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Genome-wide mapping and analysis of active
promoters in mouse embryonic stem cells

and adult organs
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By integrating genome-wide maps of RNA polymerase Il (Polr2a) binding with gene expression data and H3ac and
H3K4me3 profiles, we characterized promoters with enriched activity in mouse embryonic stem cells (mES) as well as
adult brain, heart, kidney, and liver. We identified ~24,000 promoters across these samples, including 16,976
annotated mRNA 5’ ends and 5153 additional sites validating cap-analysis of gene expression (CAGE) 5’ end data.
We showed that promoters with CpG islands are typically non-tissue specific, with the majority associated with
Polr2a and the active chromatin modifications in nearly all the tissues examined. By contrast, the promoters without
CpG islands are generally associated with Polr2a and the active chromatin marks in a tissue-dependent way. We
defined 4396 tissue-specific promoters by adapting a quantitative index of tissue-specificity based on Polr2a
occupancy. While there is a general correspondence between Polr2a occupancy and active chromatin modifications
at the tissue-specific promoters, a subset of them appear to be persistently marked by active chromatin modifications
in the absence of detectable Polr2a binding, highlighting the complexity of the functional relationship between
chromatin modification and gene expression. Our results provide a resource for exploring promoter Polr2a binding
and epigenetic states across pluripotent and differentiated cell types in mammals.

[Supplemental material is available online at www.genome.org. The sequence data from this study have been

submitted to the Gene Expression Omnibus under accession no. GSE7688.]

Over 200 different cell types underscore the functional complex-
ity of mammals (Alberts et al. 2002). In turn, the complement of
genes expressed in each cell type specifies its unique functions
(Okazaki et al. 2002; Su et al. 2002, 2004; Sharov et al. 2003;
Zhang et al. 2005). Throughout the genome, regulatory se-
quences such as promoters, enhancers, and insulators control
gene expression by interacting with specific transcription factors,
many of which exert their effect by modulating the local chro-
matin modification states (Lee et al. 2004; Guillemette et al.
2005; Mito et al. 2005; Pokholok et al. 2005; Raisner et al. 2005;
Yuan et al. 2005; Zhang et al. 2005; Heintzman et al. 2007). Thus,
unbiased genome-wide profiles of transcription factor binding
and chromatin modifications at these regulatory sequences,
across a panel of mammalian cell types, are expected to provide
insights into the regulatory mechanisms of tissue-specific gene
expression (Levine and Tjian 2003).

Previously, large-scale efforts to understand mammalian tis-
sue-specific expression have been devoted to the investigation of
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transcript expression patterns across cell and tissue types. Micro-
array-based technologies and high-throughput sequencing
methods have been used to determine steady-state mRNA levels
of genes in a compendium of cell and tissue types under normal
or pathological conditions (Okazaki et al. 2002; Su et al. 2002,
2004; Sharov et al. 2003; Zhang et al. 2004). These data sets have
been valuable for understanding the tissue-specific gene expres-
sion programs and provide a rich source of information for de-
fining common transcription factor motifs that may underlie
tissue-specific patterns of expression (Wasserman and Fickett
1998; Wasserman et al. 2000; Smith et al. 2005, 2006, 2007; Xie
et al. 2005; Xuan et al. 2005). Recently, advances in the sequenc-
ing of transcript 5’ ends have also expanded the annotation of
mammalian promoters in different mammalian tissues and pro-
vided references of potential transcriptional start sites for most
mammalian genes (Carninci et al. 2005, 2006; Kimura et al.
2006). These recent studies have revealed a large spectrum of
transcripts for each gene generated by extensive usage of alter-
native promoters, alternative splicing, and alternative polyade-
nylation sites. The extent of alternative promoter usage and the
identification of transcription factor motifs suggest the key role
of promoters in contributing to the control of gene expression
leading to mammalian cell-type diversity.

