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Abstract

Myometrial contraction is stringently controlled throughout pregnancy and parturition. 

Progesterone signaling, effecting through the progesterone receptor (PR), is pivotal in modulating 

uterine activity. Evidence has shown that two major PR isoforms, PR-A and PR-B, have distinct 

activities on gene regulation, and the ratio between these isoforms determines the contractility of 

the myometrium at different gestational stages. Herein, we focus on the regulation of PR activity 

in the myometrium, especially the differential actions of the two PR isoforms, which maintain 

uterine quiescence during pregnancy and regulate the switch to a contractile state at the onset of 

labor. To demonstrate the PR regulatory network and its mechanisms of actions on myometrial 

activity, we summarized the findings into three parts: Regulation of PR Expression and Isoform 

Levels, Progesterone Receptor Interacting Factors, and Biological Processes Regulated by 

Myometrial Progesterone Receptor Isoforms. Recent genomic and epigenomic data, from human 

specimens and mouse models, are recruited to support the existing knowledge and offer new 

insights and future directions in myometrial biology.
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1. Introduction

The myometrium is the muscular compartment in uterus that supports structural integrity 

of the organ and plays a dual role in regulating the switch of uterine contraction states 
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during pregnancy and parturition. The myometrium lies between the inner endometrium 

and the outer perimetrium, forming the thickest part of the uterine wall. Smooth muscle 

cells (myocytes or myometrial cells) are the most abundant cell component constructing 

the circular and longitudinal muscle bundles in this layer, which is capable of both tonic 

and phasic contractions without nerve control. Uterine myocytes have their own intrinsic 

rhythmicity and pacemaker to control contractile activities depending on different situations, 

and they are finely modulated by hormones, mechanical stretch, and other intracellular 

signals such as calcium (Ca2+) flux (1). Proper exertion of the contractile forces coordinated 

by myometrial cells is critical for the myometrium throughout all gestational stages and at 

term parturition.

Uterine contraction is physiologically relevant for both nonpregnant and pregnant 

uteri. Adequate uterine contractility assists transportation of sperm toward the fallopian 

tubes, helps fertilized eggs implant, and sheds menstrual debris (2,3) (4). Emerging 

evidence suggests that excessive contractions could lead to implantation failure (2,5). 

The myometrium becomes relaxed once the embryo implants and starts to develop (6). 

Reduced muscle movement during this gestational period keeps the myometrium quiescent, 

preventing the fetus from being expelled by preterm labor. Early in the third trimester 

of pregnancy, intermittent but mild Braxton Hicks contractions begin (7), which serve to 

provide more oxygen-rich blood flow to the placenta and prepare for true labor. Once 

parturition is initiated, the myometrium begins frequent and intense contractions until 

the completion of fetus and placental expulsion, which concludes the labor process. The 

arrest of labor caused by insufficient contractile force during parturition could consequently 

develop into dystocia (8), increasing the risk of both maternal and neonatal hemorrhage, 

infections, and even birth asphyxia (9).

Progesterone, a key steroid hormone in female reproduction, plays a vital role in modulating 

the phenotypic transition between different gestational stages in the uterus. In mice, 

progesterone is supplied by the ovarian corpus luteum. In humans, luteal progesterone 

production is subsequently taken over by the developing placenta around the 8th-12th 

week of gestation after successful implantation (10). Progesterone levels increase after 

ovulation to prepare the uterus for pregnancy. At early pregnancy, progesterone signaling 

is important for embryo reception and decidual differentiation in the endometrium (11) 

(12). Subsequently, a sustained level of functional progesterone throughout pregnancy 

maintains low myometrial activities and stabilizes the maternal environment, allowing 

the fetus to mature. Animal models, including mice, rabbits, pigs, and goats, show a 

measurable drop of serum progesterone around the end of gestation (13–16), releasing 

the myometrium from contraction inhibition. However, in humans, the systemic level 

of progesterone is not decreased preceding parturition. Instead, functional suppression 

of progesterone responsiveness is employed in the human myometrium to work with 

other stimulating factors, such as estrogen, prostaglandins, and oxytocin, to transform the 

muscle into a contractile phenotype for subsequent parturition (17). On the other hand, 

progesterone also serves as an anti-inflammatory factor that allows for the tolerance of the 

fetus in the maternal body. During the onset of labor, the loss of progesterone’s effects 

facilitates the effects of pro-inflammatory cytokines, chemokines, oxidative stress, and 
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infiltrated leukocytes to stimulate the vigorous rhythmic contractions in the myometrium 

for parturition (18).

Progesterone signaling is transduced by genomic and nongenomic mechanisms (19,20). 

In the female reproductive tract, progesterone genomic actions are primarily driven by 

the progesterone receptor (PR). Upon ligand induction, PR translocate to the nucleus and 

acts as a transcription factor to regulate target gene expression. PR-A and PR-B isoforms 

are made from the same PR gene locus via alternative promoters (21,22). While both 

variants bear DNA binding domains, PR-A is a truncated form of PR-B, lacking the first 

164 amino acids of the N-terminal site where one of the three activation function (AF) 

domains resides (12). PR isoforms can act as transcription activators or repressors depending 

on the context (23–26). Additionally, global genomic actions of PR-A and PR-B can be 

similar or distinct depending on the tissue type (27–30). Moreover, subcellular localization 

of PR isoforms in response to local ligand availability also determines the activity of 

target genes (26). Physiologically, female mice lacking the PR-A isoform are infertile 

due to the compromised ovulation and decidualization capability, similar to the PR null 

phenotypes (31,32). No myometrial abnormality was reported in these two mouse models 

(31,32). In contrast, PR-B knockout females can carry out pregnancy and produce live pups 

(33). These observations indicate that PR-A is required and sufficient to exert myometrial 

functions for mouse pregnancy. On the other hand, female mice of smooth muscle PR-B 

overexpression manifest a labor dystocia phenotype (28), showing the function of the PR-B 

isoform in maintaining myometrial quiescence during pregnancy. These findings collectively 

demonstrate the versatility of progesterone receptors that permit progesterone dependent 

control on a wide spectrum of biological processes in various contexts.

