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Smad2 mediates Activin/Nodal signaling in mesendoderm
differentiation of mouse embryonic stem cells
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Although Activin/Nodal signaling regulates pluripotency of human embryonic stem (ES) cells, how this signaling
acts in mouse ES cells remains largely unclear. To investigate this, we confirmed that mouse ES cells possess active
Smad2-mediated Activin/Nodal signaling and found that Smad2-mediated Activin/Nodal signaling is dispensable
for self-renewal maintenance but is required for proper differentiation toward the mesendoderm lineage. To gain
insights into the underlying mechanisms, Smad2-associated genes were identified by genome-wide chromatin immu-
noprecipitation-chip analysis. The results showed that there is a transcriptional correlation between Smad2 binding
and Activin/Nodal signaling modulation, and that the development-related genes were enriched among the Smad2-
bound targets. We further identified Tapbp as a key player in mesendoderm differentiation of mouse ES cells acting
downstream of the Activin/Nodal-Smad2 pathway. Taken together, our findings suggest that Smad2-mediated Ac-
tivin/Nodal signaling orchestrates mesendoderm lineage commitment of mouse ES cells through direct modulation of
corresponding developmental regulator expression.
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Introduction

Embryonic stem (ES) cells derived from blastocyst-
stage embryos can be maintained in a self-renewal state
or induced to differentiate into all the cell lineages of the
body [1-3]. Extrinsic stimuli of cytokines produced cell
autonomously or imposed exogenously play crucial roles
in ES cell fate determination by triggering distinct sig-
naling cascades (reviewed in [4]). Unlike the conserved
pluripotency maintenance roles of core transcription fac-
tors like Nanog, Oct4 and Sox2 etc., mouse and human
ES cells respond differently to extrinsic signals to main-
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tain their self-renewal status.

Among those signals, members of the transforming
growth factor-p (TGF-B) superfamily were recognized
as the crucial ones for both mouse and human ES cell
fate choices and were representative to show the distinct
requirements of the two species [5-7]. The TGF-f super-
family comprises two main groups: the TGF-B/Activin/
Nodal group and the bone morphogenetic protein (BMP)/
growth and differentiation factor (GDF) group. These
extracellular cytokines transduce signals via binding to
their cognate pairs of receptors (type I and type II recep-
tors), which in turn activate R-Smad (receptor-regulated
Smad) proteins via phosphorylation. Activated R-Smads
then form a heterocomplex with the common mediator
Smad4 to regulate gene expression in the nucleus with
help of other cofactors or transcription factors [8-12].
The two groups of TGF-f superfamily members employ
different sets of R-Smads to transduce their signals:
TGF-B/Activin/Nodal mainly activate Smad2 and Smad3,
whereas BMP/GDF generally utilize Smadl, Smad5 and



Smad8. Genetic and biochemical studies have well docu-
mented that Smad2, but not Smad3, plays a critical role
in mediating Activin/Nodal signaling to regulate mouse
embryo development [13-15], indicating the potential
significance of Smad2 in ES cell fate determination.

In human ES cells, TGF-B/Activin/Nodal signaling
was regarded as one of the most crucial pathways for
self-renewal maintenance, while BMP signaling can
drive ES cells to trophoblast differentiation [16-19]. Dis-
tinct from human ES cells, mouse ES cells employ BMP
signaling to promote self-renewal in combination with
leukemia inhibitory factor (LIF) signaling mainly by in-
hibiting neural differentiation [20, 21]. TGF-B signaling
was recognized as being inert in undifferentiated mouse
ES cells probably due to low expression of the TGF-3
type II receptor [22, 23]. Activin/Nodal signaling has
been reported to promote mouse ES cell proliferation [22].
A recent report also suggested that endogenous Nodal
signaling indirectly modulates pluripotency via negative
regulation of BMP signaling [24]. When ES cells are in-
duced to differentiate, both branches of the TGF-§ family
signals are implicated in various lineage commitment,
serving as either inducers or repressors in a context-
dependent manner [5-7]. However, the exact role of the
Smad-mediated Activin/Nodal signaling in self-renewal
and differentiation is still largely unclear.

In the present study, we found that the Smad2-mediat-
ed Activin/Nodal signaling is dispensable for self-renew-
al maintenance, but is essential for proper commitment
of several lineages, especially of mesendoderm. Through
mapping Smad2-associated genes by the genome-wide
chromatin immunoprecipitation (ChIP)-chip approach,
we found that Smad2-bound genes mainly encode devel-
opment-related regulators, which may in turn orchestrate
mouse ES cell fate choices downstream of Activin/Nod-
al-Smad?2 signaling. Finally, we exemplified the above
point by identifying a Smad?2 target gene — Tapbp, as a
new key player mediating Activin/Nodal-Smad2 func-
tions during mesendoderm differentiation.

