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Locus co-occupancy, nucleosome positioning,
and H3K4me1 regulate the functionality
of FOXA2-, HNF4A-, and PDX1-bound
loci in islets and liver
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The liver and pancreas share a common origin and coexpress several transcription factors. To gain insight into the
transcriptional networks regulating the function of these tissues, we globally identify binding sites for FOXA2 in adult
mouse islets and liver, PDX1 in islets, and HNF4A in liver. Because most eukaryotic transcription factors bind thousands of
loci, many of which are thought to be inactive, methods that can discriminate functionally active binding events are
essential for the interpretation of genome-wide transcription factor binding data. To develop such a method, we also
generated genome-wide H3K4me1 and H3K4me3 localization data in these tissues. By analyzing our binding and histone
methylation data in combination with comprehensive gene expression data, we show that H3K4me1 enrichment profiles
discriminate transcription factor occupied loci into three classes: those that are functionally active, those that are poised
for activation, and those that reflect pioneer-like transcription factor activity. Furthermore, we demonstrate that the
regulated presence of H3K4me1-marked nucleosomes at transcription factor occupied promoters and enhancers controls
their activity, implicating both tissue-specific transcription factor binding and nucleosome remodeling complex re-
cruitment in determining tissue-specific gene expression. Finally, we apply these approaches to generate novel insights
into how FOXA2, PDX1, and HNF4A cooperate to drive islet- and liver-specific gene expression.

[Supplemental material is available online at http://www.genome.org. The sequence data from this study have been
submitted to the NCBI Sequence Read Archive (http://www.ncbi.nlm.nih.gov/Traces/sra) under accession no.
SRA008281 and are also available for download at http://www.bcgsc.ca/data/histone-modification.]

The liver and pancreas develop from a common progenitor pool in

the foregut endoderm (Zaret 2008; Zaret and Grompe 2008). Many

of the transcription factors initially expressed within the endo-

derm remain expressed in both the liver and pancreas and function

to maintain homeostasis in the adult tissues (Jensen 2004; Zaret

2008; Zaret and Grompe 2008). For example, FOXA2 is essential

for both pancreas and liver development (Lee et al. 2005; Gao

et al. 2008). FoxA proteins, which share homology with histone

H5, function as pioneer factors and can bind compact chromatin

and open local chromatin structures (Cirillo et al. 2002; Sekiya

et al. 2009). FOXA2 regulates the expression of several transcrip-

tion factors, including Pdx1 (Gao et al. 2008) and the nuclear

hormone receptor Hnf4a (Bailly et al. 2001). PDX1 is essential for

pancreas development (Jonsson et al. 1994) and is required for the

expression of insulin and several other genes critical to pancreas

development and function (Ohlsson et al. 1993; Ahlgren et al.

1998; Gerrish et al. 2001; Svensson et al. 2007). HNF4A is not es-

sential for the early phases of liver development, but controls

many genes that are vital for adult liver functions, and is consid-

ered a central regulator of hepatocyte differentiation and function

(Hayhurst et al. 2001; Battle et al. 2006).

Recent genome-wide analyses of transcription factor–DNA

association in mammalian genomes show that most transcription

factors bind thousands of sites (Robertson et al. 2007; Chen et al.

2008; Marson et al. 2008; Wederell et al. 2008; Hoffman and Jones

2009; Zheng et al. 2009). It has been suggested that sites that are
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less occupied are nonfunctional (Li et al. 2008); however, there is

no clear boundary between highly and poorly occupied sites, and

no methods are available that can identify which sites are func-

tional. To interpret genome-wide transcription factor localization

data, it is therefore essential to develop novel methods that can

discriminate functionally active binding events from inactive ones.

Cis-regulatory regions are associated with diverse histone

modifications that include acetylations and methylations of his-

tone tails (Bernstein et al. 2006; Roh et al. 2006; Barski et al. 2007;

Heintzman et al. 2007; Robertson et al. 2008; Wang et al. 2008).

Lineage-specific combinations of histone marks at enhancers cor-

relate with lineage-specific enhancer function (Heintzman et al.

2009), suggesting that specific histone modifications can be used

to predict the functionality of cis-regulatory loci. For example,

active genes are associated with the mono- and tri-methylation of

lysine 4 of histone H3 (H3K4me1 and H3K4me3) (Wang et al. 2008).

H3K4me1 occurs at cis-regulatory regions both distal and proximal

to transcriptional start sites (TSSs), while H3K4me3 is typically

regionally restricted to TSS-proximal loci (Robertson et al. 2008),

making H3K4me1 useful in predicting locations of lineage-specific

enhancers (Heintzman et al. 2009).

To gain insight into how FOXA2, PDX1, and HNF4A regulate

distinct transcriptional programs in the liver and pancreas, we used

chromatin immunoprecipitation coupled with flow cell sequenc-

ing (ChIP-seq) to identify genome-wide locations of loci bound by

FOXA2 in adult mouse islets and liver, by PDX1 in islets, and by

HNF4A in liver. Furthermore, to discriminate functional binding

events, we used ChIP-seq to determine the genome-wide enrich-

ment profiles of H3K4me1 and H3K4me3.

Results

Genome-wide identification of FOXA2-, PDX1-,
and HNF4A-occupied loci in adult islets and liver

We used ChIP-seq to globally identify loci occupied by FOXA2 in

adult mouse islets and liver, PDX1 in islets, and HNF4A in liver. The

antibodies used produced only the expected bands in Western

blots (Supplemental Fig. S1), suggesting that our data reflect spe-

cific protein–DNA interactions. Aligning the DNA sequence reads

to the reference genome identified regions enriched for immuno-

precipitated fragments, called ‘‘peaks’’ (Supplemental Fig. S2). We

thresholded the peaks to discriminate statistically significant sites

from background, identifying 7189 FOXA2- and 13,448 PDX1-

occupied loci in islets, as well as 12,494 HNF4A-occupied loci in

liver (Supplemental Table S1). Reprocessing previously published

FOXA2 ChIP-seq data from liver (Wederell et al. 2008) with current

methods identified 10,701 occupied loci (Robertson et al. 2008).

Comparing these data with literature reported sites and perform-

ing validations using ChIP-qPCR confirmed the high quality of the

data (Supplemental Figs. S3, S4).

To test whether the identified sites represent direct DNA–

protein interactions and to determine the in vivo binding poten-

tial of the factors, we used de novo motif discovery (see Supple-

mental Methods; Supplemental Figs. S5–S8; Li 2009). In islets and

liver, we identified FOXA2-like motifs in 72% and 75% of the

FOXA2-enriched regions, respectively. These motifs were highly

similar to each other (E-value 1.1 3 10�16), were similar to the

known FOXA2 motif (E-values 5.2 3 10�12 and 5.6 3 10�16, re-

spectively) (Wederell et al. 2008), and were centrally concentrated

around sites of maximal enrichment (Supplemental Figs. S5, S6).