The human myometrium expresses both PR-A and PR-B isoforms and their relative protein 

ratio changes along gestation (25,34). The changing PR isoform ratio has been proposed 

to mediate the “functional progesterone withdrawal” that determines the switch to the 

contractile state in the pregnant human myometrium (25,35). Microarray analyses using 

immortalized human myometrial cells engineered to express these two isoforms have 

demonstrated that these two isoforms regulate separate target genes. PR-A modulates 

gene signatures corresponding to inflammation and the promotion of parturition, while 

PR-B modulates genes inhibiting inflammation that are necessary for the maintenance of 

pregnancy (29). This in vitro observation was validated in vivo by engineering mice with 

deregulated expression of PR-A or PR-B in smooth muscle cells. In vivo, more than 80% 

of uterine genes under the control of either myometrial PR-A or PR-B are distinct between 

these two isoforms in mice (28). Uteri of myometrial PR-A overexpression manifest a 

pro-inflammatory gene signature, in contrast with the anti-inflammation, anti-contraction, 

and pro-muscle building transcriptomic profile of the PR-B overexpressor (28). Such an 

agreement between human and mouse studies reveals an evolutionary conservation of 

PR isoform functions in the myometrium via conferring overlapping and independent 

transcriptomes (28,29). In this review, we will discuss the regulation, the interacting 

partners, and the downstream actions of the progesterone receptor isoforms PR-A and PR-B 

with a focus on the myometrial compartment.

Li et al. Page 3

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

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2. Regulation of PR Expression and Isoform Levels

In 1965, Csapo and colleagues mentioned that even though there is a distinct dynamic 

pattern of systemic progesterone level in humans, especially during the onset of labor, 

progesterone has a similar effect on myometrial contractility in all mammals, implying 

that progesterone signaling is not only a prerequisite for pregnancy termination, but built 

with refined and complicated networks in response to endocrine milieu diversity (35). The 

flip-flop of progesterone responsiveness in the myometrium is predominantly determined by 

how intracellular PR signaling works, which factors in the protein level of PR, particularly 

the two major isoforms PR-A and PR-B, their locations in subcellular compartments, and the 

regulation of their downstream genes that are functionally related to muscle contraction.

2.1 Transcriptional Control

Human myometrial PR-A protein abundance exhibits a gradual increase from preterm 

nonlabor to term labor stages while PR-B maintains its levels (25). This differential 

expression pattern results in a major increase of the PR-A-to-PR-B ratio with a PR-A 

dominance status in the term labor myometrium (25). Such an increase of the myometrial 

PR-A-to-PR-B ratio is also seen in the transcript level (36,37), suggesting that transcription 

regulation is one of the mechanisms that determines the PR isoform ratio.

The genetic program that modulates expression of myometrial PR and its isoforms remains 

elusive. In term pregnant human myometrial tissues, the PR-encoding PGR locus manifests 

several open chromatin regions at the promoter, introns, and untranslated regions (Figure 

1) (38) that permit transcription regulators’ access to the vicinity for gene modulation. 

Among which, the open chromatin regions at the PGR promoter and untranslated regions 

are potential hotspots of regulator occupancy, as suggested by the meta-analysis of 338 

transcription factors’ genome binding patterns across 130 cell types from the ENCODE 

project (Figure 1) (39). In human breast cancer cells, previous work has found that PR 

gene expression is stimulated by estrogen and cyclic AMP (40). cAMP response elements 

(CRE)-like sequences were identified in the 5′-flanking region of the human PR gene (41), 

although their direct regulation of PR transcription has not been shown. Estrogen-induced 

increases in PR expression are dependent upon estrogen receptor α (ERα). Specifically, 

ERα-null mice have lower levels of PR and PR transcription cannot be induced by estrogen 

treatment (42). Interestingly, in the regulatory regions surrounding and within the PR gene, 

there are no full estrogen response elements (ERE), but there is an ERE half-site (43,44). 

This ERE half site is upstream of two adjacent specificity protein 1 (Sp1) sites (from +571 

to +595), thus it is called the +571 ERE/Sp1 site, and requires the binding of ERα and 

Sp1 for effective regulation of PR gene transcription (45,46). This +571ERE/Sp1 site is 

conserved in the mouse and rat (47,48). Additionally, there is another region from −80 

to −34 in the PR gene that contains two Sp1 sites (46). Here again, cooperation between 

Sp1 and ERα regulates PR gene transcription in an E2-dependent manner (46). In the 

mouse endometrium, NR2F2 promotes PR expression (49,50), while NR2F2 can tether 

on Sp1 proteins to promote gene expression (51). Since ESR1 (the gene encoding ERα), 

NR2F2, and SP1 are expressed in the human myometrium (38,52), myometrial cells could 

potentially adopt similar regulatory effects of these transcription factors on PR expression. 
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Notably, occupancy of CTCF, a protein involved in the tertiary structure of the chromatin, 

at the PR promoter is observed in MCF-7 cells (39). This finding raises a possibility of 

PR being regulated by distal enhancers and warrants future investigations on the impact of 

topological interactions among cis-acting elements on the regulation of PR expression.

2.2 Epigenetic Regulation

Epigenetic mechanisms emerge as a layer of control for myometrial PR isoform expression. 