Results

Smad2-mediated Activin/Nodal signaling is active in
mouse ES cells

Before investigating the roles of Activin/Nodal signal-
ing in mouse ES cells, we first examined the endogenous
Activin/Nodal signaling activity in R1 ES cells and to
what extent those cells respond to the exogenous ligand
stimuli. By employing the Smad2/3-responsive TGF-f/
Activin/Nodal signaling luciferase reporter constructs —
CAGA-Luciferase and 3TP-Luciferase, we determined
the reporter activities in serum-free cultured ES cells
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after treatment with 25 ng/ml Activin, 10 uM SB431542
(specific small molecule inhibitor of TGF-f/Activin/
Nodal signaling type I receptors — Alk4, AlkS and Alk7)
and both together for 24 h. As shown in Figure 1A and
1B, exogenous Activin dramatically upregulated both
CAGA-Luciferase and 3TP-Luciferase activities, indicat-
ing that R1 ES cells possess a well-responsive signaling
machinery for Activin/Nodal signaling. Furthermore,
SB431542 significantly repressed the expression of these
reporters at the basal level, reflecting the existence of
endogenous Activin/Nodal signaling activity in these
cells. Consistently, SB431542 also inhibited the reporter
activities induced by Activin.

To confirm that Smad2 mediates Activin/Nodal sig-
naling transduction in mouse ES cells, we then moni-
tored the phospho-Smad2 levels. SB431542 caused a
significant decrease of the basal phospho-Smad2 levels,
whereas Activin induced ~3-fold increase of phospho-
Smad2 (Figure 1C). Notably, TGF-§ slightly enhanced
phospho-Smad? level, which is consistent with the previ-
ous reports that TGF-p responsiveness is weak in mouse
ES cells. These data clearly showed that R1 mouse ES
cells possess endogenous Smad-mediated Activin/Nodal
signaling and respond to the extrinsic stimuli.

Smad? is not required for self-renewal of mouse ES cells

To further determine how Smad2-mediated Activin/
Nodal signaling exerts its biological functions in mouse
ES cells, we generated a stable Smad2 knockdown ES
cell line with short hairpin RNA (shRNA) (Figure 2A).
The Smad2 knockdown ES cells cultured in the stan-
dard conditions do not show discriminable difference in
morphology (data not shown). To further clarify whether
endogenous Smad2-mediated Activin/Nodal signal-
ing affects mouse ES cell self-renewal, we examined
the mRNA levels of the self-renewal markers Nanog,
Oct4 and Zfp42/Rex1. As shown in Figure 2B, all of
them showed no difference between control and Smad2
knockdown cells. This result was further confirmed by
examination of the protein levels of Nanog and Oct4
(Figure 2C), suggesting that Smad2-mediated Activin/
Nodal signaling may not play an essential role in mouse
ES cell pluripotency maintenance. In addition, Smad2
knockdown had no effect on cell proliferation (Supple-
mentary information, Figure S1). Consistently, a long-
term treatment of SB431542 (2 days) did not change the
expression of Nanog, Oct4 and Rex! either (Figure 2D).
As a control, Lefty2, a well-characterized target gene of
Activin/Nodal, was repressed significantly by SB431542.
These data together indicate that endogenous Smad2-me-
diated Activin/Nodal signaling is not essential for mouse
ES cell self-renewal.
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Figure 1 Mouse ES cells possess active Activin/Nodal-Smad2
signaling. (A, B) R1 cells transfected with CAGA-luciferase (A)
or 3TP-luciferase (B) were treated with DMSO (Ctrl), 25 ng/ml
Activin (Act), 10 uM SB431542 (SB) or both for 24 h, respective-
ly. Cells were then harvested for luciferase assay. The experi-
ment was performed in triplicate, and the data are presented as
mean + SEM of three independent experiments after normaliza-
tion to Renilla activity (**P < 0.01, *P < 0.05). (C) R1 cells were
treated with 10 uM SB431542 (SB), 25 ng/ml Activin (Act), 100
pM TGF-B (TB) or both 25 ng/ml Activin and 10 uM SB431542
for 1 h (except one lane of SB431542 for 2 h), respectively.
Phospho-Smad2 level was determined by immunoblotting. Anti-
Smad2 antibody was used to detect total smad2 level. The
numbers below the phospho-Smad2 bands indicate the relative
density of phospho-Smad2 compared with corresponding total
Smad2.

