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Abstract

Background: Notch receptor signaling controls developmental cell fates in a cell-context dependent manner. Although
Notch signaling directly regulates transcription via the RBP-J/CSL DNA binding protein, little is known about the target
genes that are directly activated by Notch in the respective tissues.

Methodology/Principal Findings: To analyze how Notch signaling mediates its context dependent function(s), we utilized a
Tamoxifen-inducible system to activate Notch1 in murine embryonic stem cells at different stages of mesodermal
differentiation and performed global transcriptional analyses. We find that the majority of genes regulated by Notch1 are
unique for the cell type and vary widely dependent on other signals. We further show that Notch1 signaling regulates
expression of genes playing key roles in cell differentiation, cell cycle control and apoptosis in a context dependent manner.
In addition to the known Notch1 targets of the Hes and Hey families of transcriptional repressors, Notch1 activates the
expression of regulatory transcription factors such as Sox9, Pax6, Runx1, Myf5 and Id proteins that are critically involved in
lineage decisions in the absence of protein synthesis.

Conclusion/Significance: We suggest that Notch signaling determines lineage decisions and expansion of stem cells by
directly activating both key lineage specific transcription factors and their repressors (Id and Hes/Hey proteins) and propose
a model by which Notch signaling regulates cell fate commitment and self renewal in dependence of the intrinsic and
extrinsic cellular context.
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Introduction

The Notch signaling pathway is a highly conserved signaling
mechanism that controls cell fate decisions, proliferation and
apoptosis during development and in the adult [1,2]. In mammals,
Notch proteins comprise a family of four transmembrane receptors
(Notch1-4). Specific transmembrane ligands (Jagged-1, Jagged-2,
Delta-like-1, Delta-like-3, and Delta-like-4) interact with Notch
receptors on neighboring cells. Activating ligands induce cleavage
near the transmembrane region of the Notch intracellular domain
(Notch'®) resulting in the release and nuclear translocation of
Notch'™ [1]. Nuclear Notch™ interacts with the transcriptional
repressor RBP-Jk (RBP-J/CSL/CBF1/Su(H)/Lagl), and converts
it into an activator [3], leading to the expression of direct Notch
target genes [4].

The outcome of Notch signaling is highly dependent on the
cellular context [1]. Notch activity affects differentiation, prolifer-
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ation, and apoptotic programs in concert with other cell-intrinsic
or cell-extrinsic developmental cues that are necessary to execute
specific developmental programs [1]. However, despite the
identification of many interacting pathways [4], it remains unclear
how the highly variable, context-specific effects of Notch signaling
are integrated at the molecular level, i.e. which specific target gene
programs are activated.

The best characterized direct targets of Notch signaling are the
Hes (Hairy/Enhancer of Split) and Hey (also called Herp/Hesr/Hrt/
CHF/gridlock) families of basic helix-loop-helix (bHLH)-type
transcriptional repressors [5,6]. Notch/RBP-] signaling activates
Hes/Hey transcription, which leads to repression of Hes/Hey target
genes such as tissue-specific transcriptional activators, thereby
preventing differentiation [5]. More recently, several other genes
with quite diverse functions have been found to be directly regulated
by Notch signaling [7,8], implying that Notch exerts its pleiotropic
functions by acting through multiple specific targets.
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Figure 1. Cell populations used for investigation of Notch1 signaling. (A) Scheme of cell populations and culture conditions for
identification of Notch1 target genes. Undifferentiated EB5 NERT or EB5 control ESC were kept under self-renewal conditions (ESCs) and treated with
OHT for 4 h. Alternatively, ESC were cultured in ectodermal differentiation medium (ES to ectoderm; ESCe) or mesodermal differentiation medium (ES
to mesoderm; ESCm) during OHT treatment. Furthermore, ESC were differentiated for 4 d on Collagen IV to mesodermal cells (Mesoderm), which
were then treated by OHT for 4 h. To distinguish direct from indirect targets, all experiments were additionally performed with or without CHX to
inhibit protein synthesis. After 4 h OHT treatment, RNA was extracted from the different cell populations and subjected to further analysis. (B)
Mesodermal differentiation of ESC and its suppression by activated Notch1. EB5 control or EB5 NERT cells were cultured for 4.5 d in mesodermal
differentiation medium on OP9 stromal cells with or without OHT and the percentage of Flk1+ cells was analyzed by flow cytometry. Histograms of
the cells stained with anti-Flk-1 antibody are depicted in blue and histograms of the cells stained with isotype matched mouse IgG are depicted in
grey. The area left to the dotted line indicates Flk-1+ cells. The percentage of Flk-1+ cells is shown for each histogram. One representative example of
eleven (EB5 NERT cells) or four (EB5 controls cells) experiments is shown, respectively. Reduction of Flk+ positive cells is statistically significant
(p<<0.01). (C) Expression of Rex1, Pax6, and T (brachyury), which characterize undifferentiated ESC, ectodermal cells and mesodermal cells,
respectively, in the cell populations used for array analyses. The different cell types described in A were evaluated for RNA expression of key
pluripotency and differentiation genes via microarray analysis. The expression was normalized to the highest mean. Error bars indicate standard
deviation. Since Pax6 was identified as a Notch1 target, OHT induced samples were not included for calculation of this gene.
doi:10.1371/journal.pone.0011481.g001

(ESC) differentiation and promotes neuroectodermal commit-
ment when these cells are cultured in the absence of self renewal
and serum factors, suggesting that Notch signaling plays a role
during the specification of the germ layers during mammalian
embryogenesis [10,14,15]. At a later stage during mesodermal
differentiation, in Flk1 receptor expressing mesodermal progen-
itor cells, Notch signaling inhibits the generation of muscle,
endothelial and hematopoietic cells and favors the generation of
mural cells [14].