While measuring the abundance and defining the 5’ ends of
RNA transcripts are crucial for the understanding of mechanisms
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that drive tissue-specific gene expression programs, such infor-
mation is not sufficient to resolve the complex mechanisms of
gene regulation. For example, we and others have recently shown
that a significant number of promoters are in a poised state of
transcription—they are bound by the general transcription ma-
chinery but do not have detectable transcription activities in
steady-state cells (Kim et al. 2005b; Guenther et al. 2007). To this
end, it is necessary to directly analyze transcription factor load-
ing and chromatin structures at promoters. As a first step toward
understanding the gene regulatory mechanisms in mammalian
cells, we now directly identify active promoters by unbiased map-
ping of the RNA polymerase II pre-initiation complex (PIC) in the
mouse genome across a panel of mouse organs—brain, heart,
kidney, liver—and mouse embryonic stem cells (hereafter collec-
tively referred to as “tissues”). In addition, we profiled two active
chromatin modifications (H3ac and H3K4me3) at each identified
promoter and tracked the corresponding gene transcript levels.
By examining these complementary data sets across the tissues
surveyed, we identified a complex relationship among chroma-
tin modifications, Polr2a occupancy, and tissue-specific gene ex-
pression. The majority of CpG island containing promoters are
associated with Polr2a and the active chromatin marks, regard-
less of tissue type. By contrast, non-CpG island promoters are
typically associated with the active chromatin marks and occu-
pied by Polr2a in a tissue-restricted manner. We developed a
quantitative measure of promoter tissue-specificity based on
Polr2a binding that defined 4296 tissue-specific promoters. De-
tailed motif analysis of the tissue-specific promoters and func-
tional annotation of corresponding genes showed an enrichment
of known tissue-specific transcription factors and functional
groups in these tissue-specific promoters. Interestingly, compari-
sons of H3K4me3 and H3ac profiles across tissues for these tissue-
specific promoters showed unexpected patterns of enrichment of
these marks in adult tissues for promoters with enriched activity
in ES cells. These results suggest the importance of characterizing
epigenetic profiles in addition to motif analysis in cataloguing
the regulatory sequences, which contribute to mammalian cell-
type diversity.

Results

Genome-wide mapping of PIC-binding sites in mouse mES cells
and adult organs

We adapted the strategy we previously used to map active pro-
moters in human fibroblast cells (Fig. 1; Kim et al. 2005b). Spe-
cifically, we used a monoclonal antibody (8WG16) specific for
the hypo-phosphorylated RNA polymerase II CTD to map PIC
binding at active promoters in mouse brain, heart, kidney, and
liver, as well as R1 ES cells using chromatin immunoprecipitation
with microarrays (ChIP-chip) (Cheng and Sharp 2003; Kim and
Ren 2006; Saunders et al. 2006). For each tissue, we performed
Polr2a ChIP-chip using a set of 37 microarrays, containing a total
of 14.3 million 50-mer oligonucleotides, tiling the non-repetitive
sequence of the mouse genome at 100 base-pair (bp) resolution.
The results from the genome-wide survey of Polr2a binding led
to the identification of a total of 32,482 Polr2a binding sites.
We then designed a set of four microarrays containing 1.4 mil-
lion oligonucleotides to cover each site extended by 2 kbp up-
stream and downstream, and repeated independent Polr2a ChIP-
chip for each tissue to confirm Polr2a binding (condensed scan).
To define confirmed sites of Polr2a binding, we applied our pre-

37 arrays, 14.5 million 50-mer oligos
(non-repetitive mouse genome sequence)

Polr2a ChiP-chip
brain, heart, Kidney,
liver, and ES cells

Y

Polr2a binding regions from five tissues
in four arrays (condensed scan design)

Polr2a,
H3ac, and H3K4me3
ChIP-chip

Polr2a
binding site prediction
(Peakfinding)

Confirmed Polr2a binding sites defined as
intervals spanned by condensed scan
Poir2a binding peak within 500bp

of genome scan peak in the same tissue

Merge sites within
1000bp in each tissue

Combine overlapping
sites across tissues

24,363 confirmed Polrda binding sites
in mouse brain, heart, kidney, liver, and ES cells

Figure 1. Schematic of genome-wide promoter mapping strategy by
ChlP-chip.

viously described peak finding strategy on the condensed scan
ChIP-chip and genome-scan ChIP-chip for each tissue (Kim et al.
2005b; Zheng et al. 2005). We required that a peak of Polr2a
binding predicted in the condensed scan is within 500 bp of a
peak predicted in the genome scan (Fig. 1; Supplemental Mate-
rials).