Smad2-mediated Activin/Nodal signaling regulates dis-
tinct fate choices of ES cells
We then asked whether Smad2 knockdown may inter-

fere with the proper differentiation processes of mouse
ES cells using embryoid body (EB), in which ES cells
autonomously undergo multilineage differentiation after
LIF deprivation. We monitored the expression of mul-
tiple lineage markers in control and Smad2 knockdown
cells at both days 6 and 8 time point of EB formation
using quantitative RT-PCR. Significant downregulation
of mesodermal and endodermal markers (7, Gsc, Lhx1,
Gata6 and Cxcr4) was observed (Figure 2E). Trophecto-
dermal markers (Cdx2 and Eomes) were also repressed
in Smad2 knockdown cells, whereas ectodermal markers
(Sox1, Otx2 and Fgf5) remained unchanged. Intrigu-
ingly, in contrast to Gata6 and Cxcr4, the endodermal
markers Afp and Sox!7 exhibited upregulation in Smad2
knockdown cells, indicating that there is a differential
regulation pattern for endoderm differentiation (Figure
2E). We speculated that this paradox may result from
the differential regulatory mechanisms of these distinct
lineage markers by endogenous Smad?2 signaling and the
Smad? effect on differentiation is lineage-specific but not
the whole germ layer-specific. Furthermore, the dynamic
regulation depends on the time and differentiation stages,
and certain bias of this differentiation system cannot be
excluded. Nevertheless, these data strongly indicate that
endogenous Smad2-mediated Activin/Nodal signaling
plays important roles during mouse ES cells fate deter-
mination, especially toward mesendodermal and trophec-
todermal lineages.

To obtain a more precise picture of the roles of
Smad2-mediated Activin/Nodal signaling in mouse ES
cell differentiation, we adopted a more direct differentia-
tion system, in which ES cells were cultured as mono-
layer in a defined N2B27-supplemented medium without
feeder, serum or serum replacement [21]. The cells were
differentiated toward mesendoderm with Activin treat-
ment for 4-5 days; otherwise the cells underwent neu-
roectoderm differentiation in the absence of Activin (data
not shown). We then compared the mesendoderm differ-
entiation status of control and Smad2 knockdown cells
before and after Activin treatment for 5 days. As shown
in Figure 2F, mesendodermal markers — Gsc, Lhxl and
Sox17 — were dramatically induced, and knockdown of
Smad2 significantly attenuated their induction. Distinct
from the EB differentiation system, Cxcr4 seemed not to
respond well to Activin in this system, but Smad2 knock-
down could still reduce its induction. The ectoderm
markers Sox/ and Fgf5 were not induced by Activin,
but knockdown of Smad2 led to a higher expression of
Sox1, which is also a marker of early neural lineages,
consistent with that Activin/Nodal signaling has a repres-
sive role in early neural differentiation [25]. The tro-
phectodermal marker Cdx2 was not effectively induced
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by Activin, nor repressed by Smad2 knockdown (Figure
2F). These data together indicate that Smad2-mediated
Activin/Nodal signaling regulates distinct mouse ES cell
lineage commitment, especially promoting mesendoderm
differentiation.

Genome-wide identification of Smad2-bound genes in ES
cells

To systematically identify direct Smad2 target genes
downstream of Activin/Nodal signaling, we employed
ChIP coupled high-throughput promoter array technique
(ChIP-chip) to map the Smad2 binding sites in R1 ES
cells. Undifferentiated R1 cells cultured in serum re-
placement medium on gelatin-coated feeder-free plates
were harvested for ChIP with the antibodies specifically
recognizing Smad2 in R1 cells (Supplementary informa-
tion, Figure S2). Genomic DNA immunoprecipitated by
Smad2 was then amplified, labeled with fluorophores
and finally detected on the Agilent mouse promoter ar-
rays, consisting of ~60-base pair (bp) probes at ~200-
bp intervals covering from upstream —5.5 kilobases (kb)
to downstream +2.5 kb promoter regions relative to the
transcriptional start sites (TSS) for ~17 000 annotated
genes of the mouse genome. Binding sites were defined
by the method described previously [21], which was
shown to obtain a highly credible data set with a false-
positive rate of less than 20% as validated by ChIP-PCR
and other criteria. Seven hundred ninety-two genes har-
boring Smad2 binding sites were identified (Supplemen-
tary information, Table S1). By comparing Smad2 bind-
ing sites with the reported Smad4 binding sites in the
mouse genome [21], we found that Smad2 and Smad4
have a significant co-occupation in the genome of R1
cells with empirical P < 0.001 (Figure 3A). Binding peak
plots of Casc4 and Fbn2 exemplified the co-occupation
of Smad2 and Smad4 (Figure 3B). Representative ChIP-

PCR validation of several Smad2 binding events is
shown in Figure 3C. Further examination of Smad2 bind-
ing sites distribution along the promoter regions showed
that Smad2 binding is mostly concentrated in the region
near the TSS (Figure 3D).

