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SUMMARY

BMP and Wnt signaling pathways control essential
cellular responses through activation of the tran-
scription 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 expres-
sion 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 multipo-
tent hematopoietic progenitor cells to erythroid cells.
Furthermore, induction of the myeloid lineage regu-
lator C/EBPa in erythroid cells shifts binding of
SMAD1 to sites newly occupied by C/EBPa, whereas
expression of the erythroid regulator GATA1 directs
SMAD1 loss on nonerythroid 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 coactivators and chromatin-remodeling com-

plexes to direct their response. This occurs by either activating

or repressing transcription or by changing the chromatin archi-

tecture, thus reforming the accessibility of certain genomic

loci (Mosimann et al., 2009; Moustakas and Heldin, 2009). This

combination of actions allows for the same signaling pathways

to be used in multiple cellular environments eliciting different

responses.

The BMP and Wnt signaling pathways are two highly con-

served signaling pathways that interact during many develop-

mental processes, ultimately through regulation of transcription

via SMAD and TCF/LEF transcription factors (Clevers, 2006;

Larsson and Karlsson, 2005; Staal and Luis, 2010). Both path-

ways 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; Sing-

brant et al., 2010; Tran et al., 2010). In both development

and regeneration, hematopoietic stem cells (HSCs) divide and

differentiate in response to cell-intrinsic and -extrinsic signals

to produce all of the hematopoietic lineages. Here we show

that the BMP andWnt 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. Specifi-

cally, in culture, BMP treatment can augment erythroid, mega-

karyocytic, and granulocytic-monocytic output of CD34+
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progenitors (Detmer and Walker, 2002; Fuchs et al., 2002; Jean-

pierre et al., 2008). Similarly, Wnt3a ligand can regulate the

production of erythroid and myeloid cells from embryonic stem

cells (ESCs) and myeloid progenitors from adult HSCs (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; Massagué 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 Tcf7l1/Tcf3 can

co-occupy target sites with the Oct4/Nanog/Sox2 transcrip-

tional complex on pluripotency target genes in ESCs (Chen

et al., 2008; Cole et al., 2008), and TCF7L2 can colocalize 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 differen-

tiation, we explored their genome-wide DNA binding in various

hematopoietic environments across multiple species. Initially,

cobinding of Smad1 with Gata2 at individual genes in regenerat-

ing 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 populations. In addition, the expres-

sion 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 regener-

ation suggests that coordinated binding of SMAD1 and TCF7L2

with lineage-restricted regulators is the underlying mechanism

for BMP and Wnt effects during hematopoietic differentiation

and regeneration.

RESULTS

Wnt and BMP Play Essential Roles in Hematopoietic
Regeneration
Wnt andBMP signaling are required during hematopoietic devel-

opment, but it is unclear whether either pathway is necessary for

adult hematopoietic regeneration. A zebrafish model was used

to determine whether Wnt or BMP signaling is necessary during

this process. Adult zebrafish were sublethally 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 theWnt signaling pathway using

a heat shock-inducible Wnt8 ligand (Weidinger et al., 2005), or

treatment with the GSK3 chemical inhibitor BIO, resulted in an
578 Cell 147, 577–589, October 28, 2011 ª2011 Elsevier Inc.
increase in the frequency of precursors (3- and 2-fold, respec-

tively) 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 (Fig-

ure 1B), whereas blocking the BMP pathway using either a heat

shock-inducible Chordin (Tucker et al., 2008) or the BMP type I

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 whether the roles for Wnt

and BMP in hematopoietic regeneration were conserved and

to determine whether 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 multilineage engraftment (Fig-

ure S1B). In contrast, ex vivo inhibition of BMP signaling abro-

gated 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 2 hr heat shock

induction of BMP2 or Wnt8. Activation of the pathways was

confirmed using quantitative PCR (qPCR) 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, whereas 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 whether the

signaling-directed transcription factors directly bind to enhancer

elements of blood genes.

We next asked whether 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 chromatin

immunoprecipitation (ChIP) analysis, a mouse irradiation injury

model was used (Hooper et al., 2009). Lineage-negative progen-

itors were isolated from mice 7 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 includingCd9, Il13,Meis1, andMapk6 (Fig-

ure 1E). Together, these results indicate that BMP and Wnt are

required for regeneration and act at least in part by modulating

genes bound by the lineage regulator Gata2.