Using the procedure summarized in Figure 1, we defined a
total of 24,363 high-confidence, non-overlapping Polr2a binding
sites in the mouse genome across five tissues (Supplemental
Table 1). Each of these sites has confirmed binding based on the
genome scan and condensed scan for at least one tissue. These
binding sites range in size from 50 bp to 18 kbp. By assaying
Polr2a enrichment by ChIP with quantitative PCR (ChIP-qPCR)
at 27 randomly selected gene promoters in mES cells, we esti-
mated 70% sensitivity and 100% specificity for our method of
defining Polr2a binding sites by ChIP-chip in each tissue (Supple-
mental Fig. S1). Additionally, we estimated a 100% positive predic-
tive value (PPV) by ChIP-qPCR validation of 24 randomly selected
Polr2a ChIP-chip bound sites in liver (Supplemental Fig. S2).

Since the hypophosphorylated form of Polr2a is expected to
localize over transcription initiation sites in the genome (Cheng
and Sharp 2003; Brodsky et al. 2005; Kim et al. 2005a), we com-
pared the location of these binding regions with annotated
mRNA transcript start sites (TSS) downloaded from the UCSC
Genome Browser (MMS; refGene, knownGene, ensGene, and
all_mrna) (Hinrichs et al. 2006); 16,976 (69%) of these sites
mapped within 2.5 kbp of 66,559 distinct TSS based on RefSeq,
Ensembl, UCSC knownGene, or GenBank annotation. These
transcripts in turn correspond to 11,000 out of ~24,000 mouse
genes based on Entrez Gene annotation (Maglott et al. 2005). Of
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Table 1. Summary of Polr2a binding across tissues
Polr2a ra Percent Percent near
binding sites near TSS TSS or CAGE
Brain 8173 86 96
Heart 6382 86 97
Kidney 12,719 81 96
Liver 9127 78 94
mES 12,273 76 92
Total 24,363 70 91

Polr 2a binding sites denote the number of sites associated with each
tissue after merging the sites across tissues to define a total of 24,363
binding sites across tissues. Percent near TSS or CAGE is defined as being
within 2.5 kbp of the 5" end of the transcript or of the boundaries of the
CAGE cluster.

the remaining unmatched sites within and outside of known
gene loci, 5153 mapped within 2.5 kbp of TSS based on 5' cap
analysis of gene-expression (CAGE) sequencing from a panel of
145 mouse cDNA libraries (Shiraki et al. 2003; Carninci et al.
2005). Taken together, these two lines of evidence provide inde-
pendent support that 91% of these Polr2a binding regions cor-
respond to known transcription initiation sites (Table 1).

The distance distribution of Polr2a binding sites to match-
ing TSS clearly supports the accuracy of our method in defining
known transcription initiation sites (Supplemental Fig. S3). In
addition, the number of promoters relative to the number of
genes suggests the prevalence of alternative promoter usage. For
instance, a recent RNA interference study defined estrogen recep-
tor beta (Esrrb) as one of seven genes that are critical for embry-
onic stem cell renewal in vitro (Ivanova et al. 2006). We identi-
fied two tissue-specific promoters for
this gene; one has enriched Polr2a bind- A}
ing in mES, while the other shows en-
riched binding in kidney (Fig. 2). We es-

study based on CAGE tag frequency has correlated this exonic
promoter activity with tissue-specific genes (Carninci et al.
20006).

By examining the co-localization of H3K4me3, an epige-
netic mark associated with 5’ ends of active genes from yeast to
human (Pokholok et al. 2005; Heintzman et al. 2007), we predict
382 sites not near known TSS or CAGE tag clusters as putative
promoters. This fraction (1.6%) of our catalog suggests that only
a small number of transcription initiation sites are still missed by
extensive 5’ end sequencing efforts to annotate the mouse tran-
scriptome (Supplemental Fig. S3). A large fraction (37%) of these
putative promoters appears to be tissue specific. These putative
promoters are primarily from mES (67%) and kidney (18%). Fur-
ther investigations are necessary to determine the matching tran-
scripts for these uncharacterized promoters.