We identified a PDX1-like motif in 45% of enriched regions that

was similar to the TRANSFAC PDX1 motif (M00463; E-value 9.6 3

10�7) and was moderately centrally concentrated. PDX1 can in-

teract and bind DNA as a heterodimer with PBX1 (Swift et al. 1998),

and we also identified a PDX1:PBX1 heterodimer-like motif in 42%

the PDX1-enriched regions (Supplemental Fig. S7), which was also

moderately centrally concentrated. PDX1 and/or PDX1:PBX1-like

motifs were found in 62% of the PDX1-enriched sites. The derived

HNF4A motif was very similar to the HNF4A TRANSFAC motif

(M01031, E-value 0.0), was identified in 92% of the enriched re-

gions, and was also centrally concentrated (Supplemental Fig. S8).

These results confirm that the majority of identified sites contain

the expected binding sequences for FOXA2, PDX1, and HNF4A.

Transcription factor occupied loci display three patterns
of H3K4 methylation

As histone H3 lysine 4 mono-methylation (H3K4me1) and tri-

methylation (H3K4me3) are commonly associated with functional

cis-regulatory regions (Barski et al. 2007; Heintzman et al. 2007;

Robertson et al. 2008), we asked whether these marks could be used

to discriminate functionally active FOXA2-, PDX1-, and HNF4A-

occupied loci. For this we generated H3K4me1 and H3K4me3 en-

richment profiles in 62-kb regions around the transcription factor

peak maxima in islets and liver. Unexpectedly, we found three classes

of H3K4me1 enrichment profiles associated with the identified loci

(Fig. 1A; Supplemental Fig. S9). For each transcription factor, the

majority of promoter, enhancer, and distal loci (Fig. 1B) had a bi-

modal H3K4me1 profile, with peaks of H3K4me1 enrichment on

either side of the identified sites (Fig. 1C), indicating the presence of

H3K4me1-marked nucleosomes flanking these sites (Heintzman

et al. 2007; Robertson et al. 2008). The second most common

H3K4me1 profile had a monomodal shape, with a peak of H3K4me1

enrichment co-occurring at the identified transcription factor bind-

ing sites, suggesting the presence of a central H3K4me1-marked nu-

cleosome, or nucleosomes, at the transcription factor binding site.

For FOXA2, in both islets and liver, and for PDX1, >10% of loci were

associated with a low, nonsignificant level of H3K4me1, whereas

only 1% of HNF4A sites were in this category. Similar profile classes

were identified using the H3K4me3 data (Supplemental Fig. S10),

although the fraction of loci associated with a significant level of this

modification was considerably lower as H3K4me3 is primarily lo-

calized to promoter regions (Robertson et al. 2008).

To ensure that the bimodal, monomodal, and low H3K4me1

profile classes identified are not the result of ChIP-seq processing

artifacts, we generated a set of high-confidence profile class calls.

For this we calculated Pearson correlations between the H3K4me1

profiles of individual loci with mean bimodal, monomodal, or low

H3K4me1 profiles, and used a minimum correlation threshold of

0.35 to identify loci that strongly conformed to the mean profiles

(Supplemental Fig. S11). The distribution of these loci into the

three classes, and the enrichment profiles obtained, were similar to

those obtained using the whole data set (Supplemental Fig. S12).

Next, to verify that bimodal and monomodal sites were a result of

differences in nucleosome distributions, and not of H3K4me1

enrichment differences, we mapped nucleosome positions at rep-

resentative enhancer loci (Figs. 1D and 4H below). These data in-

dicate the presence of flanking nucleosomes at bimodal sites and of

central nucleosomes at monomodal sites, confirming that the

H3K4me1 bimodal and monomodal profiles are largely a result of

nucleosome distribution differences. In sum, these data indicate

that H3K4me1 profiles can be used to classify transcription factor

occupied loci into three distinct subsets: those with a bimodal,

a monomodal, or a low H3K4me1 profile.
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Figure 1. H3K4me1 profiles segregate discrete classes of transcription factor occupied loci. (A) Heatmaps of H3K4me1 read density in 62-kb regions
centered on FOXA2 (islets or liver), PDX1, and HNF4A peak maxima. Peak max locations are indicated by red triangles, with flanking H3K4me1 read
density plotted horizontally in blue for each site. H3K4me1 read density is represented by the intensity of blue in the heatmaps: (dark blue) high; (light
blue) low read density; (white) minimal or no H3K4me1. (B) Fractions of bimodal, monomodal, or low H3K4me1 promoter, enhancer, or distal (>50 kb
from any RefSeq TSS) loci in each library. (C ) Mean H3K4me1 enrichment profiles associated with promoter and enhancer loci in each site class in the
FOXA2 (islets or liver), PDX1, and HNF4A peak sets. Peak maxima are centered at 0. (D) Nucleosome mapping by MNase-qPCR confirms the presence of
nucleosomes. (Left) Flanking selected bimodal sites; (right) immediately at or adjacent to transcription factors binding locations at monomodal sites. UCSC
Genome Browser screenshots of representative PDX1 (top panel) and HNF4A (bottom panels) loci are shown, and the locations of the primers used in the
MNase-qPCR are indicated. The panels beneath the browser screenshots show MNase-qPCR results, with regions of relative enrichment indicative of
nucleosome positions. The red-highlighted regions indicate the primer pairs flanking identified motif locations and represent the location of transcription
factor binding; the dashed lines, at a relative occupancy of 0.25, are shown as a reference.

Genome Research 1039
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Bimodal and monomodal sites are concentrated
in transcriptionally active regions

To determine the relevance of transcription factor occupied loci

with bimodal, monomodal, or low H3K4me1 profiles in deter-

mining whether a gene is expressed, we plotted the distances of

bimodal, monomodal, or low H3K4me1 sites to the nearest RefSeq

TSS. Loci with a bimodal or monomodal profile frequently oc-

curred proximal to TSSs, while low H3K4me1 loci showed no ob-

vious enrichment at proximal locations (Fig. 2A). To test whether

the transcription factor locus classes were associated with active

transcription, we generated islet and liver Tag-seq (Morrissy et al.

2009) data and identified RefSeq genes that were expressed

(tag count >5) in these tissues. A similar fraction of bimodal and

monomodal loci occurred in genomic regions with actively tran-

scribed genes (identified here by overlapping the regulatory re-

gions 650 kb from the TSSs of expressed genes). Loci in the low

H3K4me1 class occurred significantly more often (P < 1.5 3 10�8)

in genomic regions that contain no active genes (identified as

contiguous regions of the genome lacking expressed genes formed

by overlapping the regulatory regions 650 kb from the TSSs of

non-expressed genes), or in non-genic regions (Fig. 2B). Similarly,

we asked whether bimodal, monomodal, or low H3K4me1 loci had

different levels of association, directly, with expressed versus non-

expressed genes. For this we grouped RefSeq genes into three cat-

egories: expressed (tag count >5), non-expressed (H3K4me3 marks

at the promoter but tag count <5), and silenced (no H3K4me3 at

the promoter and tag count <5). Low H3K4me1 loci were signifi-

cantly more frequently (P < 0.01) associated with silenced genes

(Fig. 2C) than either bimodal or monomodal loci, which were

equally associated with expressed, non-expressed, and silenced

genes. In sum, these results indicate that bimodal and monomodal

loci more commonly occur in regions of the genome that would

be expected to be involved in active gene regulation, than loci

with a low H3K4me1, but that none of these locus types is suffi-

cient to activate gene expression.