TCF7L2 and SMAD1 Transcription Factors Co-occupy
Genomic Sites with GATA Factors in an Erythroid
Environment
We next asked whether the transcription factors activated by

Wnt and BMP signaling cobind with blood-specific lineage
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Figure 1. BMP and Wnt Pathways Regulate Hema-

topoietic Regeneration

(A) Schematic of an irradiation-induced hematopoietic

regeneration model. Adult zebrafish are irradiated with

20 Gy g-irradiation at day 0, treated on day 2, and then

WKM cells 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 ± standard error of the mean (SEM) of precur-

sors 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 upregulation of key hematopoietic genes. qPCR

graphs of relative gene expression ± SEM in WKM cells

fromwild-type, Hs:Wnt, or Hs:BMP 2 days post-irradiation

following a 2 hr 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 and E) Gata2 colocalizes with Smad1 on hematopoietic

targets in murine progenitor cells during regeneration. (D)

Schematic of irradiationmodel. ChIP for Smad1 andGata2

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 ChIP. 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.
regulators genome-wide by performing ChIP-seq for TCF7L2/

TCF4 (Wnt pathway) and SMAD1 (BMP pathway) as well as

GATA1 and GATA2. ChIP-seq was performed in K562 cells,

which are erythroleukemia cells that express GATA1 and

GATA2, essential transcription factors for erythroid and progen-

itor cells, respectively (Cantor, 2005; Tsai et al., 1994; Tsiftsoglou

et al., 2009). Cells were treated with BIO to activate the Wnt

pathway or BMP4 to activate the BMP pathway. Both TCF7L2

and SMAD1 showed substantial overlap with GATA1 and

GATA2 at individual genes and genome-wide (Figures 2A

and 2B). To confirm the specificity of the analysis, TCF7L2 and

SMAD1 binding at known targets was analyzed (Figure S2A),

and we found that inhibition of BMP signaling resulted in consid-

erable loss of SMAD1 binding across the genome (Figure S2B).
Cell 147, 57
If themain targets for TCF7L2 and SMAD1 are

the blood genes regulated by GATA factors,

then we should see enrichment for red blood

cell genes in their targets. Functional classifica-

tion of the genes occupied by TCF7L2 or

SMAD1 in K562 erythroleukemia cells revealed

enrichment for genes highly associated with

red blood cell development (Figures S2C–

S2E). If TCF7L2 and SMAD1 bind to the same

sites as GATA1 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, GATA1, or

GATA2 demonstrated enrichment of all three motifs in the bound

sites (Figure S2G). Furthermore, Wnt and BMP stimulation did

not significantly affect the binding of GATA factors (Figure S3).

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 GATA2, and PCR showed that SMAD1 and

GATA2 simultaneously occupied key erythroid genes (Figure 2C).

These results are consistent with co-occupancy of TCF7L2 and

SMAD1 with GATA1 and GATA2 in K562 cells and demonstrate
7–589, October 28, 2011 ª2011 Elsevier Inc. 579
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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 GATA1 locus showing TCF7L2 (purple), GATA1 (red), GATA2 (orange), and SMAD1 (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 GATA1 and GATA2. Region plots represent the distribution of GATA1- and GATA2-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 GATA2, and control rabbit IgG on the SMAD1 ChIP. The bars show

relative enrichment ±SEMcompared to input control. *p < 0.08 and **p < 0.04, ***p < 0.0005; p values calculated using Student’s t test comparing SMAD1ChIP to

input and SMAD1 ChIP to SMAD1-GATA2 sequential ChIP.

(D) Colocalization of SMAD1 and TCF7L2 is specific to lineage regulators. Heatmap depicting the relative level of colocalization of indicated factors, in K562 cells

together with open chromatin data in this cell line.

(E) E2F4 andCTCF binding is not associatedwith TCF7L2 or SMAD1. The distance from the center of each TCF7L2 site (left) and SMAD1 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 Figures S2 and S3.
that Wnt and BMP signaling were directed to genes occupied

by GATA factors that specified the red blood cell state.

We next asked whether TCF7L2 or SMAD1 preferentially

occupied the genome with GATA1 and GATA2 in K652 cells.

