to the mm10 mouse genome assembly.

126

127 Differential exonic RNA profiles, however, do not in and of themselves reflect a regulatory

128 mechanism change at the level of transcription for those genes. Mediation of gene regulation can take
129  place at multiple stages within a gene’s expression pathway prior to formation of a final translated and
130  functional protein product. Apart from varying of levels of primary transcript generation in the nucleus,
131 these mechanisms can include nuclear retention of processed mRNA [24,25], alternative splicing [26,27],
132 andincreased mRNA stability [28,29]. Furthermore, multiple gene activation and repression

133 mechanisms can compete to determine the expression outcome of a particular gene, as demonstrated
134 by select biological contexts in which there is an imperfect correlation between the levels of a gene’s
135 transcribed and its translated products [30].

136 Since sequencing of total RNA provides a transcriptome-wide profile of reads spanning both
137 exons and introns, both spliced and unspliced RNA species can be detected [31,32]. If critical labor-

138 driving genes were significantly upregulated at the level of active transcription, we would expect to

139  identify a substantial increase in reads corresponding to gene introns as well as those corresponding to
140  their exons. Conversely, if activated genes were regulated exclusively or predominantly by post-

141  transcriptional mechanisms such as RNA stability, we would expect that those genes’ corresponding

142 intron reads would remain relatively constant throughout gestation. Given that a prior study has posited
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143  that mRNA stability may act as a critical player in regulation of Gjal in particular [33], we sought to

144  definitively ascertain whether increased contractility-associated gene expression during labor involved
145  any regulatory input from transcriptional mechanisms. Upon inspection of the Fos locus, we noted a
146  striking labor-specific intronic RNA enrichment profile (Fig 2A). Subsequently, we conducted a genome-
147  wide intron reads-concentrated gene expression analysis (iIRNA-seq)[31], which uncovered multiple
148  genes that displayed increased primary transcript generation at term (LAB) relative to day 15 (Fig 2B, S2
149  Table). In fact, the majority of genes (55%) up-regulated at labor on the basis of increased exon read
150 accumulation also displayed a significant increase in intron reads (Fig 2C). Using exon-intron junction-
151 spanning primers, we confirmed a significant increase in primary transcript levels of well-known labor-
152  associated genes at d19 (LAB) relative to both day 15 and d19 term-not-in-labor (TNIL, Fig 2D). These
153 results demonstrate that genes promoting the contractile state in the myometrium at term act due to a
154  rapid gestational timepoint-specific increase in primary transcript levels, which suggests substantial
155  transcriptional activity occurs in myometrial nuclei during labor.

156
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157

158  Figure 2. Up-regulation of labor-associated genes involves an increase in their primary transcript

159 levels. (A) Exon- and intron-specific RNA-seq reads (reads per million, RPM) at the labor-associated Fos
160 gene locus from d15 and d19 active laboring samples (d19 LAB), mapped to the mm10 mouse genome
161 assembly. (B) Intron RNA-seq (iRNA-seq) volcano plot highlighting expression changes based on intron
162 reads between day 15 (d15) and d19 active laboring (LAB) samples. (C) Venn diagram displaying the

163 number of genes significantly up-regulated during labor relative to day 15 that show increased

164  enrichment in exon and intron reads (region of overlap) and increased enrichment in either exon or

165 intron reads (regions of non-overlap). (D) Confirmation of laboring timepoint-specific up-regulation of
166 primary transcript expression of contractility-promoting genes by RT-qPCR. Groups labelled with

167  different letters show significant difference, with p<0.05.

168

169  Histone marks associated with gene activation are enriched at labor-associated gene promoters well
170  in advance of labor onset.

171 Having determined that the majority of genes exhibiting increased expression levels during labor
172 were associated with increased primary transcript generation, we next investigated the active chromatin
173 landscape surrounding these genes. After optimizing the protocol for myometrial tissue and confirming
174  target enrichment at control regions (S2 Fig), we conducted chromatin immunoprecipitation and

175 sequencing (ChlP-seq). We targeted H3K4me3 and H3K27ac enrichment events on a genome-wide scale
176  atday 15, day 19 (TNIL), day 19 (LAB) and post-partum (pp), and found gestational timepoint samples
177  replicate were highly correlated, as expected (R? > 0.79, S3 Table). When we compared the histone

178  profiles to the RNA-seq data, we observed that both H3K4me3 and H3K27ac are enriched at the

179  promoters of highly expressed genes (S3 Fig). An initial examination of the Fos locus unexpectedly

180 revealed an enrichment of both active chromatin markers at the Fos promoter across all four timepoints
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(Fig 3A). We next sought to establish the active histone profile across all gene promoters at the
designated gestational stages (S4/S5 Tables). Even more surprisingly, we found a similar genome-wide
active histone marker enrichment pattern at gene promoters (+/- 2kb of TSS) in all four timepoints (Fig
3B). When we investigated the levels of these modifications at promoters of only those genes that
displayed a significant increase in transcription (based on an increase in intron reads) during active
labor, we observed only a moderate increase in accumulation of both markers from day 15 to term (Figs
3C and D). Our analyses therefore indicate that H3K27ac and H3K4me3 enrichment pre-marks the

promoters of labor-upregulated genes as early as day 15 of gestation.

