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Hmgn5 functions downstream of Hoxa10 to regulate uterine decidualization in mice
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ABSTRACT
Although Hmgn5 is involved in the regulation of cellular proliferation and differentiation, its physiological
function during decidualization is still unknown. Here we showed that Hmgn5 was highly expressed in the
decidual cells. Silencing of Hmgn5 expression by specific siRNA reduced the proliferation of uterine
stromal cells and expression of Ccnd3 and Cdk4 in the absence or presence of estrogen and progesterone,
whereas overexpression of Hmgn5 exhibited the opposite effects. Simultaneously, Hmgn5 might induce
the expression of Prl8a2 and Prl3c1 which were 2 well-known differentiation markers for decidualization.
In the uterine stromal cells, cAMP analog 8-Br-cAMP and progesterone could up-regulate the expression of
Hmgn5, but the up-regulation was impeded by H89 and RU486, respectively. Attenuation of Hmgn5
expression could block the differentiation of uterine stromal cells in response to cAMP and progesterone.
Further studies found that regulation of cAMP and progesterone on Hmgn5 expression was mediated by
Hoxa10. During in vitro decidualization, knockdown of Hmgn5 could abrogate Hoxa10-induced
upregulation of Prl8a2 and Prl3c1, while overexpression of Hmgn5 reversed the inhibitory effects of
Hoxa10 siRNA on the expression of Prl8a2 and Prl3c1. In the stromal cells undergoing decidualization,
Hmgn5 might act downstream of Hoxa10 to regulate the expression of Cox-2, Vegf and Mmp2.
Collectively, Hmgn5 may play an important role during mouse decidualization.
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Introduction

Uterine decidualization is essential for the establishment
and maintenance of successful pregnancy and begins at
the time of blastocyst attachment to the uterine epithelium
on day 4.5 of pregnancy in mice. With the initiation of
attachment, uterine stromal cells undergo extensive prolif-
eration and subsequent differentiation into decidual cells
with polyploidy, a process known as decidualization.1,2

Decidualization primarily directed by ovarian estrogen and
progesterone also requires the participation of various
molecules.1,2 Targeted gene deleting experiment has dem-
onstrated that homeobox A10 (Hoxa10) is critical for
decidualization.3 Female deficiency of Hoxa10 led to a
severe defect in decidualization, primarily due to reduced
stromal cell responsiveness to progesterone.3,4 But the
underlying mechanism by which Hoxa10 regulates decidu-
alization remains poorly understood.

High mobility group nucleosomal binding domain
5 (Hmgn5), also known as nucleosomal binding protein
1 (NSBP1), was a novel discovered member of Hmgn family
which was characterized by the presence of 3 distinct functional
domains: a bipartite nuclear localization signal, a conserved
nucleosomal binding domain and an acidic C-terminal chroma-
tin regulatory domain.5-7 It could bind specifically to the

nucleosome core particle, reduce the compacting of chromatin
fiber and affect transcription.5,6,8 Accumulating data have evi-
denced that dysregulation of Hmgn5 altered the expression of
various genes.8-10 In Rcho-1 cells which serve as an in vitro
model for studying trophoblast cell differentiation, either up- or
down-regulation of Hmgn5 led to the change of giant cell differ-
entiation markers,11 suggesting the role of Hmgn5 in cellular dif-
ferentiation. This notion was further evidenced by the finding
that overexpression of Hmgn5 induced the differentiation of
mouse embryonic stem cells.12 Simultaneously, Hmgn5 was also
involved in regulating the proliferation and apoptosis of cancer
cells.13-16 But the effects of Hmgn5 on the proliferation and dif-
ferentiation of uterine stromal cells during decidualization were
still unknown. According to our (unpublished) microarray data,
Hmgn5 was highly expressed in day 8 decidua and deciduoma
under artificial decidualization compared with the uninjected
uterine horn. On the basis of these observations, we hypothesize
that Hmgn5 may be important for mouse decidualization. In
this study, we found that elevated expression of Hmgn5 was
observed in the decidua and decidualizing stromal cells. It could
promote the proliferation and differentiation of uterine stromal
cells. Further study found that Hmgn5 might act downstream of
Hoxa10 to regulate the differentiation of uterine stromal cells in
response to cAMP and progesterone.
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Results

Hmgn5 mRNA expression during early pregnancy

To evaluate the physiological relevance of Hmgn5 in early preg-
nancy events, we used in situ hybridization to examine the spa-
tiotemporal expression pattern of Hmgn5 in mouse uterus. The
results showed that there was no visible Hmgn5 mRNA signal
on day 1 of pregnancy (Fig. S1B). From days 2 to 4 of preg-
nancy, Hmgn5 mRNA was mainly localized in the luminal and
glandular epithelia (Fig. 1A, Fig. S1C, D). On day 5 of pregnancy,
Hmgn5 mRNA signal was obviously observed in the stromal
cells surrounding the implanting blastocyst at implantation sites,
but barely seen at inter-implantation sites (Fig. 1B, C). From
days 6 to 8 of pregnancy, Hmgn5 mRNA was highly expressed
in the mesometrial decidua (Fig. 1D-F). In addition, a specific

Hmgn5 mRNA signal was only found in the embryo on day 7
of pregnancy (Fig. 1E). However, when Hmgn5 antisense probe
was replaced by Hmgn5 sense probe, there was no corresponding
signal in the uterus on day 7 of pregnancy (Fig. S1A).

