Cellular Physiology Cell Physiol Biochem 2017;44:1681-1695

. . DOL 10‘1159‘000485775 © 2017 The Author(s)
and BIOChemlStry Published online: December 06, 2017 Published by S. Karger AG, Basel
www.karger.com/cpb
Accepted: October 13, 2017

This article is licensed under the Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 Interna-
tional License (CC BY-NC-ND) (http://www.karger.com/Services/OpenAccessLicense). Usage and distribution
for commercial purposes as well as any distribution of modified material requires written permission.

Original Paper

Evidence For Hmgn2 Involvement in Mouse
Embryo Implantation and Decidualization

Dang-Dang Li# Liang Yue® Zhan-Qing Yang® Lian-Wen Zheng® Bin Guo®

2College of Veterinary Medicine, Jilin University, Changchun, *College of Clinical Medicine, Jilin
University, Changchun, ‘Reproductive Medical Center, the Second Hospital of Jilin University,
Changchun, P. R. China

Key Words
Hmgn2 « Embryo implantation « Decidualization « Uterus

Abstract

Background/Aims: Hmgn2 is involved in regulating embryonic development, but its
physiological function during embryo implantation and decidualization remains unknown.
Methods: In situ hybridization, real-time PCR, RNA interference, gene overexpression and
MTS assay were used to examine the expression of Hmgn2 in mouse uterus during the pre-
implantation period and explore its function and regulatory mechanisms in epithelial adhesion
junction and stromal cell proliferation and differentiation. Results: Hmgn2 was primarily
accumulated in uterine luminal epithelia on day 4 of pregnancy and subluminal stromal cells
around the implanting blastocyst at implantation sites on day 5. Similar results were observed
during delayed implantation and activation. Meanwhile, Hmgn2 expression was visualized
in the decidua. In uterine epithelial cells, silencing of Hmgn2 by specific siRNA reduced the
expression of adhesion molecules Cdhl, Cdh2 and Ctnnbl and enhanced the expression of
Mucl, whereas constitutive activation of Hmgn2 exhibited the opposite effects, suggesting a
role for Hmgn2 in attachment reaction during embryo implantation. Estrogen stimulated the
expression of Hmgn2 in uterine epithelia, but the stimulation was abrogated by ER antagonist
ICI 182,780. Further analysis evidenced that attenuation of Hmgn2 might eliminate the
regulation of estrogen on the expression of Cdhl, Cdh2 and Ctnnbl. In uterine stromal cells,
progesterone induced the accumulation of Hmgn2 which advanced the expression of Prl8a2
and Pri3cl, two well-known differentiation markers for decidualization, but did not affect
the proliferation of stromal cells. Knockdown of Hmgn2 blocked the progesterone-induced
differentiation of uterine stromal cells. Moreover, Hmgn2 might serve as an intermediate to
mediate the regulation of progesterone on Hand2. Conclusion: Hmgn2 may play an important
role during embryo implantation and decidualization.
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Introduction

Successful implantation, which requires synchronization between an implantation-
competent blastocyst and a receptive uterus, is critical for the establishment of pregnancy
[1-4]. In humans, 15% of couples worldwide are childless due to infertility, the major cause
of which is considered to be implantation failure [1, 5, 6]. Accompanying the initiation
of embryo implantation, uterine stromal cells undergo extensive proliferation and then
differentiation into decidual cells, a process known as decidualization, which may nourish the
developing embryo and protect it from the maternal rejection before placenta maturation [2,
7]. Inadequate decidualization can result in recurrent miscarriage, unexplained infertility or
even pathological pregnancy [7, 8]. Accumulated data have evidenced that ovarian estrogen
and progesterone are master regulators of embryo implantation and decidualization [1, 2],
but their underlying regulatory mechanisms remain largely unknown.

High mobility group nucleosomal binding domain 2 (Hmgn2), also referred to as high
mobility group protein 17 (Hmg17), is an abundant member of the non-histone Hmgn family
that can specifically bind to nucleosome core particle, alter chromatin structure and affect
DNA-dependent activities such as transcription, replication and repair [9, 10]. Previous
study has found that HmgnZ2 was present in early embryos, peaking in the blastocyst, and its
deficiency led to embryonic lethality [9, 11, 12]. Moreover, transient depletion of Hmgn1/2
delayed the progression of preimplantation embryonic development [12]. However, the
biological function of Hmgn2 in embryo implantation is still unknown. Meanwhile, Hmgn2
might promote astrocyte differentiation of neural precursor cells and antagonize erythroid
differentiation [13, 14]. According to our (unpublished) microarray data, HmgnZ2 was strongly
expressed in day 8 decidua and deciduoma under artificial decidualization compared with
the uninjected uterine horn, butitis unclear whether Hmgn2 may regulate the differentiation
of uterine stromal cells in response to progesterone.

