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Polyploid decidual cells are specifically differentiated cells during mouse uterine decidualization. However, little is
known about the regulatory mechanism and physiological significance of polyploidization in pregnancy. Here we
report a novel role of E2F8 in the polyploidization of decidual cells in mice. E2F8 is highly expressed in decidual cells
and regulated by progesterone through HB-EGF/EGFR/ERK/STAT3 signaling pathway. E2F8 transcriptionally suppresses
CDK1, thus triggering the polyploidization of decidual cells. E2F8-mediated polyploidization is a response to stresses
which are accompanied by decidualization. Interestingly, polyploidization is not detected during human decidualization
with the down-regulation of E2F8, indicating differential expression of E2F8 may lead to the difference of decidual cell

polyploidization between mice and humans.

Introduction

Polyploidization has been reported in several animal tissues,
including human ones.! Polyploidization of endometrial stromal
cells, one of the representative characteristics during uterine
decidualization, displays a number of features including sup-
porting embryo development, mitochondrial activity, pregnancy
maintenance, and placentation.”® Defects during the peri-
implantation period, including decidualization, are especially
clinically relevant to early pregnancy loss.* Several studies found
that compromised decidualization always carries aberrant poly-
ploidization of decidual cells. Female mice lacking death effector
domain-containing protein (DEDD) are infertile with defective
polyploidization of stromal cells.” Hoxa-10 knockout mice dis-
play severely compromised decidualization with reduced poly-
ploidy and cyclin D3 expression, while over-expression of cyclin
D3 enhances decidualization partially through improving the
polyploidization of stromal cells.” Deletion of bone morphoge-
netic protein receptor type 2 results in mid-gestation abnormali-
ties in decidualization with decreased polyploid stromal cells.®
Polyploid decidual cells shows a noteworthy gene expression
profile when compared to the non-polyploid decidual cells, in
which most of the up-regulated genes are primarily involved in
ATP binding, metabolic process and mitochondria activity,
while the down-regulated genes are associated with apoptosis

. 2 .
and immune processes.” The regulatory mechanism and
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physiological significance of polyploid decidual cells are worth
of further study to gain a better understanding of the maternal-
embryonic interaction.

Recently, knockout mouse models revealed a remarkable role
of E2F transcription factors in regulating cell cycle progress,
including mitosis, polyploidization, cell proliferation and apo-
ptosis.”” The E2F family of transcription factors consists of 8
members that are synergistically involved in cell cycle regulation.
E2F1-3 belong to transcriptional activator and participate in
normal cell cycle transitions.'”'" E2F4 and E2F5 are commonly
associated with transcriptional repression and linked to cell qui-
escence.'” E2F6 functions to polycomb-mediated gene regula-
tion.'”> E2F7 and E2F8, the latest identified atypical E2F
transcription factors, serve as transcriptional repressors and dis-
play multifunctional roles. Noteworthy, E2F7 and E2F8 possess
2 DNA-binding domains (DBD), which are different from one
DBD in typical E2Fs, and bind the consensus E2F-binding sites
of target genes.'*"> Several studies have associated atypical E2Fs
in cell proliferation, differentiation and apoptosis, embryo
development, angiogenesis, polyploidization of hepatocytes and
trophoblast giant cells (TGC) and tumorigenesis.7’9’16_23 How-
ever, the expression, regulation and function of atypical E2Fs in
mouse uterus during early pregnancy are still unknown.

This work aimed to study the regulatory mechanism of
polyploidization during decidualization with special emphasis
on whether atypical E2Fs is involved in decidual cell
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Figure 1. The polyploidization of stromal cell during early pregnancy. (A) Inspection of ploidy in decidual cells by immunofluorescence. The cell mem-
brane was shown by anti-3-catenin and nuclei were stained with PI. (B) The percentages of multinucleated cells at implantation sites from days 5 to 8 of
pregnancy. (C) Flow cytometry analysis of PtdIns-stained decidual cells isolated from days 5 to 8 of pregnancy. (D) The percentages of cells containing

polyploidization and the physiological role of polyploid decid-
ual cells. We demonstrated that in response to decidualiza-
tion, E2F8, rather than E2F7, is highly expressed in decidual
cells and regulated by progesterone through HB-EGF/EGFR/

ERK/STAT?3 signaling pathway, which mediates endoreplica-
tion of decidual cells through transcriptional repression on
cyclin-dependent kinase 1 (CDK1), a master cyclin-dependent
kinase in G2/M phase. DNA damage and oxidative stress are
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Figure 2. The polyploidization of stromal cells on day 8 of pregnancy and under in vitro decidualiza-
tion. (A) Inspection of ploidy in decidual cells by immunofluorescence. The cell membrane and
nucleus were stained by anti-B-catenin and PI, respectively. M, mesometrium; AM, anti- mesome-
trium. (B) Flow cytometry analysis on cell cycle distribution of PtdIns-stained decidual cells isolated
from day 8 of pregnancy. (C) The percentages of cells containing 2C, 4C and >4C. (D) Inspection of
ploidy in cultured stromal cells by immunofluorescence. The cell cytoplasm and nucleus were stained
by anti-Vimentin and PI, respectively. Con, control group; E+4P, in vitro decidualization. (E) Flow
cytometry analysis on cell cycle distribution of PtdIns-stained stromal cells. (F) Percentage of cells con-
taining 2C, 4C and >4C. * P < 0.05, bars, 100 pm.
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concomitant metabolic alterations dur-
ing decidualization and lead to the
activation of apoptosis. Our data
showed that the polyploidization of
decidual cells is, at least partly, a
response to DNA damage and oxida-
tive stress. E2F8 knockdown will com-
promise polyploidization and the anti-
apoptotic effect under the stress condi-
tion. However, the polyploidization of
stromal cells is not essential for human
uterine decidualization.