Bimodal sites are functionally active

Since none of the classes of transcription factor occupied loci were

deterministic of whether a gene was active or not, we assessed

whether they were able to modulate the expression levels of target

genes. We found that genes with associated bimodal loci had sig-

nificantly higher expression (P < 0.001) than genes with associated

monomodal or low H3K4me1 loci (Fig. 3A). As FOXA2, PDX1, and

HNF4A have tissue-restricted expression, we predicted that genes

regulated by these factors would also show tissue-restricted ex-

pression. Using expression data from 203 SAGE libraries (Siddiqui

et al. 2005; Hoffman et al. 2008), we found that genes associated

with bimodal loci were significantly more tissue-specific (P <

0.001) than genes associated with monomodal or low H3K4me1

loci (Fig. 3B).

To further confirm these results, we compared the association

of bimodal, monomodal, and low H3K4me1 sites with genes

whose expression was significantly altered by adult-specific dis-

ruption of Foxa2, Pdx1, or Hnf4a. For this we used available

microarray data from adult-specific knockout mouse models of

Foxa2 in islets (Gao et al. 2007), Foxa2 in liver (Bochkis et al. 2009),

and Hnf4a in liver (Holloway et al. 2008). Because no equivalent

data were available from adult-specific knockout models of Pdx1,

we suppressed Pdx1 using siRNAs in islets and used Tag-seq to

identify genes significantly altered by Pdx1 suppression as com-

pared to islets treated with siRNAs targeting Ppib (negative con-

trol). We identified 409 RefSeq genes up-regulated (P < 0.001, based

on Audic-Claverie statistics, and >1.5-fold change) in the siPdx1

library as compared to the siPpib library, and 979 RefSeq genes as

Figure 2. Bimodal and monomodal transcription factor occupied loci have a similar genomic distribution. (A) Distributions of distance to the closest
transcriptional start site (dTSS) for transcription factor occupied loci within 50 kb of a RefSeq gene TSS. (B) Fractions of bimodal, monomodal, or low
H3K4me1 sites in transcriptionally active, inactive, or non-genic regions. (C ) Proportion of bimodal, monomodal, or low H3K4me1 sites associated with an
expressed (tag count >5), non-expressed (H3K4me3 marks at the promoter, tag count <5), or silenced (no H3K4me3 at the promoter, tag count <5) genes.
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down-regulated (including Ins1, Ins2,

Slc2a2, etc). From the analysis of these four

data sets, we found that genes altered by

Foxa2 or Hnf4a disruption, or Pdx1 sup-

pression, were enriched in bimodal loci,

but not in monomodal or low H3K4me1

loci (Fig. 3C–F). Interestingly, both up- and

down-regulated genes were enriched in

bimodal sites for PDX1 (1.5-fold, P = 9.7 3

10�16 up-regulated; 1.4-fold, P = 4.1 3

10�3 down-regulated), and for FOXA2

in islets (2.1-fold, P = 5.6 3 10�3 up-

regulated; 5.6-fold, P = 5.6 3 10�12 down-

regulated) and in liver (1.7-fold, P = 1.9 3

10�29 up-regulated; 1.6-fold, P = 1.4 3

10�26 down-regulated); whereas for HNF4A

only down-regulated genes were enriched

in bimodal sites (2.9-fold, P = 1.7 3 10�62).

To further validate the functionality of bi-

modal sites, we used RT-qPCR to determine

the expression levels of 41 different genes

with an associated bimodal FOXA2 peak in

islets treated with siRNA targeting Foxa2

(Supplemental Fig. S13). The expression

levels of 33 (80%, P < 0.05) of the target

genes were altered by the suppression of

Foxa2, with nearly equal numbers show-

ing increased versus decreased expression,

while none of the genes without an asso-

ciated peak (Neg1-3) were altered. Together,

these data argue that bimodal loci are

functionally active in regulating target gene

expression.

Tissue-specific FOXA2 binding
and nucleosome displacement
determine target gene expression

FOXA1 recruitment has been suggested to

drive cell-type-specific target gene expres-

sion in prostate cancer and breast cancer

cell lines (Lupien et al. 2008). We wanted to

determine whether this is the case for

FOXA2 in islets and liver in vivo, and, ad-

ditionally, to assess the relevance of the

nucleosome occupancy of FOXA2-bound

loci in regulating the lineage-specific ex-

pression of FOXA2 target genes. For this,

we assessed the relationship between

FOXA2 bimodal, monomodal, and low

H3K4me1 sites with target gene expression

in islets and liver. First, we identified 1770

FOXA2 sites common to both tissues, 5419

sites unique to islets, and 8931 unique

to liver (Fig. 4A). We found that genes

with islet-specific bimodal sites had sub-

stantially higher expression in islets (P <

0.001) than genes with liver-specific bi-

modal sites, and vice versa (Fig. 4B). As well,

genes with islet- or liver-specific bimodal

sites had significantly (P < 0.05) higher

tissue-specific expression than genes with

Figure 3. Bimodal sites regulate target gene expression. Box-whisker plots of islet or liver (A) Tag-seq
counts or (B) specificity against 202 other mouse SAGE libraries, for expressed genes associated with
a bimodal, monomodal, or low H3K4me1 site in the FOXA2 (islet or liver), PDX1, or HNF4A peak sets.
Expressed genes have a tag count >5 in the particular Tag-seq library. Statistically significant differences
were detected using a Kruskall-Wallis non-parametric test with a Dunn’s multiple comparison correction,
with a P < 0.05 threshold. (*) P < 0.05; (**) P < 0.01; (***) P < 0.001. Fractions of RefSeq genes with
bimodal, monomodal, or low H3K4me1sites whose expression was significantly altered or not in (C )
PancChip 6.1 (http://www.betacell.org/ma/) comparisons of Foxa2 deficient (Foxa2loxP/loxP, Pdx1-
CreERT2, tamoxifen treated) versus control (Foxa2loxP/loxP, tamoxifen treated) islets (Gao et al. 2007). (D)
Tag-seq analysis of islets treated with siRNA’s targeting Pdx1 versus with siRNA’s targeting Ppib. (E) Agilent
4344k array comparisons of Foxa2 deficient (Foxa2loxP/loxP, Alfp-Cre) versus wild-type livers (Bochkis et al.
2009). (F) Agilent Whole Mouse Genome Microarray comparisons of Hnf4a deficient (Hnf4aloxP/loxP, Alb-
Cre) versus wild-type livers (Holloway et al. 2008). P-values were determined using Fisher’s exact test.

