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Many signaling pathways that contribute to tumorigenesis are also functional in pregnancy, although they
are dysregulated in the former and tightly regulated in the latter. Transformation-related protein 53 (Trp53),
which encodes p53, is a tumor suppressor gene whose mutation is strongly associated with cancer. However, its
role in normal physiological processes, including female reproduction, is poorly understood. Mice that have
a constitutive deletion of Trp53 exhibit widespread development of carcinogenesis at early reproductive ages,
compromised spermatogenesis, and fetal exencephaly, rendering them less amenable to studying the role of
p53 in reproduction. To overcome this obstacle, we generated mice that harbor a conditional deletion of uter-
ine Trp53 and examined pregnancy outcome in females with this genotype. These mice had normal ovulation,
fertilization, and implantation; however, postimplantation uterine decidual cells showed terminal differentia-
tion and senescence-associated growth restriction with increased levels of phosphorylated Akt and p21, factors
that are both known to participate in these processes in other systems. Strikingly, uterine deletion of Trp53
increased the incidence of preterm birth, a condition that was corrected by oral administration of the selective
COX2 inhibitor celecoxib. We further generated evidence to suggest that deletion of uterine Trp53 induces
preterm birth through a COX2/PGF synthase/PGF,, pathway. Taken together, our observations underscore

what we believe to be a new critical role of uterine p53 in parturition.

Introduction

Pregnancy is a complex process. Ovulation, fertilization, preim-
plantation embryo development, oviductal embryo transport,
embryo implantation, uterine decidualization, placentation, and
parturition are all critical, and failure at any of these stages com-
promises pregnancy outcome. Implantation is the first encoun-
ter between embryo and mother, while parturition is the end of
this encounter, although soluble factors from the uterus and/or
embryo influence the embryo-uterine dialogue prior to implanta-
tion. Therefore, implantation and parturition are — conceptually,
physiologically, and clinically — distinct conundrums with dif-
ferent molecular and genetic signatures. Although implantation
failure is a significant cause of infertility and a clinical issue in
in vitro fertilization programs, preterm birth and prematurity are
problems with consequences that continue beyond birth, posing
huge long-term social and economic liabilities.

Premature delivery accounts for 75% of early neonatal morbid-
ity and mortality, making this disorder a global clinical, social,
and economic burden (1). About 13 million premature births and
more than 3 million stillbirths occur each year. Prematurity is a
direct cause of nearly 30% of all neonatal deaths, totaling more than
1 million each year. In addition, many babies that survive premature
birth suffer serious long-term disabilities (2). According to the 2006
report of the Institute of Medicine, National Academies of Sciences,
the total cost of preterm birth is estimated to be at least $26 billion
ayear in the United States (3). Therefore, there is an urgent need to
research new approaches for combating this public health concern.
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In the present study, we used a mouse model of conditional deletion
of uterine Trp53 to demonstrate that p53 deficiency conferred pre-
mature uterine senescence and promoted preterm birth.

Several signaling pathways that function during pregnancy
are also active during tumorigenesis, the difference being their
tight regulation during pregnancy but dysregulation during
tumorigenesis (4). Mutation of Trp53 is found in a variety of
cancers (5); however, its roles in normal physiological processes,
including female reproduction, remain poorly understood. A
recent study reported that mice constitutively deleted of Trp53
(TrpS3~- mice) have implantation failure caused by downregu-
lation of uterine leukemia inhibitory factor (LIF) on day 4 of
pregnancy (with day 1 defined as the day the vaginal plug forms)
(6). These systemic null mice, however, begin to die of cancer as
early as 2 months of age (7), and a number of Trp537~ fetuses,
especially females, die prematurely due to the development of
exencephaly (8). In addition, Trp53~/~ males have compromised
spermatogenesis (9). Such complications make these mice less
than appropriate for studying female reproductive phenotypes
devoid of other systemic and male effects. Therefore, we gener-
ated mice with conditional deletion of uterine TrpS53 by crossing
floxed TrpS3 mice (TrpS3/xP/xP mice; ref. 10) with progesterone
(P4) receptor-Cre (PR-Cre) transgenic mice (Pgr®®* mice; ref. 11)
and examined critical events during the course of pregnancy.
Although all females with uterine deletion of Trp53 showed nor-
mal implantation, more than 50% had preterm birth with neona-
tal death associated with premature uterine senescence. Further
studies to unravel the underlying mechanism revealed that p21
and phosphorylated Akt (pAkt) contributed to premature uter-
ine senescence and that activation of the Akt/COX2 signaling
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pathway evoked premature birth. These results unravel what we
believe to be a new role of p53 in parturition.

Results

TrpS3 is efficiently deleted in uteri of TrpS§30F/loxPPgrCre/+ females. We
generated TrpS530xt/lxPPgyCre/+ and TrpS3txP/lexPPgr/+ mice by cross-
ing Trp53txP/lexP mice (FVB/129) with Pgre/* mice (CS7BL6/129) to
examine various events during pregnancy (see Methods). Through-
out the present study, we used littermate females to compare
reproductive functions between control and experimental groups
to minimize the influence of genetic background on the observed
phenotypes. Pgr?’* females have been reported to have normal fer-
tility (11). By breeding WT or Pgr¢%/* females with Pgr¢%* males,
we also confirmed that these females were fertile with normal ges-

Table 1
Trp53xFioxP Pgrcre/+ mice exhibit preterm birth and dystocia

Dam genotype Day of labor No. dams
Trp53/oxf+ Pgr+/+ Day 19, 1800 h, to day 20, 0800 h 8
Trp530xF/+Pgrcre+ Day 19, 1800 h, to day 20, 0800 h 8
Trp530xFioxPpgr++  Day 19, 0800 h, to day 19, 1800 h 2
Trp530xFioxPpgr++ Day 19, 1800 h, to day 20, 0800 h 21
Trp5310xF/1oxF Par+/+ Total 23
Trp53/exPloxPPgrCre/+ Day 17,1200 h, to day 17, 1800 h 3
Trp53/oxP/oxPpgrCre/+ Day 17, 1800 h, to day 18, 1800 h 9
Trp53oxFioxPpgrlre+— Day 18, 1800 h, to day 19, 1800 h 5
Trp53/exPloxPPgrere/+  Day 19, 1800 h, to day 20, 0800 h 3
Trp53/oxP/oxPpgrCre/+— Day 20, 0800 h, to day 21, 0800 h 3
Trp53loxF/oxP Py Cre/+ Total 23