PR-A mRNA levels are higher in the laboring human term myometrium than nonlaboring 

specimens (37). Chai et al. further found that the PR-A promoter exhibits higher enrichment 

levels of the active histone marks acetyl-histone H3 and acetyl-histone H4 compared 

with the PR-B promoter, and this difference was established prior to the labor-associated 

increase of PR-A/PR-B mRNA ratio (37). This observation echoes Shchuka and colleagues’ 

findings that, at the genome wide scale, promoters of labor-associated genes and the 

putative enhancers are already epigenetically active four days prior to labor in the mouse 

myometrium, preceding the labor-associated change of gene expression patterns at the 

transition to the active laboring stage (53). Moreover, the term pregnant human myometrium 

also has a distinct epigenomic environment as evidenced by a stage-specific open chromatin 

pattern (38). These results indicate that the myometrial epigenomic landscape reprograms 

ahead of parturition, paving the way to adjust the PR isoform ratio and switch transcriptome 

to the contractile program.

Epigenetic modifiers that alter chromatin and DNA moiety profiles have played a role 

in promoting PR-A level during parturition (54,55). Histone deacetylase 1 (HDAC1), that 

works to remove acetylation modifications from histones, has lower protein and mRNA 

levels in laboring human myometrial tissues compared with nonlaboring specimens (54). Ke 

et al. showed that HDAC1 occupies the PR-A promoter and suppresses PR-A expression in 

primary myometrial cells (54). Collectively, these data suggest that the reduction of HDAC1 

expression promotes the increase of the PR-A/PR-B ratio for parturition. Unlike HDAC1, 

the Jumonji AT-rich interactive domain 1A (JARID1A, KDM5A), an enzyme that eliminates 

methylation at H3K4, has comparable mRNA levels between nonlaboring and laboring term 

myometrial specimens. Instead, JARID1A protein occupancy on the PR-A promoter is lower 

in laboring human myometrium compared with nonlaboring tissues (55), coinciding with 

the increase of H3K4 trimethylation in the PR promoter at labor (37). Notably, JARID1A 

also occupies the PR locus and attenuates estrogen-induced PR promoter activities in MCF-7 

cells (56). These observations implicate that an unknow mechanism in the myometrium 

removes JARID1A from the PR promoter region to permit the change of the PR isoform 

expression pattern at parturition.

Alterations of the DNA methylation profile at the PR promoter region of human myometrial 

tissues have also been observed. Bisulfite sequencing data show a reduction in the number 

of methylated cytosine-guanine dinucleotide (CpG) sites in between the PR-B and the 

PR-A transcription start sites in laboring myometrium compared to nonlaboring specimens 

(55,57). Concomitantly, DNA methyltransferases (DNMT), DNMT1 and DNMT3a, exhibit 

lower mRNA abundance in laboring specimens compared to the nonlaboring human 

myometrial tissues (57), which potentially links the DMNT levels to PR promoter 
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methylation status. While functional significance of the promoter DNA methylation 

status and DMNT levels remain unknown for PR in the myometrium, studies in the 

endometrium shed light on DNA methylation as a regulatory mechanism of PR expression. 

Hypermethylation of the PR-B promoter is associated with lower PR-B mRNA abundance 

in ectopic endometrial tissues of endometriosis patients (58). Emerging evidence shows 

that the inverse correlation between PR-B promoter methylation and expression levels is 

present in epithelial and stromal cells, the two major cell types of the endometrium (59,60). 

Functionally, treating cultured endometrial stromal cells with demethylation agent 5-aza-20-

deoxycytidine increases PR-B mRNA abundance and adding the histone deacetylase 

inhibitor trichostatin A can further boost the induction levels (60). These observations 

indicate that epigenetic regulators likely work in concert to modulate the activities of PR 

isoform promoters in a context dependent manner.

2.3 Protein stability and posttranslational modifications

Control of protein stability regulates the abundance of and the ratio between PR isoforms in 

the myometrium. In cultured myometrial cells, progesterone treatment increases the PR-A/

PR-B protein ratio by reducing the rate of protein decay on PR-A and increasing that of PR-

B (61). The differential protein turnover rates between PR-A and PR-B are 26S proteosome 

dependent and can be facilitated by either pro-inflammatory interleukin-1β (IL-1β) or 

lipopolysaccharide (LPS) in the presence of progesterone (61). Protein levels of both PR 

isoforms have been reported to decrease in cultured myometrial explants and further in 

isolated myometrial cells compared to freshly isolated nonpregnant myometrial tissues (62). 

Treating the myometrial explants with progesterone together with either IL-1β or LPS slows 

down the PR-A isoform decay rate (61), supporting the in vitro findings. Notably, progestin 

R-5020, a PR agonist, also facilitates PR-B degradation in a 26S proteosome dependent 

manner in MDA-MB-231 breast cancer cells and Ishikawa endometrial cancer cells (63). 

These observations collectively suggest a conserved biological process in regulation of PR-B 

protein stability across various cell types.

Modifications of PR proteins with phosphorylation, acetylation, ubiquitination, and 

SUMOylation have been discussed elsewhere (64,65). In human myometrial tissues, 

phosphorylation on the serine 345 residue (pSer345) of the PR-A isoform increases at 

the laboring stage (66). In cultured human myometrial cells, mutating this serine residue 

to alanine abolishes the PR-A’s antagonizing function on PR-B’s repressive effect over 

the interleukin-8 gene expression (66), which supports the functional significance of PR-A 

pSer345. Progesterone alone increases pSer345 levels of both PR-A and PR-B in these 

cells. In contrast, progesterone together with IL-1β elevate pSer345 abundance on only the 

PR-A isoform in human myometrial explants (66). In summary, these findings indicate that 

progesterone and the pro-inflammatory IL-1β differentially control the PR isoform protein 

stability and activities in the myometrium.

3. Progesterone Receptor Interacting Factors

As a transcriptional regulator, PR interacts with major transcription factors and cofactors 

to control gene expression. Numerous PR interacting proteins have been identified in 
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various systems. Here, the discussion focuses on the ones that have functional roles in 

the myometrial compartment.

3.1 Activator protein-1 (AP-1)

AP-1 is a regulatory heterodimer composed of Jun and Fos family proteins, whose structure 

bears conserved DNA-binding domains (DBD) for specific DNA region recognition (67,68). 