In this study, we showed that Hmgn2 might play animportantrole in embryo implantation
and decidualization, and act downstream of progesterone to regulate the differentiation of
uterine stromal cells through targeting Hand?2.

Materials and Methods

Animals

Mature mice (Kunming white strain) were caged in a controlled environment with a cycle of 14L:10D.
All animal procedures were approved by the Institutional Animal Care and Use Committee of Jilin University.
To confirm reproducibility of results, at least three mice per group were used in each stage or treatment in
this study.

Pregnancy and pseudopregnancy

Adult female mice were mated with fertile or vasectomized males of the same strain to induce
pregnancy or pseudopregnancy by co-caging, respectively (day 1=day of vaginal plug). On days 1-4,
pregnancy was confirmed by recovering embryos from the oviducts or uterus. The implantation sites on
day 5 were identified by intravenous injection of 0.1 ml of 1% Chicago blue (Sigma, St. Louis, MO) in 0.85%
sodium chloride.

Delayed implantation and activation

To induce delayed implantation, pregnant mice were ovariectomized under ether anesthesia at 08:30-
09:00h on day 4 of pregnancy. Progesterone (1 mg/mouse; Sigma) was injected subcutaneously to maintain
delayed implantation from days 5 to 7. Estradiol-17f (25 ng/mouse, Sigma) was given to progesterone-
primed delayed-implantation mice to activate blastocyst implantation. The mice were sacrificed to collect
uteri 24 h after estrogen treatment. The implantation sites were identified by intravenous injection of
Chicago blue solution. Delayed implantation was confirmed by flushing the blastocysts from the uterus.
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Artificial induced decidualization

Artificial decidualization was induced by intraluminally infusing 25 pl of sesame oil into one uterine
horn on day 4 of pseudopregnancy, while the contralateral uninjected horn served as a control. The mice
were Killed to collect uteri at 24, 48, 72 or 96 h after artificial induced decidualization. Decidualization was
confirmed by weighing the uterine horn and histological examination of uterine sections.

Steroid hormonal treatments

Mature female mice were ovariectomized and, after 2 weeks, given a single injection of estradiol-17f3
(100 ng/mouse), progesterone (2 mg/mouse) or a combination of the same doses of estradiol-17 and
progesterone, respectively. All steroids were dissolved in sesame oil and injected subcutaneously. Control
mice received the vehicle only (sesame oil, 0.1 ml/mouse). Mice were sacrificed at different times to collect
uteri after hormonal injections.

Uterine epithelial and stromal cells from day 4 of pregnancy were isolated and cultured as previously
described [15]. Cultured epithelial and stromal cells were also treated with 1 pM of progesterone or 0.1 nM
of estradiol-17, respectively. For further studies, cells were pretreated with RU486 (1 uM) for 2 h or ICI
182, 780 (100 nM) before the addition of progesterone or estrogen, respectively. Steroids and antagonists
were dissolved in ethanol. Controls received the vehicle only.

In situ hybridization

Total RNAs from the mouse uteri were reverse-transcribed and amplified with Hmgn2 primers. Hmgn2
forward primer 5’- TCCCAGCGCTATAAAAACT and reverse primer 5'- TGGTTTTGTCTCCTTTAGCA were
designed according to Mus musculus high mobility group nucleosomal binding domain 2 gene (Genbank
accession number NM_016957). The amplified fragment (182 bp) of Hmgn2 was cloned into pGEM-T
plasmid (pGEM-T Vector System 1, Promega, Madison, WI) and verified by sequencing. Hmgn2-containing
plasmid was amplified with the primers for T7 and SP6 to prepare templates for labeling. Digoxigenin (DIG)-
labeled antisense and sense cRNA probes were transcribed in vitro using a DIG RNA labeling kit (Roche
Diagnostics GmbH, Mannheim, Germany).