Figure 3. Gene expression activation-associated histone marks are enriched at promoters of
contractility-driving genes in advance of labor onset. (A) Anti-H3K4me3 and anti-H3K27ac ChIP-seq
reads (reads per million, RPM) mapped at promoter of labor-associated gene Fos in d15, d19 term-not-
in-labor (TNIL), d19 active laboring (LAB), and postpartum (pp) samples. (B) Genome-wide enrichment of
H3K4me3 and H3K27ac at gene promoters. Signal +/- 2kb of TSS is displayed, with genes ordered at each
indicated timepoint according to decreasing enrichment (red -> white) profile in d15 samples. (C) Plots
exhibiting log,-fold H3K4me3 or H3K27ac signal, normalized to input, at promoters of genes whose
expression is enriched in laboring samples relative to d15 samples based on intron reads. (D) Violin plots
displaying log,-fold H3K4me3 or H3K27ac signal (reads per million, RPM), normalized to input, at
promoters of genes whose intron read-based expression is enriched in laboring samples relative to d15

samples. Groups labelled with different letters show significant difference, with p<0.05.

Loci of labor-associated genes acquire RNAPII gene body occupancy and eRNA enrichment events

closer to term.
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204 Given that labor-associated gene loci exhibited strikingly similar active histone marker

205  enrichment across all four gestational timepoints, we next sought to establish whether concomitant
206  binding of RNAPII, an event required for transcription initiation, occurred at contractility-driving gene
207  promoters and bodies as early in the gestational timecourse. We conducted ChlIP-seq to identify RNAPII
208 enrichment events (targeting its serine 5 phosphorylated RPB1 subunit) at gestational day 15 and d19
209 (LAB), and identified RNAPII-enriched broad peaks (S6 Table). Again, our correlation analysis confirmed
210  the clustering of gestational timepoint replicates (S4 Fig), while an examination of RNAPII enrichment
211  values alongside our RNA-seq data revealed that RNAPII has a more prominent binding profile at highly
212 expressed genes (S5 Fig; S7 Table). Contrary to our activating histone mark analyses, we observed

213 substantial differential RNAPII binding profiles at either gestational stage. We found that promoter and
214  gene body polymerase occupancy at genes with significantly higher expression levels during labor was
215  significantly higher at term (d19 LAB) relative to d15 (Figs 4A/B; S5 Fig). This result correlated with our
216  observations of these genes’ gestational timepoint-specific primary transcript levels, and further

217  supported the notion that transcriptional mechanisms underlie the rapid and prompt gene expression
218 up-regulation events that underlie the myometrial state transition toward contractility.

219

220 Figure 4. Active labor is associated with recruitment of RNAPII to labor-driving genes and eRNA

221 expression at gene-adjacent intergenic regions with H3K27ac peaks. (A) Metagene plot exhibiting log,-
222 fold RNAPII signal, normalized to input, at bodies of genes whose intron read-based expression levels
223  are enriched in d19 laboring samples (d19 LAB) relative to d15 samples. (B) Violin plots displaying log,-
224  fold RNAPII signal (reads per million, RPM), normalized to input, at promoters of genes whose intron
225 read-based expression levels are enriched in laboring samples (LAB) relative to d15 samples. Groups
226  labelled with different letters show significant difference, with p<0.05. (C) Anti-RNAPII ChIP-seq reads

227  (reads per million, RPM) mapped at the Fos locus in d15 or d19 (LAB) samples. Regions containing
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H3K27ac peaks indicated in d15 and d19 (LAB) samples. Labor-up-regulated eRNA indicated at RNAPII-
associated region downstream of gene. (D) Enhancer RNA (eRNA) volcano plot highlighting intergenic
H3K27ac peaks in genomic regions that exhibit significant differences in eRNA levels between d15 and

d19 laboring samples.

