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Summary

BMP and Wnt signaling pathways control essential cellular responses through activation of the
transcription factors SMAD (BMP) and TCF (Wnt). Here, we show that regeneration of
hematopoietic lineages following acute injury depends on the activation of each of these signaling
pathways to induce expression of key blood genes. Both SMAD1 and TCF7L2 co-occupy sites
with master regulators adjacent to hematopoietic genes. In addition, both SMAD1 and TCF7L2
follow the binding of the predominant lineage regulator during differentiation from multipotent
hematopoietic progenitor cells to erythroid cells. Furthermore, induction of the myeloid lineage
regulator C/EBPa in erythroid cells shifts binding of SMADL to sites newly occupied by C/EBPa,
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while expression of the erythroid regulator GATA1 directs SMADL loss on non-erythroid targets.
We conclude that the regenerative response mediated by BMP and Wnt signaling pathways is
coupled with the lineage master regulators to control the gene programs defining cellular identity.

Introduction

Cells sense and respond to their cellular environment through signal transduction pathways,
which can deliver information to the genome in the form of activated transcription factors.
These factors tend to occupy specific genomic regions and associate with different co-
activators and chromatin remodeling complexes to direct their response. This occurs by
either activating or repressing transcription or by changing the chromatin architecture, thus
reforming the accessibility of certain genomic loci (Mosimann et al., 2009; Moustakas and
Heldin, 2009). This combination of actions allow for the same signaling pathways to be used
in multiple cellular environments eliciting different responses.

The BMP and Wnt signaling pathways are two highly conserved signaling pathways that
interact during many developmental processes, ultimately through regulation of transcription
via SMAD and TCF/LEF transcription factors (Clevers, 2006; Larsson and Karlsson, 2005;
Staal and Luis, 2010). Both pathways participate in the formation of the hematopoietic
system during development, but appear to be expendable during adult steady state
hematopoiesis (Cheng et al., 2008; Goessling et al., 2009; Jeannet et al., 2008; Koch et al.,
2008; Lengerke et al., 2008; McReynolds et al., 2007; Nostro et al., 2008; Singbrant et al.,
2010; Tran et al., 2010). In both development and regeneration, hematopoietic stem cells
divide and differentiate in response to cell-intrinsic and extrinsic signals to produce all of the
hematopoietic lineages. Here we show that the BMP and Wnt signaling pathways are critical
for efficient regeneration of the adult hematopoietic system, as they are in development.
Additionally, BMP and Wnt have been implicated in differentiation into erythroid and
myeloid lineages. Specifically, in culture, BMP treatment can augment erythroid,
megakaryocytic, and granulocytic-monocytic output of CD34+ progenitors (Detmer and
Walker, 2002; Fuchs et al., 2002; Jeanpierre et al., 2008). Similarly, Wnt3a ligand can
regulate the production of erythroid and myeloid cells from ESC and myeloid progenitors
from adult HSC (Cheng et al., 2008; Nostro et al., 2008; Staal and Luis, 2010).

The underlying mechanism for BMP and Wnt regulation of regeneration and differentiation
resides in the cell-type specific targets of the SMAD and TCF transcription factors,
respectively. Based on previous findings, SMAD and TCF proteins can couple with other
transcription factors to regulate a small number of cell-specific genes (Clevers, 2006;
Massague et al., 2005; Mosimann et al., 2009). Signaling-mediated transcription factors
have recently begun to be studied in a genome-wide manner, and these studies have revealed
that Smad1 and Tcf711/Tcf3 can co-occupy target sites with the Oct4/Nanog/Sox2
transcriptional complex on pluripotency target genes in embryonic stem cells (ESCs) (Chen
et al., 2008; Cole et al., 2008) and TCF7L2 can co-localize with CDX2 in colonic cells
(Verzi et al., 2010). This led us to consider the possibility that BMP and Wnt signaling
factors couple with distinct transcription factors important for lineage identity during
hematopoietic regeneration and differentiation.

To determine how SMAD and TCF transcription factors select their targets in distinct
lineages during regeneration and differentiation, we explored their genome-wide DNA
binding in various hematopoietic environments across multiple species. Initially, co-binding
of Smad1 with Gata2 at individual genes in regenerating progenitors was observed.
Genome-wide analysis revealed that SMAD1 and TCF7L2 selectively bind in concert with
cell-specific master regulators at lineage distinctive genes in erythroid and myeloid cell
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populations. In addition, the expression of a myeloid master regulator in erythroid cells is
sufficient to redirect a fraction of Smad1 binding. During differentiation, the binding of
signaling factors shifts from genes of multiple hematopoietic lineages in progenitor cells to
genes specific for differentiated cells guided by the dominant lineage factor. Together, these
data support a mechanism by which lineage regulators direct SMAD and TCF proteins to
tissue-specific enhancers. The selective use of these pathways during regeneration suggests
that coordinated binding of SMAD1 and TCF7L2 with lineage-restricted regulators is the
underlying mechanism for BMP and Whnt effects during hematopoietic differentiation and
regeneration.

