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Uterine contractile dysfunction leads to pregnancy complications
such as preterm birth and labor dystocia. In humans, it is hypoth-
esized that progesterone receptor isoform PGR-B promotes a re-
laxed state of the myometrium, and PGR-A facilitates uterine
contraction. This hypothesis was tested in vivo using transgenic
mouse models that overexpress PGR-A or PGR-B in smooth muscle
cells. Elevated PGR-B abundance results in a marked increase in
gestational length compared to control mice (21.1 versus 19.1 d
respectively, P < 0.05). In both ex vivo and in vivo experiments,
PGR-B overexpression leads to prolonged labor, a significant de-
crease in uterine contractility, and a high incidence of labor dysto-
cia. Conversely, PGR-A overexpression leads to an increase in
uterine contractility without a change in gestational length. Uter-
ine RNA sequencing at midpregnancy identified 1,174 isoform-
specific downstream targets and 424 genes that are commonly
regulated by both PGR isoforms. Gene signature analyses further
reveal PGR-B for muscle relaxation and PGR-A being proinflamma-
tory. Elevated PGR-B abundance reduces Oxtr and Trpc3 and in-
creases Plcl2 expression, which manifests a genetic profile of
compromised oxytocin signaling. Functionally, both endogenous
PLCL2 and its paralog PLCL1 can attenuate uterine muscle cell con-
traction in a CRISPRa-based assay system. These findings provide
in vivo support that PGR isoform levels determine distinct tran-
scriptomic landscapes and pathways in myometrial function and
labor, which may help further the understanding of abnormal
uterine function in the clinical setting.
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Parturition-related disorders impact both maternal and neo-
natal health. Labor abnormalities such as postterm gestation

and prolonged labor increase maternal and neonatal morbidity
and complications (1, 2), while preterm birth (occurring <37 wk
of gestation) complicates an estimated 15 million deliveries an-
nually and ∼12% of all births worldwide (3–5). The resultant
morbidity and mortality produce significant social and economic
burdens for the care and support of preterm deliveries in the US
health care system alone (4, 6).
Progesterone is necessary to maintain uterine quiescence and

is now standard care for prevention of preterm labor in women
with a history of premature delivery (7–9) by decreasing uterine
contractility (8, 10–13). In many mammalian species, parturition
is signaled by a significant decline in serum progesterone levels,
thereby releasing the suppressive effect of serum progesterone
on myometrial contraction (14–18). Humans, however, maintain
high levels of progesterone throughout pregnancy and parturi-
tion (19–22), and the mechanisms of progesterone signaling in
the myometrium are still unclear (11, 23–25).

The “progesterone receptor isoform switch” concept was posited
to explain the transition from a quiescent to a contractile myometrial
phenotype in the presence of high levels of progesterone (10, 11,
26–30). Progesterone acts via the nuclear receptor isoforms, PGR-A
and PGR-B, which are coexpressed at different levels throughout
pregnancy (31–35). Progesterone can transactivate different tran-
scriptional programs determined by the relative levels of PGR-A and
PGR-B isoforms in the myometrium (36–41). PGR-A can act in the
same direction with—or, conversely, impose a dominant-negative
effect on—PGR-B modulation of gene expression (40). In the
myometrium of pregnant women, PGR-B is the dominant iso-
form during times of uterine quiescence and promotes anti-
inflammatory actions (42). Studies have demonstrated that the
PGR-B isoform mediates progesterone’s progestational effects
(42–44), and it is posited that in humans, contractility and myo-
metrial inflammation is initiated by an up-regulation of PGR-A
isoform’s levels or activities (45–47). This increase promotes gene
expression pathways that favor an inflammatory milieu (37, 48–52),
such as oxytocin receptor (53) cyclooxegenase 2 (COX-2) (54) and
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prostaglandins (55, 56). Conversely, myometrium in women
whose pregnancy is prolonged past term does not demonstrate
this increase in PGR-A expression levels (57).
Previous work has included murine PGR-A and PGR-B whole

mouse knockout models (35, 36) and cell culture models (42,
58–60). However, no in vivo models had been developed to test
this intriguing hypothesis concerning the role of progesterone
signaling in parturition (28, 61, 62). We describe here mouse
models in which PGR-B or PGR-A levels are altered specifically
within the myometrium and molecularly investigate the PGR
isoform-specific effects on uterine contractility and the differ-
ences between these two isoforms on genomic regulation in an
in vivo context.

Results
Increased Myometrial PGR-B Abundance Delays Parturition. The
myometrial PGR isoform overexpression mouse models were
established by crossing the Myh11Cre transgene (63) with either
LSLPGR-A (64) or LSLPGR-B (65) conditional alleles. The
Myh11 transgene is active in the ACTA2 positive myometrial
smooth muscle cells, as demonstrated by the expression of green
fluorescent protein that is encoded in the bicistronic open reading
frame (SI Appendix, Fig. S1 A–E). The cre recombinase, driven by
a Myh11 promoter sequence, is able to activate the expression of
transgenic PGR-A and PGR-B protein, which are detected by the
MYC-tag at the N terminus of the transgenic proteins (SI Ap-
pendix, Fig. S1 F and H). Such activation is restrictive to the

Fig. 1. Pregnancy impact by PGR isoform over-
expression. (A) Gestational length and (B) litter sizes
of the first litters from females of denoted geno-
types. Gestation length is defined by the time of
spontaneous parturition and ethics-related eutha-
nasia. n = 10 (PGR-BControl), 14 (PGR-BOE), 10
(PGR-AControl), and 10 (PGR-AOE). *P < 0.05 in com-
parison with the corresponding control group by the
two-tailed Mann–Whitney U test. (C) Representative
ultrasound images of alive (black arrowheads) and
resorbed (white arrowheads) embryos at 10.5 dpc.
(D) Viability of embryos up to 18.5 determined by
ultrasound. n = 88 (PGR-BControl), 90 (PGR-BOE), 103
(PGR-AControl), and 96 (PGR-AOE) total embryos ex-
amined. (E and F) Fetal growth curves in vivo by ul-
trasound. (E) Summary of PGR-BOE and PGR-BControl

embryos. (F) Collective measurement of PGR-AOE

and PGR-AControl fetuses. Filled bars denote viable
fetuses and empty columns represent resorbed em-
bryos. Numbers of datapoints are located at the
bottom of each columns. Error bars denote SEM.
*P < 0.05 between viable and resorbed embryos at
the same gestation day by two-tailed Student’s
t test.
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longitudinal and circular smooth muscle layers of the myome-
trium (SI Appendix, Fig. S1 F and H) but is absent in the endo-
metrial epithelium and stroma (SI Appendix, Fig. S1 G and I).
Activation of the PGR-A and PGR-B transgenes leads to ex-
pression of transgenic PGR-B (SI Appendix, Fig. S1J) and PGR-
A (SI Appendix, Fig. S1K) proteins that have larger molecular
weights than endogenous proteins because of the Myc-FLAG
tandem tags (64, 65). Serum progesterone and estradiol levels at
13.5 d post coitum (dpc) are statistically comparable between over-
expression and control mice (SI Appendix, Fig. S2 A and B). These
results demonstrate that these two mouse models overexpress their
respective PGR isoforms in the myometrial smooth muscle cells
without perturbing serum pregnancy hormones.
Timed matings were employed to determine whether the PGR