Assessing promoter Polr2a occupancy across different tissues

In order to characterize the relative Poll II occupancy at each
promoter across a number of tissues, we used the Polr2a ChIP-
chip log,ratio enrichment and defined an index of tissue activity
for each promoter by adapting a Shannon entropy previously
applied to microarray gene expression and EST data (Schug et al.
2005). We defined the relative Polr2a binding in a tissue f for a
given site s as p,/; = B, /3, -,-nB.,, where B, ; is the average ChIP-
chip log, ratio in the 1-kbp neighborhood centered at the mid-
point of Polr2a binding site s, and N is the total number of tissues
surveyed. The entropy of a site’s Polr2a binding distribution
across tissues is then defined as Hy = —X,_,_\pys 10gop,s. The
measure H, has units of bits, and, as in its use with expression
data, the value of H, ranges from zero for genes bound by Polr2a

timate that 28% of genes with Polr2a
binding utilize two or more alternative
promoters across the five tissues. This es-
timate is half of the previous estimate in
mammalian genomes and may be due to
the limited number of tissues surveyed
as well as the more limited resolution of
transcription initiation sites based on
Polr2a binding compared with the base-
pair resolution of 5’ end sequencing
methods (Carninci et al. 2006; Kimura et
al. 2006).

Additionally, in characterizing the
genomic distribution of the CAGE-
matched sites, we validate estimates of
exonic transcription initiation activity
based on CAGE data (Carninci et al.
2006). The majority (62%) of the CAGE-
matched sites resides within known
gene boundaries (exonic and intronic)
(Supplemental Figs. S3, S4). A substantial
fraction is tissue-specific (37%), and the
prevalence of these sites underscores the
role of transcription initiation, along
with splicing, in defining the complex-
ity of transcript populations even from
within known gene loci. A previous
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Figure 2. Polr2a binding profiles reveal alternative promoters usage across tissues. (A) ChIP-chip
profiles for Polr2a spanning two alternative promoters for the Crmp1 gene. Each bar represents Polr2a
ChlIP-chip log, ratio corresponding to a 50-bp probe. These probes are distributed along the genomic
regions at 100-bp end-to-end spacing. (B) Similar Polr2a binding profile for the two alternative pro-
moters of the Esrrb gene.
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Table 2. MicroRNAs matched to Polr2a binding across tissues.
miRBase
miRNA
Most clone

enriched tissue Genomic
miRNA ID H tissue sources location
mmu-mir-129-2* 0.82 Brain Cerebellum Outside gene
mmu-mir-124a-3*  0.86 Brain Brain, mES Outside gene
mmu-mir-9-3 1.15 Brain Brain, mES Intronic
mmu-mir-133a-2*  0.01 Heart Heart Intronic
mmu-mir-133a-1*  0.06 Heart Heart Intronic
mmu-mir-1-2* 0.49 Heart Heart Intronic
mmu-mir-681 0.67 Heart Embryo Intronic
mmu-mir-497 1.51 Heart Embryo Intronic
mmu-mir-145 1.69 Heart Heart Outside gene
mmu-mir-143 1.73 Heart Heart, spleen  Outside gene
mmu-mir-23a 2.01 Heart Heart Intronic
mmu-mir-704 0.10 Liver Embryo Exonic
mmu-mir-122a* 0.32 Liver Liver Intronic
mmu-mir-190 0.74 Liver Kidney Intronic
mmu-mir-192 1.46 Liver Liver Intronic
mmu-mir-193 1.86 Liver Kidney Outside gene
mmu-mir-469* 0.02 mES Testis Outside gene
mmu-mir-200c 1.19 mES Testis Outside gene
mmu-mir-202 1.60 mES Testis Exonic

Genomic location is given based on the Polr2a binding site. Starred are
microRNAs we found enriched in the same or related cell type as the
cloning source.