No. dams with dystocia

Figure 1

Efficient deletion of uterine Trp53. (A and B) Trp53 mRNA was unde-
tectable in 2-month-old Trp53/xFlioxPpgrCre/+ yteri analyzed by RT-PCR
(A) and Northern hybridization (B). Actb and Rpl7 were used as inter-
nal controls. (C) p53 protein levels were very low to undetectable in
irradiation-induced 2-month-old Trp53/oxPlloxPpPgrCre/+ yteri assessed
by Western blotting. Trp53/exPlloxPPgr+/+ and Trp53loxPlioxPpgrCrel+
dams were killed 6 hours after 9.5 Gy whole-body y irradiation. Pro-
tein extracts from mouse lymphoma cell line WR19L were used as a
positive control. (D) Immunostaining of p53 in Trp53/xPlloxPPgr+i+ and
Trp53loxPlloxPPgrCrel+ decidua on day 8 of pregnancy. Immunoreactive
p53 was undetectable in Trp53/xPloxPpgrCrei+ decidua. Fast Green solu-
tion was used to counterstain the cytoplasm. Dark green-black staining
shows nuclear p53 localization. Scale bar: 200 um.

tational length (Supplemental Figure 1; supplemental material
available online with this article; doi:10.1172/JCI40051DS1). In
addition, we found that heterozygous floxed Trp53 females with
(Trp53text/*Pgrce/+) or without (Trp53%#/*Pgrt/*) a PR-Cre allele on
a mixed background had normal pregnancy outcome (Table 1).
Therefore, PR haploinsufficiency or the presence of Cre did not
show any adverse effect on pregnancy outcome. This is consistent
with the findings of similar PR expression patterns in Trp53loxF/lexP
Pgr*/* and Trp§3xF/loxPPgyCre/+ pregnant uteri (Supplemental Fig-
ure 2). With these results in hand, we used 2-month-old littermate
Trp53lext/loxPPap+/+ and TrpS3lext/loxP PgrCre/s dams on a mixed back-
ground to examine various reproductive events during pregnancy.
We first confirmed that these dams had efficient deletion of uter-
ine TrpS3 (Figure 1, A-D), with no sign of tumorigenesis in the
uterus or other organs as we previously reported (12), as opposed
to that found in mice with global deletion of Trp53 (7).

Ovulation, fertilization, preimplantation development, and implantation
are normal in Trp5310xF/xP PgrCre/* dams. We examined ovulation and
fertilization in TrpS3loxP/lexPPgrCre/s dams by flushing eggs and/or
embryos on day 2 of pregnancy and found both processes to be nor-
mal (Supplemental Figure 3, A and B). We also confirmed normal
development of preimplantation embryos and their timely trans-
port from the oviduct into uterine lumens of Trp53/ext/loxPPgyCre/+
dams by recording the number of blastocysts retrieved in uterine
flushings on day 4 of pregnancy (Supplemental Figure 3C).

No. dead pups perdam  No. live pups per dam

0 (0%) 0403 8.4+1.0
0 (0%) 0.1+£01 85+07
0 (0%) 05+05 10.5+0.5
0 (0%) 0.2+0.1 9.3+04
0 (0%) 02+01 94+05
3 (100%) 7.0£15 27+27
6 (67%) 5.0+05 18+0.8
2 (40%) 0.8+04 8207
0 (0%) 0.7+0.7 8.3+12
0 (0%) 1.3+0.9 47+23
11 (48%) 3.3+0.6% 45+0.8

Littermate Trp53/0xP+Pgr++ and Trp53/oxP+Pgrcre+ dams (F1 generation) and littermate Trp53/oxPloxPPgr+/+ and Trp53/oxPlloxPPgrCrel+ dams (F3 generation)
were used (see Methods). Day of labor was defined as the day of pregnancy when the dam delivers the first pup. Dystocia was defined as difficult delivery
lasting more than 12 hours. The number of dead or live pups per dam is shown as mean + SEM. AP < 0.05 versus Trp53/oxPloxPPgr++ dams; Student's t test.
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Mice with uterine deletion of Trp53 show normal implantation. (A) Representative photographs of uteri with implantation sites (blue bands) on
day 5 of pregnancy in Trp53/exPloxPPgr+/+ and Trp53lexPlloxPPgrCrei+ females, mated with fertile Trp53/oxPioxPPgr++ males. Arrows and arrowheads
indicate implantation sites and ovaries, respectively. (B) Number of implantation sites on day 5 of pregnancy (mean + SEM; P > 0.05; Student’s
t test). (C) Representative photomicrographs of H&E-stained histology, and in situ hybridization of Ptgs2, in implantation sites on day 5 of
pregnancy in Trp53lexPlioxPPgr+/+ and Trp53lexPlioxPPgrCre/+ dams. Arrowheads indicate the location of implanting blastocysts. Scale bars: 200 um.
(D) In situ hybridization of Lif in Trp53/oxPlloxPPgr++ and Trp53/oxPlloxPpgrCre/+ yterine sections on days 1 and 4 of pregnancy. Scale bars: 200 um.
(E and F) Lif mRNA levels in day 1 uteri of Trp53/loxPloxPPgr++ and Trp53/oxPloxPPgrCrel+ dams (E) and in day 4, 0900 h, uteri of Trp53/oxPlioxPpgr+/+
Trp53loxPlioxPpgrCrel+ \NT, and Lif*- dams (F), as determined by Northern hybridization. Values are mean + SEM of 2—4 independent samples.

*P < 0.05, Student’s t tests.

Successful implantation is the result of reciprocal interactions
between the blastocyst and the receptive uterus. The receptive
state of the uterus is transient and is defined as the time at which
the uterine environment is conducive to blastocyst acceptance
and implantation. In mice, generalized stromal edema late on

the morning of day 4 leads to uterine luminal closure, placing the
blastocyst in close apposition with the luminal epithelium. This
is followed by an intimate adherence of the blastocyst trophecto-
derm with the luminal epithelium (attachment reaction), marking
the first discernible sign of implantation on the night of day 4,
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Figure 3

