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Abstract
Embryo implantation is an essential step for the establishment of pregnancy and dynami-

cally regulated by estrogen and progesterone. NDRG4 (N-myc down-regulated gene 4) is a

tumor suppressor that participates in cell survival, tumor invasion and angiogenesis. The

objective of this study was to preliminarily explore the role of NDRG4 in embryo implanta-

tion. By immunohistochemistry (IHC) and quantitive RT-PCR (qRT-PCR), we found that

uterine expression of NDRG4 was increased along with puberal development, and its

expression in adult females reached the peak at the estrus stage during the estrus cycle.

Furthermore, uterine NDRG4 expression was significantly induced by the treatment of

estradiol (E2) both in pre-puberty females and ovariectomized adult females. Uterine

expression pattern of NDRG4 during the peri-implantation period in mice was determined

by IHC, qRT-PCR andWestern blot. It was observed that NDRG4 expression was up-regu-

lated during the implantation process, and its expression level at the implantation sites was

significantly higher than that at the inter-implantation sites. Meanwhile, an increased

expression in NDRG4 was associated with artificial decidualization as well as the activation

of delayed implantation. By qRT-PCR andWestern blot, we found that the in vitro deciduali-

zation of endometrial stromal cells (ESCs) was accompanied by up-regulation of NDRG4

expression, whereas knockdown of its expression in these cells by siRNA inhibited the

decidualization process. In addition, Western blot analysis showed that NDRG4 protein

expression was decreased in human villus tissues of recurrent miscarriage (RM) patients

compared to normal pregnant women. Collectively, these data suggested that uterine

NDRG4 expression could be induced by estrogen, and NDRG4 might play an important role

during early pregnancy.
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Introduction
Emrbyo implantation is a precisely regulated step during establishment of pregnancy. Impaired
implantation could cause placentation-related diseases, such as preeclampsia (PE) and recur-
rent miscarriages (RM) [1, 2]. The formation of uterine receptivity is an essential event for the
scuccessful embryo implantation, and it has been well demonstrated that, ovarian hormones,
progesterone and estrogen, control the development of uterine receptivity [3].

Uterine development occurs postnatally in an ovary- and steroid-dependent manner in
many species, including rodent and human. Endometrial epithelial cells (EECs) and stromal
cells (ESCs) in uterine tissues of sexually matured individual produce molecules that are
essential for embryo survival and implantation[4]. A series of complex physiological events
occur during the exquisitely regulated process of implantation, including extensive degrada-
tion and remodeling of the extracellular matrix, invasion of trophoblast cells into the mater-
nal endometrium, and decidualization of ESCs[5]. Given many similarities exist between the
embryo implantation and the tumorgenesis, such as establishment of an invasive phenotype,
repression of specific cell adhesion molecules, elaboration of matrix-digesting enzymes,
expression of proto-oncogene products, acquisition of a rich blood supply, and elude the
immune system[6], molecules involved in tumorgenesis might also play critical role in
embryo implantation.

Myc protein is a transcription factor that participates in the regulation of cell proliferation
and differentiation, and exerts its biological functions through direct or indirect activation of
its downstream regulated genes [7]. N-myc belongs to the Myc family and presents a dynamic
expression pattern during mouse embryonic development [8]. N-Myc downstream-regulated
gene 4 (NDRG4) is a member of the N-Myc downstream regulated gene family (NDRG). The
NDRG family is highly conserved, and the identity between human NDRG4 and mouse
NDRG4 is about 98% when running Blast in Pubmed. It has been reported that, NDRG4 was
predominantly expressed in the early postnatal brain and involved in cell growth and prolifera-
tion [9, 10]. Meanwhile, accumulated evidences showed that NDRG4 possess tumor-suppres-
sive and oncogenic functions depending on the tissue type [11], and might be a potential
biomarker for predicting aggressive forms of cancer [12–14].

Recently, a role of NDRG2 in mouse embryo implantation was reported [15], and one of the
predicted upstream-regulated microRNAs of NDRG4, miR-3074-5p, was found to be involved
in embryo implantation in mice [16], thus, we hypothesized that NDRG4 might also partici-
pate in the embryo implantation, and the present study was undertaken to examine the uterine
expression pattern of NDRG4 during the peri-implantation period in mice and its role in
decidualization of ESCs.

Results

Uterine NDRG4 expression during the different postnatal development
stages
Uterine expression of NDRG4 during different postnatal development stages were determined
by immunohistochemistry (IHC) and real-time quantitative RT-PCR (qRT-PCR) analyses.
The results of IHC showed that there were no visible signals were found in 2-weeks old (2W)
mouse uteri, whereas distinctive NDRG4 protein signals in luminal and glandular epithelial
cells were found in 4-weeks (4W) and 6-weeks old mouse uteri (Fig 1A). Consistently,
qRT-PCR analysis revealed that uterine expression level of NDRG4mRNA was significantly
increased from prepuberty (2W) to puberty (6W) (Fig 1B and S1 File).
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Fig 1. Effects of estrogen on uterine NDRG4 expression. (A) Immunohistochemical analysis of uterine NDRG4
expression during the different postnatal development stages, 2W, 2-weeks old; 4W, 4-weeks old; 6W, 6-weeks old. (B)
Quantitative PCR analysis of uterineNDRG4mRNA expression during the different postnatal development stages (n = 3),
*, significantly different (P < 0.05). (C) Immunohistochemical analysis of NDRG4 expression at the diestrus (Die), proestrus
(Pro), estrous (Est) and metestrus (Met) phases during the estrous cycle. (D) Quantitative PCR analysis of uterineNDRG4
mRNA expression during the estrous cycle (n = 3), the thick arrow shows the luminal epithelium, the small arrow indicates
the glandular epithelium, the columns with different superscripts are significantly different (P < 0.05). (E)
Immunohistochemical analysis of uterine NDRG4 expression in prepuberty mice respectively treated by oil (Con), estrogen
(E2) and progesterone (P4). One-week-old female mice (pre-pubertal stage) were divided into 3 groups (n = 3, per group) at
random, and administered daily subcutaneous injections of (1) E2, (2) P4, or (3) sesame oil, respectively, for 7 days. (F)
Quantitative PCR analysis of uterineNDRG4mRNA expression in prepuberty mice following steroid hormone treatment
(n = 3). *, significantly different (P < 0.05). (G) Immunohistochemical analysis of NDRG4 protein expression in
ovariectomized mice respectively treated by oil (oil), progesterone (P4), estrogen (E2), and progesterone plus estrogen
(P4+E2). (H) Quantitative PCR analysis of uterineNDRG4mRNA expression in ovariectomized mice following steroid
hormone treatment (n = 3). The thick arrow indicates the luminal epithelium. The small arrow shows the glandular
epithelium. The columns with different superscripts are significantly different (P < 0.05).

doi:10.1371/journal.pone.0155491.g001
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Uterine NDRG4 expression in adult mice during the normal estrous
cycle
Uterine expressions of NDRG4 during estrous cycle were determined by IHC and qRT-PCR.
The results showed that, distinctive NDRG4 protein signals were detected in the diestrus (Die),
proestrus (Pro), estrous (Est) and metestrus phases (Met), and mainly localized in luminal and
glandular epithelial cells (Fig 1C). At the estrous phase (Est), weak positive signals of NDRG4
protein was observed in stromal cells (Fig 1C). Real-time qRT-PCR analysis revealed that, uter-
ine expression level of NDRG4mRNA was significantly increased at the estrous phase com-
pared to that at the diestrus, proestrus and metestrus phases (Fig 1D and S2 File).

