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Summary
Genome-scale studies have revealed extensive, cell type-specific co-localization of transcription
factors, but the mechanisms underlying this phenomenon remain poorly understood. Here we
demonstrate in macrophages and B cells that collaborative interactions of the common factor PU.1
with small sets of macrophage- or B celllineage-determining transcription factors establish cell-
specific binding sites that are associated with the majority of promoter-distal H3K4me1-marked
genomic regions. PU.1 binding initiates nucleosome remodeling followed by H3K4
monomethylation at large numbers of genomic regions associated with both broadly and specifically
expressed genes. These locations serve as beacons for additional factors, exemplified by liver X
receptors, which drive both cell-specific gene expression and signal-dependent responses. Together
with analyses of transcription factor binding and H3K4me1 patterns in other cell types, these studies
suggest that simple combinations of lineage-determining transcription factors can specify the
genomic sites ultimately responsible for both cell identity and cell type-specific responses to diverse
signaling inputs.
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Introduction
The development of complex multicellular organisms involves hierarchically organized
progenitor cells that ultimately give rise to terminally differentiated cell types with specialized
functions. Cell fates are specified by lineage-determining transcription factors whose
expression is often not limited to a single cell type (Tronche and Yaniv, 1992). Comparisons
of the genome-wide binding patterns of different transcription factors in a variety of species
and cell types have generated two major insights regarding transcription factor binding
patterns: 1. Different factors in the same cell type tend to co-localize on a genome-wide scale
(Chen et al., 2008; MacArthur et al., 2009). 2. The same factor in different cell types or at
different stages of development exhibits different genome-wide binding patterns (Lupien et
al., 2008; Odom et al., 2004; Sandmann et al., 2006).

Several mechanisms have been proposed to explain this phenomenon, including protein-
protein interactions that enable ternary complex formation with DNA (Verger and Duterque-
Coquillaud, 2002), pioneering factors that disrupt the closed nucleosome conformation and
enable other factors to bind (Cirillo et al., 2002), cooperative binding of one or more factors
to clustered sites that facilitates nucleosome displacement and stable binding of the factors
involved (Boyes and Felsenfeld, 1996; Miller and Widom, 2003), and binding to chromatin
marked in a cell type-specific manner by lysine 4-methylated histone H3 (H3K4me1/2) (Lupien
et al., 2008), a sign of open chromatin that is correlated with activity of nearby genes
(Heintzman et al., 2009). However, how transcription factors gain access to their eventual
binding sites and the hierarchy of events that generate their cell type-specific binding and the
associated epigenetic modification patterns have not previously been elucidated on a genome-
wide scale.

The mammalian hematopoietic system represents a well-characterized model for the analysis
of the combinatorial sets of transcription factors that orchestrate the development of distinct
cell types from hematopoietic stem cells. Within the hematopoietic system, macrophages and
B cells play essential and complementary roles in the innate and adaptive arms of the immune
system. Recent studies suggest a model in which these cell types are derived from a lymphoid-
primed multipotential progenitor (LMPP) that subsequently gives rise to common lymphoid
progenitor (CLP) and granulocyte-macrophage progenitor (GMP) cells (Adolfsson et al.,
2005) (Fig 1A). The Ets factor PU.1 is required for the generation of both GMP and CLP, and
the later stages of macrophage and B cell development are additionally dependent on a number
of cell type-restricted factors. Of these, AP-1 and C/EBP family factors are required for
macrophage development and function (Friedman, 2007), while E2A, EBF1, Pax5 and Oct-2
play important roles in the development and function of B cells (Medina and Singh, 2005). In
addition to its roles in hematopoietic development, recent evidence suggests that PU.1-bound
sites in macrophages play a role in shaping the transcriptional response to inflammatory stimuli
such as lipopolysaccharide (LPS), likely by generating cell type-specific regions of open
chromatin that serve as beacons for the recruitment of transcriptional coactivators in response
to stimuli (Ghisletti et al., 2010).

To address the question of how lineage-determining transcription factors bind to genomic
regions in a cell-specific manner, we investigated the genome-wide locations of PU.1 and the
effects of loss or gain of other transcription factors on the PU.1 binding pattern in macrophages,
B cells and different B cell progenitors. In addition, we assessed the impact of loss and gain
of PU.1 on the cistrome of the myeloid-restricted transcription factor, C/EBPβ. Our results
suggest that cell type-specific cistromes arise from collaborative interactions between small
sets of lineage-determining factors that result in enhanced DNA binding, nucleosome
remodelling and subsequent deposition of the epigenetic enhancer mark H3K4me1. The
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association of PU.1 and its collaborating factors at these genomic locations provides access
points for the binding of additional transcription factors, which themselves do not appear to
significantly contribute to shaping the overall master regulator genomic distribution, or the
overall H3K4me1 pattern, but act to confer transcriptional functions to these distal sites.

Distinct PU.1 binding programs in macrophages and B cells
We initially performed chromatin immunoprecipitation-coupled deep sequencing (ChIP-Seq)
(Barski et al., 2007) to define the PU.1 cistromes in mouse peritoneal macrophages and splenic
B cells. These analyses identified 45631 and 32575 PU.1-bound genomic sites (FDR < 0.1%)
in macrophages and B cells, respectively (Table S1), which included known PU.1 target sites
(Figure S1A). Of these sites, 17130 were independently identified as bound by PU.1 in both
cell types (Figure 1B and 1C, and Figure S1B). PU.1 was enriched at transcription start sites
(TSS) relative to their genomic frequency but the majority of binding occurred at inter- and
intragenic sites (Figure S1C).

Scatter plots of the tag counts around genomic peak coordinates enable comparative
visualization of experimentally observed peaks and allow the overlay of other annotations
present at these genomic coordinates. (For example, the tag counts associated with PU.1 peaks
at the genomic coordinates a, b and c in Figure 1B are indicated in Figure 1C). Unexpectedly,
more than 80% of the PU.1 sites localized to promoters (TSS ± 500 bp, green data points in
Figure 1C) exhibited similar occupancy levels in both cell types, while differentially bound
sites were mostly located in distal regions. (Figure 1C and 1D).