Available data were analyzed for other transcription factors in

K562 cells (Birney et al., 2007; Raney et al., 2011; Rosenbloom
580 Cell 147, 577–589, October 28, 2011 ª2011 Elsevier Inc.
et al., 2010). Both TCF7L2 and SMAD1 tend to bind sites with

GATA1 and GATA2 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) (Figure 2D). In addi-

tion, the distance from TCF7L2 or SMAD1 sites to the nearest



binding sites for GATA1, GATA2, E2F4, and CTCF was calcu-

lated. The majority of TCF or SMAD sites were occupied by

the GATA factors but were distant from E2F4 and CTCF sites

(Figure 2E). These data indicate that the genome-wide co-occu-

pancy of TCF7L2 and SMAD1 with GATA1 and GATA2 is

specific.

Co-occupied Regions Encompass Enhancers
Analysis of TCF7L2 and SMAD1 localization with multiple tran-

scription factors in K562 cells revealed that each of the transcrip-

tion factors examined occupied ‘‘open’’ chromatin sites as

defined by FAIRE-Seq and DNase-Seq, which measure DNA

accessibility (Song et al., 2011), indicating that TCF7L2 and

SMAD1 do not indiscriminately bind to all open and available

DNA sites (Figure 2D). This led us to investigate the class of regu-

latory 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, chro-

matin modification state, and occupancy by known regulators.

In order to identify the class of regulatory elements that Wnt

andBMP factors co-occupywithmaster regulators, the enriched

regions were mapped to positions relative to RefSeq genes. To

assess differences in regions cobound by signaling and lineage

regulators versus 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 that TCF7L2 and SMAD1

co-occupy distal regulatory elements with GATA1 and GATA2

master regulators.

Mammalian enhancers are associated with the histone modi-

fication H3K4me1 (Heintzman et al., 2007, 2009; Rada-Iglesias

et al., 2011; Visel et al., 2009). Therefore we asked whether the

distinctGATA regions showeddifferences in thesemodifications.

Although each group was marked by H3K4me1 surrounding

the GATA-bound regions, those sites where TCF7L2 or SMAD1

colocalize with GATA factors showed a greater enrichment

(Figure 3B). To determine whether these enhancers tend to be

associated with actively transcribed genes, the transcriptional

activity of genes within 5 kilobases (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%) (Fig-

ure S4). 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 respon-

sive 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, we examined

the effects of each transcription factor alone or in combination

on the expression of the hematopoietic gene LMO2, which is

bound by TCF7L2, SMAD1, GATA1, and GATA2 72 kb upstream

of the transcriptional start site (TSS) in K562 cells (Figure 3C)

(Landry et al., 2009). Induction of GATA2 alone was sufficient

to increase reporter expression, whereas neither SMAD1 nor

TCF7L2 alone had any effect (Figure 3D). In contrast, induction

of either SMAD1 or TCF7L2 in the presence of GATA2 greatly

enhanced reporter activity, indicating that the signaling factors

affect transcription of blood-specific enhancer elements in com-

bination with a lineage regulator (Figure 3D).

The observation that an increase in histone modifications is

associated with active enhancers bound by TCF7L2, SMAD1,

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 Stemmler, 2003; Nakashima et al., 1999; Pearson

et al., 1999). If recruitment of p300 is 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. As determined

by ChIP-PCR, activation of either the Wnt or the BMP pathway

in K562 cells did result in an increase of p300 occupancy,

whereas inhibition of the pathways diminished p300 occupancy

at the enhancer elements of blood genes (Figure 3E). We

conclude that TCF7L2 and SMAD1 cooperate with lineage regu-

lators to enhance the transcription of their target genes through

co-occupancy of enhancers that are activated through recruit-

ment of p300.

TCF7L2 and SMAD1 Transcription Factors Co-occupy
Genomic Sites with C/EBPa in a Myeloid Environment
We next investigated whether TCF7L2 and SMAD1 occupied the

genome with a different master regulator in another hematopoi-

etic lineage. ChIP-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 SMAD1 tend to

occupy different sites in erythroid (K562) and myeloid (U937)

lineages, with only 15% of sites in common (Figure 4A). Further-

more, the sites occupied by TCF7L2 and SMAD1 tend to be the

sites occupied by C/EBPa in U937 cells and by GATA in K562

cells (Figures 4B and 4C). In the erythroid environment,

TCF7L2, SMAD1, GATA1, and GATA2 were bound within

erythroid genes such asHEMGN, but those sites were not bound

by TCF7L2, SMAD1, or C/EBPa in the myeloid environment

(Figures 4B, 4C, S5A, and S5B). Similarly, genes with a stronger

association with myeloid cells such as CXCR4 were bound

by TCF7L2, SMAD1, and C/EBPa in the myeloid environments

but were not bound by TCF7L2, SMAD1, GATA1, or GATA2 in

the erythroid environment (Figures 4B, 4C, S5A, and S5B).