Frozen sections (10 um) were mounted on 3-aminopropyltriethoxy-silane (Sigma)-coated slides and
fixed in 4% paraformaldehyde solution in PBS. Hybridization was performed as described previously [15].
Sections were counterstained with 1% methyl green. The positive signal was visualized as a dark brown col-
or. The sense probe was also hy-
bridized and served as a negative

control. There was no detectable Table 1. Primers for real-time PCR

signal from sense probes. . Size
Gene Primer sequence Accession number (bp)
Real-time PCR AAAAGGCCCCTGCGAAGAA
Total RNAs from mouse Hmgn2 TGCCTGGTCTGTTTTGGCA NM_016957 116
uteri or cultured cells were AACCCAAGCACGTATCAGGG
isolated using TRIPURE reagent Cdhl ACTGCTGGTCAGGATCGTTG NM_009864 142
according to the manufacturer’s GCGCAGTCTTACCGAAGGAT
instructions (Roche) and Cdh2 CGTCCTCGTCCACCTTGAAA NM_007664 129
reverse-transcribed into ACTTGCCACACGTGCAATTC
cDNA using M-MLV reverse- Ctnnbl  ATGGTGCGTACAATGGCAGA NM_007614 165
transcriptase (Promega). GATGCAGTTCCCTCCCTCTG
Reverse  transcription  was Mucl CCAGCTGCCCATAGCTCTTT NM_013605 155
performed at 42°C for 60 min AGCCAGAAATCACTGCCACT
with 2 pg total RNA in 25 pl  prisa2  TGATCCATGCACCCATAAAA NM_010088 119

volume. For real-time PCR, cDNA GCCACACGATATGACCGGAA

was ampllfled using FS Universal Pri3cl GGTTTGGCACATCTTGGTGTT NM 001163218 162
SYBR Green Real Master (Roche)

on BIO-RAD CFX96™ Real  runaz

CACAGAACAAGGCCAAAGGC

CTTGTCGTTGCTGCTCACTG NM_010402 161
Tlme. . Detection System. The GOCTTCCGTGTTCOTACCE
conditions used for real-time Gapdh  TGCCTGCTTCACCACCTTC NM_008084 102

PCR were as follows: 95°C for 3
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min, followed by 40 cycles of 95°C for 15 s and 60°C for 1 min. All reactions were run in triplicate. Results
were analyzed using CFX Manager Software. After analysis using the 2-22“ method, data were normalized to
Gapdh expression. Primer sequences for real-time PCR were listed in Table 1.

RNA interference

The small-interfering RNA (siRNA) duplexes for targeting Hmgn2 as well as a scrambled sequence
(control siRNA duplex, negative control) were designed and synthesized by GenePharma. The sequences
were shown as follows: 5'- CCUGUACUAUCAACAUAGATT and 5'- UCUAUGUUGAUAGUACAGGTT (Hmgn2
siRNA); 5’- UUCUCCGAACGUGUCACGUTT and 5'- ACGUGACACGUUCGGAGAATT (nonspecific scrambled
siRNA, negative control). Transfections for siRNA were performed with Lipofectamine 2000 (Invitrogen,
Carlsbad, CA) according to the manufacturer’s protocol. After transfection with Hmgn2 siRNA, uterine
epithelial and stromal cells were collected in the absence or presence of estrogen and progesterone,
respectively.

Plasmid Construction and Transfection

Full-length Hmgn2 cDNA fragments were amplified by PCR from mouse uterus using the
following primers: 5'- GAATTC (EcoRI) GCCACCATGCCCAAAAGAAAGG and 5'- GATATC (EcoRV)
TCACCAGAAGTACACAGTTATC. The amplified products were purified and cloned into pGEM-T vector. The
pGEM-T-Hmgn2 and pcDNA3.1 vector were cut by EcoRI/EcoRV (TaKaRa, Dalian, China) at 37°C for 1 h,
and then the fragments were ligated into pcDNA3.1 with T4 ligase (Promega) at 4°C overnight to construct
pcDNA3.1-Hmgn2. An empty pcDNA3.1 expression vector was served as control.

Transfection of uterine epithelial and stromal cells was performed according to the manufacturer’s
protocol for Lipofectamine 2000 (Invitrogen). After transfection with control plasmid (empty pcDNA3.1
vector) or Hmgn2 overexpression plasmid, epithelial and stromal cells were collected in the absence or
presence of estrogen and progesterone, respectively.