Effect of steroid hormones on uterine NDRG4 expression in mice
To examine the effect of exogenous steroid hormone on uterine NDRG4 expression in the pre-
puberty mice, one-week-old female mice (pre-pubertal stage) were administered daily subcutane-
ous injections of E2 or P4 for 7 days. We found that NDRG4 protein signals were obviously
enhanced by the treatment of E2 (E2) compared to control (Con), and were dominantly localized
both in the luminal and glandular epithelia. The NDRG4 protein signals in P4 treatment group
(P4) were stronger than control gourp (Con), but weaker than E2 treatment group (E2) (Fig 1E).
A similar alteration inNDRG4mRNA expression was observed following treatment with E2 or P4
(Fig 1F and S3 File). In ovariectomized adult mice, it was observed that, NDRG4 protein signals
in E2-treatment group (E2) and E2 plus P4-treatment group (P4+E2) were dominantly localized in
the luminal and glandular epithelia, and were obviously stronger than that in control group (oil)
and P4-treatment group (P4) (Fig 1G). Uterine expression levels ofNDRG4mRNA expression in
in E2-treatment group (E2) and E2 plus P4-treatment group (P4+E2) were significantly increased
that that in control group (oil) and P4-treatment group (P4) (Fig 1H and S4 File).

Uterine expression pattern of NDRG4 during the peri-implantation period
in mice
RT-PCR results showed that, during the peri-implantation period, the uterine NDRG4mRNA
expression level was gradually increased from day 1 (D1) to day 8 (D8) of pregnancy. Especially,
during the implantation process from day 5 to day 8 of pregnancy, NDRG4mRNA expression
level at the implantation sites (IS) was significantly up-regulated compared to that at the inter-
implantation sites (Int-IS) (Fig 2A and S5 File). It was also found byWestern blot analysis that,
uterine NDRG4 protein expression levels on days 4, 5 and 8 of pregnancy were significantly up-
regulated compared to that on days 1 of pregnancy (Fig 2B, S1 Fig and S6 File). Furthermore,
the spatiotemporal expression of NDRG4 protein in the mouse uterus during early pregnancy
was examined by IHC. There were weak NDRG4 protein signals in the uterine tissue obtained
from pregnant mice on day 1 (Fig 2Cb) and day 3 (Fig 2Cc). On day 4 of pregnancy, faint
NDRG4 protein signals were detected in the subepithelial stromal bed (Fig 2Cd). On day 5 of
pregnancy, the distinct accumulation of NDRG4 protein signals was observed in the primary
decidual zone (PDZ) that adjacent to the implanting embryo (Fig 2Ce and 2Cf). The distribu-
tion of NDRG4 protein signal on day 8 of pregnancy was similar to that on day 5, and the signals
were observed in invaded trophoblasts at the implantation site (Fig 2Cg and 2Ch).

Association of uterine NDRG4 expression with the artificial
decidualization and activated implantation in mice
The artificial decidualization model and delayed implantation model were used to examine
whether uterine NDRG4 expression is induced by the decidualization reaction and/or dependent
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on the presence of a living embryo. The results of IHC analysis showed that, strong NDRG4 pro-
tein signals were detected in decidualized stromal cells (Fig 3B), whereas no visible signals were
found in control uteri (Fig 3A). Meanwhile, uterine NDRG4mRNA expression level was also
found to be significantly up-regulated by artificial decidualization (Fig 3C and S7 File). In the
delayed implantation model, the NDRG4 protein was abundantly localized in decidual zone in
the activated implantation uteri (Fig 3E), and it was weakly expressed in delayed implantation
uteri (Fig 3D). Likewise,NDRG4mRNA expression level in the activated implantation uteri was
significantly up-regulated compared to that in the delayed uteri (Fig 3F and S8 File).

NDRG4 expression in cultured mouse ESCs during the process of in
vitro decidualization
To explore the function of NDRG4 in the decidualization of mouse ESCs, a mouse primary ESCs
culture system was established according to previously published method [15]. The

Fig 2. Uterine NDRG4 expression during early pregnancy in mice. (A) Quantitative PCR analysis of NDRG4mRNA expression in the uterus
during early pregnancy (n = 3, *P < 0.05). (B) Western blot and densitometric analyses of uterine NDRG4 protein levels during early pregnancy
(n = 3). All experiments were repeated three times. The data are shown as the mean ± SEM. *P < 0.05. (C) Immunohistochemical analysis of uterine
NDRG4 protein expression on days 1, 3, 4, 5, and 8 of pregnancy. IS, implantation sites; NI, non-implantation sites. *, indicates the location of the
embryo. le, luminal epithelium; ge, glandular epithelium; st, stroma; pdz, primary decidual zone; sdz, secondary decidual zone; D, day of pregnancy;
gc, giant cell; Scale bar represents 100 μm.

doi:10.1371/journal.pone.0155491.g002
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transformation of decidual cells from ESCs induced by E2 and P4 was indicated by the expression
of decidual/trophoblast PRL-related protein (DTPRP)mRNA[17] (Fig 4A and S9 File). Expres-
sion levels of NDRG4 protein and NDRG4mRNA in ESCs were found to be significantly
increased during the process of in vitro decidualization (Fig 4B and 4C, S2 Fig, S10 and S11 Files).

Effects of down-regulated NDRG4 expression in ESCs on in vitro
decidualization
To further explore the role of NDRG4 in the decidualization of ESCs, NDRG4 expression in
cultured ESCs was knocked down using its targeting siRNAs. As a result, expression of

Fig 3. Uterine NDRG4 expression following artificial decidualization and activation of delayed
implantation. Immunohistochemical analysis of uterine NDRG4 protein expression following artificial
decidualization (B) and in its contralateral uninjected uterine horn (A), under delayed implantation (D) and
activation (E). Quantitative PCR analysis of NDRG4mRNA expression in the uterus following artificial
decidualization (C) and activation of delayed implantation (F) (n = 3). The thick arrow indicates the luminal
epithelium. The small arrow shows the glandular epithelium. De, decidua; *, significantly different from
control (P < 0.05).

doi:10.1371/journal.pone.0155491.g003
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NDRG4 was reduced by more than 60% in NDRG4 siRNA-transfected ESCs (NDRG4-siRNA)
compared with that in non-transfected ESCs (None) and control siRNA-transfected ESCs
(Control-siRNA) (Fig 5B and 5C, S2 Fig, S13 and S14 Files), and this reduction was correlated
with a significant decrease in DTPRPmRNA expression (Fig 5A and S12 File), indicating that
down-regulation of NDRG4 expression inhibited the decidualization of mouse ESCs.