isoform overexpression dams show similar fecundity and gestational
length compared to the control siblings. Prolonged gestational length
was observed in 11 out of 14 examined PGR-BOE mice (Fig. 1A). The
gestation length was 19.10 ± 0.16 (PGR-BControl), 21.14 ± 0.44
(PGR-BOE), 19.30 ± 0.13 (PGR-AControl), and 19.50 ± 0.00
(PGR-AOE) d (Fig. 1A). Serum progesterone levels at term or post-
term pregnancy were statistically comparable between PGR-BOE and
control groups (SI Appendix, Fig. S2 C and D). Marked maternal
morbidity and mortality was observed in the PGR-BOE dams with a
36% rate of maternal mortality on complications of labor dystocia
requiring euthanasia of pregnant dams per ethical guidelines. The
PGR-BOE gestations were also associated with significant peripartum
fetal mortality (5 out of 14 pregnancies). Conversely, PGR-AOE

females and their offspring did not have similar complications. PGR
isoform overexpression also leads to fewer numbers of pups and late
gestation fetuses with averages 8.41 ± 0.52 (PGR-BControl), 2.86 ± 0.39
(PGR-BOE), 8.70 ± 0.60 (PGR-AControl), and 4.60 ± 0.69 (PGR-AOE)
at the end of pregnancy (Fig. 1B). High frequency ultrasound imaging
revealed that the small litter size is because of early pregnancy failure
in PGR-BOE mice (69 of 90 embryos resorbed), compared to the 2 in
88 fetal resorption incidences in control mice (Fig. 1 C and D). Sim-
ilarly, 57 of 96 embryos carried by PGR-AOE mice were lost in com-
parison to 4 of 103 fetal loss in PGR-AControl dams (Fig. 1D). The early
pregnancy loss is further supported by the observation that a significant
reduction of conceptus sizes occurred as early as 9.5 dpc and 10.5 dpc
in the PGR-B and PGR-A test cohorts, respectively (Fig. 1 E and F).
Total implantation sites exhibit no significant difference between
control and overexpression groups in the PGR-A or PGR-B cohorts at
first pregnancies, indicating that uterine receptivity was not affected by
themyometrial overexpression of PGR isoforms (SI Appendix, Fig. S3).
In summary, these findings demonstrate that only elevated PGR-B
levels increased the incidence of prolonged gestational length, showing
the differential impact on pregnancy between the two PGR isoforms.
On the other hand, alterations in abundance of either one of these two
PGR isoforms reduced embryo survivability in vivo, indicating a
common effect of myometrial PGR-A and PGR-B dysregulation on
fetal survival.

Elevated Myometrial PGR-B Levels Decreased in In Vivo Uterine
Contractility. In agreement with the delayed parturition, labor
dystocia, and morphological gross assessment, the in vivo uterine
pressure measurements demonstrate decreased uterine tone and
decreased uterine pressure during late gestation in the PGR-BOE

mouse (Fig. 2 and SI Appendix, Fig. S4). Using intrauterine tele-
meter pressure catheter recordings, the normal parturition of
PGR-BControl mice (n = 4) and abnormal parturition of PGR-
BOE mice (n = 5) was characterized before, during, and after par-
turition (or attempts at parturition in cases of labor dystocia) (SI
Appendix, Fig. S4). The PGR-BOE dams in this group had maternal
death overnight 18.5 dpc (n = 2), labor dystocia postterm (n = 2),
and delivery of a nonviable fetus (n = 1), which is reflective of the
observed phenotype during the breeding trial.
Waveforms of pressure readings of PGR-BControl parturitions

were heterogeneous but overall reveal a pattern of marked increase

in magnitude and frequency of contractions at the time of par-
turition (SI Appendix, Fig. S4A). This is in stark contrast to the
waveforms of pressure readings of PGR-BOE parturitions, which
vary from minimal contractility to blunted contractile response
pattern (SI Appendix, Fig. S4B). Overall, none of the PGR-BOE

parturitions are morphologically similar in appearance to the
normal pattern of the PGR-BControl parturitions (SI Appendix,
Fig. S4 A and B). When the waveforms were carefully analyzed
and enlarged as shown in a representative tracing (Fig. 2 A and
B), the distinct increase in contractile amplitude in control par-
turition is readily apparent, with peak contractions more than
10-fold higher over baseline and a rhythmic pattern expected for
expulsive efforts in labor (Fig. 2A). In contrast, the waveforms of
pressure readings of PGR-BOE parturition, as shown in a rep-
resentative tracing in (Fig. 2B), the contractions are markedly
blunted and weak, with only a twofold increase over baseline and
less frequent. To quantify the contractile properties of PGR-
BControl and PGR-BOE pregnancies, the pressures were analyzed
for the 1 h of labor. PGR-BControl dams are able to produce nu-
merous contractions greater than 150 mmHg and 200 mmHg
(Fig. 2C). In contrast, the PGR-BOE pregnancies are significantly
less capable to mount such high pressures (Fig. 2C). Moreover, the
muscle of PGR-BOE was significantly weaker after contractile ex-
ertion. The PGR-BOE uterus could only maintain 70% of its initial
strength after exposure to oxytocin, while the PGR-B control uterus
was able to maintain complete uterine tone (Fig. 2D). These
findings demonstrate a suppressive role of myometrial PGR-B on
uterine contractility in vivo.

Differential Regulation of Uterine Tone and Stimulated Contractility
by PGR-A and PGR-B. An assessment of uterine force, contractile
strength, and frequency was determined via ex vivo assessment of
isometric force. Isolation and stimulation of pseudopregnant
mouse myometrium demonstrated that the PGR-BOE uterine
myometrial tone is lost at twice the rate compared to control
uterus after being stretched with equivalent isometric force
(Fig. 3A). Furthermore, when exposed to the uterotonic agent
oxytocin at increasing concentrations, the PGR-BOE uterus is not
able to mount an appropriate contractile response compared to
control myometrium (Fig. 3B). In contrast, PGR-AOE uterine
strips demonstrate a twofold increase in basal tone compared to
PGR-AControl, when equivalent isometric tension is applied to
the myometrial specimens in the absence of uterotonic agents
(Fig. 3C). Moreover, the PGR-AOE myometrium demonstrates
greater levels of sustained tone compared with the significant
relaxation and fatigue observed in the control myometrium over
the course of time (Fig. 3C). Additionally, PGR-AOE myome-
trium demonstrate significantly increased contractility compared
to control myometrium when stimulated by oxytocin (Fig. 3D).
These results demonstrate that these two PGR isoforms modu-
late uterine contractility in an opposite manner.