Uterine deletion of Trp53 restricts normal decidual growth. (A) Rep-
resentative photographs of day 8 pregnant implantation sites in
Trp53loxPlioxPPgr+i+ and Trp58loxPlioxPPgrCre/+ mice. (B and C) Number
and weight of implantation sites in Trp53/oxPloxPPgr++ and Trp53lexPlioxP
PgrCre+ mice on day 8 of pregnancy (mean + SEM; *P < 0.05). (D
and E) Trp53/exPlloxPPgr+/+ blastocysts were transferred into uteri of
Trp53loxPlioxPPgr+/+ or Trp53loxPlloxPPgrCrel+ recipients on day 4 of pseu-
dopregnancy. The number and weight of implantation sites were
evaluated on day 8, 4 days after embryo transfer (mean + SEM;
*P < 0.05). Numbers in parentheses denote the ratio of implantation
sites/total blastocysts transferred. (F) In situ hybridization of Hoxa10
and Bmp2 in Trp53/oxPlioxPPgr++ and Trp53/exPlloxPPgrCrel+ uteri on day
8 of pregnancy. Em, embryo; M, mesometrial pole; AM, antimesome-
trial pole. Scale bar: 200 um. (G) Northern hybridization of Hoxa70
and Bmp2 in day 8 uteri of Trp53/oxPlloxPPgr+/+ and Trp53loxPlloxP pgyCre/+
dams. In each group, 2-3 independent samples were examined
(mean + SEM; *P < 0.05). (H and I) Loss of p53 upregulated pAkt,
p110a, and p21 levels in day 8 implantation sites. As assessed by
Western blotting (H), quantitatively analyzed band intensities of pAkt
were normalized against total Akt, and those of p110a and p21 were
normalized against actin (l). In each group, 3 independent samples
from different mice were examined (mean + SEM; *P < 0.05).

between 2200 h and 2400 h. The attachment reaction coincides
with increased stromal vascular permeability at the site of the
blastocyst and can be demarcated by distinct blue bands along
the uterus after intravenous injection of a blue dye solution (13).
We found that Trp53%xP/exPPgrCre/s dams had numbers of distinct
implantation sites comparable to those of TrpS53//xPPgr*/* dams
on the night of day 4 (data not shown). The implantation process
in progress was also normal in TrpS§3/x#/lxPPgyCre/* dams on day 5
of pregnancy, as assessed by the blue dye method and histological
analysis (Figure 2, A-C). COX2, encoded by Ptgs2, is an inducible
rate-limiting enzyme required for the biosynthesis of prostaglan-
dins (PGs). COX2 is expressed in the luminal epithelium and stro-
ma exclusively at the site of blastocyst attachment and is critical
for implantation (14). We found that expression patterns of Ptgs2
mRNA and COX2 protein were similar between Trp53/oxt/lexP Pgy+/+
and TrpS53loxt/lexPPgrCre/s dams during implantation (Figure 2C and
Supplemental Figure 4).

Lif, an estrogen response gene, is required for uterine receptivity
and implantation (15). It is first expressed in uterine glands on the
morning of day 4, then in the stroma surrounding the blastocyst
at the time of the attachment reaction the night of day 4, persist-
ing through the morning of day 5 (16). Because reduced uterine
Lif expression was previously reported to be the cause of implanta-
tion failure in Trp537~ dams (6), we compared uterine Lif expression
between Trp330xF/loxPPgy/+* and TrpS3iext/exPPgrCre/* dams on days 1
and 4 of pregnancy and found their expression patterns to be similar
(Figure 2D). We also found comparable levels of uterine Lif expres-
sion in TrpS3loxt/lexPPgy+/+ and TrpS3xP/1xPPgrCre/* dams on day 1
(Figure 2E), when the uterus is under the influence of preovula-
tory estrogen surge, as well as in ovariectomized uteri after estrogen
treatment (Supplemental Figure 5). However, similar to the previ-
ous report (6), we found about 60% reduction in Lif expression levels
in Trp53txt/lexPPgyCre/+ uteri on the morning of day 4, although these
levels were comparable to those in Lif”~ dams (Figure 2F), which
showed normal implantation and pregnancy (Supplemental Figure 6
and refs. 16, 17). Because reduced uterine Lif expression sustained
normal pregnancy in Lif~ mice, we believe that a similar reduction
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in uterine Lif expression in Trp530xF/lexPPgyCre/+ mice would fail to
prevent implantation. Furthermore, the stromal Lif expression pat-
tern surrounding the blastocyst at the time of attachment on the
night of day 4, also considered important for implantation (16, 17),
was normal in TrpS§3/oxP/lexPPgyCre/* dams (Figure 2D). These findings
show that reduced Lif expression levels in Trp53-deleted uteri on
the morning of day 4 were not a limiting factor for implantation to
occur, although this reduction could be detrimental to implanta-
tion in other conditions, as reported by Hu et al. (6). Because the
expression of Trp53 is primarily restricted to the stroma prior to
and during implantation (18), and because the stroma can influ-
ence epithelial phenotypes (19), it is possible that some reduction
in Lif expression levels on day 4 is secondary to stromal deficiency
of p53 in Trp53loxt/lexPPgyCre/* mice.

Deletion of uterine Trp53 leads to decidual growth restriction with
polyploidy, terminal differentiation, and senescence. With the implan-
tation process in progress, stromal cells surrounding the
implanting embryo undergo decidualization, which is essential
for sustaining pregnancy. To determine whether this process is
normal in TrpS3lxt/lexPPgrcre/~ dams, we first recorded weights
of implantation sites in TrpS3lxP/loxPPgy+/* and TrpS3lext/loxp
Pgrc¢r/+ dams on day 8 of pregnancy, the day of maximal decid-
ual growth. The number of sites remained comparable between
the 2 groups (Figure 3, A and B), but weights of implantation
sites were lower in TrpS§3xF/lexPPgyCre/+ dams (Figure 3, A and C),
suggestive of alteration in decidual cell growth. To circumvent
any effects of embryo genotype on implantation or decidualiza-
tion, we performed reciprocal blastocyst transfer experiments.
Day 4 TrpS3WxP/lexPPgy+/* blastocysts were transferred into uteri
of Trp§3lext/loxPPgy?/* or TrpS3lex/lexPPgyCre/+ recipients on day 4 of
pseudopregnancy. Again, implantation rates were comparable
between TrpS3loxt/lexPPgy/+ and Trp§ 3txP/loxPPgrCre/* recipient dams
(Figure 3D), although weights of implantation sites were lower
in TrpS3text/lexPPgyCre/+ recipients (Figure 3E), on day 8 of preg-
nancy. Hoxal0 and Bmp2 are highly expressed in decidual cells
and critical for decidualization (20-22). Expression patterns of
Hoxal0 and Bmp2 in decidual cells surrounding the implanting
blastocysts in Trp53lx/loxPPgrCre/* dams were similar to those in
TrpS3loxt/loxPPgy+/+ dams (Figure 3F), although their expression
levels were about 40% lower in TrpS53/x/loxPPgyCre/+ mice on day 8
(Figure 3G). Together, these findings suggested a role for uterine
pS53 in normal decidual growth and led us to explore the mecha-
nism by which uterine p53 deficiency limits decidual growth.