To examine the relationship of PU.1 binding sites and gene expression patterns, we performed
transcriptome analysis of elicited macrophages and splenic B cells and correlated binding at
each PU.1 site with the mRNA level of the closest gene. Out of 17004 genes analyzed, 58.0%
and 54.9% were associated with at least one PU.1 peak in macrophages and B cells,
respectively, with most of these genes exhibiting multiple peaks (Figure 1E). Genes associated
with PU.1 binding were more likely to be expressed (Figure 1E) and the number of peaks per
gene was positively associated with gene expression in both cell types (Figure 1F). Cell type-
specific PU.1 binding was also correlated with cell type-specific gene expression (Figure 1G
and Figure S1D). While this relationship was significant (Pearson correlation coefficient r2 =
0.30, p < 10−100), even cell type-specific genes often exhibited a mix of cell type-specific and
commonly bound PU.1 peaks (e.g., Figure 1B, peak position (b)). The association between
cell-specific PU.1 binding and cell-specific gene expression was strongest for peaks close to
the TSS (Pearson correlation coefficient r2 = 0.45, p<10−100), however even the distantly
located set of PU.1 peaks (>100 kb) showed correlation with vicinal gene expression (r2 = 0.21,
p<10−100). This is in line with the known distinct roles of PU.1 in both transcription initiation
and enhancer function (Fisher and Scott, 1998; Lichtinger et al., 2007).

PU.1 binds in the vicinity of other lineage-determining transcription factors
To gain insight into possible sequence determinants of the distinct PU.1 binding patterns
observed in macrophages and B cells, we examined promoter-proximal and distal regions that
were either commonly or cell type-specifically bound by PU.1 for enriched sequence elements
by de novo motif analysis. The most enriched motifs were nearly identical in each of the
different subsets and resembled the known PU.1 consensus element (Figure 2A and Figure
S2A). The only exception was found at proximal promoter peaks common to both cell types,
where PU.1 likely competes for binding with ETS factors, such as GABPα, at related ETS sites
found in CpG islands (Xie et al., 2005). While nearly 60% of all PU.1 peaks contain either the
PU.1 or GABP version of ETS motifs, the most enriched motif in the remaining peaks was a
degenerate ETS core motif (RRGGAASY). Overall, ~85% of all PU.1 peaks contain an ETS
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site, strongly suggesting that PU.1 binds directly to the vast majority of its DNA target sites
(Figure 2A and Table S2)

In addition to the ETS motifs, common promoter-proximal PU.1-bound regions were highly
enriched for motifs that have previously been shown to be generally enriched in promoters
(Xie et al., 2005) (Figure 2A). Both promoter-proximal and promoter-distal commonly PU.1-
bound regions exhibited enrichment for a PU.1-IRF composite, consistent with the ability of
PU.1 and IRF4/8 to form a ternary complex on this class of composite sites in both cell types
(Eisenbeis et al., 1993; Pongubala et al., 1992). Additionally, promoter-distal regions bound
by PU.1 in both cell types were enriched for a CTCF motif, likely because CTCF-bound sites
generally coincide with accessible chromatin as measured by DNase I hypersensitivity (Xi et
al., 2007).

In striking contrast, macrophage-specific and B cell-specific PU.1-bound regions were
significantly co-enriched for motifs for macrophage- and B cell-restricted, lineage-determining
transcription factors, respectively (Figure 2A and 2B). This was evident to a similar degree in
both promoter-proximal and promoter-distal regions (Table S2). Analysis of the spatial
relationships between these co-enriched motifs and the PU.1 motif in each peak revealed that
C/EBP and AP-1 motifs were highly enriched within 100 bp of macrophagerestricted distal
PU.1 sites, while E2A, EBF, Oct and NF-κB motifs were correspondingly highly enriched near
B cell-specific distal PU.1 sites (Figure 2B and 2C, Figure S2B). Conversely, the B cell-specific
motifs were depleted in the vicinity of macrophage-specific PU.1 sites, while the regions
around B cell-restricted PU.1 sites were depleted of macrophage-specific motifs (Figure 2C
and Figure S2B). Secondary PU.1 motifs were also enriched within 100 bp of the central PU.
1 motif, particularly at macrophage-specific and commonly bound sites (Figure S2B).

To confirm that the PU.1-co-enriched motifs were occupied by the associated cell type-
restricted transcription factors, we carried out ChIP-Seq for C/EBPα and C/EBPβ in peritoneal
macrophages and for Oct-2 in splenic B cells. For C/EBPα and C/EBPβ, which displayed an
almost identical genomic binding pattern, we identified approximately 40000 binding sites
(Table S1 and Figure S2C). Of these sites, 13840 (34.6%) were located within 100 bp of a PU.
1-bound site, 60% of which were specific to macrophages, while only 1% were localized to B
cell-specific PU.1 peaks (4× PU.1 tag difference) (Figure 2D). For Oct-2, the number of
identified sites (1191) was smaller than for the C/EBPs, however the results complemented the
above findings in that 596 (50%) of all Oct-2 sites were located within 100 bp of a PU.1 peak,
of which 43% were B cell-specific and less than 1% macrophage-specific (4× PU.1 tag
difference) (Figure S2D). C/EBP and Oct-2 binding sites exhibited similar relationships with
gene expression as observed for PU.1 (Figure S2E). C/EBP- and Oct-2-bound regions were
highly enriched for C/EBP and octamer motifs, respectively (Figure 2E). In addition, C/EBP-
bound regions were co-enriched for a recently described C/EBP:AP-1 composite element (Cai
et al., 2008) as well as canonical PU.1 and AP-1 motifs, whereas Oct-2-bound regions in B
cells were highly enriched for a PU.1 as well as a PU.1 -IRF composite motif (Figure 2E).