Results

Polyploidization of stromal cell
during mouse decidualization

To determine the onset of mouse
stromal cell  polyploidization,  we
inspected the cell morphology of the sec-
tions from implantation sites from days
5 to 8 labeled with PI and B-catenin.”
Stromal cells surrounding the embryos
on day 5 displayed as mono-nucleated
cells, while the stromal cells were dra-
matically transformed into multinucle-
ated cell, and most of them were
presented as bi-nucleated on days 6 to 8
(Fig. 1A). The proportion of multinu-
cleated cells was gradually increased as
the progression of decidualization
(Fig. 1B). cytometry
showed that stromal cells on day 5 were
predominately in G1 and S phases,
whereas most of the stromal cells on
days 6 to 8 were arrested in G2/M phase,
containing a high proportion of tetra-
ploid (4C) and hyperploid cells (>4C)
(Fig. 1C, D). Most of the multinucle-

ated cells were found at the decidual

Flow analysis

zone localized at the anti-mesometrium
(Fig. 2A—C).

To further analyze the polyploidiza-
tion process during decidualization,
mouse stromal cells were isolated and
induced for iz witro decidualization.
Some of the decidualized cells displayed
as bi-nucleated or tri-nucleated cells,
whereas the cells in control group were

primarily mono-nucleated cells
(Fig. 2D). Flow cytometry revealed the
percentage of 4C and >4C was

increased among the decidualized cells
compared to control (Fig. 2E, F).
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cantly increased at 72 h, and E2F7
protein level was just slightly upregu-
lated compared to control. However,
E2F8 remarkably
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(Fig. 4D, E).
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E2F8 silence obstructs the
polyploidization of decidual cells

Based on the expression pattern of
atypical E2Fs during decidualization,
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Figure 3. Atypical E2Fs expression during early pregnancy. (A) The mRNA localization of E2f7 and E2f8
in mouse uterus during early pregnancy was detected by in situ hybridization. Real-time PCR was per-
formed to quantify the mRNA level of £2f7 (B) and E2f8 (C) in mouse uterus from day 5 to day 8 (NI,
inter-implantation site; IS, implantation sites). (D) Western blot of E2F7 and E2F8 protein in mouse
uterus from day 5 to day 8. Tubulin was used as internal reference. Arrows, embryo. * P < 0.05, bar,

down of E2f7 alone, possibly due to the
increased level of E2f8 for compensating
E2F7. However, knockdown of E2/8
alone or a combination of E2f/ and
E2f8 remarkably reduced the proportion
of multinucleated cells (Fig. 5C, E).

Atypical E2F transcription factors are induced during
decidualization

Due to the remarkable role of atypical E2Fs in the polyploid-
ization of hepatocytes and TGC,” we assumed that E2F7 and
E2F8 may be involved in mouse decidualization. Expression of
E2f7 and E2f8 mRNA was undetectable in mouse uterus from
days 1 to 4 of pregnancy. From days 5 to 8, £2f7 and E2/8
mRNA signals were gradually spread and distributed in the whole
decidual zone (Fig. 3A). Compared with inter-implantation sites,
the mRNA and protein levels of E2F7 and E2F8 were strongly
upregulated at implantation sites from days 5 to 8 (Fig. 3B-D).
Under artificial decidualization, E2f7 expression was weakly

www.tandfonline.com
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Cell cycle analysis further proved that
the proportion of polyploid stromal cells
(4C and >4C) was notably reduced by knockdown of £2/8 alone
or a combination of £2f7 and E2/8 (Fig. 5D, F).

Regulation of ovarian steroids on atypical E2Fs expression

The mutual effects between estrogen and progesterone pre-
cisely regulate each step during pregnancy.”
mice were used to elucidate whether atypical E2Fs expression is

Ovariectomized

regulated by estrogen (E2) and progesterone (P4). The results
showed that E2 or P4 had no effects on E2F7 expression, but sig-
nificantly induced the expression of E2F8 (Fig. 6A-C). In cul-
tured mouse stromal cells, E2F7 expression was significantly
induced by P4, but less than 2 folds (Fig. 6D). However, E2F8

1845



(A) E2f7 E213

Con .F‘{&-‘ :

AD

(B) (©)

Ln
>

& 0 Con @ AD *
w
$ 40]
o
%
[
<« 301
5 E2F7 —
£ 20
2 —_ E2F8 | —
=10
]
e - Tubulin | E—

l’\ —

E2f7 E2f8 Con AD
(D) (E)

5 Qcomer  x
w
5]
z 2K,
bl
g5
<
= I I E2F7
&
g
p 2 E2FS| e e e e e -
g
Edo ubulin | ——————

0

E2f7 E2f8 E2f7 E2f8 E2f7 E2f3 Con E+P Con E+P Con E+P
24h 48T 72h 24 h 48 h 72 h

Figure 4. Atypical E2Fs expression under in vivo and in vitro decidualization. (A) The mRNA localiza-
tion of E2f7 and E2f8 in mouse uterus under artificial decidualization was detected by in situ hybrid-
ization (AD, artificial decidualization). (B) Real-time PCR was performed to quantify the mRNA level of
E2f7 and E2f8 in deciduoma. (C) Western blot of E2F7 and E2F8 proteins in deciduoma. (D) Real-time
PCR was performed to quantify the mRNA levels of E2f7 and E2f8 in stromal cells under in vitro
decidualization for 24 h, 48 h, and 72 h, respectively. (E) Western blot of E2F7 and E2F8 protein in
stromal cells under in vitro decidualization. Tubulin was used as internal reference. * P < 0.05, bars,
300 pm.

stromal cells were treated with RU486, a
progesterone antagonist, RU486 could
abrogate the induction of P4 on E2F8
(Fig. 6G1).