Among the genes significantly upregulated during labor, Fos exhibited increased RNAPII
occupancy across its gene body, relative to day 15, as we expected. When we further expanded our view
outside the gene body, we observed a genomic region that does not encode a gene, but includes both
an RNAPII peak (* in Fig 4C) as well as an intergenic H3K27ac enrichment event 12kb downstream of the
gene. As was the case with the H3K27ac signal at the Fos promoter, an intergenic H3K27ac peak was
identified in both day 15 as well as d19 labor samples; however, RNAPII association at this region was
more pronounced, and only identified as a peak in the labor context (Fig 4C). Since intergenic regions
containing RNAPII and H3K27ac peaks have been noted to occur at active enhancer regions [6,12,34],
we examined other intergenic regions of interest on a genome-wide scale. We found that, although we
focused our earlier analyses on H3K27ac signal enrichment at promoter regions, 43% of the identified
H3K27ac peaks in the laboring samples are located at distances greater than 2 kb from a gene TSS (Fig
4D, S8 Table). As was the case with H3K27ac peaks at gene promoters, intergenic H3K27ac peaks were
mostly invariant across our tested gestational timepoints, with only 11/5041 (0.2%) of the intergenic
H3K27ac peaks displaying a significant increase in H3K27ac signal enrichment in labor samples
compared to day 15 samples (S9 Table). However, despite the presence of H3K27ac enrichment at
intergenic regions across all four tested timepoints, many gene loci contain H3K27ac-modified regions
with associated transcribed eRNAs (510 Table). Furthermore, we observed that several of these regions
contain H3K27ac peaks and display a significant increase in eRNA expression levels during labor (Fig 4D).

Therefore, although most of H3K27ac peaks across the myometrial genome are present in both day 15
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252  and at term, several regions containing those peaks transcribe significantly higher amounts of eRNA at
253 term.

254 To identify the transcription factor motifs that could underlie the changes in gene expression
255  that occur during labor, we conducted motif enrichment analyses using HOMER [35]. We uncovered a
256  significant enrichment of AP-1 motifs (TGACTCA) in labor-associated intergenic regions (S6 Fig),

257 implicating this family of transcription factors in a modulatory role with regards to enhancer activity at
258 labor onset. We made a similar observation at promoters of genes displaying increased primary

259  transcript abundance during labor (S7 Fig). Additionally, apart from AP-1 motifs, the promoters of these
260  genes are enriched in several other motifs: TCF3 (E2A), an E-protein transcription factor that has been
261 shown to assist co-activator proteins in the induction of gene transcription in other cell contexts [36];
262  CTCF, a zinc finger protein prominently known to bind promoter and enhancer regulatory elements [37];
263  and RELA (NFkB-p65), a member of the labor-associated NFkB-p65/IL-6 inflammatory pathway [38,39]
264  that has also been affiliated with inducing transcription at the Oxtr promoter [40]. Taken together, these
265 results lead us to propose that the controlled expression of labor-associated genes is driven by

266  transcriptional regulation mechanisms, despite the apparent epigenetic activation of labor-associated
267  loci well in advance of labor onset.

268

269

270 Discussion

271 Based on our data, we propose a biological model wherein the myometrium’s preparation for
272 labor at a genomic level begins well in advance of term (Fig 5). We propose that the presence of

273 H3K27ac and H3K4me3 marks at labor-associated gene promoters in mouse myometrium renders them
274  open and accessible as early as gestational day 15 (approximately three quarters of the way through the

275 timecourse of mouse pregnancy), even though the expression of these genes is low at this gestational
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276 stage. The onset of labor, however, coincides with increased eRNA transcription within labor-associated
277  gene loci at non-coding regions that are enriched for AP-1 sequence motifs and contain prominent

278 H3K27ac peaks. Furthermore, the promoters of genes with increased expression during labor also

279  contain an enrichment of these motifs, suggesting that the latter may allow for binding of AP-1 factors
280 as well as phosphorylated RELA to both promoters and distal elements. We argue that these regulatory
281 mechanisms enable gestational timepoint-specific recruitment of RNAPIl and consequent primary

282 transcript production, events that form the basis of the myometrial organ’s transition from a quiescent
283  to a contractile state.

284

285 Figure 5. Model of epigenetic priming and transcriptional regulation mechanisms that initiate

286 increased gene expression during labor. Display of the chromatin landscape around typical labor-

287  upregulated genes at quiescent (above) and term laboring (below) stages of gestation. During

288  pregnancy, H3K27ac and H3K4me3 — histone marks typically associated with active genes — are already
289  present at labor-associated gene promoters, thereby priming the epigenome for contractility-promoting
290  transcriptional events in advance of term. However, closer to term, intergenic regions containing AP-1
291 sequence motifs and modified by H3K27ac enrichment are transcribed, resulting in accumulation of
292 eRNAs. Labor-upregulated gene promoters also contain an enrichment of these motifs, which may allow
293 for binding of homodimerized JUN proteins that are already expressed in the quiescent stage.