Distinct Transcriptomic Profiles between PGR-AOE and PGR-BOE

Uterine Tissues. RNA sequencing (RNA-Seq) assays were per-
formed on uterine tissues of Myh11Cre, PGR-AOE, and PGR-
BOE mice at 13.5 dpc to identify alterations of molecular path-
ways for the phenotypic changes. This stage was chosen based on
results from reanalyzing previously published mouse myome-
trium transcriptomic data that show a majority of the significantly
altered biological processes, reflected by changes on myometrial
gene expression, between day 14 gestation and virgin myometrium
(D14) can also be observed between day 18 gestation and virgin
mice (D18) (Dataset S1) (66). Using an enrichment P value less
than 0.05 to define significant overrepresentation, 94.9% of
enriched gene ontology (GO) terms in D14 are also found in D18
(Dataset S1). Similarly, 91.9% of overrepresented biological pro-
cesses in D14 are present in D18 based on the Molecular Signa-
tures Database (MSigDB) (67) (Dataset S1). This finding not only
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indicates that most molecular changes toward term pregnancy
already manifest or are in the process to commence at mid-
pregnancy but also suggests that examining uterine transcriptome
profiles at 13.5 dpc would allow molecular assessments on geno-
mic alterations that lead to subsequent physiological changes.
Overall expression of Pgr-A and Pgr-B, as determined by the

common sequence of Pgr isoforms in exon 2, increased from
5.83 ± 1.18 normalized read counts in the control to 32.73 ± 4.01
for PGR-AOE and 33.75 ± 4.43 for PGR-BOE (SI Appendix, Fig.
S5A), reflecting a significant increase of Pgr transcripts in both
overexpression groups. The performance of these two transgenes
appeared comparable with no statistical difference between their
normalized read counts (SI Appendix, Fig. S5B), which is con-
sistent with our previous observations on in the PgrCre-activated
models (68). These results demonstrate that both transgenes can
achieve an average fivefold of overexpression in comparison to
the endogenous Pgr locus.
Using FPKM (fragments per kilobase of exon per million reads

mapped) greater or equal than one in any of the four samples in
each group as the cutoff, we found expression of 12873, 13117, and
12990 genes in the Myh11Cre, PGR-AOE, and PGR-BOE tissues,
respectively (Dataset S2). Among these three groups, 12569 genes
are commonly expressed (Dataset S2). These observations suggest
that the impact of PGR-A and PGR-B overexpression is mostly
at regulating the level of expressing genes. Compared with the
Myh11Cre control, the PGR-A overexpression resulted in alterations

of 941 genes, 562 up and 379 down, with the cutoff of absolute
fold changes greater or equal to 1.3 and unadjusted P < 0.05
(Fig. 4A and Dataset S3). Using the same criteria, we found that
increased PGR-B expression leads to 564 gene changes with 348
up and 216 down at midpregnancy (Fig. 4A and Dataset S3).
Between the PGR-AOE

– and PGR-BOE
–dependent differentially

expressed genes (DEGs; PGR-AOE_DEG and PGR-BOE_DEG,
respectively), 230 of the total 231 genes are regulated by the two
PGR isoforms in the same direction, while only the Aldh1a7 gene
is suppressed by PGR-A and promoted by PGR-B (Fig. 4B and
Dataset S3). In addition, 710 of the 941 PGR-AOE_DEG and 333
of the 564 PGR-BOE_DEG are uniquely regulated by the respective
PGR isoforms (Fig. 4A and Dataset S3). These findings demon-
strate that the majority (82%) of downstream targets of PGR-A
and PGR-B isoforms manifests isoform-specific regulation of
expression.
The global impact of PGR isoforms on pregnancy-prompted

myometrial remodeling were further evaluated by comparing
enriched molecular pathways and biological processes of D14
(Dataset S1) with those of PGR-AOE and PGR-BOE (Dataset
S4). Results from GO terms, MSigDB, and Ingenuity Pathway
Analysis (IPA) diseases and functions databases show that PGR-
A and PGR-B together control 57.24, 34.59, and 68.4%, re-
spectively, of annotated pathways/processes that are altered
in the myometrium between day 14 gestation and virgin (Fig. 4
C–E). While up to 39.4% of myometrial remodeling pathways

A

B

C

>200 150-200 100-150mmHg

*
*

D

*

PGR-BOE Parturition Wave Forms

PGR-BControl Parturition Wave Forms

Fig. 2. Intrauterine pressure measurement. (A and B)
Representative pressure wave recordings from PGR-
Bcontrol (A) and PGR-BOE (B) dams. (A) A representative
typical pressure waveform contraction pattern seen in
control uteri. The intrauterine pressure measured in mil-
limeters of mercury is seen increasing and decreasing as
time continues on the x-axis, representing uterine con-
tractions over time. The three waveform panels are the
same control mouse parturition, with increasing magni-
fication to appreciate the peaks and troughs of the la-
boring mouse pressure waveform contractions. (B) The
pressure waveform pattern of PGR-B overexpressing uteri
is shown for the same time intervals. The intrauterine
pressure of the y-axis is measured in millimeters of mer-
cury, with time during parturition on the x-axis. The three
waveform panels of B are the same PGR-B overexpressing
mouse parturition, with increasing magnification to ap-
preciate the peaks and troughs of the laboring mouse
pressure waveform contractions. (C) Numbers of distinct
contractions in each category of intrauterine pressure
levels, measured in millimeters of mercury (>200, 150 to
200, 100 to 150 mmHg, respectively). (D) Throughout the
parturition attempt, the basal resting pressure of the
uterus between contractions was compared to the origi-
nal basal pressure; the percentage of uterine tone
maintained at the end of parturition was determined for
control and overexpressing; a lower percentage uterine
tone maintained represented decreased basal uterine
pressure over time. n = 4 (PGR-Bcontrol) and 5 (PGR-BOE).
*P < 0.05 in comparison with the corresponding control
group by two-tailed Mann–Whitney U test. Error bars
denote SEM.
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and processes are linked to both PGR-A and PGR-B, an average
of 17.68 and 9.48% are specifically associated with PGR-A and
PGR-B, respectively (Fig. 4 C–E). These data reveal the exten-
sive control of PGR-A and PGR-B isoforms on the molecular
programs in the myometrium that are adaptive to pregnancy.
Distinct functions of the PGR-A and PGR-B isoforms were

further assessed by examining the enrichment of functional and
disease annotations of the 941 PGR-AOE_DEG and 564 PGR-
BOE_DEG. Presumptive activities of molecules that are upstream
of PGR-A and PGR-B target genes were also estimated via the
IPA Upstream Regulator analysis. Multiple categories of bio-
logical processes including “recruitment of leukocytes,” “glucose
metabolism disorder,” “neovascularization,” and “growth of con-
nective tissue” show opposite directionalities between PGR-AOE_DEG

and PGR-BOE_DEG, based on the z-scores (Table 1 and Dataset
S4). PGR-A controlled genetic programs that are positively as-
sociated with leukocyte recruitment and glucose metabolism,
while PGR-B’s gene signature was associated with blood vessel
formation and connective tissue growth (Table 1). Using the
PGR-AOE_DEG and PGR-BOE_DEG as reporters to estimate changes
of molecular activities, IPA predicted that the PGR-AOE_DEG gene
signature resembles activation of interleukin 1 beta, tumor necrosis
factor, and NFkB complex as well as an increase in use of glucose
(Table 1). Conversely, the PGR-BOE_DEG profile featured rose
glucocorticoid signaling, simulated responses of losartan potassium
and Rho kinase inhibitor Y-27632 treatment, and an increase of li-
pase E activities (Table 1). These results collectively indicate that
PGR-A is proinflammation while PGR-B supports muscle re-
laxation. Also, these data further suggest divergent preferences
of fuel usage between PGR-A and PGR-B isoforms in the
myometrium.