Identifying functional FOXA2, HNF4A, and PDX1 sites
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islet- or liver-specific monomodal sites (Fig. 4B). For the 1770 loci

bound by FOXA2 in both islets and liver, the majority of loci that

were bimodal (>75%) or low H3K4me1 (>80%) had the same profile

in both tissues (Fig. 4C,D). On the other hand, >55% of the mono-

modal loci in islets or liver were bimodal in the alternative tissue

(Fig. 4C–E). Assessing the H3K4me1 profiles of individual loci in our

high-confidence data confirmed these results (Fig. 4F), and similar

results were obtained for loci in both promoters and enhancers

Figure 4. (Legend on next page)

Hoffman et al.
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(Supplemental Fig. S14A). Correlating this with the expression of

genes associated with these loci indicated that genes with loci that

were bimodal in both tissues were, on average, equally expressed

in both tissues (Fig. 4G). In contrast, genes with loci that were bi-

modal only in islets had significantly higher expression in islets (P <

0.01); while genes with loci that were bimodal only in liver had sig-

nificantly higher expression in liver (P < 0.05). To verify that these

site transitions were a result of nucleosome occupancy changes, we

mapped nucleosome positions, in islets and liver, of representative

enhancer loci that were bimodal in one tissue and monomodal in

the other. These data show enrichment of nucleosomes flanking

the loci in the tissue in which they were identified as having a bi-

modal profile, and of central nucleosomes at, or immediately adja-

cent to, the transcription factor binding site, in the tissue in which

they were identified as having a monomodal profile (Fig. 4H,I). This

confirms that the lineage-specific profile class changes identified are,

at least in part, due to changes in nucleosome occupancy, although

the replacement of H3 with H3.3 histones in central nucleosomes at

monomodal sites may also be a contributing factor, as H3.3 is known

to be enriched at transcription factor binding sites (Jin et al. 2009; He

et al. 2010). Regardless, our data confirm that bimodal sites are

functionally active and indicate the significance of both tissue-spe-

cific transcription factor binding and nucleosome displacement in

determining tissue-specific target gene expression.

Nucleosome occupancy of transcription factor bound loci
can be altered during development or in response
to signaling events

It is becoming recognized that the nucleosome occupancy of

promoters and enhancers can be dynamically altered to control

their function (Hogan et al. 2006; Shivaswamy et al. 2008; Ramirez-

Carrozzi et al. 2009; He et al. 2010); however, the relevance of this to

the control of transcription factor occupied loci has not been

reported. Therefore, to determine whether the regulated nucleo-

some occupancy of transcription factor bound loci may be a more

general mechanism for controlling locus activity, we first asked

whether signaling events could regulate the nucleosome occupancy

of such loci. For this, we used STAT1 binding and H3K4me1 locali-

zation data from IFNG-stimulated and unstimulated HeLa cells

(Robertson et al. 2007, 2008). Of the 17,136 loci that were bound

by STAT1 in both cell states, most were in the same H3K4me1 class

in both conditions (Fig. 5A). However, >40% of the monomodal

STAT1 occupied loci in unstimulated cells were bimodal in IFNG-

stimulated cells (Fig. 5A–C). Also, ;8% of the bimodal STAT1-

occupied loci in unstimulated cells were monomodal in IFNG-

stimulated cells (Fig. 5A–C). Similar results to these were obtained

when we assessed loci only in promoter or enhancer regions (Sup-

plemental Fig. S14B). Loci associated with DNMBP and CTBP2 un-

dergo such transitions (Fig. 5D).

To determine whether a similar process controls the activity

of transcription factor occupied loci during development, we

compared the H3K4me1 profiles of FOXA2-occupied loci from

E14.5 hepatocytes and adult liver. Of the FOXA2 binding sites in

adult liver, 90.5% were associated with H3K4me1 at E14.5. The

majority of loci that were bimodal in E14.5 hepatocytes were also

bimodal in the adult (Fig. 5E), as were the majority of E14.5

monomodal sites (Fig. 5E–G), while a smaller fraction (13%) of loci

that were bimodal at E14.5 were monomodal in the adult (Fig. 5E–

G). As we found for STAT1, assessing only loci in promoters or

enhancer regions gave similar results (Supplemental Fig. S14C). As

an example, a locus ;4 kb upstream of alpha fetoprotein (Afp) was

bimodal in E14.5 hepatocytes but monomodal in adult liver (Fig.

5H). Consistent with this, Afp expression was high in developing

hepatocytes but turned off in the adult liver. In contrast, a locus

;10 kb upstream of albumin (Alb) was monomodal in E14.5 he-

patocytes but bimodal in adult liver (Fig. 5H), corresponding to

higher Alb expression in adult liver. Together, these data clearly

indicate that signaling events and developmental programs can

dynamically regulate the nucleosome occupancy of transcription

factor bound loci in promoters and enhancers.

Transcription factor bound loci with bimodal H3K4me1
profiles are more highly occupied

To determine whether the different classes of transcription factor

occupied loci are associated with different levels of transcription

factor occupancy, we compared the peak heights, or enrichment

levels, of sites in each class. Bimodal sites were significantly (P <

0.001) more enriched than monomodal sites, and monomodal

sites were significantly (P < 0.01) more enriched than low

H3K4me1 sites (Fig. 6A). As higher enrichment levels imply that

a larger fraction of cells in the ChIP experiments contained

a bound locus, this suggests that bimodal loci are more highly

occupied than monomodal loci, which, in turn, are more occupied

than loci with low H3K4me1. We next assessed whether these

occupancy differences correlated with underlying differences in

the fraction of loci containing high-scoring sequence motifs. We

found that equivalent fractions of bimodal and monomodal loci,

but a moderately reduced fraction of low H3K4me1 loci, contained

an appropriate motif (Fig. 6B). The distribution of motif scores was

also similar for the different H3K4me1 profile classes (Fig. 6C),

although some reduction in the motif score distribution for low

H3K4me1 FOXA2 islet sites was found. We then compared the

peak heights from FOXA2 sites bound in both islets and liver. We

found that sites that were bimodal in both tissues typically had

Figure 4. Tissue-specific FOXA2 binding and nucleosome occupancy determine tissue-specific target gene expression. (A) Venn diagram representing
the proportion of sites shared between the FOXA2 islet and liver peak sets. (B) Box-whisker plot of the relative expression level (islets/liver) of expressed
genes with associated islet- or liver-specific FOXA2 bimodal, monomodal, or low H3K4me1 sites. The fraction of FOXA2 sites shared in islets and liver that
are bimodal, monomodal, or low H3K4me1 in the (C ) FOXA2 islet or (D) liver peak sets. (E ) A heatmap of H3K4me1 profiles in islets and liver for shared
FOXA2 sites. Sites in group I are bimodal in both tissues; group II sites are bimodal in islet and monomodal in liver; groups III and VI–IX sites have low
H3K4me1 (i.e., below the profile’s global FDR threshold); group IV sites are islet monomodal and liver bimodal; and group V sites are islet and liver
monomodal. (F ) Profiles of average H3K4me1 read density for the shared site groups. Solid red lines are the average red densities for all peaks in a category,
while dotted lines represent data from the high-confidence subset. (G) Box-whisker plot of the relative expression level (islets/liver) of expressed genes
associated with peaks in groups I, II, IV, and V. Nucleosome mapping by MNase-qPCR confirms that nucleosome occupancy at transcription factor loci is
altered at loci that are bimodal in islets and monomodal in liver (H), and vice versa (I). (Left) ChIP-seq enrichment profiles of the assessed loci, with the
locations of the primers used for MNase-qPCR. (Right) Fold changes in nucleosome enrichment in islets/liver, calculated from MNase-qPCR results. Red
arrows indicate regions that were specifically enriched for nucleosomes in islets, while blue arrows indicate regions that were specifically enriched for
nucleosomes in liver. The red-highlighted regions indicate the primer pairs flanking identified FOXA2 binding motif locations and represent the relative
location of FOXA2 binding. In B and G differences in expression were assessed using a Kruskall-Wallace non-parametric test with a Dunn’s comparison. (*)
P < 0.05; (***) P < 0.001.
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similar peak heights (Supplemental Fig. S15). Sites that were bi-

modal in one tissue and monomodal in the other, however, were

significantly taller in the tissue containing the bimodal site. These

data indicate that the lower enrichment of monomodal sites over

bimodal sites cannot be explained by underlying differences in

motif presence or strength and suggest that further histone mod-

ifications and/or nucleosome displacement are necessary for full

binding.