Wnt and BMP play essential roles in hematopoietic regeneration

Whnt and BMP signaling are required during hematopoietic development, but it is unclear if
either pathway is necessary for adult hematopoietic regeneration. A zebrafish model was
used to determine if Wnt or BMP signaling are necessary during this process. Adult
zebrafish were sub-lethally irradiated and recovery of whole kidney marrow (WKM) cells
was monitored by flow cytometry to identify precursor populations that are the first
detectable sign of hematopoietic recovery (Traver et al., 2004) (Figure 1A). Stimulation of
the Wnt signaling pathway using a heat shock-inducible Wnt8 ligand (Weidinger et al.,
2005), or treatment with the GSK3 chemical inhibitor BIO, resulted in an increase in the
frequency of precursors (3- and 2-fold respectively) during regeneration (Figure 1B)
(Goessling et al., 2009). In contrast, inhibition of Wnt signaling by heat shock-induced
expression of Dkk1 (Stoick-Cooper et al., 2007) led to diminished precursor levels (Figure
1B). Stimulation of the BMP pathway using a heat shock-inducible BMP2 ligand (Rentzsch
et al., 2006) enhanced the number of precursors more than 2-fold (Figure 1B), while
blocking the BMP pathway using either a heat shock-inducible Chordin (Tucker et al., 2008)
or the BMP type | receptor chemical inhibitor dorsomorphin (DM), diminished precursor
recovery levels to less than half of the wild-type levels (Figure 1B). Murine competitive
bone marrow transplantation experiments were used to assess if the roles for Wnt and BMP
in hematopoietic regeneration were conserved and to determine if the effects were cell-
intrinsic (Figure S1A). We found that the ex vivo activation of Wnt signaling led to a greater
number of animals with multi-lineage engraftment (Figure S1B). In contrast, ex vivo
inhibition of BMP signaling abrogated engraftment (Figure S1B). These data suggest that
Wnt and BMP have a conserved, cell-autonomous role during adult hematopoietic
regeneration.

The transcriptional effects of BMP and Wnt signaling were evaluated by studying the
expression of hematopoietic genes in zebrafish WKM after irradiation following a two hour
heat shock induction of BMP2 or Wnt8. Activation of the pathways was confirmed using
quantitative PCR for the BMP2 and Wnt8 ligands as well as known downstream targets such
as id1 for BMP and cyclind1 for Wnt (Figure S1C). Overexpression of BMP increased the
levels of the hematopoietic genes scl, runx1, c-myb, and gata2, while Wnt stimulation
increased the expression of scl, runx1, and gata2 (Figure 1C). These data demonstrate that
during in vivo regeneration, BMP and Wnt pathways regulate hematopoietic targets at the
level of gene expression, which led us to further investigate if the signaling-directed
transcription factors directly bind to enhancer elements of blood genes.

We next asked if Smad1, which is a transcription factor activated by BMP signaling, co-
occupied hematopoietic genes with the lineage regulator Gata2. In multilineage
hematopoietic progenitors, Gata2 is an essential transcription factor that binds to the
regulatory elements in genes expressed in progenitors and differentiated lineages (Tsai et al.,
1994; Wilson et al., 2010). In order to obtain sufficient cell numbers to perform ChiIP
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analysis, a mouse irradiation injury model was used (Hooper et al., 2009). Lineage-negative
progenitors were isolated from mice seven days after a sublethal irradiation, and then ChIP-
PCR was performed for known targets of Gata2 (Figure 1D) (Wilson et al., 2010). Smad1
and Gata2 co-occupied hematopoietic genes including Cd9, 1113, Meis1, and Mapké (Figure
1E). Together, these results indicate that BMP and Whnt are required for regeneration and act
at least in part by modulating genes bound by the lineage regulator Gata2.

TCF7L2 and SMADL1 transcription factors co-occupy genomic sites with GATA factors in
an erythroid environment

We next asked if the transcription factors activated by Wnt and BMP signaling co-bind with
blood-specific lineage regulators genome-wide by performing ChlP-seq for TCF7L2/TCF4
(Wnt pathway) and SMAD1 (BMP pathway) as well as GATAL and GATA2. ChiP-seq was
performed in K562 cells, which are erythroleukemia cells that express GATAL and GATAZ2,
essential transcription factors for erythroid and progenitor cells, respectively (Cantor, 2005;
Tsai et al., 1994; Tsiftsoglou et al., 2009). Cells were treated with BI1O to activate the Wnt
pathway or BMP4 to activate the BMP pathway. Both TCF7L2 and SMAD1 showed
substantial overlap with GATAL and GATA2 at individual genes and genome wide (Figure
2A and 2B). To confirm the specificity of the analysis, TCF7L2 and SMAD1 binding at
known targets was analyzed (Figure S2A) and found that inhibition of BMP signaling
resulted in considerable loss of SMADL1 binding across the genome (Figure S2B).

If the main targets for TCF7L2 and SMADL are the blood genes regulated by GATA
factors, then we should see enrichment for red blood cell genes in their targets. Functional
classification of the genes occupied by TCF7L2 or SMADL in K562 erythroleukemia cells
revealed enrichment for genes highly associated with red blood cell development(Figure
S2C-E). If TCF7L2 and SMADL bind to the same sites as GATAL and GATA2, then there
should be enrichment for GATA motifs in the sites bound by TCF7L2 or SMAD1. As
expected, the most prominent motif in regions bound by TCF7L2 and SMAD1 was the
GATA motif (Figure S2F). Scanning for GATA, SMAD, and TCF motifs across the regions
bound by SMAD1, TCF7L2, GATAL or GATA2 demonstrated enrichment of all three
motifs in all of the bound sites (Figure S2G). Furthermore Wnt and BMP stimulation did not
significantly affect the binding of GATA factors (Figure S2H). If GATA factors direct the
binding of signaling factors, then the expectation would be to find them interacting with the
same genomic sites at the same time. ChIP for SMAD1 was performed followed by ChIP for
GATAZ2, and PCR showed that SMAD1 and GATAZ2 simultaneously occupied key erythroid
genes (Fig 2C). These results are consistent with co-occupancy of TCF7L2 and SMAD1
with GATAL and GATAZ2 in K562 cells and demonstrated that Wnt and BMP signaling
were directed to genes occupied by GATA factors that specified the red blood cell state.