Motif scanning of the sequences around TCF7L2-, SMAD1-, 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/EBPmotifs were present and GATA motifs

absent (Figure S5C). Treatment of U937 cells with BIO or BMP4
Cell 147, 577–589, October 28, 2011 ª2011 Elsevier Inc. 581
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Figure 3. Signaling Factors Cooperate with Lineage Regulators at Distal Enhancers

(A) TCF7L2 and SMAD1 regions colocalize with GATA factors in intronic and intergenic regions. The groups of enriched regions occupied byGATA 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 its

closest RefSeq gene: distal promoter (blue), proximal promoter (red), exons (green), introns (purple), and intergenic regions (light blue).

(B) TCF7L2 and SMAD1 regions that colocalize with GATA factors occupy mainly enhancer regions. Composite H3K4me1-BIO (purple) and H3K4me1-BMP4

(green) enrichment profile for TCF7L2 and GATA cobound regions, SMAD1 and GATA cobound regions, or regions occupied only by GATA in K562 cells.

(C) Gene track of the LMO2 locus. A schematic of the LMO2 reporter indicating the enhancer and promoter regions included in the construct is shown below.

(D) SMAD1 and TCF7L2 cooperate 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 GATA2 alone and SMAD1/GATA2 or TCF7L2/GATA2 cotransfections to GATA2 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. Values are mean ± SEM.

See also Figure S4.
had little influence on C/EBPa binding, showing that activation of

the Wnt or BMP signaling pathways does not affect the genomic

localization of the myeloid regulator (Figure S5D).

Analysis of bound regions among all the transcription factors

analyzed showed a strong cell-type clustering (Figure 4D).
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TCF7L2- and SMAD1-bound sites in K562 show a stronger

correlation with GATA1- and GATA2-occupied regions than

TCF7L2- and SMAD1-bound sites in U937. These data suggest

that TCF7L2 and SMAD1 show cell-lineage-specific binding at

sites co-occupied by master regulators.
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(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 to GATA1 and

GATA2 (top) or C/EBPa (bottom) regions.

(C) Gene tracks of HEMGN (left) and CXCR4 (right)

showing differential binding of TCF7L2, SMAD1, GATA1,

GATA2, and C/EBPa in K562 cells (top) and U937 cells

(bottom).

(D) Heatmap depicting the colocalization of GATA1,

GATA2, TCF7L2, and SMAD1 in K562 cells and C/EBPa,

TCF7L2, and SMAD1 in U937 cells.

See also Figure S5.
C/EBPa Expression Redirects 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 redirect-

ing some of the signaling factors to novel sites occupied by the

myeloid regulator. In order to test this hypothesis, an estrogen-

inducible 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 hr estradiol induction and a 2 hr BMP4

stimulation (Figure 5A). Expression of C/EBPa directed a frac-

tion of SMAD1 to new sites occupied by C/EBPa (Figure 5B).

SMAD1 was retained at GATA targets, such as SLC6A9, in
Cell 147, 57
C/EBPa-expressing K562 cells, while occu-

pying 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. ALAS2 is expressed in

erythroid cells (Sadlon et al., 1999), whereas

APEX2 is 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.

Gata1 Expression Redirects SMAD1
Binding during Differentiation
We next asked whether forced expression of

an erythroid master regulator (Gata1) in an

erythroblast progenitor cell line could restrict

Smad1 binding to only erythroid targets during

differentiation. To address this question, the

estrogen-inducible Gata1 null erythroblast cell

line (G1ER) was used, which was derived from

targeted disruption of Gata1 in ESCs. Upon

estradiol treatment, the Gata1 estrogen re-
ceptor 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 Smad1 in Gata1-defi-

cient (G1E) and Gata1 and Smad1 in Gata1-induced (G1ER)