To quantify Hmgn5 mRNA expression, real-time PCR was
performed. Accompanied by the progression of pregnancy,
Hmgn5 expression was gradually elevated and reached a peak on
day 7 and 8 of pregnancy (Fig. 2A). Compared with the inter-
implantation sites, a significantly high level of Hmgn5 expression
was found at implantation sites on day 5 of pregnancy (Fig. 2B).

Hmgn5 mRNA expression during decidualization

To better understand the basis of Hmgn5 potential involvement
in decidualization, we employed an artificially induced

Figure 1. In situ hybridization of Hmgn5 expression in mouse uteri. A-F, Hmgn5 expression on days 3 (A), 5 (B, C), 6 (D), 7 (E) and 8 (F) of pregnancy. (G-L), Hmgn5 expres-
sion under artificial decidualization. 5-I, implantation site of day 5 of pregnancy; 5-N, inter-implantation site of day 5 of pregnancy; Con, uninjected uterine horn of control;
Oil, oil-induced decidualization. Asterisks indicate embryo. Bar D 60 mm.
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decidualization model and further analyzed the expression of
Hmgn5 in deciduoma. The results found that Hmgn5 expres-
sion was visualized in the decidualizing stromal cells after intra-
luminal oil infusion, while no visible signal was found in the
uninjected control uterus (Fig. 1G-L). Consistent with the
above results, further quantitative analyses of Hmgn5 by real-
time PCR revealed that an increased expression was also
observed in the uteri undergoing artificially stimulated decidu-
alization (Fig. 2C).

We next employed mouse primary uterine stromal cells in
vitro decidualization model and investigated the expression of
Hmgn5. After stromal cells were induced to decidualization
with both estrogen and progesterone, Hmgn5 expression was
remarkably enhanced from 24 to 96 h of culture (Fig. 2D).

Effects of Hmgn5 on stromal cell proliferation and
differentiation during decidualization

Because decidualization requires successful progression of stro-
mal cell proliferation and differentiation,1,2 we first analyzed
the effects of Hmgn5 on cell proliferation. After three different
Hmgn5 siRNA duplexes were transfected into the uterine stro-
mal cells, Hmgn5 siRNA 2 was the most effective one among
them although Hmgn5 siRNA 1, 2 and 3 could strikingly sup-
press the expression of Hmgn5 (Fig. S2A). Therefore, Hmgn5
siRNA 2 was chosen for the following experiments. Knock-
down of Hmgn5 with specific siRNA could reduce the prolifer-
ation of stromal cells in the absence or presence of estrogen
and progesterone (Fig. 3A). In contrast, overexpression of
Hmgn5 could enhance the expression of Hmgn5 in the stromal
cells and proliferation of stromal cells (Fig. 3B, Fig. S2B). To
understand the molecular basis for the proliferative role of

Hmgn5, we subsequently analyzed the influences of Hmgn5 on
the expression of cyclin A1 (Ccna1), Ccnb1, Ccnb2, Ccnd1,
Ccnd3, Ccne1, cyclin-dependent kinase 1 (Cdk1), Cdk2, Cdk4
and Cdk6. The results showed that attenuation of Hmgn5
expression by siRNA efficiently suppressed the expression of
Ccnd3 and Cdk4 in the absence or presence of estrogen and
progesterone, whereas overexpression of Hmgn5 exhibited the
opposite effects (Fig. 3C-F). Hmgn5 did not significantly affect
the expression of Ccna1, Ccnb1, Ccnb2, Ccnd1, Ccne1, Cdk1,
Cdk2 and Cdk6 in the stromal cells which were untreated or
treated with estrogen and progesterone (Fig. S2C-F).

To further unveil the role of Hmgn5 in the differentia-
tion 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 c, member 1
(Prl3c1), which were 2 well-known markers of uterine stro-
mal cells differentiation during decidualization.17 The result
showed that treatment of stromal cells with Hmgn5 siRNA
resulted in a marked reduction in the expression of Prl8a2
and Prl3c1 in the absence or presence of estrogen and pro-
gesterone (Fig. 4A, B). Conversely, overexpression of
Hmgn5 in the stromal cells caused a dramatic induction of
Prl8a2 and Prl3c1 (Fig. 4C, D).

Hmgn5 mediates the effects of Hoxa10 on the
differentiation of uterine stromal cells

Hoxa10 was a major regulator of decidualization and its
deficiency led to the aberrant Hmgn5 expression in the
decidual bed with defective decidualization.3,18,19 During in
vitro decidualization, silencing of Hoxa10 with specific
siRNA could decrease the expression of Hmgn5, while