We next asked if TCF7L2 or SMADL1 preferentially occupied the genome with GATAL and
GATAZ2 in K652 cells. Available data were analyzed for other transcription factors in K562
cells (Birney et al., 2007; Raney et al., 2011; Rosenbloom et al., 2010). Both TCF7L2 and
SMADL tend to bind sites with GATAL and GATAZ2 but do not tend to occupy sites with the
other tested transcription factors despite previous reports that SMAD1 could interact with
several of these factors in other tissue types (Chen et al., 2002; Kurisaki et al., 2003) (Fig
2D). In addition, the distance from TCF7L2 or SMADL1 sites to the nearest binding site for
GATA1L, GATAZ2, E2F4, and CTCF was calculated. The majority of TCF or SMAD sites
were occupied by the GATA factors, but were distant from E2F4 and CTCEF sites (Figure
2E). These data indicate that the genome-wide co-occupancy of TCF7L2 and SMAD1 with
GATA1L and GATAZ is specific.
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Co-occupied regions encompass enhancers

Analysis of TCF7L2 and SMADL localization with multiple transcription factors in K562
cells, revealed that each of the transcription factors examined occupied “open” chromatin
sites as defined by FAIRE-Seq and DNAse-Seq, which measure DNA accessibility (Song et
al., 2011), indicating TCF7L2 and SMAD1 do not indiscriminately bind to all open and
available DNA sites (Figure 2D). This led us to investigate the class of regulatory elements
occupied by BMP and Wnt signaling factors.

Transcriptional regulatory elements fall into well-defined groups that can be defined by
position relative to gene, chromatin modification state and occupancy by known regulators.
In order to identify the class of regulatory elements Wnt and BMP factors co-occupy with
master regulators, the enriched regions were mapped to positions relative to RefSeq genes.
To assess differences in regions co-bound by signaling and lineage regulators vs. those
bound by a lineage regulator alone, regulatory elements in regions bound by GATA factors
and TCF7L2 or SMAD1 were examined and compared to those bound by GATA factors
alone. The majority of regions for all groups mapped to introns and intergenic regions,
similar to many enhancer elements (Heintzman and Ren, 2009), in contrast to E2F4, which
occupies sites adjacent to promoter regions (Figure 3A). This pattern suggests TCF7L2 and
SMADL co-occupy distal regulatory elements with GATAL and GATA2 master regulators.

Mammalian enhancers are associated with the histone modification H3K4mel (Heintzman
et al., 2009; Heintzman et al., 2007; Rada-Iglesias et al., 2011; Visel et al., 2009). Therefore
we asked whether the distinct GATA regions showed differences in these modifications.
While each group was marked by H3K4mel surrounding the GATA-bound regions, those
sites where TCF7L2 or SMADL co-localize with GATA factors showed a greater
enrichment (Figure 3B). To determine if these enhancers tend to be associated with actively
transcribed genes, the transcriptional activity of genes within 5 kb of the enriched regions
was classified into distinct states of active, poised and silent. Active genes were defined as
the Refseq genes marked by the histone modifications H3K4me3 and H3K36me3. A higher
proportion of regions were enriched at active genes (51-54%) compared to the proportion of
all active genes (35%) (Figure S3). Thus, the co-occupied regions of TCF7L2, SMAD1 and
GATA factors are predominantly occupying enhancers of actively transcribed genes.
Together, these observations predict that the expression level of GATA target genes would
be responsive to perturbation of Wnt and BMP signaling.

TCF7L2 and SMAD1 enhance transcriptional activation mediated by GATA2

TCF7L2 and SMAD1 co-occupy enhancers of active, cell type-specific genes with GATA
factors. To assess the consequences of this co-occupancy on transcriptional output, the
effects of each transcription factor alone or in combination were examined on the expression
of the hematopoietic gene LMO2, which is bound by TCF7L2, SMAD1, GATAL, and
GATAZ2 72kb upstream of the transcriptional start site in K562 cells (Figure 3C)(Landry et
al., 2009). Induction of GATAZ alone was sufficient to increase reporter expression, while
neither SMAD1 nor TCF7L2 alone had any effect (Figure 3D). In contrast, induction of
either SMADL1 or TCF7L2 in the presence of GATAZ greatly enhanced reporter activity,
indicating that the signaling factors affect transcription of blood-specific enhancer elements
in combination with a lineage regulator (Figure 3D).