cells following BMP4 stimulation. SMAD and GATA motifs

were identified in all samples (Figure S6A). In G1E cells,

Smad1 and Gata2 co-occupied genes of multiple hematopoietic

lineages (Figures 6B, 6C, S6B, and S6C). During erythroid differ-

entiation, Gata1 replaces Gata2 binding at erythroid genes

(Bresnick et al., 2010; Grass et al., 2003). After Gata1 induction,

Smad1 binding became more restricted to erythroid genes, and

binding to genes expressed in the other lineages was diminished

(Figures 6B, 6C, S6B, and S6C). Together the data reveal that

induction of lineage-specific regulators alters Smad1 genomic

occupancy.
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model.
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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 ineachconditionwereused for thiscalculation.

(C) Gene tracks of SLC6A9 (left) and ALAS2/

APEX2 (right) showing differential binding of

GATA1, GATA2, and SMAD1 in K562 cells (top),

SMAD1 and C/EBPa in K562 cells expressing

C/EBPa (middle), and U937 cells (bottom).
TCF7L2 and SMAD1 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 Gata1 in erythroid environments suggest that during

regeneration and differentiation, when there are dynamic

changes in the lineage regulators present, signaling factor occu-

pancy 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) (Figures 7A andS7A). GATA2 co-oc-

cupied more than 75% of TCF7L2- or SMAD1-enriched genes in

these hematopoietic progenitor cells (Figures 7B, 7C, and S7B–

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
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thatGata2 co-occupies siteswithmultiple

regulators, including Runx1 and ETS tran-

scription factors Erg and Fli1, near genes

important for multipotent stem cells (Wil-

son et al., 2010). Togetherwith the binding

data, these results imply that TCF7L2

and SMAD1 likely cobind with the entire

progenitor transcriptional complex.

Todetermine howbindingchangesdur-

ing differentiation, ChIP-seq for GATA1

and SMAD1 in erythroblast derived from

CD34+ progenitors (CD34ery) was per-

formed (Figures 7A and S7A). SMAD1

cobound with GATA1 in CD34-derived

erythroblasts (Figures 7B and 7C). The

genes bound by SMAD1 were fewer in

the erythroid cells compared to the pro-

genitor cells (2683 versus 8094). This

change in SMAD1 occupancy suggested

refinement of the binding sites from a

multilineage to a fully differentiated state

(Figures 7B and 7C). The bound genes

were enriched for those that are charac-
teristic of the differentiation stage (Figure S7D). In addition to

the loss of many bound regions, further binding was acquired

at erythroid genes (Figures 7B, 7C, and S7D). These data confirm

that cobinding of BMP andWnt regulators with lineage transcrip-

tion factors occurs in primary hematopoietic cells in genes that

regulate all hematopoietic lineages and shifts upon directed

differentiation toward erythroid cells to erythroid-specific genes.

To ascertain whether genes bound by BMP and Wnt tran-

scription factors were regulated by BMP and Wnt 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 com-

pared 2 hr after the shift to erythroid differentiation conditions.

Differentially expressed genes in BMP4-treated groups com-

pared to untreated controls were enriched for genes bound by

SMAD1 (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 Wnt signaling coordinate

with differentiation signals to alter gene expression via direct

binding to common target genes with lineage master regulators.
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(A) Schematic of the G1E, G1ER experiment.

(B) Gene tracks of Flt3 (top) and Alas2 (bottom)

showing differential binding of Gata2 and Smad1

in G1EGata1 null cells (Proerythroblast) and Gata1

and Smad1 in G1ER erythroid cells (Differenti-

ating).

(C) Overexpression of Gata1 redefines the targets

of Smad1. ChIP-seq region plots represent the

distribution of regions bound by Smad1 and Gata2

in G1E and Gata1 and Smad1 in G1ER cells �2.5

and +2.5 kb relative to all Smad1-bound sites in

G1E and G1ER combined.