PGR-B–Specific Regulation of the Oxtr-Plcl2-Trpc3 Pathway for Smooth
Muscle Contraction. The RNA-Seq data reveals PGR-B–dependent
regulation of oxytocin receptor (Oxtr), phospholipase C-like 2
(Plcl2), and transient receptor potential cation channel subfamily
c member 3 (Trpc3) that are in the same pathway for muscle
contraction control (Dataset S3 and SI Appendix, Fig. S6A). The
qRT-PCR assay validated the repression of Oxtr and Trpc3 gene
expression by PGR-B but not by PGR-A (SI Appendix, Fig. S6 B
and C). On the other hand, the Plcl2 gene that encodes the
predominant paralog of phospholipase C-like proteins in mouse

uteri exhibited higher messenger RNA (mRNA) and protein
levels only in the PGR-BOE group (Fig. 5 A and B and Dataset S2).
Furthermore, the similar gene signatures between PGR-BOE_DEG

and losartan potassium treatment suggest a change of activities in
the phospholipase C signaling pathway that is employed by both
oxytocin and angiotensin signaling (SI Appendix, Fig. S6A) (69,
70). These results collectively demonstrate that PGR-B modu-
lates gene expression of effectors and activities of the Oxtr-Plcl2-
Trpc3 pathway.
Since both Oxtr and Trpc3 are already known to positively

regulate myometrial contraction (69, 71), PLCL2 and its paralog
PLCL1 were subject to the collagen gel contraction assay to
examine their functionality on myometrial cell contraction (72).
Overexpression of PLCL1 (PLCL1OE) and PLCL2 (PLCL2OE)
in uterine smooth muscle hTERT-HM cells was mediated by
locus-specific guide RNAs in a CRISPR activation (CRISPRa)
system (58, 73). Compared with the scrambled guide RNA
transduced cells (control), PLCL1 and PLCL2 guide RNAs ef-
fectively and selectively increased both mRNA and protein ex-
pression of endogenous PLCL1 and PLCL2 genes, respectively,
(SI Appendix, Fig. S7 A–C). Abundance of smooth muscle
marker genes ACTA2 and TAGLN are comparable among
PLCL1OE, PLCL2OE, and control cells (SI Appendix, Fig. S7 D
and E), suggesting that both PLCL1 and PLCL2 overexpression
cells maintained the smooth muscle phenotype. In collagen gels,
both PLCL1OE and PLCL2OE manifested significantly larger di-
ameters than the control group under oxytocin stimulation
(Fig. 5 C and D). These findings reveal the role of phospholipase
C-like proteins in suppressing uterine smooth muscle contraction
with a human relevance. In summary, our data show the PGR-
B–specific modulation on multiple regulators in a signaling cas-
cade for muscle contraction that includes the oxytocin receptor,
the phospholipase C signaling, and a calcium channel of known
contribution on laboring (69, 71, 74).

Manifestation of PGR Isoform Gene Signatures in Human Myometrial
Specimens. The mouse uterine PGR-AOE_DEG and PGR-BOE_-

DEG gene signatures enabled the evaluation of these two PGR
isoforms’ activities in human myometrial tissues. PGR isoform
gene signatures were used to assign each patient’s transcriptomic
profile a t-score as a surrogate of the PGR isoform activity (75).
The estimated PGR-A activity, as reflected by the t-scores, is

C
PGR-AControl

PGR-AOE

A PGR-BControl

PGR-BOE

B

*

D
*

Fig. 3. Ex vivo contractility of isolated uterine strips.
(A and B) PGR-B cohorts. (C and D) PGR-A tissues. The
baseline resting uterine tone over time (minutes) was
determined in 30 min intervals in PGR-BOE (A) or PGR-
AOE (C) tissues. The contractile responses of uterine
tissue to oxytocin at maximum effect (EMax 10-7 M)
were compared to baseline unstimulated uterine
tone in PGR-BOE (B) or PGR-AOE (D) tissues. *P < 0.05
by one-way ANOVA test for repeated measures.
Error bars denote SEM.
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statistically higher in term pregnant specimens compared with
nonpregnant human myometrial specimens (Fig. 6A) (76), while
t-scores of the PGR-B gene signature did not show a significant
change between these two groups (Fig. 6B). The increased myo-
metrial PGR-A activities at term suggests that the human myo-
metrium adopts a transcriptomic profile at term in favor of muscle
contraction to prepare for parturition.
Next, we estimate the fraction of myometrial remodeling-

related molecular events that are associated with PGR-A and
PGR-B isoforms. Enriched pathways/processes, based on altered
expression of genes between term pregnant and nonpregnant
human myometrial tissues, were identified by the three aforemen-
tioned databases (Dataset S5) (76), which were followed by com-
paring with mouse-based PGR isoform-dependent proceedings
(Dataset S4). Among which, up to 39.2% of pathways and processes
are known to be regulated by PGR-A and PGR-B, while those linked

only to PGR-A or PGR-B constitute an average of 18.4 and 9.48% of
annotated molecular events (Fig. 6 C–E). The similar pattern be-
tween human and mouse (Fig. 4) observations suggests that PGR-A
and PGR-B may also impose regulations on common and distinct
molecular processes in the human myometrium in a wide spectrum.

Discussion
Modeling Progesterone Isoforms Functions In Vivo. Although the
consequences of preterm births have significant economical and
societal burdens, the molecular mechanisms controlling the timing
of parturition are poorly understood. Human studies establish
correlative indications between genes and physiological presen-
tations (12, 33, 37, 77), while in vitro human myometrial cell
culture models further shed light on candidate molecular path-
ways (42, 60). Moreover, physiological tests by previous mouse
models have not used uterine tissue-specific tools to selectively

A B

DC E

PGR-B Only PGR-B and PGR-APGR-A only

Not currently associated with either PGR-A or PGR-B

Fig. 4. Transcriptomic profiles of PGR-A and PGR-B
overexpression uteri. (A) Common and distinct genes
that are modulated by PGR-AOE and PGR-BOE in
comparison to the Myh11Cre, respectively, shown in
a Venn diagram. (B) A comparison on the effect of
PGR-A– and PGR-B–dependent gene regulation in
the 231 genes whose expression were altered by
both PGR isoforms. (C–E) Percentages of enriched
myometrial remodeling biological processes in asso-
ciation with PGR-A– and PGR-B–dependent genome
regulation. Overrepresentation of gene annotations
was determined by GO (C), MSigDB canonical path-
ways (D), and IPA Diseases and Functions (E). Dif-
ferentially expressed genes between gestation day
14 and virgin mouse myometrium (GSE17021) were
used to identify enriched myometrial remodeling
biological processes.

Table 1. Molecular functions of PGR isoform targets by IPA

PGR-AOE_DEG PGR-BOE_DEG

Activation z-score P value of overlap Activation z-score P value of overlap

Function/disease
Recruitment of leukocytes 2.0 1.18 × 10−7 −0.35 5.00 × 10−9

Glucose metabolism disorder 1.60 2.02 × 10−18 −0.94 6.63 × 10−13

Neovascularization −0.12 2.73 × 10−6 1.83 5.78 × 10−7

Growth of connective tissue −0.92 2.66 × 10−6 1.55 7.10 × 10−8

Molecular activities
IL1β 1.99 2.27 × 10−13 0.54 2.45 × 10−12

TNF 2.34 6.54 × 10−14 0.29 5.57 × 10−10

NFkB (complex) 2.32 1.26 × 10−7 0.54 1.21 × 10−7

Glucocorticoid −1.01 4.23 × 10−4 1.38 8.56 × 10−4

Losartan potassium — — 0.99 1.60 × 10−5

Y-27632 −1 1.11 × 10−2 0.80 9.80 × 10−3

D-glucose 2.21 1.40 × 10−9 0.06 4.37 × 10−6

LIPE — 3.90 × 10−5 2.41 2.95 × 10−7

IL1β: interleukin 1 beta; TNF: tumor necrosis factor; NFkB: nuclear factor kappa-light-chain-enhancer of activated B cells; LIPE: lipase E.
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separate PGR-B and PGR-A expression to the myometrial
compartment (35, 36, 78). With spatiotemporal specificity de-
fined by the endogenous smooth muscle promoter (63, 79), we
have effectively targeted the overexpression of PGR-B and
PGR-A to only the smooth muscle compartment, allowing us to
address a long-standing hypothesis in parturition biology that
changes in the expression levels of myometrial PGR-B, and
PGR-A controls timely delivery (37, 45–47).
Our previous findings and data in this study show successful