The observation that an increase in histone modifications is associated with active enhancers
bound by TCF7L2, SMADL, and GATA factors led to the hypothesis that binding of
signaling factors could be influencing the chromatin state at these elements to affect
transcriptional output. This could occur through recruitment of the histone acetyltransferase
p300, with which both TCF/B-catenin and SMAD are known to interact (Hecht and
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Stemmler, 2003; Nakashima et al., 1999; Pearson et al., 1999). If recruitment of p300 was
dependent on the activity of the Wnt and BMP signaling pathways, then perturbations to
either Wnt or BMP signaling should affect the localization of p300 to the enhancers of
blood-specific genes. Activation of either the Wnt or the BMP pathways in K562 cells did
result in an increase of p300 occupancy by ChIP-PCR, whereas inhibition of the pathways
diminished p300 occupancy at the enhancer elements of blood genes (Figure 3E). We
conclude that TCF7L2 and SMAD1 co-operate with lineage regulators to enhance the
transcription of their target genes through co-occupancy of enhancers that are activated
through recruitment of p300.

TCF7L2 and SMADL1 transcription factors co-occupy genomic sites with C/EBPain a
myeloid environment

We next investigated if TCF7L2 and SMAD1 occupied the genome with a different master
regulator in another hematopoietic lineage. ChlP-Seq was performed for TCF7L2, SMAD1
and C/EBPa, a known master regulator of the myeloid lineage, in the U937 monocytic
leukemia cell line. TCF7L2 and SMADL1 tend to occupy different sites in erythroid (K562)
and myeloid (U937) lineages, with only 15% of sites in common (Figure 4A). Furthermore
the sites occupied by TCF7L2 and SMADL tend to be the sites occupied by C/EBPa in
U937 cells and by GATA in K562 cells (Figure 4B and 4C). In the erythroid environment,
TCF7L2, SMAD1, GATAL, and GATA2 were bound within erythroid genes such as
HEMGN, but those sites were not bound by TCF7L2, SMADL, or C/EBPa in the myeloid
environment (Figure 4B, 4C, S4A and S4B). Similarly, genes with a stronger association
with myeloid cells such as CXCR4 were bound by TCF7L2, SMADL, and C/EBPa. in the
myeloid environments, but not bound by TCF7L2, SMAD1, GATAL, or GATAZ in the
erythroid environment (Figure 4B, 4C, S4A and S4B). Motif scanning of the sequences
around TCF7L2, SMADL1 or GATA bound sites in K562 showed enrichment for GATA,
SMAD, and TCF motifs and absence of C/EBP motifs, whereas in the myeloid cells C/EBP
motifs were present and GATA motifs absent (Figure S4C). Treatment of U937 cells with
BIO or BMP4 had little influence on C/EBPa binding showing activation of the Wnt or
BMP signaling pathways does not affect the genomic localization of the myeloid regulator
(Figure S4D).

Analysis of bound regions among all the transcription factors analyzed showed a strong cell
type clustering (Figure 4D). TCF7L2 and SMAD bound sites in K562 show a stronger
correlation with GATAL and GATAZ2 occupied regions, than TCF7L2 and SMAD1 bound
sites in U937. These data suggest that TCF7L2 and SMADZ1 show cell lineage specific
binding at sites co-occupied by master regulators.

C/EBPa expression re-directs SMAD1 binding in erythroid cells

If lineage-specific transcription factors direct the Wnt and BMP regulators to regulatory
elements in distinct lineages, then expression of a master regulator of the myeloid lineage
(e.g. C/EBPa) in an erythroid cell-type should be capable of re-directing some of the
signaling factors to novel sites occupied by the myeloid regulator. In order to test this
hypothesis, an estrogeninducible C/EBPa expressed in K562 cells was used (D'Alo et al.,
2003). Upon estradiol treatment, the C/EBPa estrogen receptor fusion protein translocates
into the nucleus. SMAD1 and C/EBPa binding was determined by ChIP-seq in these cells
following a 24-hour estradiol induction and a 2-hour BMP4 stimulation (Figure 5A).
Expression of C/EBPa directed a fraction of SMADZ1 to new sites occupied by C/EBPa
(Figure 5B). SMADL1 binding was retained at GATA targets, such as SLC6A9, in C/EBPa-
expressing K562 cells, while occupying new sites with C/EBPa exclusive of erythroid
regulators (Figure 5C). An example of a newly occupied site lies near two genes, ALAS2
and APEX2. ALAS?2 is expressed in erythroid cells (Sadlon et al., 1999), while APEX2 is
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important in white blood cells (Ide et al., 2004). The binding of C/EBPa and SMAD1 at this
position may result in repression of ALAS2 in erythroid cells or activation of APEX2 in
white blood cells.

Gatal expression re-directs SMAD1 binding during differentiation

Ectopic expression of C/EBPa is sufficient to direct SMAD1 to some new targets, but does
not induce significant loss of SMADL1 binding on other targets. We next asked whether
forced expression of an erythroid master regulator (Gatal) in an erythroblast progenitor cell
line could restrict Smad1 binding to only erythroid targets. To address this question, the
estrogeninducible Gatal-null erythroblast cell line (G1ER) was used, which was derived
from targeted disruption of Gatal in embryonic stem cells. Upon estradiol treatment, the
Gatal estrogen receptor fusion protein translocates into the nucleus and induces the red
blood cell differentiation program (Figure 6A) (Cheng et al., 2009; Tsang et al., 1997; Yu et
al., 2009). We identified the genome-wide binding of Gata2 and Smad1l in Gatal-deficient
(G1E) and Gatal and Smad1 in Gatal-induced (G1ER) cells following BMP4 stimulation.
SMAD and GATA motifs were identified in all samples (Figure S6A). In G1E cells, Smadl
and Gata2 co-occupied genes of multiple hematopoietic lineages (Figure 6B, 6C, S6B, and
S6C). During erythroid differentiation Gatal replaces Gata2 binding at erythroid genes
(Bresnick et al., 2010; Grass et al., 2003). After Gatal induction, Smad1 binding became
more restricted to erythroid genes, and binding to genes expressed in the other lineages was
diminished (Figure 6B, 6C, S6B, and S6C). Together the data reveal that induction of
lineage-specific regulators alter Smad1 genomic occupancy.