294  Conversely, the progression of gestation toward term may result in their replacement by FOS:JUN

295 proteins alongside binding of phosphorylated RELA. We propose that, during labor, these regulatory
296  mechanisms recruit RNAPII to labor-associated gene promoters and enhance transcription through the
297  bodies of these genes.

298 To our knowledge, this paper is the first to demonstrate that key contractility-promoting genes

299  inthe myometrium are up-regulated at term at least in part due to a significant increase in primary
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300 transcript abundance. This finding does not preclude the notion that regulation mechanisms act at

301  multiple stages in the expression pathways of labor-associated genes to mediate their expression

302  output. Regulation of Ptgs2, for instance, involves miRNA-mediated repressive mechanisms during

303 pregnancy that are halted by reduced expression of miR-199a-3-p and miR-214 as gestation progresses
304  toward term [41,42]. However, our findings reveal that the onset of labor depends on substantial term-
305 restricted transcriptional activity of Ptgs2. Whereas our study is the first to investigate these regulatory
306 mechanisms on a genome-wide scale, much of the prior scholarship on labor-associated gene activation
307 events from a single gene perspective has supported this notion. In vitro studies have confirmed the
308 regulatory role of select nuclear factor binding sites in critical genes’ promoters: for instance, mutation
309 of an AP-1 factor binding site in the synthetic Gjal promoter has been shown to inhibit AP-1 factor-

310 mediated reporter gene expression [21]. Similarly, Khanjani et al. have demonstrated that a 20 base
311  pair-long genomic segment upstream of the human Oxtr promoter is required for reporter expression,
312 which is mediated by nuclear factors CCAAT/enhancer-binding protein (CEBP) and RELA [40].

313 Furthermore, studies’ ChIP-gPCR experiments revealed gestational timepoint-specific binding events
314  that correspond to differential labor-associated gene expression outputs. Renthal et al., for instance,
315 have shown that an intracellular abundance of transcriptional repressors zinc finger E-box binding

316 homeobox proteins ZEB1 and ZEB2 inversely correlates with Oxtr and Gjal mRNA levels in myometrial
317 cells; furthermore, prominent endogenous binding of ZEB1 and ZEB2 at Gjal and Oxtr promoters during
318 pregnancy dramatically reduces by term [43]. Finally, increased expression of progesterone receptor A
319 (PRA), a protein critical for contractility in the human myometrial laboring context, is thought to occur
320  due to reduced histone deacetylase 1 (HDAC1) binding and JARID1A histone demethylase enrichment at
321  the PRA promoter [44,45]. These studies suggest that enrichment of activation-prompting histone

322  acetylation and methylation markers at promoters of labor-associated genes guide the transition of the

323 myometrium to a contractile state.
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324 Though these studies were conducted in specific and localized gene contexts, our results

325 regarding the genome-wide enrichment profile of active histone markers over a gestational timecourse
326  were nevertheless surprising. Classical transcription studies that describe the transition of a particular
327  cell type to another state upon subjection to different environmental conditions show evidence of clear
328 histone marker turnover at critical transition-guiding genes [9,46,47]. Contrary to this model, we

329  observed similar trends in H3K27ac and H3K4me3 across all four tested timepoints in mouse myometrial
330 samples, with only subtle acquisition of activating histone marks at significantly up-regulated gene

331 promoters, instead of a clear marker loss or gain according to myometrium state. Furthermore,

332 intergenic regions of labor-associated genes contain H3K27ac peaks that are called as early as day 15,
333 suggesting that not only promoters, but even putative enhancers that can be required for labor

334  initiation may be established during the quiescent phase of pregnancy. Such a molecular set-up can

335 perhaps explain the ease with which labor can occur in advance of term, if portions of the genome that
336  are critical for contractility onset already contain DNA that is open and accessible.

337 To date, a partial profile of the transcription factors that may bind these open chromatin regions
338 has been put forward. During pregnancy, JUN proteins are known to be present even at early gestational
339 stages [23], prior to the expression of FOS proteins. The interactions of JUN-JUN protein homodimers
340 with co-repressor proteins in quiescent tissues [48] and their potential binding at AP-1 motifs within

341 labor-associated gene promoters may explain why these genes are not activated prior to term. As term
342 approaches, however, FOS sub-family proteins are up-regulated in response to hormonal signals and
343 mechanical stretch stimuli [23,49]. This event results in accumulation of FOS:JUN heterodimers which,
344  we suggest, may bind the same AP-1 motifs in gene promoters, but consequently exert an activating
345 rather than repressive effect on promoters of labor-upregulated genes at this time. Furthermore, the
346  observed enrichment of the RELA motif at these promoters is unsurprising given prior studies

347  highlighting the protein’s role in the pro-labor inflammatory pathway. Increased abundance of
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348  phosphorylated RELA immediately prior to the onset of labor [50] suggests that this protein may be a
349  prominent player in the laboring transcription factor network. Furthermore, the other two enriched
350 motifs we found for proteins affiliated with the promotion of gene activation — TCF3 and CTCF — also
351  implicate them in the potential regulation of labor-associated promoter activity. TCF3 may perform a
352 similar coactivator-assisting role that it has been shown to perform in other tissues [36]. CTCF has been
353 proposed to anchor the interactions between gene promoters and distal regulatory elements due to its
354 enrichment at both regulatory regions across cell types [37], a function that this protein may well also
355 enact in the myometrium. Such molecular contributions, as well as the identities of any other

356 transcription factors controlling labor onset, are yet to be determined.