activation of LSLPGB-A and LSLPGR-B minigenes by PGRCre
(64, 68), Wnt7aCre (64), MMTVCre (65), and Myh11Cre (SI
Appendix, Fig. S1) in various cell types, which demonstrate the
reliability of this Cre-activated overexpression system. Moreover,
overexpression of one PGR isoform does not increase the level
of the other one (SI Appendix, Fig. S1 J and K) (65, 68). This
feature enables the capture of specific isoform activities with
reduced noise from the other isoform. Notably, variations on the
transgene expression do exist, ranging between 20.8 and 29.8
normalized read counts for PGR-BOE and from 16.3 to 29.3 in
the PGR-AOE group (SI Appendix, Fig. S5B). These variations
could potentially contribute, in part, to the spectrum of increased
gestation length in the PGR-BOE mice (Fig. 1A). Whether there
is a linear correlation between gestation length and PGR-B
levels would be better investigated in the future with mice in a
pure genetic background.
The significant loss of embryos in PGR-AOE and PGR-BOE

groups could result from the defective egg/embryo transportation
mechanism between ovaries and the uterus. Rhythmic oviduct
contractions, pivotal to moving embryos, depend on the homeo-
stasis of oviduct muscularis (80). The observations that PGR iso-
form overexpression altered smooth muscle contractility (Fig. 3)
implicate potential disruption of coordinated oviduct contraction
by aberrant changes of PGR isoform activities. Such disruption
could potentially affect the timing of embryos’ arrival in the uterus
at the window of receptivity. Embryos missing the window of re-
ceptivity may still proceed to implantation but often end up with
pregnancy loss (81). Another potential cause of the pregnancy loss
phenotype is the spiral vasculature remodeling (82). In our model,
the Myh11Cre allele does not appear to activate the transgene in

vascular smooth muscle cells (VSMCs) inside the myometrial
compartment, evident by the lack of PGR immunoreactivity in
myometrial VSMCs (SI Appendix, Fig. S1H). This could result
from the very low Myh11Cre expression in VSMCs of the uterine
compartment as seen in the lack of colocalization of smooth
muscle alpha actin and Myh11Cre allele driven enhanced green
fluorescent protein (eGFP) (SI Appendix, Fig. S1E). Based on this
observation, PGR isoform overexpression is less likely to impact
spiral artery remodeling in a cell autonomous manner. Whether
the myometrial PGR overexpression may act in other capacities to
affect the spiral vasculature remains to be investigated (82).
While Myh11 gene expression is detected in mouse ovaries

(83), the comparable total implantation sites among control and
overexpressors suggest that both PGR-A and PGR-B over-
expressors’ ovaries were competent in ovulation (SI Appendix,
Fig. S3). In addition, the serum progesterone and estrogen levels
show no statistical differences between control and overexpressors at
13.5 dpc (SI Appendix, Fig. S2). Furthermore, PGR-B overexpressors
did not show clustered deviations of serum progesterone levels at
term and postterm from control mice (SI Appendix, Fig. S2 C andD).
These results collectively suggest that the ovarian functions of the
PGR-B overexpressor remain capable for pregnancy.
Ligand interaction has been shown to impact PGR isoform

actions in human myometrial cells and is associated with preterm
labor (30). In our models, serum progesterone levels manifested
no statistical difference between PGR-BOE and control groups at
term or postterm pregnancy (SI Appendix, Fig. S2 C and D). This
data suggests that the progesterone supply from the blood was
not affected in the overexpression models. Future experimen-
tations are warranted to examine the local progesterone and the
key progesterone metabolizing enzyme 20α-hydroxysteroid de-
hydrogenase (Akr1c18) levels for further exploring the ligand
interaction mechanism, even though Akr1c18 mRNA levels were
not altered by PGR isoform expression in 13.5 dpc uterine tis-
sues (Dataset S3).

PGR-B and PGR-A Have Opposing Actions on Myometrial Contractility.
Our first line of investigations reveals that elevation of myo-
metrial PGR-B or PGR-A levels result in marked abnormalities

A B Antibody: PLCL2
Myh11Cre PGR-AOE PGR-BOE

Antibody: GAPDH
Myh11Cre PGR-AOE PGR-BOE

C

D

hTERT-HM Cells

Fig. 5. Regulation and functionality of phospholi-
pase C-like genes. (A and B) mRNA abundance (A)
and protein levels (B) of Plcl2 in denoted genotypes.
**P < 0.01 compared with theMyh11Cre group. #, P <
0.05 compared with the PGR-AOE group. For mRNA,
each group had six biological replicates, and each
biological replicate had two PCR technical duplicates.
Error bars denote SEM. For the Western blots,
GAPDH serves as the loading control of Western
blot assay. Arrowheads mark the bands of anno-
tated protein sizes in mice. (C and D) Representa-
tive images (C ) and diameters of collagen gels (D)
from the cell contraction assay on hTERT-HM
cells of denoted manipulations of gene expression.
*P < 0.05 and **P < 0.01. Two-tailedMann–WhitneyU
test was used.
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in parturition and myometrial contractility. As expected, over-
expression of PGR-B in the mouse myometrium results in a
significant increase in gestational length and the inability for the
uterus to successfully expulse the pregnancy in a timely manner.
Furthermore, sophisticated in vivo analysis clearly demonstrates
that PGR-B overexpression is associated with decreased intra-
uterine pressure and an abnormal labor pattern. This is signifi-
cant, as it is a demonstration of a marked biological effect of
PGR isoforms on parturition. These in vivo findings are further
reinforced by well-controlled ex vivo dose–response curves, which
demonstrate a significantly low contractile response when PGR-B
is overexpressed. Importantly, while overexpression of PGR-B
results in the predicted “relaxed” myometrial phenotype that is
unable to contract in response to oxytocin, the overexpression of
myometrial PGR-A demonstrated the predicted “contractile”
myometrial phenotype with a twofold increased contractility in
response to uterotonic agents.
In addition to the uterine myometrium, PGR isoforms could

also work in a similar manner on oviduct smooth muscle. Co-
ordinated muscle contraction and relaxation in the oviduct de-
liver embryos to the uterus in time at the window of receptivity,
and disruption of this orchestrated muscle movement results in
early pregnancy loss (80). Manifestation of the growth arrest
phenotype in PGR-AOE and PGR-BOE pregnancy (Fig. 1) im-
plicates a role of PGR in the oviduct, which warrants future
investigations.