Fig 4. In vitro decidualization of mouse primary ESCs. (A) qRT-PCR analysis of DTPRPmRNA
expression in ESCs cultured for up to 72 h. (B) qRT-PCR analysis of NDRG4mRNA expression in cultured
ESCs. (C) Western blot analysis of NDRG4 protein expression in ESCs cultured for up to 48 h. Densitometric
analyses of NDRG4 compared with 0 h is shown. The values represent the mean ± SEM, as determined from
three separate experiments. *, significantly different (P < 0.05).

doi:10.1371/journal.pone.0155491.g004

Fig 5. Down-regulation of NDRG4 expression in ESCs inhibits in vitro decidualization.Quantitative
PCR analyses of DTPRPmRNA expression (A) andNDRG4mRNA expression (B) in ESCs transfected with
NDRG4-targeting siRNAs or non-targeting siRNAs at 24 h and 48 h. Western blot and densitometric analyses
of NDRG4 protein levels in ESCs at 72 h after transfection (C). The relative fold induction of NDRG4 protein
expression compared with its expression in non-siRNA-treated group is shown. The values represent the
mean ± SEM, as determined from three separate experiments. *, significantly different (P < 0.05).

doi:10.1371/journal.pone.0155491.g005
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Expression of NDRG4 in human villus tissues of RM patients and normal
pregnancy women
To preliminarily explore that whether or not the data derived from the mouse model might be
to extend to human, we collected 6-pair villus tissues of RM patients and normal pregnant
(NP) women. By Western Blot, we found that, the NDRG4 protein expression level in villus tis-
sues of RM patients was significantly decreased compared to that in NP women (Fig 6, S15 File
and S3 Fig).

Discussion
In the present study, we demonstrated the uterine expression pattern of NDRG4 during differ-
ent postnatal development, the estrous cycle and early pregnancy in mice. The uterine NDRG4
expression level was increased along with the mouse puberal development, and its expression
in adult females peaked at the estrus stage. Exogenous estrogen could induce the uterine
expression of NDRG4 both in pre-puberty females and ovariectomized adult females. During
early pregnancy, uterine NDRG4 expression was significantly increased at implantation sites,
with predominant localization in the decidual zone and invaded trophablasts. The increase of
NDRG4 expression was accompanied by the activation of delayed implantation, as well as arti-
ficially induced decidualization both in vivo and in vitro. Furthermore, down-regulation of
NDRG4 expression in mouse ESCs significantly inhibited decidualization in vitro. The signifi-
cant decrease in expression of NDRG4 in human villus tissues of RM patients was also
observed.

Uterine development occurs postnatally in an ovary- and steroid-independent manner, and
the synergistic actions of E2 and P4 are critical for regulation of the estrous cycle and establish-
ment of uterine receptivity [4, 18]. It was found in the present study that, uterine NDRG4
expression was significantly increased after E2 administration, and during the normal estrous
cycle, uterine NDRG4 expression was significantly increased at the estrous stage of which E2
surge takes place [19], indicating a stimulating effect of estrogen on the uterine expression of
NDRG4 in mice. Estrogen is involved in a variety of reproductive functions. Mammalian endo-
metrium maintain regular estrous cycle and achieve an optimal uterine environment for
embryo implantation through estrogen receptor (ER) pathway. In estrogen classical pathway,
the activated ER binds to estrogen response elements (EREs) of the target gene to regulate its
expression. However, it has been demonstrated that estrogen could regulate gene expression
through the nonclassical pathway, in which the activated ER interacts with transcription fac-
tors activator protein-1 (AP-1) [20]. It has been reported that AP-1 binding site was a candi-
date regulatory element in NDRG4 molecule [21]. As NDRG4 protein was detected in
endometrial epithelial cells and stromal cells, we speculated that it might participate in

Fig 6. NDRG4 expression in human villus tissues of RM patients and normal pregnant (NP) women.
Western blot analysis of NDRG4 protein expression (A) and densitometric analyses of NDRG4 protein in
villus tissues of RM patients and normal pregnant women (B). *, significantly different (P < 0.05).

doi:10.1371/journal.pone.0155491.g006
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regulating cyclic proliferation and differentiation in endometrial epithelial/stromal cells to
optimally prepare for embryo implantation under the control of E2 through nonclassical ER/
AP-1 pathway during the estrous cycle.

Successful embryo implantation is integral to the establishment of pregnancy, and initiation
of implantation coincides with the establishment of uterine receptivity and the subsequent
decidualization of ESCs[22]. In the mouse, a pre-ovulatory E2 surge stimulates the proliferation
of endometrial epithelial cells (EECs) on day 1 of pregnancy, followed by a rise in the P4 level
to initiate the proliferation of ESCs on day 3. Embryos enter the uterus at midnight on day 3 or
in the early hours of day 4 after the uterus is exposed to an increased concentration of P4 for at
least 24 h on day 3 followed by exposure to estrogen, causing it to be receptive for embryo
implantation [23]. Given during the pre-implantation period from day 1 to day 4 of pregnancy,
uterine NDRG4 expression level sustainedly increased, suggesting a potential role of NDRG4
in establishing uterine receptivity under the regulation of estrogen.

Once mouse embryos attach to a receptive endometrium, decidualization is triggered by
extensive proliferation and differentiation of ESCs into decidual stromal cells (DSCs) at
implantation sites. Because the decidual response can be induced in a reproducible manner in
the absence of an embryo and decidual zones are easily discernable, the mouse is a good model
to investigate the mechanism of decidualization. In the mouse, at least three factors may be
necessary for normal decidualization, including E2, P4 and embryonic or physical stimulation
(by intra-luminal infusion of oil or scratching with a needle). Increases in E2 and P4 stimulate
the proliferation and differentiation of ESCs surrounding invading trophoblast cells to support
the decidualization process [23–25]. In the present study, a significant increase in NDRG4
expression was observed at implantation sites from day 5 to day 8 of pregnancy, and NDRG4
protein signals were predominantly localized to the decidual zone and invading trophoblast
cells. Moreover, NDRG4 expression in uterine tissues and ESCs could be induced by artificial
decidualization, and down-regulated expression of NDRG4 in ESCs by NDRG4-targeting siR-
NAs was found to remarkably inhibit decidualization in vitro, indicating that NDRG4 might
participate in decidualization process during the early pregnancy.

Although the exact role of NDRG4 in regulating ESCs and DSCs needs to be further
explored, it has been reported that NDRG4 was a novel oncogenic protein and p53 associated
regulator of apoptosis in malignant meningioma cells [26]. Differentiation of ESCs into DSCs
is crucial for optimal endometrial receptivity. Apoptosis in the human endometrium plays an
essential role for endometrial receptivity and early implantation. It has been suggested the pro-
survival signaling pathways Erk1/2 as key regulators of the sensitivity of human ESCs for death
receptor-mediated apoptosis during implantation [27]. Previous results suggested that, ERK1/2
and PI3K/Akt, as p53 pathway members, played a role in the cell cycle regulation of ESCs [28],
and the rapid activation of intracellular signalling cascades ERK1/2 and PI3K/Akt by growth
factors and estrogens was involved in the migration of normal ESCs[29]. Meanwhile, it was
reported that NDRG4 might play a role in supporting the activation of Erk [30]. Thus, it was
reasonable to believe that the function of NDRG4 in ESCs and DSCs might be partially regu-
lated by the p53 signaling pathway(s). In addition, it has been found that Erk1/2 were widely
expressed throughout early-stage embryos and involved in the trophoblast development [31].
And in the present study, the NDRG4 expression was also observed in trophoblast cells at
implantation sites on day 8 of pregnancy, we hypothesize that NDRG4 might also be involved
in the invasion of trophoblast cells during early pregnancy.