HB-EGF/EGFR/ERK/STATS3 signal
pathway regulates E2F8 expression in
stromal cells

Since HB-EGF has been shown to
be regulated by progesterone during
decidualization and tightly related to
the polyploidization  of  decidual
2526 we assumed that HB-EGF
may be involved in mediating the regu-

cells,

lation of E2F8 expression in mouse
uterus during decidualization. Com-
pared with control group, the stromal
cells treated with HB-EGF showed an
increased proportion of tetraploid
(Fig. 7A, B). HB-EGF treatment could
induce the phosphorylation of EGFR,
ERK, STAT3 and simultancously the
expression of E2F8 (Fig. 7C, D).

To address whether EGFR/ERK/
STAT3 pathway is involved in HB-EGEF-
induced E2F8 expression, stromal cells
were treated with EGFR inhibitor, ERK
inhibitor and STAT3 inhibitor, respec-
tively. Real time PCR and Western blot
showed that HB-EGF-induced E2F8
activation was attenuated by the inhibitor
for EGFR, ERK or STAT3 (Fig. 8A-F).
Promoter analysis showed there is a
STATS3 binding site on the promoter of
E2F8 at the distance of —325 bp from
TSS (Fig. 8G). The luciferase activity of
E2f8 promoter containing the STAT3
binding sites (full length) was signifi-
cantly increased by progesterone, but pro-
gesterone had no effects on the luciferase
activity of E2f8 promoter after STAT3
binding site was deleted (Fig. 8H).

Embryo induced E2F8 expression
and stromal cell polyploidization

Delayed implantation model was used
to examine whether E2F8 expression is
dependent on active embryos. The
mRNA signal of E2f8 was negative in
mouse uterus when embryo implantation
was delayed by ovariectomy, while E2F8
was strongly expressed in the subluminal

expression was stimulated around 9 folds by P4 (Fig. 6 E, F). P4  stromal cells after estrogen activation and embryo implantation
regulates stromal cell decidualization through progesterone recep-  (Fig. 9A). To further examine effects of embryos on E2F8

tor (PR) and PR knockout mice display compromised deciduali-  expression, we co-cultured uterine stromal cells with intravital

zation and obviously with the absence of polyploidy.”* When fluorochrome-stained embryos. Compared to control, E2F8

1846 Cell Cycle
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CDKI expression was gradually
repressed during decidualization
in vivo and in vitro, indicating
that decidual cells may become
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gL = = E z % 0 2C >4C herefore, the suppression of

expression of stromal cells was significantly stimulated by co-cul-
turing with blastocysts (Fig. 9B). Simultaneously, immunofluo-
rescence results showed that a part of the stromal cells became
polyploidy around the invaded embryo (Fig. 9C).

E2F8 mediates endoreplication and polyploidization by
transcriptionally repressing on CDK1

Next we explored the regulatory mechanism of E2F8 in
mediating polyploidization of decidual cell. Endoreplication
refers to a specific biological process that the cells duplicate

www.tandfonline.com
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CDKI1 may directly result in
cytokinesis failure and poly-
ploidy formation.

Atypical E2Fs are known as transcriptional repressors and reg-
ulate many of cell cycle-related genes by binding to their pro-
moters.® Real time PCR and western blot results showed that
knockdown of E2f8, or both of E2f7 and E2f8, could promi-
nently enhance the expression of CDK1 in both mRNA and pro-
tein levels, but knockdown of E2f7 had no obvious effects on
CDKI1 expression (Fig. 10H, I), indicating that E2F8 is the mas-
ter regulator in mouse uterus. These results suggested that E2F8
may regulate the expression of CDKI as a transcriptional
repressor.
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Figure 6. The regulation of ovarian steroids on atypical E2Fs. Real-time PCR was performed to investigate the regulation of estrogen and progesterone
on E2f7 (A) and E2f8 (B) in mouse uterus (E2, Estradiol-17 ; P4, progesterone). (C)The protein levels of E2F7 and E2F8 in mouse uteri treated with E2, P4
or a combination of E2 and P4. The mRNA level of E2f7 (D) and E2f8 (E) in stromal cell treated with estrogen and progesterone. (F) The protein levels of
E2F7 and E2F8 in stromal cells treated with E2, P4 or a combination of E2 and P4. The mRNA level of E2f7 (G) and E2f8 (H) in stromal cell treated with pro-
gesterone and RU486. (I) The protein levels of E2F7 and E2F8 in stromal cells treated with P4 or P4 plus RU486.