357 Our study has established a general picture of the chromatin states within the quiescent and
358  contractile myometrial genome and the transcriptional events accompanying the establishment of such
359  states. We have also provided evidentiary support for a broader regulatory role for AP-1 and RELA

360 proteins in regulating these changes across multiple genomic regions. Establishing a more fine-tuned
361  understanding of the molecular basis of birth can allow for a more comprehensive list of therapeutic
362 targets for the prevention of preterm labor in women.

363

364 Materials and Methods

365  Animal Model
366 BI6 or C57/BI6 mice used in these experiments were purchased from Harlan Laboratories

367  (http://www.harlan.com/). All mice were housed under specific pathogen-free conditions at the Toronto

368 Centre for Phenogenomics, Canada (TCP) on a 12L:12D cycle, and were administered food and water ad
369 libitum. All animal experiments were approved by the TCP Animal Care Committee (AUP# 21-0164-H).
370 Female mice were mated overnight with males and the day on which vaginal plugs were detected was

371 designated as day 1 of gestation. Pregnant mice were maintained until the appropriate gestational
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372  timepoint. The average time of delivery was day 19 of gestation. Our criteria for labor were based on
373  delivery of at least one pup from an average number of 14 in two uterine horns.

374

375  Tissue Collection

376 Animals were euthanized by carbon dioxide inhalation and myometrial samples were collected
377 on gestational day 15, day 19 (term not in labor, TNIL), day 19 during active term (day 19 LAB), and 2-6
378 hours postpartum (pp). Tissue was collected at 10 a.m. on all days with the exceptions of the labor sample
379 (LAB), which was collected once the animals had delivered at least one pup. The part of uterine horn close
380 to cervix from which the fetus was already expelled was removed and discarded; the remainder was
381  collected for analysis. For each day of gestation, tissue was collected from 4-6 different animals. Mice
382 uteri were placed into ice-cold PBS. Uterine horns were bisected longitudinally and dissected away from
383 both pups and placentas. The decidua basalis was cut away from the myometrial tissue. The decidua
384  parietalis was carefully removed from the myometrial tissue by mechanical scraping on ice, which
385 removed the entire luminal and glandular epithelium and the majority of the uterine stroma. Myometrial
386  tissues were flash-frozen in liquid nitrogen and stored at —80°C. When necessary, myometrial tissues were

387 crushed into fine powder on dry ice prior to subjection to the below listed experimental methods.

388

389  Chromatin immunoprecipitation (ChIP)

390 Histone marker-targeting ChIP was conducted using the protocol described by Young Lab

391  (younglab.wi.mit.edu/hESRegulation/Young_Protocol.doc), with some necessary modifications for

392 myometrial tissue. Crushed myometrial tissue was fixed in a 1% paraformaldehyde solution at room

393 temperature, a reaction quenched in a 0.125M glycine solution. Cells were rinsed twice with 1X cold PBS
394  and pellets were flash frozen and stored at -80C until needed. Pellets were washed and samples were

395 lysed in successive lysis buffers, followed by subjection to sonication via the Covaris sonicator with a
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396  pulse ON time of 10 s at 30 amps for a total of 30 cycles. Aliquots of sonicated sample were run on a 2%
397  gel to confirm chromatin was sonicated to 300-500 bp size range. Sonicated samples were treated with
398 10% Triton X-100 and spun down at 4C to pellet debris. Aliquots of cell lysate supernatant to be used as
399  input were stored at -20C.