AP-1 is an important regulator for laboring processes, which is evidenced by the histone 

ChIPseq analysis done in the pregnant and laboring mouse myometrium by Shchuka et al. 

Both proximal and distal regulatory regions of labor-associated genes show enriched AP-1 

recognizing sequence motif in H3K27Ac-positive (active mark) chromatins at labor (53), 

suggesting that AP-1 may act through these putative enhancers to regulate expression of 

labor-associated genes. The AP-1 protein is also found to increase during parturition (69), 

and it is reported that AP-1 serves a central role in mediating PR signaling by guiding 

the PR complex to designated promoter regions of contractile genes (26). For instance, the 

association with AP-1 is important for the PR complex to recognize the binding site in the 

promoter of connexin 43 (CX43, Gja1), a key labor gene for myometrial contraction (70). A 

study done by Dong et al. showed that, during pregnancy stage, AP-1 is essential for leading 

a PR multiprotein complex containing p54nrb (official gene symbol NONO), a heterodimer 

component of polypyrimidine tract-binding protein-associated splicing factor (PSF), which 

is already known as a PR corepressor (71), to the AP-1 binding site in the Gja1 promoter 

for transcriptional repression (70). Compared to the nonpregnant stage, protein levels of 

p54nrb increase and peak at mid-pregnancy, followed by a gradual reduction, resulting in 

significantly lower levels at term in the rat myometrium (70). In humans, NONO mRNA 

abundance also trends lower at term pregnant than nonpregnant myometrial tissues (38), 

in line with the observation in the animal model. The reduction of p54nrb levels at term 

may lift the repression on associated contractile genes in preparation for labor. Different 

component proteins that comprise AP-1 could also change the binding affinity of AP-1 

to different PR isoforms, and this could pose a large impact on the phenotypic switch 

of the myometrium between pregnancy and parturition states (26). Nadeem et al. found, 

constituted by Jun/Jun homodimers, that myometrial AP-1 prefers to associate with PR-B as 

a transcriptional repressor complex during pregnancy. At the laboring stage, Fos increases 

to generate more Fos/Jun heterodimers that exhibit less binding affinity with PR-B but 

higher binding affinity with PR-A (26). As a result, the Fos/Jun complex, including PR-A 

homodimers, becomes dominant and serves as a strong inducer for Gja1 transcription for the 

laboring process. Moreover, the AP-1-associated proteins could also regulate progesterone 

signaling by directly interacting with PR. It has been reported that Jun activation domain-

binding protein-1 (JAB1), one of the co-activators in the AP-1 multiprotein complex that 

potentiates the binding specificity of AP-1, directly interacts with PR to stabilize the DNA-

multiprotein complex during transcription (67). Using the two-hybrid screening method, 

Chauchereau et al. demonstrated that JAB1 could physically associate with both PR and 

steroid co-activator-1 (SRC-1), a common core protein in nuclear receptor protein complex, 

which enhances the transactivation of corresponding target gene induced by progesterone-

dependent signaling (67).
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Assessments of PR functions and genome occupancy in human and mouse myometrial 

tissues provide physiological relevance for previous in vitro findings. Based on the 

sequencing analysis from our published PR ChIPseq data from human myometrial tissues 

(38), PR occupying sites show significant enrichments of binding motifs of the Jun and 

Fos family, including JUN, FOSL1, and FOSL2. These results indicate a genome-wide 

permissive environment for Jun and Fos family proteins to interact with PR in the 

human myometrium. Moreover, predicted FOS molecular activities are lower in pregnant 

myometrial PR-B overexpression mouse uteri compared with the control, reflecting the 

PR-B preference of the JUN/JUN AP-1 composition (28). Our in vivo observations are 

in line with and serve as a physiological support for the in vitro results (26,70). It is 

noteworthy that the myometrium expresses multiple members of the AP-1 complex (72) that 

permit versatile regulation of PR functions. Therefore, further investigation of how the AP-1 

complex interacts with PR to determine the switch of myometrium contraction in various 

contexts of pregnancy is warranted.

3.2 Nuclear Factor kappa B

The role of the Nuclear Factor kappa B (NF/κB) complex and its functional interaction 

with PR in regulation of myometrial contractility have been recently reviewed elsewhere 

(73–75). Liganded PR suppresses expression of NFκB dependent pro-inflammatory genes 

by recruiting co-repressors to the loci or by promoting the expression of inhibitory 

factors IκBα and MKP-1 to maintain myometrial quiescence. In vitro, the p65 subunit 

of the NFκB complex RELA can physically interact with PR at the region commonly 

shared between PR-A and PR-B isoforms (76). In the genome, the overrepresentation of 

the NFκB binding motif in myometrial PR occupying sites formulates opportunities of 

interactions by permitting PR and NFκB in a proximity (38). Functionally, myometrial 

PR-A overexpression is associated with a prominent increase in predicted activities of the 

NFκB complex in mouse uteri (28), which is in line with the model that PR-A works 

with NFκB in regulating myometrial gene expression (73,74). Notably, RELA physically 

interacts with AP-1 proteins JUN and FOS in U1 leukemia cells (77). Given that PR 

isoforms preferentially interact with different combinations of the AP-1 proteins (26), 

further investigations would shed light on the role of potential interactions among PR, NFκB 

and AP-1 in determination of isoform specific activities of myometrial PR.

3.3 GATA zinc finger domain-containing 2B

Harnessing the mass spectrometry technique, Chen et al. discovered and characterized a 

novel PR-associated repressor, GATA zinc finger domain-containing 2B (GATAD2B) (78). 