Smad?2 binding correlates with Activin/Nodal signaling-
modulated transcriptional regulation

To determine whether Smad2-DNA association in
undifferentiated ES cells accounts for the transcrip-
tional outputs of Activin/Nodal signaling, we compared
our Smad2-DNA binding data with the Activin- or
SB431542-treated mouse ES cell expression array data
obtained by Galvin et al. [24] by Parametric Analysis of
Gene Set Enrichment (PAGE) analysis (Supplementary
information, Table S2). PAGE is a statistical method to
detect whether a prior defined gene set shows statistically
significant differences between two samples or states [26].
As shown in Figure 4A and Supplementary information,
Figure S3, neither Smad2- nor Smad4-binding genes
showed significant correlation with expression level
change upon Activin or SB431542 stimuli, whereas those
genes co-occupied by both Smad2 and Smad4 exhibited
a significant upregulation (judged by the Z-score) as
evidenced by the P-value of 0.001 in SB431542-treated
group, indicating that genes bound by both Smad2 and
Smad4 tend to show transcriptional regulation upon
SB431542 treatment in undifferentiated ES cells. We
then selected several genes from Smad2-associated tar-
gets and examined their expression upon the treatment
of Activin or SB431542 for 4 h or in the Smad2 knock-
down cells. Although the well-characterized TGF-f/
Activin/Nodal target Lefty2 was not found in our Smad2
binding target list, which might result from the relative
moderate binding strength under experimental condi-
tions or stringent cutoff algorithms, another classical

Figure 2 Smad2-mediated Activin/Nodal signaling regulates mouse ES cell fate determination. (A) The lysates from R1 cells
stably transfected with different shRNA producing plI3.7-puro plasmids — empty vector (Vec), luciferase control shRNA (iCtrl)
and Smad2 shRNA (iS2) — were subjected to immunoblotting using anti-Smad2 and anti-Smad4 antibodies. Tubulin served
as a loading control. (B) Control and Smad2 knockdown cells were cultured in the medium with serum replacement plus
LIF without feeders, and RNA was isolated to determine the mRNA levels of Nanog, Oct4 and Zfp42/Rex1 by gqRT-PCR. (C)
Protein levels of Nanog and Oct4 in control and Smad2 knockdown cells revealed by immunoblotting. GAPDH served as a
loading control. (D) Inhibition of endogenous Activin/Nodal signaling does not affect the expression of self-renewal markers.
R1 ES cells were treated with DMSO (Ctrl) or 10 uM SB431542 (SB) for 2 days, and mRNA level of indicated genes were de-
termined by gqRT-PCR. (E) Smad2 knockdown differentially influences distinct lineage marker expression during EB differen-
tiation of R1 cells. EBs derived from 6 day and 8 day differentiation of control and Smad2 knockdown (iCtrl and iS2, respec-
tively) were harvested for gRT-PCR analysis of distinct germ layer markers. The significance in expression was analyzed by
Student’s t-test, and data are presented as mean + SEM (n = 3, **P < 0.01). (F) Smad2 knockdown impairs mesendoderm
marker expression in a monolayer culture-based Activin-induced differentiation system. Cells cultured in a defined N2B27
medium were treated with 25 ng/ml Activin for 5 days and the mRNA levels of indicated lineage markers were determined by
gRT-PCR. The significance of expression was analyzed by Student’s t-test and data are presented as mean + SEM (n = 3,
**P < 0.01).
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TGF-p/Activin/Nodal target gene — Smad7, was in the
list (Supplementary information, Table S1). Their expres-
sion was differentially induced by Activin to various ex-
tents and significantly repressed by SB431542 or Smad2
knockdown (Figure 4B). In contrast, /d2 and Tmem109
were upregulated by SB431542 or Smad2 knockdown
and remained unchanged upon Activin treatment, indi-
cating that endogenous Smad2-mediated Activin/Nodal
signaling plays key roles in their expression regulation,
possibly due to the high endogenous Activin activity or
to other Smad2-mediated Activin-independent signaling
(for instance, Nodal signaling). Interestingly, another
two genes — Pmp22 and Tapbp — are representative of the
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gene set, which exhibited better response to exogenous
Activin/Nodal signaling than the endogenous signaling
(Figure 4B). Therefore, Smad2 association may mediate
different types of gene regulation with regard to the sig-
naling intensity thresholds.