It was recently reported that the expression level of miR-3074-5p at the implantation sites
was significantly down-regulated compared to that at the inter-implantation sites, and its
expression level was remarkably decreased in villus tissues of RM patients compared to that in
normal pregnant women. Given NDRG4 is one of the predicted targets of miR-3074-5p, and
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we supposed that NDRG4 might be participate in the invasion of trophoblasts, and we there-
fore examined the expression of NDRG4 in human villus tissues of RM patients and normal
pregnant women. It was found that the expression level of NDRG4 protein was significantly
decreased in RM patients. Although this preliminary data are encouraging, the sample number
was too small to guarantee the confidence. Thus, next investigation would be carried out based
on a larger number of human decidual and villus specimens collected from normal pregnant
women and RM patients or PE patients, with a view to futher explore the potentiality of
NDRG4 to be a novel biomarker for predicting impaired implantation and placentation-related
diseases.

In conclusion, the present study has demonstrated that estrogen stimulated the uterine
NDRG4 expression and that NDRG4 expression level was significantly up-regulated at implan-
tation sites during early pregnancy in mice. And an increased expression of NDRG4 was asso-
ciated with the decidualization and down-regulation of NDRG4 expression in ESCs inhibited
in vitro decidualization of ESCs. The NDRG4 expression level was significantly decreased in
villus tissues of RM patients. These results suggest that NDRG4 might play critical roles in
embryo implantation under the regulation of estrogen. Further investigation to study the pre-
cise molecular mechanism of NDRG4 will lead to a better understanding of embryo implanta-
tion and hopefully, the information obtained from mouse could be extrapolated to humans.

Materials and Methods

Animals and tissue preparation
Adult ICR mice aged 8–10 weeks were obtained from the SIPPR/BK Laboratory Animal Com-
pany (Shanghai, China) and were caged at a controlled temperature (22°C) under a 14 h light:
10 h dark photoperiod. All experiments were conducted in full compliance with standard labo-
ratory animal care protocols that were approved by the Institutional Animal Care Committee
of Shanghai Institute of Planned Parenthood Research (Approval: 2013–19). The estrous cycle
was staged by examining vaginal smears as previously described[32], and subsequently the
uterine horns were removed from adult females at the diestrus, proestrus, estrous, and metes-
trus stages (n = 3, per stage) immediately after they were sacrificed by cervical dislocation.

To observe the effects of ovarian steroid hormones on uterine NDRG4 expression in mice,
uterine tissues were collected from female mice at ages of 2-weeks, 4-weeks and 6-weeks,
respectively (n = 3, per stage). One-week-old female mice (pre-pubertal stage) were divided
into 3 groups (n = 3, per group) at random, and administered daily subcutaneous injections of
(1) 17β-estradiol (E2, 8 ng/g body weight; Sigma, St. Louis, MO), (2) progesterone (P4, 50 μg/g
body weight; Sigma), or (3) sesame oil (0.1 ml/mouse), respectively, for 7 days as previously
reported [33, 34]. Adult female mice were anaesthetized with pentobarbital (40mg/kg) and lap-
arotomies were performed to remove bilateral ovary. Then the ovariectomized female mice
were moved to a warm stage until they recovered from anesthesis. Then ovariectomized female
mice were allowed to rest for 2 weeks. Then, the ovariectomized mice were randomly divided
into four groups (n = 3, per group) and injected with (1) sesame oil (0.1 ml/mouse), (2) E2 (4
ng/g body weight), (3) P4 (40 μg/g body weight), or (4) E2 (4 ng/g body weight) plus P4 (40 μg/
g body weight) according to previously described methods [35, 36]. Steroids were dissolved in
sesame oil and injected subcutaneously at the same volume (0.1 ml/mouse). The mice were sac-
rificed by cervical dislocation at 24 h after treatment, and the uterine horns were collected.

To determine the uterine expression pattern of NDRG4 during early pregnancy, adult
female mice were mated with fertile males of the same strain to achieve pregnancy (day 1 = day
of vaginal plug). Pregnancy was confirmed on days 1 and 4 by recovering embryos from the
reproductive tracts. Trypan blue dye solution (0.1% in saline (w/v), 0.1 ml per mouse, Sigma)
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was injected via the tail vein on day 5 to visualize the implantation sites. The mice were sacri-
ficed by cervical dislocation and the entire uterine horn was collected from the pregnant mice
on days 1 and 4 of pregnancy (n = 3, per day). Uterine tissues at the implantation sites (IS) and
inter-implantation sites (int-IS) were separately collected from the pregnant mice on days 5 to
8 of pregnancy (n = 3, per day).

Pseudopregnant mice were obtained by mating adult females with vasectomized adult
males. Vasectomy was performed as previously described [37]. Briefly, adult male mice were
anaesthetized with pentobarbital (40mg/kg). The bilateral vas deferens were cut in two points
at once with a micro dissecting serrated forceps, and the muscle and skin were sutured. Then
the vasectomized male mice were moved to a warm place until they recovered from anesthesis.
The vasectomized male would be ready to mate 2 weeks after surgery. To examine implanta-
tion, female mice were mated with vasectomized males to induce pseudopregnancy. The day of
observation of a vaginal plug was considered to be day 1 of pseudopregnancy. Artificial decid-
ualization was induced by intraluminally infusing 25 μl of sesame oil into one uterine horn on
day 4 of pseudopregnancy mice (n = 3) after anaesthetized with pentobarbital (40mg/kg), and
the contralateral un-injected horn served as a control (n = 3). Mice were sacrificed by cervical
dislocation at 72 h after decidualization was artificially induced [38]. Decidualization was con-
firmed by both weighing the uterine horns and histological examination of the uterine sections.

In the delayed embryo implantation model, pregnant female mice were bilaterally ovariecto-
mized under ether anesthesia at 08:30–09:00 h on day 4 of pregnancy. The animals in the
delayed embryo implantation group and activation group were subcutaneously injected with
P4 (1 mg/25 g body weight) dissolved in corn oil at 10:00 h from days 4 through 7 of pregnancy
to maintain delayed implantation. Then, the animals in the activated implantation group
(n = 3) received E2 (25 ng/25 g body weight) along with P4 to activate embryo implantation
[38, 39]. The female mice were euthanized at 10:00 h on day 8 of pregnancy, and the embryos
were verified as previously described [40]. Delayed or activated implantation was confirmed by
microscopic observation of the metabolically dormant or activated blastocyst in the uterine
flush, as previously described [38].

Patients and tissues
All participants in this study were recruited from June 2013 to August 2013 at the outpatient
department of Gynecology and Obstetrics, The Second Hospital of Tianjin Medical University,
China. Trying to avoid the disturbance of confounding factors on subsequent analyses, all par-
ticipants were recruited according to the same inclusion and exclusion criteria. Six RM patients
(age: 29.67 ± 2 years and gestational age at sampling 7.5 ± 0.67 weeks (mean ± S.D.)), who had
experienced at least two consecutive embryonic losses before the 12th gestational week and
whose current pregnancy loss was objectively confirmed by transvaginal ultrasound exam,
were recruited in the RM group. All clinical summaries about their personal history for throm-
boembolic disease and successful pregnancy or previous pregnancy losses were obtained. Clas-
sical risk factors such as abnormal parental karyotypes, uterine anatomical abnormalities,
infectious diseases, luteal phase defects, diabetes mellitus, thyroid dysfunction and hyperpro-
lactinemia were excluded by medical examinations. Meanwhile, six clinically normal pregnant
(NP) women (age: 28.17 ± 4.16 years and gestational age at sampling 6.67 ± 0.44 weeks
(mean ± S.D.)) (Table 1), which were terminated for non-medical reasons and undergoing
legal abortions around the 6th-12th gestational week were recruited in the normal pregnancy
group as the control. They were also checked for classical risk factor for pregnancy loss. After
informed consent was obtained, villus tissues were collected by curettage from these 12 partici-
pants respectively. This study was approved by the Medical Ethics Committees of Shanghai
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Institute of Planned Parenthood Research (Ref # 2013–7, 2013–12). Written informed consents
were obtained from all patients who provided tissue samples, and we have also obtained con-
sents to publish research data derived from these collected samples.

