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During early pregnancy, the concerted actions of the maternal steroid hormones, estrogen and
progesterone, promote a unique process known as decidualization, which involves extensive pro-
liferation and differentiation of uterine stromal cells. The molecular pathways underlying this
hormonally induced cellular transformation, an essential prerequisite for embryo implantation,
remain poorly understood. We previously identified CCAAT/enhancer binding protein 3 (C/EBPB)
as a target of steroid regulation in the uterus. Uteri of mice lacking C/EBPS failed to undergo
decidualization. In the present study, analyses of C/EBPB-null uteri indicated that loss of this factor
leads to a block in stromal cell proliferation in response to a decidual stimulation. The mutant
stromal cells entered S phase of the cell cycle and completed DNA synthesis but were unable to
execute mitosis. Further analysis revealed that C/EBPS facilitates the transition of these cells into
mitosis by binding directly to the cyclin B2 promoter to regulate its expression. The expression of
cdc25C, a phosphatase that maintains the active state of the cyclin B-cyclin-dependent kinase
complex during mitosis, is also strongly suppressed in C/EBPB-null stromal cells. Furthermore, the
expression of the tumor suppressor p53 and the cell cycle inhibitors p21 and p27 was markedly
elevated in C/EBPB-null stromal cells before the mitotic phase, uncovering additional mechanisms
by which C/EBPB controls G2 to M transition. Collectively, these results revealed that C/EBPB me-
diates the effects of steroid hormones during decidualization by modulating the expression of
multiple key cell cycle regulatory factors that control the G2 to M transition of the proliferating
uterine stromal cells. (Endocrinology 151: 3929-3940, 2010)

he mouse model has been used extensively to study the

molecular signaling mechanisms underlying the pro-
cess of embryo implantation (1, 2). During the preimplan-
tation phase of pregnancy in this species, the maternal
steroid hormones, estrogen (E) and progesterone (P), or-
chestrate molecular and cellular alterations in the uterine
surface epithelium that make it competent to attach to the
blastocyst to initiate the process of implantation (3-6).
The attachment of the blastocyst on d 4.5 of pregnancy
triggers the process of decidualization, which involves a
remarkable transformation of the fibroblastic endome-
trial stromal cells underlying the surface epithelium into
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morphologically and functionally distinct decidual cells
(7-12). This cellular transformation process occurs under
the influence of E and P during d 5- 8 of gestation. Initially
the undifferentiated stromal cells undergo mitotic expan-
sion, and then they enter the differentiation program that
converts them into decidual cells. The formation of the
decidual tissue surrounding the implanting embryo is a
prerequisite for successful implantation. It serves as a
source of paracrine effectors such as hormones, growth
factors, and cytokines, which promote uterine angiogen-
esisand embryo development, mediate immunoregulatory
functions during pregnancy, and regulate trophoblast in-

Abbreviations: A-C/EBP, Adenoviral vector expressing adominant negative C/EBP; Ad-GFP,
adenoviral vector expressing GFP; BrdU, bromodeoxyuridine; C/EBPB, CCAAT/enhancer
binding protein B; CAK, Cdk-activating kinase; Cdk, cyclin-dependent kinase; E, estrogen;
HBSS, Hanks' balanced salt solution; MOI, multiplicity of infection; P, progesterone; P-His3,
phosphorylated Ser 10 of histone 3; WT, wild type.
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vasion (7-12). The current challenge is to understand the
complex process by which steroid hormones regulate the
formation and function of the decidual tissue. To this end,
itis critical to identify and characterize the factors induced
by the maternal hormones that regulate the proliferation
and differentiation of uterine stromal cells during the de-
cidualization process.

We previously used gene expression profiling in preg-
nant mouse uterus to identify steroid-regulated gene net-
works that have functional relevance in implantation (13,
14). Our studies identified CCAAT/enhancer binding pro-
tein B (C/EBPB) as a novel mediator of the biological ac-
tions of E and P in the uterus during early pregnancy (13,
14). This transcription factor belongs to a family of basic
leucine zipper (bZIP) proteins, which controls numerous
biological processes, including cell proliferation, differen-
tiation, metabolic homeostasis, acute phase inflamma-
tion, and apoptosis (15-17). The C/EBP family members
regulate transcription of target genes by binding to a con-
sensus nucleotide sequence motif, which resides in the reg-
ulatory regions of these genes. Previous studies revealed
that female mice lacking C/EBPB are infertile, while the
mutant males are fertile (18). In a previous study, we dem-
onstrated that functional abnormalities in the uterine tis-
sue of the mutant mouse contribute to the observed infer-
tility (13, 14). The uterine defects in the mutant mice
included a reduced epithelial cell proliferation in response
to E and a lack of stromal response to a deciduogenic
stimulus (13). The decidualization defect was observed in
the presence of exogenously administered steroid hor-
mones, indicating that it was independent of ovarian mal-
function and intrinsic to the uterus.

During the decidualization phase of pregnancy, the
uterine stromal cells undergo proliferation for 24-48 h
and then enter the differentiation program (19-22). The
lack of decidual response in C/EBPB-null uteri raised the
possibility that this transcription factor is a potential reg-
ulator of pathways directing stromal proliferation or dif-
ferentiation or both. Morphological analysis of uterine
sections of wild-type (WT) and C/EBPB-null uteri in re-
sponse to decidual stimulus showed a significantly re-
duced stromal/decidual cell mass in the mutant mice, hint-
ing at a defect in uterine stromal cell proliferation in these
mice. In the present study, we tested the hypothesis that
C/EBPB regulates stromal cell proliferation during decidu-
alization by controlling the expression or activity of crit-
ical cell cycle regulatory molecules. We performed a de-
tailed analysis of the expression and function of potential
cell cycle regulators in the stromal compartment of
C/EBPB-null uteri to pinpoint the molecular defect(s) un-
derlying the lack of decidual response in the mutant tissue.
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Materials and Methods

Animals and tissue collection

All experiments involving animals were conducted in accor-
dance with the National Institutes of Health standards for the use
and care of animals. The animal protocols were approved by the
University of Illinois Institutional Animal Care and Use Com-
mittee. Female 129-SV mice (from Charles River, Wilmington,
MA) and C/EBPB-null mice of same genetic background (pro-
vided by Dr. Peter Johnson of National Cancer Institute, Na-
tional Institutes of Health, Bethesda, MD) were subjected to
experimentally induced decidualization. Mice were euthanized
at various time points after the administration of the artificial
decidualization stimulus and uteri were collected.

