
cells. Using RT-PCR, we found that the expression levels of the
Ets-1 significantly down-regulated (Fig. 7G) at 48 h and 72 h from
transfection in ES cells treated with BNP siRNA, indicating that
BNP is required for the activation of Ets-1 in ES cells.

Discussion

In the present study we demonstrate for the first time that
undifferentiated murine ES cells express BNP and its receptor. We
also report that BNP signaling is essential for murine ES cell
survival and their clonal growth, through the suppression of
GABAAR genes and activation of the transcription factor Ets-1.
Together, these findings establish BNP as a novel regulator for
murine ES cell proliferation.

The results showed that the expression of BNP and NPR-A were
observed only in Oct-4-positive cells in the undifferentiated ES cells
and the pre-implantation embryos. These results establish defini-
tively that BNP and NPR-A are specifically expressed in self-
renewing ES cells. During development, Oct-4 expression is required
to maintain the pluripotent cell population of the inner cell mass
(ICM) and epiblast. In addition, Oct-4 is highly expressed in ES cells,

and without this factor, these cells differentiate along the trophoblast
lineage [18].These findings suggest that BNP may exert regulatory
functions prior to embryo implantation and in undifferentiated ES
cells. Therefore, we investigated this possibility by examining the
effect of BNP knockdown in ES cells, which significantly suppressed
ES cell proliferation by decreasing the percentage of cells in S phase
(DNA synthesis phase) and accumulation of cells in G1 and G2/M
phases. The mechanism underlying the accumulation of cells in G2/
M cell cycle phases is unknown, which suggest that BNP may has a
role in regulating G2/M cell cycle transition, as well as G1/S in ES
cells. These findings suggest the important role of endogenous BNP
in maintaining the ES cell proliferation.

BNP is known to play a role in cell growth [12,15]. A transgenic
mouse over-expressing BNP exhibited marked skeletal overgrowth,
and studies using in vitro organ culture of mouse tibia
demonstrated that BNP increases cGMP production and activates
the proliferation of growth plate chondrocytes via GC-coupled
natriuretic peptide receptors [12]. In contrast, no skeletal defects
are reported in transgenic mice overexpressing ANP [19],
although ANP and BNP have similar affinity to known GC-
coupled natriuretic peptide receptors [8,20]. It is interesting to

Figure 5. BNP knockdown does not affect on the ES cell pluripotency. [A] Alkaline phosphatase staining of ES cells 4 days after transfection
with control siRNA or BNP siRNA. [B] Real-time PCR analysis shows equal level of nanog mRNA (pluripotent marker) in ES cells 48 h after siRNA
transfection with control siRNA or BNP siRNA (n = 3). [C] Flow cytometric analysis of Oct-4 expression (a marker of pluripotency) in ES cells treated as
in A, shows no significant difference in Oct-4 levels after BNP knockdown. Data represent mean6 s.d (p-value from two-tailed Student’st-test). Scale
bars, 10mm (F).
doi:10.1371/journal.pone.0005341.g005
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note mice with targeted deletion of BNP [21] exhibit a different
phenotype than ANP-deficient mice [22]. Mice without BNP do
not have hypertension; instead they show focal ventricular fibrosis
[21]. This had led to the speculation that there may be a separate
unknown receptor for BNP in cardiac fibroblasts.

However, in cultures of embryonic mouse tibias, BNP and CNP
increased bone growth and stimulated cGMP production by
signaling through NPR-B [23]. Moreover, Mice lacking NPR-A
exhibit cardiac hypertrophy, hypertension, fibrosis [24]. These
findings agree with our results, which showed that BNP knockdown
in ES cells led to a marked decrease in intracellular cGMP level and a
significant reduction in mRNA level of NPR-B. It is possible that the
reduced cGMP level in ES cells is a reflection of the reduced NPR-B
mRNA level. This hypothesis represents the signaling pathway
through NPR-B as a possible regulator for ES cell proliferation.
However, further studies are needed to elucidate the role of NPR-B
in ES cell proliferation. It has been reported that mice lacking NPR-
B were sterile due to lack of development of the reproductive system
[14]. Furthermore, in the current study NPR-B expression was
detected in Oct-4-positive cells of the pre-implantation embryos,
suggesting a role of NPR-B in early stages of development. Taken
together, these findings suggest that BNP could be exerting its
proliferative effects through either NPR-A, its preferred receptor or
through NPR-B, for which it has reasonable affinity [25].

BNP knockdown led to up-regulation of GABAAR genes.
Furthermore, the GABAAR activation led to suppression of BNP
expression in ES cells. Recently, thea1 andb3 subunits have been
found to be the major subunits of GABAARs in ES cells, and they
negatively regulate ES cell proliferation through a phosphorylated
histone (c-H2AX)-dependent mechanism [17]. However, the
correlation between BNP and GABAAR has been previously
determined, whereby BNP suppresses GABAAR currents in retinal
bipolar cells [26]. These findings suggest that endogenous BNP
signaling is important for inhibiting the GABAAR levels in ES
cells, which in turn promotes ES cell proliferation.

Also, we found that BNP knockdown led to accumulation ofc-
H2AX in ES cells. H2AX is considered to be critical for the

surveillance of genome integrity [27]. It was found that GABAAR
activation led to phosphorylation of H2AX in cell cycle-dependent
and DNA damage-independent manners [16,28]. However, our
results showed an increase in the rate of apoptosis in the BNP
siRNA-treated cells. Taken together, these findings suggest that
accumulation ofc-H2AX after BNP knockdown in ES cells may
be as a result of the activation of GABAARs and/or apoptosis.

BNP knockdown in ES cells led to a marked reduction in the
transcription factor Ets-1. Ets-1 was shown to be required for the
normal survival of T cells, and Ets-12/ 2 T cells displayed a severe
proliferative defect and demonstrated increased rates of sponta-
neous apoptosis, indicating anti-apoptotic role [29,30]. In
addition, Ets-1 was reported to participate in the activation of
BNP gene [31]. Furthermore, NPR-A gene transcription and
guanylyl cyclase (GC) activity of the receptor are critically
regulated by Ets-1 in target cells [32]. Although, there is no data
available about the role of Ets-1 in ES cell proliferation, these
results indicate that the Ets-1 may be involved in the anti-
apoptotic and proliferative effects of endogenous BNP on ES cells.

In summary, our data establish BNP as an essential regulator for
the proliferation of murine ES cells. The undifferentiated ES cells
express high levels of BNP and its specific receptor. Knockdown of
BNP in ES cells led to a marked decrease in ES cell proliferation
through a cGMP-dependent mechanism. The reduction of ES cell
number observed in BNP siRNA-treated cells was primarily due to
GABAAR activation,c-H2AX accumulation, Ets-1 inhibition and
apoptosis induction (Fig. 8). The present study defines a new
pathway that is mediated by BNP-GABAAR for control ES cell
propagation in vitro (Fig. 8). These findings will facilitate our
understanding of the signaling pathways that maintain the unusual
proliferative characteristics of ES cells.

Materials and Methods

ES Cell Culture
Murine ES cells (E14TG2a) (CRL-1821; American Type

Culture Collection, Manassas, VA, USA) were maintained in

Figure 6. siRNA-mediated knockdown of BNP reduces cGMP production and NPR-B mRNA. [A] cGMP assay of ES cells 48 h after ES cell
transfection with the control siRNA or BNP siRNA. [B] PCR analysis of NPR-A and NPR-B 48 h after ES cell transfection with the control siRNA or BNP
siRNA . Data represent mean6 s.d (n = 3; p-value from two-tailed Student’st-test).
doi:10.1371/journal.pone.0005341.g006
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