in a single tissue to log,(N) for sites bound uniformly in all
tissues surveyed. We also adapted the companion measure of
“categorical tissue-specificity” to characterize the bias of a Polr2a
binding site for a particular tissue de-

fined as Qq,, = Hy; — log,(p,,,). This index
8000 T

Overall, the majority of transcript-matched promoters have
ubiquitous activity (H = 2) by the Polr2a binding entropy across
the tissues surveyed (Fig. 3). As expected, the promoters uni-
formly bound by Polr2a overlap significantly with CpG islands
compared to promoters with Polr2a binding enriched in specific
tissues (Gardiner-Garden and Frommer 1987; Cross and Bird
1995; Schug et al. 2005; Carninci et al. 2006). Tissue-specific pro-
moters defined by a low entropy measure (H = 1) have a fivefold
decrease in CpG island overlap (15%) compared with promoters
with a high entropy measure (H = 2) associated with ubiquitous
activity (75%). Profiling of Polr2a and active chromatin modifi-
cations at CpG versus non-CpG island promoters suggests that
nearly all promoters overlapping CpG islands have some
H3K4me3 across tissues even when Polr2a binding and H3ac ap-
pears weak (Fig. 4A). ChIP-qPCR of Polr2a and H3K4me3 enrich-
ment at five randomly selected promoters with variable Polr2a
occupancy supports this observation (Supplemental Fig. S5). By
contrast, most non-CpG island promoters are associated with the
active chromatin marks and Polr2a in a tissue-restricted manner
(Fig. 4B). This result suggests that CpG-island promoters and
non-CpG island promoter likely employ distinct mechanisms in
their regulation.

Tissue-specific Polr2a binding and expression

To further characterize the relationships among promoter Polr2a
binding, active chromatin modifications, and transcript levels,
we focused the remainder of our analysis on 9% of the gene
promoters (937) with Polr2a binding enriched in a specific tissue
and profiled the Polr2a, H3ac, and H3K4me3 ChIP-chip log, ra-

also has units of bits and as before has a
minimum of zero when a site is bound
by Polr2a predominantly in the tissue and
grows without bound as the relative bind-
ing of Polr2a in that tissue goes to zero.
We used these measures of entropy
and categorical tissue-specificity to as-
sess the usage of all Polr2a binding sites
across tissues. When applied to sites not
matched to known mRNAs but near
known microRNAs (miRNAs), 10 of 19
matched miRNAs were classified as tis-
sue-specific. Recent studies have pro-
vided evidence that miRNAs play a piv-
otal role in defining tissue- and cell-
specific expression patterns (Table 2; Am-
bros 2004; Lim et al. 2005). Indeed, seven
of the 10 promoters we defined as tissue-
specific for the miRNA were cloned from
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the corresponding tissue source or the B
closely related tissue source, in the case of
mES and testis (Griffiths-Jones et al. 2006).
Two of these tissue-specific miRNAs have
been shown to down-regulate a large
number of mRNAs in human: miR-124
transfection in HeLa cells shifted the ex-
pression profile toward that of brain,
while miR-1 shifted the expression profile
of HeLa cells toward heart and skeletal
muscles (Lim et al. 2005).

Figure 3.

05 1 15 2
H (bits)
n=16,976; mean(H) = 1.69, std. dev. (H}=0.67

Quantitative index of tissue-specific Polr2a occupancy reveals an inverse relationship
between CpG islands and tissue-specific promoter activity. Distribution of known promoters is plotted
across a range of tissue-specificity, as measured by Shannon entropy (H) defined based on Polr2a
ChlIP-chip profiles (see Methods). On the primary Y-axis (left), promoter counts across the different bins
(bin size = 0.2 bits) for the range of tissue-specificity values (H), H e [0,
values of H indicate tissue-specific expression and the maximal value denotes uniform expression across
tissues surveyed. The second axis (right) shows the fraction of promoters within each bin overlapping
CpG Islands (dashed line).