TCF7L2 and SMADL1 co-occupancy with master regulators occurs in primary
hematopoietic progenitors and changes during erythropoiesis

The shifts in SMAD1 occupancy following forced expression of C/EBPa or Gatal in
erythroid environments suggest that during regeneration and differentiation, when there are
dynamic changes in the lineage regulators present, signaling factor occupancy will also
change according to the cell state. To model a normal differentiation process, analogous to
what occurs during regeneration, we examined TCF7L2 and SMAD1 genomic occupancy in
primary human progenitor cells following in vitro expansion and differentiation. ChIP-seq
was performed for GATA2, TCF7L2, and SMAD1 in mobilized peripheral blood CD34+
progenitor cells (Pro) (Figure 7A and S7A). GATA2 co-occupied more than 75% of
TCF7L2 or SMADL enriched genes in these hematopoietic progenitor cells (Figure 7B, 7C,
S7B, S7C, and S7D). In addition to a GATA motif, ETS and RUNX motifs were also
enriched in GATA2, SMAD, and TCF bound sequences (Figure S7E). This finding is
consistent with recent genome-wide data from murine hematopoietic progenitors that
indicate Gata2 co-occupies sites with multiple regulators including Runx1 and ETS
transcription factors Erg and Flil near genes important for multipotent stem cells (Wilson et
al., 2010). Together with the binding data, these results imply that TCF7L2 and SMADL are
likely co-binding with the entire progenitor transcriptional complex.

To determine how binding changes during differentiation, ChIP-Seq for GATA1 and
SMADL in erythroblast derived from CD34+ progenitors (CD34ery) was performed (Figure
7A and S7A). SMAD1 co-bound with GATAL in CD34-derived erythroblasts (Figure 7B
and 7C). The genes bound by SMAD1 were fewer in the erythroid cells compared to the
progenitor cells (2683 vs.8094). This change in SMAD1 occupancy suggested refinement of
the binding sites from a multilineage to a fully differentiated state (Figure 7B and 7C). The
bound genes were enriched for those that are characteristic of the differentiation stage
(Figure S7D). In addition to the loss of many bound regions, further binding was acquired at
erythroid genes (Figure 7B, 7C and S7D). These data confirm that co-binding of BMP and
Whnt regulators with lineage transcription factors occurs in primary hematopoietic cells in
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genes that regulate all hematopoietic lineages and shifts upon directed differentiation
towards erythroid cells to erythroid-specific genes.

To ascertain if genes bound by BMP and Whnt transcription factors were regulated by BMP
and Whnt signaling, genome-wide expression analysis was performed, on CD34+ cells with
or without stimulation by BMP4 or BIO, respectively. The expression in unstimulated and
stimulated cells was compared two hours after the shift to erythroid differentiation
conditions. Differentially expressed genes in BMP4 treated groups compared to untreated
controls were enriched for genes bound by SMADL (32%), and those differentially
expressed in BIO treated samples were enriched for those bound by TCF7L2 (31%) (Table
S6). These data suggest that BMP and Whnt signaling coordinate with differentiation signals
to alter gene expression via direct binding to common target genes with lineage master
regulators.

Discussion

Here we provide evidence that BMP and Wnt pathways play a dynamic role in
hematopoietic regeneration through co-occupancy of regulatory elements with lineage
regulators at cell-type specific genes for each lineage. The co-occupancy of Smad1l and
Gata2 was observed on blood targets in hematopoietic progenitors during in vivo
regeneration. Lineage-restricted co-occupancy of TCF7L2 or SMAD1 with GATA1L and
GATAZ in erythroid cells, C/EBPa in myeloid cells, and GATAZ in progenitors occur
genome-wide. This binding is selective for cell-specific enhancers bound by master
regulators. BMP and Wnt signaling cooperate with lineage regulators to enhance
transcription of cell-type specific target genes. Lastly, ectopic expression of a lineage
transcription factor was sufficient to direct the genomic localization of signaling-specific
factors.

Master regulators direct the site selection of signaling transcription factors in every step
during the differentiation process. Recent genome wide studies have shown that signaling
pathway transcription factors localize in binding sites adjacent to embryonic stem cell
master regulators (Chen et al., 2008; Cole et al., 2008; Young, 2011). Our data show that
this mechanism occurs in many cell types, and establishes an order by which the lineage
regulators recruit the signaling factors to sites of active genes of biological relevance
throughout the whole genome. Alterations of the expression and binding of hematopoietic
lineage regulators to target genes during regeneration or differentiation can dictate the
binding of signaling factors.