Secondary co-occupying transcription factors
ensure nucleosome displacement

Previously, it was shown that differential recruitment of ESR1 and

AR in breast and prostate cancer cell lines, respectively, correlates

with the accessibility and functionality of FOXA1 sites (Eeckhoute

et al. 2009). Based on this, we wondered whether co-binding of

tissue-specific transcription factors would be more associated with

loci in a bimodal state. To address this we identified 1914 loci in

islets that were co-bound by both FOXA2 and PDX1, and 3236 loci

in liver that were co-bound by FOXA2 and HNF4A (Fig. 7A,B). The

fraction of co-bound loci in a bimodal state was increased as com-

pared to loci singly bound by FOXA2 or PDX1 in islets, or FOXA2 in

liver (Fig. 7C,D). Next, to determine whether the co-binding of

secondary transcription factors was affected by H3K4me1 class type

we assessed, in islets, the fraction of FOXA2-bound loci with a PDX1

motif and the fraction of PDX1-bound loci with a FOXA2 motif;

and in liver, the fraction of FOXA2-bound loci with an HNF4A motif

and the fraction of HNF4A-bound loci with a FOXA2 motif. In each

case, a roughly equivalent fraction of bimodal, monomodal, or low

H3K4me1 loci contained a motif for putative co-binding transcrip-

tion factor (Fig. 7E). We then determined the fraction of loci with an

appropriate motif for a collaborating transcription factor, that were

actually bound by that factor, that is, the fraction of FOXA2-bound

loci with a PDX1 motif bound by PDX1, and so on. We found

that a reduced fraction of monomodal loci with a appropriate motif

for a putative co-binding transcription factor were actively bound

by that factor as compared to bimodal loci, and the fraction of

Figure 5. H3K4me1-marked nucleosome occupancy regulates transcription factor bound cis-regulatory site function. Analysis of H3K4me1 transitions
for transcription factor occupied loci during (A–D) an IFNG-stimulated signaling event, or (E–H ) liver development. (A) STAT1 site class transitions in the
IFNG-stimulated and unstimulated shared peaks, or (E ) FOXA2 adult occupied loci in E14.5 hepatocytes and adult liver. Categories I and II in the heatmaps
in B and F represent bimodal–monomodal and monomodal–bimodal transitions for STAT1 and FOXA2 sites, respectively. Average H3K4me1 enrichment
profiles of category I or II sites are plotted in red, with dotted lines showing the average profiles for high confidence peaks. UCSC mm8 Genome Browser
screenshots of representative loci that are bound by (D) STAT1 in the IFNG-stimulated and unstimulated cells that transition from bimodal to monomodal
or vice versa, or (H ) by FOXA2 and HNF4A in adult liver but transition from bimodal to monomodal or vice versa. The dotted lines in D and H mark 1-kb
regions.

Figure 6. Site modality is independent of motif presence or score. (A) Box-whisker plots of bimodal, monomodal, or low FOXA2, PDX1, or HNF4A peak
heights. Statistical significance between groups was detected using a Kruskall-Wallis non-parametric test with a Dunn’s post-test, with a P < 0.05 threshold.
(***) P < 0.001. (B) Fraction of peaks in the bimodal, monomodal, or low site classes in the FOXA2 (islet and liver), PDX1, HNF4A peak sets that contain
a high-scoring binding motif. (C ) Frequency distribution of PWM scores for the three site classes for each TF peak set.
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actively bound, motif-containing, low H3K4me1 loci was reduced

even further (Fig. 7F). Consistent with previous reports (Adams and

Workman 1995), these results indicate that binding of a collaborat-

ing transcription factor is highly correlated with nucleosome-free

DNA, but also indicates that the ability of collaborating factors to

bind loci with appropriate motifs is determined by additional levels

of control. Thus, the presence of collaborating transcription factors

alone is insufficient to regulate the nucleosome status and the cis-

regulatory activity of a transcription factor occupied loci. These data

further implicate the ability of an occupied locus to recruit chroma-

tin-remodeling complexes as a primary mechanism of locus control.

Cooperative binding at bimodal sites drives
tissue-specific gene expression

We next sought to use our ability to detect functional bimodal sites

to gain insight into how FOXA2 and PDX1, and FOXA2 and

HNF4A cooperate to drive transcriptional networks in islets and

liver. We first asked if bimodal loci co-bound by FOXA2 and PDX1

in islets, and those co-bound by FOXA2 and HNF4A in liver, had

higher expression or tissue specificity than loci singly bound by

FOXA2, PDX1, or HNF4A alone (Fig. 8A). In fact, genes with sites

co-occupied by FOXA2 and PDX1 had a median tag count ;1.43

higher in islets than genes with a FOXA2 or PDX1 singly bound site

(P < 0.01), while genes with associated sites co-occupied by FOXA2

and HNF4A sites had a median tag count ;1.73 higher in liver

than genes associated with singly bound loci (P < 0.001). These

results indicate that site co-occupancy increases the level of acti-

vation conferred to target genes. We next determined whether this

increase in expression translated into increased tissue specificity.

Genes with FOXA2–PDX1 co-occupied sites had a median speci-

ficity to islets ;2.43 higher than genes with a FOXA2 or PDX1

singly bound site (P < 0.001) (Fig. 8B), and genes with a FOXA2–

HNF4A co-occupied site in liver had a median specificity ;5.23

higher than genes with a FOXA2 or HNF4A site alone (P < 0.001).

These data indicate that site co-occupancy plays a significant role

in conferring tissue-specific target gene expression.