Figure 2. Real-time PCR analysis of Hmgn5 expression in mouse uteri. (A) Hmgn5 expression on days 1–8 of pregnancy. (B) Hmgn5 expression at the implantation sites (5-I)
and inter-implantation sites (5-N) on day 5 of pregnancy. (C) Hmgn5 expression under artificial decidualization. (D) Hmgn5 expression during in vitro decidualization. EP, estro-
gen plus progesterone. Data are shown mean § SEM. Asterisks denote significance (P < 0.05).
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overexpression of Hoxa10 augmented its expression
(Fig. 5A). Neither inhibition nor overexpression of Hmgn5
affected the expression of Hoxa10 in the stromal cells
treated with estrogen and progesterone (Fig. 5B). Together
these data imply that Hmgn5 may be a downstream target
of Hoxa10 during decidualization. We next asked whether
Hmgn5 could mediate the effects of Hoxa10 on the differ-
entiation of uterine stromal cells. After the uterine stromal
cells were co-transfected with Hoxa10 overexpression plas-
mid and Hmgn5 siRNA and then subjected to in vitro
decidualization, we monitored the expression of differentia-
tion markers Prl8a2 and Prl3c1 and found that attenuation
of Hmgn5 expression could prevent the Hoxa10-induced
up-regulation of Prl8a2 and Prl3c1 (Fig. 5C, D). On the
contrary, overexpression of Hmgn5 could improve the
expression of Prl8a2 and Prl3c1 in the stromal cells which
were transfected with Hoxa10 siRNA and then subjected to
in vitro decidualization (Fig. 5E, F).

Hmgn5 acts downstream of Hoxa10 to mediate the effects
of cAMP on the differentiation of uterine stromal cells

It has previously established that the process of decidualization
was accompanied by elevated intracellular cAMP levels which
could initiate the differentiation of uterine stromal cells promi-
nently via protein kinase A (PKA) transduction pathway.20

PKA inhibitor H89 could weaken the expression of Prl8a2 and
Prl3c1 in the uterine stromal cells undergoing decidualization
(Fig. 6A, B). Meanwhile, Hmgn5 expression was also inhibited
by H89 during in vitro decidualization (Fig. 6C). These results
collectively suggest that cAMP-PKA signal may be involved in
regulating the expression of Hmgn5. To elucidate the regula-
tion by cAMP of Hmgn5 expression, we treated the uterine
stromal cells with cAMP analog 8-bromoadenosine-cAMP (8-
Br-cAMP, 500 mM) and analyzed the expression of Hmgn5.
The result found that a gradual increase in the level of Hmgn5
mRNA was observed between 1 to 12 h, reached a peak at 12 h

Figure 3. Effects of Hmgn5 on the proliferation of uterine stromal cells. (A) Effects of Hmgn5 siRNA on the proliferation of uterine stromal cells. After transfection with
Hmgn5 siRNA, stromal cells were analyzed by MTS assay in the absence or presence of estrogen and progesterone. (B) Effects of Hmgn5 overexpression on the prolifera-
tion of uterine stromal cells. After transfection with Hmgn5 overexpression plasmid, stromal cells were analyzed by MTS assay in the absence or presence of estrogen and
progesterone. (C) Effects of Hmgn5 siRNA on the expression of Ccnd3 in the stromal cells. (D) Effects of Hmgn5 siRNA on the expression of Cdk4 in the stromal cells. (E)
Effects of Hmgn5 overexpression on the expression of Ccnd3 in the stromal cells. (F) Effects of Hmgn5 overexpression on the expression of Cdk4 in the stromal cells. NC,
control siRNA; siHmgn5, Hmgn5 siRNA; Con, empty pcDNA3.1 vector; Hmgn5, Hmgn5 overexpression plasmid.
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and then slightly declined at 24 h (Fig. 6D). This induction was
abrogated by a pretreatment of H89 (Fig. 6E). We next exam-
ined whether siRNA-mediated attenuation of Hmgn5 expres-
sion could impact on the cAMP-induced differentiation of
stromal cells. Administration of 8-Br-cAMP to uterine stromal
cells treated with Hmgn5 siRNA caused a robust decline in the
expression of Prl8a2 and Prl3c1 (Fig. 6F, G).

Our previous study have evidenced that Hoxa10 could
mediate the effects of cAMP on the differentiation of stromal
cells.21 As stated above, Hmgn5 expression was regulated by
Hoxa10 and cAMP. Thus we surmised that regulation of
cAMP on the expression of Hmgn5 was mediated by Hoxa10.
To verify the speculation, we transfected the stromal cells with
Hoxa10 siRNA and then added 8-Br-cAMP and analyzed the
expression of Hmgn5. The result showed that silencing of
Hoxa10 could efficiently disturb the induction of 8-Br-cAMP
on Hmgn5 expression (Fig. 6H).

Hmgn5 mediates the effects of Hoxa10 on the expression
of Cox-2, vegf and Mmp2

To reveal the underlying mechanism by which Hmgn5 gov-
erned the process of decidualization, we examined the regula-
tion of Hmgn5 on the expression of cyclooxygenase-2 (Cox-2),
vascular endothelial growth factor (Vegf), matrix metallopepti-
dase 2 (Mmp2) and Mmp9 genes. After transfection with
Hmgn5 siRNA along with the addition of estrogen and proges-
terone, the expression of Cox-2, Vegf and Mmp2 were notice-
ably lessened compared with control (Fig. 7A). In contrast,
overexpression of Hmgn5 could up-regulate the expression of
Cox-2, Vegf and Mmp2 during in vitro decidualization

(Fig. 7B). Interestingly, we did not observe any statistically sig-
nificant difference in the expression of Mmp2 after transfection
with Hmgn5 siRNA or overexpression plasmid, respectively
(Fig. 7A, B).