Early mammalian development is characterized by a series of
events resulting in the formation of the three germ layers,
ectoderm, mesoderm and endoderm, which later segregate and
further differentiate to form mature tissues. Components of the
Notch pathway are present in mammalian cells during the early
stages of embryogenesis [9,10] and correct Notch signals are
required for normal early embryonic development [11-13]. We
and others have shown that Notch blocks mesodermal
differentiation at the initial stages of embryonic stem cell
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Figure 2. Identification of cell-context specific Notch1 target genes by genome wide gene expression arrays. (A) 3-dimensional
principle component analysis (3D PCA). Notch1 signaling was induced with OHT for 4 h in EB5 NERT or EB5 control cells (Con.) as outlined in
Figure 1A. Mesodermal cells (Mesoderm) were additionally treated with or without CHX. The various culture conditions clearly cluster to different
areas in the plot, whereas differences induced by Notch1 are rather subtle. An animated presentation of the 3D PCA is available in the supplemental
material. (B) Expression heatmap of the Notch1 induced genes. 465 transcripts were identified as differentially expressed due to Notch1 induction in
at least one of the conditions (ESCe, ESCm, Mesoderm (Mes.), or Mesoderm+CHX) according to the criteria outlined in Material and Methods.
Expression values of the samples were Log, transformed and normalized within each gene. (C) Venn diagram of Notch1 induced genes in
mesodermal cells in the presence or absence of CHX. Of the 262 genes regulated without CHX treatment, 170 are up-regulated and 92 are down-
regulated, whereas with CHX treatment 160 of the 179 differentially expressed genes were positively and 19 were negatively regulated. Importantly,
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there is a significant overlap of 74 up-regulated genes indicating potential direct target genes of Notch1 in mesodermal cells, whereas there is almost
no overlap for the down-regulated genes. Thus, positive regulation seems to be the main mechanism of Notch1 gene regulation, whereas the

negative regulation observed accounts for indirect effects.
doi:10.1371/journal.pone.0011481.g002

To examine the cell context-dependent regulation of Notch
target genes systematically, we have performed genome-wide
transcriptome analyses of Notchl-induced genes in murine ESC
under different cell extrinsic cues and in mesodermal cells. We
show that Notch signaling activates expression of genes involved as
key factors in cell differentiation, cell cycle control and apoptosis in
a highly cell-extrinsic and cell-intrinsic cell-context dependent
manner. In addition to the classical immediate Notch downstream
genes of the Hes and Hey famliy of transcriptional repressors, we
identified several key transcription factors such as Sox9, Pax6,
Runx1, Myf5 and Id (inhibitor of DNA binding or differentiation)
proteins that are critically involved in lineage decisions as
differentially regulated Notchl target genes. Based on our findings
we propose a model for a cell-context dependent regulatory
network controlling cell fate that involves integration of Notch and
other cell-extrinsic and cell-intrinsic signals to fine-tune the level of
expression of positive and negative lineage determinants for timed,
cell-context dependent lineage-decisions.

Results and Discussion

Activation of Notch1'® induces expression of specific
target genes in embryonic stem cells and mesodermal
cells in a highly cell-intrinsic and cell-extrinsic context

dependent manner

To identify cell-context dependent Notch target genes during
ESC differentiation, we employed a conditional Notch activation
system that allows the timed activation of Notchl signaling by the
addition of 4-hydroxy-tamoxifen (OHT) in an @ witro develop-
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Figure 3. Cell-context specific Notch1 target genes identified
by genome wide gene expression arrays. Venn diagram of
differentially Notch1 induced genes in ESC to ectoderm (ESCe), ESC to
mesoderm (ESCm), or mesodermal cells (Mesoderm). Numbers at the
labeling indicate the total number of regulated genes. Numbers in the
areas indicate the overlap of the different conditions. All numbers in
parentheses show the quantity of negatively regulated genes.
doi:10.1371/journal.pone.0011481.g003
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mental model system closely resembling i viwo development [14].
Using EB5 ESC carrying an OHT-inducible form of murine
Notch1™ (EB5 NERT [14]) or control cell lines carrying the
PCAG expression vector without the NERT ¢cDNA (EB5 control),
the genome-wide, activated Notchl induced changes in the
expression of genes in ESC cultured in differentiation-inducing
conditions favoring either mesodermal (ESCm) or ectodermal
(ESCe) differentiation or in mesodermal cells (Mesoderm) were
determined (Fig. 1A). Based on earlier studies on the induction of
previously identified Notchl target genes and on the time required
for activated Notchl to induce cell lineages decisions in our OHT-
dependent systems [14,16-18], we chose a 4 h induction period
with OHT. To further test whether the identified genes are likely
direct targets of activated Notchl, we determined mRNAs
regulated by Notchl signaling in the absence of de novo protein
synthesis. The efficient mesodermal differentiation and biological
activity of Notchl activation at the time of RNA isolation was
confirmed by differentiating the cells on either OP9 cells or
collagen IV and activating Notch1 signaling by OHT (Fig. 1B). In
line with our recent study [14], activation of Notchl signaling by
the addition of OHT strongly reduced the generation of Flk1*
mesodermal progenitor cells from EB5 NERT ESC (Fig. 1B),
while OHT treatment had no effect on the differentiation of EB5
control ESC  (Fig. 1B). Pluripotency of ESC and correct
differentiation were further confirmed by monitoring the expres-
sion of Rex! ({fp42), a gene commonly used as a landmark of
pluripotency, and the expression of genes indicative of ectoderm,
i.e. Pax6, or of mesoderm, i.e. Brachyury (7}, respectively (Fig. 1C).

First, we analyzed the gene array data by principal component
analysis (PCA) that clusters data sets according to their degree of
correlation (Fig. 2A and Video S1). PCA shows that samples of
each cell population, i.e. ESC (ESCe and ESCm) and mesodermal
cells (Mesoderm), cluster together, regardless of the expression of
the NERT protein or the presence of OHT. While control (Con.)
and NERT expressing ESC cluster closely together, mesodermal
cells cluster slightly apart in control (Con.) and NERT expressing
cells, probably because kinetics of mesodermal differentiation
varies in individual clones. Cells treated with cycloheximide
(CHX) cluster separately from both ESC and mesodermal cells,
indicating that blocking protein synthesis profoundly alters the
gene expression profile. Importantly, OHT did not influence
clustering in any of the cell populations, suggesting that neither the
addition of OHT nor Notch signaling globally influences gene
expression.