Experimentally induced decidualization

Decidualization was induced artificially as described previ-
ously (13, 23). Briefly, mice were subjected to ovariectomy. Two
weeks after ovariectomy, animals were injected with 100 ng of E
(Sigma, St. Louis, MO) in 0.1 ml of sesame oil for three consec-
utive days. This was followed by the administration of daily
injections of 1 mg of P (Sigma) and 10 ng E for three consecutive
days. Six hours after the third P and E injection, 20 ul sesame oil
was introduced into uterine horn to mimic the decidualization
stimulus.

Isolation of primary stromal cells and analysis of
decidualization in vitro

Mouse uteri were collected at various time points after arti-
ficial decidualization, and uterine stromal cell were isolated as
described previously (24). Briefly, uterine horns were dissected
and cut into 3- to 5-mm pieces. The uterine tissues were placed
in Hanks’ balanced salt solution (HBSS) containing 6 g/liter dis-
pase (Invitrogen, Carlsbad, CA) and 25 g/liter pancreatin
(Sigma) for 1 hatroom temperature and then 10 minat 37 C. The
tissues were gently agitated, and the supernatant was discarded
to remove the endometrial epithelial clumps. The partially di-
gested tissues were washed twice in HBSS and then placed in
HBSS containing 0.5 g/liter collagenase (Sigma). After incuba-
tion for 45 min at 37 C, the tubes were vortexed for 10-12 sec
until the supernatant became turbid with dispersed endometrial
stromal cells. The contents of the tube were then passed through
a 70-pm gauze filter (Millipore, Billerica, MA). The stromal cells
in the filtrate were pelleted, resuspended in DMEM-F12 medium
containing 5% fetal calf serum, and plated. After plating, the
stromal cells were found to be positive for vimentin stain and
negative for cytokeratin stain. By our estimate, they were >95%
pure. The cell culture was continued after addition of fresh me-
dium supplemented with P (1 um) and E (10 nm) as described
previously (24).

Real-time RT-PCR

Total RNA was isolated from uterine cells by standard Trizol-
based protocols and converted to cDNA. The cDNA was am-
plified by real-time PCR to quantify gene expression using gene-
specific primers and SYBR Green (Bio-Rad Laboratories,
Hercules, CA) as described in the legends to Fig. 3. The primer
sequences used in real-time PCR experiments are shown in Sup-
plemental Table 1 (published on The Endocrine Society’s Jour-
nals Online web site at http://endo.endojournals.org/).

2z0z ¥snbny 0z uo isenb Aq GG69512/626€/8/1.GL/aI01E/OPUS/WOD dNO"dlWaPEDE//:SdiY WOl PEPEOJUMOQ



Endocrinology, August 2010, 151(8):3929-3940

Immunohistochemistry and immunocytochemistry

Paraffin-embedded endometrial sections were subjected to
immunohistochemistry as described previously (25). Polyclonal
antibodies against bromodeoxyuridine (BrdU, BD PharMingen,
Franklin Lakes, NJ) and phospho-histone 3 (Upstate Biotech-
nology) were used for immunohistochemistry at dilutions of
1:500 and 1:1000, respectively. Mouse primary stromal cell were
fixed in 10% formalin (Sigma) and subjected to immunocyto-
chemistry using antibodies against C/EBP, cyclin-dependent ki-
nase (Cdk)1, ¢dc25C (c-20), and phospho-Cdk1 (Thr14/Tyr15)
(all from Santa Cruz Biotechnology, Santa Cruz, CA). The an-
tibody against cyclin B2 was a gift from Dr. Mark Carrington of
Cambridge University, UK.

Western blotting

Stromal cell were isolated from uteri collected from mice at
different times after artificial decidual stimulus as described (24).
The cells were lysed in lysis buffer containing 25 mm Tris/HCI
(pH 7.4), 50 mm NaF, 200 mm NaCl, 1 mM sodium vanadate, §
mM EGTA, 1 mm EDTA, 1% (vol/vol) Triton X-100, 10 mm
sodium pyrophosphate, 1 mM benzamidine, 0.1 mm phenylm-
ethylsulfonylfluoride, 0.27 M sucrose, and 0.1% (vol/vol) 2-mer-
captoethanol. The cell debris was removed by centrifugation,
and the protein concentration of the lysate was determined by the
method of Bradford, using BSA as a standard. The cell lysates
were analyzed by Western blotting using antibodies against cy-
clin A, Cdk1 (Santa Cruz Biotechnology), p53 (FL-393), p21
(Cell Signaling Technology, Danvers, MA), p27 (BD Transduc-
tion Laboratories), and cyclin B2.