Because Hoxa10 could modulate the expression of Hmgn5,
we also tested the regulation of Hoxa10 on the expression of
Cox-2, Vegf and Mmp2 during in vitro decidualization. The
results found that inhibition of Hoxa10 expression by siRNA
diminished the expression of Cox-2, Vegf and Mmp2, whereas
overexpression of Hoxa10 had the opposite effects on the
expression of Cox-2, Vegf and Mmp2 (Fig. 7C, D). We next
determined whether Hmgn5 might mediate the effects of
Hoxa10 on the expression of Cox-2, Vegf and Mmp2 in the
stromal cells which were subjected to in vitro decidualization in
the presence of estrogen and progesterone. After co-transfec-
tion with Hoxa10 overexpression plasmid and Hmgn5 siRNA,
the expression of Cox-2, Vegf and Mmp2 were evidently
reduced compared to transfection with Hoxa10 overexpression
plasmid alone (Fig. 7E). Conversely, overexpression of Hmgn5
reversed the inhibitory effects of Hoxa10 siRNA on the expres-
sion of Cox-2, Vegf and Mmp2 (Fig. 7F).

Steroid hormonal regulation of Hmgn5 expression

To address the influence of estrogen and progesterone on uter-
ine Hmgn5 expression, we employed ovariectomized mouse
model injected with estrogen, progesterone, or estrogen plus
progesterone. In the uteri of ovariectomized mice receiving ses-
ame oil as a control, Hmgn5 mRNA signal was weakly seen in
the luminal and glandular epithelium (Fig. 8A). Estrogen treat-
ment enhanced the expression of Hmgn5 in the uterine luminal

Figure 4. Effects of Hmgn5 on the differentiation of uterine stromal cells. (A and B) Effects of Hmgn5 siRNA on the expression of Prl8a2 and Prl3c1. After transfection with
Hmgn5 siRNA, the expression of Prl8a2 and Prl3c1 was determined by real-time PCR in the absence or presence of estrogen and progesterone. (C and D) Effects of Hmgn5
overexpression on the expression of Prl8a2 and Prl3c1. After transfection with Hmgn5 overexpression plasmid, the expression of Prl8a2 and Prl3c1 was determined by
real-time PCR in the absence or presence of estrogen and progesterone.
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epithelium at 24 h, but elicited no remarkable effects on the
glandular epithelium (Fig. 8B). Progesterone treatment caused
a heightened expression of Hmgn5 in the luminal and glandu-
lar epithelium as well as in the uterine stromal cells (Fig. 8C).
After co-treatment with estrogen and progesterone, Hmgn5
expression was restricted to the luminal and glandular epithe-
lium, but lower compared with progesterone treatment alone
(Fig. 8D), implying that estrogen seems to have an antagonistic
effect on progesterone upregulation of Hmgn5 expression.
Real-time PCR analysis confirmed the notion that co-treatment
with estrogen and progesterone led to a reduction of Hmgn5
expression compared with progesterone treatment, although
estrogen and/or progesterone stimulated the expression of
Hmgn5 in the uteri of ovariectomized mice (Fig. 9A).

Based on above observations, we subsequently examined the
expression of Hmgn5 at different time courses after estrogen or
progesterone treatment. A high level of Hmgn5 mRNA signal
was mainly detected in the uterine luminal and glandular epi-
thelium at 3 and 6 h after estrogen treatment, and in the

luminal epithelium at 12 h (Fig. 8E, F). By real-time PCR analy-
sis, the levels of Hmgn5 mRNA showed an increase after estro-
gen injection, with peak levels at 12 h followed by a decline at
24 h (Fig. 9B). To further ascertain the regulation of estrogen
on Hmgn5 expression, we treated the uterine epithelial cells
with estrogen in vitro and found that Hmgn5 expression was
distinctly up-regulated at 12 h (Fig. 9C). Then we checked
whether the induction of Hmgn5 expression by estrogen was
depended on the estrogen receptor (ER). The results found that
ER antagonist ICI 182,780 could reverse stimulatory effects of
estrogen on Hmgn5 expression (Fig. 9C), suggesting ER
requirement for this induction. Progesterone could induce the
accumulation of Hmgn5 mRNA in the uterine luminal and
glandular epithelium from 3 to 24 h (Fig. 8C, G-I). Interest-
ingly, Hmgn5 mRNA signal was noted in the stromal cells at
12 and 24 h after ovariectomized mice were treated by proges-
terone (Fig. 8C, I). Real-time PCR analysis revealed that proges-
terone injection resulted in a rise in uterine Hmgn5 mRNA
levels that peaked at 6 h, then decreased at 12 h and sustained