Heightened stromal cell proliferation, differentiation, and poly-
ploidy are hallmarks of normal decidualization in mice; altera-
tion in any of these processes may influence decidual growth.
One major role of the deciduum is to accommodate and support
the developing embryo. It was previously shown using an in vitro
model of human decidualization that withdrawal of decidualiza-
tion stimuli downregulates p53, but induces Akt activation (23,
24). We also found increased levels of pAkt in implantation sites of
TrpS3lext/lexPPgyCre/* mice on day 8 of pregnancy (Figure 3, Hand I).
These increased levels were consistent with immunostained
pAkt-positive decidual cells in Trp530x/loxPPgrCre/+ dams (data not
shown). We also found increased levels of p110a, a catalytic sub-
unit of PI3K, in the TrpS3loxt/lexPPgrCre/+ mice (Figure 3, H and I).
A recent study shows that PIK3CA, which encodes p110a., has
2 alternate promoters, and p53 binds directly to one of them
to inhibit its transcription (25). In contrast, inactivation of p53
upregulates PIK3CA, resulting in enhanced PI3K activity with
March 2010 807
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increased levels of pAkt (25). Therefore, our observations of
increased levels of p110a and pAkt provide evidence that con-
ditional deletion of Trp53 in the uterus stimulates PI3K activity,
which in turn elevates pAkt levels.

We also found heightened expression of p21, a cyclin-dependent
kinase inhibitor (Figure 3, H and I). Normally, p21 is transcrip-
tionally upregulated by p53 after DNA damage. However, p21 is
also induced independently of p53 in multiple cell lineages with
terminal differentiation during tissue development (26, 27). In this
respect, the function of p53 in developing tissues is different from
its role in adult tissues. Since the growing deciduum is a maternal
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Figure 4

Uterine deletion of Trp53 confers decidual polyploidy, terminal differen-
tiation, and senescence. (A) Uterine loss of p53 increased Ki67-positive
decidual cells with large nuclei. Higher-magnification views of the boxed
regions are shown below. Arrowheads indicate Ki67-positive cells with
large, irregularly shaped nuclei. Scale bars: 200 um. (B) Representative
histogram of flow cytometry analyses showing DNA content (propidium
iodide). Ploidy is denoted by -N (i.e., 2N, diploid; 4N—10N, polyploid). (C)
In Trp53lexPlioxPpgrCrei+ decidua, the number of diploid cells decreased,
whereas the number of polyploid cells increased (mean + SEM,;
*P < 0.05, Student’s t tests). (D) Uterine Trp53 deletion enhanced SA—
-gal activity in decidua. Scale bar: 200 um.

counterpart during embryo development, the roles of p53 and its
targets in decidua may be similar to those in developing embryos.
Stromal cells often enter the endoreplication cycle and become
polyploid with p21 expression during normal decidual differentia-
tion (28); therefore, the upregulation of p21 in TypS3lxr/loxP PgyCre/+
uteri suggests that p53 deficiency stimulates decidual polyploidy,
favoring terminal cell differentiation. In fact, we found numerous
Ki67-positive decidual cells with large, irregularly shaped nuclei
in TrpS3lext/lexPPgrCre/s dams (Figure 4A), and flow cytometry analy-
sis confirmed substantial increases in decidual cells with a DNA
complement higher than 2N in Trp53/x/lexPPgrCre/+ dams on day 8
of pregnancy (Figure 4, B and C). Taken together, these results
provide evidence that uterine loss of p53 enhances the endorep-
lication cycle, ultimately pushing decidual cells toward terminal
differentiation. Our findings are consistent with previous findings
of increased numbers of polyploid cells in pancreases of Trp53~/~
pups (29), increased p21 expression in Trp53~7/~ megakaryocytes
during polyploidization (30), and decreased Trp53 expression with
terminal differentiation of developing tissues (31). More interest-
ingly, we found that enhanced terminal differentiation of decidua
in TrpS3loxP/loxPPgyCre/+ dams was associated with increased senes-
cence-associated B-galactosidase (SA-B-gal) activity (Figure 4D),
suggestive of senescence-induced decidual growth restriction, in
Trp53loxt/lexPPgyCre/+ uteri. p21 is known to be a major contributor
to senescence (32), and Akt activation also induces senescence (33).
In addition, pAkt can enhance the stability of p21 protein through
phosphorylation (34). Thus, upregulated p21 and pAkt levels are
likely causes of senescence-induced decidual growth restriction in
mice with uterine deletion of Trp53.

Deletion of uterine TrpS3 promotes preterm delivery. Despite this
decidual growth restriction, Trp53/+*/exPPgrCre/* mice did not show
increased incidence of resorption or pregnancy loss even on day
16 of pregnancy (Figure 5A). However, as expected, implantation
sites were smaller in TrpS53/xF/lexPPgrCre/* dams (Figure SB). Our
observation of positive cytokeratin staining in the placenta, but its
absence in the deciduum, clearly showed that decidual areas were
smaller in Trp53lxt/lexPPgrCre/~ dams compared with TrpS3loxt/lexp
Pgrt/* dams (Figure 5C), suggestive of reduced decidual growth
and thickness. The weights of both embryos and placentas were
also low in Trp53/ex/loxP PgyCre/+ mice, despite comparable ratios of
fetal to placental weight (Supplemental Figure 7). More interest-
ingly, we found that increased SA-B-gal activity was sustained
in the decidual layer on days 12 and 16 (Figure 5D), and that
levels of p21, a senescence-associated marker (32, 35), were also
upregulated in Trp$30xP/loxPPgyCre/s uteri on day 16 (Figure S, E
and F). These findings suggest premature uterine senescence in
TrpS3txP/lexPPgyCre/+ dams during pregnancy. Alterations in decidual
March 2010
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growth and SA-f-gal activity (data not shown) or placental and
fetal weights (Supplemental Figure 8A) in Trp53/x"/lexP PgrCre/* dams
were independent of embryonic genotypes. In addition, SA-B-gal
activity was undetectable in fetuses or placentas (data not shown).
In parallel to heightened p21 levels, pAkt levels were also higher in
TrpS3loxt/lexPPgyCre/+ uteri, probably resulting from increased PI3K
activity caused by upregulated p110c in these mice (Figure 5, E and
F). This was reflected in increased signals of pAkt immunostaining
in Trp53lext/lexPPgrCre/+ decidua (Supplemental Figure 9). These
findings suggest that p21 and pAkt cooperatively promote pre-
mature decidual senescence and growth restriction that in turn
affect fetoplacental growth in Trp530xF/lexPPgrCre/* dams. However,
CD31-positve cells in the decidual vascular bed were comparable
between Trp53/oxt/lexPPgy+/+ and TrpS3text/lexPPgrCre/~ dams on day 16
(Supplemental Figure 9).