To gain insight into the biological significance of these re-

sults, we asked if genes with co-occupied sites were enriched for

association with specific KEGG pathway terms, as compared with

genes with singly bound sites. Focusing on expressed genes, we

found that genes with FOXA2–PDX1 co-occupied sites in islets

were more frequently associated with the Kyoto Encyclo-

pedia of Genes and Genomes (KEGG) pathways ‘‘Neuroactive

Figure 7. Co-factors bind few of their available motifs at monomodal or low H3K4me1 sites. Venn diagrams showing the number of loci shared by (A)
PDX1 and FOXA2 in islets or (B) FOXA2 and HNF4A in the liver. (C ) Fraction of co-bound islet sites (FOXA2–PDX1) versus FOXA2 (FOXA2) only, or PDX1
(PDX1) only sites that have bimodal, monomodal, or low H3K4me1 profiles. (D) Fraction of co-bound liver sites (FOXA2–HNF4A) versus FOXA2 (FOXA2)
only or HNF4A (HNF4A) only sites that have bimodal, monomodal, or low H3K4me1 profiles. (E ) Fraction of bimodal, monomodal, or low H3K4me1 sites
in the FOXA2 (islet and liver), PDX1, and HNF4A peak sets that contain a motif for the indicated transcription factors. (F ) The fraction of sites that contain
a motif for a potential TF binding partner (FOXA2 with PDX1 in islets and FOXA2 with HNF4A in liver) actually co-bound in the bimodal, monomodal, or
low H3K4me1 peak sets.
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Figure 8. Co-occupancy at bimodal sites drives tissue-specific gene expression. Box-whisker plots of islet or liver (A) Tag-seq counts or (B) specificity
against 202 other mouse SAGE libraries, for expressed genes associated with bimodal sites either singly occupied by FOXA2, PDX1, or HNF4A, or co-
occupied by FOXA2–PDX1 in islets, or FOXA2–HNF4A in liver. Statistically significant differences were detected using a Kruskall-Wallis non-parametric test
with a Dunn’s multiple comparison correction, with a P < 0.05 threshold. (*) P < 0.05; (***) P < 0.001. Bimodal FOXA2, PDX1, and/or HNF4A sites are
commonly associated with islet and liver critical genes. (C ) A schematic representing the presence of bimodal, monomodal, and low H3K4me1 FOXA2
(blue) and PDX1 (aqua) sites in islets (left), and of FOXA2 (blue) and HNF4A (green) sites in liver (right) associated with genes critical to islets (blue ovals),
islets and liver (red ovals), or liver (green ovals) specification and/or function. The presence of one or more FOXA2, PDX1, or HNF4A bimodal sites
associated with a gene is indicated by a solid colored line. The presence of one or more bimodal and one or more monomodal sites associated with a gene is
indicated by a dotted colored line; the presence of monomodal sites only by a solid gray line, and of low H3K4me1 sites only by a dotted gray line. (D,E )
Heatmaps of the relative expression levels (tag counts) of the indicated factors essential for proper pancreas and/or liver development or function in (D)
SAGE libraries derived from endoderm, developing pancreas and liver, and adult pancreas and liver tissues, or (E ) in the adult islet or liver Tag-seq libraries.
Darker blue shades represent higher relative expression levels. Unambiguous tags above minimum count thresholds (four of the SAGE libraries and six for
the Tag-seq libraries) for Foxa1, Nkx6-1, Prox1, Tbx3, and Afp could not be identified in the SAGE libraries.
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ligand–receptor interaction’’ (5.5-fold increase, P = 2.35 3 10�5),

‘‘Arginine and proline metabolism’’ (4.6-fold increase, P = 5.15 3

10�4), and ‘‘Maturity onset diabetes of the young’’ (3.7-fold in-

crease, P = 9.39 3 10�3) than singly bound sites. Genes with

FOXA2–HNF4A co-occupied sites in liver were more frequently

associated with the KEGG pathways ‘‘PPAR signaling pathway’’

(3.8-fold increase, P = 5.30 3 10�4), ‘‘Fatty acid metabolism’’ (3.1-

fold increase, P = 7.11 3 10�3), and ‘‘Arginine and proline me-

tabolism’’ (7.2-fold increase, P = 5.92 3 10�4).

We next asked how these factors cooperate to drive the ex-

pression of genes that play essential roles in islet and/or liver

specification or function. We found bimodal co-occupied FOXA2–

PDX1 sites associated with 11 of the 17 genes assessed that are

specifically involved in islet function or development, with no

such sites associated with genes involved in islet and liver de-

velopment, or with genes involved in liver development or func-

tion only. In contrast, bimodal co-occupied FOXA2–HNF4A sites

were associated with one of the 17 genes specifically involved in

islet function or development, five of eight sites associated with

genes involved in islet and liver development, and three of five

genes involved in only liver development or function (Fig. 8C).

These results correlate well with the expression profiles of these

genes (Fig. 8D,E), which show that genes involved specifically in

islet function or development tend to have high relative expres-

sion in islets and no expression in endoderm or liver, while genes

involved in both islet and liver development tend to be expressed

only in developing pancreas tissues and not in adult islets, but are

commonly expressed in adult liver. Together these data implicate

FOXA2 and PDX1 collaborations in initiating and regulating the

expression of genes involved in beta-cell function, and FOXA2 and

HNF4A collaborations in maintaining the expression in the adult

liver of genes that were initially coexpressed in the developing

pancreas and liver.

Discussion
We identified between 7189 and 13,448 DNA-binding sites for

FOXA2, PDX1, and HNF4A in islets and/or liver in the adult mouse.

Based on previous studies, we anticipated that many of these loci

would be inactive. To discriminate functionally active loci, we

compared our transcription factor binding data with localization

data for H3K4me1 and H3K4me3, which are associated with active

genes and transcription factor binding sites (Barski et al. 2007;

Heintzman et al. 2007; Robertson et al. 2008). We found that

H3K4me1 enrichment profiles discriminate three classes of tran-

scription factor occupied loci: those with a bimodal profile, a mono-

modal profile, or with little or no associated H3K4me1. Bimodal

sites appear to be flanked by a pair of H3K4me1-marked nucleo-

somes, and similarly H3K4me2-marked nucleosomes have been

found to flank FOXA1 sites in LNCaP cells (He et al. 2010). In

contrast, monomodal sites appear to contain centrally located

H3K4me1-marked nucleosomes, indicating that transcription fac-

tor binding at these sites occurs within nucleosome-associated

DNA. We are unable to determine the positioning or presence of

nucleosomes at sites with little or no associated H3K4me1.

As both bimodal and monomodal loci are found within re-

gions of the genome undergoing active transcription, are near

expressed genes, and as they are typically associated with H3K4me1

and/or H3K4me3 (Barski et al. 2007; Wang et al. 2008), we suggest

that both bimodal and monomodal sites generally occur within

open chromatin. While neither of these locus types appears able to

induce genes to be expressed, several lines of evidence indicate that

bimodal loci can regulate associated expressed genes. For instance,

bimodal sites are associated with genes that are in general signifi-

cantly more highly expressed and tissue-specific. Also, genes altered

by disruption or suppression of Foxa2, Pdx1, or Hnf4a were enriched

in bimodal sites. Furthermore, genes associated with loci occupied

by FOXA2 in both islets and liver, but that were bimodal in one

tissue and monomodal in the other, had increased expression in the

tissue containing the bimodal locus. Together, these results indicate

that bimodal loci can modulate gene expression levels and that

H3K4me1 profiles provide an effective method to discriminate such

loci.