Chromatin immunoprecipitation (ChIP)

The chromatin immunoprecipitation analysis was performed
using the EZ ChIP (Upstate Biotechnology), according to the
manufacturer’s protocol. Briefly, mouse uterine stromal cells
were isolated from WT mice subjected to artificial decidualiza-
tion protocol and cultured in the presence of Eand P for 20 h. The
cells (8 X 10°) were cross-linked with 1% formaldehyde for 10
min. The cross-linked cells were harvested, lysed using SDS lysis
buffer, and sonicated. After preclearing the lysates with salmon
sperm DNA-protein A at 4 C for 2 h, the DNA-protein com-
plexes in the supernatant were immunoprecipitated using anti-
bodies against RNA polymerase II, mouse IgG (Upstate Biotech-
nology), or C/EBPB (Santa Cruz Biotechnology). The immune
complexes were recovered by adding protein A agarose. The
beads were then washed repeatedly, and the bound complexes
were eluted using the elution buffer. The cross-linking was re-
versed, and then proteins were digested using 0.5 mg/ml pro-
teinase K. Purified DNA were used as templates for PCR using
various primer sets to amplify specific regions of the cyclin B2
promoter.

Adenovirus-mediated expression of dominant-
negative C/EBPS

An adenoviral vector expressing a dominant negative C/EBP
(A-C/EBP) was provided by Dr. Charles Vinson (National Can-
cer Institute, National Institutes of Health). This vector expresses
A-C/EBP under the control of CMV promoter. The protein is
expressed with a HA epitope tag. An adenoviral vector express-
ing GFP (Ad-GFP) was used as a control. Stromal cells were
isolated from WT uteri collected immediately after artificial de-
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cidual stimulation and allowed to attach to slides for 2 h. The
cells were cultured in medium supplemented with P (1 uM) and
E (10 nm) and transduced with adenovirus expressing A-C/EBP
or Ad-GFP at a multiplicity of infection (MOI) of 10:1. After
transduction for 20 h, cells were treated with formaldehyde and
ChIP assays were performed as described above.

Statistical analysis

All real-time RT-PCR experiments were repeated at least
three times. Statistical significance was assessed by ANOVA ata
significance level of P < 0.05 and is indicated by an asterisk in the
figures.

Results

C/EBPB-null uterine stromal cells undergo DNA
replication in response to a decidual stimulation

To investigate the role of C/EBP in the proliferation of
steroid hormone-primed uterine stromal cells, we sub-
jected WT and C/EBPB-null mice to experimentally
induced decidualization as described in Materials and
Methods. To assess DNA synthesis, we monitored the in-
corporation of BrdU in uterine tissue at different times
after decidual stimulation. Previous studies in our labo-
ratory indicated a marked increase in BrdU incorporation
in WT uterine stroma at 12 h after decidual stimulation
(Wang, W., and M. K. Bagchi, unpublished result). There-
fore, to examine the S phase activity in the stromal tissue,
we administered a 2-h pulse of BrdU at 12 and 14 h after
the decidual stimulation and collected uteriat 14 and 16 h,
respectively. In the WT animals, a significant portion of
the uterine stroma, particularly the subluminal stromal
cells, exhibited BrdU immunostaining by 14 h (Fig. 1A,
top left). By 16 h, strong and widespread BrdU incorpo-
ration was seen in the stromal compartment of WT uteri
(Fig. 1A, top right). Sections of C/EBPS-null uteri collected
at the same time points after decidual stimulation exhibited
similar robust incorporation of BrdU (Fig. 1A, bottom).
Consistent with these results, quantitation of the BrdU
immunostaining revealed no significant difference in the
number of BrdU-positive cells in the stromal compart-
ments of the WT and C/EBPB-null uteri (Fig. 1B). We also
examined the expression of PCNA, another S phase
marker, in the stromal compartment. As shown in Sup-
plemental Fig. 1, there was no significant difference in the
spatial expression of PCNA in WT and C/EBPB-null stro-
mal cells. The stromal cells of C/EBPB-null uteri, there-
fore, were able to progress through the G1 to S checkpoint,
enter the S phase, and execute DNA synthesis.

C/EBP-null uterine stromal cells exhibit impaired
mitosis

To monitor the mitotic activity of these mutant stromal
cells, we used an antibody that recognizes phosphorylated
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FIG. 1. Examination of S phase activity of uterine stromal cells of C/EBPB-null mice using
BrdU immunostaining. Ovariectomized WT and C/EBPB-null mice were subjected to artificial
decidual stimulation, and uteri were collected at different time points after application of the
stimulus. A, Mice were given BrdU injection at 12 and 14 h after stimulation. After a 2-h
pulse, the uterine tissues were collected at 14 and 16 h. The tissues were fixed, embedded in
paraffin, sectioned, and subjected to immunohistochemistry using an antibody specific for
BrdU. At least three WT or C/EBPB-null mice were used at each time point, and representative
data are shown. B, The number of cells in sections of C/EBPB-null uteri that are
immunoreactive to BrdU antibody was quantitated in several nonoverlapping fields at x40
magnification and compared with those in WT uteri. Total number of cells in any given field
was estimated by 4',6-diamidino-2-phenylindole nuclear staining. Data were expressed as
average = sp of five separate measurements.

Ser 10 of histone 3 (P-His3), a unique mitotic phase

Endocrinology, August 2010, 151(8):3929-3940

undergo mitotic division (Fig. 2A,
top; and Supplemental Fig. 2). In con-
trast, markedly reduced and only spo-
radic staining for P-His3 was seen in
the stromal compartment of C/EBP3-
null uteri at a similar time point,
indicating that the majority of the
mutant cells are unable to proceed
through mitosis (Fig. 2A, bottom; and
Supplemental Fig. 2). Quantitation of
the immunofluorescence signal indi-
cated an approximately 5-fold reduc-
tion in P-His3-positive cells in C/EBPB-
null stromal tissue relative to the WT
tissue (Fig. 2B). Examination of sec-
tions of uterine tissue obtained from the
null animals at later time points, such as
22 and 24 h, did not indicate any sub-
stantial immunostaining for P-His3 in
the stromal compartment (data not
shown), confirming that mitosis is not
delayed but truly impaired in the mu-

marker (27). In animal cells, the Ser 10 phosphorylation
of H3 begins in pericentromeric heterochromatin in late
G2 interphase cells. As mitosis progresses, the P-His3
mark spreads throughout the condensing chromatin,
and this modification is complete in most cells by the
time prophase chromosomes are formed (27). We ob-
served that by 18 and 20 h after decidual stimulation, a
large number of the stromal cells in the WT uteri dis-
played specific staining for P-His3, suggesting that they