PGR-B and PGR-A Differentially Regulate Key Molecular Pathways.
Transcriptomic data further support the differential regulation
of crucial factors which control uterine contractility and partu-
rition, as multiple well-characterized signaling pathways are
differentially manifested in uteri overexpressing the PGR-A or
PGR-B isoform. Oxytocin signaling through its receptor (OXTR)
is a recognized, critical element to promote myometrial contrac-
tility in human labor (84). Our molecular evidence demonstrates
that Oxtr is significantly lower in PGR-B overexpressing mice,
providing a functional basis by which these mice are unable to
mount a contractile response to oxytocin in well-controlled ex vivo
experiments. Lipopolysaccharide (LPS) is well established in the

promotion of an inflammatory pathway associated with parturi-
tion and is widely used to induce labor in mice (60, 85). Our
findings reveal that PGR-A–dependent transcriptome is more
associated with LPS treatment than PGR-B (Dataset S4), sug-
gesting an elevated inflammation baseline set by the increased
PGR-A/PGR-B ratio. This observation also provides compelling
evidence that PGR isoforms differentially influence crucial in-
flammatory pathways that are well established in human and
murine parturition.
Interestingly, the gene expression profiles of myometrial PGR-

A and PGR-B overexpression exhibit differences in estimated
mitogen-activated protein kinase (MAPK) activities (Dataset
S4). Pharmacological inhibition of MAPK activation in mice is
known to suppress oxytocin-induced cyclooxygenase-2 and pros-
tacyclin levels in human myometrial cells (86). The differential
MAPK activities under the varying PGR isoform ratios may allow
modulation of progestational signaling that controls the state of
uterine relaxation in these mice.
The transforming growth factor-beta (TGFβ) superfamily of

proteins is well characterized in pregnant human myometrium
and is thought to play a role in preparing the myometrium for
parturition (87–89). Interactions between progesterone and
TGFβ signaling on gene regulation have been reported in uterine
and lung cells (90, 91). Our data suggest that TGFB1 activities
may be under the influence of myometrial PGR isoforms, with
higher estimated TGFB1 activities in PGR-A overexpressing uteri
than PGR-B (Dataset S4). This predicted difference in TGFB1
activities may represent a novel regulatory pathway under control
of PGR isoforms in the uterus. Future investigations into the
specific molecular mechanisms of PGR control over oxytocin,
TGFβ, and LPS-induced contractility will help clarify the specific
molecular interactions among these pathways.
The differences on predicted activities of glucose and lipase E

implicate the versatile function of PGR in regulation of energy
metabolism through utilizing different PGR isoforms (Table 1).
In human myometrium, transcriptomic profiles project an in-
crease of glucose utilization at term pregnancy compared to the
nonpregnant state (76), concomitant with the increased PGR-A
over PGR-B ratio toward term (37). This estimated higher usage

BA

C D E

PGR-B Only PGR-B and PGR-APGR-A only

Not currently associated with either PGR-A or PGR-B

Fig. 6. PGR-AOE_DEG and PGR-BOE_DEG gene signa-
tures in human myometrial tissues. (A and B) t-scores
of the denoted gene signatures, as surrogates of PGR-A
(A) and PGR-B (B) molecular activities, in nonpregnant
and term pregnant myometrial specimens (GSE137551).
*P < 0.05 by two-tailed unpaired t test with Welch’s
correction. Error bars denote SEM. (C–E) Percentages of
enriched myometrial remodeling-related molecular pro-
cesses in association with PGR-A– and PGR-B–dependent
genome regulation. Differentially expressed genes be-
tween term pregnant and nonpregnant human myo-
metrium (GSE137551) were used to identify enriched
myometrial remodeling biological processes.
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of glucose by PGR-A overexpressing mouse uteri is similar to
observations in the human myometrium, highlighting the func-
tional correlation between species in late gestation.

Regulation of Catalytic Inactive Phospholipase C-Like Proteins by
PGR. The phospholipase C pathway mediates extracellular sig-
nals to release intracellularly stored calcium leading to muscle
contraction. The PGR-B isoform-dependent transcription pro-
gram sets a framework that restricts signaling capacity of the
phospholipase C pathway to mediate contractile stimulation
(Fig. 5). Among the member genes in this pathway, Plcl2 encodes
a catalytically inactive form of the phospholipase C family of
proteins that bind to phospholipid phosphatidylinositol 4,5-bisphos-
phate (PIP2) and the second messenger inositol 1,4,5-trisphosphate
(IP3) (92, 93). The phospholipase C-like proteins PLCL1 and PLCL2
are thought to act as sequesters of inositol triphosphates and reduce
the signal to release calcium from the intracellular calcium storage
(93), thereby negatively regulating calcium signaling (94, 95). Known
functional indications of PLCL proteins include energy metabolism,
neuron transmission, cancer metastasis, immune response, and
bone formation (95–98). For female reproduction, loss of both
Plcl1 and Plcl2 results in subfertility, abnormal estrous cycle, and
smaller uteri in mice (99). PLCL1 expression is dominant in
human myometrium (76), while Plcl2 mRNA levels are much
higher than Plcl1 in the mouse uteri (Dataset S2). We and others
show that human myometrial PLCL1 attenuates muscle cell
calcium movement and contractility (Fig. 5D) (100). Progesterone
increases PLCL1 expression in the human endometrial stroma cell
model (94), and PGR occupancy has been identified near the
PLCL1 genomic locus in human myometrial tissues (76). These
findings suggest a negative regulatory role for progesterone sig-
naling in the phospholipase C pathway in human uterine tissues,
which aligns with the silencing effect of progesterone on myo-
metrial contractility. The present study further demonstrates that
PGR-B isoform exerts such repressive function through the
dominant PLCL isoform Plcl2 in the mouse myometrium (Fig. 5 A
and B). Similar to PLCL1, PLCL2 also blunts myometrial cell
contraction (Fig. 5D). PGR occupies the PLCL2 promoter and
upstream intergenic regions (76), suggesting a potential direction
transcription regulation of PLCL2 by PGR. The mechanism by
which PLCL2 modulates smooth muscle cell contractility remains
unclear and awaits future experimentations.

Materials and Methods
Animals. Myh11Cre mice [B6.Cg-Tg(Myh11-cre,-EGFP)2Mik/J] were acquired
from the Jackson Laboratory (stock no.: 007742) (63). LSLPGR-A and LSLPGR-
B mice were generated in-house and are described elsewhere (64, 65). Mice
were maintained in a recurrent photocycle of 12 h on–off in temperature-
controlled rooms within an American Association for Accreditation of Lab-
oratory Animal Care accredited vivarium at the Baylor College of Medicine
and the National Institute of Environmental Health Sciences. Animal han-
dling and procedures were performed following the guidelines detailed in
the Guide for the Care and Use of Laboratory Animals (101). All procedures
were approved by the Institutional Animal Care and Use Committee at
Baylor College of Medicine under animal protocol number AN-4203 and by
the Institutional Animal Care and Use Committee at the National Institute of
Environmental Health and Sciences under protocol number 2015–0012.

Breeding pairs were placed together at 1700 hours and separated by
0700 hours the followingmorning, which was designated 0.5 dpc; gestational
length was subsequently recorded as dpc. Parturition was recorded upon
delivery of the first pup or presence of a litter at 0700 hours; pups were
counted, assessed for viability, and weighed following birth.

Ultrasound Imaging. High frequency ultrasound was used to measure fetal
viability and growth throughout gestation as previously described (102).
Dams were anesthetized during gestation beginning at 5.5 dpc (2% iso-
flurane; 100% oxygen). Abdominal hair was removed with depilatory cream.
Dams were positioned supine to monitor heart rate and body temperature.
Implantation site locations, embryo viability, and fetal size were visualized
using the VisualSonics Vevo 2100 Imaging System with 550s scan head

(FUJIFILM VisualSonics Inc.) (102). Fetal viability was documented by cardiac
activity via M-mode Doppler at 9.5 dpc. Intrauterine fetal death was diag-
nosed as no fetal heartbeat observed for greater than 60 s on ultrasound
imaging. After completion of imaging, dams were monitored until fully
recovered from anesthesia. The development and monitoring of fetal
growth from 5.5 dpc through 9.5 dpc can be detected, while documentation
of cardiac activity at 9.5 dpc is possible.

