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Progesterone (P4), acting via its nuclear receptor (PR), is
critical for pregnancy maintenance by suppressing proin-
flammatory and contraction-associated protein (CAP)/con-
tractile genes in the myometrium. P4/PR partially exerts these
effects by tethering to NF-kB bound to their promot-ers,
thereby decreasing NF-kB transcriptional activity. However,
the underlying mechanisms whereby P4/PR interaction blocks
proinflammatory and CAP gene expression are not fully un-
derstood. Herein, we characterized CCR-NOT transcription
complex subunit 1 (CNOT1) as a corepressor that also interacts
within the same chromatin complex as PR-B. In mouse
myome-trium increased expression of CAP genes Oxtr and
Cx43 at term coincided with a marked decline in expression
and binding of CNOT1 to NF-kB-response elements within the
Oxtr and Cx43 promoters. Increased CAP gene expression was
accompanied by a pronounced decrease in enrichment of
repressive histone marks and increase in enrichment of active
histone marks to this genomic region. These changes in histone
modification were associated with changes in expression of
corresponding histone modifying enzymes. Myometrial tissues
from P4-treated 18.5 dpc pregnant mice manifested increased
Cnot1 expression at 18.5 dpc, compared to vehicle-treated
controls. P4 treatment of PR-expressing hTERT-HM cells
enhanced CNOT1 expression and its recruitment to PR bound
NF-kB-response elements within the CX43 and OXTR pro-
moters. Furthermore, knockdown of CNOT1 significantly
increased expression of contractile genes. These novel findings
suggest that decreased expression and DNA-binding of the P4/
PR-regulated transcriptional corepressor CNOT1 near term
and associated changes in histone modifications at the OXTR
and CX43 promoters contribute to the induction of myometrial
contractility leading to parturition.
* For correspondence: Mala Mahendroo, mala.mahendroo@utsouthwestern.
edu.
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Progesterone (P4) acting via its nuclear receptors (proges-
terone receptor PR-A and PR-B) plays a crucial role in main-
taining myometrial quiescence and preventing uterine
contractility during pregnancy (1–3). This is achieved by P4–
PR inhibition of inflammatory response pathways and
expression of contraction-associated protein (CAP)/contractile
genes through various mechanisms. For example, P4 acting via
PR maintains myometrial quiescence by increasing expression
of the NF-kB inhibitor, IkBa (4, 5), and the mitogen-activated
protein kinase inhibitor, mitogen-activated protein kinase
phosphatase 1 (MKP-1–dual-specificity phosphatase 1,
DUSP1) (6, 7), which together, act to block mediators of in-
flammatory response pathways. P4 also inhibits activation of
the CAP genes, connexin 43 (CX43) and oxytocin receptor
(OXTR), by increasing expression of the transcriptional in-
hibitor ZEB1 (zinc finger E-box-binding homeobox 1), which
binds to the promoters of these genes to inhibit their expres-
sion (8). Moreover, P4–PR inhibits proinflammatory and CAP
gene expression by tethering to NF-kB p65 or to AP-1 (acti-
vator protein 1) bound to their response elements within the
promoters of these genes to prevent NF-kB or AP-1 activation
(5, 9, 10).

To further define mechanisms whereby P4–PR maintains
myometrial quiescence, we analyzed the capacity of WT and
mutant forms of PR-A and PR-B to repress proinflammatory
and CAP genes in telomerase immortalized human myometrial
(hTERT-HM) cells. We observed that WT PR-B (PR-BWT) had
a greater anti-inflammatory action than PR-AWT (9). More-
over, mutagenesis of amino acids within the P-Box of the PR
DNA-binding domain (DBD) (PRmDBD) reduced the anti-
inflammatory action of PR-B and completely abolished the
anti-inflammatory effect of PR-A (9). Since these P-box mu-
tations did not alter the recruitment of PR-A or PR-B to the
NF-kB responsive regions of these genes, we postulated that
PR exerts its anti-inflammatory actions by tethering to NF-kB
bound to the promoters of proinflammatory and CAP genes
and recruiting corepressors via sequences within its DBD (9).
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Decline in PR corepressors in pregnant myometrium near term
To identify corepressors that interact strongly with PR-BWT,
but relatively weakly with PR-AmDBD, we used immunopre-
cipitation, followed by mass spectrometry analysis of lysates of
hTERT-HM cell lines stably expressing PR-BWT or PR-AmDBD.
GATAD2B (transcriptional repressor p66-b) was previously
identified as a novel corepressor that interacted with the PR-B
DBD to mediate P4 suppression of proinflammatory and CAP
genes (7). In the same analysis, we identified the CCR4–NOT
transcription complex subunit 1 (CNOT1), which is a highly
conserved multifunctional assembly of proteins involved in
various aspects of gene expression, including transcription and
mRNA turnover (11–13). CNOT1 was originally identified as a
negative transcriptional regulator in yeast (14) and acts as a
scaffold protein for multiple associated proteins containing
deadenylase enzymes (CCR4, CAF1) and NOT subunits. It also
is a ligand-dependent repressor of estrogen receptor a (ERa)–
mediated transcription (15), indicating the potential role of
CNOT1 in regulating P4-mediated gene expression.