400 To bind antibody to magnetic beads, Dynal Protein A and Protein G beads (added in a 1:1 ratio)
401  were washed and resuspended in block solution. Anti-H3K27ac antibody (Abcam, ab4729) or anti-

402 H3K4me3 (Abcam, ab8580) was added, as appropriate, to beads and incubated at 4C with rotation.

403 Beads were again washed and resuspended in block solution. Antibody and magnetic bead mix was

404  added to remaining cell lysate and samples were incubated at 4C overnight with rotation. IP samples
405 were washed at 4C and eluted at 65C. Supernatant was removed from spun-down beads and cross-links
406 were reversed at 65C. Samples were RNaseA-treated at 37C, Proteinase K-treated at 55C, cleaned via
407  phenol-chloroform treatment, and stored in ethanol at -20C overnight. DNA pellets were washed with
408  80% EtOH and re-suspended in Tris-HCI. Validation of ChIP method was performed using ChIP-gPCR
409  primers (sequences in S11 Table) targeting regions expected to be enriched in our marker of interest.
410 RNAPII-targeting ChIP was performed as outlined in the supplemental methods in Mitchell and
411 Fraser [51], with modifications for collection of myometrial tissue as performed in case of histone ChiP,
412  and using anti-RNAPII (RPB1 serine 5 phosphorylated form) antibody (Abcam, ab5131).

413

414 ChIP Sequencing and Mapping

415 ChIP (n=2) and input (n=1) samples from each gestational timepoint — day 15, term-not-in-labor
416  (TNIL), term labor (LAB), and postpartum (pp) — were submitted for single end 50 bp read sequencing
417  using standard Illumina HiSeq 2500 protocols. Reads were quality-checked using FastQC, trimmed with
418  bbduk and mapped to the GRCm38/mm10 mouse reference genome using STAR [52].

419
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ChIP normalization and peak calling

Peaks were called for each individual replicate using MACS2 broad peak-calling [53]. Significantly
conserved peaks in both biological replicates were combined using IDR (Irreproducible Discovery Rate).
Differential peak analysis was performed using the diffBind package [54]. Peaks with a foldchange > 4
and adjusted p-value < 0.01 were considered significantly different between day 15 and term labor
samples. Peaks with a significant increase in signal intensity in labor samples were linked to the closest
gene TSS using bedtools [55]. Normalized ChlIP-seq reads (RPM) at promoters (+/-2kb of TSS) of labor-
associated upregulated genes in H3K4me3-, H3K27ac-, and RNAPII-targeted samples were quantified
using Segmonk (https://www.bioinformatics.babraham.ac.uk/projects/segmonk/). Kruskal-Wallis test
was used to measure significant (p<0.05) changes in enrichment values (RPM) among different
timepoints. Results were plotted using ggplot2 [56]. Sequencing data files were submitted to the Gene

Expression Omnibus (GEO) repository (GSE124295).

Gene expression quantification by RNA extraction and RT-gPCR

Total RNA was extracted from crushed myometrial tissue using Trizol and further DNasel-treated
to remove genomic DNA. RNA was reverse transcribed using the high capacity cDNA synthesis kit
(Thermo Fisher Scientific). Target gene expression was monitored by gPCR using exon-intron-boundary-
spanning primers (S12 Table) for primary transcript detection, and normalized to levels of total Hist1
MRNA, whose corresponding reference gene was consistently expressed at similar levels across
gestational timepoints. Expression levels were calculated against BI6 or F1 genomic DNA-based standard
curve references. All samples were confirmed not to have DNA contamination via non-amplified reverse
transcriptase negative samples. Relative expression values were plotted using GraphPad Prism 8.

Significant changes in expression were determined by one-way ANOVA with Tukey correction.
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444  RNA-seq quantification and differential expression analysis

445 DNAsel-treated total RNA samples isolated from day 15 and term labor mice (n=5 each) were
446  subjected to paired-end sequencing using standard lllumina HiSeq 2500 protocols. Reads were quality-
447  checked using FastQC, trimmed with bbduk and mapped to the GRCm38/mm10 mouse reference

448  genome using STAR [52]. Exon-mapped reads were quantified using featureCounts [57]. Intron reads
449  were quantified using SeqMonk’s active transcription quantitation pipeline

450 (http://www.bioinformatics.babraham.ac.uk/projects/segmonk/). Alternative transcript counts were

451 summed together for every gene. Intron reads were then imported into DESeq2 [58] for differential
452 expression analysis. Genes with a foldchange > 4 and adjusted p-value < 0.01 were considered

453 significantly changing. Differential RNA expression data was plotted using the EnhancedVolcano package
454  (https://github.com/kevinblighe/EnhancedVolcano). Reads were normalized for gene expression across
455 replicates. Heatmaps were plotted using the pheatmap package (https://cran.r-

456  project.org/web/packages/pheatmap/index.html). Genomic regions of interest for eRNA expression
457  analysis were selected based on intergenic regions featuring H3K27ac peaks with a histone profile

458 displaying a significant increase in signal intensity during labor (foldchange > 4 and adjusted p-value <
459 0.01). RNA-seq data at these regions were subjected to differential RNA expression analysis by DESeq2.
460 Peaks with fold change > 4 and adjusted p-value < 0.05 were considered as peaks with significantly

461 changing signal intensity from d15 to d19 (labor) and differential eRNA expression was plotted using
462 EnhancedVolcano package.