Figure 5. Hmgn5 mediates the effects of Hoxa10 on the differentiation of uterine stromal cells. (A) Effects of Hoxa10 siRNA or overexpression on the expression of
Hmgn5. (B) Effects of Hmgn5 siRNA or overexpression on the expression of Hoxa10. (C and D) Hmgn5 siRNA abrogated the effects of Hoxa10 overexpression on the
expression of Prl8a2 and Prl3c1. After co-transfection with Hoxa10 overexpression plasmid and Hmgn5 siRNA, the expression of Prl8a2 and Prl3c1 was determined by
real-time PCR in the presence of estrogen and progesterone. (E and F) Overexpression of Hmgn5 improved the effects of Hoxa10 siRNA on the expression of Prl8a2 and
Prl3c1. siHoxa10, Hoxa10 siRNA; Hoxa10, Hoxa10 overexpression plasmid.
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through 24 h (Fig. 9D). In the in vitro cultured uterine epithe-
lial cells, progesterone could raise the expression of Hmgn5 at
6 h (Fig. 9E). But the up-regulation of Hmgn5 expression by
progesterone was impeded by progesterone receptor (PR)
antagonist RU486 (Fig. 9E). In the meantime, administration
of progesterone to the uterine stromal cells led to a notable
increase in the expression of Hmgn5, which reached the highest
level at 24 h, whereas RU486 markedly reduced the progester-
one-dependent activation of Hmgn5 stromal expression
(Fig. 9F, 10A).

Hmgn5 acts downstream of Hoxa10 to mediate the
effects of progesterone on the differentiation of
uterine stromal cells

Since progesterone is essential for the differentiation of uterine
stromal cells during decidualization,2,22 we next examined
whether attenuation of Hmgn5 expression could impact on
progesterone-mediated stromal differentiation. After transfec-
tion with Hmgn5 siRNA, the induction of Prl8a2 and Prl3c1 by
progesterone was dramatically blocked (Fig. 10B, C). As
described above, Hmgn5 was a downstream target of Hoxa10
which was also regulated by progesterone.4 Further analysis dis-
played that siRNA-mediated downregulation of Hoxa10 could

reverse the stimulatory effects of progesterone on the differenti-
ation of uterine stromal cells as evidenced by the reduced
expression of Prl8a2 and Prl3c1 (Fig. 10D, E). We next asked
whether Hoxa10 might mediate the regulation of progesterone
on Hmgn5 expression. To address this, we administrated pro-
gesterone to stromal cells transfected with Hoxa10 siRNA and
tested the expression of Hmgn5. The result found that proges-
terone-induced expression of Hmgn5 was remarkably alleviated
by Hoxa10 siRNA (Fig. 10F).

Discussion

Although Hmgn5 is involved in the regulation of cellular prolif-
eration and differentiation, its physiological role in the process
of decidualization is still unknown. In this study, we found that
Hmgn5 were highly expressed in the decidual cells, implying
that Hmgn5 may be important for decidualization. Stromal cell
proliferation is the first step of decidualization. Overexpression
of Hmgn5 enhanced the proliferation of uterine stromal cells in
the absence or presence of estrogen and progesterone, whereas
inhibition of Hmgn5 with specific siRNA exhibited the oppo-
site effects. Further study found that Hmgn5 could modulate
the expression of Ccnd3 which was a well-known regulator of
mammalian cell proliferation, and its function was dependent

Figure 6. Hmgn5 acts downstream of Hoxa10 to mediate the effects of cAMP on the differentiation of uterine stromal cells. (A–C) Effects of H89 on the expression of
Prl8a2, Prl3c1 and Hmgn5 during in vitro decidualization. (D) Hmgn5 expression in the uterine stromal cells treated with 8-Br-cAMP for 1, 3, 6, 12 and 24 h. (E) Hmgn5
expression after uterine stromal cells were treated with 8-Br-cAMP, or both 8-Br-cAMP and H89. (F and G) Hmgn5 mediated the effects of cAMP on the expression of
Prl8a2 and Prl3c1. After transfection with Hmgn5 siRNA and addition of 8-Br-cAMP, the expression of Prl8a2 and Prl3c1 was determined by real-time PCR. (H) Effects of
cAMP on the expression of Hmgn5 via Hoxa10.
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on the presence of Cdk4 or Cdk6.1,23 In the uterine stromal
cells, Hmgn5 could direct the expression of Cdk4, but did not
change the expression of Cdk6, suggesting that Hmgn5 regu-
lates stromal cells proliferation via targeting Ccnd3 and Cdk4.
Following this marked proliferation, stromal cells begin to dif-
ferentiate into decidual cells which are characterized by their
pavement morphology and the elevated expression of Prl8a2
and Prl3c1 that are 2 well-known markers of uterine stromal
cells differentiation during decidualization.2,17,24 The present
results revealed that Hmgn5 could stimulate the expression of
differentiation markers Prl8a2 and Prl3c1 in the uterine stro-
mal cells which were untreated or treated with estrogen and
progesterone. Collectively, these results demonstrate that
Hmgn5 plays an important role during decidualization.

It has been well established that progesterone is required for
decidualization and its function is mediated through activation
of the intracellular PR.1,2,22 In the uterine stromal cells, progester-
one could induce the expression of Hmgn5. Moreover, the

induction was impeded by PR antagonist RU486, suggesting PR
requirement for this induction. Attenuation of Hmgn5 expres-
sion by siRNA greatly diminished the progesterone-induced stro-
mal differentiation which coincided with a gradual increase in
intracellular cAMP level during human decidualization.25 Simul-
taneously, uterine concentration of cAMP also elevates following
blastocyst- and artificially induced decidualization in the
mouse.26,27 Previous studies have proved that cAMP is necessary
for decidualization in human and mice.20,28,29 As a ubiquitous
second messenger molecule, cAMP can prominently activate the
PKA signal transduction pathway.20 PKA inhibitor H89 could
restrain the differentiation of uterine stromal cells during in vitro
decidualization as indicated by the drastically reduced expression
of Prl8a2 and Prl3c1. In the stromal cells, cAMP analog 8-Br-
cAMP induced the expression of Hmgn5, but this induction was
abrogated by H89. Treatment of uterine stromal cells with
Hmgn5 siRNA efficiently blocked the effects of cAMP on the
expression of differentiation markers Prl8a2 and Prl3c1. Taken