GATAD2B directly interacts with both PR-A and PR-B isoforms in hTERT-HM cells. Loss 

of GATAD2B reduces progesterone dependent repression of proinflammatory gene COX-2 

and IL8 expression under IL-1beta stimulation. In this system, PR-A and PR-B mediated the 

progesterone action in the same direction. In human myometrial tissues, GATAD2B mRNA 

levels are lower in the laboring compared to the nonlaboring specimens. Notably, Gatad2b 
mRNA abundance decreases two days prior to parturition in the mouse myometrium, 

suggesting that the switch to the parturition program may begin days before the onset of 

laboring at both the genetic and epigenetic levels. Physiologically, GATAD2B is essential 

for mouse survival (Mouse Genome Informatics, MGI: 2443225) and is also a metastatic 
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driver of lung cancer in the KRAS mutation background (79). The functional significance of 

myometrial GATAD2B in a physiological context remains to be determined.

3.4 Krüppel-Like Factor 9

Krüppel-like factor 9 (KLF9), encoded by the gene of basic transcription element-binding 

protein-1 (BTEB1), has been studied as a crucial coregulator for mediating PR activity in 

various compartments in the uterus (80–82). KLF9 is a transcription factor that belongs to 

the Sp/Krüppel-like family, which has a conserved triple-C2H2 DBD at the C-terminus for 

direct gene regulation and carries highly variable transactivation/repression domains at the 

N-terminus that diversify its transcriptional regulation functions (83). It has been reported 

that klf9 deficient mice exhibit altered progesterone responsiveness and a subfertility 

phenotype (80,81,84). KLF9 expression is detected in the term pregnant myometrium in 

both human and mice (38,82,85). Clinically, women who experienced late term pregnancy 

(greater or equal to 41 weeks) have lower KLF9 protein levels in the nuclear extracts of 

myometrial tissues compared to term pregnancy (34). Functionally, Klf9 deficient mice 

exhibited prolonged pregnancy compared to wildtype mice (82). Myometrial tissues of Klf9 
null mice exhibit lower PR-A protein levels, lessened mRNA abundance of contractile genes 

Oxtr and Gja1, and reduced NF-κB p65/RELA DNA binding activities, compared to wild 

type animals (82). These findings suggest that KLF9 promotes expression of PR-A and other 

contractile machinery genes for parturition. Emerging data implicate that PR and KLF9 

might regulate myometrial gene expression in concert. The KLF9 binding motif is enriched 

in PR occupying sites of human myometrial tissues (38) and estimated PR-A activities are 

increased in term pregnant human myometrial specimens (28). On the other hand, KLF9 

and PR-B are found in the same protein complex from pig endometrial nuclear extracts 

(84). KLF9 also enhances liganded PR-B dependent transactivation activities in the human 

endometrial carcinoma cell line Flec-1-A (86). These observations collectively support a 

context-dependent role of KLF9 in modulating progesterone signaling through regulating 

PR isoform expression and working with PR in gene control. Further experimentations 

are needed to determine the molecular functionality of KLF9 on myometrial progesterone 

signaling modification.

3.5 Signal transducer and activator of transcription proteins

The Janus kinase (JAK)- Signal transducer and activator of transcription (STAT) signaling 

pathway has been associated with the transcriptomic changes between non-laboring and 

laboring stages in human myometrial tissues (87). mRNA of all seven gene members in 

the STAT family, including STAT1, STAT2, STAT3, STAT4, STAT5 (a/b), and STAT6, are 

expressed in human myometrial tissues (38). STAT proteins serve as transcription factors 

to transduce extracellular signals from cell-surface cytokine and growth factor receptors to 

nuclei for gene actions. STAT signaling participates in many biological processes, including 

cell proliferation, survival, differentiation, and inflammatory responses, which are mainly 

driven by external stimuli acting through JAK phosphorylation for downstream cascades 

(88,89). In human myometrial tissues, STAT5B mRNA abundance in term pregnant samples 

is 30% lower than that in the nonpregnant specimens (38). This observation is in line with 

the decreased Stat5b mRNA and protein abundance in term pregnant mouse myometrial 

tissues compared to those at mid-pregnancy (90), which suggests a conserved temporal 
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gene expression pattern of myometrial STAT5B between humans and mice. Myometrial 

STAT5B mediates progesterone signaling to repress expression of the 20-α-hydroxysteroid 

dehydrogenase (20αHSD) encoding gene AKR1C1 (90). A reduction of the progesterone 

catabolizing 20αHSD abundance supports the local progesterone ligand availability in 

the myometrial tissues. At the transition to laboring, the further reduction of STAT5B 

mRNA and protein levels is inversely correlated with those of 20αHSD in the myometrium 

(90). Such an increase of myometrial 20αHSD levels may in part contribute to the lower 

progesterone ligand presence in the laboring myometrial nuclei (26). STAT factors are also 

involved in PR signaling in endometrium and breast cancer models. It has been shown 

that STAT proteins, including STAT1, STAT5B, and STAT6, take part in controlling the 

endometrial decidualization process (91), and knockdown of PR leads to compromised 

STAT signaling for endometrial cells to differentiate (92).

Binding motifs of STAT proteins are significantly enriched in PR occupying sites of 

human myometrial specimens (38). Comparing between term pregnant in-active-labor and 

term pregnant not-in-labor stages, STAT motifs are uniquely enriched in laboring human 

myometrial tissues at H3K27ac-positive enhancers and at H3K4me3-marked promoter 

regions (93). STAT5 proteins interact with PR in breast cancer cells (94,95). It has been 

reported that progesterone stimulates co-binding of PR and STAT5A on the enhancer of the 

receptor and activator of NF-κB ligand (RANKL) to promote the gene expression in breast 

cancer cells, showing direct evidence of PR and STAT protein interaction (95). Another 

piece of evidence from the study done by Hagan et al. shows that, in T47D-Y breast 

cancer cells, PR-B mediates progesterone signaling to promote WNT1 expression, which 

can be suppressed by inhibiting JAK/STAT signaling (96). Importantly, PR-B and STAT5 

occupancy is seen on the WNT1 locus together with dual specific phosphatase 6 and casein 

kinase IIα, suggesting a potential interaction between STAT5 and PR-B in a regulatory 

complex for the control of WNT1 expression (96). The enrichment of STAT binding motifs 

in myometrial PR occupying sites and the functional significance of PR-STAT interactions 

in breast cancer cells support the possibility of PR working with STAT proteins for gene 

regulation in the myometrium.