Primary culture of endometrial stromal cells and induction of
decidualization in vitro
The isolation and culture of mouse ESCs was performed following previously described meth-
ods with minor modifications [41]. In summary, uterine horns were collected from pregnant
mice on day 4 and cleaned to remove fat tissues. They were then slit longitudinally and washed
thoroughly in Hanks’ balanced salt solution (HBSS, Invitrogen, Carlsbad, CA) containing 100
U/ml penicillin (Invitrogen) and 100 μg/ml streptomycin (Invitrogen). Next, the tissues were
placed in HBSS containing 10 mg/ml trypsin (Sigma), 6 mg/ml dispase (Invitrogen), 100 U/ml
penicillin and 100 μg/ml streptomycin for 1 h on ice, followed by incubation for 1 h at room
temperature and 10 min at 37°C. Following the digestion steps, the tissues were gently mixed,
and the supernatant was discarded to remove the endometrial epithelial clumps. The partially
digested tissues were then washed twice in HBSS and placed into HBSS containing 0.15 mg/ml
collagenase (Invitrogen) at 37°C for 30 min. Following digestion and shaking, the contents of
the tube were passed through a 70 μm gauze filter (Millipore, Darmstadt, Germany) to elimi-
nate epithelial sheets. The cell pellets were washed twice and added to Dulbecco’s modified
Eagle’s Medium-F12 medium (DMEM/F12) containing 10% charcoal-stripped fetal calf serum
(FBS, Invitrogen) and antibiotics at 2×105 cells per well in a 6-well cell culture plate (Invitro-
gen). After incubation for 1 h, unattached cells were removed by several washes with HBSS,
and cell culturing was continued after the addition of fresh DMEM/F12 containing 1%

Table 1. Information about recruited 6 RM patients and 6 normal pregnant women.

Group Sample No Age Gestational weeks Childbearing history Spontaneous abortion history

RM 1 28 8 0 4

2 27 6 1 3

3 30 8 0 2

4 28 7 0 3

5 32 8 0 2

6 33 8 1 3

Mean ± S.D. P *

Age 29.67 ± 2 > 0.05

gestational weeks 7.5 ± 0.67 > 0.05

Normal Pregnancy C1 31 6 1 2

C2 29 7 0 1

C3 27 7 1 2

C4 26 6 1 2

C5 19 7 0 2

C6 37 7 1 3

Mean ± S.D.

Age 28.17 ± 4.16

gestational weeks 6.67 ± 0.44

(*, compared to that of normal pregnancy)

doi:10.1371/journal.pone.0155491.t001
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charcoal-stripped FBS, 100 U/ml penicillin, 100 μg/ml streptomycin, 10 nM E2, and 1 μM P4 to
induce decidualization of the ESCs.

siRNA transfection
NDRG4-targeting siRNAs were purchased from Santa Cruz Biotechnology, Inc. (NDRG4
siRNA (m) sc-149865, and sc-37007 was used as the irrelevant control siRNA, Santa Cruz,
Santa Cruz, CA). Prior to the in vitro decidualization of ESCs, NDRG4 siRNAs and control siR-
NAs were transfected into cultured ESCs according to the siPORT™ NeoFX™ protocol
(Ambion/Life Technologies, Grand Island, NY). Briefly, 4 μl of siPORT NeoFX transfection
reagent was mixed with 100 nM of siRNA duplexes to form complexes, and this mixture was
then dispersed into each well of a 6-well cell culture plate.

Immunohistochemistry analysis
Uterine tissues were fixed in freshly prepared 4% buffered paraformaldehyde in phosphate-
buffered saline (PBS) at 4°C for over 40 h. Then, the tissues were dehydrated in graded alcohol
and embedded in paraffin (Leica, Wetzlar, Hessen, Germany). Sections of uteri were processed
for immunohistochemical detection. Briefly, the sections (5 m) were deparaffinized and rehy-
drated in xylene and a graded series of ethyl alcohol, respectively, and then rinsed in PBS. Anti-
gen retrieval was performed by placing the slides in boiling citric acid buffer (10 mmol/l of
citrate sodium and 10 mmol/l of citric acid) for 15 min. The sections were cooled to room tem-
perature and sequentially incubated at room temperature with 3% hydrogen peroxide (H2O2)
in methanol for 15 min to quench endogenous peroxidases. The sections were then incubated
with a rabbit anti-NDRG4 primary antibody (H00065009-M01, Abnova, Taiwan) overnight at
4°C. After being washed with PBS, the sections were incubated with a biotin-conjugated don-
key anti-rabbit secondary antibody (1:200 in blocking solution, Proteintech Company, Wuhan,
China). After another wash in PBS, they were incubated with peroxidase-conjugated streptavi-
din (1:200 in blocking solution, Proteintech Company) for 2 h. Then, they were stained with
DAB (Zhongshan Corp., Beijing, China) according to the manufacturer’s protocol and coun-
terstained with hematoxylin (Sigma). For the negative controls, 10% donkey serum was used
instead of primary antibody. All the sections were examined and photographed under a micro-
scope (DFC420C, Leica).

Real-time quantitative RT-PCR analysis
Total RNA was extracted from uterine tissues or ESCs using TRIzol reagent (Invitrogen) accord-
ing to the manufacturer’s instructions. Extracted RNA was dissolved in diethylpyrocarbonate
(DEPC, Sigma)-treated water, and the RNA concentration and purity were estimated by measur-
ing absorbance at 260 and 280 nm with a NanoDrop 2000 (Thermo Scientific, Waltham, MA).
cDNAs was synthesized using M-MLV reverse transcriptase (Promega, Madison, WI), according
to the manufacturer’s instructions. Real-time PCR was performed in a 20 μl reaction volume
using an ABI 7500 thermal cycler (Applied Biosystems, Foster City, CA). The thermal cycling
conditions were 95°C for 30 sec, followed by 40 cycles at 94°C for 5 sec and 60°C for 30 sec. Melt
curve analysis and agarose gel electrophoresis were then conducted to monitor the purity of the
PCR products. Beta-actin was used as an endogenous control. The following primers were used:
NDRG4, sense, 50-CGTGATTGGCATTGGAGTGG-30, antisense, 50-AGCTCCGTGTTGTTCAC
CAG-30; decidual/trophoblast PRL-related protein (DTPRP), sense, 50-AAGAATGCCCTT
CAGCGAGC-30, antisense, 50-AGCTGGTGGGTTTGTGACAT-30; and beta-actin, sense, 50-
GGCTGTATTCCCCTCCATCG-30, antisense, 50-CCAGTTGGTAACAATGCCATGT-30.
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Western blotting
The collected mouse uterine tissues and human villus tissues were quickly frozen in liquid
nitrogen and granulated into a fine powder. The tissue powder was homogenized in lysis buffer
(Beyotime, China). Then, the tissue lysate was centrifuged, and the supernatant was transferred
into a new tube. Cultured ESCs were collected in lysis buffer, and the lysate was centrifuged to
collect the supernatant. Protein concentrations were measured by Bradford assay (Bio-Rad,
Hercules, CA), and 50 μg of total protein was separated on a 12% acrylamide gel and then
transferred electrophoretically onto nitrocellulose membranes (Millipore). The membranes
were incubated overnight at 4°C with specific primary antibodies against NDRG4 and beta-
actin (Santa Cruz) or GAPDH (Santa Cruz), followed by incubation with the appropriate sec-
ondary antibodies. The blot was developed using a PhosphaGLO AP Substrate Kit (KPL, Gai-
thersburg, MD) according to the manufacturer’s protocol. All samples were analyzed by
Western blot in triplicate. Band intensities were quantified by densitometry using ImageJ soft-
ware (U.S. National Institutes of Health, MD).