See also Figure S6.
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

Smad1 and Gata2 was observed on blood targets in hematopoi-

etic progenitors during in vivo regeneration. Lineage-restricted

co-occupancy of TCF7L2 or SMAD1 with GATA1 and GATA2

in erythroid cells, C/EBPa in myeloid cells, andGATA2 in progen-

itors occurs 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 tran-

scription 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 ESC master regulators (Chen et al., 2008; Cole et al., 2008;

Young, 2011). Our data along with those of Mullen et al. 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 through-

out the whole genome (Mullen et al., 2011). 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 colocalize 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 cobinds with GATA2 on genes expressed in progenitors

but ismostly absent fromerythroid genes that are not expressed.
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In erythroid cells, SMAD1 is able to bind

these same targets with GATA1, which

helps activate these genes (Bresnick

et al., 2010; Grass et al., 2003). Addition-

ally, It has been suggested that GATA2

works in different complexes to target

progenitor versus erythroid genes (Wilson
et al., 2010), and GATA2 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 tran-

scriptional state of the target that help dictate the genomic loca-

tion 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 when

these pathways are required, the activation of BMP and Wnt

signaling results in the colocalization of SMAD and TCF with

the master regulators on genes defining progenitor cell fate. As

regeneration continues and progenitor cells begin to differen-

tiate, different master regulators activate the cell-specific genes

of more mature hematopoietic lineages and again redefine

the binding of signaling transcription factors. Colocalization of

lineage and signaling factors has as a result the colocalization

of signaling factors themselves. This fact may explain some of

the synergistic effects observed between many signaling path-

ways (Schier and Talbot, 2005). As the BMP and Wnt pathways

appear to have a selective function during regeneration,

throughout this stress response, coupling transcriptional regula-

tion to the transcription factors expressed highly in a cell lineage

explains how BMP and Wnt signaling pathways can have cell-

context-dependent effects.

Regeneration is a process of tissue self-renewal. Our data

imply that an underlyingmechanism 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 ESCs

perform key roles in ESC fate. Our observation that the BMP

and Wnt signaling transcription factors are associated with

master regulators of multiple hematopoietic cell types provides

insight into the effects of BMP and Wnt signaling that occur

during development, regeneration, and disease.
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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 GATA1

and SMAD1 in differentiated erythroblasts.

(C) SMAD1 binding becomes restricted to mainly erythroid

genes after differentiation of CD34+ hematopoietic cells

toward erythrocytes. ChIP-seq region plots represent

the distribution of SMAD1-occupied regions in CD34+

progenitors (pro) and in vitro differentiated erythroblasts

(ery). GATA2 and SMAD1 in CD34+ progenitors and

SMAD1 and GATA1 in erythroid differentiated CD34+

cells �2.5 to +2.5 kb relative to all SMAD1-bound regions

in CD34+ progenitors and differentiated erythroblasts are

shown.

See also Figure S7.
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 hr. For small-molecule treatments, fishwere soaked

for 16 hr in fish water containing drug dissolved in DMSO, 2 mM BIO, or 10 mM

DM. On days 2, 7, and 14 post-irradiation, WKM cells were analyzed on an

LSRII for FSC/SSC parameters. See also Extended Experimental Procedures.

Cell Line Culture Conditions and Stimulation

K562 and U937 cells were maintained in IMDM and RPMI media, 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.
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Chromatin Immunoprecipitation

ChIP experiments were performed as previously de-

scribed (Lee et al., 2006) with slight modifications, which

are described in Extended Experimental Procedures. A

summary of the bound regions and bound genes deter-

mined for all ChIP-seq data is contained within Tables

S3, S4, and S5. For ChIP-seq experiments, the following

antibodies were used: Smad1 (Santa Cruz sc7965),

TCF7L2 (TCF4 Santa Cruz sc8631), C/EBPa (Santa Cruz

sc9314), Gata1 (Santa Cruz sc265), Gata2 (Santa Cruz

sc9008), p300 (Santa Cruz sc585), and H3K4me1 (Abcam

ab8895). Samples were prepared for sequencing using

Illumina Genomic DNA kit or TruSeq according to the

manufacturer instructions. Also see Extended Experi-

mental Procedures for details on ChIP and ChIP-seq

sample preparation and analysis.

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 toGapdh, and relative levels

were calculated using the DDCt method (Applied Bio-
systems). Quantities are expressed as fold change compared to input

controls. Primers are listed in Table S2.

Sequential Chromatin Immunoprecipitation

ChIP analysis was performed, and immunoprecipitated DNA fragments

were eluted from the beads by addition of 55 ml 10 mM DTT and incubated

at 37�C for 30 min. The supernatant was transferred to a new tube and the

material was diluted 303 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 250 bp was shifted across each sequence at

50 bp 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

±2.5 kb regions.