Notably, there was a large population of Smad2-asso-
ciated genes that did not exhibit transcriptional changes
upon Activin/Nodal signaling modulation in undifferen-
tiated ES cells. We speculated that Smad2 association
with DNA not only is for real-time transcription events
but also can act as a pre-occupation status ready to meet
proper stimuli to initiate transcription. To test this pos-
sibility, we monitored the transcriptional responsiveness
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Figure 3 Genome-wide mapping of Smad2-associated genes in R1 cells. (A) Venn diagram showing the overlap among
genes bound by Smad2 and Smad4. Smad2-bound genes were compared with previously reported Smad4-bound ones iden-
tified in the same conditions. (B) A representative view of co-occupancy by Smad2 and Smad4. Plots display unprocessed
ChlIP-enriched ratios within the chromosomal region indicated in the X axis. The corresponding gene was depicted below the
plot with TSS and transcriptional direction denoted by arrows. (C) Representative results of Smad2-DNA association valida-
tion by ChlP-site-specific PCR. Anti-Smad2 immuno-enriched (IP) DNA (10 ng) from R1 cells and a range of unenriched
whole cell extract (WCE) DNA amounts (10, 20, 50 ng of DNA) were used for each primer pair designed according to the pre-
dicted bound regions. (D) Distribution of Smad-bound regions along promoter regions.
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Figure 4 Smad2-associated genes transcriptionally respond to Activin/Nodal in ES cells. (A) The significance of correlation
between Smad2-bound targets with Activin and SB responsive genes analyzed by PAGE. Fold change for each gene, under
Activin or SB treatment, was used in this analysis to detect if a target gene set listed in the row headers was significantly
changed (a high positive z-score indicates upregulation and a low negative z-score indicates downregulation). The signifi-
cance of P values derived from the z-scores is indicated inside each box which is colored according to the color legend. (B)
Gene expression validation of several Smad2-associated genes displays distinct regulatory patterns by Activin/Nodal signal-
ing. Smad2 knockdown (iS2) or control (iCtrl) cells were treated with 25 ng/ml Activin (Act) or 10 uM SB431542 (SB) for 4
h, then total RNA was extracted and gene expression was determined by qRT-PCR. (C) Smad-associated genes display
context-dependent regulation in ES cells upon Activin treatment. ES cells and 8-day EB were treated with 25 ng/ml Activin for
4 h. Total RNA was extracted and gene expression was analyzed by qRT-PCR. The significance in expression was analyzed
by Student’s t-test, and data are presented as mean + SEM (n = 3, **P < 0.01, *P < 0.05).

of several genes to Activin under two distinct cellular
conditions, i.e., the undifferentiated ES cell state and the
differentiated 8-day EB state. As shown in Figure 4C, all
the tested genes did not respond to Activin in undifferen-
tiated ES cells, whereas some of them like //17rb, Lipg,

Stc2 and Tcf712 apparently were induced by Activin in
differentiated cells.

De novo prediction of significantly enriched Smad2-
associated DNA motifs revealed canonical TGF-p/Ac-
tivin/Nodal-responsive CAGA motifs (Supplementary
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information, Figure S4). Although the major form of
Smad2 with an insert in its MH1 domain prevents direct
DNA binding, an alternatively spliced form of Smad2
without the insert can directly bind to DNA [27]. It is
also possible that Smad2 is brought to DNA by other
factors. Indeed, the Smad2-associated DNA elements
are closely related to the consensus binding elements of
Statl, Ets family members and Smad3 and Smad4 (Sup-
plementary information, Figure S4).

Development-related factors are enriched among Smad2
target genes

To gain insights into the biological processes where
Smad2-associated genes are highly involved, we carried
out the gene ontology (GO) analysis. As shown in Fig-
ure 5A, metabolic- and developmental-related processes
were the most enriched functional categories of Smad2-
binding target genes, indicating that Smad2-mediated
Activin/Nodal signaling orchestrates ES cell fate deci-
sions through direct regulation of metabolic and develop-
mental regulators.

Then we asked whether the Smad2-associated genes
are dynamically regulated during the differentiation pro-

cess of ES cells to EB by analyzing a time course expres-
sion array data reported by Hailesellasse Sene ef al. [28].
Differentially expressed genes were ranked according to
their expression levels with the upregulated ones (red) on
the top and downregulated ones (green) on the bottom of
the left panel, and the frequency of Smad2-association
was plotted in a sliding window on the right panel (Fig-
ure 5B). Obviously, the differentially regulated genes
with Smad2 association are highly enriched in both ends
where the genes exhibit dramatic expression changes
during this differentiation process.