Next we investigated the changes in gene expression by the
induction of Notchl signaling. Based on a signal log ratio of 1 (at
least 2-fold change in gene expression), 401 annotated genes and
64 expressed sequences were regulated in EB5 NERT cells by the
addition of OHT (Fig. 2B and Table S1). None of these genes was
regulated by OHT in EB5 control cells (Figs. 2B and Table S1),
suggesting that these genes are bona fide Notch target genes. In
line with its signal transduction mechanism as a transcriptional
activator, activated Notchl mostly up-regulated, rather than
down-regulated, the expression of target genes (Fig. 2C).

Importantly, the majority of Notchl regulated genes were
unique for the cell type, 1.e. for ESC (ESCe and ESCm) and
mesodermal cells, respectively, and about half of the Notchl
regulated genes in ESC were specific for the culture condition
used, i.e. media favoring either mesodermal or ectodermal
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Figure 4. Induction heat maps of Notch1 target genes involved in transcription, apoptosis, cell cycle and cell differentiation. The
identified Notch1 targets were grouped into different Gene Ontology (GO) terms using the DAVID functional annotation analysis tool (http://david.
abcc.ncifcrf.gov/). Note that only differentially regulated genes by Notch1 are shown as Log, transformed values. If no gene symbol was available for
the regulated transcript, GenBank accession number was given in parentheses. Significant changes of differentially regulated gene expression
according to the criteria outlined in Material and Methods were labeled with a black or white dot for up- and down-regulated genes, respectively.
Redundant probe sets for the same gene were removed except when significantly different results were obtained (e.g. Sox9). Pcdha@*) indicates the
protocadherin acluster comprising Pcdhal, Pcdha2, Pcdha3, Pcdha4, Pcdha5, Pcdha6, Pcdha?, Pcdha8, Pcdha9, Pcdhal0, Pcdhall, Pcdhal2, Pcdhacl,
Pcdhac2, and Pcdhgb2. The complete list of regulated genes is available in the Supplement Table S1.

doi:10.1371/journal.pone.0011481.9g004

differentiation (Fig. 3). Only about 10% of all identified Notchl
regulated genes were common for the different cell populations
and culture conditions analyzed (Fig. 3). These results demonstrate
that Notch/RBP-] signaling regulates different sets of genes in
different cell types. Furthermore, other signaling pathways
induced by the culture supplements strongly influence which
target genes are activated by Notch/RBP-J signaling.

To validate further our target gene identification, we compared
the Notchl target genes identified in ESC cultured in media
favoring ectodermal differentiation (ESCe) with the Notchl target
genes identified recently in another study in ESC cultured under
similar culture conditions [19]. About 44% of the activated genes
in our ESCe analysis were also activated in the study by Main et al
[19], thus revealing a considerable overlap of Notch1 targets in the
same cell type and under similar differentiation conditions despite
the use of different ESC (EB5 vs. 46C), different Notch1 induction
systems (induction of nuclear translocation of the Notch'®-ERT
fusion protein by OHT vs. induction of Notch™ expression by the
Tet system) and different time point of analyses (4 h induction vs.
6 h induction). The high overlap of Notchl target genes identified
in similar cell type and culture conditions in two separate studies
with different approaches of Notch activation together with the
high cell type and context dependency of Notchl target genes
identified in the present study suggests that Notch target gene
induction is tightly regulated, despite its cell-context dependency.

Genes targeted by activated Notchl encompassed a wide variety
of intracellular and extracellular regulatory proteins, including cell
lineage determinants, transcription factors, cell cycle regulators,
intracellular signaling mediators and receptors and ligands,
reflecting the pleiotropic functions of Notch (Fig. 4, 5, 6). In line
with the short time of induction, most genes were regulated by
activated Notchl in the presence of CHX as well and thus present
likely direct target genes of Notchl (Fig. 4, 5, 6). To confirm our
gene expression array data, 30 genes that were differentially
regulated by Notchl signaling in our array analyses were
examined by qPCR. Gene expression values of EB5 NERT and
EB5 control cells under differentiating (ESCe and ESCm) and self-
renewing conditions (ESCs) and in mesodermal cells (Mesoderm)
grown in the presence or absence of OHT and in the presence or
absence of CHX for 4 h were obtained (Fig. 7). In line with our
array data, none of the genes analyzed was regulated by OHT in
EB5 control cells and all showed a comparable pattern of
regulation in EB5 NERT cells following the addition of OHT
(Fig. 4, 5, 6, 7, Table S1). As expected, Hes and Hey genes showed
a similar or even higher induction of mRNA expression by
activated Notchl in the presence of CHX (Fig. 4, 5, 6, 7, Table
S1), confirming that Hes and Hey genes are direct targets of Notch
signaling. Interestingly, the well known Notch target genes Hes/
and Hes7 were also cell specifically induced by activated Notchl:
In the absence of CHX, the expression of Hes! was only up-
regulated by activated Notchl in ESC but not in mesodermal cells,
while Hes7 was up-regulated only in mesodermal cells but not in
ESC (Fig. 4, 5, 6, 7 and Table S1). Taken together, we conclude
that Notchl exerts its multiple effects by specifically regulating the

@ PLoS ONE | www.plosone.org

expression of genes in a highly cell intrinsic and cell extrinsic
context dependent manner.

Notch1/RBP-J signaling induces expression of key
transcriptional regulators involved in cell lineage
determination in the absence of protein synthesis

The major function of Notch signaling is to regulate
differentiation decisions. Classically, this pathway is employed to
restrict cell differentiation by signaling through the Hes/Hey
transcriptional repressors. In this study however, we found that a
number of further key regulatory transcription factors essential for
lineage determination and cell differentiation were induced by
Notchl signaling in a cell context dependent manner (Figs. 4, 6, 7).
These included transcription factors that play a role in all three
germ layers, such as Sox9, transcription factors that are essential
specifically in neuro-ectodermal development, such as Pax6, and
transcription factors required for lineage specification of mesoder-
mal derived tissues, such as Myf5 for skeletal muscle development
and Runxl for hematopoietic stem cell fate of mesodermal
progenitor cells. Furthermore, Notchl/RBP-J signaling differen-
tially regulated expression of members of the Id family of
transcriptional repressors that interfere with the transcriptional
activities of differentiation inducing transcription factors. Impor-
tantly, all of these genes were also induced by activated Notchl to
a similar or even higher extent in the absence of protein synthesis
(Fig. 7, 8), suggesting that they represent direct target genes of
Notchl. To further analyze a potential direct regulation, the
promoter sequences of these genes were screened for RBP-J
binding site sequences. As shown in Figure 9, the promoters of
these transcription factors contained consensus RBP-J binding
sites, thus supporting a model by which Notch signaling influences
lineage decisions by directly activating key transcriptional
regulators involved in cell lineage determination (see model
below).