Figure 7. Hmgn5 mediates the effects Hoxa10 on the expression of Cox-2, Vegf and Mmp2 during in vitro decidualization. (A) Effects of Hmgn5 siRNA on the expression
of Cox-2, Vegf, Mmp2 and Mmp9. (B) Effects of Hmgn5 overexpression on the expression of Cox-2, Vegf, Mmp2 and Mmp9. (C) Effects of Hoxa10 siRNA on the expression
of Cox-2, Vegf and Mmp2. (D) Effects of Hoxa10 overexpression on the expression of Cox-2, Vegf and Mmp2. (E) The expression of Cox-2, Vegf and Mmp2 after stromal
cells were co-transfected with Hoxa10 overexpression plasmid and Hmgn5 siRNA. (F) The expression of Cox-2, Vegf and Mmp2 after stromal cells were co-transfected
with Hoxa10 siRNA and Hmgn5 overexpression plasmid.
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together, these results evidence that Hmgn5 is a critical down-
stream target of progesterone and cAMP in regulating the differ-
entiation of uterine stromal cells. Further analysis revealed that
regulation of progesterone and cAMP on Hmgn5 was mediated
by Hoxa10.

It is generally accepted that Hoxa10 is of great impor-
tance to uterine decidualization. Ablation of Hoxa10 in
mice led to severely compromised decidualization.3 In
Hoxa10-deficient mice, Hmgn5 was aberrantly expressed in
the decidual bed with defective decidualization.18,19 Like-
wise, overexpression of Hoxa10 could enhance the expres-
sion of Hmgn5 during in vitro decidualization, while
silencing of Hoxa10 with specific siRNA reduced its expres-
sion, implying that Hmgn5 may be a downstream regulator
of Hoxa10 during decidualization. This notion was sup-
ported by the present evidence that overexpression of
Hmgn5 could improve the expression of Prl8a2 and Prl3c1
in the Hoxa10 siRNA-tranfected stromal cells, whereas
attenuation of Hmgn5 expression by siRNA could prevent
the Hoxa10-induced upregulation of Prl8a2 and Prl3c1, fur-
ther reinforcing the effects of Hmgn5 on the differentiation
of uterine stromal cells during decidualization.

Angiogenesis is a hallmark event during decidualization
and is profoundly influenced by Vegf.1,30 In the clear cell
renal cell carcinoma (ccRCC) cells, knockdown of Hmgn5

could down-regulate the expression of Vegf.13 Consistent
with this finding, the present study provided evidence that
Hmgn5 also modulated the expression of Vegf during in
vitro decidualization. Furthermore, there was observation to
suggest that Cox-2 also participated in uterine angiogenesis
during decidualization because one cause of decidualization
failure in Cox-2 deficient mice was deregulated vascular
events.1,30 In the uterine stromal cells, up- and down-regu-
lation of Hmgn5 altered the expression of Cox-2 in the
presence of estrogen and progesterone. Overall, these results
offer convincing proof that Hmgn5 may direct uterine
angiogenesis by affecting the expression of Cox-2 and Vegf
genes during decidualization. Meanwhile, decidualization is
involved in the extensive remodeling of uterine extracellular
matrix which is regulated by Mmps.1 It has previously been
reported that silencing of Hmgn5 with specific siRNA
decreased the expression of Mmp9 in osteosarcoma cells,
breast or bladder cancer cells, the expression of Mmp2 in
meningioma cells and the activity of Mmp2 and Mmp9 in
ccRCC cells.13-16,31 The present result evidenced that
Hmgn5 could adjust the expression of Mmp2 in the uterine
stromal cells undergoing decidualization, but did not change
the expression of Mmp9. These data suggest a role of
Hmgn5 in the remodeling of uterine extracellular matrix
during decidualization. Further studies found that Hmgn5

Figure 8. In situ hybridization of Hmgn5 expression after ovariectomized mice were treated with sesame oil (Control), estrogen, progesterone or a combination of estro-
gen and progesterone. E, estrogen; P, progesterone. BarD 60 mm.
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could mediate the effects of Hoxa10 on the expression of
Cox-2, Vegf and Mmp2 during in vitro decidualization.

In summary, Hmgn5 may play an important role during
mouse decidualization and act downstream of Hoxa10 to regu-
late the differentiation of uterine stromal cells in response to
cAMP and progesterone, and the expression of Cox-2, Vegf
and Mmp2 during in vitro decidualization (Fig. S3).

Materials and methods

Animals

Matured mice (Kunming white strain) were caged in a con-
trolled environment with a cycle of 14L:10D. All animal proce-
dures were approved by the Institutional Animal Care and Use
Committee of Jilin University. To confirm reproducibility of
results, at least 3 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 pseudo-
pregnancy by co-caging, respectively (day 1 = day of vagi-
nal 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.