It is known that some yeast transcription factors can interact

with nucleosomal DNA in vitro and at promoters in vivo (Adams

and Workman 1995; Albert et al. 2007; Koerber et al. 2009), pos-

sibly due to binding at DNA sequences found within nucleosome

exit or entry points, or at sequences exposed due to rotational

phasing on the nucleosome surface (Albert et al. 2007; Jiang and

Pugh 2009; Koerber et al. 2009). However, in mammalian systems,

the ability to interact with nucleosomal DNA has been considered

one of the defining features of pioneer transcription factors, such

as the FOXA proteins (Cirillo et al. 1998, 2002; Sekiya and Zaret

2007; Sekiya et al. 2009). FOXA1 is the only mammalian tran-

scription factor that has previously been shown to interact directly

with nucleosomal DNA in vivo (Chaya et al. 2001). Here, we show

that 10%–20% of FOXA2, PDX1, HNF4A, and STAT1 sites occur

within DNA associated with H3K4me1-marked nucleosomes. Al-

though we find that such loci are functionally inactive, they are

often converted to an active nucleosome-flanked state by lineage,

signaling, or developmental-stage-specific factors, regardless of

whether they are in a promoter or enhancer, and likely represent

loci that are poised for activity. Likewise, we find that signaling and

developmental-stage-specific factors can induce nucleosomes to

re-form, or re-position, inactivating loci while transcription factor

occupancy is maintained. These data, taken together with our

expression analyses, indicate that tissue-specific gene expression

can be dictated by tissue-specific transcription factor binding and

by the tissue-specific recruitment of nucleosome-remodeling

complexes (e.g., SWI/SNF) (Hogan et al. 2006; Schwabish and

Struhl 2007) to transcription factor occupied loci. Transcription

factor binding (Gutierrez et al. 2007) and the presence of appro-

priate histone modifications (Hogan et al. 2006; Jiang and Pugh

2009) have been implicated as mechanisms for targeting nucleo-

some-remodeling complexes to specific sites in the genome. Our

data, though, suggest that neither transcription factor binding nor

the presence of H3K4me1 is sufficient to recruit such complexes to

the monomodal loci identified here.

Although similar fractions of the transcription factors as-

sessed were bound at monomodal loci, they showed significantly

different abilities to bind loci with low H3K4me1 levels. Given

their genomic distribution and lack of associated H3K4me1, we

propose that low H3K4me1 loci usually occur within closed

chromatin. In support of this, our data show that these loci are

typically functionally inactive and not co-occupied, in agreement

with previous studies (Lupien et al. 2008; Eeckhoute et al. 2009).

These sites may represent pioneer factor activity. FOXA2 is a well-

established pioneer factor (Sekiya et al. 2009), while HNF4A and

PDX1 are not. Consistent with this, a substantial fraction of FOXA2

sites are in the low H3K4me1 class, while virtually no HNF4A sites are

in this class. In contrast, a considerable fraction of PDX1 sites are in

the low H3K4me1 class. PDX1 does, though, interact with PBX1 (Liu

et al. 2001; Oliver-Krasinski et al. 2009), which can bind closed

chromatin (Berkes et al. 2004), and it is possible that these sites
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represent pioneer activity of one of PDX1’s binding partners. Thus,

although our data suggest that the ability of mammalian transcrip-

tion factors to interact with nucleosome-associated DNA is wide-

spread, the ability to do so may rely on the presence of H3K4me1 or

other ‘‘active’’ histone marks, and pioneer activity may be required

for a transcription factor to associate with sites within regions of the

genome devoid of such marks (Sekiya and Zaret 2007).

Using our ability to discriminate functional sites, we show that

genes associated with bimodal sites that are bound by PDX1, FOXA2,

or HNF4A alone are not strongly tissue-specific, despite the fact that

these transcription factors themselves have relatively restricted ex-

pression profiles. On the other hand, we find that genes with asso-

ciated FOXA2–PDX1 or FOXA2–HNF4A co-occupied bimodal sites

are highly tissue-specific. These data globally demonstrate how

transcription factors that have diverse expression profiles can func-

tion cooperatively at cis-regulatory loci to drive highly tissue-specific

target gene expression. Consistent with this, we find that FOXA2–

PDX1 and FOXA2–HNF4A co-occupied sites are enriched for genes

involved in islet- and liver-specific functions, respectively. For ex-

ample, FOXA2–PDX1 co-occupied sites are enriched for genes in-

volved in maturity onset diabetes of the young, such as Nkx2-2, Ins1,

Iapp, and Slc2a2. Similarly, FOXA2–HNF4A co-occupied sites are

enriched in genes involved in PPAR signaling and fatty acid metab-

olism, both of which are important components of liver function. It

is interesting that both FOXA2–PDX1 co-occupied sites in islets and

FOXA2–HNF4A co-occupied sites in liver are enriched for genes in-

volved in arginine and proline metabolism. Arginine is a precursor of

nitric oxide (NO), which plays critical roles in controlling insulin

secretion from beta-cells, beta-cell apoptosis, and islet inflammation,

as well as in controlling liver regeneration, inflammation, and blood

flow (Schmidt et al. 1992; Shimabukuro et al. 1997; Wu and Morris

1998; Adeghate and Parvez 2000; Rockey and Shah 2004). Thus, our

data suggest a novel role for FOXA2–PDX1 and FOXA2–HNF4A

collaborations in controlling these processes by directly regulating

genes involved in arginine metabolism.

Our data indicate that mammalian transcription factors com-

monly bind sites within DNA associated with H3K4me1-marked

nucleosomes in vivo, and that the regulated gain and loss of such

nucleosomes at transcription factor occupied loci controls their

function. Extending this, we demonstrate that by considering both

the H3K4me1-marked nucleosome occupancy and H3K4me1 levels

of transcription factor occupied loci, we can discriminate loci that

are functionally active from those poised to become active, and

from those that reflect pioneer-like activity. By using this approach

to discriminate active binding sites, we show that FOXA2–PDX1

and FOXA2–HNF4A co-occupancy at bimodal sites drives islet- and

liver-specific gene expression, respectively. These advances should

greatly enhance the utility of global transcription factor binding

data in generating biological insights.

Methods

ChIP-seq library generation and identification
of enriched regions
For each islet ChIP experiment, islets from at least 10 adult (8–10
wk old) ICR (for transcription factor libraries) or C57BL6/J (for
histone methylation libraries) mice were purified by collagenase
digestion and gradient centrifugation, with subsequent hand
picking. Perfused liver or purified E14.5 hepatocytes were obtained
from C57BL6/J, and ChIP was performed as described (Wederell
et al. 2008) using 3 mg of anti-FOXA2 (Santa Cruz), anti-PDX1

(Upstate), anti-HNF4A (Santa Cruz), anti-H3K4me1 (Santa Cruz),
anti-H3K4me3 (Santa Cruz), or normal rabbit IgG (Santa Cruz).
DNA from triplicate pooled ChIP experiments was purified by 8%
PAGE to obtain 100–300-bp fragments and sequenced on an Illu-
mina 1G sequencer as previously reported (Robertson et al. 2007).

To identify enriched regions, Illumina 1G 36-bp-long sequence
reads were aligned to the genome (mm8) using Eland and direc-
tionally extended to 200 bp in length. Clusters of overlapping
extended reads were defined as enriched regions as described in
Robertson et al. (2008). Enriched regions were thresholded using a
false discovery rate of 0.01, and refined further by trimming at 20%
of their maximal height, in order to remove low height flanks, and
separate composite regions. Regions that overlapped sites identified
using an islet or liver input control sample, as appropriate, were
removed.