Statistical analysis
All values were presented as the mean ± SEM, as determined from at least three independent
experiments. Statistical significance was assessed by one-way ANOVA. A P< 0.05 was consid-
ered statistically significant. Statistical analysis was conducted using SPSS 19.0 software (SPSS
Software, Chicago, IL).
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S3 Fig. Western blot analysis of NDRG4 protein expression in villus tissues of RM patients
and normal pregnant women.
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(XLS)

S4 File. Quantitative PCR analysis of uterine NDRG4mRNA expression in ovariectomized
mice following steroid hormone treatment.
(XLS)

NDRG4 and Embryo Implantation

PLOS ONE | DOI:10.1371/journal.pone.0155491 May 13, 2016 14 / 18

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0155491.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0155491.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0155491.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0155491.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0155491.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0155491.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0155491.s007


S5 File. Quantitative PCR analysis of NDRG4mRNA expression in the uterus during early
pregnancy.
(XLS)

S6 File. Densitometric analyses of uterine NDRG4 protein levels during early pregnancy.
(XLS)

S7 File. Quantitative PCR analysis of NDRG4mRNA expression in the uterus following
artificial decidualization.
(XLS)

S8 File. Quantitative PCR analysis of NDRG4mRNA expression in the uterus of delayed
implantation and activation of delayed implantation.
(XLS)

S9 File. Quantitative PCR analysis of DTPRPmRNA expression in ESCs cultured for up to
72 h.
(XLS)

S10 File. Quantitative PCR analysis of NDRG4mRNA expression in cultured ESCs.
(XLS)

S11 File. Densitometric analyses of NDRG4 protein expression in ESCs cultured for up to
48 h.
(XLS)

S12 File. Quantitative PCR analyses of DTPRPmRNA expression in ESCs transfected with
NDRG4-targeting siRNAs or non-targeting siRNAs.
(XLS)

S13 File. Quantitative PCR analyses of NDRG4mRNA expression in ESCs transfected with
NDRG4-targeting siRNAs or non-targeting siRNAs at 24 h and 48 h.
(XLS)

S14 File. Densitometric analyses of NDRG4 protein levels in ESCs at 72 h after transfec-
tion.
(XLS)

S15 File. Densitometric analyses of NDRG4 protein in villus tissues of RM patients and
normal pregnant women.
(XLS)

Acknowledgments
This study was funded by the National Natural Science Foundation of China (Grant No.
31301222, QY, XZ, YPH, ZGS), Science and Technology Committee of Shanghai (Grant No.
12JC1407601, YG, JMW, HJS, JW), and the Shanghai Municipal Commission of Health and
Family Planning Project of Science and Technology Development Fund (Grant No. 2013JG03,
XZ, ZGS).

Author Contributions
Conceived and designed the experiments: HJS JW. Performed the experiments: QY YG XZ
YPH YS. Analyzed the data: HJS JW. Contributed reagents/materials/analysis tools: JMW.

NDRG4 and Embryo Implantation

PLOS ONE | DOI:10.1371/journal.pone.0155491 May 13, 2016 15 / 18

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0155491.s009
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0155491.s009
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0155491.s010
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0155491.s011
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0155491.s012
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0155491.s013
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0155491.s014
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0155491.s015
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0155491.s016
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0155491.s017
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0155491.s018


Wrote the paper: HJS JW. Provided assistance for immunohistochemistry andWestern blot-
ting procedures: ZGS.

References
1. Aplin JD. Embryo implantation: the molecular mechanism remains elusive. Reproductive biomedicine

online. 2007; 14 Spec No 1:49–55.

2. Harun R, Ruban L, Matin M, Draper J, Jenkins NM, Liew GC, et al. Cytotrophoblast stem cell lines
derived from human embryonic stem cells and their capacity to mimic invasive implantation events.
Hum Reprod. 2006; 21(6):1349–58. doi: 10.1093/humrep/del017 PMID: 16478759.

3. Wang H, Dey SK. Roadmap to embryo implantation: clues frommouse models. Nat Rev Genet. 2006;
7(3):185–99. doi: 10.1038/nrg1808 PMID: 16485018.

4. Singh M, Chaudhry P, Asselin E. Bridging endometrial receptivity and implantation: network of hor-
mones, cytokines, and growth factors. The Journal of endocrinology. 2011; 210(1):5–14. doi: 10.1530/
JOE-10-0461 PMID: 21372150.

5. Goldman S, Shalev E. The role of the matrix metalloproteinases in human endometrial and ovarian
cycles. European journal of obstetrics, gynecology, and reproductive biology. 2003; 111(2):109–21.
PMID: 14597237.

6. Soundararajan R, Rao AJ. Trophoblast 'pseudo-tumorigenesis': significance and contributory factors.
Reproductive biology and endocrinology: RB&E. 2004; 2:15. doi: 10.1186/1477-7827-2-15 PMID:
15043753; PubMed Central PMCID: PMC407853.

7. Ott G. Impact of MYC on malignant behavior. Hematology / the Education Program of the American
Society of Hematology American Society of Hematology Education Program. 2014; 2014(1):100–6.
doi: 10.1182/asheducation-2014.1.100 PMID: 25696841.

8. MaM, Zhao K, WuW, Sun R, Fei J. Dynamic expression of N-myc in mouse embryonic development
using an enhanced green fluorescent protein reporter gene in the N-myc locus. Development, growth &
differentiation. 2014; 56(2):152–60. doi: 10.1111/dgd.12115 PMID: 24397388.

9. Dupays L, Kotecha S, Angst B, Mohun TJ. Tbx2 misexpression impairs deployment of second heart
field derived progenitor cells to the arterial pole of the embryonic heart. Dev Biol. 2009; 333(1):121–31.
doi: 10.1016/j.ydbio.2009.06.025 PMID: 19563797.

10. Nakada N, Hongo S, Ohki T, Maeda A, Takeda M. Molecular characterization of NDRG4/Bdm1 protein
isoforms that are differentially regulated during rat brain development. Brain research Developmental
brain research. 2002; 135(1–2):45–53. PMID: 11978392.

11. Yang X, An L, Li X. NDRG3 and NDRG4, two novel tumor-related genes. Biomedicine & pharmacother-
apy = Biomedecine & pharmacotherapie. 2013; 67(7):681–4. doi: 10.1016/j.biopha.2013.04.009 PMID:
23725756.

12. Melotte V, Lentjes MH, van den Bosch SM, Hellebrekers DM, de Hoon JP, Wouters KA, et al. N-Myc
downstream-regulated gene 4 (NDRG4): a candidate tumor suppressor gene and potential biomarker
for colorectal cancer. Journal of the National Cancer Institute. 2009; 101(13):916–27. doi: 10.1093/jnci/
djp131 PMID: 19535783.