Signaling factors selectively co-localize with master regulators, but our studies hint that
other factors may help fine-tune signaling factor binding. For example, the transcriptional
status of a gene can modify SMAD1 binding. In CD34 progenitor cells, SMAD1 co-binds
with GATAZ2 on genes expressed in progenitors, but is mostly absent from erythroid genes
that are not expressed. In erythroid cells, SMADL is able to bind these same targets with
GATAL1, which helps activate these genes (Bresnick et al., 2010; Grass et al., 2003).
Additionally, It has been suggested that GATA2 works in different complexes to target
progenitor vs. erythroid genes (Wilson et al., 2010), and GATAZ is expressed at different
levels in these two cell populations. We speculate that it is not only the function of an
individual master regulator, but also the combinations and the levels of each lineage
regulator in a cell along with the transcriptional state of the target that help dictate the
genomic location of signaling factors.

Here we provide a model for how this mechanism could be utilized to help orchestrate
hematopoietic differentiation during a stress response. During hematopoietic regeneration
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when these pathways are required, the activation of BMP and Wnt signaling results in the
co-localization of SMAD and TCF with the master regulators on genes defining progenitor
cell fate. As regeneration continues and progenitor cells begin to differentiate, different
master regulators activate the cell-specific genes of more mature hematopoietic lineages and
again redefine the binding of signaling transcription factors. Co-localization of lineage and
signaling factors has as a result the co-localization of signaling factors themselves. This fact
may explain some of the synergistic effects observed between many signaling pathways
(Schier and Talbot, 2005). As the BMP and Wnt pathways appear to have a selective
function during regeneration, throughout this stress response, coupling transcriptional
regulation to the transcription factors expressed highly in a cell lineage explains how BMP
and Whnt signaling pathways can have cell-context dependent effects.

Regeneration is a process of tissue self-renewal. Our data imply that an underlying
mechanism of self-renewal is the control of the entire hematopoietic program through the
collaboration of master and signaling transcription factors, which is similar to the
mechanism by which core self-renewal factors in embryonic stem cells perform key roles in
embryonic stem cell fate. Our observation that the BMP and Wnt signaling transcription
factors are associated with master regulators of multiple hematopoietic cell types provide
insight into the effects of BMP and Whnt signaling that occur during development,
regeneration, and disease.

Experimental Procedures

Zebrafish Irradiation-induced Regeneration

Zebrafish were maintained as described (Westerfield, 2000). Irradiation-induced
regeneration assays were performed as previously described (Burns et al., 2005; Traver et
al., 2004). For heat shock treatments, small fish tanks were placed at 37°C for 16 hours. For
small molecule treatments, fish were soaked for 16 hours in fish water containing drug
dissolved in DMSO, 2uM BIO or 10uM DM. On days 2, 7, and 14 post irradiation, whole
kidney marrow cells were analyzed on an LSRII for FSC/SSC parameters. See also
Extended Experimental Procedures.

Cell line culture conditions and stimulation

K562 and U937 were maintained in IMDM and RPMI medium, respectively, supplemented
with fetal calf serum, glutamine, and penicillin/streptomycin. Culture conditions for CEBPa-
K562, G1E, G1ER, and human hematopoietic CD34+ cells as well as differentiation media
and stimulation conditions are described in Extended Experimental Procedures.

Chromatin Immunoprecipitation

Chromatin immunoprecipitation experiments were performed as previously described (Lee
et al., 2006) with slight modifications, which are described in Extended Experimental
Procedures. A summary of the bound regions and bound genes determined for all ChlP-seq
data is contained within Supplementary Table 3,Supplementary Table 4,Supplementary
Table 5. For ChlP-seq experiments the following antibodies were used: Smad1 (Santa Cruz
sc7965), TCF7L2 (TCF4 Santa Cruz sc8631), C/EBPa (Santa Cruz sc9314), Gatal (Santa
Cruz sc265), Gata2 (Santa Cruz sc9008), p300 (Santa Cruz sc585), and H3K4mel (Abcam
ab8895). Samples were prepared for sequencing using Illumina Genomic DNA kit or
TruSeq according to the manufacturers instructions. Also see Extended Experimental
Procedures for details on ChIP and ChIP-seq sample preparation and analysis.
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ChIP-PCR analysis of lineage negative bone marrow cells

ChIP in lineage negative cells isolated from mouse bone marrow was performed as
described above. Primers were designed for known Gata2 targets. QPCR reactions were
done with iQ SYBR-GREEN Supermix (BIORAD 170-8880), and a CFX-384 Real-Time
PCR Detection System (BIORAD) thermal cycler was used. Expression of each gene was
normalized to Gapdh and relative levels were calculated using the AACt method (Applied
Biosystems). Quantities are expressed as fold change compared to input controls. Primers
are listed in Supplementary Table 2.

Sequential Chromatin immunoprecipitation

ChIP were performed and immunoprecipitated DNA fragments were eluted from the beads
by addition of 55ul 10mM DTT and incubated at 37°C for 30 min. The supernatant was
transferred to a new tube and the material was diluted 30X with sonication buffer and served
as the starting material for the second ChIP. ChIP-PCR was performed as described above.
See also Extended Experimental Procedures.

Motif counting

The genomic sequence +/—2.5 kb from the center of each enriched region in the dataset
indicated was downloaded from the UCSC website with repeats masked with “N”. A
window of 250bp was shifted across each sequence at 50bp intervals, and the number of
occurrences of the complete motif sequence or its reverse complement within the window
was counted. An averaged motif occurrence in each scanning window was plotted across the
+/—2.5kb regions.