In the present study, we investigated the corepressor activity of
CNOT1 in P4–PR mediation of myometrial quiescence. Our
novel findings revealed that increased P4–PR transcriptional
activity in the quiescent mouse myometrium suppressed CAP
gene expression. In addition, we found P4-mediated increased
expression of CNOT1 and its recruitment to CAP gene pro-
moters. This was associatedwith an increase in the enrichment of
repressive histone marks and decreased binding of active histone
marks. Near term, CNOT1 expression and binding to the CAP
gene promoters declined, together with increased deposition of
active histone marks and enhanced CAP gene expression.
Results

Expression of Cnot1 mRNA and protein declines in pregnant
mouse myometrium toward term

We hypothesized that the anti-inflammatory activity of PR is
mediated in part by its capacity to recruit a complex of co-
repressors to promoters of proinflammatory and CAP genes. We
previously identified the transcriptional corepressor CNOT1 as a
protein that specifically interactedwith the PR-BDBD inhTERT-
HMcells treatedwith P4+ interleukin (IL)-1b (9). To gain insight
into the roles ofCNOT1 in the regulation ofCAP gene expression
during pregnancy and parturition, we first analyzed Cnot1
expression in myometrial tissues isolated from timed-pregnant
mice at 15.5 to 18.5 days postcoitum (dpc) and in-labor. We
observed that Cnot1 mRNA levels significantly declined in
pregnant mouse myometrium toward term (Fig. 1A). Decreased
mRNA levels of Cnot1 near term were inversely correlated with
increased Cx43 and Oxtr gene expression (Fig. 1A).

Next, we analyzed CNOT1 protein expression by immu-
noblotting in mouse myometrial extracts isolated at 15.5 to
18.5 dpc and in-labor. Protein expression levels of CNOT1 also
declined markedly in pregnant mouse myometrium toward
term, compared with 15.5 dpc (Fig. 1B). Thus, the decrease in
CNOT1 coregulator expression may contribute to the decline
in P4–PR-mediated repression of CAP gene expression in
mouse myometrium near term.
2 J. Biol. Chem. (2024) 300(7) 107484
Knockdown of CNOT1 in PR-BWT–expressing hTERT-HM cells
increases basal and IL-1b-induced CX43 expression and
prevents P4–PR-mediated repression

To determine whether CNOT1 plays a functional role in
P4–PR-mediated repressive activity, PR-BWT–expressing
hTERT-HM cells were transfected with siRNA for CNOT1
(siCNOT1) or with a nontargeting siRNA control (siNC).
These cells were treated ± IL-1b, ± P4, and harvested for
mRNA expression analysis using RT–quantitative PCR
(qPCR). Knockdown of CNOT1 in hTERT-HM PR-BWT cells
completely abolished CNOT1 mRNA expression (Fig. 2A).
CNOT1 knockdown significantly increased basal and IL-1b-
induced CX43 expression and reduced P4-mediated repression
of IL-1b-induced CX43 mRNA expression compared with
control cells (Fig. 2B). The effects of CNOT1 knockdown on
P4-mediated repression of basal and IL-1b expression levels
are shown in Fig. S1. These findings suggest that CNOT1
serves a corepressor of CAP gene expression (Figs. 2B and S1),
with the potential to inhibit basal expression of these genes in
a P4-independent and/or dependent manner (Fig. 2B).

Binding of endogenous CNOT1 to genomic regions containing
NF-kB response elements of contractile gene promoters
significantly declines in pregnant mouse myometrium toward
term

We proposed that P4–PR repression of proinflammatory and
CAP gene expression is mediated by PR tethered to NF-kB at NF-
kB response elements with recruitment of corepressors to the PR
DBD (5, 9). To assess endogenous CNOT1 binding to NF-kB
response elements within the Cx43 and Oxtr gene promoters, we
performed chromatin immunoprecipitation (ChIP)–qPCR on
mouse myometrium isolated at 15.5 and 18.5 dpc and in-labor.
Nuclear extracts were prepared from cross-linked myometrial
tissues of pregnant mice at each gestational time point and
analyzed for bindingofCNOT1 to the genomic regions containing
NF-kB response elements within the Cx43 and Oxtr gene pro-
moters using ChIP–qPCR. We found that endogenous CNOT1
bindingwas enriched at theNF-kB responsive regions ofCx43 and
Oxtr gene promoters at 15.5 dpc; binding declined markedly at
18.5 dpc and in-labor (Fig. 3, A and B). These results indicate that
reduced binding of endogenous CNOT1 to genomic regions
containing NF-kB response elements of contractile gene pro-
moters correlates with upregulation of Cx43 and Oxtr expression
(Fig. 1A) in pregnant mouse myometrium toward term.

A decline in binding of endogenous corepressor CNOT1 to the
NF-kB response elements of Cx43 and Oxtr gene promoters in
pregnant mouse myometrium near term is associated with
reduced enrichment of the repressive histone mark H3K27me3