log,(N)] are shown. Low
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Figure 4. Polr2a binding and chromatin modification states at CpG
and non-CpG island promoters across different mouse tissues. (A) ChlIP-
chip profiles of Polr2a, H3Ac, and H3K4me3 are shown in pseudocolors
for CpG island promoters (n = 8374). Each row is the concatenation of
the log,-transformed enrichment ratio over a 4-kbp window for Polr2a,
H3ac, and H3K4me3 in brain, heart, kidney, liver, and mES. The yellow
color indicates high enrichment ratios, while the black indicates no en-
richment. The window is centered on the peak of Polr2a binding for the
known CpG island promoter identified in these tissues. Rows are grouped
according to the tissue with the highest relative Polr2a binding and or-
dered within each tissue according to the Polr2a entropy score or H (right
bar). (B) ChIP-chip profiles of Polr2a, H3Ac, and H3K4me3 are shown for-
CpG island promoters (n = 8602). Note that subtle enrichments of H3ac
and H3K4me3 revealed by these promoter profiles across tissues are not
likely to be called “present” by typical ChIP-chip analysis methods.

tios 2 kbp upstream of and downstream from a reference start
site. To initially validate our classification, we also assessed the
normalized expression signal across tissues (Fig. 5).

The panels in Figure 5 illustrate that tissue-enriched Polr2a
binding correlate as expected with higher gene expression levels
in that tissue relative to other tissues, not just based on our ex-
pression array data but also from a compendium of expression
data from 61 mouse tissues (Su et al. 2002, 2004). To quantita-
tively measure this correlation, we created ranked lists of all
genes for each tissue ordered by their categorical tissue-specificity
based on our expression data (Schug et al. 2005). We then as-
sessed the enrichment of each set of genes defined as tissue-
specific based on Polr2a binding at the top of the ranked list for
each tissue based on categorical tissue-specific expression. Not
surprisingly, the measures of categorical tissue-specificity using
binding and expression data correlate significantly (Supplemen-
tal Table S2). We highlight the top 10 tissue-specific genes de-
fined by expression within each set of genes defined as tissue-
specific based on Polr2a binding (Supplemental Fig. S6). Among
these genes are those known to be highly specific and highly
expressed in heart, such as cardiac myosin (Myl2) and actin
(Actcl), as well as mES-enriched genes reported to be character-
istic of stem cells, such as Tdgf1, Zfp42, Nanog, and Pou5f1.

Comparison of genes defined as tissue-specific based on
binding and expression allows the identification of a high-
confidence set of genes with tissue-enriched activity. Conversely,
examining the genes defined as tissue-specific by Polr2a binding
but not supported by expression data can be useful in identifying
possible misassignment of Polr2a binding to a gene based on the
nearest 5’ end assumption or the transcript to gene mapping
annotation. Alternatively, this minority might represent tissue-
specific promoters for genes which might be regulated at steps
beyond initiation (Ambros 2004; Saunders et al. 2006). For in-
stance, two genes with enriched Polr2a binding and histone
modifications at their promoter region have no enrichment in
mES based on our expression profiling data: 4930511H11Rik ap-
pears to be more highly expressed, albeit in low levels in adult
tissues, while Tmcc3 is called absent across the tissues we sur-
veyed. Based on the GNF expression atlas, 4930511H11Rik ap-
pears to be selectively expressed in testis, while Tmcc3 is selectively
expressed in the oocyte and fertilized egg (Supplemental Fig. S7).

Tissue-specific Polr2a binding and chromatin modifications

Across tissues, tissue-specific Polr2a enrichment matches the en-
richment of epigenetic marks generally associated with transcrip-
tional activity (Fig. 5). In mES, however, genes with specific
Polr2a binding can be further partitioned into two major classes.
For example, in the first category (mES c1), Polr2a and histone
modifications are enriched only in mES and not detectable by
ChIP-chip in other tissues as shown for the Lin28 gene (Fig. 6A).
The second category (mES c2) shows that, although there is pref-
erential Polr2a binding and gene expression in mES, other tissues
have detectable histone modifications over the promoter region
of the gene as shown for Dnmt3b (Fig. 6B).