Heatmap analysis of ChlP-seq occupancy

ChlIP-seq enrichment for the indicated factor or modification was determined in 100bp bins
(enrichment in the bin as counts per million) centered on the enriched region of a given
ChiIP-seq dataset. Java Treeview (www.jtreeview.sourceforge.net) was used to visualize the
data and generate figures shown in this manuscript.

Distance from TCF7L2 or SMAD1 enriched regions to nearest TF bound region

The distance (in bp) from each TCF7L2 or SMADL1 site in K562 cells to the nearest site of
each TF was calculated. The distance from the boundary of each TCF7L2 or SMAD1
enriched region to the boundary of the nearest site bound by the indicated transcription
factor was determined. These distances were grouped into bins (x-axis), with the x-axis
value indicating the upper limit of each bin. The sum of regions in each bin is shown (y-
axis).

Assignment to regulatory regions in K562 Cells

Each enriched region was uniquely assigned into a category of exon, intron, proximal
promoter (from 1KB upstream to TSS), distal promoter (from 10KB upstream to 1KB
upstream of TSS), and intergenic region (more than 10KB upstream away from body of the
gene) according to MySQL access to the UCSC hg18 refseq table. When an enriched region
could be mapped to more than 1 regulatory region category because of overlapping genes, it
was classified into a regulatory region class in preferential order of exon, intron, proximal
promoter, distal promoter, and intergenic region.

Genome-wide expression analysis

Affymetrix U133plus2.0 microarrays were used to assess gene expression changes in
CD34+ cells with or without Wnt or BMP pathway stimulation. Arrays were done on
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control, 0.5uM BIO, or 25ng/ml rhBMP4 treated cells two hours after a shift to erythroid
differentiation media. See also Extended Experimental Procedures.

Reporter assays

K562 cells were transfected using AMAXA nucleofector according to the manufacturer
instructions. B-galactosidase activity was measured with the Galacto-Star kit (Applied
Biosystems). See also Extended Experimental procedures.

Highlights
* BMP and Wnt pathways regulate hematopoietic regeneration
* SMAD1 and TCF7L2 co-occupy genomic regions with GATA factors in erythroid cells
* Regions co-occupied by signaling factors and lineage regulators are enhancers

* Expressing myeloid lineage regulator C/EBP in erythroid cells redirects SMAD binding

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. BMP and Wnt pathways regulate hematopoietic regeneration

A. Schematic of an irradiation-induced hematopoietic regeneration model. Adult zebrafish
are irradiated with 20Gy y-irradiation at day 0, treated on day 2, and then whole kidney
marrow (WKM) are dissected and analyzed by flow cytometry or by QPCR. B. Activation
of the Wnt and BMP pathways enhances regeneration in zebrafish. Graphs depicting the
relative frequency +/— SEM of precursors in WKM relative to wild type controls following
manipulations to the Wnt (left) and BMP (right) pathways. * p<0.05 and **p<0.005, p-
values calculated using student’s t-test comparing wild type control treated siblings to
treated group. C. Activation of the Wnt (left) and BMP (right) pathways leads to up-
regulation of key hematopoietic genes. QPCR graphs of relative gene expression +/— SEM
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in WKM cells from wild type, Hs:Wnt, or Hs:BMP two days post irradiation following a
two hour heat shock induction of Wnt8a or BMP2b transgene expression, respectively. *
p<0.05, p-values calculated using student’s t-test comparing wild type control treated
siblings to treated group. D—E. Gata2 co-localizes with Smadl on hematopoietic targets in
murine progenitor cells during regeneration. D. Schematic of irradiation model. ChiIP for
Smad1 and Gata2 was performed on lineage negative progenitors isolated from mice 7 days
after a 6.5 Gy irradiation. E. QPCR of whole cell extracts (input), Gata2, and Smad1 ChlP.
The bars show relative enrichment +/— SEM compared to input control. * p<0.05 and
**p<0.005, p-values calculated using student’s t-test comparing ChIP DNA to input control.
See also Figure S1.
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Figure 2. SMAD1 and TCF7L2 co-occupy the genome with key regulators of the erythroid
lineage
A. Gene track of the GATAL locus showing TCF7L2 (purple), GATAL (red), GATA2
(orange), and SMADL1 (green) binding of specific genomic regions along the x-axis and the
total number of reads per million on the y-axis. B. SMAD1 and TCF7L2 co-occupy genomic
regions with GATAL and GATAZ2. Region plots representing the distribution of GATA1 and
GATAZ2 bound regions —2.5 to +2.5 kb relative to all TCF7L2 or SMAD1 bound regions in
K562 cells. C. QPCR of whole cell extracts (input), SMAD1 and control mouse IgG,
sequential ChIP for GATAZ2 and control rabbit IgG on the SMAD1 ChlIP. The bars show
relative enrichment +/— SEM compared to input control. * p<0.08 and **p<0.04,
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***p<0.0005, p-values calculated using student’s t-test comparing SMAD1 ChlP to input
and SMAD1 ChIP to SMAD1-GATAZ2 sequential ChlP. D. Co-localization of SMAD1 and
TCF7L2 are specific to lineage regulators. Heat map depicting the relative level of co-
localization of indicated factors, in K562 cells together with open chromatin data in this cell
line. E. E2F4 and CTCF binding is not associated with TCF7L2 or SMAD1. The distance
from the center of each TCF7L2 site (left) and SMADL site (right) to the center of the
nearest site bound by the indicated transcription factor was determined. These distances
were grouped into bins (x-axis). The sum of bound sites in each bin is shown (y-axis). See
also Figure S2.
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Figure 3. Signaling factors cooperate with lineage regulators at distal enhancers