13. Li S, Yang B, Li G, He S, Li Y. Downregulation of N-Myc downstream-regulated gene 4 influences
patient survival in gliomas. Brain tumor pathology. 2013; 30(1):8–14. doi: 10.1007/s10014-012-0092-2
PMID: 22399192.

14. Chu D, Zhang Z, Zhou Y, Li Y, Zhu S, Zhang J, et al. NDRG4, a novel candidate tumor suppressor, is a
predictor of overall survival of colorectal cancer patients. Oncotarget. 2015; 6(10):7584–96. PMID:
25749388; PubMed Central PMCID: PMC4480701.

15. Gu Y, Zhang X, Yang Q, Wang JM, He YP, Sun ZG, et al. Uterine NDRG2 expression is increased at
implantation sites during early pregnancy in mice, and its down-regulation inhibits decidualization of
mouse endometrial stromal cells. Reproductive biology and endocrinology: RB&E. 2015; 13:49. doi:
10.1186/s12958-015-0047-7 PMID: 26013399; PubMed Central PMCID: PMC4447025.

16. Gu Y, Zhang X, Yang Q, Wang J, He Y, Sun Z, et al. Aberrant Placental Villus Expression of miR-486-
3p and miR-3074-5p in Recurrent Miscarriage Patients and Uterine Expression of These MicroRNAs
during Early Pregnancy in Mice. Gynecologic and obstetric investigation. 2015. doi: 10.1159/
000435879 PMID: 26278328.

17. Kimura F, Takakura K, Takebayashi K, Ishikawa H, Kasahara K, Goto S, et al. Messenger ribonucleic
acid for the mouse decidual prolactin is present and induced during in vitro decidualization of endome-
trial stromal cells. Gynecological endocrinology: the official journal of the International Society of Gyne-
cological Endocrinology. 2001; 15(6):426–32. PMID: 11826766.

NDRG4 and Embryo Implantation

PLOS ONE | DOI:10.1371/journal.pone.0155491 May 13, 2016 16 / 18

http://dx.doi.org/10.1093/humrep/del017
http://www.ncbi.nlm.nih.gov/pubmed/16478759
http://dx.doi.org/10.1038/nrg1808
http://www.ncbi.nlm.nih.gov/pubmed/16485018
http://dx.doi.org/10.1530/JOE-10-0461
http://dx.doi.org/10.1530/JOE-10-0461
http://www.ncbi.nlm.nih.gov/pubmed/21372150
http://www.ncbi.nlm.nih.gov/pubmed/14597237
http://dx.doi.org/10.1186/1477-7827-2-15
http://www.ncbi.nlm.nih.gov/pubmed/15043753
http://dx.doi.org/10.1182/asheducation-2014.1.100
http://www.ncbi.nlm.nih.gov/pubmed/25696841
http://dx.doi.org/10.1111/dgd.12115
http://www.ncbi.nlm.nih.gov/pubmed/24397388
http://dx.doi.org/10.1016/j.ydbio.2009.06.025
http://www.ncbi.nlm.nih.gov/pubmed/19563797
http://www.ncbi.nlm.nih.gov/pubmed/11978392
http://dx.doi.org/10.1016/j.biopha.2013.04.009
http://www.ncbi.nlm.nih.gov/pubmed/23725756
http://dx.doi.org/10.1093/jnci/djp131
http://dx.doi.org/10.1093/jnci/djp131
http://www.ncbi.nlm.nih.gov/pubmed/19535783
http://dx.doi.org/10.1007/s10014-012-0092-2
http://www.ncbi.nlm.nih.gov/pubmed/22399192
http://www.ncbi.nlm.nih.gov/pubmed/25749388
http://dx.doi.org/10.1186/s12958-015-0047-7
http://www.ncbi.nlm.nih.gov/pubmed/26013399
http://dx.doi.org/10.1159/000435879
http://dx.doi.org/10.1159/000435879
http://www.ncbi.nlm.nih.gov/pubmed/26278328
http://www.ncbi.nlm.nih.gov/pubmed/11826766


18. Salgado RM, Favaro RR, Zorn TM. Modulation of small leucine-rich proteoglycans (SLRPs) expression
in the mouse uterus by estradiol and progesterone. Reproductive biology and endocrinology: RB&E.
2011; 9:22. doi: 10.1186/1477-7827-9-22 PMID: 21294898; PubMed Central PMCID: PMC3041739.

19. Horvat B. Cyclic changes in the expression of endometrial proteins of the mouse during the normal
estrus cycle. In vivo. 1991; 5(4):345–7. PMID: 1810419.

20. Hall JM, Couse JF, Korach KS. The multifaceted mechanisms of estradiol and estrogen receptor signal-
ing. J Biol Chem. 2001; 276(40):36869–72. doi: 10.1074/jbc.R100029200 PMID: 11459850.

21. Maeda A, Hongo S, Miyazaki A. Genomic organization, expression, and comparative analysis of non-
coding region of the rat Ndrg4 gene. Gene. 2004; 324:149–58. PMID: 14693380.

22. Das SK. Cell cycle regulatory control for uterine stromal cell decidualization in implantation. Reproduc-
tion. 2009; 137(6):889–99. doi: 10.1530/REP-08-0539 PMID: 19307426.

23. Paulson RJ. Hormonal induction of endometrial receptivity. Fertility and sterility. 2011; 96(3):530–5.
doi: 10.1016/j.fertnstert.2011.07.1097 PMID: 21880274.

24. King AE, Critchley HO. Oestrogen and progesterone regulation of inflammatory processes in the
human endometrium. The Journal of steroid biochemistry and molecular biology. 2010; 120(2–3):116–
26. doi: 10.1016/j.jsbmb.2010.01.003 PMID: 20067835.

25. Ramathal CY, Bagchi IC, Taylor RN, Bagchi MK. Endometrial decidualization: of mice and men. Semi-
nars in reproductive medicine. 2010; 28(1):17–26. doi: 10.1055/s-0029-1242989 PMID: 20104425;
PubMed Central PMCID: PMC3095443.

26. Kotipatruni RP, Ren X, Thotala D, Jaboin JJ. NDRG4 is a novel oncogenic protein and p53 associated
regulator of apoptosis in malignant meningioma cells. Oncotarget. 2015. PMID: 26053091.

27. Fluhr H, Spratte J, BredowM, Heidrich S, Zygmunt M. Constitutive activity of Erk1/2 and NF-kappaB
protects human endometrial stromal cells from death receptor-mediated apoptosis. Reproductive biol-
ogy. 2013; 13(2):113–21. doi: 10.1016/j.repbio.2013.03.001 PMID: 23719115.

28. Logan PC, Steiner M, Ponnampalam AP, Mitchell MD. Cell cycle regulation of human endometrial stro-
mal cells during decidualization. Reproductive sciences. 2012; 19(8):883–94. doi: 10.1177/
1933719112438447 PMID: 22534328.

29. Gentilini D, Busacca M, Di Francesco S, Vignali M, Vigano P, Di Blasio AM. PI3K/Akt and ERK1/2 sig-
nalling pathways are involved in endometrial cell migration induced by 17beta-estradiol and growth fac-
tors. Mol Hum Reprod. 2007; 13(5):317–22. doi: 10.1093/molehr/gam001 PMID: 17350964.