Artificial induced decidualization

Artificial decidualization was induced by intraluminally infus-
ing 25 ml of sesame oil into one uterine horn on day 4 of pseu-
dopregnancy, 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

Figure 9. Hormonal regulation of Hmgn5 expression. (A) Real-time PCR analysis of Hmgn5 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 Hmgn5 expression in ovariectomized mouse uteri after injection of
estrogen for 1, 3, 6, 12 and 24 h. (C) Hmgn5 expression in the uterine epithelial cells treated with estrogen or both estrogen and ICI 182,780. (D) Real-time PCR analysis of
Hmgn5 expression in ovariectomized mouse uteri after injection of progesterone for 1, 3, 6, 12 and 24 h. (E) Hmgn5 expression in the uterine epithelial cells treated with
progesterone or both progesterone and RU486. (F) Hmgn5 expression in uterine stromal cells treated with progesterone for 1, 3, 6, 12 and 24 h.
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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-17b (100 ng/mouse), pro-
gesterone (2 mg/mouse) or a combination of the same doses of
estradiol-17b 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 time to collect uteri after the hor-
monal injections.

Uterine epithelial and stromal cells from day 4 of pregnancy
were isolated and cultured as previously described.24 Cultured
epithelial and stromal cells were also treated with 1 mM of pro-
gesterone or 0.1 nM of estradiol-17b, respectively. For further
studies, cells were pretreated with RU486 (1 mM) 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 RNA from the mouse uteri was reverse-transcribed and
amplified with Hmgn5 primers. Hmgn5 forward primer 50-
GATGGGAAATGCAAAGAGGA and reverse primer 50-
TCTTCTGCCTCCACCTTGTT were designed according to
Mus musculus high mobility group nucleosomal binding
domain 5 gene (Genbank accession number NM_016710). The
amplified fragment (327 bp) of Hmgn5 was cloned into
pGEM-T plasmid (pGEM-T Vector System 1, Promega,
Madison, WI) and verified by sequencing. Hmgn5-containing
plasmid was amplified with the primers for T7 and SP6 to pre-
pare templates for labeling. Digoxigenin (DIG)-labeled anti-
sense and sense cRNA probes were transcribed in vitro using a
DIG RNA labeling kit (Roche Diagnostics GmbH, Mannheim,
Germany).

Figure 10. Hmgn5 acts downstream of Hoxa10 to mediate the effects of progesterone on the differentiation of uterine stromal cells. (A) Hmgn5 expression after uterine
stromal cells were treated with progesterone or both progesterone and RU486. (B and C) Hmgn5 mediated the effects of progesterone on the expression of Prl8a2 and
Prl3c1. After transfection with Hmgn5 siRNA and addition of progesterone, the expression of Prl8a2 and Prl3c1 was determined by real-time PCR. (D and E) Hoxa10 medi-
ated the effects of progesterone on the expression of Prl8a2 and Prl3c1. (F) Effects of progesterone on the expression of Hmgn5 via Hoxa10.
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Frozen sections (10 mm) were mounted on 3-aminopro-
pyltriethoxy-silane (Sigma)-coated slides and fixed in 4%
paraformaldehyde solution in PBS. Hybridization was per-
formed as described previously.24 Sections were counter-
stained with 1% methyl green. The positive signal was
visualized as a dark brown color. The sense probe was also
hybridized and served as a negative control. There was no
detectable signal from sense probes.

Real-time PCR

Total RNAs from mouse uteri or cultured cells were isolated
using TRIPURE reagent according to the manufacturer’s
instructions (Roche) and reverse-transcribed into cDNA using
M-MLV reverse-transcriptase (Promega). Reverse transcriptase
was performed at 42�C for 60 min with 2 mg total RNA in
25 ml volume. For real-time PCR, cDNA was amplified using
FS Universal SYBR Green Real Master (Roche) on BIO-RAD
CFX96TM Real Time Detection System. The conditions used
for real-time PCR were as follows: 95�C for 3 min, followed by
40 cycles of 95�C for 15 s and 60�C for 1 min. All reactions
were run in triplicate. The result was analyzed using CFX Man-
ager Software. After analysis using the 2-DDCt method, data
were normalized to Gapdh expression. Primer sequences for
real-time PCR were listed in Table 1.

In vitro decidualization

Mouse in vitro decidualization was performed as previously
described with modification.24 Briefly, uterine stromal cells
were induced for in vitro decidualization with fresh medium
supplemented with progesterone (1 mM) and estradiol-17b
(10 nM) in DMEM-F12 with 2% charcoal-treated FBS (Biologi-
cal Industries Ltd., Kibbutz Beit Hemeek, Israel).

Plasmid construction and transfection

Full-length Hmgn5 and Hoxa10 cDNA fragments were amplified
by PCR from mouse uterus using the following primers: Hmgn5
(50- GATATC (EcoRV) CGGAGAGCTGCAACAATGCCC and
50- CTCGAG (XhoI) TTAGACAATACTCAGAGGCTC)
and Hoxa10 (50- GAATTC (EcoRI) ATGTCAGCCAGAAAGGG
and 50- GATATC (EcoRV) GGAAGCGAAAAGACGTTGT).
The amplified products were purified and cloned into pGEM-T
vector. The pGEM-T-Hmgn5, pGEM-T-Hoxa10 and pcDNA3.1
vector were cut by EcoRV/XhoI or 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 con-
struct pcDNA3.1-Hmgn5 and pcDNA3.1-Hoxa10, respectively.
An empty pcDNA3.1 expression vector was served as control.