Because ovarian hormones are known to influence pregnancy
events, including decidual growth, parturition, and pregnancy
outcome (36), we measured serum estradiol-17f (E;) and P4 levels
in TrpS3lexP/loxP Pay+/+ and TrpS3loxt/lexPPgyCre/s dams at critical time
points during pregnancy found them to be comparable between
groups (Figure 5G). These hormone levels were consistent with
functional corpora lutea with low and comparable levels of 200.-
hydroxysteroid dehydrogenase (20a-HSD) in TrpS3/ext/loxP Pgy+/+
and Trp53loxk/lexPPgyCre/+ dams on day 16 of pregnancy (Figure S,
H-J). This enzyme converts P4 to an inactive metabolite and is a
known marker of luteolysis (37).

Although restricted decidual growth did not enhance the rate
of resorption, a surprising event occurred: the incidence of pre-
mature birth significantly increased in TrpS§3/xt/lexPPgyCre/t dams
(Figure 6A). Specifically, whereas all Trp530x¥/xPPgr*/* dams experi-
enced labor late on day 19 or early on day 20 with viable offspring,
more than 50% of TrpS53lxt/lexPPgrCre/+ dams delivered on days 17
or 18 (Table 1), with 100% of newborn pups dying during labor
or just after birth (Figure 6B). Furthermore, 75% of TrpS3txF/loxP
Pgrcr/* dams with preterm birth (9 of 12) showed signs of dysto-
cia, with prolonged labor over a period of 12 hours (Table 1). The
phenotype of preterm delivery was also observed in TrpS53tx/lox?
Pgr¢r/+ dams on a CD1 background (Supplemental Figure 10),
which suggests that this phenotype is not restricted to a specific
genetic background. These findings led us to explore the underly-
ing mechanism that triggers premature birth.

Deletion of uterine TrpS3 provokes preterm delivery via the pAkt/COX2
pathway. In many species, PGs such as PGE, and PGF,, participate
in labor as contractile mediators (38). The COX enzymes, COX1
and COX2, catalyze the rate-limiting step in PG biosynthesis
from arachidonic acid (39). COX1 and COX2 convert arachidonic
acid to PGH,, which is subsequently converted to PGF,,, PGE,,
and PGI, by PGF synthase (PGFS), microsomal PGE synthase-1
(mPGES1, encoded by Ptges1), and PGI synthase (PGIS, encoded by
Prgis), respectively (40). COX1-derived PGs are known to influence
parturition in mice (41). However, to our surprise, levels of uterine
COX1 remained unaltered in TrpS§30+P/loxPPgyr+/+ and TrpS3loxt/loxP
Pgr@/* dams on day 16 (Figure 6, C and D). Instead, levels of COX2
were elevated in Trp530xF/lexPPgyCre/+ uteri compared with those in
Trp53lext/lexPPgy+/+ uteri on day 16 (Figure 6, C and D). It is highly
probable that increased levels of COX2-derived PGs initiated the
early onset of labor in TrpS53%xt/lxPPgyCre/+ dams in the face of unal-
tered COX1 levels. Indeed, levels of PGF,,, but not other PGs,
were significantly upregulated in TrpS53-deleted uteri on day 16 of
pregnancy (Figure 6E). Higher uterine PGF,, levels in Trp53lx/lox?
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Pgr¢r/* dams were independent of embryo genotypes (Supple-
mental Figure 8B). This upregulation is consistent with selective
increases of liver- and lung-type PGFS in Trp530x?/xPPgyCre/* com-
pared with TrpS§3/xP/lexPPgr+/* dams on day 16 (Figure 6, C and D).
However, whereas levels of PtgesI were lower in TrpS3/exP/loxPPgyCre/+
uteri, levels of Ptgis and Hpgd (encoding 15-hydroxyprostaglandin
dehydrogenase; 15-HPGD) were not appreciably different (Sup-
plemental Figure 11). It is known that liver- and lung-type PGFSs
are highly expressed in the mouse uterus just prior to parturition
(42). PGFyq is known to play an important role in the initiation
of parturition in mice (43). Studies in mice with deletion of PGF
receptor FP (Ptgfr/~) show that PGF,, acts on ovarian FP receptors
to induce luteolysis, leading to the fall in P4 levels required for trig-
gering labor (44). PGE; and PGF,, are primarily metabolized by
15-HPGD (45, 46), and mice carrying 15-HPGD hypomorphic
alleles show spontaneous preterm labor with increased levels of
PGF,, in the absence of luteolysis and P4 withdrawal (47). We
observed similar circulating levels of E; and Py in TrpS3tx?/lexPPgy/+
and Trp53lxt/lexP PgyCre/+ dams without luteolysis on day 16 (Figure S,
G-J), which suggests that the onset of preterm labor in TrpS3/oxt/lex?
Pgr¢r/* mice is caused by direct contractile effects of higher COX2-
derived PGF,q levels in the uterus, not by early luteolysis.

Oxytocin is uterotonic and acts via oxytocin receptor (OXTR;
ref. 48), a contractile-associated protein that is upregulated dur-
ing parturition (43). Oxtr is not induced in Ptgfr~/~ uteri during
parturition (44), which suggests that PGF,, induces OXTR at the
time of labor. Interestingly, mice deficient in oxytocin or OXTR
apparently show normal parturition (49, 50), raising questions
regarding the critical roles of oxytocin/OXTR signaling in par-
turition in mice. We found a 45% increase in Oxtr expression in
TrpS3lox¥/loxPPgyCre/+ uteri on day 16 (Supplemental Figure 12A),
which suggests that perhaps increased PGF,, levels stimulated
OXTR expression to complement contractile effects. Because
activation of Akt induces COX2 in the mouse uterus (12), and
because both COX2 and pAkt were clearly localized in TrpS3/ext/loexP
Pgrcr/+ decidual cells (Supplemental Figure 9), it is highly likely
that increased levels of uterine pAkt stimulate COX2-induced
PGF,, levels to initiate preterm labor. This is supported by the
finding of reversal of preterm delivery and neonatal death in
Trp§3loxP/loxPPgrCre/+ dams by oral gavage of the selective COX2
inhibitor celecoxib on day 16 (Figure 6, F and G). Taken together,
these findings reinforce that deletion of uterine p53 induces
premature delivery via activation of the Akt/COX2/PGFS/PGF,,
signaling axis. Notably, cervical ripening was not evident in
Trp53lext/loxP PgrCre/s dams on day 16 of pregnancy (Supplemental
Figure 12B), in spite of heightened uterine PGF,, levels. This sug-
gests that preterm uterine contraction without cervical ripening
contributed to dystocia in TrpS§30xF/lexPPgrCre/+ dams.