Combinatorial interplay delineates stage-specific cistromes
The observation that PU. 1 binding occurred in the vicinity of motifs bound by lineage-
restricted transcription factors prompted us to ask whether PU.1 binding to these sites was
dependent on the presence of the respective factors. We addressed this question in B lineage
progenitors devoid of both E2A and EBF (E2A−/−), EBF only (EBF−/−), or control cells that
express both factors (Rag1−/−), which are arrested at successive stages in B cell development
(Dias et al., 2008; Ikawa et al., 2004; Lin and Grosschedl, 1995; Mombaerts et al., 1992)(Figure
1A). ChIP-Seq for PU.1 in each of these cell populations yielded 44609, 36908 and 17210
peaks in E2A−/−, EBF−/− and Rag1−/− progenitors, respectively (FDR < 0.1%, Table S1).
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Surprisingly, despite the apparent loss in total number of PU.1 peaks comparing one
developmental stage to the next, each successive stage was characterized by the appearance of
PU.1 sites at new genomic positions that were not occupied by PU.1 in the previous progenitor
stage. Using the PU.1 sites identified in E2A−/− cells as control, de novo motif analysis of the
3760, 2479, and 9504 PU.1 sites exhibiting 3× more tags in the EBF−/−, Rag1−/−, and mature
B cells, respectively, revealed enrichment for distinct motifs for transcription factors expressed
at respective stages of B cell development (Figure 3A and Table S3), demonstrating that PU.
1 binding is dependent on the activity of other lineage-determining transcription factors. For
example, co-enriched E2A motifs were gained comparing the PU.1 cistrome in EBF−/− cells
to that in E2A−/− cells (Figure 3A). Furthermore, gained sites were primarily associated with
genomic regions corresponding to B cell-specific PU.1 binding sites in mature splenic B cells,
as exemplified by the reshaping of the PU.1 binding site pattern comparing CLP/pre-pro B
(EBF−/− ) to pro-B cells (Rag1−/−) (red data points in Figure 3B).

To directly test if the binding of PU.1 to B lineage-specific sites is dependent on E2A, we
retrovirally transduced E2A–deficient CLP/pre-pro B cells derived from the bone marrow of
E2A−/− mice (Ikawa et al., 2004) either with a tamoxifen-inducible E2A–estrogen receptor
ligand binding domain fusion protein (E47-ER), or the analogous construct coding for a
deletion mutant of E47 that retains the bHLH DNA binding and dimerization domain but lacks
both activation domains (bHLH-ER) (Sayegh et al., 2003). Upon activation of the fulllength
E47-ER fusion protein with tamoxifen for 6 hours, PU.1 binding increased at 3752 sites > 4×
relative to the bHLH-ER control, as exemplified by the IgK 3’ enhancer (Figure 3C), and these
sites were strongly co-enriched for an E2A motif (Figure 3D and Figure S3A). In contrast, the
PU.1 cistrome in these cells (44609 peaks total) was not significantly altered by expression of
the E2A deletion mutant lacking transcriptional activation domains (Figure 3C).

To conversely investigate whether PU.1 itself can also promote binding of one of its cistrome-
associated factors, we assessed the genome-wide effects of inducing PU.1 activity on C/
EBPβ binding in a PU.1-deficient (PU.1KO) myeloid progenitor cell line (Walsh et al.,
2002). In the absence of PU.1, C/EBPβ exhibited a reduced overall binding pattern (22641
peaks), with loss of numerous binding sites associated with locations of PU.1 binding in
primary macrophages, illustrated for the macrophage-specific CD14 gene (PU.1KO-Cebpb vs.
Mac-Cebpb, Figure 3E). Motif analysis of the C/EBPβ-bound regions in PU.1−/− cells
recovered C/EBP, C/EBP:AP-1, AP-1 and RUNX motifs, as well as a non-PU.1 Ets motif
(AACAGGAAGT), but not the PU.1 binding motif found in primary macrophages (Figure
S3G).

We next evaluated the consequences of PU.1 activity on C/EBPβ binding in PU.1−/−cells stably
expressing a tamoxifen-responsive PU. 1-estrogen receptor ligand binding domain fusion
protein (PUER) (Walsh et al., 2002). In this inducible system low levels of PU.1 activity and
DNA binding are observed by ChIP-Seq in the absence of tamoxifen (8144 peaks total,
exemplified in Figure 3E, PUER-PU.1–0h). This low level PU.1 activity was associated with
partial recovery of C/EBPβ binding in the vicinity of some PU.1 binding sites (Figure 3E and
Figure S3H, PUER- C/EBPβ-0h). Tamoxifen treatment induced PU.1 binding to a total of
37909 genomic regions after 1 h and resulted in a gain of 1710 C/EBPβ binding sites (>4× tags
relative to the 0 h time point), restoring a large number of macrophage-specific PU.1 binding
sites. The induced C/EBPβ binding regions were strongly enriched for a PU.1 motif (Figure
3F and Figure S3B) and were co-bound by PU.1 at over 75% of sites. Intriguingly, 57% of PU.
1 binding sites observed in the absence of tamoxifen were co-bound by C/EBPβ, implying C/
EBP and related factors play an important role in directing PU.1 localization when effective
PU.1 concentrations are low.
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PU.1 induces sequential nucleosome remodelling and histone H3K4
monomethylation

Recent studies have demonstrated that lineage-determining transcription factors preferentially
associate with genomic regions marked by cell type-specific patterns of histone modifications,
such as monomethylation of H3K4 (H3K4me1), that are suggested to signify accessible
chromatin and/or enhancer-like elements (Heintzman et al., 2009). In addition, trimethylation
of H3K4 (H3K4me3) marks active and/or poised promoters (Kim et al., 2005). We therefore
profiled H3K4me1 and H3K4me3 in both macrophages and B cells using ChIP-Seq and found
that the majority (>80%) of PU.1-bound sites were associated with either promoter-proximal
H3K4me3 or distal H3K4me1 in both cell types. Cell-specific binding of PU.1 at distal sites
was highly associated with cell-specific H3K4me1 (Figure 4A). Analysis of the genomic
distribution of the H3K4me1 signal averaged for all distal PU.1 binding sites revealed a
bimodal pattern with a pronounced reduction of signal centered over the PU.1 binding site
(Figure 4B), analogous to that recently described for H3K4me1 around promoter-distal FoxA2-
and STAT1-bound sites in mouse liver and HeLa cells, respectively (Robertson et al., 2008).
Similarly, 80% of distal Oct-2 and C/EBP sites were marked by a corresponding pattern of
cell-specific H3K4me1 (Figure 4B).