The transcription factor Sox9 is a primary Notch1 target
gene

Among the genes that were induced by activated Notchl in
undifferentiated ESC (ESCs), in ESC differentiating along the
ectodermal (ESCe) or mesodermal (ESCm) lineages as well as in
mesodermal cells (Mesoderm) was Sox9 (Fig. 4, 7, 8D), an essential
transcription factor involved in development of all three germ
layers. In line with our RNA data, activated Notchl shifted Sox9
protein expression from undetectable to an intermediate level in
ESCs (Fig. 10A) and in 5 d differentiated embryoid bodies from an
intermediate to high level expression (Fig. 10A), confirming a valid
role of Notch for Sox9 regulation in both undifferentiated and
differentiated cells. Interestingly, RBP-J has been shown to be
required to maintain Sox9 expression during the gliogenic phase of
spinal cord development [20] and Notch signaling is essential for
Sox9 expression in the mouse retina [21], however whether Notch
signaling directly or indirectly regulates Sox9 expression has not
been determined. Here we show that Sox9 is upregulated by
activated Notchl even when protein synthesis is inhibited by CHX

July 2010 | Volume 5 | Issue 7 | e11481
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Figure 5. Induction heat maps of Notch1 target genes involved in regulation of metabolic process, cell adhesion and cell
communication. The identified Notch1 targets were grouped into different Gene Ontology (GO) terms using the DAVID functional annotation
analysis tool (http://david.abcc.ncifcrf.gov/). Note that only differentially regulated genes by Notch1 are shown as Log, transformed values. If no gene
symbol was available for the regulated transcript, GenBank accession number was given in parentheses. Significant changes of differentially
regulated gene expression according to the criteria outlined in Material and Methods were labeled with a black or white dot for up- and down-
regulated genes, respectively. Redundant probe sets for the same gene were removed except when significantly different results were obtained (e.g.
Sox9). The complete list of regulated genes is available in the Supplement Table S1.

doi:10.1371/journal.pone.0011481.g005

(Fig. 4, 7, 8D). Hence, Sox9 appears to be a direct target of
Notchl. Recently, Notch has been shown to bind to the Sox9
proximal promoter in liver cells [22], further supporting a direct
link between Sox9 and Notchl. Furthermore, suppression of the
Notchl induced Sox9 upregulation using specific siRNA reverted
Notchl induction of chrondogenesis (S.M., R.S., U/J., R. Haller, J.
Kramer, J. Rohwedel, manuscript in preparation), demonstrating
Sox9 as critical mediator of Notch-induced cell lineage decisions.
Taken together, the direct regulation of Sox9 by activated Notch1
may play an important role for the development of cells in all three
germ layers.

The neuro-ectodermal transcription factor Pax6 is
induced by Notch1 signaling in ESC but not in
mesodermal cells

Recently, we and others have shown that the activation of
Notch has a decisive role in ES cell fate determination [14,15]:
Notch suppresses the generation of mesodermal cells from ES cells
and promotes neural commitment of ES cells, when cultured in
the absence of self renewal and serum factors, suggesting a role for
Notch during the specification of the germ layers during
mammalian embryogenesis. How Notch mediates this cell lineage
specification at the molecular level is currently unknown. Here we
have identified the neuroectodermal transcriptional regulator Pax6
as a Notchl1 target gene in ESC but not in mesodermal cells (Fig. 4,
7, 8E). Moreover, the observed up-regulation of Pax6 by activated
Notchl was most likely direct in that the up-regulation was not
affected by CHX and, thus, independent of protein synthesis
(Fig. 4, 7, 8E). The effect of cell-context dependent Notch
regulation was further paralleled by Pax6 protein levels (Fig. 10A).
Pax6 is crucial for various developmental processes in the central
nervous system and other ectodermal tissues [23]. Depending on
the cellular context it promotes cell proliferation and expansion of
neural stem cells, or neuronal differentiation. Importantly,
expression of Pax6 in ESC favors neuroectodermal lineage choice
and radial glia formation [24], in a similar way to activated
Notchl. Furthermore, in Drosophila and Xenopus, Notch signaling
also induces eye-related gene expression, including Pax6 [25].
Taken together, it is thus conceivable that the direct activation of
Pax6 expression is involved in Notch-induced differentiation of
ESC into radial glia in a context-dependent manner.

The mesodermal transcription factor Runx1 is induced by
Notch1 signaling in mesodermal cells but not in ESC
Runx genes are key regulators of lineage-specific gene expression
in major developmental pathways. The expression of Runx genes is
tightly regulated, leading to distinct tissue- and developmental-
specific expression patterns [26]. Here we identified Runx! (AMLI)
as a Notch]1 target gene in mesodermal cells but not in ESC (Fig. 4,
7, 8F). Because Runxl was induced by activated Notchl in the
presence of CHX, i.e. without protein synthesis, Runx] is likely to
be a direct target gene of Notch (Fig. 4, 7, 8F). Runx1 determines
commitment of mesodermal progenitor cells to the hematopoietic
lineage [27]. In line with our findings, studies in Drosophila,
zebrafish and mouse have defined a Notch-Runx] pathway to be
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critical for developmental specification of hematopoietic stem cell
fate and homeostasis of hematopoietic stem cell number [28-30].
However, although these studies clearly established the depen-
dency of Notch signaling on RunxI up-regulation for hematopoi-
etic stem cell fate and maintenance, neither study showed direct
transcriptional regulation of Runxl by activated Notchl. Taken
together, we propose that activated Notch influences mesodermal
progenitor cells to adopt a hematopoietic stem cell fate by a
mechanism involving the cell-context dependent transcriptional
up-regulation of Runx/ gene expression.