Cell proliferation

Proliferation assays were performed using MTS reagent (Promega) according to the manufacturer’s
directions. Uterine stromal cells were seeded at a density of 1x10°/well in 96-well plates and cultured
in DMEM/F12 medium containing 2% heat-inactivated FBS. After transfection with Hmgn2 siRNA or
overexpression plasmid, stromal cells were cultured for 48 h, at which time 20 pl of MTS reagent was added
to each well and incubated for 4 h. Absorbance was measured at 490 nm using a 96-well plate reader. Each
experiment was performed in triplicate.

Statistics

All the experiments were independently repeated at least 3 times. The significance of difference was
analyzed by one-way ANOVA or Independent-Samples T Test using the SPSS software program (SPSS Inc.,
Chicago). The differences were considered significant at P < 0.05.

Results

Hmgn2 mRNA expression during early pregnancy

To address the physiological relevance of Hmgn2 in early pregnancy events, in situ
hybridization was used to localize the distribution of Hmgn2 in mouse uterus. The results
showed that Hmgn2 mRNA signal was weakly detected in the luminal epithelia on day 1 of
pregnancy and its expression was visualized in the luminal and glandular epithelia from
days 2 to 4 of pregnancy (Fig. 1A-D). Meanwhile, uterine stromal cells on days 3 and 4 of
pregnancy also exhibited an obvious signal for Hmgn2 mRNA (Fig. 1C and D). With the onset
of implantation on day 5, Hmgn2 mRNA was distinctly observed in the subluminal stromal
cells around the implanting blastocyst at implantation sites as well as in the luminal and
glandular epithelia, whereas there was a low level of signal at inter-implantation sites (Fig.
1 E and F). When pregnancy proceeded to days 6-8, a high level of Hmgn2 mRNA signal was
consistently seen in the decidua and embryo (Fig. 1G-I).
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Fig. 1. In situ hybridization of Hmgn2 expression in mouse uteri during early pregnancy on days 1 (A),
2 (B),3(C), 4 (D), 5 (E F), 6 (G), 7 (H), and 8 (I). 5-1, implantation site on day 5 of pregnancy; 5-N inter-
implantation site on day 5 of pregnancy. Asterisks indicate embryo. Bar=60um.

To quantify Hmgn2 mRNA expression, real-time PCR was performed. The result
demonstrated that Hmgn2 expression was gradually increased from day 1 to 4 of pregnancy
accompanied with a slight reduction on day 5 and then sustained the highest level on days
6-8 (Fig. 2A). Compared with the inter-implantation sites, elevated expression of Hmgn2 was
noted at implantation sites on day 5 of pregnancy (Fig. 2B).

Hmgn2 mRNA expression during delayed implantation and activation

To determine whether the presence of an active blastocyst is necessary for the
induction of Hmgn2, a delayed implantation model was employed. In the delayed uterus,
Hmgn2 mRNA was evidently localized in the luminal epithelia and stromal cells, as well as
found in the glandular epithelia (Fig. 3A). After delayed implantation was terminated by
estrogen treatment, a high level of Hmgn2 mRNA signal was detected in the subluminal
stromal cells surrounding the implanting embryo, luminal and glandular epithelia (Fig. 3B).
Simultaneously, quantitative analyses of Hmgn2 by real-time PCR also revealed that Hmgn2
expression was significantly up-regulated in the activated implantation sites compared to
that in the delayed uterus (Fig. 2C).
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Fig. 2. Real-time PCR analysis of Hmgn2 expression in mouse uteri. A, Hmgn2 expression on days 1-8 of
pregnancy. B, Hmgn2 expression at the implantation sites and inter-implantation sites on day 5 of preg-
nancy. C, Hmgn2 expression during delayed implantation and activation. D, Hmgn2 expression under artifi-
cial decidualization. Delay, delayed implantation; Activation, activation of delayed implantation by estrogen;
Con, uninjected uterine horn; Oil, oil-induced decidualization. Data are shown mean + SEM. Asterisks de-
note significance (P<0.05).