40%
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FIG. 2. Stromal proliferation is blocked at G2 to M transition in C/EBPB-null uteri.

tant stromal cells. The reduced mitotic activity of the
C/EBPB-null uterine stromal cells indicated that these
cells, which are able to undergo DNA replication, are ar-
rested in the cell cycle before mitosis, presumably at the G2
to M boundary.

C/EBPf controls the expression of B-type cyclins at
G2 to M transition of the cell cycle

The cell cycle is primarily regulated by a complex in-

terplay of cyclins, cyclin-dependent ki-

nases (Cdks), and Cdk inhibitors (28—

31). We therefore investigated whether

C/EBPB controls the proliferation of

stromal cells by regulating the expres-

sion of certain of the molecules that spe-

cifically control various cell cycle

# checkpoints. Uteri were collected from

WT and C/EBPB-null mice at different

‘ times after experimentally induced de-

KO cidualization, and the stromal cells

were isolated from these tissue samples.

We then monitored the expression of

specific cyclins and Cdks that are hall-

Ovariectomized WT and C/EBPB-null mice were subjected to artificial decidual stimulation,
and uteri were collected at different time points after application of the stimulus. A, Sections
of uterine tissues, obtained at 20 h after artificial decidual stimulation, were subjected to
immunofluorescence using an antibody specific for phosphorylated Ser 10 of histone 3. E and
S denote surface epithelium and stroma, respectively. B, The number of phospho-histone 3-
positive cells in C/EBPB-null uteri was quantitated in several nonoverlapping fields at x40
magnification and compared with those in WT uteri. Total number of cells in any given field
was estimated by 4’,6-diamidino-2-phenylindole nuclear staining. Data were expressed as
average = sp of five separate measurements.

marks of G1 to S and G2 to M phases.

Previous studies showed that cyclin
D3 and cyclin E1 are predominant D-
type and E-type cyclins, respectively, in
mouse stromal cells (32). When we an-
alyzed the expression of these critical
cyclins and their target Cdks during G1
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FIG. 3. Analysis of expression of S phase-specific cell cycle regulators in uterine stromal cells of C/EBPB-null mice. Ovariectomized WT and C/EBPS-
null mice were subjected to artificial decidual stimulation. Stromal cell were isolated at different times after application of the stimulus, and total
RNA was prepared from these cells. WT or C/EBPB-null mice (n = 3-5) were used at each time point and the uteri of each category were pooled.
The expression levels of mRNAs corresponding to cyclin D3 (A), Cdk4 (B), cyclin E1 (C), Cdk2 (D), and cdc25A (E) were monitored by real-time PCR
using gene-specific primers. As described previously (26, 58), for each gene expression measurement, the mean threshold cycle (Ct) and sp were
calculated from Ct values obtained individually from three replicates of that sample. Each sample was subjected to three independent real-time
PCR trials. Normalized Ct (ACt) values were determined by subtracting the mean Ct values of 36B4 from the mean Ct of each gene. The AACt
values were then calculated as the differences between ACt values of genes from treated samples and control samples. Fold change was derived
by applying the formula 2742 to the AACt values. The error bars indicate 224t + sp. The relative fold inductions of the expression of these
genes at different times were determined after setting that of 0 h WT cells at 1.0. ANOVA single factor analysis was conducted on the grouped
means to determine statistical significance at a significance level of P < 0.05. Black bar, WT; grey bar, C/EBPB-null.

to S transition, we found no statistically significant dif-
ference in their expression levels in WT and mutant stro-
mal cells. Comparable levels of expression of cyclin D3
mRNA and protein and Cdk4 mRNA were observed in
stromal cells of WT and C/EBPB-null uteri at 12 and 15 h
after decidual stimulation (Fig. 3, A and B; and Supple-
mental Fig. 3). We also noted that cyclin E1 and Cdk2
were expressed at similar levels in uterine stromal cells of
WT and C/EBPB-null mice at 15 h, and the expression of
both factors declined as the cells completed the S phase and
entered the G2 phase (Fig. 3, C and D). We also did not
observe any statistically significant difference in the ex-
pression levels of cdc25A, a phosphatase that regulates
Cdk4 activity, in WT and C/EBPB-null uterine stromal
cells (Fig. 3E). These results are consistent with our ob-
servation (see Fig. 1) that the lack of C/EBPB does not
affect the advancement of the stromal cells through the S
phase of the cell cycle.

We next examined the expression of several factors
such as Cyclin B, Cyclin A, and Cdk1, which are critical for
the entry of the stromal cells into the mitotic phase. During
the G2 to M transition, binding of cyclin A or cyclin B to
Cdk1 induces phosphorylation and activation of this ki-
nase, which plays a critical role in this process. As shown
in Fig. 4, A and B, no significant alteration in stromal
expression of cyclin A or Cdk1l mRNA was seen in the

C/EBPB-null uteri relative to the WT uteri at either 16 or
20 h after decidual stimulation. In contrast, the expression
of cyclin B1 and cyclin B2 mRNAs was markedly reduced
in C/EBPB-null uterine stromal cells, particularly at 20 h
after decidual stimulation, when the cells are supposed to
enter the mitotic phase (Fig. 4, C and D). It is pertinent to
mention here that cyclin B2 mRNA is expressed at a higher
level compared with cyclin B1 mRNA in the uterine stro-
mal cells (our unpublished data). Whereas the mRNA level
of cyclin B1 decreased by approximately 50% in uterine
stromal cells lacking C/EBP, that of cyclin B2 decreased
by more than 80%.