The myogenic transcription factor Myf5 is induced by
Notch1 signaling in mesodermal cells but not in ESC

Notch signaling plays an important role in the maintenance of
muscle progenitor cells during embryogenesis and in the
generation and maintenance of satellite cells, the stem cells of
mature muscle, in fetal development as well as during regeneration
in the adult [31]. The myogenic program is controlled by the
combinatorial activity of myogenic regulatory factors comprising
Myfb, Myodl, Myogenin and MRF4/Myf6/Herculin which,
together with paired domain transcription factors Pax3 and
Pax7, are essential for skeletal myogenesis [32]. In RBP-¥ or Deltal
deficient mice, muscle progenitor cells show premature differen-
tiation, leading to depletion of the progenitor pool [33,34]. Since it
has been shown that Delta/Notch/RBP-J signaling represses the
expression of the Myodl via activation of Hesl, thereby blocking
muscle differentiation [35], and that Myod! deficiency leads to
increased survival of muscle stem cells [36], one way by which
Notch signaling maintains the muscle stem cell pool may be by the
down-regulation of Myodl. In our screen for Notch target genes,
however, we have identified Myf5> as a potential direct Notchl
target gene in mesodermal cells (Fig. 4, 7, 8G). Myf5 is expressed
first in the paraxial mesoderm and later in skeletal muscle
progenitor cells, and is followed by the expression of Myod1. Myf5
and Myodl determine two genetically and lineally distinct
populations of muscle progenitor cells, which can substitute for
each other within the developing embryo [37,38]. Myf5 supports
efficient skeletal muscle regeneration by promoting satellite cell
proliferation [39] and may be involved in the expansion of the
progenitor cell pool. Considering the roles of Myf and Myod! for
muscle development, we propose that the direct induction of Myf>
expression together with Hesl-mediated down-regulation of
Mpyodl by Notch signaling may contribute to the maintenance of
muscle progenitor cells. Along this line, the up-regulation of Myf5>
and down-regulation of Myod! by ligand-activated Notch signaling
has been demonstrated in C2C12 myoblasts [40]. Thus, there may
be several cooperating mechanisms by which Notch signaling
maintains the muscle progenitor pool during embryogenesis and in
the adult.

Transcriptional repressors of the Id family are
differentially regulated by Notch1 signaling in a cell-

context dependent manner
In addition to lineage specific transcription factors we found
members of the Id family of bHLH transcriptional repressors to be
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Figure 6. Induction heat maps of Notch1 target genes involved in mesoderm development, intracellular signalling cascade, cell
proliferation and cytoskeleton. The identified Notch1 targets were grouped into different Gene Ontology (GO) terms using the DAVID functional
annotation analysis tool (http://david.abcc.ncifcrf.gov/). Note that only differentially regulated genes by Notch1 are shown as Log, transformed
values. If no gene symbol was available for the regulated transcript, GenBank accession number was given in parentheses. Significant changes of
differentially regulated gene expression according to the criteria outlined in Material and Methods were labeled with a black or white dot for up- and
down-regulated genes, respectively. Redundant probe sets for the same gene were removed except when significantly different results were
obtained (e.g. Sox9). The complete list of regulated genes is available in the Supplement Table S1.

doi:10.1371/journal.pone.0011481.g006

induced by Notchl signaling (Fig. 4, 7, 8H, 10A). Induction of Id
genes was significant also in the presence of CHX (Fig. 4, 7, 8H).
Thus, like the lineage specific transcription factors, the Id genes
are likely direct Notchl targets. Id proteins function as dominant
negative regulators of other bHLH, Ets or Pax transcription
factors, which positively regulate differentiation in many cell

@ PLoS ONE | www.plosone.org

lineages [41]. Id proteins, which lack a DNA-binding domain,
heterodimerize with other transcription factors, either the
ubiquitous E proteins or HLH activators, thereby antagonizing
their function. In Drosophila, a strong genetic interaction has been
found between eme genes, the Drosophila homologue for the Id
proteins, and genes that encode different components of the Notch
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signaling pathway [42]. Along this line, Notch signaling has been
shown to positively regulate the transcription of XId3, a Xenopus
member of Id proteins, through a Su(H)-dependent pathway [43].
In this study we found several members of the Id family to be
differentially regulated by activated Notchl: While Id/, 1d3 and
1d4 were up-regulated, /d2 was down-regulated by activated
Notchl (Fig. 4, 7). The significance of this differential regulation is
not clear. Idl, Id2 and Id3 show a similar expression pattern
during embryogenesis, while the distribution of 1d4 is distinct [44].
Due to functional redundancy among the four members of the Id
family and their widespread, overlapping expression patterns, only
crosses between mice that lack different /d genes to generate
multiple knock-outs are embryonic lethal. Id factors have been
implicated to play an essential role mostly during early
development, in neural development, hematopoiesis and angio-
genesis. With regard to Notch signaling, it is of interest to note that
Id proteins are short-lived proteins that have been reported to
function as intracellular timer of differentiation in the nervous
system [44]. It is thus conceivable that Notch upregulates certain
Id proteins, in particular Id4 (Fig. 10A), a crucial regulator of
neural stem cell fate determination, to control timing of
differentiation (see model below).