E2F8 is a response to oxidative stress and DNA damage
during decidualization

Uterine decidualization commonly accompanies with exten-
sive stromal cell proliferation and differentiation, and remark-
able metabolic alteration, to establish a favorable environment
for pregnancy.”®
olites or damage stresses, including reactive oxide species
(ROS) and DNA damage, will lead to adverse impact on
embryo development and pregnancy.”’ SOD activity assay con-
firmed that the antioxidant system was boosted in decidual cells
during in vivo and in vitro decidualization (Fig. 11A, B). E2F8

However, several inevitable deleterious metab-

1848
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expression was induced by treating stromal cells with 50 pM
H,0; or 10 uM paraquat for the induction of oxidative stress
(Fig. 11C, D).”* p-H2A X, a representative marker of DNA
damage,3 ° was highly expressed at implantation sites during
decidualization  compared to inter-implantation  sites
(Fig. 11E). UV irradiation and Camptothecin (CPT, the topo-
isomerase I inhibitor) were used to induce DNA damage in
stromal cells,”® E2F8 expression was up-regulated by CPT or
UV irradiation (Fig. 11F-H). However, E2F8 expression was
inhibited when these cells were treated with the higher concen-
tration of H,O,, paraquat or CPT, or a longer time period of

Volume 14 Issue 12
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of E2f8 led to an increased level of
cleaved PARP in paraquat or CPT-
treated stromal cells (Fig. 121, J), sug-
gesting that the increased polyploidy
may facilitate cell resistance to stress-
induced apoptosis.

Atypical E2Fs expression and
polyploidization in human endometrial
stromal cells during decidualization

After we showed an important role of
E2F8 in the polyploidization of mouse
endometrial stromal cells during decidu-
alization, we extended our focus on the
polyploidization and the involvement of
atypical E2Fs during human decidualiza-
tion. Due to the spontaneous deciduali-
zation in humans,** we examined the
polyploid of human endometrium dur-
ing secretory phase and the decidual tis-

sues during 6 to 9 weeks of pregnancy.

Figure 7. The effect of HB-EGF on stromal cell polyploidization and E2F8 expression. (A) Cell cycle
distribution analyzed by flow cytometry of Pl-stained stromal cells under in vitro decidualization with
HB-EGF. (B) Percentage of cells in 2C, 4C and >4C based on flow cytometry. (C) The mRNA level of
E2f8 in stromal cells after HB-EGF treatment for 3 h, 6 h and 9 h, respectively. (D) Western blot of P-
EGFR, P-ERK, ERK, P-STAT3, STAT3 and E2F8 in stromal cells after HB-EGF treatment.

Beyond our expectation, we found that
the stromal cells in secretory phase or
decidual cells were mainly mono-nucle-
ated cells. The proportions of multi-
nucleated cells were 1.1% and 3.7%,

UV irradiation, suggesting that the over-dose stresses may be
beyond the anti-stress capacity of stromal cells and will induce
cell apoptosis. Therefore, our data suggested that E2F8 expres-
sion is a response to oxidative stress and DNA damage.

E2F8-mediated polyploidization enhances the stress-
resistance of decidual cells

Our data showed that E2F8 expression is a response to oxida-
tive stress and DNA damage. The next question is whether
E2F8-mediated polyploidization functions in providing reserve
capacity for confronting stress and damage. Paraquat and CPT
were used to induce oxidative stress and DNA damage, respec-
tively.”>**> Immunofluorescence images showed that a part of
the stromal cells switched to polyploidy under the stress condi-
tions even without the induction of decidualization. However,
knockdown of E2f8 inhibited the polyploidization of these
stress-induced cells (Fig. 12A-F). Next we investigated whether
E2F8 downregulation had any adverse impact on decidualiza-
tion and cellular function. Dzprp is a marker for mouse decidu-
alization.”® Knockdown of E2f8 failed to reveal any significant
effects on Dizprp level under normal in vitro decidualization.
However, for stress-treated stromal cells, knockdown of E2/8
led to a reduced expression of Dzprp (Fig. 12G, H). We then
knockdowned the expression of E2F8 in stromal cells, exposed
the cells to oxidative stress and DNA damage, and examined the
expression of apoptosis marker, cleaved PARP, in stromal cells.
Western blot analysis revealed no obvious apoptosis in CPT or
paraquat-treated decidualized stromal cells, whereas knockdown

www.tandfonline.com
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respectively (Fig. 13A, B).

To further confirm whether the poly-
ploidization process occurs in human endometrial stromal cells,
we induced human stromal cells for 7z vitro decidualization for
8 days. Cells were labeled with PtdIns and Vimentin to distin-
guish cell border (Fig. 13C). Human stromal cells displayed as
mono-nucleated in both of control and decidual groups. Flow
cytometry analysis revealed that the proportion of tetraploid
(4C) in decidual stromal cells was similar to control group
(Fig. 13D, E). Next we detected the expression level of atypical
E2Fs in human stromal cells under in vitro decidualization.
IGFBP-1 and PRL, the reliable markers of decidualization in
humans, were significantly induced during decidualization.
There was no significant change for E2F7 mRNA level between
control and decidual group. However, the mRNA level of E2F8
was significantly repressed in decidual stromal cells. On the con-
trary, CDK1 expression was upregulated in decidual stromal cells
(Fig. 13F). On the basis of the above results we considered the
hypothesis that differential expression of E2F8 and CDKI may
lead to stromal cell polyploidization diversity between mice and

humans (Fig. 13G).

Discussion

E2F8 expression in mouse uterus is associated with the
polyploidization of decidual cells

In the present study, we showed that plentful polyploid
decidual cells are detected during decidualization, and consider-
ably distributed in anti-mesometrium and the junctional region
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between mesometrium and anti-mesome-
trium. Similar to hepatocytes, the polyploid
decidual cells are basically composed of tetra-
ploids or bi-nucleates (4C), which differ from
the hyperploidy in TGC or megakaryocytes
(MKC) that the ploidy could reach to 1000
C.>* Flow cytometry showed that most of
decidualized stromal cells are arrested in G2/
M phase, indicating that M phase blocking or
cytokinesis failure may contribute to stromal
cell polyploidization. Similarly, cytokinesis
failure is also observed in bi-nucleated
hepatocytes.”