H3K4me1 or me3 enrichment profiles were obtained by
quantifying the number of sequence reads occurring in 5-bp bins
62 kb from loci of maximum enrichment for the FOXA2, PDX1, or
HNF4A enriched region data sets. Sites with low H3K4me1 levels
were first discriminated using a cumulative distribution plot of the
total number of H3K4me1 sequence reads in each 62-kb window
(Supplemental Fig. S9A). Subsequently, bimodal and monomodal
sites were discriminated based on whether the H3K4me1 profiles
formed a stereotypical peak–trough–peak shape or not (Supple-
mental Fig. S9B).

Association of transcription factor enriched regions to genes

Enriched regions were associated with genes by identifying the
closest annotated RefSeq gene within 50 kb. Enriched regions >50 kb
from any annotated RefSeq gene were not associated with any gene,
using alternative site-gene association distance gave similar results
(Supplemental Fig. S16). Enriched regions were associated with only
the closest gene. While some binding sites may regulate several
neighboring genes, this is likely not the general case, and, while the
approach described would miss such interactions, it eliminates a
large number of incorrect associations. Sites were considered to be in
promoter regions if they fell within 2 kb of a RefSeq TSS, within
a enhancer if they fell between 2 kb and 50 kb from a RefSeq TSS, and
distal if they were >50 kb from a RefSeq TSS.

To identify overlapping and co-occupied sites, locations of
sites of maximal enrichment were compared for FOXA2 sites from
islets and liver; FOXA2 and PDX1 sites in islets, FOXA2 and HNF4A
sites in liver (Supplemental Fig. S17). Sites were considered to be
overlapping if the distance between their locations of maximal
enrichment was <100 bp. For STAT1, unstimulated and stimulated
shared sites were identified per Robertson et al. (2007).

Generation and analysis of Tag-seq and SAGE libraries

Total RNA was isolated from hand-picked islets and liver using
TRIzol, and RNA quality was assessed using a Bioanalyser (Agilent).
DNase I–treated total RNA was used to construct Tag-seq libraries,
which were sequenced to a depth of 7,481,000 tags for islet and
9,510,780 for liver. For the islet library, cDNA was prepared
according to the SAGE-Lite method, with 20 cycles of amplifica-
tion. Both samples were processed using a modified LongSAGE
protocol (Morrissy et al. 2009). Seventeen-base-pair SAGE tags were
extracted and mapped to the NCBI Build 36 (mm8) reference
mouse genome. Tags mapping to more than one transcript in a
sense direction, mapping only in an antisense direction, or not
mapping were eliminated. Tag counts in the libraries ranged from 1
(;1 3 10�7% of the library) to 867,668 (;12% of the library for
Ins2 in islets). Tags with a count of <6 in both libraries were con-
sidered to be not expressed. For genes producing more than one
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tag, the tag counts were added. Seven thousand ninety-eight
(7098) unique RefSeqs were identified in islets, and 6098 in liver.
Four thousand eight hundred and ten (4810) RefSeq transcripts
were expressed in both libraries. The counts of the identified
RefSeq transcripts were compared in the islet and liver libraries to
obtain their relative expression levels.

All SAGE libraries were generated as part of the Mouse Atlas of
Gene Expression project (Siddiqui et al. 2005; Hoffman et al. 2008).
Specificity of a gene to a library was calculated using the following
equation:

Specificity = Mr �3log10 Acð Þ

3log10 Lcð Þ

where Mr is the ratio of the counts of the tag in the library of in-
terest over the mean of the counts of the tag in all other libraries, Ac

is the absolute count of the tag in the library of interest, and Lc is
the number of libraries the tag is found in.

Identification of genes altered by Pdx1 suppression

Single-cell suspensions were generated from hand-picked islets
and plated at 100,000 cells per well. Cells were cultured overnight
at 37°C, 5.2% CO2 in RPMI media containing 10% FBS and 1%
L-glutamine. ON-TARGETplus siRNAs pools targeting Pdx1 or Pbip
(Dharmacom) were combined with siGLO transfection indicator
and used to transfect the cultured islets with DharmaFECT4
(Dharmacon) transfection reagent according to the manufacturer’s
recommendation. Transfected cells were cultured for 48 h and
subsequently subjected to FACS sorting to isolate siGLO-positive
cells. After confirmation of Pdx1 knockdown, the material col-
lected from three separate experiments was pooled and used for
Tag-seq-lite library construction as described above. The counts of
identified RefSeq genes were subsequently compared between the
libraries generated using siRNA’s targeting Pdx1 or Ppib. RefSeq
genes were considered significantly altered if their counts were
significantly different (P < 0.001, based on Audic-Claverie statis-
tics) in the siPdx1 library as compared to the siPpib library and if the
change was >1.5-fold.

Nucleosome mapping by MNase-qPCR

To isolate nuclei from hand-picked islets and from livers, we
treated single-cell suspensions of the tissues with cell lysis buffer
(10 mM Tris-HCl pH 8, 10 mM NaCl, 3 mM MgCl2, 0.5% Igepal
[w/v], protease inhibitor) to obtain nuclei pellets. These pellets
were subsequently re-suspended in 250 mL of MNase digestion
buffer (0.32 M sucrose, 50 mM Tris-HCl pH 7.5, 4 mM MgCl2,
1 mM CaCl2, protease inhibitor), homogenized by passaging
through a 26G needle, and treated with 3 mL of MNase (Sigma;
1 U/5 mL) for 7 min at 37°C. MNase digestion was halted by ad-
dition of EDTA to 10 mM. One milliliter of lysis buffer (1% SDS
[w/v], 5 mM EDTA, 50 mM Tris-HCl pH 8, protease inhibitor) was
added and the tubes incubated for 60 min on ice with vortexing at
10-min intervals. Tubes were centrifuged, and the chromatin-
containing supernatant was removed to a new tube. The MNase-
digested chromatin was then purified by phenol/chloroform with
ethanol precipitation and run on a 2% gel. The mononucleosome-
sized (140–220 bp) fragments were then excised from the gel and
column-purified (QIAGEN). Next, the mononucleosomal DNA
obtained was characterized by qPCR. For each loci (;800 bp),
a tiling series of qPCR primers was used, each producing a product
between 85 and 95 bp as outlined in Figure 1D and Figure 4, H and
I. To determine the enrichment level for each primer pair, Ct values
obtained from the mononucleosomal DNA were normalized against
values obtained using genomic DNA and compared to a reference
primer pair that was selected for each locus.

Motif discovery and identification of high-confidence
positive weight matrix (PWMs)

Motif discovery analyses were performed using an extended version
of the GADEM package (Li 2009) in which a PWM was used as the
starting point for each run. Results are reported for FOXA2, HNF4A,
and PDX1 motifs (see Supplemental Methods). The 10-mer FOXA2,
11-mer PDX1, and 13-mer HNF4A sequence motifs were then used
to identify enriched TF regions with high-confidence PWMs. We
scanned the reported PWMs in TF-enriched regions with a custom
Java algorithm, largely as described in Wederell et al. (2008). When
an enriched region contained multiple sites and scores, we retained
only the highest score.
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