Hmgn2 mRNA expression under artificial decidualization

Because Hmgn2 was highly expressed in the decidua, we also assessed its expression
under artificially induced decidualization which might share many of the features of natural
decidualization [16]. In the uninjected control uteri, Hmgn2 mRNA signal was barely detected
at 24 h, and primarily localized in the luminal and glandular epithelia at 48, 72 and 96 h (Fig.
3C, E and G). After sesame oil was injected into the uterine lumen, Hmgn2 expression was
visualized in the decidualizing stromal cells at different time courses (Fig. 3D, F and H). Real-
time PCR analysis evidenced that after intraluminal oil infusion, the accumulation of Hmgn2
mRNA was remarkably enhanced compared with control uteri (Fig. 2D). Moreover, the
enhancement was time-dependent from 24 to 72 h, reaching a peak at 72 h and persisting
through 96 h (Fig. 2D).

Regulation of steroid hormones on HmgnZ2 expression

To evaluate whether ovarian steroid hormones could modulate the expression of
Hmgn2, ovariectomized mice were injected with estrogen, progesterone, or estrogen plus
progesterone. In the uteri of ovariectomized mice receiving sesame oil as a control, Hmgn2
mRNA signal was restricted to the luminal and glandular epithelia (Fig. 4A). After estrogen
injection for 24 h, the pattern of Hmgn2 expression was similar to that seen in control uteri
but was present at much higher levels (Fig. 4B). Progesterone treatment led to an elevated
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level of Hmgn2 mRNA in the luminal and glandular epithelium as well as in uterine stromal
cells, which was consistent with estrogen and progesterone co-treatment (Fig. 4C and D).
By real-time PCR analysis, estrogen and/or progesterone could stimulate the expression of
Hmgn2 in the uteri of ovariectomized mice, but there were no any statistically significant
differences between these groups (Fig. 5A).

Based on above observations, we subsequently examined the expression of Hmgn2
at different time courses after estrogen or progesterone treatment and found that Hmgn2
mRNA was visibly observed in the luminal and glandular epithelium at 3 h after estrogen

KARGER

1687


http://dx.doi.org/10.1159%2F000485775

Cellular Phy5|o|ogy Cell Physiol Biochem 2017;44:1681-1695
b)

© 2017 The Author(s). Published by S. Karger AG, Basel

and B|ochem|stry Publlw%er% 2017 |wwwikarger.com/cpb

Li et al.: Hmgn2 Regulation in Mouse Uterus

Fig. 4. In situ
hybridization of

Hmgn2 expres- SN
ion after ovari- -}
sion after ova =

ectomized mice 8 0
were  treated t

with sesame
oil  (Control), A
estrogen, pro-
gesterone or a
combination of
estrogen  and
progesterone.
E, estrogen; P,
progesterone.

Control EQah)e” Y : P(24h)

—_— ) —— H i—— I

injection, then enhanced at 6 h and remained more or less steady through 12 and 24 h
(Fig. 4B, E and F). By real-time PCR, the level of Hmgn2 mRNA showed a marked increase
at 3 h, peaking at 6 h, followed by a decline and reached a nadir at 24, although estrogen
could promote the expression of Hmgn2 in the uteri of ovariectomized mice (Fig. 5B). To
further elucidate estrogen regulation of Hmgn2 expression, uterine epithelial cells were
treated with estrogen in vitro. Addition of estrogen resulted in elevated mRNA level for
Hmgn2, but the up-regulation was abrogated by estrogen receptor (ER) antagonist ICI 182,
780 (Fig. 5C). Consistently, a heightened expression was noted in the uterine luminal and
glandular epithelium between 3 to 24 h post-injection of progesterone (Fig. 4C, G-I). In the
meantime, Hmgn2 mRNA signal was also accumulated in the stromal cells at 12 and 24 h
after ovariectomized mice were treated with progesterone (Fig. 4C and I). Further analyses
by real-time PCR revealed an increased expression in uterine Hmgn2 mRNA, but the rise
exhibited a time-dependent reduction (Fig. 5D). In the in vitro cultured uterine stromal
cells, progesterone augmented the expression of Hmgn2, which reached a maximum at 24 h,
whereas progesterone receptor (PR) antagonist RU486 eliminated the up-regulation elicited
by progesterone (Fig. 5E and F).