The decline in CNOT1 expression and binding to CAP gene
promoters near term may release the brakes on contractile gene
expression by altering the level of repressive histone marks to
the promoter. Indeed, CNOT1 has been found to interact with
the EZH2 (enhancer of Zeste 2 polycomb repressive complex 2
subunit) component of polycomb repressive complex 2 (16).
EZH2 is a histone lysine N-methyltransferase that catalyzes
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Figure 2. CNOT1 regulates CX43 mRNA expression in hTERT-HM cells expressing PR-BWT. hTERT-HM cells expressing PR-BWT were cultured in phenol
red–free medium supplemented with 1% charcoal-stripped FBS for 24 h. The cells were transfected with 40 nM siRNAs targeting CNOT1 or scramble siRNA
(siNC) control for 48 h and then treated with DMSO vehicle (V), P4 (100 nM), IL-1b (10 ng/ml), or IL-1b + P4 for 16 h before being harvested for mRNA
analysis. A, efficiency of CNOT1 mRNA knockdown by the corresponding siRNA was measured by RT–qPCR. B, CX43 mRNA levels were determined by RT–
qPCR using acidic ribosomal phosphoprotein P0 (36B4) as an internal control. Data are the mean ± SEM of three replicate determinations for each treatment
group in a representative experiment. P4-mediated repression activity was calculated by dividing the levels of mRNA expression in cells treated with vehicle
or IL-1b with or without P4. Data are the mean ± SEM. Significant (*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001) differences between samples was
analyzed by two-way ANOVA. #(p < 0.05) indicates statistical analysis by t test. Percentage indicates repression activity by P4. CNOT1, CCR–NOT tran-
scription complex subunit 1; CX43, connexin 43; DMSO, dimethyl sulfoxide; FBS, fetal bovine serum; hTERT-HM, telomerase immortalized human myo-
metrial; IL-1b, interleukin 1b; P4, progesterone.
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Figure 1. Cnot1 expression significantly declines in pregnant mouse myometrium toward term and in-labor. A, mRNA levels of Cnot1, Cx43, and Oxtr
were analyzed in myometrial tissues of timed-pregnant mice from three independent gestational series. Myometrial tissues were isolated at 15.5 to 18.5 dpc
and in active labor (IL) using RT–qPCR. Data are the mean ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001, ****p < 0.0001; n = 3 mice. B, whole cell extracts from
timed-pregnant mouse myometrium isolated between 15.5 dpc and IL were analyzed for CNOT1 protein expression. Shown on the left is a representative
immunoblot from three biological samples. Data are the mean ± SEM. t test was used for statistical analysis. (***p < 0.001; ****p < 0.0001). dpc, days
postcoitum; qPCR, quantitative PCR.
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Figure 3. Upregulation of Cx43 and Oxtr expression in pregnant mouse myometrium toward term is associated with reduced binding of
endogenous CNOT1 to genomic regions containing NF-kB response elements. A and B, ChIP–qPCR was used to assess the enrichment of endogenous
CNOT1 to genomic regions containing NF-kB response elements within the Cx43 (A) and Oxtr (B) promoters in pregnant mouse myometrium at 15.5 to 18.5
dpc and during labor. Cross-linked myometrial tissues from three tissue samples from three different pregnant mice at each gestational time point were
analyzed for binding of CNOT1 by ChIP–qPCR. Data are the mean ± SEM from triplicate samples at each time point. Asterisks represent significant differences
compared with 15.5 dpc values (*p < 0.05; **p < 0.01). ChIP, chromatin immunoprecipitation; CNOT1, CCR–NOT transcription complex subunit 1; dpc, days
postcoitum; qPCR, quantitative PCR.
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H3K27 trimethylation, a repressive chromatin mark (17). In
addition, it has been reported that the epigenetic repressor
human silencing hub (HUSH) complex that mediates trime-
thylation of H3K9 (H3K9me3) via SETDB1 associates with
CNOT1 (15, 18, 19). ChIP–qPCR was therefore used to analyze
enrichment of endogenous H3K9me3 and H3K27me3 at NF-kB
response elements within the CAP gene promoters in mouse
myometrium during late gestation. Enrichment for H3K9me3
(Fig. 4, A and B) and H3K27me3 (Fig. 4, C and D) was evident at
the Cx43 and Oxtr gene promoters in quiescent mouse myo-
metrium at 15.5 and 18.5 dpc. Interestingly, binding of
H3K27me3 to the Cx43 promoter increased significantly at 18.5
dpc, compared with 15.5 dpc, and then enrichment for the
repressive histone mark decreased significantly at both CAP
gene promoter regions during the in-labor phase. Collectively,
these findings indicate that a decline in binding of CNOT1
corepressor to NF-kB response elements of CAP gene pro-
moters in pregnant mouse myometrium at term is associated
with a significantly reduced enrichment of the repressive his-
tone mark H3K27me3 but not H3K9me3.
Declined level of repressive histone marks to CAP gene
promoter near term correlates with decreased expression
levels of corresponding histone-modifying enzymes

Histone marks are known to regulate gene expression by the
combinatorial activity of enzymes that write or erase modifi-
cation of histone residues (20–22). Expression levels of en-
zymes that methylate and demethylate H3K9me3 and
H3K27me3 were analyzed in 15.5, 16.5, 17.5, 18.5 dpc, and in
laboring mouse myometrium. Immunoblotting of whole cell
lysates revealed that expression levels of the H3K9 histone
4 J. Biol. Chem. (2024) 300(7) 107484
methyltransferase SUV39H2, but not SUV39H1, declined to-
ward term and in-labor (Fig. 5, A and B). The decline in
SUV39H2 was associated with increased expression level of
H3K9me3 demethylase KDM3B near term (Fig. 5, A and B).
EZH2, an H3K27me3 methyltransferase, was decreased
markedly toward term. This was associated with increased
expression of the histone demethylase PHF8 toward term.
PHF8 catalyzes demethylation of monomethylated and dime-
thylated histone K9 and K27. These findings indicate that
decreased expression and recruitment of CNOT1 to CAP gene
promoters near term and decreased levels of the repressive
histone mark, H3K27me3, was associated with decreased
expression of H3K27 histone methyltransferases and increased
expression of the corresponding histone demethylases. The
continuous expression of the H3K9me3 methyltransferase
(SUV39H1) supports the observation of no significant change
in the repressive mark H3K9me3 enrichment at CAP
promoters.
The decline in binding of repressive histone marks at CAP
gene promoters is correlated with increased binding of active
histone marks and the corresponding histone
acetyltransferases toward term in mouse myometrium