These observations prompted us to address the question of whether H3K4me1 serves as a
beacon to recruit PU.1 and collaborating transcription factors, and/or whether these factors are
able to initiate the deposition of this mark. Using the PUER inducible system, we performed
ChIP-Seq for H3K4me1 in PUER cells at 0, 1 and 24 h of tamoxifen treatment. Very little
change in H3K4me1 signal was observed after 1 h (38 peaks gained), but a marked increase
occurred at 3328 locations by 24 h (>4× tags, 15% of total H3K4me1 peaks present at 0 h). To
evaluate the relationship between PU. 1 binding and H3K4me1, we selected a subset of 7428
highly induced PU.1 binding sites (>8-fold increase in tag count at 1 h) which exhibited less
than 2 tags at 0 h. These binding sites could be classified into three groups, with representative
peaks from each group shown in Figure 4C. The largest group, (Group I, 43%), consists of
sites that gained significant H3K4me1 24 h after PU.1 activation. This gained H3K4me1 signal
exhibited a bimodal spatial distribution identical to that observed for PU.1-associated
H3K4me1 in macrophages and B cells (Figure S4A). Together with the fact that 90% of the
sites that gain H3K4me1 are within a 1 kb window of a gained PU.1 site, these findings suggest
that PU.1 binding is required to direct the local deposition of H3K4me1 at these sites. Group
II (32%) consists of induced PU.1 binding sites that were marked by pre-existing H3K4me1.
In this group, PU.1 binding initiated remodelling of the local H3K4me1-containing
nucleosomes at 1 h and 24 h, again establishing a pattern identical to that in macrophages and
B cells (Figure S4A). Group III (25%) consists of peaks that despite stable binding of PU.1
were not enriched for H3K4me1 at any time point, indicating that here, PU.1 binding is not
sufficient to establish this mark. Increased recruitment of C/EBPβ to Groups I (37%) and II
(30%) relative to Group III (11%) peaks (<100 bp) suggests that additional factors may be
required for deposition of H3K4me1. Group I and II peaks, but not Group III peaks, were
enriched for the 464 vicinal genes that were up-regulated greater than 4-fold in PUER cells
following 24 h tamoxifen treatment (Weigelt et al., 2009) (Figure S4B).

To investigate whether the remodelling of H3K4me1-marked nucleosomes in the Group II
peaks were consistent with changes in nucleosomal occupancy, we mapped nucleosome
positions using MNase-Seq (Schones et al., 2008) in PUER cells at 0 h and 1 h after treatment
with tamoxifen. Analysis of the nucleosome pattern before tamoxifen treatment at the 7428
regions where PU.1 is maximally gained at 1 h revealed a semi-regular pattern exposing the
prospective PU.1 binding site on an expanded linker region between adjacent nucleosomes
(Figure 4D). This pre-existing pattern is possibly due to low levels of PU.1 binding that are
below detection by ChIP-Seq at the current sequencing depth, as it is possible to detect PU.1
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at many of these sites in untreated PUER cells using qPCR-based ChIP assays (data not shown).
Induction of PU.1 binding led to nucleosome remodelling across the entire set of induced sites,
analogous to that suggested by the Group II H3K4me1-marked nucleosomes, resulting in
further expansion of the linker region centered on the PU.1 binding site and compression of
nucleosomes in either direction along the DNA for approximately 1 kb. In concert, these
findings suggest a sequence of events at Group I sites in which PU.1 binding induces
nucleosome remodelling, which is followed by monomethylation of H3K4.

Simple combinations of binding sites identify cell type-specific repertoires
of H3K4me1-marked regions

The striking association of PU.1 and collaborating lineage-determining transcription factors
with cell-specific H3K4me1 in macrophages and B cells led us to perform a de novo motif
analysis of the approximately 20000 distal genomic regions that were focally marked by
H3K4me1 in each cell type. This analysis revealed that these regions in macrophages were
most highly enriched for PU.1, AP-1, C/EBP and RUNX motifs (Figure 4E), while H3K4me1-
marked regions in B cells displayed maximal enrichment for PU.1, E2A, OCT, EBF and RUNX
motifs (Figure S4C). This computational result is supported by ChIP-Seq data demonstrating
that the majority (70%) of the H3K4me1-positive regions in macrophages were bound by PU.
1 and/or C/EBPβ (Figure 4F) and is consistent with the finding that PU.1 (and likely C/EBP)
binding can induce H3K4me1 deposition. Of note, analysis of the genome-wide location of
p300 in resting macrophages (Ghisletti et al., 2010) indicates marked enrichment at genomic
locations co-bound by PU.1 and C/EBPβ (Figure 4G).

To determine whether there is an analogous relationship between promoter-distal H3K4me1
and binding sites for transcription factors in other cell types, we performed de novo motif
analysis on H3K4me1/H3K4me3 ChIP-Seq data sets from mouse embryonic stem cells
(Meissner et al., 2008; Mikkelsen et al., 2007), liver (Wederell et al., 2008), human CD4+ T
cells (Barski et al., 2007) and CD36+ erythrocyte precursors (Cui et al., 2009). Similar to the
results in macrophages and B cells, H3K4me1-marked promoter-distal regions in these tissues
were highly enriched for motifs for transcription factors required for the generation and
maintenance of each cellular phenotype (Ivanova et al., 2006; Rothenberg and Taghon,
2005; Zaret et al., 2008) (Figure S4C). For example, H3K4me1-marked promoter-distal regions
in ES cells were significantly enriched for binding sites for KLF4, OCT4, SOX2 and Esrrβ,
factors that in combination are sufficient to reprogram somatic cells into induced pluripotent
stem cells (Feng et al., 2009). In CD4+ T cells, this analysis revealed a strong association of
H3K4me1-marked regions with Ets and Runx motifs, consistent with their known essential
roles in T cell development and function (Figure S4C) (Rothenberg and Taghon, 2005). In this
cell type, genome-wide data for nucleosome positions, DNase hypersensitivity and
mononucleosomal ChIP-Seq for a wide range of histone modifications is available, allowing
precise determination of nucleosome positions, chromatin accessibility and histone
modifications (Barski et al., 2007; Boyle et al., 2008; Schones et al., 2008). Alignment of
H3K4me1 ChIP-Seq, total nucleosome sequence tag positions and DNase I on the Ets motifs
enriched in the H3K4me1-marked promoter-distal regions revealed nucleosome phasing
around the Ets motif similar to the pattern we observed around PU.1 in PUER cells, which was
accompanied by a sharp spike in DNase I hypersensitivity at the Ets site (Figure S4F). This
result is in stark contrast to the continuous nucleosome distribution observed when aligning
the data on the means of the tag distributions (Figure S4F) and establishes that the central gap
in the H3K4me1 pattern over the transcription factor motif is reflective of the absolute
nucleosome positions and represents the predominant DNase Iaccessible location at these
promoter-distal sites.
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PU.1 establishes cell type-specific cistromes for signal-responsive
transcription factors