A. TCF7L2 and SMAD1 regions co-localize with GATA factors in intronic and intergenic
regions. The groups of enriched regions occupied by GATA factors in K562 cells were
divided into those occupied by GATA only, TCF7L2 and GATA, or SMAD1 and GATA.
E2F4 is shown as a control. Each region was mapped to their closest RefSeq gene: distal
promoter (blue), proximal promoter (red), exons (green), introns (purple) and intergenic
regions (light blue) B. TCF7L2 and SMAD1 regions that co-localize with GATA factors
occupy mainly enhancer regions. Composite H3K4me1-BIO (purple) and H3K4mel-BMP4
(green) enrichment profile for TCF7L2 and GATA co-bound regions, SMAD1 and GATA
co-bound regions or regions occupied only by GATA in K562 cells. C. Gene track of the
LMO2 locus. A graph of the LMO2 reporter indicating the enhancer and promoter regions
included in the construct is shown below. D. SMAD1 and TCF7L2 co-operate with GATA2
and enhance transcription of target genes. Graph depicting B-galactosidase activity of the
reporter +/— SEM following overexpression of the transcription factors listed under each
bar. *p<0.06, **p<0.01, p-values calculated using student’s t-test comparing mock
transfected controls to GATAZ2 alone and SMAD1/GATAZ2 or TCF7L2/GATAZ2 co-
transfections to GATAZ alone. E. Wnt and BMP signaling enhance p300 recruitment to
blood-specific targets. ChIP-PCR graphs showing p300 occupancy after activation or
inhibition of the Wnt (left) and the BMP (right) pathways. *p<0.06, **p<0.01, p-values
calculated using student’s t-test comparing inhibitor-treated samples to activator-treated
samples.
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Figure 4. TCF7L2 and SMAD1 co-occupy genomic regions with cell-type-specific lineage
regulators

A. Venn diagrams depicting the overlap of regions bound in K562 and U937 cells for
TCF7L2 (top) and SMAD1 (bottom). Numbers of regions bound by each factor in each cell
line or in the overlap of both are shown. B. Region plots comparing the enriched regions of
TCF7L2 and SMAD1 in K562 and U937 cells compared to GATAL and GATA?2 (top) or C/
EBPao, (bottom) regions. C. Gene tracks of HEMGN (left) and CXCR4 (right) showing
differential binding of TCF7L2, SMAD1, GATAL, GATAZ2 and C/EBPa. in K562 cells (top)
and U937 cells (bottom). D. Heat map depicting the co-localization of GATAL, GATAZ2,
TCF7L2, and SMADL in K562 cells and C/EBPa, TCF7L2, and SMADL1 in U937 cells. See
also Figure S4.
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Figure 5. C/EBPa expression re-positions SMAD1 binding in K562 cells

A. Schematic of C/EBPa-ER K562 experimental model. B. The percentage of SMADI sites
in K562 cells that are co-occupied by C/EBPa (y-axis) is shown for K562 cells (no C/EBPa)
and those induced by C/EBPa (+C/EBPa). The top 1000 SMAD1 binding sites in each
condition were used for this calculation. C. Gene tracks of SLC6A9 (left) and ALAS2/
APEX?2 (right) showing differential binding of GATAL, GATA2 and SMADL in K562 cells
(top) SMADL1 and C/EBPa in K562 cells expressing C/EBPa (middle) and U937 cells
(bottom).
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Figure 6. Smad1 localization is directed by Gatal
A. Schematic of the G1E, G1ER experiment. B. Gene tracks of FIt3 (top) and Alas2
(bottom) showing differential binding of Gata2 and Smad1 in G1E Gatal-null cells
(Proerythroblast), and Gatal and Smadl in G1ER erythroid cells (Differentiating). C.
Overexpression of Gatal re-defines the targets of Smadl. ChlP-seq region plots representing
the distribution of regions bound by Smad1 and Gata2 in G1E, and Gatal and Smad1 in
G1ER cells —2.5 and +2.5 kb relative to all Smadl bound sites in G1E and G1ER combined.
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Figure 7. Binding of signaling factors changes during differentiation
A. Schematic of CD34+ experiment. B. Gene tracks of CD38, ETV6, ALAS2, and EPB4.2
showing differential binding of GATA2, SMAD1 and TCF7L2 in undifferentiated CD34+
progenitors, and GATAL and SMADL1 in differentiated erythroblasts. C. SMAD1 binding
becomes restricted to mainly erythroid genes after differentiation of CD34+ hematopoietic
cells towards erythrocytes. ChlP-seq region plots representing the distribution of SMAD1
occupied regions in CD34 progenitors (pro) and in vitro differentiated erythroblasts (ery).
GATAZ2 and SMADL1 in CD34+ progenitors and SMAD1 and GATAL in erythroid
differentiated CD34 cells —2.5 to +2.5 kb relative to all SMAD1 bound regions in CD34
progenitors and differentiated erythroblasts. See also Figure S7.
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