Since the enrichment of repressive histone marks to the
CAP gene promoters was decreased toward term in mouse
myometrium, it was of interest to assess the binding of active
histone marks to these genomic regions in association with the
increase in CAP gene expression near term. To address this,
we used ChIP–qPCR to analyze the enrichment of the active
histone marks, H3K4me3 (Fig. 6, A and B), H3K9Ac (Fig. 6, C
and D), and H3K27Ac (Fig. 6, E and F) to the Cx43 and Oxtr
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Figure 4. Upregulation of CAP gene expression in pregnant mouse myometrium toward term is associated with a significantly decreased
enrichment of H3K27me3 at genomic regions containing NF-kB-REs in the Cx43 and Oxtr promoters. A–D, ChIP–qPCR was conducted to assess
binding of endogenous H3K9me3 (A and B) and H3K27me3 (C and D) to genomic regions containing NF-kB-REs within the Cx43 (A and C) and Oxtr (B and D)
promoters in pregnant mouse myometrium at 15.5 to 18.5 dpc and in-labor. Cross-linked myometrial tissues from three pregnant mice at each gestational
time point were analyzed for histone modifications by ChIP–qPCR. Data are the mean ± SEM from triplicate samples at each time point. Asterisks represent
significant differences compared with 15.5 dpc values (*p < 0.05; **p < 0.01; ***p < 0.001, ****p < 0.0001). Please note that values for immunoglobulin G
controls are too low to be visualized on all graphs. CAP, contraction-associated protein; ChIP, chromatin immunoprecipitation; dpc, days postcoitum; qPCR,
quantitative PCR; RE, response element.

Figure 5. Histone methyltransferases that catalyze repressive histone marks decline toward term in association with the decrease in Cnot1 in
pregnant mouse myometrium, whereas H3K9 and H3K27 demethylases increase. A, whole cell lysates were analyzed for expression levels of the
indicated proteins by immunoblotting in timed-pregnant mouse myometrium isolated between 15.5 dpc and in-labor. Panels for CNOT1 and b-actin blots
are reused from Fig. 1B. B, the levels of protein expression were analyzed by scanning of immunoblots and normalization to b-actin protein as an internal
control. Data show a representative immunoblot from 2 to 3 biological replicates. t Test was used for statistical analysis (*p < 0.05; **p < 0.01; ***p < 0.001,
****p < 0.0001). CNOT1, CCR–NOT transcription complex subunit 1; dpc, days postcoitum.
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gene promoters in mouse myometrium during late gestation.
ChIP–qPCR revealed that all the active histone marks tested
were markedly and significantly enriched at the Oxtr gene
promoter at in-labor, compared with 15.5 dpc. By contrast,
enrichment of these active histone marks to the Cx43 gene
promoter was observed at 15.5 dpc and remained unchanged
at 18.5 dpc and in-labor. This suggests differential epigenetic
regulation of Cx43 and Oxtr gene expression.

Next, we analyzed the binding of the histone acetyl-
transferases CBP (Fig. 7, A and B) and p300 (Fig. 7, C and D) as
well as RNA polymerase II (Fig. 7, E and F) to Cx43 and Oxtr
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gene promoters. We observed significant increases in the as-
sociation of CBP to the Cx43 and Oxtr gene promoters only at
18.5 dpc compared with 15.5 dpc. On the other hand, binding
of both p300 and RNA pol II to the CAP gene promoters was
enriched at 15.5 dpc and was maintained toward term (Fig. 7, E
and F). These findings suggest that distinct histone-modifying
enzymes bind and regulate deposition of histone marks at the
Cx43 and Oxtr promoters. Indeed, the profound decline in
repressive histone marks in parallel with increased enrichment
for active histone marks at these CAP gene promoters in
mouse myometrium toward term may create an open
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ChIP–qPCR for binding of endogenous CBP, p300, and RNA pol II. Data are the mean ± SEM from the three samples at each time point. Asterisks represent
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chromatin state that is permissive for RNA pol II–mediated
transcriptional activation.
P4 induces CNOT1 and EZH2 expression in PR-B-expressing
hTERT-HM cells and in pregnant mouse myometrium

Since expression and binding of the CNOT1 corepressor,
together with repressive histone marks at the CAP gene pro-
moters was relatively high at 15.5 dpc and declined in mouse
myometrium near term, we postulated that CNOT1 might be
regulated by PR, the function of which declines during late
gestation (9, 23–25). In parallel, we assessed effects of P4 on
the H3K27 methyltransferase, EZH2, which was previously
found to be upregulated by P4 in trophoblasts (26) and in
mammary epithelial cells (27). To assess P4–PR regulation of
CNOT1 corepressor and of EZH2, hTERT-HM cells, stably
expressing PR-B, were treated with P4 or with vehicle. P4
significantly increased mRNA expression of CNOT1 and EZH2
(Fig. 8A) in the human myometrial cells. Protein levels of
CNOT1 and EZH2 were similarly increased in these cells by
P4 treatment (Fig. 8B). Furthermore, we observed similar
upregulation of corepressors by P4 treatment in pregnant
mouse myometrium (Fig. 8C). In these studies, timed-pregnant
mice were subcutaneously injected with P4 or sesame oil, as
vehicle control, from 15.5 to 17.5 dpc, which delays labor by 1
to 2 days (8). Myometrial tissues isolated at 18.5 dpc from P4-
treated mice manifested increased expression of Cnot1 and
Ezh2, compared with vehicle-treated controls (Fig. 8C).
J. Biol. Chem. (2024) 300(7) 107484 7
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Decline in PR corepressors in pregnant myometrium near term
CNOT1 colocalizes with endogenous PR and is enriched at the
CX43 and OXTR promoters by P4 treatment