Effects of HmgnZ2 on the expression of Cdh1, Cdh2, Ctnnb1 and Mucl in uterine epithelial

cells

Since Hmgn2 mRNA signal was visualized in uterine luminal epithelium on day 4
(receptive phase) of pregnancy, we examined the regulation of Hmgn2 on the expression
of cadherin 1 (Cdhl, also known as E-cadherin), Cdh2 (also referred to as N-cadherin),
catenin (cadherin associated protein), beta 1 (Ctnnb1, also known as B-catenin), mucin
1, transmembrane (Mucl) which were important adhesion molecules during embryo
implantation [17-20]. Treatment with siRNA targeted to Hmgn2, which efficiently suppressed
the level of Hmgn2 mRNA, led to a remarkable reduction in the expression of Cdh1, Cdh2 and
Ctnnb1, while the level of Mucl mRNA exhibited a dramatic increase (Fig. 6A). In contrast,
constitutive activation of Hmgn2 apparently raised the expression of Hmgn2, Cdh1, Cdh2
and Ctnnb1 in uterine epithelial cells and repressed the expression of Muc1 (Fig. 6B and C).
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Fig. 5. Hormonal regulation of Hmgn2 expression. A, Real-time PCR analysis of Hmgn2 expression after
ovariectomized mice were treated with sesame oil, estrogen, progesterone or a combination of estrogen
and progesterone for 24 h. B, Real-time PCR analysis of Hmgn2 expression in ovariectomized mouse uteri
after injection of estrogen for 3, 6, 12 and 24 h. C, Real-time PCR analysis of Hmgn2 expression after uterine
epithelial cells were treated with estrogen or both estrogen and ICI 182,780. D, Real-time PCR analysis of
Hmgn2 expression in ovariectomized mouse uteri after injection of progesterone for 3, 6, 12 and 24 h. E,
Real-time PCR analysis of Hmgn2 expression in uterine stromal cells treated with progesterone for 3, 6, 12
and 24 h. F, Real-time PCR analysis of Hmgn2 expression after uterine stromal cells were treated with pro-
gesterone or both progesterone and RU486.

HmgnZ2 mediates the effects of estrogen on the expression of Cdh1, Cdh2 and Ctnnb1 in

uterine epithelial cells

It is generally accepted that estrogen is of great importance to embryo implantation in
mice [1, 2, 21]. Moreover, previous studies have found that Cdh1, Cdh2 and Ctnnb1 were the
established estrogen-modulated genes [22-26]. In the in vitro cultured uterine epithelial cells,
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Fig. 6. Hmgn2 mediates the effects of estrogen on the expression of Cdh1l, Cdh2 and Ctnnb1 in uterine
epithelial cells. A, Effects of Hmgn2 siRNA on the expression of Hmgn2, Cdh1, Cdh2, Ctnnb1 and Mucl. B,
Hmgn2 expression after uterine epithelial cells were transfected with Hmgn2 overexpression plasmid. C,
Effects of Hmgn2 overexpression on the expression of Cdh1, Cdh2, Ctnnb1 and Mucl. D, Hmgn2 mediated
the effects of estrogen on the expression of Cdh1, Cdh2 and Ctnnb1. After transfection with Hmgn2 siRNA
and addition of estrogen, the expression of Cdh1, Cdh2 and Ctnnb1 was determined by real-time PCR. NC,
negative control; siHmgn2, Hmgn2 siRNA; Con, empty pcDNA3.1 vector; Hmgn2, Hmgn2 overexpression
plasmid.

estrogen could also stimulate the expression of Cdh1, Cdh2 and Ctnnb1 (Fig. 6D). As stated
above, estrogen could induce the accumulation of Hmgn2 which governed the expression
of Cdh1, Cdh2 and Ctnnb1. We next sought to ascertain whether Hmgn2 might mediate the
regulation of estrogen on the expression of Cdhl, Cdh2 and Ctnnb1. To address this, we
administrated estrogen to epithelial cells treated with Hmgn?2 siRNA and then monitored the
expression of Cdh1, Cdh2 and Ctnnb1. The result found that silencing of Hmgn2 abolished
the up-regulation of Cdh1, Cdh2 and Ctnnb1 elicited by estrogen (Fig. 6D).