To further validate the regulation of cyclin B2 by
C/EBPB, we analyzed its expression at the protein level.
Our in vivo study showed that the spatial expression of
C/EBPS and cyclin B2 overlap extensively in proliferating
stromal cells (Supplemental Fig. 4). As shown in the West-
ern blotin Fig. 4E, the signal(s) of cyclin B2 was drastically
reduced in cell lysates prepared from stromal cells ob-
tained from C/EBPB-null uteri subjected to experimentally
induced decidualization. We also monitored cyclin B2 ex-
pression using immunocytochemistry in primary uterine
stromal cells undergoing decidualization in vitro. The cells
were isolated after decidual stimulation and cultured after
attachment to plastic surface. Under these conditions, the
stromal cells undergo progressive decidualization over a 0-
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FIG. 4. C/EBP controls the expression of the cell cycle regulators at G2 to M phase. Uterine
stromal cells were isolated from WT and C/EBPB-null mice at different times after application
of artificial decidualization stimulus. A-D, WT or C/EBPB-null (n = 3-5) mice were used at
each time point, and the uteri of each category were pooled. The expression levels of mMRNAs
corresponding to cyclin A, Cdk1, cyclin B1, and cyclin B2 were monitored by real-time PCR at
indicated time points using gene-specific primers. All PCR data were analyzed as described in
legend to Fig. 3. The relative fold inductions of the expression of these genes at different
times were determined after setting that of 0 h WT cells at 1.0. Black bar, WT; grey bar,
C/EBPB-null. *, Statistically significant change (P < 0.05). E, Stromal cells were isolated from
WT or C/EBPB-null uteri collected at 16 and 20 h after artificial decidual stimulation. The cells
were lysed, analyzed by SDS-PAGE, and subjected to Western blotting using antibodies
directed against cyclin B2 and cyclin A. Immunostaining of calnexin served as a loading
control. Calnexin is a 90-kDa integral protein of the endoplasmic reticulum. Its expression in
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at =403, —686, —930, and —1651 rel-
ative to the transcription start site (Fig.
SA, top). To test whether C/EBPB ac-
tually binds to one or more of these
sites, we used ChIP using an antibody
specific for C/EBPB. Primary cultures of
uterine stromal cells were analyzed at
20 h after decidual stimulation when
maximal expression of cyclin B2 is ob-
served (Fig. 4F). As shown in Fig. 5A
(middle and bottom), in stromal cells ac-
tively expressing cyclin B2, no significant
binding of C/EBPB was detected at the
—403, —686, and —1651 sites of the cy-
clin B2 promoter. In contrast, a relatively
strong binding of this transcription factor
was located at —930 site of the cyclin B2
promoter.

To further test the functionality of the
binding of C/EBPS at the —930 region of
the cyclin B2 promoter, we used a dom-
inant-negative mutant of C/EBPS. Previ-
ous studies showed that this mutant, A-C/
EBP, which lacks the DNA binding
domain but retains the dimerization do-
main, inhibits DNA binding and tran-
scriptional function of endogenous

C/EBPg (33). If the binding of C/EBPS at

uterine stromal cells is not regulated by the steroid hormones or the cell cycle stages.

F, Stromal cells were isolated from WT or C/EBPB-null uteri collected immediately after
artificial decidual stimulation and allowed to attach to slides for 2 h. The cells were cultured
in vitro in medium supplemented with P (1 um) and E (10 nm). At 20 h, the cells were fixed
and subjected to immunocytochemical staining using a cyclin B2 antibody.

to 96-h period as evidenced by the expression of classical
biomarkers such as prolactin-related protein (Supplemen-
tal Fig. 5). We observed a strong expression of cyclin B2 in
WT stromal cells undergoing mitosis at 20 h after the ini-
tiation of the culture (Fig. 4F). This immunostaining of
cyclin B2 was markedly diminished in the stromal cells
isolated from C/EBPB-null uteri and cultured under sim-
ilar conditions. Collectively, these results supported the
concept that C/EBPS is a critical regulator of the expres-
sion of B-type cyclins, which control the transition of the
uterine stromal cells into mitosis.

C/EBPB manifests its transcriptional function by bind-
ing to a consensus motif ATTCGG/CCAAT at the pro-
moter regions of its target genes to directly influence their
rate of transcription. In silico analysis of the promoter
of cyclin B2, using the bioinformatics software TESS,
TFSearch, and Consite, revealed that it contains four can-
didate C/EBPB binding sites within the 2-kb 5'-flanking
region of the gene. The locations of these sites are centered

the —930 site represents a transcription-
ally relevant interaction, one would pre-
dict thatit would be blocked by A-C/EBP,
which inhibits transcription of C/EBPS-
target genes. Primary stromal cells were
transduced with recombinant adenovirus
expressing A-C/EBP (Fig. 5B) or GFP. As shown in Fig. 5C,
A-C/EBP efficiently suppressed the occupancy of the —930
site of the cyclin B2 promoter by C/EBP. These data sug-
gested that the —930 region of the cyclin B2 promoter rep-
resents a bonafide C/EBP binding site and is likely to me-
diate the direct regulation of the expression of this cyclin by
C/EBPB.