To determine whether corepressor CNOT1 forms a com-
plex with PR at the NF-kB response elements within the 50-
flanking regions of the Cx43 and Oxtr genes, we conducted
ChIP–re-ChIP assays. We utilized myometrial tissues from
15.5 to 16.5 dpc pregnant mice because quiescent myometrial
tissues from these mice were found to have enriched binding
of CNOT1 to CAP gene promoters (Fig. 3). In the first ChIP
assays, binding of endogenous PR to the Cx43 and Oxtr pro-
moters was ascertained (Fig. 9A, upper and lower left panels).
In the second sequential ChIP assays, we observed that binding
of CNOT1 to PR bound to chromatin was significantly
increased over the immunoglobulin G negative controls on the
Cx43 promoter but not the OxTR promoter (Fig. 9A, upper
and lower right panels). Thus, PR colocalizes and forms a
complex with CNOT1 in chromatin of quiescent mouse
myometrium. Finally, ChIP–qPCR was used to assess the ef-
fects of P4 on CNOT1 corepressor binding to NF-kB response
elements within the Cx43 and OxTR promoters in hTERT cells
stably expressing PR-B. Notably, P4 treatment significantly
increased binding of endogenous CNOT1 to the NF-kB
response elements of the Cx43 and OxTR promoters (Fig. 9B).
These findings suggest a potential dependence of CNOT1 on
P4 treatment to bind to NF-kB response elements and regulate
CAP gene expression in human myometrial cells. To address
this, we knocked down PR-B and CNOT1 corepressor and
conducted ChIP–qPCR assay. In the absence of endogenous
PRB, the binding of CNOT1 and enrichment of repressive
histone marks were maintained at the NF-kB response ele-
ments within the Cx43 promoter. Consistent with this obser-
vation, Cx43 gene expression was reduced (Fig. S3). Similarly,
in the absence of CNOT1, PR-B binding to the Cx43 promoter
and repression of Cx43 expression was unaffected (Fig. S3).
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These data suggest a basal repressive action of CNOT1 that is
independent of P4–PR action.

Discussion

The mechanisms involved in the myometrial quiescence
throughout most of pregnancy and its transition to a coordi-
nately contractile unit at term are highly complex and inter-
related. Previous studies have shown that myometrial
quiescence is mediated in large part by P4–PR suppression of
proinflammatory and CAP gene expression (5, 9). Decreased
PR function in the myometrium toward term is known to be
caused, in part, by the increased local metabolism of P4 by
20a-hydroxysteroid dehydrogenase (23, 25), the increased
interaction of PR with proinflammatory transcription factors
(e.g., AP-1, NF-kB) (5), an increased ratio of PR-A to PR-B (24,
28–30), and increased expression of the truncated PR isoform,
PR-C (31). In this study, we identified CNOT1, a scaffold
protein of the CCR4–NOT complex (12), as a novel P4-
induced PR-B-interacting protein that mediates myometrial
quiescence during gestation via repressing CAP gene promoter
activity. We suggest that the decrease in Oxtr and Cx43 gene
expression in pregnant mouse myometrium toward term or in-
labor may be mediated, in part, by the decline in P4–PR in-
duction and recruitment of CNOT1.

The CCR4–NOT complex is a large multifunctional protein
complex, primarily known to regulate RNA and protein
integrity (32). This complex is comprised of more than nine
core subunits, including CNOT1–5 and deadenylase enzymes
CCR4 and CAF1. These proteins are localized in both cyto-
plasm and nucleus, depending on their functional activities.
Previous studies showed that the CCR4–NOT complex regu-
lates cytoplasmic mRNA turnover by acting together with
polyadenylate binding protein 1 (PABPC1) to induce mRNA
deadenylation (32–34). We observed that increased nuclear
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Decline in PR corepressors in pregnant myometrium near term
CNOT1 plays a functional role in mediating the down-
regulation of CAP gene transcription during pregnancy. In
addition to its role as a transcriptional corepressor in the
nucleus, CNOT1 may also maintain myometrial quiescence
through its possible role in CAPmRNA degradation within the
cytoplasm (Fig. S2). By mass spectrometry analysis, we also
previously identified CNOT2 and CNOT3, other components
of CCR4–NOT complex, as PR-B-interacting proteins
(Table S1 in (9)). CNOT2 was shown to directly interact with
CNOT3 and be involved in repression of RNA pol II–directed
promoter activity (32, 35). Previous reports indicated that
CNOT1 mediated ligand-dependent suppression of ERa and
retinoid X receptor target genes via interaction of its LXXLL
motif within the ligand-binding domains of ERa and retinoid
X receptor (15).

This study found that a decrease in the recruitment of
CNOT1 was associated with a marked decrease in the
repressive histone mark H3K27me3 at the promoters of CAP
gene, whereas enrichment of H3K9me3 remains unchanged
(Fig. 4). The expression of histone-modifying enzymes that
corresponded to these repressive histone marks was found to
be correlated with their enrichment at CAP gene promoters in
pregnant mouse myometrium during late pregnancy. Specif-
ically, SUV39H2 was elevated at 15.5 dpc and declined toward
term (Fig. 5), whereas KDM3B was upregulated during late
gestation (Fig. 5); this was associated with decreased enrich-
ment of H3K9me3 at the CAP gene promoters. H3K9 meth-
yltransferases in mammalian cells include SETDB1, G9a, and
the PRDM family (36). It will be of interest to determine
whether any of these other H3K9 methyltransferases are
expressed in pregnant mouse myometrium and contribute to
the suppression of myometrial contractility during late gesta-
tion. In addition, EZH2 was found to be an important H3K27
methyltransferase in quiescent mouse myometrium, with its
expression elevated at 15.5 dpc and downregulated near term
(Fig. 5). However, the inconsistency between enrichment of
H3K27me3 and downregulation of EZH2 at Cx43 gene pro-
moter at 18.5 dpc (as shown in Figs. 4C and 5A) suggests the
J. Biol. Chem. (2024) 300(7) 107484 9
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potential for other methyltransferases such as EZH1 to cata-
lyze H3K27me3 at that time point (37, 38). The expression of
PHF8 protein, which catalyzes demethylation of mono-
methylated and dimethylated histone K9 and K27 residues,
was increased toward term in the pregnant mouse myome-
trium (Fig. 5). Previous study has observed H3K27
trimethylation–mediated transcriptional silencing of genes
during early gestation in mouse decidual stromal cells.
Furthermore, expression of KDM6A, H3K27 demethylase, was
increased in the human decidua at term compared with
6 weeks (39). However, we observed that KDM6A expression
was slightly decreased from 15.5 dpc toward term in mouse
myometrial tissues (unpublished data). Further research is
necessary to investigate regulation of H3K27 demethylase in
myometrial and decidual tissues.