E2F7 and E2F8, 2 atypical members in
E2F family, are essential for the polyploid-
ization of hepatocytes and TGC.”? Based
on our information, this is the first study to
focus on the expression of atypical E2Fs in
mouse uterus during early pregnancy. E2F7
and E2F8 are negative in mouse uteri from
days 1 to 4. E2F8 is up-regulated at implan-
tation sites from days 5 to 8, and induced
by artificial decidualization and iz wvitro
decidualization. More importantly, E2F8
expression is mainly localized at anti-meso-
metrial side and the junctional region
between mesometrium and anti-mesome-
trium, which is consistent to the distribu-
tion of polyploid decidual cells. However,
E2F7 expression in mouse uterus is not
conspicuous as E2F8. Knockdown of E2/f8,
instead of E2f7, results in decreased propor-
tion of polyploid decidual cells, suggesting
E2F8 may be involved in decidual cell poly-
ploidization. Therefore, we focused on
E2F8 for further study.

Progesterone activates the expression of
E2F8 through HB-EGF/EGFR/ERK/
STAT?3 signal pathway

Our study showed E2F8 expression in
mouse uterine stromal cells is regulated by
progesterone both 7z vivo and in vitro, which
is abrogated by PR antagonist, suggesting
progesterone may regulate E2F8 through
PR. PR knockout mice also display compro-
mised decidualization and obviously with the
absence of polyploidy.>® The results pre-
sented here found stromal cells cultured with
HB-EGF produced an increased number of
polyploid cells. HB-EGF is an early molecu-
lar marker of embryo-uterine cross-talk dur-
ing implantation and  regulated by
progesterone. Maternal deficiency of HB-
EGF displays a compromised pregnancy out-
come.” Beads carrying HB-EGF were very
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Figure 9. Embryo induced E2F8 expression and polyploidization. (A) The mRNA localization of £2f8 in delayed
and activated mouse uterus. (B) Real-time PCR was performed to quantify the mRNA level of E2F8 in stromal
cells co-cultured with embryo. (C) CellTracker stained embryo (blue signal) was co-cultured with stromal cells.
The cell outline and nucleus were stained by Vimentin (green signal) and PtdIns (red signal), respectively.

may be packed into separated
nucleus, thus forming multinu-
cleated cells."*”***? Our results
showed that most of the poly-
ploid decidual cells are mani-

potent in inducing decidualization and stromal cell poly-
ploidy.?® We wonder whether HB-EGF is the key intermediary
between progesterone and E2F8. Our results showed that E2F8
is activated in stromal cells by HB-EGF treatment, as well as
the phosphorylation of EGF receptor (EGFR), ERK and
STAT3. EGFR, served as the preferred receptor ligand for HB-
EGF and activated during early pregnancy, triggering a multi-
tude of signaling and transcriptional events.”” In uterine stromal
cells, HB-EGF induced E2F8 expression is blocked by EGFR
inhibitor. Uterine E2f8 expression in Egfir knockout mice is
downregulated after deciduogenic stimuli when compared to
wild type.”® ERK1/2 signal pathway is a classic downstream of
HB-EGF and also involved in decidualization,®® ERK1/2 signal
pathway inhibitor restrained the expression of E2F8 in HB-
EGF treated stromal cell. STAT3 inhibitor also suppresses the
expression of E2F8 in stromal cells. Moreover, we found a
STAT3 binding site on the promoter of E2f8, indicating the
transcriptional regulation of STAT3 on E2F8. STAT3 had been
tightly linked to implantation and decidualization in mice and
humans.*”*" Conditional ablation of Stzz3 in mouse uterus
results in embryo implantation failure. Although there is no spe-
cial indications that whether the polyploidization of stromal
cells is existed, uterine Szaz3 knockout are defective in hormon-
ally induced decidual reaction, clearly with the absence of stro-
mal cell polyploidization.*’ In summary, our results illustrate
that E2F8 expression in stromal cells is regulated by progester-
one through activating HB-EGF/EGFR/ERK/STAT3 signal
pathway.
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fested as  binucleated and
arrested in G2/M phase, suggesting that endoreplication and
M phase arrest may be the main mechanisms involved in
decidual cell polyploidization. CDKI1, also known as cell
division control protein 2, controls the onset of mitotic
phase.”> Our studies showed the expression of CDK1 is sup-
pressed in stromal cells during decidualization, which is coin-
cided with G2/M phase arrest in polyploid stromal cells.
Inhibiting the activity of CDK1 will induce the formation of
polyploid stromal cells. CDKI1 deficiency in hepatocytes
results the activation of re-replication and increased poly-
ploidy.44 These results indicate depressed CDK1 activity may
responsible for endoreplication conversion in decidual cells.
Here we present E2F8, known as a transcriptional repressor, is
able to bind to the consensus E2F recognition sites and repress
the expression of cell cycle-related E2F targets. Our results
showed a negative correlation between CDK1 and E2F8. Chip
assay also verified that E2F8 is enriched on the promoter of
Cdk1.” Transcriptome analysis demonstrated the chromosome
segregation, mitosis and cytokinesis related genes are upregulated
in E2f8 knockout mice, including Cyclin A2 and Cyclin B1.”
These results suggest that E2F8 initiates the endoreplication
through repressing the mitosis and cytokinesis.