Gross Tissue Specimen Analysis. Mice were euthanized by cervical dislocation
after anesthesia was obtained in automated CO2 euthanasia chambers
(Euthanex). Through an abdominal incision, the reproductive tract including
the upper vagina, cervix, bilateral uterine horns, and bilateral ovaries was
then surgically excised, examined, and photographed. Gross tissue specimen
analysis was used to assess uterine morphology during pregnancy and to
corroborate ultrasound findings. The compilation of these data allows de-
velopment of a type of “virtual mapping” and reconstruction of the preg-
nant mouse uterus in silico.

Uterine Isometric Contractility Analysis. At 6.5 dpc of pseudopregnancy, mice
were euthanized, and the entire uterus was excised. The uterine horns were
immediately immersed in oxygenatedKrebs physiological saline solution (119mM
NaCl, 4.7 mM KCl, 2.5 mM CaCl2, 1.17 mM MgSO4, 25 mM NaHCO3, 1.18 mM
KH2PO4, 0.026 mM ethylenediaminetetraacetic acid, and 5.5 mM D-glucose).
Next, uterine strips (5 × 2 mm) were mounted on a wire myograph (Danish
Myograph Technology), placed under 1 g of tension in a bath of Krebs solution,
and equilibrated for 30 min using LabChart software (ADInstruments).

After a baseline integral value of unstimulated uterine tone was recorded,
the uterine strips were exposed to increasing concentrations of oxytocin (10
to 8.5 M to 10 to 6 M, Sigma-Aldrich), and concentration–response curves
were recorded to determine maximum effect dose. Responses are presented
as the integral value over a period of 10 min and normalized to each indi-
vidual strip’s baseline integral value at 1 g tension. The baseline resting
uterine tone over the duration of exposure to oxytocin was also recorded.

Statistical analysis for the ex vivo contractility assays utilized the One-Way
ANOVA Calculator for Repeated Measures from Social Science Statistics
(https://www.socscistatistics.com/).

In Vivo Telemetry Surgical Implantation Procedure. Mice were mated at 6 to 8
wk of age, and PGR-BLSL littermates of PGR-BOE mice served as controls. The
PhysioTel PA-C10 Transmitter (Data Sciences International [DSI]) was used to
measure intrauterine pressure before, during, and after parturition, as
previously described and demonstrated (103, 104). Prior to surgery, the dams
were confirmed pregnant, and the number of pups in each uterine horn was
counted via high frequency ultrasonography (102). At 10.5 dpc, dams were
weighed and injected subcutaneously with slow-release buprenorphine
(0.6 mg/kg) 30 min prior to surgery. Animals were anesthetized with 2%
isoflurane in 100% oxygen.

With an aseptic and sterile technique, a 1 cm vertical incision was made in
the abdominal wall. The right uterine horn was identified, and a small 1 mm
incision was made at the most distal portion of the uterine horn. Small
surgical forceps were used to insert the pressure catheter between the
uterine wall and fetus, attempting to not rupture the amniotic membrane.
The catheter was visualized to pass through the most distal pregnancy and
then progressed further proximally toward the cervix with light pressure so as
to enter at least the second pregnancy site. Next, a small drop of Vetbond
surgical glue (3M) was applied to the site of uterine insertion and allowed to
dry. The PA-C10 Transmitter and implanted horn were returned to the body
cavity. The peritoneum was sutured in a running fashion with 5-0 Vicryl, and
the abdominal wall was sutured with 6-0 Monocryl in an interrupted fash-
ion; the mouse was monitored until awake.

In Vivo Telemetry Parturition Data Acquisition and Analysis. Telemetry re-
cordings were performed with the Dataquest ART data acquisition system,
version 4.10 (DSI); each mouse was maintained in the cage and placed on the
recording receiving pad. Continuous pressure recordings were begun on 18.5
dpc and continued through parturition and 12 h postpartum (19.5 dpc for
wild-type mice) or until 21.5 dpc or signs of labor dystocia required eutha-
nasia of the dam. Pressure measurements were exported every 10 s. Hourly
pressure averages (mmHg) were calculated with Dataquest ART 4.2 software
(DSI), in which all data points were averaged within the hour. The photo-
cycle of light and dark cycles of the mice were noted for each pregnancy.

Serum Hormone Measurements. Bloodwas collected from timed pregnant and
pseudo pregnant mice through retro-orbital bleeding and allowed to clot in
serum separator microtainer tubes (Becton Dickinson) before centrifugation
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at 2,000 × g for 10 min for serum isolation. Serum levels of estrogen and
progesterone were measured by enzyme linked immunosorbent assay and
radioimmunoassay, respectively, by the Ligand Assay and Analysis Core at
the University of Virginia Center for Research and Reproduction.

Histological Analysis. Transverse sections of the miduterine horn were pre-
pared, processed, and paraffin embedded as described (105). For immuno-
histochemical analysis, tissue sections were incubated overnight at 4 °C with
primary antibodies: Myc (1:500 dilution, Cell Signaling Technology), PGR
(1:500 dilution, Santa Cruz Biotechnology, Inc.), and Myh11 (1:200, Santa
Cruz Biotechnology, Inc.). Sections were incubated with biotin-labeled sec-
ondary antibody of goat anti-rabbit or anti-mouse IgG (Vector Laboratories),
followed by incubation with horseradish peroxidase conjugated avidin
(Vector Laboratories). The 3, 3′ diaminobenzidine peroxidase substrate kit
(Vector Laboratories) was used to visualize immunoreactivity, followed by
counterstaining with hematoxylin (Poly Scientific). Images were captured
using the Nikon Eclipse Ci-L upright microscope (Nikon Instruments), and
digital images were processed and assembled using Adobe Photoshop
(version CS5, Adobe Systems).

For immunofluorescence analysis, the following primary antibodies were
used: Myh11 (1:200 dilution, Santa Cruz Biotechnology, Inc.), smooth muscle
actin (1:400 dilution, Abcam), and EGFP (1:400 dilution, Abcam). Slides were
incubated with secondary antibodies conjugated with Alexa Fluor 488 or 594
(Invitrogen) and mounted using ProLong Gold Slowfade media with DAPI
(Invitrogen).

Western Blot. Protein from fresh or flash-frozen tissues were extracted by the
Ambion PARIS kit (AM1921, Thermo Fisher Scientific) per manufacturer’s
instruction. Protein from cells were isolated by the radioimmunoprecipitation
assay buffer. Primary antibodies used in this study include PGR (1:500 dilution,
sc-7208, Santa Cruz Biotechnology), PLCL1 (1:500 dilution, HPA031849, Sigma
Life Science), PLCL2 (1:500 dilution, 17421-1-AP, Proteintech), and GAPDH
(1:1,000 dilution, 2118S, Cell Signaling).