Effects of HmgnZ2 on the proliferation and differentiation of uterine stromal cells

Decidualization involves extensive proliferation and differentiation of uterine stromal
cells [2]. As stromal cell proliferation is the first step of decidualization, we first tested the
effects of Hmgn2 on stromal cell proliferation. After transfection with Hmgn2 siRNA or
overexpression plasmid, the proliferation activity of uterine stromal cells did not show any
obvious change (Fig. 7A and B). To unveil the role of Hmgn2 in the differentiation of uterine
stromal cells, we next analyzed its effects on the expression of prolactin family 8, subfamily
a, member 2 (Prl8a2) and prolactin family 3, subfamily ¢, member 1 (Prl3c1), two well-
known markers for uterine stromal differentiation during decidualization [15]. The result
demonstrated that knockdown of Hmgn2 could down-regulate the expression of Prl8a2 and
Pri3c1, whereas overexpression of Hmgn2 exhibited the opposite effects (Fig. 7C and D).
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Fig. 7. Effects of Hmgn2 on the proliferation and differentiation of uterine stromal cells. A, Effects of Hmgn2
siRNA on the proliferation of uterine stromal cells. B, Effects of Hmgn2 overexpression on the proliferation
of uterine stromal cells. C, Effects of Hmgn2 siRNA on the expression of Prl8a2 and Prl3cl. D, Effects of
Hmgn2 overexpression on the expression of Prl8a2 and Prl3c1.

HmgnZ2 mediates the effects of progesterone on the differentiation of uterine stromal cells

It has previously been reported that progesterone was essential for the differentiation
of uterine stromal cells during decidualization [2, 27, 28]. As described above, progesterone
could promote the expression of Hmgn2 which played an important role in stromal
differentiation. We next asked whether Hmgn2 might mediate the effects of progesterone
on the differentiation of uterine stromal cells. After transfection with Hmgn2 siRNA, the
induction of Prl8a2 and Prl3c1 by progesterone was evidently weakened (Fig. 8A and B).

HmgnZ2 mediates the regulation of progesterone on HandZ2 expression in uterine stromal

cells

Because Hmgn2 was involved in transcriptional regulation of numerous genes [11,
14, 29], we analyzed its influence on the expression of decidualization-related gene heart
and neural crest derivatives expressed transcript 2 (Hand2), whose expression in the
decidua overlapped with that of Hmgn2 [30]. After transfection with Hmgn2 siRNA, uterine
stromal cells revealed a notable reduction in the level of Hand2 mRNA (Fig. 8C). Conversely,
constitutive activation of Hmgn?2 resulted in an obvious enhancement in the expression
of Hand2 (Fig. 8C). Previous evidence had displayed that Hand2 was a well-characterized
progesterone-responsive gene [28, 31]. We next dissected the role of Hmgn2 in progesterone
regulation of Hand2. In uterine stromal cells, progesterone could dramatically boost the
expression of Hand2. However, once HmgnZ2 siRNA was introduced into uterine stromal cells,
the stimulation of progesterone on Hand2 expression was efficiently abrogated (Fig. 8D).
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Fig. 8. Hmgn2 mediates the effects of progesterone on stromal differentiation and Hand2 expression. A and
B, Hmgn2 mediated the effects of progesterone on the expression of Prl8a2 and Prl3c1. After transfection
with Hmgn2 siRNA and addition of progesterone, the expression of Prl8a2 and Prl3c1 was determined by
real-time PCR. C, Effects of Hmgn2 siRNA or overexpression on Hand2 expression. D, Hmgn2 mediated the
effects of progesterone on Hand2 expression.

Discussion

Successful implantation requires the development of embryo to implantation-competent
blastocyst and the synchronized transformation of uteri into a receptive stage [1-3]. Previous
study has confirmed that Hmgn2 could play an important role in preimplantation embryonic
development [12], but its biological function during embryo implantation remains unknown.
In this study, we found that on day 4 of pregnancy when the uterus is receptive, Hmgn2 mRNA
was visualized in the luminal epithelium, which was consistent with that in the delayed uterus,
suggesting a potential role of Hmgn2 in uterine receptivity. It is well known that reciprocal
interaction between the activated blastocyst and receptive uterus may trigger the process of
implantation, which is classified into three stages: apposition, attachment and penetration,
coinciding with the elevated expression of Hmgn2 mRNA at implantation sites on day 5 when
blastocyst implantation is in progress and attachment reaction becomes more prominent
[1, 20, 32]. In uterine epithelium cells, Hmgn2 could stimulate the expression of Cdh1 and
Cdh2 that were the transmembrane adhesion molecules and might mediate the adhesion of
uterine epithelium and blastocyst trophoblast during implantation [17, 18]. Uterine-specific
deletion of Cdh1 resulted in the failure of implantation due to a lack of epithelial adhesion
junction [17]. Further analysis evidenced that ablation of Cdh1 in uterine epithelium led
to a loss of Ctnnb1l which might participate in the formation of the epithelial adhesion
junction in cooperation with Cdh1 [17, 19, 20]. Moreover, deficiency of Ctnnb1 resulted in
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the impairment of epithelial junction [19]. In uterine epithelial cells, Hmgn2 also induced the
accumulation of Ctnnb1 mRNA. Together these observations indicate that Hmgn2 may play
a crucial role in attachment reaction during embryo implantation. This notion was further
reinforced by the finding that Hmgn2 repressed the expression of Mucl which might act as
an antiadhesive molecule to prevent the attachment of blastocyst to uterine epithelium [20,
33]. In addition, Hmgn2 mRNA signal was distinctly observed in the embryo on days 6-8 of
pregnancy, implying that Hmgn2 may be implicated in regulating embryonic development.
Indeed, ablation of Hmgn2 in mice resulted in embryonic lethality [9, 11].