Given the large number of transcription factors that are known to play important roles in each
cell type (e.g. greater than 350 transcription factors are transcribed in macrophages and ES
cells, see Figure S4D), it was surprising to find that only small numbers of transcription factor
motifs were highly overrepresented in the H3K4me1 patterns in the different cell types we
analyzed (Figure S4C and S4E). To explore the relationship of transcription factors whose
motifs are not enriched in H3K4me1-marked regions with H3K4me1-associated factors, the
global H3K4me1 pattern, and cell type-specific gene expression, we initially focused on Liver
X Receptors (LXRα and LXRβ). These oxysterolresponsive nuclear receptors play numerous
roles central to macrophage function by regulating target genes involved in lipid metabolism,
cell survival, and immunity (Rigamonti et al., 2008).

ChIP-Seq of in vivo biotin-tagged LXRβ in the murine macrophage RAW264.7 cell line
(validated in Figure S5A and S5B) identified 664 confident LXR binding sites (FDR < 0.1%),
85% of which were distally located relative to the TSS of vicinal genes (Figure 5A).
Conventional, antibody-based ChIP assays for endogenous LXRβ in primary macrophages
confirmed 12 of 12 representative LXR binding sites (Figure S5C). While de novo motif
analysis identified the consensus LXR response element (DR4) as the most highly enriched
motif, PU.1 and AP-1 motifs were also highly co-enriched in LXRβ-bound regions (Figure
5B). In line with motif enrichment, 34% of LXRβ peaks were within 100 bp of a PU.1-bound
site in primary macrophages (Figure 5C), exemplified for the established LXR target gene
Abcg1 (Figure 5D). Additionally, macrophage LXR binding sites exhibited a macrophage-
specific H3K4me1 signature, in contrast to the H3K4me1 pattern around the same sites in liver
(Robertson et al., 2008), another tissue in which LXRs play key regulatory roles (Figure 5E
and 5G).

To determine the influence of LXRs and PU.1 on each other’s DNA binding profiles, LXR
binding in the absence or presence of PU.1 was compared in PU1−/− and tamoxifen-treated
PUER cells, and conversely, PU.1 binding was assessed in wild type and in LXRα/β double-
knockout bone marrow-derived macrophages. Quantitative ChIP analysis for LXRβ in PU.
1−/− vs. tamoxifen-treated PUER cells demonstrated that LXRβ recruitment to sites with vicinal
PU.1 binding (within 100 bp) was PU.1-dependent (Figure 5F). This was not the case for
LXRβ binding sites that were not in close proximity to PU.1 (Figure 5F), indicating that PU.
1 determines LXR binding in a spatially restricted manner. In concert with these findings,
macrophage-specific LXRβ- bound regions displayed a significant PU.1-dependent gain in
H3K4me1 signal comparing H3K4me1 ChIP-Seq profiles in PU.1−/− vs. tamoxifen-treated
PUER cells (Figure 5E). Conversely, the PU.1 cistrome and H3K4me1 patterns around
macrophage-specific LXRβ-bound sites were not significantly altered in LXRα/β double-
knockout macrophages (Figure 5G and 5H), suggesting that LXRs do not contribute to defining
the PU.1 cistrome or to establishing the H3K4me1 pattern at these regions.

PU.1 is required for LXR and TLR-dependent gene expression
Although PU.1 binding sites are significantly correlated with expression of vicinal genes,
(Figure 1E and 1F), an unbiased analysis of 71 sites in resting macrophages and B cells using
a transient reporter gene assay revealed that a relatively small fraction (15%) conferred
constitutive enhancer activity (Figure S6A). Given the finding that PU.1 participates in
establishing the macrophage-specific LXR cistrome, it is possible that many of these sites might
participate in defining the context-and signal-dependent transcriptional repertoire in each cell
type. In support of this concept, regions containing both LXR and PU.1 binding sites exhibit
significant sequence conservation in vertebrates, consistent with their potential importance as
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functional signal-responsive regulatory modules (Figure S5D). Functional analysis of
representative LXR-PU.1 co-bound genomic regions vicinal to LXR target genes (as defined
by their responsiveness to the synthetic LXR ligand GW3965 in primary macrophages, Figure
S6B) by transient reporter gene analysis in RAW264.7 cells, demonstrated that 10 of 11
genomic regions tested exhibited ligand-dependent enhancer activity (Figure 6A).
Furthermore, induction of LXR target genes in response to the LXR agonist GW3965 in PUER
cells was markedly PU.1-dependent (Figure 6B).

To test whether such PU. 1 dependence is a feature of other transcriptional programs defining
macrophage-specific outputs, we assessed PU.1 dependence for TLR4 signaling responses in
PUER cells. TLR4 ligation induces high magnitude changes in the expression of hundreds of
genes in macrophages involved in innate immune responses through the activation of numerous
signal-dependent transcription factors, including NF-κB and interferon regulatory factors (Lee
and Kim, 2007). Transcriptome analysis of primary macrophages treated for 6 h with the
specific TLR4 agonist Kdo2 lipid A (KLA) identified 735 genes induced more than 3-fold.
PU.1 and C/EBPβ binding in resting macrophages occurred in the vicinity of 641 and 583 of
these genes, respectively, and prior to KLA stimulation, these two factors co-localized, alone
or together, with 537 of the 654 H3K4me1-marked regions associated with these genes (Figure
6C). Quantitative transcript analysis of 20 of these genes in the PUER system indicated that
14 required induction of PU.1 binding for qualitative or substantial quantitative responses to
KLA (Figure 6D). Full responses of the remainder of these genes in untreated PUER cells
indicated that the TLR4 signaling pathway is functional prior to activation of PU.1.

Discussion
Here we provide evidence that collaborative interactions between PU.1 and small sets of other
lineage-determining transcription factors at closely spaced binding sites establish a large
proportion of their respective macrophage and B cell-specific cistromes. The spatial
distributions and frequencies of the motifs for each of these factors suggest these patterns arise
from direct binding of each factor to its cognate DNA motif rather than tethering of one factor
to the other. Conversely, the lack of a fixed distance between the motifs, their enrichment within
100 bp of each other and the nucleosome remodelling observed around sites where inducible
PU. 1 binds in PUER cells, often in conjunction with C/EBPβ, is consistent with a mechanism
in which concurrent binding of these factors enables effective competition with nucleosomes
(Miller and Widom, 2003) to define cell type-specific binding patterns.