4. Biological Processes Regulated by Myometrial Progesterone Receptor 

Isoforms

The two major biological processes in the myometrium under the control of progesterone 

signaling are the inflammatory pressure and the contractile status. Employing PR isoforms 

allow context-dependent temporal control of myometrial activities via their versatile utilities 

in modulation of expression of different sets of genes. The following discussions highlight 

their regulation of inflammatory and contractile genes.

4.1 Prostaglandins Synthesis

Prostaglandins are a group of lipid molecules that serve as pivotal inflammation mediators in 

regulating uterine activity during pregnancy. Derived from arachidonic acid, prostaglandins 

are metabolized by prostaglandin G/H synthase (PTGS), a group of enzymes that is 

also known as cyclo-oxygenase (COX). These enzymes convert arachidonic acid into 
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prostaglandin G2 (PGG2), and subsequently transform PGG2 into prostaglandin H2 (PGH2), 

which is a common substrate for producing other active prostaglandins including PGD2, 

PGE2, PGF2, PGI2, and thromboxane A2. PGE2 and PGF2α, mainly produced by the 

amnion, are the major effectors that participate in regulating myometrial contraction (97). 

PGE2 and PGF2α act through their corresponding receptors, EP and FP, to differentially 

control muscle contractility in different pregnancy stages (98,99). Low levels of PGE2 is 

detected during pregnancy, and EP2/EP4 are the main receptors bound by PGE2, which 

pose a relaxation effect on the myometrium via cAMP signaling (99,100). Global level of 

prostaglandins increase after the onset of labor, which mainly function through EP1/EP2 and 

FP leading to a highly inflamed state that promotes muscle contraction for parturition (100).

Progesterone signaling regulates prostaglandin effects during pregnancy mainly by affecting 

its levels. One of the crucial enzymes for prostaglandin synthesis is COX-2 (encoded by the 

PTGS2 gene), whose local level is mainly produced by the fetal membrane, myometrium, 

and decidua (101,102). COX-2 protein levels are higher in laboring than nonlaboring term 

human myometrial tissues (103) and PR dependent regulation of myometrial COX-2 has 

been comprehensively reviewed (74). In cultured human myometrial cells, PR-B has a 

more pronounced effect on progesterone dependent repression of IL-1β-induced PTGS2 
expression than PR-A does (78). Progesterone signaling promotes the expression of the 

ZEB1 transcription factor, which upregulates miR-199a and miR-214 levels to reduce 

COX-2 protein abundance in human myometrial cells (90). Notably, PR-B mediates 

progesterone dependent induction of ZEB1 promoter activities in HEK293 cells (104). PR-B 

has been reported as the dominant form of PR prior to term in human myometrial tissues 

(25), and PR occupancy on the ZEB1 locus is observed in human myometrial tissues (38). 

These observations together support the view in which myometrial PR-B suppresses COX-2 

abundance via the ZEB1-miR-199a/214 pathway to maintain uterine quiescence prior to 

term.

The activity of 15-hydroxyprostaglandin dehydrogenase (encoded by the HPGD gene), 

the protein responsible for inactivating prostaglandin synthesis, is also controlled by 

progesterone signaling (105). PR, as well as other associated factors including AP-1 

complex proteins, cAMP, and Ets family proteins, promotes HPGD expression. Both PR-

A and PR-B enhance the HPGD promoter activity upon ligand treatment, while only 

PR-B is responsive to the stimulatory effect of cAMP on HPGD promoter activity in 

the primary human myometrial cells (105). This suggests that PR-A may have less 

synergistic effects with other gonadotropins, which may partially explain the phenomenon of 

“functional progesterone withdrawal” observed during laboring period. Notably, myometrial 

PR occupancy is found in an intergenic zone, 33 kilobases downstream of the HPGD gene 

body (38). Further studies may be needed to investigate the potential topological interaction 

between this PR occupying site and HPGD locus, as well as its functional relevance.

4.2 Gap junctions

Gap junctions are the channel arrays on the plasma membrane that control ion passage 

for electrical coupling. A collective group of neighboring myocytes coordinate electrical 

activities via the membrane gap junctions, to generate a systemic, strong, rhythmic 
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contractile force (106). The connexin protein is the basic unit that constitutes gap junctions 

and has been shown to have a rapid increase of levels in the myometrium of both human and 

other mammals during the transition period from uterine quiescence to laboring stage (107). 

There are four different types of connexins that have been characterized in the myometrium, 

which are Cx43 (GJA1), Cx40 (GJA5), Cx26 (GJB2), and Cx45 (GJC1), with Cx43 being 

the major protein participating in myometrial contractions during parturition (108,109). 

Mice lacking functional Cx43 exhibit prolonged gestation and the presence of suffocated 

fetuses due to weaker contraction forces being generated by the myometrium. Our previous 

RNA sequencing analysis on myometrium tissues from both nonpregnant and term pregnant 

human subjects also revealed a significant increase of GJA1 mRNA abundance at term 

pregnancy compared to the non-laboring stage (38).