30. Hongo S,Watanabe T, Takahashi K, Miyazaki A. Ndrg4 enhances NGF-induced ERK activation uncou-
pled with Elk-1 activation. J Cell Biochem. 2006; 98(1):185–93. doi: 10.1002/jcb.20763 PMID:
16408304.

31. Saba-El-Leil MK, Vella FD, Vernay B, Voisin L, Chen L, Labrecque N, et al. An essential function of the
mitogen-activated protein kinase Erk2 in mouse trophoblast development. EMBO reports. 2003; 4
(10):964–8. doi: 10.1038/sj.embor.embor939 PMID: 14502223; PubMed Central PMCID:
PMC1326397.

32. Gouon-Evans V, Pollard JW. Eotaxin is required for eosinophil homing into the stroma of the pubertal
and cycling uterus. Endocrinology. 2001; 142(10):4515–21. doi: 10.1210/endo.142.10.8459 PMID:
11564717.

33. Stewart CA, Fisher SJ, Wang Y, Stewart MD, Hewitt SC, Rodriguez KF, et al. Uterine gland formation in
mice is a continuous process, requiring the ovary after puberty, but not after parturition. Biology of
reproduction. 2011; 85(5):954–64. doi: 10.1095/biolreprod.111.091470 PMID: 21734259; PubMed
Central PMCID: PMC3197914.

34. Hewitt SC, Kissling GE, Fieselman KE, Jayes FL, Gerrish KE, Korach KS. Biological and biochemical
consequences of global deletion of exon 3 from the ER alpha gene. FASEB J. 2010; 24(12):4660–7.
doi: 10.1096/fj.10-163428 PMID: 20667977; PubMed Central PMCID: PMC2992373.

35. Hayashi K, Erikson DW, Tilford SA, Bany BM, Maclean JA 2nd, Rucker EB 3rd, et al. Wnt genes in the
mouse uterus: potential regulation of implantation. Biology of reproduction. 2009; 80(5):989–1000. doi:
10.1095/biolreprod.108.075416 PMID: 19164167; PubMed Central PMCID: PMC2804842.

36. Chen Y, Ni H, Ma XH, Hu SJ, Luan LM, Ren G, et al. Global analysis of differential luminal epithelial
gene expression at mouse implantation sites. Journal of molecular endocrinology. 2006; 37(1):147–61.
doi: 10.1677/jme.1.02009 PMID: 16901931.

37. Bermejo-Alvarez P, Park KE, Telugu BP. Utero-tubal embryo transfer and vasectomy in the mouse
model. Journal of visualized experiments: JoVE. 2014;( 84):e51214. doi: 10.3791/51214 PMID:
24637845; PubMed Central PMCID: PMC4141639.

38. Maurya VK, Jha RK, Kumar V, Joshi A, Chadchan S, Mohan JJ, et al. Transforming growth factor-beta
1 (TGF-B1) liberation from its latent complex during embryo implantation and its regulation by estradiol

NDRG4 and Embryo Implantation

PLOS ONE | DOI:10.1371/journal.pone.0155491 May 13, 2016 17 / 18

http://dx.doi.org/10.1186/1477-7827-9-22
http://www.ncbi.nlm.nih.gov/pubmed/21294898
http://www.ncbi.nlm.nih.gov/pubmed/1810419
http://dx.doi.org/10.1074/jbc.R100029200
http://www.ncbi.nlm.nih.gov/pubmed/11459850
http://www.ncbi.nlm.nih.gov/pubmed/14693380
http://dx.doi.org/10.1530/REP-08-0539
http://www.ncbi.nlm.nih.gov/pubmed/19307426
http://dx.doi.org/10.1016/j.fertnstert.2011.07.1097
http://www.ncbi.nlm.nih.gov/pubmed/21880274
http://dx.doi.org/10.1016/j.jsbmb.2010.01.003
http://www.ncbi.nlm.nih.gov/pubmed/20067835
http://dx.doi.org/10.1055/s-0029-1242989
http://www.ncbi.nlm.nih.gov/pubmed/20104425
http://www.ncbi.nlm.nih.gov/pubmed/26053091
http://dx.doi.org/10.1016/j.repbio.2013.03.001
http://www.ncbi.nlm.nih.gov/pubmed/23719115
http://dx.doi.org/10.1177/1933719112438447
http://dx.doi.org/10.1177/1933719112438447
http://www.ncbi.nlm.nih.gov/pubmed/22534328
http://dx.doi.org/10.1093/molehr/gam001
http://www.ncbi.nlm.nih.gov/pubmed/17350964
http://dx.doi.org/10.1002/jcb.20763
http://www.ncbi.nlm.nih.gov/pubmed/16408304
http://dx.doi.org/10.1038/sj.embor.embor939
http://www.ncbi.nlm.nih.gov/pubmed/14502223
http://dx.doi.org/10.1210/endo.142.10.8459
http://www.ncbi.nlm.nih.gov/pubmed/11564717
http://dx.doi.org/10.1095/biolreprod.111.091470
http://www.ncbi.nlm.nih.gov/pubmed/21734259
http://dx.doi.org/10.1096/fj.10-163428
http://www.ncbi.nlm.nih.gov/pubmed/20667977
http://dx.doi.org/10.1095/biolreprod.108.075416
http://www.ncbi.nlm.nih.gov/pubmed/19164167
http://dx.doi.org/10.1677/jme.1.02009
http://www.ncbi.nlm.nih.gov/pubmed/16901931
http://dx.doi.org/10.3791/51214
http://www.ncbi.nlm.nih.gov/pubmed/24637845


in mouse. Biology of reproduction. 2013; 89(4):84. doi: 10.1095/biolreprod.112.106542 PMID:
23926286.

39. Hu SJ, Ren G, Liu JL, Zhao ZA, Yu YS, Su RW, et al. MicroRNA expression and regulation in mouse
uterus during embryo implantation. J Biol Chem. 2008; 283(34):23473–84. doi: 10.1074/jbc.
M800406200 PMID: 18556655.

40. Nautiyal J, Kumar PG, Laloraya M. 17Beta-estradiol induces nuclear translocation of CrkL at the win-
dow of embryo implantation. Biochem Biophys Res Commun. 2004; 318(1):103–12. doi: 10.1016/j.
bbrc.2004.04.005 PMID: 15110759.

41. Li Q, Kannan A, WangW, Demayo FJ, Taylor RN, Bagchi MK, et al. Bone morphogenetic protein 2
functions via a conserved signaling pathway involvingWnt4 to regulate uterine decidualization in the
mouse and the human. J Biol Chem. 2007; 282(43):31725–32. doi: 10.1074/jbc.M704723200 PMID:
17711857.

NDRG4 and Embryo Implantation

PLOS ONE | DOI:10.1371/journal.pone.0155491 May 13, 2016 18 / 18

http://dx.doi.org/10.1095/biolreprod.112.106542
http://www.ncbi.nlm.nih.gov/pubmed/23926286
http://dx.doi.org/10.1074/jbc.M800406200
http://dx.doi.org/10.1074/jbc.M800406200
http://www.ncbi.nlm.nih.gov/pubmed/18556655
http://dx.doi.org/10.1016/j.bbrc.2004.04.005
http://dx.doi.org/10.1016/j.bbrc.2004.04.005
http://www.ncbi.nlm.nih.gov/pubmed/15110759
http://dx.doi.org/10.1074/jbc.M704723200
http://www.ncbi.nlm.nih.gov/pubmed/17711857