Transfection of uterine stromal cells was performed accord-
ing to the manufacturer’s protocol for lipofectamine 2000
(Invitrogen). After transfection with control plasmid (empty
pcDNA3.1 vector) or overexpression plasmids, stromal cells
were collected or induced for in vitro decidualization for 48 h.

RNA interference

The small-interfering RNA (siRNA) duplexes for targeting
Hmgn5 and Hoxa10 as well as a scrambled sequence (control
siRNA duplex, negative control) were designed and synthesized
by GenePharma. The sequences were shown as follows: 50-
CACCGGAGUUGAAACCUAATT and 50- UUAGGUUUCAA-
CUCCGGUGTT (Hmgn5 siRNA 1); 50- CCACAAAUGUC-
GUGG AAGATT and 50- UCUUCCACGACAUUUGUGGTT
(Hmgn5 siRNA 2); 50- GACGAAUGCAA CAUGGAAATT and
50- UUUCCAUGUUGCAUUCGUCTT (Hmgn5 siRNA 3); 50-
CCAAAUU AUCCCACAACAATT and 50- UUGUUGUGG-
GAUAAUUUGGCG (Hoxa10 siRNA); 50- UUCUCCGAACGU-
GUCACGUTT and 50- ACGUGACACGUUCGGAGAATT
(nonspecific scrambled siRNA, negative control). Transfections
for siRNA were performed according to Lipofectamine 2000 pro-
tocol. After transfection with Hmgn5 siRNAs or Hoxa10 siR-
NAs, uterine stromal cells were collected or induced for in vitro
decidualization for 48 h.

Cell proliferation

Proliferation assays were performed using MTS reagent (Prom-
ega) according to the manufacturer’s directions. Uterine stro-
mal cells were seeded at a density of 1£105 /well in 96-well
plates and cultured in the DMEM/F12 medium containing 2%
heat-inactivated FBS. After transfection with Hmgn5 overex-
pression plasmid or siRNA, stromal cells were cultured or
induced for in vitro decidualization for 48 h. Finally, 20 ml of

Table 1. Primers for real-time PCR.

Gene Primer sequence Accession number Size (bp)

Hmgn5 AGCCAGGAGCCAAAGAGAA
AATGGGTGCCTCCATAATCTT

NM_016710 237 bp

Ccna1 GCCCGACGTGGATGAGTTT
AGGAGGAATTGGTTGGTGGTT

NM_007628 132bp

Ccnb1 CTGAGCCTGAGCCTGAACCT
AGCCCCATCATCTGCGTCT

NM_172301 191bp

Ccnb2 GCTAGCTCCCAAGGATCGTC
CTGCAGAGCTGAGGGTTCTC

NM_007630 141bp

Ccnd1 GGGATGTGAGGGAAGAGGTGA
GCAGCGAAAACAACGTGAAA

NM_007631 154bp

Ccnd3 CCTCCTACTTCCAGTGCGTG
GGCAGACGGTACCTAGAAGC

NM_007632 195bp

Ccne1 AATGGATGGTTCCGTTCGC
TGGGTCTGGATGTTGTGGG

NM_007633 103bp

Cdk1 CTGGGCACTCCTAACAACGAAG
TCCAAGCCGTTCTCGTCCAG

NM_007659 128bp

Cdk2 ACAGGGCAAGGTGAAAGAC
AGGAGGACGGCAATGAGG

NM_016756 183bp

Cdk4 GTGGCTGAAATTGGTGTCGG
TAACAAGGCCACCTCACGAA

NM_009870 156 bp

Cdk6 TCCTGCTCCAGTCCAGCTAT
CCACGTCTGAACTTCCACGA

NM_009873 108bp

Prl8a2 AGCCAGAAATCACTGCCACT
TGATCCATGCACCCATAAAA

NM_010088 119bp

Prl3c1 GCCACACGATATGACCGGAA
GGTTTGGCACATCTTGGTGTT

NM_001163218 162bp

Hoxa10 TTCGCCGGAGAAGGACTC
TCTTTGCTGTGAGCCAGTTG

NM_008263 68bp

Cox-2 CATCCCCTTCCTGCGAAGTT
CATGGGAGTTGGGCAGTCAT

NM_011198 178bp

Vegf ACGTCAGAGAGCAACATCACC
CTGTGCTGTAGGAAGCTCATCTC

NM_001025257 90bp

Mmp2 GGATACCCCAAGCCACTGAC ACGAC
GGCATCCAGGTTATC

NM_008610 212bp

Mmp9 GCACCTCCCACTATGTGTCC
CAAGGATTGTCTGCCGGACT

NM_013599 209bp

Gapdh GCCTTCCGTGTTCCTACCC
TGCCTGCTTCACCACCTTC

NM_008084 102bp
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MTS reagent was added to each well and incubated for 4h.
Absorbance was measured at 490 nm using a 96-well plate
reader. Every 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 soft-
ware program (SPSS Inc., Chicago). The differences were con-
sidered significant at P < 0.05.
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