At 15.5 dpc, the Oxtr gene promoter displayed enrichment
for active histone marks (H3K4me3, H3K9Ac, and H3K27Ac),
which significantly increased during labor (Fig. 6). In contrast,
the enrichment of active histone marks in the Cx43 promoter
region remains constant from 15.5 dpc until labor. This sug-
gests that the myometrium is prepared to quickly activate the
Cx43 gene to exit the quiescence state (40). Although active
histone marks were differentially enriched at Cx43 and Oxtr
gene promoters at 15.5 dpc, the histone acetylase CBP was
similarly enriched at both gene promoters at 18.5 dpc (Fig. 7).
Interestingly, p300 and RNA pol II binding was enriched at the
promoters of both Cx43 and Oxtr genes at 15.5 dpc and
remained unchanged through term (Fig. 7). These results
suggest that the pronounced decline of CNOT1 binding at
18.5 dpc and interplay between repressive and active histone
marks may be crucial for RNA pol II induction of both CAP
genes during term.

In a previous study, we discovered through mass spectrom-
etry analysis of myometrial proteins that PR-interacting tran-
scriptional corepressors interacted more strongly with PR-BWT

than with a mutant form of PR-A, which lost its anti-
inflammatory activity (9). These corepressors included C-ter-
minal-binding proteins (CtBP)1 and CtBP2. In addition,
ZEB1–2 inhibited transcription of IL-2 and several muscle-
specific genes, such as myosin heavy chain and myogenin, by
forming a complex with CtBP1 (C-terminal binding protein 1)
and CtBP2 (C-terminal-binding protein 2) (41–43) and HDACs
(histone deacetylases) (43). CtBP1–2, in turn, recruited the
polycomb repressive complex (PcG–PRC) 2 to suppress gene
expression (44). A separate study showed that ZEB1 was upre-
gulated by P4–PR in quiescent pregnant mouse myometrium
and bound to the promoters of Cx43 and Oxtr genes to inhibit
their expression (8). ZEB1 expression declined near term, which
was associatedwith the decrease in PR function and induction of
CAP gene expression (8). These findings suggest that decreased
expression of ZEB1 and the associated corepressors may
enhance myometrial CAP gene expression near term and
contribute to the decline in PR function leading to parturition.
In pregnant rat myometrium, P4 repression of Cx43 transcrip-
tion was mediated by PR binding to AP-1 bound to the Cx43
promoter with subsequent recruitment of the RNA-splicing
factors/corepressors, PSF and p54nrb. These putative
10 J. Biol. Chem. (2024) 300(7) 107484
corepressors declined toward term and in-labor (10, 45). PR also
recruited Sin3A and HDAC1, which are PSF–p54nrb interact-
ing proteins, in response to myometrial stretch and an increase
in circulating estrogen levels (10).

Our current analysis demonstrates that CNOT1 binding
and repressive activity occurs in a PRB-independent manner.
As evaluated by ChIP–qPCR, knockdown of PR-B does not
impact CNOT1 binding to the Cx43 promoter region.
Consequently, the occupancy of CNOT1 results in a signifi-
cant decline in Cx43 gene expression levels in the myometrial
cells (Fig. S3). In accordance with CNOT1 repression inde-
pendent of PRB, reduced enrichment of repressive histone
marks (H3K9me3 and H3K27me3) was observed only in the
absence of CNOT1. These findings suggest that CNOT1-
mediated gene silencing is reinforced via recruitment of his-
tone methyltransferases to the CAP promoter regions. While
knockdown of CNOT1 does not impact PR-B binding to the
Cx43 promoter, PR-B alone was not sufficient to silence Cx43
gene expression at basal levels. Unexpectedly, we noted a
marked decline in Cx43 gene expression in the absence of PR-
B. Based on these observations, we cannot rule out the
involvement of another PR-B-independent repressive regula-
tory mechanism at the chromatin level. Future studies will help
to further elucidate the P4–PR regulatory mechanisms and the
recruitment of other corepressors, such as ZEB1, to drive CAP
gene silencing in the myometrium during pregnancy.

In sum, the present study suggests the following model for
the regulation of CAP gene expression in the myometrium
during pregnancy (Fig. 10). Throughout most of pregnancy,
P4–PR inhibits CAP gene expression by recruiting multiple
corepressor complexes. Binding of corepressor CNOT1 to NF-
kB response elements in the regulatory regions of CAP genes
may occur in a PR-independent manner. CNOT1 binding, in
turn, may recruit histone methyltransferases, such as
SUV39H2 and EZH2, which catalyze H3K9me3 and
H3K27me3, respectively. P4–PR also upregulates EZH2
expression (46) and recruits the transcriptional repressor,
ZEB1, to the CAP gene promoters (8). ZEB1, interacting with
CtBP1–2, recruits Sin3a and HDACs to further repress CAP
and proinflammatory genes (43, 47, 48). Interestingly, both
Sin3A and the NuRD–Mi2 complexes contain modules
comprised of HDAC1, HDAC2, and the two histone tail-
targeting proteins, RbAp46 and RbAp48 (49).