Polyploid decidual cells are adaptive to decidualization

Here we present that mouse uterine stromal cells spontane-
ously convert to polyploidy by oxidative stress or DNA damage
treatments without the induction of E2 and P4. Simultaneously,
E2F8 is a response to oxidative stress and DNA damage,
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Figure 10. CDK1 expression during decidualization and polyploidization. The Cdkl mRNA level
(A) and protein level (B) in implantation sites from days 5 to 8 of pregnancy. The Cdkl mRNA
level (€) and protein level (D) in stromal cells under in vitro decidualization. (E) Inspection of
ploidy in stromal cells treated with CDK1 inhibitor (Purvalanol A, PA) by immunofluorescence.
(F) Cell cycle distribution analyzed by flow cytometry of Pl-stained cells treated with PA. (G) Per-
centage of cells in 2C, 4C and >4C based on flow cytometry. Effect of E2f7 and E2f8 knockdown
on mRNA level (H) and protein level (I) of CDK1 in stromal cells. *P < 0.05, bar, 100 pm.

decidual cells remains obscure. The
results  presented here reveal an
increased proportion of polyploid stro-
mal cells during mouse decidualization.
It remains to determine whether these
extra chromosomes are functioning in
providing reserve capacity for confront-
ing stress and damage? Our results
showed that knockdown of E2F8 in
stromal cells leads to reduced poly-
ploidy and increased apoptosis when
the cells expose to oxidative stress and
DNA damage, suggesting that the
increased polyploidy may facilitate cell
resistance to stress-induced apoptosis.
During cell cycle transition, E2F7 and
E2F8 should restrain E2F1 activity
throughout the S and G2 phases, other-
wise the cells may favor E2F1 induced
apoptosis; Except cell cycle regulation,
E2F7 and E2F8 were induced in cells
treated with DNA-damaging agents,
transcriptionally  repressing  E2F1
expression and inhibiting E2F1-depen-
dent apoptosis."” Mice that are doubly
deficient for E2F7 and E2F8 failed to
survive on E11.5, displaying wide-
spread apoptosis without defects in pro-
liferation, and the high level of E2F1
and p53, while inhibiting p53 and
E2F1 could rescue cell apoptosis.”’
Taken together, these results demon-
strate E2F8 mediated polyploidy status
could increase the cellular resistance to
stresses and endow the decidual cells
with pro-survival strategies by inhibit-
ing pro-apoptotic pathways.

Materials and Methods

Animals and treatments

All experiments were approved by
the University Animal Ethics Commit-
tee and performed according to South
China Agricultural University institu-
tional and national guidelines. Adult
CD1 mice were housed in a controlled
environment with a 14 h light: 10 h
dark cycle. Female mice were mated
with fertile or vasectomized males to
induce pregnancy or pseudopregnancy

suggesting E2F8 is associated with stress-induced polyploidiza-  (day 1 is the day of vaginal plug). From days 1 to 4, pregnancy
tion of stromal cells. It has been recognized that decidualized was confirmed by flushing the embryos from the oviducts or

stromal cells are endowed with anti-apoptotic capacity to oxida-  uteri. The implantation sites on day 5 were visualized through

tive stress.*>*® However, the anti-apoptosis mechanism of intravenous injection of 0.1 ml of 1% Chicago blue dye (Sigma-
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Figure 11. kE2F8 is induced by oxidative stress and DNA damage during decidualization. (A) The SOD
activity in decidua tissues on day 8 of pregnancy. (B) The SOD activity in stromal cells under in vitro
decidualization. The mRNA level of E2f8 in stromal cells treated with H,O, (C) and Paraquat (D) for
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Aldrich Inc., St. Louis, MO, USA) in
saline. Artificial decidualization, delayed
implantation, and steroid hormonal
treatment models were performed as pre-
viously described.”?

Immunofluorescence

The immunofluorescence was per-
formed as previously described.!”
Briefly, formalin-fixed tissues were
embedded in paraffin and cut into
4 pm sections. After deparaffinization
and dehydration, sections were boiled
in 10 mM citrate buffer for 15 min
and cooled to room temperature. The
sections were blocked by 5% donkey
serum  (Jackson = ImmunoResearch,
Westgrove, Pennsylvania) for 1 h at
37°C. Immunofluorescent cell mem-
brane staining was done by using of
anti-B-catenin (Cell signaling technol-
ogy, Beverly, MA), anti-Vimentin
(Cell signaling technology) as first anti-
body, and anti-rabbit Alexa Fluor 488
(Jackson ImmunoResearch, 1:200) as
second antibody, the nucleus were
stained with propidium iodide (PI,
Sigma). The sections were inspected by
Leica fluorescence microscope.

Isolation of decidual cells
in vivo

Decidual cells from day 5 to day 8
were isolated as described previously.?
Briefly, deciduoma tissues were separated
from the muscle and minced by scissors,
then placed in HBSS containing 0.25%
collagenase I (Invitrogen, Carlsbad, CA)
and 0.1% hyaluronidase (Sigma) for
45 min at 37°C. The enzyme digested
tissue suspension was then passed
through different size of gauge needles in
sequence to form a single cell suspension.