The finding that PU.1 binding leads to deposition of the H3K4me1 mark at promoter-distal
sites that are correlated with cell type-specific patterns of gene expression (Heintzman et al.,
2009) provides the initial evidence that PU.1 contributes to the ‘writing’ of this epigenetic
signature on a genome-wide scale. Our data also indicate that PU.1 binding and nucleosome
remodelling are not sufficient to result in the deposition of this mark in all cases (Figure 4C,
Group III), suggesting that the mechanisms that ultimately lead to H3K4 monomethylation
also require collaborative interactions with other transcription factors, such as C/EBPβ.
Additionally, the motifs enriched in focally H3K4me1-marked promoter-distal regions in
macrophages and B cells and the shape of the H3K4me1 patterns around the binding sites of
three of these factors (C/EBPα/β, Oct-2) suggest that the other H3K4me1-associated factors
are also involved in nucleosome displacement and targeting of H3K4me1 deposition around
their binding sites. The observation that H3K4me1-marked regions in other tissues and cell
types, including liver, erythrocytes, T cells and ES cells, also exhibit enrichment for limited
sets of motifs for corresponding lineage determining factors (Figure S4C) suggests a general
approach to the identification of such factors in distinct cell types, knowledge of which may
facilitate cellular reprogramming efforts.
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Taken together, our findings support a model in which two tiers of transcription factors
cooperate to activate cis-active regulatory elements required for the development and function
of macrophages and B cells (Figure 6E). The first tier consists of relatively small sets of lineage-
determining factors, such as PU.1, C/EBPs and E2A, that act in a collaborative manner to
delineate large sets of potential cis-regulatory elements in a cell type-specific fashion
(exemplified for macrophages in Figure 6E). The specific attributes of these factors that enable
this role remain to be defined, but presumably include expression levels and the ability to
engage nucleosome remodeling factors and ultimately histone modifying enzymes that
generate an accessible ‘proto-enhancer’ structure. Consistent with this, wild type E2A induces
PU.1 binding at B cell-specific genomic sites that contain closely spaced PU.1 and E2A motifs,
while a mutant form of E2A that is competent to bind to DNA but lacks transcriptional
activation function does not (Figure 3C). This result highlights an important role for
transactivation domains in enabling combinatorial transcription factor binding to
chromatinized DNA at enhancer-like elements, in addition to their known roles in transcription
initiation.

We provide further evidence that the priming of cis-active elements by lineage-determining
factors is required for the subsequent binding of a second tier of factors, exemplified by LXRs
(Figure 6E) and transcription factors that are activated by TLR4 signalling. This interpretation
is supported by the recent observation that recruitment of p300 to new genomic locations in
macrophages in response to TLR4 activation primarily occurs at regions exhibiting pre-existing
H3K4me1 (Ghisletti et al., 2010), which from our analysis largely are sites of combinatorial
interactions of PU.1, C/EBP and AP-1 transcription factors. Collectively, these sequential
events lead to a functionally active enhancer capable of contributing to cell type-specific and/
or signal-dependent gene expression, similar to the sequential steps leading to activation of the
Csf1r locus during macrophage development (Krysinska et al., 2007). This model offers an
explanation for the extensive genome-wide and cell type-specific co-localization of
transcription factors observed in various previous studies (Chen et al., 2008; MacArthur et al.,
2009), and provides insights into how simple combinations of lineage-restricted transcription
factors on a genome-wide scale can specify promoter-distal cis-regulatory elements ultimately
responsible for both cell identity and cell type-specific responses to diverse signaling inputs.

Experimental Procedures
Cell Isolation and Culture

Primary cells were isolated from male 6–8 week-old C57Bl/6 mice (Charles River
Laboratories). Peritoneal macrophages were harvested by peritoneal lavage 3 days after i.p.
injection of 3 ml thioglycollate, overnight culture and adherence selection. BMDM were
generated as described (Valledor et al., 2004). Splenic B cells were isolated by magnetic
depletion of CD43- and CD11b–expressing cells (Miltenyi). B220+ pro-B cells were
magnetically enriched from bone marrow of Rag1 knockout mice and expanded for 10 days
as described (Sayegh et al., 2005) with slight modifications. E2A−/−and EBF−/− pre-pro-B cells
were cultured as described previously (Ikawa et al., 2004). PU.1−/− and PUER cells were
propagated and the PU.1-ER fusion protein was activated with 100 nM 4-hydroxy-tamoxifen
as described (Walsh et al., 2002).

Microarray Analysis
Gene expression profiling was performed in biological duplicates on 44K Whole Mouse
Genome Oligo Microarrays (Agilent) according to the manufacturer’s instructions.
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Retroviral Transduction
E47-ER-Tac and bHLH-ER-Tac retroviral constructs were described (Sayegh et al., 2003).
Virus was generated by transfection of the constructs and packaging vector into HEK 293T
cells. E2A–deficient hematopoietic progenitor cells were transduced as described previously
(Quong et al., 1999). After 18 h, E47-ER and bHLH-ER were activated for 6 hr with 1 µM 4-
hydroxy-tamoxifen and transduced cells were magnetically enriched (Miltenyi) for bi-
cistronically co-expressed human CD25 (TAC antigen).

Chromatin Immunoprecipitation (ChIP)
ChIP was performed with 10–20×106 cells essentially as described (Metivier et al., 2003).
Antibodies used: PU.1 (sc-352), C/EBPα (sc-61), C/EBPβ (sc-150), Oct-2 (sc-233) and pan-
LXR (sc-1000) (Santa Cruz Biotech), H3K4me1 (ab8895) and H3K4me3 (ab8580) (Abcam)
or LXRβ (PP-K8917-00, Perseus Proteomics).

MNase-Seq
Micrococcal nuclease digest and deep sequencing (MNase-Seq) was essentially performed as
described (Schones et al., 2008).