Genetic complementation assays and knock-in reporter
cell lines confirm Notch1 target genes identified in the
Notch1-induced transcriptome

To confirm that the Notchl target genes identified in our
screen are regulated also under physiological conditions i vivo we
used two approaches: First, we used genetic complementation of
ESC that lack RBP-] [45], a transcription factor that plays a
central role for canonical Notch signal transduction. To this end,
expression levels of the target genes Hesl, Hesb, Heyl, Hey2,
Id4, Pax6, and Sox9 that were likely regulated directly by
activated Notch in ESC were analyzed in ESC clones that lacked
RBP-J (RBP-J-/-) or had reduced expression of RBP-J (RBP-J+/-),
as well as in RBP-J-/- ESC clones that were complemented with
RBP-J (RBP-]J rescue) or in RBP-J-/- ESC that expressed VP16-
RBP-J, a transcriptionally active derivative of RBP-J, from a
transgene (VP16-RBP-J rescue) [45]. As expected from the role of
RBP-]J as transcriptional repressor in the absence of Notch signaling,
all three RBP-]J-/- ESC clones analyzed expressed significantly
higher amounts of Hesl, Hes5, Heyl, Hey2, Id4 and Pax6
(Fig. 11A). For all of these genes, re-expression of RBP-J from a
transgene restored the repression (Fig. 11B). In line with active
Notch signaling, expression levels for all of these genes were further
increased in the presence of the transcriptionally active derivative of
RBP-J (Fig. 11B), thus corroborating our array and qPCR data on
Notch target genes. However, the regulation of Sox9 by Notch
signaling appears to be more complex: Although activated Notchl
upregulated Sox9 expression, we did not observe significantly
altered expression levels of Sox9 in ESC lacking RBP-J (Fig. 11A).
One possibility for the unaltered expression levels of Sox9 in RBP-
J-/- ESC could be that Sox9 is not suppressed by RBP-], although it
is regulated by Notchl signaling. In the mammalian skin as well as
during T helper cell differentiation, target repression by RBP-J does
not play an important role [46,47], suggesting that in these tissues
Notch signals in an RBP-J independent manner. However, since the
expression levels were influenced in some but not all RBP-J-/- ESC
clones after re-expressing RBP-J or VP16-RBP-] from a transgene
(Fig. 11B), a more likely explanation is that repression of Sox9 by
RBP-]J is dynamic and depends on other additional factors. Notably,
in Drosophila, RBP-J occupancy on many Notch target promoters
is a transient, dynamic process [48]. In both, Drosophila and
mammalian cells, the presence of Notch'® enhances RBP-J
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Figure 8. Regulatory transcriptions factors involved in differentiation are induced by activated Notch1 in the absence of protein
synthesis. (A-H) The microarray results were validated by qPCR in ESC cultured in self renewal (ESCs), ectodermal (ESCe), or mesodermal (ESCm)
culture medium and in mesodermal cells (Mes.). All conditions were tested in the absence (—) or presence (+) of CHX. Relative expression is shown for
untreated (blue bars) and OHT treated samples (red bars) compared to Gapdh. The calculated inductions are indicated by green squares. The error bars
indicate the standard deviation from 2 to 6 independent experiments for the cells carrying the inducible Notch1 (NERT). Myf5 (G) is expressed at a
very low level in undifferentiated cells (ESCs, ESCe, ESCm). Calculated inductions that do not reach significance above background levels (grey area)

are indicated by an asterisk.
doi:10.1371/journal.pone.0011481.g008

occupancy and irrespective of active repression by RBP-J or not, the
binding of N otch™ to RBP-J mediates the transcriptional switch to
activate gene expresssion from target promoters. How RBP-J and
Notch'® binding to RBP-J-specific sequences at target gene
promoters to activate gene expression is regulated in a cell-context
dependent manner is an interesting issue for further investigation
(see model below).

In our second approach we used knock-in reporter cell lines
to confirm target gene activation by Notchl. Using ESC with a
lacZ insertion in one myf5 allele [49] or ESC with a Venus
gene, a modified version of yellow fluorescent protein, in the
Runxl locus [50], we generated stable ESC lines (Myf5-lacZ-
NERT and Runxl-Venus-NERT), which express NERT, an
OHT-inducible form of murine Notch1™ [14], or control cell
lines carrying the pCAG expression vector without the NERT
cDNA (Myf5-LacZ and Runxl-Venus). Functionality of
Notchl pathway activation in Myf5-LacZ-NERT ESC and
Runx1-Venus-NERT ESC was tested in undifferentiated ESC
by analysis of Hes5 and HeyL expression after culturing the
cells for 4 h in the presence or absence of OHT. All Myf5-
LacZ-NERT ESC and Runx1-Venus-NER'T ESC clones used
for further study upregulated Hes5 and HeyL expression in the
presence of OHT, while in control clones Hes5 and HeyL
expression remained unchanged by the addition of OHT (data
not shown). Using embryoid body culture, ESC were
differentiated in the presence or absence of OHT to induce
Notch signaling and analyzed at different times after plating.
Venus expression was significantly induced by the addition of
OHT in RunxI-Venus-NERT cells but not in RunxI-Venus
control cells (Fig. 10B) at day 5 of mesodermal differentiation.
Quantitative FACS analysis of mesodermal progenitor cells
expressing Flkl confirmed mesodermal differentiation and
Notch activation, as previously described [14] (Fig. 10B).
Similarly, activation of Notch signaling by the addition of
OHT strongly induced the expression of B-Gal-positive cells in
Myf5-lacZ-NERT cells but not in Myf5-LacZ control cells
after 5 days of differentiation (Fig. 10C). Taken together, these
results further confirm these genes to be regulated by activated
Notchl.

A mechanistic model for the role of Notch signaling in
stem cell differentiation: Activated Notch promotes
lineage entry by activating lineage specific transcription
factors and expansion of lineage specific stem and
progenitor cells by a negative feed back loop involving
Hes/Hey and Id transcriptional repressors

What is the consequence of Notch pathway activation in
various cell types? Expression of constitutive active Notch
promotes the generation of cell lineage specific stem cells and
inhibits further differentiation [4]. We have shown here that
activated Notchl most likely directly induces lineage specific
transcription factors (LSTFs), which are known to direct
multipotent stem cells along a certain lineage and are required
for differentiation, in a cell context dependent manner. We
further found that Notchl signaling at the same time also induced

@ PLoS ONE | www.plosone.org

12

Notch target genes of the Hes/Hey family, which can block
differentiation by negatively regulating expression and/or
function of cell LSTFs, e.g. MyoD or Runx [51]. In addition
we observed, that inhibiting protein synthesis augmented the
transcriptional up-regulation of direct Notch target genes,
indicating the presence of a negative feedback loop requiring
the synthesis of a repressive protein. In this respect, the reported
binding of Hes/Hey to RBP-] on their own promoters to inhibit
their Notch-induced expression [52], suggests that Hes/Hey
proteins play a critical role in this negative feedback loop. Taken
together, we propose a model (Fig. 12) for the mechanistic
function of Notch signaling in stem cell differentiation: Notch
signaling activates the transcription of LSTF as well as Hes/Hey
proteins. Specific chromatin marks or other transcription factors
yet to be identified may determine cell context dependency for
differential Notch'® binding. The LSTFs then prime the cells for
differentiation along the respective lineages, while the concom-
itant up-regulation of Hes/Hey genes counteracts further differ-
entiation by interfering with expression or function of these
LSTFs. Recently, a similar stimulation of the expression of a gene
as well as the repressor of that gene by activated Notch was
shown in Drosophila muscle progenitor cells [7]. Thus, activated
Notch may promote lineage entry by activating LSTFs and
expansion of lineage specific stem and progenitor cells by a
negative feed back loop involving Hes/Hey transcriptional
repressors.