Flow cytometry

Freshly prepared uterine decidual cell
suspensions were collected in PBS and
fixed in 70% cold ethanol overnight at
4°C. Cells were washed by PBS and
treated with RNase for 40 min at 37°C,
and then stained with PtdIns on ice. Fol-
lowing filtration through nylon mesh to
remove the cell clumps, the cell suspen-
sions were analyzed on flow cytometry
immediately. The cell cycles were ana-
lyzed by calculating the proportion of
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Figure 12. E2F8-mediated poly-
ploidy is adaptive to oxidative stress
and DNA damage during deciduali-
zation. (A) Inspection of ploidy of
stromal cells treated with Paraquat
and E2f8 knockdown by immunoflu-
orescence. (B) Cell cycle distribution
analyzed by flow cytometry of
PtdIns-stained cells treated with
Paraquat and E2f8 knockdown. (C)
Percentage of cells in 2C, 4C and
>4C based on flow cytometry. (D)
Inspection of ploidy of stromal cells
treated with CPT and E2f8 knock-
down by immunofluorescence. (E)
Cell cycle distribution analyzed by
flow cytometry of Pl-stained cells
treated with CPT and E2f8 knock-
down. (F) Percentage of cells in 2C,
4C and >4C based on flow cytome-
try. Effect of E2f8 knockdown on
Dtprp mRNA level in stromal cells
treated with Paraquat (G) and CPT
(H). Effects of E2f8 knockdown on
cleaved-PARP protein level in stro-
mal cells treated with Paraquat (I)
and CPT (J). * P < 0.05, bar, 100 pm.

GO0/G1, S and G2/M phases from
DNA histogram data.

Isolation of mouse uterine
stromal cells and treatments

Primary mouse uterine stromal
cells were enzymatic isolated on
day 4 of pregnancy and cultured
with DMEM/F12 (Sigma) con-
taining 10% charcoal-treated FBS
(Biological Industries, Israel). As
previously described,” the stro-
mal cells were treated with
10 nM of estradiol-17 B (Sigma)
plus 1 uM of progesterone
(Sigma) to induce in vitro decidu-
alization. Both estradiol-17 B and
progesterone were dissolved in
ethanol.

For steroid hormonal treat-
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ments in vitro, stromal cells were treated with 10 nM of estra-  then transferred them onto the confluent monolayer of uterine
diol-17 B, 1 wM of progesterone or a combination of estradiol-  stromal cells in DMEM/F12 containing 10% cFBS for 48 h.
17 B and progesterone, respectively. For further studies, stromal
cells were treated with RU486 (Sigma), HB-EGF (R&D Sys- In situ hybridization
tems, Minneapolis, MN), EGFR inhibitor (Calbiochem, San Total RNAs from mouse uterus on day 8 of pregnancy were
Diego, CA), U0126 (Cell signaling Technology), S31-201 (Cal-  reverse-transcribed and each hybridization probe template was
biochem), Purvalanol A (PA, Sigma), Camptothecin (CPT, amplified with the corresponding primers (Table 1). pGEM-T
Alexis Biochemicals, Swiss), and UV irradiation, respectively. vector plasmid (Promega, Madison, WI) was used for cloning
For co-culture model of embryo and uterine stromal cells, the amplified fragment. Digoxigenin-labeled antisense or sense
the mouse blastocyst were collected at day 4 of pregnancy and c¢RNA probes were transcribed iz vitro by using digoxigenin
stained with CellTracker (Invitrogen) for 30 min at 37°C, RNA labeling kit (Roche Applied Science).
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humans. * P < 0.05, bar, 100 pm.
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In situ hybridization was per-
formed as previously described.”?
Briefly, frozen sections (10 pm)
were mounted on 3-aminopropyl-
triethooxysilane  (Sigma)-treated
slides and fixed in 4% parafor-
maldehyde PBS.
Hybridization was performed at
55°C for 16 h. Then, the sections

were incubated with sheep anti-

solution in

digoxigenin antibody conjugated
to alkaline phosphatase (1:5000,
Roche). The signal was visualized
with  the buffer containing
0.4 mM 5-bromo-4-chloro-3-
indolyl phosphate and 0.4 mM
nitrobluetetrazolium. Endogenous
alkaline phosphatase activity was
inhibited with 2 mM levamisole
(Sigma). The sections were coun-
terstained with 1% methyl green.
The positive signal of in situ
hybridization was visualized as a
dark brown color.

RNA extraction and real-time
PCR

Total RNAs from mouse tis-
sues and cultured cells were
extracted by a Trizol Kit (Sigma)
and  reverse-transcribed  into
cDNAs with the PrimeScript
reverse transcriptase reagent kit
(TaKaRa Bio Tokyo,
Japan). For PCR,
cDNA was amplified using a
SYBR Premix Ex Taq kit
(TaKaRa; DRRO041S) on the
BIORAD-CFX96™  Real-Time
System (BioRad) according to

Inc..,
real-time

the manufacturer’s recommenda-
tions. All reactions were run in
triplicate.  The
primer sequences used for real-
time PCR were listed in Table 1.

corresponding

Western blot analysis

The uterine tissues were
homogenized in lysis buffer
(50 mM  Tris-HCI, pH 7.5,

0.1% SDS, 150 mM NaCl, 1%
Triton X-100, and 0.25%
sodium deoxycholate), supple-
mented with Protease Inhibitor
Cocktail (Roche) on ice, cul-
tured cells were scratched and
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Table 1 Primers used in this study