463

464  Motif enrichment analyses

465 Enrichment of transcription factor motifs at promoters and intergenic regions of labor-

466  associated genes was performed using HOMER motif analysis tool [35]. Promoter sequences (-1kb of

467  TSS) of upregulated genes at labor were compared against random 1kb input sequences. Intergenic
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468  regions containing labor-associated H3K27ac peaks and exhibiting significant upregulation of eRNA

469  expression were compared against random input sequences of varying size. Significantly enriched motifs
470  in the HOMER database were calculated with p-value<0.05.

471

472 Metagene analyses

473 Genome-wide exon normalized counts were divided into four quartiles according to the average
474  expression of genes (RPM) across replicates in either day 15 or term labor timepoints. Expression

475 quartiles were used to plot the average H3K4me3 and H3K27ac signal and RNAPII coverage at each

476 individual timepoint using ngs.plot [59]. Significantly upregulated and downregulated intron-

477 corresponding reads in term labor samples were used to plot H3K4me3 and H3K27ac signal and RNAPII

478  coverage at all timepoints using ngs.plot.

479

480
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481  Supporting Information

482 S1 Fig. Gestational timepoint specific RNA-seq samples cluster based on gestational timepoint of

483 sample collection. Hierarchical clustering of RNA-seq samples from d15 and d19 when in active labor.
484  Darker colour indicates increased correlation.

485

486  S2 Fig. Proof of ChIP selectivity in myometrial tissues. Applied anti-H3K27ac ChIP in murine myometrial
487  tissue (target, red) and murine embryonic stem cells (cell control, blue) revealed enrichment or lack of
488  enrichment at select gene targets, as expected. Cell-specific enrichment of this histone mark observed at
489  gene promoters expected to be active predominantly in myometrium rather than embryonic stem cells
490  (left), predominantly in embryonic stem cells rather than myometrium (center), in both cell types

491 (center, right) and in neither cell type (center, left).

492

493 S3 Fig. Enrichment of activating histone marks at gene promoters depends on transcriptional status of
494  genes. Metagene plots displaying H3K4me3 or H3K27ac enrichment +/- 2kb of TSS for genes in

495 expression quartiles reveals increased modification at the promoters of highly expressed genes.

496

497  S4 Fig. Gestational timepoint specific RNAPII ChIP-seq samples cluster based on gestational timepoint
498  of sample collection. Hierarchical clustering of RNAPII ChIP-seq samples from d15 and d19 when in

499  active labor. Darker colour indicates increased correlation.

500

501 S5 Fig. Enrichment of RNAPII at gene bodies depends on transcriptional status of genes. Metagene
502 plots displaying RNAPII enrichment at genes in expression quartiles reveals increased association at the
503 promoters and gene bodies of highly expressed genes.

504
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505  S6 Fig. Motif enrichment at intergenic H3K27ac regions with increased eRNA during labor.
506

507  S7 Fig. Motif enrichment at promoters of labor upregulated genes. Motif enrichment at promoters (1
508 kb upstream of TSS) of genes with increased expression in labor based on intron reads.

509

510 S1 Table. Genome-wide exon read-based RNA expression values in d15 and term laboring
511 myometrium.

512 (XLSX)

513

514  S2 Table. Genome-wide intron read-based RNA expression values in d15 and term laboring
515 myometrium.

516  (XLSX)

517

518
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519  S3 Table. Correlation of gestational timepoint replicates in H3K4me3 and H3K27ac targeted ChIP

520 samples.

521

sample Kdme3_ | KAme3_ | KAme3_ | Kdme3_ | K4me3_ | KAme3_ | Kdme3_ | K4me3_
D15_A D15_B TNIL_A TNIL_B LAB_A LAB_B 1PP_A 1PP_B
Kdme3_ |1 0.97 0.89 0.96 0.89 0.89 0.93 0.92
D15_A
K4me3_ | 0.97 1 0.9 0.97 0.9 0.91 0.94 0.94
D15_B
K4me3_ | 0.89 0.9 1 0.91 0.9 0.85 0.9 0.85
TNIL_A
K4me3_ | 0.96 0.97 0.91 1 0.91 0.91 0.94 0.94
TNIL_B
K4me3_L | 0.89 0.9 0.9 0.91 1 0.89 0.92 0.87
AB_A
K4me3_L | 0.89 0.91 0.85 0.91 0.89 1 0.89 0.93
AB_B
K4dme3_ | 0.93 0.94 0.9 0.94 0.92 0.89 1 0.91
1PP_A
K4me3_ | 0.92 0.94 0.85 0.94 0.87 0.93 0.91 1
1PP_B
sample K27ac_D | K27ac_D | K27ac_T | K27ac_T | K27ac_L | K27ac_L | K27ac_1 | K27ac_1
15_A 15_B NIL_A NIL_B AB_A AB_B PP_A PP_B