Specific state of histone modification plays crucial
roles in ES cell fate determination, and the genes har-
boring both histone H3K4 trimethylation (me3) and
H3K27me3 modification — so called “bivalent” genes
— are regarded to largely encode important developmen-
tal regulators in ES cells [29-31]. Thus, we examined the
status of bivalent and other related modifications of our
Smad2-associated genes by comparing with previously
reported histone modification data of ES cells [32]. As
shown in Figure 5C, bivalent modification is most en-
riched in the Smad2-associated genes. In addition, when
we extended this analysis to the genes co-occupied by
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Figure 6 Tapbp is required for proper mesendoderm differentiation and acts downstream of Activin/Nodal-Smad2 signaling. (A)
Expression pattern of Tapbp during Activin-induced mesendoderm differentiation. Control and Smad2 knockdown cells were
treated with 25 ng/ml Activin for the indicated time, and RNA was harvested to determine the mRNA level of Tapbp by qRT-
PCR. (B) Samples of control ES cells, 8-day control EB and 8-day Smad2 knockdown EB were harvested to determine the
mRNA level of Tapbp by qRT-PCR. (C) Knockdown of Tapbp in R1 ES cells. R1 cells stably transfected with control shRNA
and two distinct Tapbp shRNA (iT-1 and iT-2, respectively) plasmids were harvested to determine the mRNA level of Tapbp
by qRT-PCR. (D, E and F) Tapbp knockdown reduces several mesendoderm markers (Gsc, Lhx1 and Sox77) induced by
Activin. Cells stably expressing control shRNA and two distinct Tapbp shRNA were treated with 25 ng/ml Activin for 4 days
to induce mesendoderm differentiation. Expression of markers was determined by qRT-PCR. The significance in expression
was analyzed by Student’s t-test, and data are presented as mean + SEM (n = 3, **P < 0.01).
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both Smad2 and Smad4, bivalent modification becomes
more enriched, which echoes to the significant transcrip-
tional correlation described above (Figure 4A). These re-
sults indicate that the Smad2-associated genes are largely
bivalently modified and encode developmental regula-
tors, which exert functions during ES cell fate determina-
tion.

Tapbp, a downstream target of Activin/Nodal-Smad? sig-
naling, is required for proper mesendoderm differentia-
tion

As the above results suggested that the Smad2-mediat-
ed Activin/Nodal signaling promotes mesendoderm dif-
ferentiation, we attempted to identify specific undiscov-
ered genes implicated in this process from the Smad2-
bound gene list. Tapbp encodes the transmembrane
glycoprotein tapasin, which is involved in endoplasmic
reticulum (ER) quality control of major histocompat-
ibility complex (MHC) class I antigen presentation [33,
34]. The data in Figures 3C and 4B showed that Smad2
binds to the Tapbp promoter and Activin can upregu-
late Tapbp expression. Therefore, we examined the im-
portance of Tapbp in mesendoderm differentiation. As
shown in Figure 6A, Tapbp expression was dramatically
increased as mesendoderm differentiation proceeded, and
was significantly downregulated by Smad2 knockdown
in the initial stages (2 day) of differentiation, indicating
the regulation of Tapbp by the Activin/Nodal-Smad?2 axis
and the potential functional relevance at the initiation
of mesendoderm differentiation. To determine whether
the acute induction of Tapbp is Activin induced and not
the result of differentiation, we compared Tapbp mRNA
levels between ES cells and 8-day differentiated EB.
The data in Figure 6B showed that the mRNA level of
Tapbp in differentiated EB is comparable with that of ES
cells, supporting that the expression elevation in Figure
6A is indeed a direct effect of Activin. Moreover, Smad2
knockdown in 8-day EB significantly reduced Tapbp ex-
pression, further supporting the transcriptional regulation
of Tapbp by Smad2-mediated Activin signaling.

To determine whether Tapbp expression is important
for Activin-induced mesendoderm differentiation, we
knocked down Tapbp in ES cells by using two indepen-
dent Tapbp-targeted shRNA (iT-1 and iT-2) (Figure 6C).
After Activin-induced mesendoderm differentiation, the
mesendoderm lineage markers Gsc, Lhx] and Sox17 ex-
hibited differential but significant downregulation in two
lines of Tapbp knockdown cells (Figure 6D-6F). These
data indicate that Tapbp, acting downstream of Activin/
Nodal-Smad?2 signaling, is an essential player in Activin-
triggered commitment of specific mesendoderm lineages
of ES cells.
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Discussion

Activin/Nodal signaling has been established as a
pivotal regulatory cue to instruct ES cell fate determina-
tion [5-7], however, the underlying molecular basis is
not fully understood. In this study, we found that Smad2-
dependent Activin/Nodal signaling is dispensable for
mouse ES cell self-renewal maintenance but required
for various lineage differentiation, especially toward
the mesendoderm direction. ChIP-chip identification of
Smad?2-associated genes indicated that Activin/Nodal-
Smad signaling may function by directly regulating ex-
pression of a cohort of developmental regulators. Among
them, Tapbp was for the first time identified as a direct
target gene and plays an important role in mediating
Activin/Nodal-Smad?2 signaling to induce mesendoderm
differentiation.

Due to the poor response to TGF-p of mouse ES cells,
few systematic studies were carried out to investigate the
significance of Activin/Nodal signaling. By employing
Smad2 shRNA and the TGF-B/Activin/Nodal type I re-
ceptor inhibitor SB431542, we demonstrated that Smad2-
mediated Activin/Nodal signaling has no apparent regu-
latory effect on mouse ES cell self-renewal (Figure 2 and
Supplementary information, Figure S1). A previous study
reported that Activin/Nodal signaling promotes mouse
ES cell propagation [22], but Smad2 knockdown did not
lead to aberrant cell proliferation in our study. This may
be attributed to incomplete deprivation of Smad2 expres-
sion by RNA interference, or Smad3 but not Smad?2 plays
a dominant role in this process. A recent study showed
that inhibition of Activin/Nodal signaling by SB431542
can increase BMP signaling and thus reinforce mouse
ES cell pluripotency [24], consistent with our notion that
endogenous Activin/Nodal signaling is not essential for
self-renewal maintenance.