Gene name Primer sequences Accession number  Size (bp) Application
E2f7 TTTCTAGCTCGCTATCCG CAGGGTGACAATCTTGGT NM_178609 465 In situ hybridization
E2f7 TGTCAGCCCTCACTCAACACTGCTCTGCCTTTACCA NM_178609 122 Real-time PCR
E2f8 CCCTAGCCCATTGTCATCCGCTTTCAGGTCCTCTTT NM_001013368 361 In situ hybridization
E2f8 GTGCTTCGTAGAACTCCCTGGCAATGTCATACAGCCTCCT NM_001013368 228 Real-time PCR
E2f8 CCGCTCGAGACACTAAATGTATGAGGAATGCCAAGCTTAAAGGTGGTGTTCTCTCC NM_001013368 2725 Overexpression
E2f8 TTACACGCGTTCGATCTCGGATAAATGGTTGCAAGCTTCAGCCAGACAGCATCTCA NM_001013368 Promoter analysis
E2f8 CCGCTCGAGTCGATCTCGGATAAATGGTATGCAAGCTTCGCTCACCTGTCAATCCTC NM_001013368 Promoter analysis
Cdk1 TTTAGGTTTGTTGTAAAGC NM_007659 129 Real-time PCR
TAAGAGAGGACAGGAGATT
Rpl7 GCAGATGTACCGCACTGAGATTCACCTTTGGGCTTACTCCATTGATA M29016 129 Real-time PCR
Dtprp AGCCAGAAATCACTGCCACTTGATCCATGCACCCATAAAA NM_010088 119 Real-time PCR
E2F7 CCCAAGAGCATCCAACGCTGGCAAAGCGGCAGGTTA NM_203394.2 168 Real-time PCR
E2F8 GCCCATCCTATGCCATCTACGGTATCATTGGCTGCCTTCT NM_024680.3 158 Real-time PCR
CDK1 ACCATACCCATTGACTAACATATAACCTGGAATCCTGC NM_001786.4 251 Real-time PCR
GAPDH GAAGGTGAAGGTCGGAGTGATGGCAACAATATCCACTT BC023632 94 Real-time PCR
IGFBP-1 CCAAACTGCAACAAGAATGGTAGACGCACCAGCAGAG NM_000596 87 Real-time PCR
PRL AAGCTGTAGAGATTGAGGAGCATCAGGATGAACCTGGCTGACTA NM_000948 76 Real-time PCR

collected with lysis buffer. Protein lysates were separated by
SDS-polyacrylamide gel electrophoresis and transferred to a
nitrocellulose membrane. Membranes were incubated with
primary antibodies as follows: anti-E2F7 (Abcam, Cambridge,
UK), anti-E2F8 (Antibodies-Online, Atlanta, USA), anti-
Tubulin (Cell Signaling Technology, CST), anti-P-EGFR
(CST), anti-P-ERK1/2 (CST), anti-ERK1/2 (CST), anti-p-
H2AX (CST), anti-P-STAT3 (CST), ant-STAT3 (CST),
anti-CDK1 (CST), anti-cleaved-PARP (CST).

Transfection and luciferase assay

siRNAs targeted to E2f7 and E2f8 were transfected into uter-
ine stromal cells using Lipofectamine 2000 (Invitrogen) accord-
ing to the instructions. For luciferase reporter assay, the
promoter sequence of mouse E2f8 was amplified by PCR from
mouse genomic DNA. The corresponding primer sequences were
listed in Table 1. The amplified products were digested by
restriction enzymes and inserted into the pGL3-basic vector
(Promega) upstream from the start codon of luciferase. E2f8-
pGL3 was co-transfected with pRL-TK plasmid containing
Renilla luciferase using Lipofectamine 2000 for 6 h.

Superoxide dismutase (SOD) activity assay

Decidual tissues were rinsed with PBS to remove red blood
cells and clots, then homogenize the tissues in 1 ml of 20 mM
HEPES buffer (pH 7.2) containing 1 mM EGTA, 210 mM
mannitol and 70 mM sucrose. Cultured cells were collected by
using a rubber policeman and sonicated in HEPES buffer. After
centrifugation, the supernatants were collected for SOD activity
detection according to the instruction of SOD assay kit (Jian-
cheng Bioengineering Institute, Nanjing).

Patients and endometrial sample collection

Female patients who received endocervical curettage or
induced abortion operation at Renmin Hospital of Wuhan Uni-
versity were recruited in this study. The endometrial samples
were collected during endometrium biopsy examination on days
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21 to 24 (mid-secretory phase) of menstrual cycle. The decidual
tissues were collected under abortion operation during 6 to 9
weeks of pregnancy. The samples were fixed in formalin and ana-
lyzed by hematoxylin-eosin staining as previously described.”
The study was approved by the Ethics Committee of Renmin
Hospital of Wuhan University.

Culture and treatments of human endometrial stromal cells

Human endometrial stromal cell line (hRESC, ATCC®CRL-
4003™) was obtained from ATCC and cultured as described
previously.”” Human stromal cells were cultured in DMEM/F12
with 2% charcoal stripped fetal calf serum, 1% antibiotics and
puromycin. Cells were induced for 77 vitro decidualization with
10 nM estradiol-17 B (Sigma), 1 wM medroxy-progesterone
acetate (MPA, Sigma) and 0.5 mM 8-Br-cAMP (Sigma) for
8 days. The media were replenished every 48 h. Prolactin (PRL)
and insulin like growth factor binding protein-1 (IGFBP-1) were
used as makers for 772 vitro decidualization.

Statistical analysis

Data are presented as the mean =+ standard deviation, unless
indicated otherwise. Equal variance was tested by F-test. Differ-
ences between 2 groups were compared using a #test in normal
distributed groups. Otherwise, #test assuming unequal variance
was used. In all cases, difference were considered significant at
the level of 2 < 0.05.
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