Discussion

The highlight of the present study is that conditional deletion
of uterine Trp53 in mice promoted terminal differentiation of
decidual cells and premature uterine senescence, leading to pre-
term birth with dystocia and neonatal death. Because pAkt and
p21 are known to be involved in terminal cell differentiation and
senescence in other systems (32, 33), their increased levels in the
deciduum missing p53 are likely causes of these observed effects.
In pursuit of the underlying cause of premature birth, we found
persistent signs of increased decidual senescence with increased
levels of pAkt and COX2. Because pAkt is known to upregulate
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Figure 5

Decidual senescence persists in uteri deleted of Trp53. (A and B)
Number and weight of implantation sites in Trp53/oxPlloxPPgr++ and
Trp53loxPloxPPgrCre/+ mice on day 16 of pregnancy (mean + SEM,;
*P < 0.05). (C) Uterine loss of p53 impeded decidual growth. Placental
labyrinth and spongiotrophoblast layers were demarcated by cytokera-
tin-8 immunostaining. (D) Uterine Trp53 deletion enhanced SA—3-gal
activity primarily in the decidual layer on days 12 and 16. (C and D)
Decidual boundaries are demarcated by double-sided arrows. Myo,
myometrium; Dec, decidua; Sp, spongiotrophoblast; Lb, labyrinth; BV,
blood vessel. Scale bars: 500 um. (E and F) Levels of p21, pAkt,
and p110a were upregulated in day 16 uteri lacking p53. (E) Uterine
samples from which placentas and fetuses had been removed were
used for Western blotting. (F) Quantitative analysis of band intensi-
ties of pAkt were normalized against total Akt, and those of p21 and
p110c were normalized against actin (mean + SEM; *P < 0.05). In
each group, 3 independent samples from different mice were exam-
ined. (G) Serum levels of E; and P4 (mean + SEM; P > 0.05). At least
4 independent samples were examined in each group. (H) Repre-
sentative photomicrographs of H&E-stained histological sections of
ovaries on day 16 of pregnancy. CL, corpus luteum; F, follicle. Scale
bar: 200 um. (I) Western blotting of ovarian 20a-HSD levels on day
16 of pregnancy. Day-20 WT mice were used as a positive control. (J)
Quantitative analysis of 200-HSD band intensities from | were normal-
ized against actin (mean + SEM; P > 0.05).

COX2 levels in various cell types, including uterine cells (12), and
because COX-derived PGs are crucial for the initiation of labor
(38), we strongly believe that an early rise in uterine pAkt and
COX2 levels initiated premature labor in TrpS53/oxP/lexP PgyCre/* dams.
Our conclusion was supported by the observation of increased
uterine levels of PGFS and PGF,,, in the face of unaltered levels of
COX1 and other PGs in these mice and the rescue of their preterm
births by oral administration of celecoxib on day 16. Collectively,
our results provide evidence that uterine deficiency of p53 evokes
premature uterine senescence and elevates COX2-derived PGF,,
levels that cooperatively trigger preterm birth (Figure 7).

Our present observation is in contrast to the finding of only
an implantation phenotype in Trp537~ mice (6). The discrepancy
between the prior study and our present one is likely due to dif-
ferent mouse models and/or experimental approaches used. How-
ever, the phenotype of difficult parturition in Trp53~/~ females was
previously reported in a review article as unpublished observations
(51). Perhaps the parturition phenotype in T7p537~ mice remained
unnoticed for such a long time because most previous studies
focused on tumorigenesis; however, this needs to be considered
for future investigations using Trp53~/~ females.

Lif, which is essential for implantation, is expressed in day 4 preg-
nant uteri at 2 different times (morning and night) in 2 differ-
ent cell types (16). Our observation of reduced uterine Lif expres-
sion at similar levels on the morning of day 4 in both Trp53lxF/lox?
Pgr¢r/* and Lif~ mice with normal implantation suggests that the
mouse uterus is very sensitive to LIF. Thus, a lesser amount of LIF
is sufficient for inducing implantation, similar to what was found
for estrogen (52). After implantation, however, Lif expression is at
low basal levels (53) and not required for pregnancy maintenance
(54). In contrast, COX2 is expressed at several critical stages in a
cell-specific manner during pregnancy. COX2 is expressed in the
uterus not only at the time of blastocyst attachment (and is criti-
cal for this process; ref. 14), but also during decidualization and
placentation, driving different functions. PGI, and PGE, are major
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PGs produced during implantation, decidualization, and placen-
tation that participate in blastocyst attachment, trophoblast dif-
ferentiation, and invasion via activation of the nuclear receptor
PPARY and/or the PGE, receptors EP2 and EP4 (55, 56). Our pres-
ent study shows that although uterine levels of COX2 were very
low in Trp53lext/lxPPgr+/+ dams on day 16 of pregnancy, levels of
COX2 and PGF,, significantly rose in Trp353%xF/lexPPgrCre/s dams on
day 16, 1 day before the onset of preterm birth in these dams. The
results suggest that the regulation of uterine LIF and COX2 are
different during pregnancy.

pS3 has been considered the “guardian of the genome” during
pregnancy (57). One major role of the deciduum is to accommo-
date and support the developing embryo, and the roles of p53 in
developing tissues are different from its roles in normal adult tis-
sues or in cancerous tissues. Placental trophoblast cells in direct
contact with the deciduum differentiate into large polyploid tro-
phoblast giant cells. There is now evidence that downregulation
of p53 leads to terminal differentiation of trophoblast cells (58).
Decreased Trp53 expression with terminal differentiation is also
observed in developing organs in mouse embryos (31). These and
our present observations suggest differential roles of p53 between
adult cells and cells during development.