PR is the major transcriptional mediator that regulates the expression switch of myometrial 

Cx43 between pregnancy and laboring stages for muscle contraction. One of the principal 

mechanisms is the differential transcription mediated by PR isoforms. Before parturition, 

Cx43 transcription is inhibited by the upstream binding of a multiprotein complex recruited 

by liganded PR-B, which includes Jun/Jun AP-1 dimers, PSF, and p54nrb/Sin3 homolog A 

(mSin3A)/histone deacetylase (HDAC), to restrict the production of gap junction proteins 

(110). The activity of this transcriptional complex is maintained by the high levels of PSF 

and the dominant expression of Jun/Jun component in the AP-1 complex during pregnancy 

(110). After unliganded PR-A gradually becomes the major PR at the time of labor, another 

protein complex, containing PR-A and Jun/Fos AP-1 heterodimers, is formed at the AP-1 

binding domain located upstream of Gja1 to regulate its transcription (26,110). Another 

study done by Renthal et al. showed that PR-B could also work in an indirect manner to 

regulate the levels of GJA1 mRNA via the effect of transcription factors ZEB1 and ZEB2 

(104). As mentioned previously, PR-B stimulates ZEB1 promoter activities in the presence 

of progesterone (104). Increased ZEB1 expression reduces GJA1 mRNA abundance and 

impairs oxytocin-induced contraction in cultured human myometrial cells (104). Since 

ZEB1 occupies the mouse Gja1 locus in the myometrial tissues and this occupancy is 

downregulated at the laboring stage (104), ZEB1 likely directly repress GJA1 transcription 

in a conserved manner. Similarly, ZEB2 overexpression decreases GJA1 transcript levels 

and blocks myometrial cell contraction as well (103). On the other hand, the upregulation 

of the miR-200 family in a mouse parturition model causes the decrease of ZEB1/ZEB2 

expression via post-transcriptional degradation, which in turn derepresses Cx43 level in the 

myometrium during laboring stage to support muscle contraction (104).

4.3 Oxytocin Signaling

Oxytocin (encoded by OXT) is a 9-amino-acid neuropeptide predominantly produced from 

the mammalian hypothalamus and exerts its cellular action via the oxytocin receptor 

(encoded by OXTR). The oxytocin receptor is a kind of Gq-coupled receptor that requires 

calcium (Ca2+) as a secondary messenger to transmit the cascades for muscle contraction 

(111). The role of oxytocin signaling in the myometrium that regulate muscle contractions 

during parturition is controversial, since mice lacking either Oxt or Oxtr exhibit normal 

parturition (112,113). However, it is observed that both oxytocin and myometrial OXTR 

are dramatically increased in humans at the onset of labor (38,114–116), and synthetic 
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oxytocin has been widely used to induce labor by stimulating uterine contractions (111). 

This suggests that the effect of oxytocin signaling could be compensated, and that it 

must be through the same downstream pathway driven by oxytocin to regulate muscle 

contraction during pregnancy. Local oxytocin production from decidua and chorion-amnion 

tissues, which increases during parturition (117) due to the estrogenic and inflammatory 

environment (118,119), is crucial to determine the onset of labor. For the cognate receptor 

OXTR, PR also plays a role in modulating OXTR expression in the myometrium at 

different gestation stages. Peavey and colleagues demonstrate that the PR-B overexpression 

compromises oxytocin signaling in the pregnant uterus by reducing Oxtr levels, leading 

to attenuated uterine contractility (28). PR-B may act through ZEB1 to suppress OXTR 
transcription because PR-B promotes ZEB1 expression, and myometrial ZEB1 occupancy 

on the mouse Oxtr locus also varies in a stage-specific manner (104). On the contrary, 

specifically overexpressing PR-A in the muscle induces myometrial contractions (28). This 

in vivo result provides support to in vitro observations of differential PR isoform functions 

that PR-B suppresses oxytocin signaling and PR-A acts as a pro-contraction regulator. The 

fact that Oxtr-null mice has no parturition phenotype indicates the presence of a redundant 

system to activate the downstream calcium signaling for the mouse parturition process.

Once OXTR has been activated, phospholipase C (PLC) -β hydrolyzes phosphatidylinositol 

bisphosphate (PIP2) to generate diacylglycerol (DAG) and inositol triphosphate (IP3), and 

IP3 subsequently promotes more calcium release from sarcoplasmic reticulum into cytosol 

(120). The elevated cytosol calcium then forms a complex with calmodulin (CaM), calcium-

modulated protein, to activate calcium-dependent myosin light chain kinase (MLCK), which 

further phosphorylates myosin light chain (MLC) to generate force and contraction by 

interacting with actin filaments in an ATP-dependent cross-bridge cycling (120). Our recent 

finding shows that PR regulation of myometrial contraction is accomplished via mediating 

the expression of the proteins involved in these calcium-myosin activation cascades (28,38). 

In human myometrial tissues, term pregnant myometrium specimens show a significant 

reduction of phospholipase C like 1 (PLCL1) compared to the non-laboring myometrium 

(38). At term, PLCL1 mRNA abundance becomes even lower in the laboring myometrium 

in comparison to nonlaboring tissues (121). PLCL1 has a similar structure to phospholipase 

C but lacking catalytic activities, which sequester PIP2 and attenuate the overall PLC 

efficiency in the signaling pathway (122,123). Therefore, decreased levels of PLCL1 in the 

term myometrium likely reduces the dampening effect on PLC functions and subsequently 

permits a higher capacity of PIP2 conversion for the generation of contraction force. 

PLCL1 and its paralog phospholipase C like 2 (PLCL2) are both expressed in human and 

mouse uterine tissues and have a similar function in calcium sequestration and attenuating 

muscle contraction (28,38,124,125). Comparing their mRNA abundance, PLCL1 is higher 

in the human myometrium, while Plcl2 is dominant in the pregnant mouse uterine tissues, 

implicating a functional conservation on the management of PIP2 metabolism between 

human and mice amid an evolutionary divergence. PLCL1 expression is induced by 

progesterone in endometrial stromal cells (126). In the term pregnant human myometrial 

tissue, PR occupancy is observed at the PLCL1 promoter and 92 kilobases downstream of 

the PLCL1 gene body in open chromatin regions (Figure 2) (38). Moreover, the PLCL1 
promoter region that is rich with transcription factor occupancy has CTCF binding in 
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numerous cell types and the downstream PR occupying regions also manifest CTCF binding 

in BE2C cells (Figure 2) (39). These findings collectively implicate that progesterone acts 

through PR in both the promoter and the distal enhancer to promote PLCL1 expression. In 

mice, myometrial PR-B overexpression increases the level of uterine Plcl2 and attenuates 

uterine contractility (28). These observations together support a mechanism in which 

progesterone acts through PR-B to promote both PLCL1 and PLCL2 expression for the 

management of the calcium cascades on myometrial contraction.