Loss of cdc25C expression in C/EBPB-null uterine
stromal cells contributes to decreased Cdk1
activity leading to G2 to M arrest

cdc25Cisa phosphatase, which is a critical regulator of
Cdk1 activity. It maintains Cdk1 activity during mitosis
via the reversal of inhibitory phosphorylations at Thr14
and Tyr135 of Cdk1. We observed that the level of cdc25C
mRNA was markedly down-regulated in C/EBPB-null
uterine stromal cells relative to the WT cells at the time of
G2 to M transition (Fig 6A). This result was further con-
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FIG. 5. Regulation of uterine stromal cyclin B2 expression by C/EBPB. A, The nucleotide positions of the candidate C/EBP binding sites within the
four different regions in cyclin B2 promoter are indicated. For ChIP experiments, stromal cells were isolated from WT uteri collected immediately
after artificial decidual stimulation and allowed to attach to slides for 2 h. The cells were cultured in vitro in medium supplemented with P (1 um)
and E (10 nm). At 20 h, the cells were treated with formaldehyde, and DNA-protein complexes were cross-linked and subjected to chromatin ChIP
assay as described in the Materials and Methods. Chromatin immunoprecipitates obtained using antibodies against RNA polymerase Il (RPIl) and
mouse IgG served as positive and negative controls, respectively. DNAs isolated from the anti-C/EBPB immunoprecipitates were used as templates
for regular PCR (middle) and real-time PCR (bottom) using various primer sets to amplify specific regions of the cyclin B2 promoter. The real-time
PCR results were normalized with respect to the expression level of each fragment in input sample. The relative fold changes of the expression of
these fragments were determined after setting that of RPIl at 1.0. The experiment was repeated twice, and representative data are shown.

B, Stromal cells were isolated from WT uteri collected immediately after artificial decidual stimulation and allowed to attach to slides for 2 h. The
cells were transduced with adenovirus expressing dominant-negative A-C/EBP or control adenovirus Ad-GFP at MOI of 10:1. Twenty hours after
virus addition, the cells were examined by immunofluorescence using an anti-HA antibody. C, Stromal cells were isolated from WT uteri collected
immediately after artificial decidual stimulation and allowed to attach to slides for 2 h. Then the cells were cultured in medium supplemented with
P (1 um) and E (10 nv) and transduced with or without adenovirus expressing dominant-negative A-C/EBP or control virus Ad-GFP at MOI of 10:1.
After 20-h transduction, cells were treated with formaldehyde and ChiP assays were performed as described in Materials and Methods. Chromatin

immunoprecipitates obtained using antibodies against RNA polymerase Il and mouse IgG served as positive and negative controls, respectively.
DNAs isolated from the immunoprecipitates were used as templates for regular PCR (top) and real time PCR (bottom) to determine promoter
occupancy by C/EBPB at the —930 site of the Cyclin B2 promoter. The experiment was repeated twice, and representative data are shown.

firmed upon analysis of the levels of cdc25C protein in
uterine stromal cells subjected to in vitro decidualization.
Immunocytochemical analysis and Western blotting re-
vealed that the expression of cdc25C was significantly
reduced in the C/EBPB-null uterine stromal cells, whereas
Cdk1 was expressed at similar levels in WT and mutant
stromal cells (Fig. 6, B, C, and E).

To ascertain that the down-regulation of cdc25C ex-
pression in C/EBPB-null uterine stromal cells indeed af-
fects the inhibitory phosphorylation of Cdk1 at Thr14/
Tyr15, we performed immunocytochemistry and Western
blotting, using an antibody that specifically recognizes this
modification. Our results confirmed that the level of p-
Cdk1, phosphorylated at Thr14/Tyr1S, was higher in
C/EBPB-null uterine stromal cells relative to the WT cells
(Fig. 6, D and E). These results are consistent with the

hypothesis that the regulation of the expression of cdc25C
represents an additional mechanism by which C/EBPS
controls the activity of Cdk1 during mitotic entry.

Elevated expression of cell cycle inhibitors in
C/EBB-null uterine stromal cells

It is well documented that cyclin-dependant kinase in-
hibitors p21 and p27 and the cell cycle suppressor p53
inhibit the activity of various cyclin-Cdk complexes, re-
sulting in the arrest of the cell cycle at the G1 to S and G2
to M checkpoints (34-39). To determine whether C/EBP3
controls uterine stromal proliferation by regulating the
expression of these cell cycle suppressors, we analyzed the
levels of their mRNAs in WT and C/EBPB-null uterine
stromal cells (Fig. 7A). We found that the expression of p53
mRNA was modestly increased in C/EBPS-null stromal cells
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KO depending on the cellular context (42,

3 G 45-47). This article addresses the role
1 A NG of C/EBPS in uterine stromal prolifera-
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7 iy of pregnancy, steroid hormone-primed
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FIG. 6. C/EBPS regulates the activity of Cdk1 during mitosis. A, Ovariectomized WT and C/
EBPB-null mice were subjected to artificial decidual stimulation. Stromal cells were isolated at

different times after application of the stimulus, and total RNA was prepared from these cells.

Five WT or C/EBPB-null mice were used at each time point, and the uteri of each category
were pooled. The expression levels of Cdk1 mRNAs were monitored by real-time PCR using
gene-specific primers. The PCR data were analyzed as described in the legend to Fig. 3.

*, Statistically significant change (P < 0.05). B-E, Stromal cells were isolated from WT or
C/EBPB-null uteri collected immediately after artificial decidual stimulation and allowed to
attach to slides for 2 h. The cells were cultured in vitro in medium supplemented with P

(1 wMm) and E (10 nm). At 20 h, the cells were fixed and subjected to immunocytochemical
staining using antibodies against Cdk1, cdc25C, and phospho-Cdk1 (B-D). Western blot
analysis was also performed using antibodies against Cdk1, pCdk1, cdc25c¢, and calnexin (E).