High-Throughput Sequencing
Library preparation and high-throughput sequencing for 36 cycles was performed on Illumina
Genome Analyzers I and II according to the manufacturer’s protocols (Illumina). The first 23–
25 bp of each sequence tag were mapped to the mm8 assembly (NCBI build 36). Tag counts
for each experiment were normalized to 107 specifically mapped tags.

Data Analysis
Peak finding and downstream data analysis was performed using HOMER, a software suite
for ChIP-Seq analysis, which in part was created to support this study. Peaks were defined at
a 0.1% estimated false discovery rate, indicated as a dashed line in genome browser images.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Identification and functional analysis of PU.1 binding sites in primary macrophages and
splenic B cells
(A) Simplified scheme for macrophage and B cell differentiation from hematopoietic stem
cells, indicating genetically defined factors specific for B cells (blue) and macrophages (red)
at the developmental transitions most severely affected by loss of a given factor. (B) UCSC
Genome Browser image depicting PU.1 ChIP-Seq tags at the macrophage-specific Csf1r gene
or the B cell-specific Irf4 gene. Dashed gray lines indicate an estimated 0.1% false discovery
rate (FDR). Input DNA signal is shown 10-fold magnified. (C) PU.1-bound genomic sites are
visualized by their respective normalized PU.1 ChIP-Seq tag counts (log2) within 200 bp of a
given peak in macrophages and B cells. The coordinates of peaks a, b and c from panel 1B are
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indicated. Peak positions within 500 bp of a Refseq transcription start site are colored green.
Jitter was added to the normalized tag counts to visualize otherwise overlapping data points.
(D) Total number of common and cell-type specific PU.1-bound regions found in both
promoter-proximal and distal genomic regions. Cell type-specificity was assigned to regions
with 4-fold greater normalized tag counts in one cell type relative to the other. (E) Total number
of genes with the specified number of PU.1 binding sites near their promoters. Genes were
divided into subgroups of expressed and non-expressed genes based on their absolute
normalized expression levels as measured by microarray hybridization (threshold:
log2(microarray signal) = 6.5). (F) Distribution of the gene expression values for the combined
subgroups of genes in the vicinity of the given number of peaks depicted in 1E. (G) Relationship
between differential PU.1 binding and differential gene expression between macrophages and
B cells. Subsets of PU.1 binding sites defined by their distance to the nearest TSS were sorted
according to their difference in normalized tag counts between cell types. The moving average
of the difference in gene expression values of the gene with the nearest TSS is reported relative
to differential binding. The Pearson’s correlation coefficient for each group is reported in the
insert (all p-values < 10−100).
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Figure 2. Transcription factors co-localize with PU.1 binding sites in macrophages and B cells
(A) Sequence logos corresponding to enriched sequence elements identified by de novo motif
analysis of promoter-proximal or inter-/intragenic PU.1 binding sites. Motifs at PU.1 sites
common to macrophages and B cells were identified by comparing common peaks to randomly
selected genomic regions. Motifs enriched at PU.1 sites specific to macrophages or B cells
were discovered by directly comparing the sets of peaks that were exclusive to each cell type.
Motif frequencies in different subsets of PU.1 peak regions are reported in Table S2. All motifs
are enriched over background with p values < 10−100. (B) Frequencies of discovered motifs in
PU.1 peaks (±100 bp) as a function of differential binding of PU.1 in macrophages and B cells.
Expected motif frequencies based on 100k random genomic regions are reported in the legend.
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(C) Context-specific frequencies of AP-1, C/EBP, OCT, and E2A motifs in the vicinity of the
central PU.1 motif found in PU.1 binding sites. Moving averages of motif frequencies within
a 23 bp window are centered on distal macrophage-specific PU.1 sites (red), distal B cell-
specific PU.1 binding sites (blue), and common distal PU.1 binding sites (gray) (>500 bp from
the nearest TSS). (D) Differential PU.1 occupancy of PU.1 peaks as in Figure 1C; PU.1 peaks
are colored orange if a C/EBPβ peak is located within 100 bp of the PU.1 peak. (E and F)
Sequence logos are shown for the most highly enriched sequence motifs in C/EBPβ and Oct-2
binding sites, respectively. The fraction of peaks containing at least one instance of each motif
within 100 bp of the peak center is given to the right of the motif with the expected frequency
of the motif in 50k random regions given in parentheses.
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Figure 3. Co-operative interactions between PU.1 and cell type-restricted transcription factors
define the macrophage and B cell-specific cistromes
(A) Motifs in the vicinity of gained PU.1 sites during B cell development. Regions of 200 bp,
centered on ChIP-Seq PU.1 peaks in the respective cell types were classified according to
presence or absence of a given motif. Displayed is the ratio of the fraction of gained peaks (>3-
fold tag count change) containing the motif relative to the fraction of unchanged peaks (<2-
fold tag count change) containing the motif. Absolute peak numbers are provided in
Supplemental Table S3. (B) Same plot as in Figure 1C, with PU.1 peaks seen specifically
enriched in Rag1−/− vs. EBF−/−cells colored in red. (C) UCSC browser image of the PU.1
binding pattern at the IgK 3’ enhancer region. Top to bottom: B cells, Rag1−/− pro-B cells,
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E2A−/− CLP/pre-pro-B cells reconstituted with a conditional E2A (E47-ER) or a
transactivation domain-deficient E2A (bHLH-ER) 6 h after tamoxifen treatment and E2A−/−