Additionally, myometrial expression of transient receptor potential channel subfamily c 

member 3 (TRPC3) is also repressed by PR-B overexpression (28). TRPC are a group of 

non-selective cation channels that could activate calcium influx from sarcoplasmic reticulum 

to enhance the calcium-mediated muscle contraction (127). The regulation of Oxtr, Plcl2, 

and Trpc3 expression indicates that PR-B imposes control on multiple points of the calcium 

signaling cascade to reduce the cytoplasmic calcium level and prohibit the myometrium 

from augmenting contractile force before parturition.

5. Conclusion and Perspectives

Smooth muscle provides mechanic force for uterine contraction and structural integrity 

among a multi-component system for pregnancy. From the myocyte’s perspective, 

myometrial progesterone signaling directs the cellular adaptation to the demand of 

pregnancy, which is largely determined by the relative levels and posttranslational 

modifications of PR isoforms, the interaction between PR and partner regulators, and the 

downstream pathways that control uterine inflammatory pressure and muscle contractility 

(Figure 3). Alterations on any member of this PR dependent signaling network could 

impact the tocolytic effect of progesterone. While investigations on PR interacting partners 

have gained steam, much is still unknown about the mechanisms that determine PR 

isoform expression in the myometrium over the course of pregnancy. The mapped 

myometrial enhancers provide candidate cis-acting elements that may confer the regulation 

of PR isoform expression (53). Future identification of topologically associated enhancers, 

followed by CRISPR-mediated manipulation of gene expression, could test whether utilizing 

alternative cis-acting elements determines the expression of specific PR isoforms. Similar 

approaches could also be used to identify the crucial cis-acting elements for major PR 

downstream target genes by integrative analysis of PR isoform specific transcriptome 

and myometrial enhancer datasets. This information would facilitate the identification 

and examination of the regulators that control myometrial genes in conjunction with PR 

isoforms.

The significant difference between transcriptome profiles of nonpregnant and term pregnant 

myometrial tissues reflects major structural and functional changes of the myometrium to 

support pregnancy and in preparation for parturition (38). During this process, myometrial 

PR-A and PR-B isoforms orchestrate the expression of common and distinct sets of genes 

on an epigenetically pre-determined landscape to translate progesterone actions and build 

a parturition-capable contractile machinery (28,53). This includes, but is not limited to, 

contraction-associated and inflammatory genes, as well as programs for vascularization, 

energy metabolism, and extracellular matrix arrangement that are important for operation 
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and expansion of the myometrial compartment in a dynamic environment during pregnancy 

(28). How the myometrium is expanded and remodeled at the time when the muscle already 

carries the load remains largely unknown, except that the epigenome and transcriptome 

appear to be placed in advance (28,53). Meanwhile, how do the activities, in addition to the 

levels of the PR isoforms, change in response to the functional demand of pregnancy is also 

unclear. Future investigations on the role of progesterone signaling and PR isoforms in this 

tightly controlled muscle remodeling process will shed light on this uncharted territory.
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Highlights

Progesterone via the progesterone receptor (PR) controls uterine contractions.

PR isoforms and cofactors together permit a wide spectrum of progesterone actions.

Isoform-specific protein levels and modifications contribute to overall PR activities.

Myometrial PR-A and PR-B confers divergent cellular actions via unique target genes.
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Figure 1. 
Open chromatin regions in the PGR locus of term pregnant human myometrial tissues. 

The track view was modified from the UCSC genome browser using the ATAC-seq data 

from NCBI accession number GSE137549. The scale bar depicts the size of the displayed 

genomic region in kilobases. The PGR gene body is displayed to the right of the PGR label 

and oriented with the first exon on the left and the 3’ end on the right. Arrowheads depict the 

gene orientation from 5’ to 3’. On the gene body, bigger blocks are exons; smaller blocks are 

untranslated regions; and horizontal lines in between are introns. The ATAC-seq signals are 

displayed in histogram-like images for each individual specimen. The transcription factor 

occupancy patterns of 338 factors from 130 cell lines of the ENCODE (ENCyclopedia Of 

DNA Elements) 3 project (128) are displayed in a two-dimension density plot to show 

potential hotspots of transcription factor bindings.
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Figure 2. 
PR genome occupancy and open chromatin regions in the PLCL1 locus of term pregnant 

human myometrial tissues. The track view was modified from the UCSC genome browser 

using the ATAC-seq data from NCBI accession numbers GSE137549 and the PR ChIP-seq 

data from GSE137550. The PLCL1 gene body is displayed to the left of the PLCL1 label 

and oriented with the first exon on the left and 3’ end on the right. PR ChIP-seq and 

ATAC-seq signals are displayed in histogram-like images for each individual specimen. The 

transcription factor occupancy patterns of 338 factors from 130 cell lines of the ENCODE 

(ENCyclopedia Of DNA Elements) 3 project (128) are displayed in a two-dimension density 

plot to show potential hotspots of transcription factor bindings. CTCF genome occupancy 

from ENCODE 3 are displayed in vertical lines.
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Figure 3. 
A progesterone signaling model for myometrial activities during pregnancy. PR: 

progesterone receptor; HDAC: Histone deacetylase 1; JARID1A: Jumonji AT-rich interactive 

domain 1A; DNMT: DNA methyltransferase; me: methyl group; Ac: Acetyl group; AF: 

activation function domain; LPS: lipopolysaccharide; Gja1: Gap Junction Protein Alpha 1, 

Cx43; GATAD2B: GATA zinc finger domain-containing 2B; KLF9:Krüppel-like factor 9; 

STAT: Signal transducer and activator of transcription; H: histone; CpG: cytosine-guanine 

dinucleotide.
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