= first 24—48 h after decidual stimulation

(19-22, 48). We have previously re-
ported that the expression of C/EBPS is
robustly induced in the decidual tissue
during normal as well as experimentally
induced decidualization (13). The ex-
pression of C/EBPB in decidual cells
arises from a complex interplay of E
and P within the uterine compart-
ments. Although a transient rise in the
level of E in the preimplantation period
induces C/EBPB in the epithelial and
stromal cells of pregnant uterus, pro-
gesterone receptor is also a critical reg-
ulator of this gene in the stromal cells
(13). Here, we provide compelling evi-
dence that C/EBP plays a central role
in controlling the stromal cell cycle dur-
ing decidualization.

It is well established that the prolifer-

at 16 h after decidual stimulation, whereas the levels of mR-
NAs corresponding to p21 and p27 did not change signifi-
cantly at this time point (Fig. 7, A-C). In contrast, the levels
of p21, p27, and p53 mRNAs were markedly elevated in the
mutant stromal cells at 20 h after the decidual stimulation
when G2 to M phase transition is supposed to occur. Similar
changes in their protein levels at 20 h were confirmed by
Western blot analysis (Fig. 7D). These results indicated that
C/EBPB-mediated stromal cell proliferation during decidu-
alization is associated with the suppression of expression of
p21, p27, and p53 proteins during the G2 to M phase tran-
sition. Loss of C/EBPS expression in C/EBPB-null stromal
cells results in the up-regulation of these inhibitors, which
then repress the activity of cyclin B-Cdk1 complex and con-
tribute to the blockade of stromal cell mitosis (Fig. 8).

Discussion

Previous studies indicated that C/EBPS is a critical regu-
lator of cell proliferation and/or differentiation in multiple
tissues including the liver, adipose tissue, immune system,
skin, and mammary gland (18, 40-47). C/EBPS is impli-
cated in both positive and negative control of the cell cycle,

ation of animal cells proceeds through
various stages of the cell cycle, G1, S, G2,
and M, and is controlled at distinct checkpoints (28, 30, 31,
49). Progression through each phase of the cell cycle is under
the strict control of multiple regulatory factors, such as, cy-
clins, Cdks, and Cdk-inhibitors (28, 30, 31,49). Cyclin levels
fluctuate dramatically through the cell cycle as a consequence
of changes in transcription and ubiquitin-mediated degrada-
tion. Different cyclins bind specifically to different Cdks,
which are serine/threonine protein kinases, to form distinct
regulatory complexes at specific phases of the cell cycle and
thereby drive the cell from one phase to another. The asso-
ciation of D-type cyclins with Cdk4 or Cdké is important for
G1 to S transition. Binding of B-type cyclins to Cdk1 allows
phosphorylation of this enzyme by the Cdk-activating kinase
(CAK) and its activation, which plays an essential role in G2
to M transition. Our present study showed that the C/EBPB-
null stromal cells are able to enter the cell cycle and proceed
through the S phase in response to a decidual stimulation.
Consistent with this finding, we did not observe any signif-
icant change in the expression of cyclin D, cyclin E, Cdk2,
Cdk4, and cdc25A, which control G1 to S phase transition
and S phase activity, in WT vs. mutant stromal cells.

Our results suggested that the uterine stromal cells are
arrested at the G2 to M checkpoint of the cell cycle in the
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FIG. 7. Increased expression of p53, p21, and p27 in C/EBPB-null
uteri. A-C, Ovariectomized WT and C/EBPB-null mice were subjected
to artificial decidual stimulation. Stromal cell were isolated at different
times after application of the stimulus, and total RNA was prepared
from these cells. Five WT or C/EBPB-null mice were used at each time
point, and the uteri of each category were pooled. The expression
levels of mRNAs corresponding to p53, p21, and p27 were monitored
by real-time PCR, using gene-specific primers. The PCR data were
analyzed as described in the legend to Fig. 3. The relative fold
inductions of the expression of these genes at different times were
determined after setting that of 0 h WT cells at 1.0. Black bar, WT,
grey bar, C/EBPB-null. *, Statistically significant change (P < 0.05).

D, Stromal cells were isolated from WT or C/EBPB-null uteri collected
at 20 h after artificial decidual stimulation. The cells were lysed,
analyzed by SDS-PAGE, and subjected to Western blotting using
antibodies directed against p53, p21, and p27. Calnexin
immunostaining served as a loading control.

absence of C/EBPB. We considered the possibility that the
expression of one or more critical regulators of G2 to M
transition is lost in the C/EBPB-null uterine stromal cells.
We found that the mRNAs corresponding to the B-type
cyclins B1 and B2 are markedly down-regulated in the
mutant stromal cells compared with the WT cells. Our
studies confirmed that the level of cyclin B2 protein de-
clined sharply in the C/EBPB-null stromal cells. Previous
reports indicated that multiple CCAAT box-like motifs
are located at human or mouse cyclin B2 promoter (50,
51). To explore whether the C/EBP directly binds to the
cyclin B2 promoter and regulates its expression, we used
the ChIP procedure. Our results demonstrated that
C/EBPS binds strongly to a specific region in the cyclin B2
promoter that contains a CCAAT-like motif. This finding
is consistent with the hypothesis that C/EBPB is a direct
regulator of transcription of the cyclin B2 gene.
Previous studies showed that targeted deletion of cyclin
B1 gene resulted in embryonic lethality in mice (52). In
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contrast, mutant mice lacking cyclin B2 are viable and
both sexes are fertile. However, mating of homozygous
cyclin B2-null mice produced markedly reduced litter size,
although the reason for this sub-fertility remains unclear
(52). Tt was proposed that cyclin B1, whose expression
overlaps with that of cyclin B2 in many tissues, compen-
sates for the loss of cyclin B2 in the mutant mice (52). We
found that both cyclins B1 and B2 are expressed in the
uterine stromal cells during pregnancy, although the cyclin
B2 levels are significantly higher than that of cyclin B1. It
is important to note that C/EBPf controls the expression
of both B-type cyclins. Therefore, the absence of this tran-
scription factor would lead to a drastic reduction in the
overall levels of B-type cyclins in the uterine stromal cells,
consistent with the observed block in their mitotic activity.