RNA Extraction.Uterine tissues from the antimesometrial side of implantation
sites were isolated, followed by homogenization by the Bead Mill 24 Ho-
mogenizer (15-340-163, Fisher Scientific) in Bead Mill Tubes (15-340-154
Fisher Scientific) with 1 mL TRIzol (15596026, Thermo Fisher Scientific). Tissue
debris were pelleted and removed by centrifugation at 12,000 × g for 10 min
at 4 °C. After adding 200 μL 1-Bromo-3-chloropropane, samples were man-
ually shaken for 20 s followed by incubation at room temperature for 3 min.
Phase separation was conducted by centrifugation at 12,000 × g for 18 min
at 4 °C. The RNA-containing aqueous layer was retained and subsequently
mixed with 500 μL 200 proof ethanol. The mixture was then passed through
the RNA binding column of an RNeasy Mini Kit (74104, Qiagen), followed by
washing and the elution steps described in the manufacturer’s handbook.

qRT-PCR. Total RNA was quantified using a NanoDrop Spectrophotometer
ND-1000 (NanoDrop Technologies) before RNA (2.5 μg) was reverse tran-
scribed to generate complementary DNA (cDNA) using the SuperScript VILO
cDNA Synthesis Kit (Life Technologies) or by the Transcriptor First Strand
cDNA Synthesis Kit (04379012001, Roche Life Science, Penzberg). Quantita-
tive real-time PCR analysis was performed using the TaqMan Universal
Master Mix II (Life Technologies), SsoAdvanced Universal SYBR Green Supermix
(1725270, Bio-Rad), or SsoAdvanced Universal Probes Supermix (1725280, Bio-
Rad) on the CFX Connect Real-Time PCR Detection System (1855201, Bio-Rad)
based on manufacturer’s instruction. Ribosomal RNA (rRNA, 18S) was used as
an internal control. The 18S rRNA probe is from Thermo Fisher Scientific
(4319413E). Primers used in this study include mouse Plcl2 forward cgctgtgta
tgaaaagatcgtg, mouse Plcl2 reverse gtgcctatgctgtgcaagtg, human PLCL1 for-
ward caggaaaagattgtacagtgtcaga, human PLCL1 reverse tttgcccccaaattatgaag,
human PLCL2 forward tatgacatgatgattcagtccctc, human PLCL2 reverse ttcctt
ggtgcctatgctgt, human ACTA2 forward ctgttccagccatccttcat, human ACTA2
reverse tcatgatgctgttgtaggtggt, human TAGLN forward cagtgtggccctgatgtg,
and human TAGLN reverse caccagcttgctcagaatca. Probes used include Pgr (Mus
musculus) Mm 00435628_m1, Trpc3 (Mus musculus) Mm00444690_m1, and
Oxtr (Mus musculus) Mm01182684_m1 from Thermo Fisher.

RNA-Seq. The libraries prepared from the extracted RNA samples were se-
quenced with 43.8 to 83.8 million 76-base-pair (bp) paired-end reads per
sample. The raw reads were filtered by removing low quality reads (average
quality scores <20), followed by removing adapter-carrying reads using
Cutadapt (v2.7) (106). The reads were further cleaned by decontaminating
rRNA reads through mapping to the mouse rRNA sequences using Bowtie
(v2.2.5) (107). Then, the processed reads were normalized to the same

number of reads for aligning to mm10 genome using Spliced Transcripts
Alignment to a Reference software version 2.7.0f (108). The number of
fragments (read pairs) that mapped to the gene models were counted using
the featureCounts (v1.6.4) function available in the software package Sub-
read (109). Differential expression analysis was performed using R package
DESeq2 (v1.24.0) (110). Differentially expressed genes were determined us-
ing the following combined cutoffs: detected with mean FPKM ≥1 in at least
one of the conditions, absolute fold change of ≥1.3, and unadjusted P <
0.05. The RNA-Seq data were deposited to the National Center for Bio-
technology Information (NCBI) Gene Expression Omnibus repository (GEO
accession number GSE146634).

To examine the transgene and overall Pgr expression, regions of 25 bp
length from the transgene-specific sequence (GTTGTGGATCTGCGATCTAAG-
TAAG) and PGR-A and PGR-B shared sequence in exon 2 (GCTTAATCTGCG-
GGGATGAAGCATC) were used for quantification. Among all the raw reads
from each sample, we identified the individual reads including each of these
25 bp regions. For direct comparison of expression levels of each target se-
quence among samples, the final normalized read count was based on the
read count per 100 million raw individual reads of each sample.

GO and Pathway Enrichment Analyses. Differentially expressed genes were
mined by the BaseSpace Correlation Engine (Illumina) for GO Terms and
MSigDB and IPA (Qiagen) for enrichment of molecular activities and diseases
and functions.

Gene Signature Analysis. The publicly available human microarray datasets
GSE137551 and GSE32178 were scored for manifestation of the mouse model-
derived PGR-A and PGR-B gene signatures using the published t-score metric
(111, 112). A gene signature score, t-score, was calculated for each external
profile with the two-sided t-statistic test, within the profile, comparing be-
tween the group of the PGR isoform induced genes with the group of the PGR
isoform repressed genes. In this way, the t-score contrasted the patterns of the
“PGR isoform induced” genes against those of the “PGR isoform repressed”
genes and could be used to derive a single value denoting coordinate ex-
pression of the two gene sets. A score greater than zero indicates a positive
correlation with the mouse PGR gene signature and vice versa. Within each
human dataset, where multiple probes referred to the same gene, the probes
with the highest variation were taken to represent the gene; genes were then
centered to SDs from the median across sample profiles.

Generation of PLCL1 and PLCL2 Overexpression Cells by CRISPRa. hTERT-HM
cells (58) were transduced with IGI-P0492 pHR-dCas9-NLS-VPR-mCherry (a
gift from Jacob Corn; Addgene plasmid #102245; http://n2t.net/addgene:102245;
Research Resource Identifier: Addgene_102245) and guide RNA (gRNA)-blue
fluorescent protein (BFP)–expressing vectors. gRNA-BFP–expressing vectors
were synthesized with the guide sequences TCGAGTACATTAGCCCCGCT and
GCGCGCGTGTGCAAACCCGG for PLCL1, GCGCACGGTTAAAGTCGCGG and
GCGCCAAAAATAACCCGCGC for PLCL2, and GCACTACCAGAGCTAACTCA for
scrambled control (VectorBuilder, catalog #VB200730-1266nkh, VB200730-
1270edv, and VB200731-1090zyk, respectively). Cells positive for both GFP
and BFP were enriched by three rounds of cell sorting and expansion cycles
to select the stable expression pools. Cells were maintained in the Dulbecco’s
modified Eagle medium (DMEM)/F12 medium (Thermo Fisher 11330032)
with 10% fetal bovine serum (Thermo Fisher 10437028) and 1× antibiotic–
antimycotic (Thermo Fisher 15240062) as described previously (58).

Collagen Contractility Assay. The cell contraction assay was performed on
bovine type 1 collagen and the 48-well cell contraction plate (floating model)
per manufacturer’s instruction manual (Cell Biolabs, Inc. CBA-5021) with
105,000 cells/well. After collagen polymerization, cells were cultured in
DMEM/F12 medium (Thermo Fisher 11330032), 10% fetal bovine serum
(Thermo Fisher 10437028), 1× antibiotic–antimycotic (Thermo Fisher 15240062),
and 200 nM oxytocin (Sigma O4375) (113) for 2 d. Images of collagen gels were
taken using a ZEISS Axiocam ERc 5s under a Leica MZ12 Microscope with a ruler
(Fine Science Tools). Each collagen gel had its diameter measured twice at a
perpendicular angle, and the number in average was reported.

Statistical Analysis. Statistical analysis was performed with the R Commander
package (RStudio, Inc.) or GraphPad Prism 8 (GraphPad Software) unless
specified otherwise. Data are presented as the mean ± SEM. P values less than
0.05 were defined as statistically significant.

Data Availability. RNA-Seq data have been deposited in the NCBI Gene
Expression Omnibus (GSE146634).
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