K27ac_ D | 1 0.86 0.83 0.85 0.83 0.8 0.79 0.73
15_A
K27ac_D | 0.86 1 0.74 0.88 0.79 0.81 0.81 0.82
15_B
K27ac_T | 0.83 0.74 1 0.79 0.76 0.8 0.75 0.71
NIL_A
K27ac_T | 0.85 0.88 0.79 1 0.81 0.82 0.83 0.8
NIL_B
K27ac_L | 0.83 0.79 0.76 0.81 1 0.85 0.87 0.79
AB_A
K27ac_L | 0.8 0.81 0.8 0.82 0.85 1 0.85 0.82
AB_B
K27ac_1 | 0.79 0.81 0.75 0.83 0.87 0.85 1 0.88
PP_A
K27ac_1 | 0.73 0.82 0.71 0.8 0.79 0.82 0.88 1
PP_B

522

523

524

525
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526  S4 Table. Reads per million of H3K4me3 at gene promoters.

527  (XLSX)

528

529 S5 Table. Reads per million of H3K27ac at gene promoters.

530  (XLSX)

531

532 S6 Table. Genome-wide called broad RNAPII peaks in d15, term-not-in-labor, labor, and postpartum
533 myometrium.

534  (XLSX)

535

536  S7 Table. Reads per million of RNAPII at gene bodies.

537  (XLSX)

538

539 S8 Table. Genome-wide called broad H3K27ac and H3K4me3 peaks in d15, term-not-in-labor, labor,
540 and postpartum myometrium.

541  (XLSX)

542

543 S9 Table. H3K27ac peaks displaying a significant increase in read counts in the labor compared to d15
544  sample.

545 S$10 Table. Genome-wide ncRNA expression values in d15 and term laboring myometrium.

546  (XLSX)

547

548  S11 Table. List of primers used in ChIP-qPCR test.
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Gene Target Amplicon
Targets Region Forward Sequence (5'->3') Reverse Sequence (5'->3') Size (bp)
Desmin gene body | GACGCTGTGAACCAGGAGTT GTAGTTGGCGAAGCGGTCAT 84
gene
Acta2
promoter ACACATTTCCAGCATAGGACACC AGGTAGTTGCCTGCTCTCTGATG 94
gene
Ppia
promoter TGTTCGAGTTTCCGCAGAGAG TTGCACAGAGCAAGTAACTGAGG 105
Caveolin-
1 gene body | TGAAAAGCTAGGAATGTCTTAGGG | CGAACGTGTCATCTGGAAAACT 117
gene
Actb
promoter CTAGGCGTAAAGTTGGCTGTG CTCTCGTGGCTAGTACCTCACTG 120
Nefm gene exon CAGCACCGTGTCCTCCTCCT GGCTGAAGTCGAGGCTGCTC 101
Hba-al gene exon | TTCTGACAGACTCAGGAAGAAACCA | AGCACCATGGCCACCAATCT 93
Sox2 enhancer CTAAGCCAACACACCACCAGT CTGCACGAACCACTTATTGAGAC 92
Lefty2 enhancer AGAACAGTAGGCCGTGGAAAG ATAGTCCAGGGCGAGTCATTC 112
Pou5f1 promoter CTTCGTTCAGAGCATGGTGTAG TACTGGCCTGGTGCTTAGTTATC 106
S$12 Table. List of primers used in RT-qPCR experiments.
Gene Target Amplicon
Target Region Forward Sequence (5'->3') Reverse Sequence (5'->3') Size (bp)
exon-intron
Fosl2 TATCCACGCTCACATCCCTACA TGTCCCCCAGCTACCAACATA 177
boundary
Fos exon-intron TGGAGGTGACACTAGACAACCTT AGTGTATCTGTCAGCTCCCTCCT 153

Page 26 of 32



https://doi.org/10.1101/2020.03.19.998740
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.03.19.998740; this version posted March 19, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

boundary
exon-intron
Gjal TGAAACCATCAATTTACAGTCTACAA GTTCATCACCCCAAGCTGACT 226
boundary
exon-intron
Oxtr GGGAGTCCAGAGATAGTGGAAGTA TTATCTCCAAGGCCAAAATCC 194
boundary
exon-intron
Ptgs2 TTGAAGACCAGGAGTACAGCTTC CAAAAATCCTAAAGCTACTGACCA 166
boundary
Hist1 exon GGCCAAGGCTTCCAAGAAGT CCACCTTGTAGTGGCTCTTGATA 137
552
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