Because PR is expressed in the myometrium (11), it is possible
that myometrial deletion of TrpS53 affects the parturition pheno-
type in Trp53xt/loxP PgyCre/+ dams. However, increased COX2 expres-
sion was restricted to decidua in Trp53¥/xPPgrCre/+ dams, but was
undetectable in the adjacent myometrium on day 16. Thus, COX2-
derived PGF,, produced in the decidua is likely to influence myo-
metrial contractions as a paracrine effector. This would then sug-
gest that decidual changes can be transmitted to the myometrium
for initiating labor.

One major advantage of using mice with conditional deletion
of uterine Trp53 over that of systemically Trp53-deleted mice is
circumvention of the effects on Trp53-deleted embryos. Hu et al.
found the most implantation failures when they crossed Trp53~
females with Trp53~~ males (6). This is an important issue in light
of the observed anomalies in Trp537~ embryos (8). Our present
study found that decidual senescence and restricted growth was
reflected in reduced growth of placentas and fetuses in TrpS3kxr/loxp
Pgr¢/* dams. This reduced fetoplacental growth appears second-
ary to restricted decidual growth, as we did not notice any sign
of senescence in placentas or fetuses in TrpS3/xP/1oxP PgyCre/+ dams.
This observation is consistent with the presence of TrpS53 in pla-
centas and embryos developing in Trp53/x/lxPPgrCre/+ dams (Sup-
plemental Figure 13). In addition, the ratio of TrpS3ext/loxPPgy+/+
to TrpS3lext/lexPPgyCre/* genotype was comparable between live and
dead pups born to Trp53lex/lexPpgyCre/+ dams (data not shown),
which suggests that fetal death in Trp530x/xPPgyCre/* dams is inde-
pendent of embryo genotype.

Our observations of senescence-associated uterine growth
restriction and preterm birth with conditional deletion of uter-
ine Trp53 have uncovered a critical role of p53 in uterine biology
and parturition involving the p21/Akt/COX2 pathway (Figure 7).
This may then connect the observations that women at age 35 or
older are at higher risk of premature birth (1) and that p53 activity
diminishes in mice as they age (59).

Although inflammation and bacterial infection is considered a
major cause of preterm labor in humans, many other causes remain
unknown. Mice are often used to study the role of inflammation
in preterm labor. However, mouse models for studying spontane-
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Figure 6

Uterine deletion of Trp53 promotes preterm birth through COX2/PGFS/PGF 2, pathway. (A) Preterm birth (deliveries earlier than day 19) occurred
in 52% of Trp53loxPlloxPPgrCrel+ dams (*P < 0.05). Numbers in parentheses denote the ratio of dams with preterm birth/total dams. (B) All pups
born before day 19 were dead around the time of delivery or died immediately after birth (*P < 0.05 versus Trp53/xPllexPPgr+/+) Numbers in paren-
theses denote the ratio of dead pups/total pups. (C and D) Levels of COX2 and PGFS were upregulated in day 16 uteri lacking p53. (C) Uterine
samples from which placentas and fetuses had been removed were used for Western blotting, and (D) quantitative analysis of band intensities
were all normalized against actin (mean + SEM of 3 independent samples from different mice; *P < 0.05). (E) Conditional loss of uterine p53
upregulated PGFy, levels in day 16 uteri. A total of 15 independent samples from 3 different mice were evaluated (mean + SEM; *P < 0.05). (F
and G) Preterm birth and neonatal deaths in Trp53/exPlloxPpPgrCrel+ mice were reversed by oral gavage of celecoxib (10 mg/kg/dose, administered
twice) on day 16. In G, numbers in parentheses denote the ratio of dead pups/total pups. *P < 0.05 versus vehicle-treated Trp53/oxPlioxPPgr+/+;
**P < 0.05 versus vehicle-treated Trp53loxPlioxPPgrCrel+,
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Potential pathways that promote uterine senescence and preterm birth
in Trp5 3onP/onPPngre/+ mice.

ous preterm labor are very limited (43), since most mouse models,
unlike humans, require P, withdrawal for initiating labor. There-
fore, we believe Trp53loxF/lexPPgyCre/* mice serve as a novel model to
study the underlying mechanism of spontaneous preterm labor
without P, withdrawal, which may be relevant to determining the
causes of premature birth in humans.

Methods

Mice. Trp53+/lxP mice (10), obtained from the Mouse Models of Human
Cancers Consortium, Pgr¢™* mice (11), provided by J.B. Lydon and F.J.
DeMayo (Baylor College of Medicine, Houston, Texas), and Lif/~ mice (16)
were used in this study. To generate mice with uterine deletion of Trp53,
TrpS§3lext/lxP mice (FVB/129) were crossed with Pgr¢#* mice (CS7BL6/129).
The breeding scheme for generating mice with uterine deletion of p53 is
shown in Supplemental Figure 14. For experiments, littermate TrpS3/st/lex?
Pgr?/+ and TrpS§3ioxt/lexPPgrCre/+ mice (F3 generation) and littermate TrpS30x/+
Pgr*/* and Trp53/<F/*Pgrer/* mice (F1 generation) on the mixed background
were used. CD1 TrpS3/ext/lexPPgrCre/* females were generated by backcrossing
TrpS3/:¥/*Pgr/* males on a mixed background with CD1 WT females for
10 generations. For the irradiation study, TrpS3/x¥/exPPgr+/+ and TrpS3lext/loxt
Pgr¢r/+ dams were exposed to 9.5 Gy whole-body y irradiation. RT-PCR,
Northern hybridization, Western blotting, and immunostaining of Trp53
mRNA and p53 protein in uteri of Trp53@:/xPPgrCre/* mice showed effi-
cient deletion of Trp53. All mice used in this investigation were housed in
the Cincinnati Children’s Hospital Medical Center Animal Care Facility
according to National Institutes of Health and institutional guidelines
for the use of laboratory animals. All protocols of the present study were
reviewed and approved by Cincinnati Children’s Hospital Research Foun-
dation Institutional Animal Care and Use Committee.