CLP/pre-pro-B cells, as well as B cell ChIP input. The PU.1 site at the Il7r promoter is shown
as a control for a PU.1 binding site that is invariant between the different cell types. (D) Top
motif in the vicinity of PU.1 binding sites gained following reconstitution with full length E2A
compared to constitutively bound PU.1 sites identified by de novo motif analysis. The fraction
of PU.1 peaks containing at least one instance of the motif within 100 bp of the peak center in
gained and constitutively bound peaks is given to the right and in parentheses, respectively.
(E) UCSC browser tracks of PU.1 and C/EBPβ binding at the CD14 locus in primary
macrophages, PU.1−/− cells and PUER cells without and 1 h after tamoxifen treatment. Top to
bottom: PU.1 in macrophages, PUER cells after or without 1 h tamoxifen treatment and PU.
1−/− cells (blue - dark to light), and C/EBPβ in PU.1−/− cells, PUER cells without or after 1 h
tamoxifen treatment, and macrophages (brown to red). (F) Top motif enriched in the vicinity
of gained C/EBPβ sites following activation of the PU.1-ER fusion protein compared to the
constitutively bound sites identified by de novo motif analysis. The fraction of C/EBPβ peaks
containing at least one instance of the motif within 100 bp of the peak center in gained and
constitutively bound peaks is given to the right and in parentheses, respectively.
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Figure 4. PU.1 and cooperating factors are required for histone modifications associated with
enhancers
(A) Same plot of PU.1 peaks as in 1C, peaks are colored red if the surrounding region (±500
bp) contains more than 4-fold more H3K4me1 tags in macrophages than in B cells. Peak
positions fulfilling the same criteria for B cells versus macrophages are colored blue. (B) Cell
type-matched cumulative normalized H3K4me1 ChIP-Seq and input sequencing tag counts
per base pair are shown around distal peak positions (>3 kb from a TSS) of PU.1 (B cells and
macrophages), C/EBPβ (macrophages), Oct-2 (B cells). (C) Temporal and spatial relationships
of PU.1, C/EBPβ and H3K4me1 in PUER cells at different time points. Six kb-wide regions
centered on genomic sites that gained PU.1 > 6-fold after 1 h tamoxifen were clustered
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according to their PU.1, C/EBPβ and H3K4me1 ChIP-Seq profiles at 0 h, 1 h or 24 h of
tamoxifen treatment. Shown are representative sections (10 % of each group) of the resulting
heat map. (D) Average nucleosome positions centered on induced PU.1 peaks before and after
1 h tamoxifen treatment as defined by MNase-Seq. (E) Sequence motifs associated with
promoter-distal H3K4me1-marked 1 kb regions in macrophages. The top 4 motif results from
de novo motif analysis are shown. The fraction of H3K4me1 marked regions containing at least
one instance of each motif within 500 bp of the peak center is given to the right of the motif
with the expected frequency of the motif in random regions in parentheses. (F) Pie chart
depicting the overlap of PU.1 and C/EBPβ within 1 kb of focal H3K4me1 ChIP-Seq peaks.
(G) Association of p300 with PU.1 and C/EBPβ co-bound sites. Percentages of transcription
factor-bound regions co-bound by p300 are given. Absolute numbers were: PU.1 only, 21223
total, Co-bound by p300: 1921; C/EBPβ only, 20481 total, 1274 with p300; PU.1 & C/EBPβ,
13874 total, 4230 with p300. Peak positions for p300 were determined by analysis of p300
ChIP-Seq data for resting bone marrow-derived macrophages (Ghisletti et al., 2010).
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Figure 5. PU.1 establishes part of the LXRβ cistrome and H3K4me1 pattern around LXRβ binding
sites in macrophages, but not vice versa
(A) Genomic annotation of high confidence LXRβ binding sites defined by ChIP-Seq of biotin-
tagged LXRβ in RAW264.7 murine macrophages. (B) De novo motif analysis of LXR-bound
regions in macrophages. The fraction of peaks containing at least one instance of each motif
within 100 bp of the peak center is given to the right of the motif with the expected frequency
of the motif in random regions in parentheses. (C) Macrophage and B cell PU.1 binding as in
Figure 1C; PU.1 peak positions are colored green if an LXRβ peak is located within 100 bp of
a PU.1 peak. (D) UCSC browser image of the LXR target gene locus ABCG1 depicting
coordinate binding of LXR and PU.1, together with the associated H3K4me1 signature. The
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2.5-fold magnified BirA control track denotes sequencing of a pulldown from formaldehyde-
fixed, BirAtransgenic RAW264.7 devoid of BLRP-tagged proteins. (E) Cumulative H3K4me1
levels in PU.1−/− myeloid progenitors (PU.1−/−), PUER cells treated for 24 h with tamoxifen
(PUER 24 h) or mouse liver as control (liver H3K4me1 ChIP-Seq data from (Robertson et al.,
2008)) around LXRβ peak positions defined in RAW264.7 macrophages. (F) LXR binding at
the indicated loci in PU.1−/− cells vs. PUER cells treated with tamoxifen for 24 h as compared
by ChIP-qPCR. Values represent fold enrichment over ChIP with IgG control antibody. (G)
Cumulative H3K4me1 levels in bone marrow macrophages derived from LXRα−/−/
LXRβ−/−mice (LXR DKO BMDM), wild type mice (WT BMDM) or liver (Robertson et al.,
2008) as non-macrophage control, around LXRβ peak positions defined in RAW264.7
macrophages. (H) Scatter plot depicting PU.1 ChIP-Seq tag counts (log2) within 200 bp of
combined genomic PU.1 peak positions defined in bone marrow-derived macrophages from
wild type mice (WT MФ) or LXRα−/−/ LXRβ−/− mice (LXR DKO MФ). Genomic PU.1 peaks
within 100 bp of an LXRβ peak in RAW264.7 macrophages are colored red.
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Figure 6. PU.1 is necessary for LXR- and TLR4-dependent gene expression in macrophages
(A) Relative enhancer activity of indicated LXR-bound regions inserted upstream of a minimal
TK promoter driving luciferase expression in RAW264.7 macrophages. Data are presented as
average fold change (±SEM) comparing 24 h treatment with 1 µM GW3965 vs. vehicle
(DMSO) of three independent experiments performed in triplicate. (B) PUER cells were treated
with tamoxifen or vehicle (EtOH) for 24 h, then with 1 µM GW3965 or vehicle (DMSO) for
an additional 24 h. Average mRNA expression fold changes (±SEM) of the indicated genes as
determined by quantitative real-time RT-PCR (qRT-PCR) comparing GW3965 versus vehicle
in two independent experiments are shown, all expression changes were statistically significant
(p<0.05, t-test). (C) Overlap of vicinal PU.1, C/EBPβ and H3K4me1 peaks in resting
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macrophages associated with genes that are induced more than 3-fold by KLA at 6 h. (D) PUER
cells were treated with vehicle (DMSO) or tamoxifen for 24 h, then with vehicle (PBS) or KLA
for 6 h. Messenger RNA levels for the indicated TLR4-responsive genes were determined by
qRT-PCR and displayed as a heat map with absolute expression values ranging from low (blue)
to high (red) compared to the mean level of expression for each gene. Asterisks denote genes
whose KLA response is PU.1-dependent. (E) Schematic depicting the proposed model.
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