Activin/Nodal has been employed as differentiation-
priming cytokines to induce mesendoderm differentiation
of ES cells, indicating their important roles in ES cell lin-
eage commitment [35, 36]. Smad2 has also been suggest-
ed to be required for mesendoderm induction in zebrafish
[37]. Here, we found that Smad2 plays an essential role
in expression of several mesendodermal lineage markers
(e.g., Gsc, LhxI and Sox17). This is also in agreement
with the roles of Activin/Nodal signaling in early em-
bryo development [14, 15]. Notably, Smad2 knockout
mice are embryonic lethal due to severe defects in germ
layer specification, whereas Smad3-deficient mice are
viable and fertile but display aberrant phenotypes in im-
munity (reviewed in [13]). Although Smad2 and Smad3
are closely related mediators of TGF-B/Activin/Nodal
signaling, their expression patterns during embryo devel-
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opment are very distinct with the expression of Smad2,
but not Smad3, in the anterior visceral endoderm, which
accounts for the essential requirement of Smad?2, but not
Smad3, in early development of mouse embryos [38].
Together with other studies, it was strongly suggested
that Smad?2, but not Smad3, plays a major role in mediat-
ing Activin/Nodal signaling during early embryo devel-
opment. It is the reason why we focused on Smad2 in
this study.

To gain insight into the detailed mechanisms of how
Smad2-mediated Activin/Nodal signaling functions,
we employed high-throughput ChIP-chip technology
to identify the Smad2-associated promoters of genes.
Combinatorial analysis, together with our previous iden-
tification of Smad4-associated genes [21], indicated that
Smad2 may work in combination with Smad4 to regulate
transcription downstream of Activin/Nodal signaling in
mouse ES cells (Figures 3A, 3B, 4A and 5C). The fact
that a large amount of Smad2 binding events do not dis-
play transcriptional functions in self-renewing ES cells
indicated their dynamic regulation, which is confirmed
by our random validation (Figure 4) and is consistent
with previous observation of other transcription factors
[21, 39-41]. For those genes that display transcriptional
response to Activin/Nodal signaling modulation, their
regulation manners depend on different modulation ap-
proaches — some more responsive to signal activation
(e.g., Pmp22 and Tapbp), some more sensitive to signal
attenuation (e.g. Smad7, Id2 and Tmem109) and others
responsive to both (e.g. Lefty2) (Figure 4B). These data
suggest that Smad2-bound genes may display differential
regulation under different thresholds of Activin/Nodal
signaling as reported recently [42].

Functional classification of Smad2-bound genes by
GO analysis indicated significant enrichment of devel-
opmental- and metabolic-related processes (Figure 5A).
Therefore, Smad2-mediated Activin/Nodal signaling
may regulate mouse ES cell fate by directly modulating
these developmental regulators. Evidence from EB gene
expression profile analysis also showed significant en-
richment of Smad2-bound genes in highly differentially
regulated gene clusters, which tend to contain more key
developmental regulators during ES cell differentiation
(Figure 5B). Histone modification analysis reinforced
this notion by showing that Smad2-associated genes
harbor significant enrichment of H3K4me3/H3K27me3
bivalent marks (Figure 5C), a sign of gene modification
of developmental regulators [31].

We identified Tapbp as a downstream target of Ac-
tivin/Nodal-Smad?2 signaling in mesendoderm induction.
Tapbp knockdown significantly attenuated Activin-me-
diated induction of mesendoderm lineage markers Gsc,

Lhx1 and Sox17, demonstrating that Tapasin, the product
of Tapbp, is an essential downstream mediator for Ac-
tivin/Nodal-Smad?2 signaling in promoting mesendoderm
differentiation. Tapasin is known as an ER chaperone fa-
cilitating antigen presentation of MHC class I molecules
[33, 34]. Tapasin is also implicated in cancer develop-
ment and schizophrenia [43, 44]. Tapasin is expressed in
pre-implantation embryos, but little is known about its
function during embryo development [45]. Tapbp knock-
out mice developed and bred normally with impaired
immune response [46], but it cannot be excluded that
Tapbp takes part in developmental processes at the cel-
lular level. More detailed work is required to uncover the
mechanisms of how Tapasin regulates mesendoderm dif-
ferentiation. It is expected that more crucial developmen-
tal regulators mediating Activin/Nodal signaling would
be found in those Smad2-associated genes.