Analysis of ovulation, fertilization, implantation, and blastocyst transfer. Mice
were examined for ovulation, fertilization, and implantation as described
previously (14, 36). Trp53lex/loxPPgy+/+ and Trp§3lext/lexPPgrCre/+ females
were mated with Trp$3lexP/lexPPgy/* fertile males to induce pregnancy.
The day the vaginal plug was formed was considered day 1 of pregnancy.
To examine ovulation and fertilization, mice were sacrificed on day 2 of
pregnancy, oviducts were flushed with Whitten’s medium to recover ovu-
lated eggs, and fertilization was assessed by the number of 2-cell embryos
recovered. To examine preimplantation embryo development and oviduc-
tal embryo transfer, mice were sacrificed on day 4 of pregnancy and uteri
were flushed with Whitten’s medium to recover blastocysts. To examine

the attachment reaction and implantation, pregnant dams were sacrificed
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on day 4, 2200 h, and day 5, 0900 h, respectively. Implantation sites were
visualized by intravenous injection of a Chicago blue dye solution, and
the number of implantation sites — demarcated by distinct blue bands
— was recorded. For blastocyst transfer, pseudopregnant recipients were
generated by mating females with vasectomized males. Day 4 TrpS3/ost/lexP
Pgr*/* blastocysts were transferred into day 4 uteri of TrpS§3/xt/loxPPgyt/+
or Trp53lext/lesPPgrCre/+ pseudopregnant recipients, and implantation sites
were examined 96 h later (day 8).

Analysis of parturition. Parturition events were monitored from day 17
through day 21 by observing mice daily, morning, noon, and evening. Pre-
term birth was defined as birth occurring earlier than day 19 of pregnancy.
Dystocia was defined as difficult delivery lasting more than 12 hours. The
selective COX2 inhibitor celecoxib was suspended in 0.5% (wt/vol) methyl-
cellulose and 0.1% (vol/vol) polysorbate 80 dissolved in water by constant
stirring and was given by oral gavage twice on day 16 of pregnancy (10
mg/kg/dose). This dose of celecoxib is known to selectively inhibit COX2
(60). The control group received vehicle alone.

Estrogen treatment. To determine the effects of uterine pS3 deficiency on
estrogen-induced uterine Lif expression, TrpS53/<*/0:PPgr/* and Trp53loxt/loxP
Pgrcre/+ females were ovariectomized and rested for 2 weeks. They were
then given a single subcutaneous injection of E; (100 ng in 0.1 ml oil
per mouse; ref. 14). The control group of mice received only the vehicle
(0.1 ml oil). Mice were killed after 24 hours, and uteri were collected for
Northern hybridization.

Preparation of decidual cells. Decidual tissues were isolated from day 8 preg-
nant mice after dissecting out the embryos. Isolated decidual tissues were
passed through various gauges of needles to prepare single-cell suspen-
sions for flow cytometry analysis.

In situ hybridization. Paraformaldehyde-fixed frozen sections were hybrid-
ized with 3%S-labeled cRNA probes as described previously (13). To com-
pare mRNA localization between TrpS53/s?/xPPgy/* and TrpS3lext/loxP PgyCre/+
tissues, sections of tissues from both genotypes were placed onto the same
slide and processed for hybridization. Mouse-specific cRNA probes for
Prgs2, Lif, Hoxal0, and Bmp2 were used for hybridization.

Northern hybridization. Total RNA (6 ng) was denatured, separated by
formaldehyde-agarose gel electrophoresis, and transferred onto nylon
membranes. Cross-linked blots were prehybridized, hybridized, and washed
as described previously (13). 32P-labeled cRNA probes for mouse TrpS3, Lif,
Hoxal0, Bmp2, Ptges1, Ptgis, Hpgd, and Rpl7 were used for hybridization. The
hybrids were detected by autoradiography. Rpl7 served as a housekeeping
gene. The same blots were used for quantitative analyses of each mRNA.

Western blotting. Protein extraction and Western blotting were performed
as described previously (12). Antibodies to p53 (Santa Cruz Biotechnol-
ogy), actin (Santa Cruz Biotechnology), pAkt (Ser473; Cell Signaling), total
Akt (Cell Signaling), p110a. (Cell Signaling), p21 (Santa Cruz Biotechnolo-
gy), 200-HSD (gift from G. Gibori, University of Illinois at Chicago), COX1
(gift from D. DeWitt, Michigan State University, East Lansing), COX2
(Cayman), and liver- and lung-type PGFS (gifts from K. Watanabe, Univer-
sity of East Asia, Shimonoseki, Japan) were used. The same blots were used
for quantitative analyses of each protein. Bands were visualized by using an
ECL kit (GE Healthcare). Actin served as a loading control.

Immunobistochemistry. Immunostaining of p53, PR, COX2, Ki67, pAkt,
cytokeratin, and CD31 was performed in formalin-fixed, paraffin-embed-
ded sections using specific antibodies to p53 (Lab Vision Cooperation), PR
(Invitrogen), COX2 (generated in our laboratory), Ki67 (Lab Vision Cooper-
ation), pAkt (Ser473; Cell Signaling), cytokeratin-8 (Developmental Studies
Hybridoma Bank), and CD31 (Santa Cruz Biotechnology), as described pre-
viously (12). To compare intensity of immunostaining between TrpS53/x/lexP
Pgr/* and TrpS53loxt/loxP PgyCre/+ tissues, tissue sections from both genotypes on
each day of pregnancy were processed onto the same slide.
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Flow cytometry. Staining of cells for FACS analysis was performed as pre-
viously described (29). Cycle TEST PLUS DNA Reagent Kit (BD) was used
for DNA ploidy analysis.

SA—B-gal staining. Staining of SA-f-gal activity was performed as
described previously (35). To compare the intensity of SA-f-gal staining
between TrpS3/t/exPPgr/+* and TrpS3xt/xPPgrCre/* tissues, sections of tis-
sues from both genotypes were processed on the same slide. In brief, frozen
sections were fixed in 0.5% glutaraldehyde in PBS and stained for 6 hours
in PBS (pH 5.5) containing 1 mM MgCl,, 1 mg/ml X-gal, and 5 mM each
of potassium ferricyanide and potassium ferrocyanide. Sections were coun-
terstained with eosin.

RT-PCR. RT-PCR was performed as previously described (12). The house-
keeping gene Actb (which encodes B-actin) was used as an internal control.

Measurement of E; and Py levels. Mouse blood samples were collected on
days4,5,6,8,12,and 16 of pregnancy. Serum levels of E;and P, were mea-
sured by EIA kits (Cayman).

Measurement of PG profiles. Implantation sites from which fetuses and pla-
centas had been removed were collected on day 16 of pregnancy. Methano-
lic extracts of tissues were partially purified by passing through solid phase
cartridges, and PGs were quantified by liquid chromatography-tandem
mass spectrometry as previously described (61).

Masson trichrome staining. Paraffin-embedded sections were stained with
Masson trichrome. Collagen fibrils show blue staining.

Statistics. Statistical analyses were performed using 2-tailed Student’s
t test and Fisher exact probability test as appropriate. P values less than
0.05 were considered statistically significant.
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