Another layer of complexity as well as a link to other signaling
pathways is provided by the differential regulation of Id proteins
by activated Notch (Fig. 12A). During differentiation, Id proteins
act as a short-lived brake withholding predetermined cells from
differentiating, by associating with LSTTs and preventing them
from binding DNA. At the same time, Id proteins can bind,
possibly cell-context dependently, also to specific Hes proteins,
thereby inhibiting the autorepression of certain Hes genes [53].
Thus, the cells are primed to adopt a ’pre-differentiation state’ by
the expression of LSTFs and held in check by opposing signals
because they express inhibitors of the Id and Hes/Hey family at
the same time. Further differentiation will then depend on the
availability of LSTFs, which is regulated by the cell-context
dependent amount and type of LSTFs, Id and Hes proteins
(Fig. 12A). In addition to Notch signaling, the expression of Id
proteins is positively regulated by TGFB/BMP signaling in
different tissues [41], contributing to the balance of transcription
factor availability (Fig. 12B). Similarly, Hes and Hey proteins
transduce and integrate signals from TGFB/BMP, JAK-STAT,
Ras and HIF signaling pathways [51]. On the other hand, LSTFs
are also subject to regulation by several external signaling
pathways, such as FGF, TGFB/BMPs and Wnts (Fig. 12B).
Furthermore, a positive feed-forward loop up-regulating Notch
expression itself may ensure definitive determination into a
specific lineage (Fig. 12B). Finally, work in Drosophila, zebrafish
and C. elegans has demonstrated that miRNAs are direct
transcriptional target genes of Notch signaling and regulate
Notch target genes [54-56]. It is thus tempting to speculate, that
miRNAs induced by activated Notch further influence the
amount of certain transcription factors present and thus
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Figure 9. RBP-J binding site sequences of potential direct Notch1 target genes. Regulatory regions comprising 2000 bp before to 500 bp
after the transcription start site of the Notch1 target genes Hes1, Hes5, Sox9, Pax6, Id4, Hey1, Runx1, and Myf5 were screened for potential RBP-J
binding sites (red arrow head indicates direction of binding) using the ‘Transcription Element Search System’ (TESS; http://www.cbil.upenn.edu/tess;
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respective genomic regions using the UCSC Genome Browser (http://genome.ucsc.edu/) using the Feb. 2006 (NCBI36/mm8) assembly.
doi:10.1371/journal.pone.0011481.9g009

*E). PLoS ONE | www.plosone.org 13 July 2010 | Volume 5 | Issue 7 | e11481



NERT
ESCs  Mes. (5d)
kD - + - ¥ OHT

7] I =

48> S —

— —

a-Pax6
18> - W o4

42 S St ]\ i

* Cont. —-OHT

40 r @Cont. +OHT

mNERT -OHT

30 mNERT +OHT
*

e

Control NERT | Control NERT

st +
(Runx1 reporter) Flk1

% positive cells
s 3

Myf5-lacZ reporter cells
—-OHT

+OHT

NERT

Control

Figure 10. Validating the Notch1 target genes Sox9, Pax6, 1d4,
Runx1 and Myf5. Notchl1 signaling was induced in ESC and
differentiating embryoid bodies by addition of OHT (500 nM). (A)
Immunoblot of EB5 NERT ESC (NERT ESCs) and EB5 NERT differentiated
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doi:10.1371/journal.pone.0011481.g010
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contribute to fine-tuning of the expression of Notch target genes
also in mammals (Fig. 12B). In summary, we propose that Notch
signaling ensures correct, coordinated and timed specification of
stem cells by simultaneously activating LSTFs, differentiation-
inhibitory proteins of the Hes/Hey and Id family, Notch
receptors and miRNAs in an cell-intrinsic and cell-extrinsic
context dependent manner.

Materials and Methods

Cell Culture

The culture of undifferentiated ESC was performed as
described in Schroeder et al. [45]. To generate mesodermal cells,
ESC were cultured in oMEM containing 15% pre-tested FCS
(PAN, Germany), 100 uM 2-mercaptoethanol (differentiation
medium) for 4 to 5 days [57] for transcriptome analysis. 5x10*
undifferentiated ESC per well were cultured in 6 well collagen type
IV coated plates (Becton Dickinson, USA). Alternatively, for
control of differentiation potential, 1x10* undifferentiated ESC
were cultured in 6 well plates containing confluent OP9 stromal
cells [58]. The culture was then analyzed by flow cytometry for
Flk-14+ cells. For the culture of cells in conditions favoring
ectodermal or mesodermal differentiation, ESC grown on gelatine
were washed and cultured for 4 h in the presence or absence of
1 uM OHT in either ES to ectoderm differentiation medium
(GMEM, 10% Knockout Serum Replacement, 1% non essential
amino acids, 1 mM sodium pyruvate (all Invitrogen), and 100 uM
2-mercaptoethanol) or in ES to mesoderm differentiation medium
(Knockout-DMEM, 10% Knockout Serum Replacement (all
Invitrogen), 1% pre-tested FCS (Cambrex), 1% non essential
amino acids (Invitrogen), 2 mM L-Glutamine, and 100 uM 2-
mercaptoethanol). To block protein synthesis, 50 pug/ml cyclo-
heximide (CHX) was added for 4 h.