Materials and Methods

Cell culture and antibodies

R1 mouse ES cells were cultured under typical ES cell con-
ditions with DMEM supplemented with 15% fetal calf serum
(Hyclone), LIF (Chemicon), non-essential amino acids (Gibco),
GlutaMax-1 (Gibco), f-mercaptoethanol (Gibco) and penicillin/
streptomycin. For feeder-free culture, cells were plated on gela-
tinized tissue culture plates, and Knockout Serum Replacement
(KO-SR) (Gibco) was used to substitute fetal calf serum. For ChIP
experiments and immunoblotting, affinity-purified Smad2 antibody
(generated with aal83-273) and Smad4 antibody [21] were used.
Other antibodies were purchased: anti-phospho-Smad2 (Chemicon,
AB3849), anti-Nanog (Bethyl Laborotories, A300-397A), anti-
Oct4 (Santa Cruz Biotech, sc-8628) and anti-GAPDH (Santa Cruz
Biotech, sc-20357).

EB formation and Activin-induced mesendoderm differen-
tiation

For EB formation, monolayer undifferentiated R1 ES cells
were first trypsinized into single cells and then replaced at a den-
sity of 3 x 10’ cells/60 mm non-adherent dish in KO-SR contain-
ing ES cell medium devoid of LIF. Floating EB was harvested at
6 day or 8 day for analysis. For Activin-induced mesendoderm
differentiation, ES cells were cultured as monolayer in gelatinized
feeder-free six-well plates with the initial plating density of ~1.5
x 10° cells/well and the time when 25 ng/ml Activin is added was
counted as day 0. The medium was composed of 1:1 mixture of
DMEM/F12 supplemented with N2 supplement (Gibco) and Neu-
ralBasal medium supplemented with B27 supplement (Gibco) and
with B-mercaptoethanol and Glutamax-I. Cells were harvested at
day 4 or day 5 for analysis.

Luciferase reporter assay

Cells seeded in 24-well plates were transfected with plasmids
as indicated by Lipofectamine 2000 (Invitrogen). The internal con-
trol pRenilla-TK vector was used to normalize luciferase activity.
Each experiment was performed in triplicate and the data represent
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the mean = SEM of three independent experiments.

RNA interference

Modified pll13.7 plasmid (GFP fragment was replaced by
puromycin resistant gene) was employed to produce short hair-
pin nucleotides. Nucleotides targeting firefly /uciferase gene,
which has no homology with mouse transcriptome, were served
as control shRNA. The RNAI oligonucleotides used are as fol-
lows: Control (iCtrl): 5'-GCGACCAACGCCTTGATTG-3’,
Smad2 (iS2): 5'-GTGATAGTGCAATCTTTGT-3’, Tapbp 1#
(iT-1): 5'-GGTCCTCGTGAGCTAATAA-3', Tapbp 2# (iT-2): 5'-
GACCCAAAGCTATACTTCA-3'". To generate knockdown cells,
R1 cells were transfected separately with shRNA constructs by
Lipofectamine 2000 and 1 pg/ml puromycin was added at 48 h
post-transfection. About 10 days later, stably transfected cells were
expanded and then stored for further analysis.

ChIP assay

ChIP was carried out as described previously [21]. Briefly, feed-
er-free cultured R1 cells were first crosslinked with 1% formalde-
hyde solution before cells were lysed. The DNA/protein complex-
containing lysates were then sonicated to obtain DNA fragments
ranging ~300-500 bp on average. Samples were then centrifuged
at 14 000 rpm for 10 min. The supernatant was diluted and pre-
absorbed by 50 pl Protein A beads (Zymed) and then incubated
with 10 pg anti-Smad2 antibodies overnight at 4 °C. The immu-
nocomplex was collected with 100 pl Protein A beads, eluted and
reverse-crosslinked by overnight incubation at 65 °C. Whole cell
extract (WCE) DNA (Input fraction reserved from the sonication
step) was also treated for crosslinking reversal. Immunoprecipi-
tated DNA and WCE DNA were then purified by treatment with
RNaseA, proteinase K and multiple phenol:chloroform:isoamyl
alcohol extraction.

RNA isolation, reverse transcription and quantitative real-
time PCR

RNA was isolated using Trizol (Invitrogen). Reverse tran-
scriptase (Toyobo) was employed for oligo dT primed first-strand
cDNA synthesis. Real-time PCR was carried out on Mx3000P de-
tection system (Stratagene) using EvaGreen dye (Biotium). AAC,
method was used to comparatively quantify the amount of mRNA
level. Primers were listed in Supplementary information, Table S3.

Bioinformatics analysis

The detailed information about promoter array design, bound
regions identification, expression array analysis, motif finding etc.
can be found in supplementary information, Data S1. The Smad2
ChIP-chip data have been submitted to the NCBI Gene Expres-
sion Omnibus (http://www.ncbi.nlm.nih.gov/geo/) under accession
number GSE18629.
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