During late gestation, multiple factors including enhanced
production of inflammatory signals by the fetal lung (50–52),
increased mechanical stretch (53), and increased circulating
estrogen levels (53–55) contribute to an increased inflamma-
tory response within the myometrium. In addition, local P4
levels decline because of the induction of 20a-hydroxysteroid
dehydrogenase (23, 56, 57), leading to reduced expression and/
or binding of CNOT1, ZEB1, and GATAD2B. Consequently,
there is diminished recruitment of the PcG and NuRD com-
plexes, resulting in decreased enrichment of the repressive
histone mark H3K27me3 and increased recruitment of the
histone acetyltransferase CBP with increased enrichment of
chromatin-associated H3K4me3, H3K9ac, and H3K27ac.
These collective changes result in an opening of chromatin



Figure 10. Proposed model indicates that during pregnancy, P4–PR represses inflammatory and contractile gene expression through binding to
NF-kB response elements in the promoters of these genes. CNOT1 in a PR-independent manner binds and recruits the repressive histone modifier PRC2
and SUV39H complexes. The EZH2 component of PRC2 catalyzes trimethylation of H3K27, which recruits the PRC1 repressive complex to reinforce inhibition
of contractile gene expression. SUV39H mediates trimethylation of H3K9. P4–PR also increases expression of ZEB1, which interacts with the repressive
complex of CtBP1–CtBP2–Sin3A–HDAC 1 and 2. Collectively, these interactions cause a dynamic shift in the abundance of histone methylation marks
promoting a closed chromatin configuration, resulting in silencing of contractile gene expression. In the transition to labor, there is a loss of PR function and
decreased expression of CNOT1. These changes lead to reduced recruitment of PRC2 and SUV39H complexes and a decrease in the enrichment of the
repressive marks, H3K9me3 and H3K27me3. Finally, the associated decrease in the transcriptional repressor ZEB1 and associated factors results in increased
binding of CBP and p300 histone acetylases with increased H3K9 and H3K27 acetylation marks. Collectively, these coordinated epigenetic events cause
opening of the chromatin structure surrounding contractile and proinflammatory genes, resulting in their increased expression and the initiation of labor.
CNOT1, CCR–NOT transcription complex subunit 1; CtBP, C-terminal binding protein; EZH2, enhancer of Zeste 2 polycomb repressive complex 2 subunit;
HDAC, histone deacetylase; P4, progesterone; PR, progesterone receptor.

Decline in PR corepressors in pregnant myometrium near term
structure to enhance RNA pol II–mediated transcription of
proinflammatory and CAP genes, leading to the initiation of
parturition (Fig. 10). Overall, P4-mediated regulatory networks
in the myometrium, in parallel with the unique CNOT1
repressor activity, facilitate inhibition of proinflammatory and
CAP gene expression to sustain myometrial quiescence during
pregnancy.

Experimental procedures

Timed-pregnant ICR–CD1 mice and collection of murine
tissues

All animal protocols were approved by the Institutional
Animal Care and Use Committee of the University of Texas
Southwestern Medical Center. Timed-pregnant ICR–CD1
mice were bred at UT Southwestern. Uteri were removed at
15.5 to 18.5 dpc and during labor (in-labor) following iso-
flurane anesthetic inhalation (Baxter Healthcare Corp) and
cervical dislocation. The uteri were cleared of all embryonic
materials as well as endometrium and decidua. The tissues
were further enriched for myometrium by sterile scraping and
blotting with a paper towel. The myometrial tissues were then
washed in ice-cold PBS, flash-frozen in liquid nitrogen, and
stored at −80 �C until analyzed.

P4 treatment studies

Timed-pregnant ICR mice were injected subcutaneously
with P4 (Sigma, 1 mg in 0.25 ml sesame oil) or with sesame oil
(vehicle) daily at 15.5, 16.5, and 17.5 dpc. Uterine tissues were
collected at 18.5 dpc, enriched for myometrium, washed in ice-
cold PBS, and flash frozen for subsequent mRNA analysis.

Cell culture conditions and reagents

hTERT-HM cells that were stably transfected with a PR-B-
GFP fusion construct, as previously described (9), were
maintained in DMEM-F12 (Life Technologies), supplemented
with 10% fetal bovine serum (FBS) (Gibco) and 1%
streptomycin–penicillin solution (Gibco). The cells were
cultured in an atmosphere of 95% air/5% CO2 in a 37 �C tissue
culture incubator. For all experiments, the cells were seeded in
maintenance medium and allowed to reach 70% confluence.
Prior to treatment, media were replaced with phenol red–free
DMEM-F12 medium (Gibco) without FBS or with charcoal-
stripped FBS (1% v/v) (Gibco) for RNAi experiments, and
the cells were cultured overnight. The next morning, the cells
were incubated in medium containing P4 (100 nM; Sigma), IL-
1b (10 ng/ml; Cell Signaling Technology), or with P4 + IL-1b,
and cultured for 24 h.

siRNA-mediated RNAi

For siRNA-mediated mRNA knockdown, Silencer Select
siRNA oligonucleotides against human CNOT1 (4392420,
s22842; ThermoFisher), human PRB (4392422, s10416; Ther-
moFisher), and negative control oligonucleotides (4390846;
ThermoFisher) were transfected using the Lipofectamine
RNAiMAX transfection reagent (13778030; ThermoFisher) as
per the manufacturer’s recommendations. Briefly, hTERT-HM
J. Biol. Chem. (2024) 300(7) 107484 11
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cells stably expressing WT PR-B were cultured for 24 h in
phenol red–free DMEM-F12 medium with 1% charcoal-
stripped FBS before transfection with 40 nM of siRNA for
CNOT1 or PRB for 48 h. Cells were then treated with vehicle
(V), P4, (100 nM) or P4 + IL-1b (10 ng/ml) for 16 h and
harvested for subsequent analysis.