Estrogen is crucial for blastocyst implantation into a progesterone-primed receptive
uterus in rodent and its action is primarily mediated through activation of the intracellular
ER [1, 2]. The present study showed that estrogen could up-regulate the expression of
Hmgn?2 in uterine epithelia in vivo and in vitro. Moreover, the up-regulation was abrogated by
ER antagonist ICI 182, 780, suggesting ER requirement for this induction. It has previously
reported that Cdh1, Cdh2 and Ctnnb1 were the established estrogen-targeting genes [22-26].
This was consistent with our observation in uterine epithelial cells. Moreover, knockdown
of Hmgn?2 efficiently eliminated the regulation of estrogen on the expression of Cdh1, Cdh2
and Ctnnb1, indicating that Hmgn2 is a critical mediator of estrogen in regulating epithelial
function.

Accompanying with the onset of embryo implantation, uterine stromal cells undergo
extensive proliferation and then differentiation into decidual cells [1, 2]. With the progression
of decidualization, Hmgn2 mRNA signal was visibly noted in the decidua. In the meantime,
Hmgn2 might significantly promote the expression of Prl8a2 and Prl3c1 which were two well-
established stromal differentiation markers during decidualization, but did not affect the
proliferation of uterine stromal cells. Taken together, these results demonstrate that Hmgn2
plays an important role in the differentiation of stromal cells during uterine decidualization.
Meanwhile, knockdown of Hmgn5, which was a novel discovered member of Hmgn family
and crucial for decidualization [15], enhanced the expression of Hmgn2 in uterine stromal
cells (our unpublished data), suggesting that Hmgn2 may functionally compensate the role
of Hmgn5 in stromal differentiation. Further analysis revealed that Hmgn2 could stimulate
the expression of Hand2 whose knockdown damaged the stromal differentiation in both
mice and human [30, 34], implying that Hand2 may be a downstream regulator of Hmgn2
during decidualization. Previous studies have established that HmgnZ was involved in
transcriptional regulation of numerous genes by affecting histone modifications and activity
of ATP-dependent chromatin remodeling complexes, or binding to chromatin regulatory
sites such as Dnase I-hypersensitive sites, enhancers and promoters [11, 14, 29, 35], but
the regulatory mechanism of Hmgn2 on the expression of Hand2 in uterine stromal cells
remains to be determined.

It has long been recognized that ovarian progesterone signaling via PR is essential for
decidualization [2, 36]. In uterine stromal cells, progesterone could boost the expression
of Hmgn2, but the increase was eliminated by PR antagonist RU486. Simultaneously,
silencing of Hmgn2 by specific siRNA significantly impeded the induction of progesterone
on the differentiation of uterine stromal cells as evidenced by the reduced expression of
differentiation markers Prl8a2 and Prl3c1. Collectively, these results reveal that Hmgn?2 is
a critical downstream target of progesterone in regulating stromal differentiation during
decidualization. Previous studies have found that progesterone induced the accumulation
of Hand2 mRNA in uterine stromal cells [28, 31]. However, once transfection with Hmgn2
siRNA, the induction of Hand2 by progesterone was abolished, implying that Hmgn2 is
required in the crosstalk between progesterone and Hand?2.

Conclusion

Hmgn?2 may play an important role in embryo implantation and decidualization and act
downstream of progesterone to regulate the differentiation of uterine stromal cells through
targeting Hand?2.
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