A well-established mechanism to control entry into mi-
tosis is to regulate the activity of the cyclin B/Cdk1 com-
plex (31). The function of Cdk1 is tightly controlled via
phosphorylation or dephosphorylation (30). Binding of
cyclin B triggers phosphorylation of Cdk1 by CAK, which
leads to its activation. In contrast, the Cdk1 activity is
greatly reduced by inhibitory phosphorylation at Thr14
and Tyr15 by the Weel and Myt1 kinases. Cdc25C, a
phosphatase, maintains the active state of Cdk1 through
dephosphorylation of the Thr14 and Tyr15 sites. We in-
vestigated whether C/EBPB regulates the Cdk1 activity
during mitosis by altering the expression of any of the
kinases or phosphatases that control Cdk1 activity. While
no change was seen in the expression of the Weel and
Mytl kinases that modulate Cdk1 function (data not
shown), we found that the expression of cdc25C is greatly
reduced in the C/EBPB-null uterine stromal cells. As ex-
pected, concomitant with the decrease in the level of
cdc25C, there was a significant up-regulation in the level
of phospho-Cdk1 (Thr 14/Tyr 15), a likely contributor to
the mitosis block.

We further noted that the levels of several well-known
cell cycle suppressors, p21, p27, and p53, were markedly
elevated specifically at the time of G2 to M transition. This
finding uncovered additional mechanisms by which
C/EBP controls stromal proliferation during decidual-
ization progression. p53, animportant cell cycle repressor,
is a transcription factor induced and activated in response
to various stress signals or DNA damage events (53). Nu-
merous studies have shown that p53 is able to trigger cell
cycle arrest at G1 to S and G2 to M checkpoints via dif-
ferent mechanisms involving its downstream transcrip-
tional targets such as p21. Previous reports indicated that
C/EBP binds efficiently to the p53 promoter and sup-
presses its transcription (55). Yoon et al. (54) noted a
striking increase of p53 expression in the keratinocytes of
C/EBPB-null mice, indicating that C/EBPS suppresses p53
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FIG. 8. A schematic of the mechanisms underlying C/EBPB regulation of endometrial stromal proliferation during decidualization. C/EBPB plays a
central role in stromal proliferation during decidualization by controlling the expression of multiple cell cycle regulatory molecules, such as the

B-type cyclins, the phosphatase cdc25C, and the inhibitory factors p53, p21, and p27, during G2 to M transition of the cell cycle. CAK is a kinase
that induces activating phosphorylation at Tyr 161 of Cdk1. Wee1 and Myt1 are kinases that induce inhibitory phosphorylations at Thr 14 and Tyr

15 of Cdk1.

expression in normal keratinocytes. Conversely, p53 re-
presses the transcriptional activity of C/EBPB in human
stromal cells by physically interacting with its C-terminal
domain (56). This two-way cross talk between C/EBPf
and p53 is likely to influence the expression of both p53
and C/EBP and their downstream genes during the stro-
mal decidualization process.

p21, the transcriptional target of p53, binds directly to a
broad spectrum of cyclin-Cdk complexes and inhibits their
function (37). Another well-known inhibitor, p27, also func-
tions by binding to the G1/S and G2/M cyclins and interfer-
ing with their activities (38, 39). Interestingly, the levels of
p27- and pS53-induced p21 did not change significantly in
C/EBPB-null uterine stromal cells at the time of G1 to S tran-
sition after a decidual stimulation. In contrast, the levels of
p27 and p21 were elevated in the mutant stromal cells spe-
cifically at the time of G2/M transition, indicating that these
cell cycle inhibitory molecules contribute to the G2/M block
of stromal proliferation in the C/EBPB-null mice.

A comparison of the mechanisms by which C/EBPS con-
trols uterine stromal proliferation with previously reported
mechanisms of its action in other tissues, such as the liver,
adipose tissue, and mammary gland, revealed interesting dif-
ferences. In C/EBPB-null female mice, mammary epithelial
cells fail to proliferate in response to steroid hormones, lead-
ing to an impaired ductal morphogenesis (46, 47). It was
shown that loss of C/EBPS in this tissue markedly reduced
the expression of cyclin E, which contributed to a G1/S arrest
(57). Additionally, the mutant mammary epithelial cells
showed decreased cdc25A expression and increased p27 sta-

bility. Loss of C/EBP expression in models of liver regen-
eration showed a similar defect in hepatocyte cell cycle pro-
gression through the S phase, and it was mainly attributed to
alack of expression of cyclin E in the mutant cells (45). In the
C/EBPB-null stromal cells, however, we did not find any de-
fect in the G1 to S transition as the cells were able to proceed
through the S phase before their arrest at the G2 to M check-
point. These findings suggested that C/EBPS regulation of
cell proliferation is cell context-specific, and a unique
regulatory strategy involving the control of the mitosis
step operates during uterine stromal proliferation dur-
ing decidualization.

In summary, this study provides new insights into the
mechanisms by which C/EBPB mediates the effects of ste-
roid hormones during decidualization. Our results show
that C/EBPB s a key regulator of the stromal proliferation,
and it operates by controlling the expression and function
of multiple cell cycle regulatory molecules that control the
G2 to M transition of the stromal cells. This study is im-
portant because it provides a mechanistic understanding
of the hormone-regulated pathways that control decidu-
alization, which is a prerequisite for the successful estab-
lishment of pregnancy.
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