RT–qPCR assay

Total RNA was extracted from cell lines and mouse myo-
metrium using an RNeasy Mini kit (Qiagen) as per the man-
ufacturer’s recommendations. Approximately 0.5 mg of RNA
was treated with an RNase-free DNAse I (18068-015; Ther-
moFisher) to digest genomic DNA and reverse transcribed
using an iScript RT SuperMix cDNA Synthesis kit (1708841;
Bio-Rad). For gene expression analysis, iTaq SYBR Green
Supermix (Bio-Rad) and TaqMan PCR master mix (Applied
Biosystems) were used in a CFX384TM Real-Time PCR
Detection System (Bio-Rad). Relative gene expression was
calculated using the comparative cycle threshold (DDCt)
method. Acidic ribosomal phosphoprotein P0 (36B4) was used
as internal control. Custom-designed primers and TaqMan
primers and probes were obtained from Sigma and Applied
Biosystems, respectively (Table S1).

Chromatin immunoprecipitation

ChIP assays were performed in the hTERT-HM-PR-BWT

cell line treated with or without P4 (100 nM) for 16 h and in
pregnant mouse myometrium isolated at 15.5 to 18.5 dpc and
during labor. In brief, cells or minced tissues were cross-linked
with 1% formaldehyde solution (ThermoFisher) at room
temperature for 10 min. Cross-linking was terminated by in-
cubation in a final 0.125 M concentration of glycine. The tis-
sues were homogenized in PBS containing 1× protease
inhibitor cocktail (Sigma) with a Dounce homogenizer. The
tissue was suspended in Farnham lysis buffer (5 mM Pipes,
85 mM KCl, and 0.5% NP-40), 1× protease inhibitor cocktail
(Sigma), and 1 mM PMSF (Sigma) for 10 min to isolate nuclei.
The nuclei were incubated with ChIP lysis buffer (50 mM Tris
[pH 8.1], 10 mM EDTA, 1% SDS, 1× protease inhibitor
cocktail, and 1 mM PMSF) for 10 min and then sonicated to
shear the chromatin into 200 to 500 bp fragments. ChIP grade
antibodies (Table S2) were used to immunoprecipitate the
specific protein–DNA complexes. The immunoprecipitated
complexes were washed sequentially with low salt wash buffer
(20 mM Tris, pH 8, 0.1% SDS, 1% Triton X-100, 150 mM
NaCl, and 2 mM EDTA), high salt wash buffer (20 mM Tris,
pH 8, 0.1% SDS, 1% Triton X-100, 500 mM NaCl, and 2 mM
EDTA), and LiCl wash buffer (Tris, pH 8, 500 mM LiCl, 1%
NP-40, 1% sodium deoxycholate, and 1 mM EDTA), eluted
using ChIP elution buffer (1% SDS and 100 mM NaHCO3),
and heated at 65 �C overnight to reverse cross-linking.
Following treatment with 10 mg RNase A and 20 mg protein-
ase K, DNA was extracted using a PCR purification kit (28106;
Qiagen) and was amplified by qPCR using primers that flanked
the NF-kB response elements in the OXTR and CX43 pro-
moters (Table S1).
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Sequential ChIP (ChIP–re-ChIP)

ChIP–reChIP assays were performed as previously described
(58). Mouse myometrial tissues (100 mg) at 16.5 dpc were
processed, as aforementioned, to generate sheared chromatin.
The first ChIP assay was performed with PR A/B antibody (Cell
Signal Technology). Chromatin immunocomplexes were eluted
by incubating in 10 mMDTT/50 ml TE at 37 �C for 30 min. The
eluate was diluted 20×withChIP dilution buffer (16.7mMTris–
HCl, pH 8.0, 167mMNaCl, 1.1% Triton, 0.1% SDS, and 1.2 mM
EDTA) and subjected to a second round of immunoprecipita-
tion using antibodies against CNOT1 (Proteintech) or EZH2
(Cell Signal Technology) or with immunoglobulinG (Cell Signal
Technology) as a negative control. The immunocomplexes were
eluted with 1% SDS and 100 mMNaHCO3. Extracted DNAwas
analyzed to determine interactions of PR with corepressors at
the Cx43 and Oxtr promoters by qPCR.

Immunoblotting

Flash-frozen myometrial tissues were homogenized with a
Dounce homogenizer in Farnham lysis buffer without NP-40,
protease inhibitor cocktail (Sigma), and then incubated with
0.5% NP-40. Isolated nuclei were lysed in 1× radio-
immunoprecipitation assay buffer (Cell Signaling Technology)
containing 1× protease inhibitor cocktail (Sigma), 1× phos-
phatase inhibitor (Sigma), and 1 mM PMSF. Protein concen-
trations were quantified using the Bradford assay (BCA Protein
Assay Kit; Pierce). Equivalent amounts of myometrial protein
were resolved by SDS-PAGE and transferred onto a poly-
vinylidene difluoride membrane. Membranes were blocked
with 5% nonfat dry milk in 1× PBS containing 0.1% Tween-20
at 4 �C overnight, and incubated with primary antibodies at
room temperature. Membranes were incubated for 1 h at room
temperature in a blocking buffer containing horseradish
peroxidase–conjugated secondary antibody (GE Healthcare).
SuperSignal West Pico PLUS Chemiluminescent Substrate
(Thermo Scientific) was used to detect protein signals ac-
cording to the manufacturer’s protocol.

Statistical analysis

Data are mean with SEM (for error bars) of values from
triplicates samples of a representative experiment repeated two
to three times with comparable results. t Test, one-way
ANOVA, and two-way ANOVA were performed for statisti-
cal significance. ns, not significant; *p < 0.05; **p < 0.01;
***p < 0.001; ****p < 0.0001.

Data availability

All data described in this study are contained within the
main article and supporting information.
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