Runx1-Venus ESC [50] and Myf5-LacZ ESC [49] were stably
transduced with 10 pg of pCAG—NERTAOP vector or pCAG-IP
control vector by electroporation and selected as described in
Schroeder et al [45]. For in vitro differentiation of Myfb-LacZ-
NERT ESC and Runxl-Venus-NERT ESC, ESC were differ-
entiated using the hanging drop method as described [59].
Briefly, ESC were cultivated in hanging drops for 2 days until
embryoid bodies were formed. Embryoid bodies were the
transferred to bacteriological plates and further cultivated in
suspension. Between day 5 and day 7 cells were plated on
gelatine-coated tissue culture dishes and further incubated until
analysis. ESC were electroporated and selected as previously

described [14].

Microarrays

RNAs were processed as described previously with minor
changes [60] for use on Affymetrix GeneChips Mouse Genome
430 2.0 (Aftymetrix, Santa Clara, CA, USA) and analyses were
done with dChip Software. RNA from the different cell
populations was isolated and treated with DNase I (RNeasy,
Qiagen) and used for cDNA synthesis (5 pg total RNA, Expression
Analysis Technical Manual, Affymetrix, Santa Clara, CA, USA).
cRNA was generated (BioArray High-Yield Transcript Labeling
kit, ENZO, Farmingdale, NY, USA) and hybridized to Affymetrix
GeneChip Mouse Genome 430 2.0 Array (15 pg cRNA, 16 h,
45°C) that contain ~45,000 probe sets of over 39,000 murine
transcripts. GeneChip arrays were stained, washed and scanned
according to the manufacturer’s specifications. Principle compo-
nent analysis (PCA) was performed using the R software (http://
www.r-project.org/; [61]). Scanned GeneChip.DAT files were
analyzed by dChip Software (Built date Aug 21, 2008; [62]
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(http://dchip.org). Microarrays were normalized to an array with
median overall intensity (‘Control Mesoderm +OHT”) using the
Invariant Set Normalization method [62]. Uninduced and OH'T-
induced samples of the same cell populations were compared. A
gene was assigned as differentially regulated by Notchl, when it
fulfilled the following criteria: (i) at least 2-fold up- or down-
regulation, (ii) at least the higher expression value has to be judged
as ‘present’ by the software, (ii1) the absolute difference between
induced/not-induced is higher than 50 (about 2-fold the mean
background level of the ‘absent’ genes). For further analyses,
redundant genes were removed as far as possible resulting in 465
genes and transcripts for all culture conditions applied. Data sets
were deposited in NCBIs Gene Expression Omnibus (GEO,
http://www.ncbi.nlm.nih.gov/geo/) and are accessible through
GEO Series accession number GSE15268. Relative expression was
visualized via heatmap using the MeV 4.2 of the TM4 software suite
(http://www.tm4.org/; [63]). Values were Log, transformed and
normalized within each gene. Furthermore, genes were classified into
Gene Ontology [64] or PANTHER groups [65] using the DAVID
functional annotation analysis tool (http://david.abcc.nciferf.gov/).
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The GO and PANTHER terms used were: GOTERM_BP_ALL:
GO:0006350~transcription OR PANTHER_MF_ALL: MF00036:
Transcription factor (“Transcription and TFs’); GOTERM_BP_ALL:
GO:0006915~apoptosis; GOTERM_BP_ALL: GO:0030154~cell
differentiation; GOTERM_BP_ALL: GO:0007049~cell cycle;
GOTERM_BP_ALL: GO:0007154~cell communication; GO-
TERM_BP_ALL: GO:0007155~cell adhesion;, GOTERM_BP_
ALL: GO:0007242~1ntracellular signaling cascade; GOTERM_BP_
ALL: GO:0019222~regulation of metabolic process; GOTERM_
CC_ALL: GO:0005856~cytoskeleton, GOTERM_BP_ALL: GO:
0008283~cell  proliferation;, PANTHER_BP_ALL: BP00248:
Mesoderm development. Genes of the groups were reassigned to
their induction values and visualized as a heatmap with the MeV 4.2
software.

Real-time RT-PCR

Relative expression levels of 30 potential Notchl target genes
and Oct4 as a control were determined by real-time PCR on a
7900HT Fast Real-Time PCR System (Applied Biosystems) in
384-well PCR-plates (ABgene) using the TagMan Gene Expres-
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sion Assays-on-Demand system (Applied Bioystems, Foster City,
USA) as described previously [14] with minor changes. Genes and
assays used are itemized in Table S2. Relative expression levels of
the genes were calculated in relation to Gapdh expression (Applied
Biosystems) using the ACt method with efficiency values measured
in a pilot experiment for each expression assay. Inductions by
OHT were calculated with the AACt method [66] using Gapdh
for normalization. Relative expression and inductions were
visualized via heatmaps using MeV 4.2 software.

@ PLoS ONE | www.plosone.org

Western Blots

60 ug of protein lysates from ESC or 5 d differentiated
embryoid bodies were separated on a SDS-PAGE and blotted
onto a nitrocellulose membrane. Immunoblots were carried out
using antibodies against Sox9 (Santa Cruz Biotechnology, sc-
17340), Pax6 (Covance, PRB-278P), Id4 (Santa Cruz Biotech-
nology, sc-491) and Actin (Santa Cruz Biotechnology, sc-
1616R) in a 1:200, 1:1000, 1:1000 and 1:5000 dilution,
respectively.
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LacZ Staining
Cells fixed with 2% formaldehyde were stained for B-Gal using
standard procedures.

Supporting Information

Table S1 Cell-context specific Notch] target genes. List of cell-
context specific Notchl target genes identified by genome wide
expression arrays in ESC under ectodermal and mesodermal
differentiation conditions and in mesodermal progenitor cells.
Found at: doi:10.1371/journal.pone.0011481.s001 (0.37 MB
XLS)

Table 82 Gene expression assays of Notchl target genes.
Summary of gene expression assays used to determine relative
expression levels of 30 potential Notchl target genes after
induction of Notch signaling.

Found at: doi:10.1371/journal.pone.0011481.5002 (0.02 MB
XLS)
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