Heatmap Analysis of ChIP-Seq Occupancy

ChIP-seq enrichment for the indicated factor or modification was determined

in 100 bp bins (enrichment in the bin as counts per million) centered on the

enriched region of a given ChIP-seq dataset. Java Treeview (http://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

Transcription Factor-Bound Region

The distance (in bp) from each TCF7L2 or SMAD1 site in K562 cells to the near-

est site of each transcription factor 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 distanceswere 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 1 kb upstream to the TSS), distal promoter (from

10 kb upstream to 1 kb upstream of the TSS), and intergenic region (more

than 10 kb upstream away from body of the gene) according toMySQL access

to the UCSC hg18 RefSeq table. When an enriched region could bemapped to

more than one 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 control, 0.5 mMBIO-treated, or 25 ng/ml rhBMP4-treated

cells 2 hr 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.

ACCESSION NUMBERS

Microarray (GSE26351) and ChIP-seq (Superseries—GSE29196, datasets—

GSE29193, GSE29194, GSE29195) data were deposited in GEO (http://

www.ncbi.nlm.nih.gov/geo/) under the accession numbers indicated.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Extended Experimental Procedures, seven

figures, and six tables and can be found with this article online at doi:10.1016/j.

cell.2011.09.044.

ACKNOWLEDGMENTS

Wewould like to acknowledge A.Mullen andD.Orlando for helpful discussions

and sharing critical insights prior to publication and G. Frampton for analytical

advice and development of the ChIP-seq analysis platform. We thank

F. Rentzsch and M. Hammerschmidt for the Hs:BMP zebrafish line, J. Tucker

and M. Mullins for the Hs:Chordin zebrafish line, and T. Schlaeger for the

GATA2 expression plasmid. We are grateful to X. Bai and R. White for critical

reviews of the manuscript and O. Tamplin for computational advice. The

Whitehead Genome Technology Core was instrumental in timely data produc-

tion and analysis support, especially S. Gupta. Microarray studies were per-

formed by the Molecular Genetics Core Facility at Children’s Hospital Boston,
supported by NIH-P50-NS40828 and NIH-P30-HD18655. This work was

supported by NIH #5PO1HL32262-29 and #5R01HL048801-18 (to L.I.Z),

NIH 1R01DK080040-01 (to R.F.P.), R01-HG002668 (to R.A.Y.), NIH K01

DK085270-02 (to T.V.B.), NIH U01 HL100001, NIH 1 RC2HL102815, and

ROFAR (to G.Q.D.), NIH T32HL007623 (to G.C.H.), HHMI (to L.I.Z. and

G.Q.D.), and EMBO fellowship and Jane Coffin Childs Memorial Fund (to

E.T.). L.I.Z. is a founder and stock holder of Fate, Inc. and a scientific advisor

for Stemgent. G.Q.D. is a member of the Scientific Advisory Boards of MPM

Capital, Inc., Epizyme, Inc., and iPierian, Inc.

Received: May 6, 2011

Revised: August 1, 2011

Accepted: September 23, 2011

Published: October 27, 2011

REFERENCES

Birney, E., Stamatoyannopoulos, J.A., Dutta, A., Guigó, R., Gingeras, T.R.,

Margulies, E.H., Weng, Z., Snyder, M., Dermitzakis, E.T., Thurman, R.E.,

et al; ENCODE Project Consortium; NISC Comparative Sequencing Program;

Baylor College of Medicine Human Genome Sequencing Center; Washington

University Genome Sequencing Center; Broad Institute; Children’s Hospital

Oakland Research Institute. (2007). Identification and analysis of functional

elements in 1% of the human genome by the ENCODE pilot project. Nature

447, 799–816.

Bresnick, E.H., Lee, H.Y., Fujiwara, T., Johnson, K.D., and Keles, S. (2010).

GATA switches as developmental drivers. J. Biol. Chem. 285, 31087–31093.

Burns, C.E., Traver, D., Mayhall, E., Shepard, J.L., and Zon, L.I. (2005). Hema-

topoietic stem cell fate is established by the Notch-Runx pathway. Genes Dev.

19, 2331–2342.

Cantor, A.B. (2005). GATA transcription factors in hematologic disease. Int. J.

Hematol. 81, 378–384.

Chen, C.R., Kang, Y., Siegel, P.M., and Massagué, J. (2002). E2F4/5 and p107
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