ChIP with quantitative PCR (qQPCR) for Polr2a, H3K4me3,
and H3ac at four genes from each mES category confirm the
Polr2a enrichment at these promoters specific to mES. We also
verify the partitioning of these two categories by the relative
enrichment of histone modifications, in particular of H3K4me3,
in adult tissues for mES c¢2 (Fig. 7). Polr2a binding enrichment is at
least fivefold greater in mES compared to all other tissues for each
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Figure 5. Complex relationship between Polr2a occupancy and active chromatin modifications at the tissue-specific promoters. (A) Polr2a occu-
pancy and chromatin modification profiles at brain, heart, kidney, or liver specific promoters are shown in black-yellow pseudocolors. Each row in the
left panel is the concatenation of the ChIP-chip log, ratio profile over a 4-kbp window for Polr2a, H3ac, and H3K4me3 in the corresponding tissue. The
window is centered on the peak of Polr2a binding for the tissue-specific promoter. Along the same row for each promoter, the expression levels of the
corresponding transcript across the same tissues is shown in red-green pseudocolors in the adjacent panel (middle panel). In addition, the correspond-
ing transcript levels in the 61 tissues profiled in the GNF SymAtlas are also shown (right panel). Rows are grouped according to the tissue-specific
classification (brain, heart, kidney, or liver) of the promoter based on Polr2a binding. (B) Polr2a binding, chromatin modifications, and expression profiles
are shown for mES-specific promoters. Note that two classes of mES-specific promoters can be seen with distinct chromatin modification profiles in adult
tissues. While both classes are characterized by ES-specific gene-expression profiles (middle and right panel), the chromatin modification states of these
promoters are different in adult tissues.

gene promoter in both c1 and c2 (Fig. 7A). Relative enrichment Since chromatin modification data do not conform to the peak-

of H3ac in adult tissues for promoters in c2 is lower than in mES,
but this detection in adult tissues is notable relative to promoters
in c1 and the control (Fig. 7B). H3K4me3 enrichment is clearly
comparable between adult tissues and mES at mES ¢2 promoters
except for the Sox2 promoter (Fig. 7C).

To examine the extent that H3K4me3 generally occurs with-
out Polr2a enrichment at promoters, we performed individual
H3K4me3 ChIP-chip for brain, heart, kidney, and liver using
an array covering a nearly 60-Mbp stretch of chromosome 11.

finding model assumptions, we used an adaptive promoter-
focused hit calling strategy to define both Polr2a and H3K4me3
enrichment at these promoters (Supplemental Methods). From
this analysis, 20%-38% of the promoters enriched with H3K4me
in adult tissues have no detectable Polr2a binding (Table 3). This
suggests that the observation of H3K4me3 enrichment at pro-
moters without detectable Polr2a binding for mES c2 promoters
in adult tissues may be a special case of a more general phenom-
enon.
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Functional annotation of tissue-specific genes

To compare our grouping of genes based on tissue-enriched
Polr2a promoter binding with existing functional annotation, we
determined the enriched GO biological process (GO-BP) catego-
ries in each group (Zhang et al. 2004; Gene Ontology Consortium
2006). We found that the most enriched GO-BP categories cor-
respond to the known physiological roles of the tissue and cell
type (Supplemental Table S3). In mES, we observed that the two
classes of gene promoters have a subtle difference in the ranking
of the most enriched GO-BP categories. The mES c2 class is most
enriched in genes related to cell cycle and cell division, while
mES c1 is most enriched in genes related to cell proliferation and

Table 3. Comparative summary of Polr2a and H3K4me3
promoter enrichment calls for Chr11.

Polr2a ra*/ Polr2a ra*/ Polr2ara=/ Polr2ara=/

H3K4me3* H3K4me3~ H3K4me3* H3K4me3~
Brain 406 22 143 694
Heart 323 55 199 688
Kidney 413 42 101 709
Liver 315 23 108 819

Validation of mES c1 and c2 promoter classification using ChIP with quantitative PCR.
(A) ChIP-gPCR fold difference for Polr2a ChIP DNA relative to input DNA is shown in (Z-axis) for the
mES c2 promoters (Y-axis, red), mES c1 promoters (Y-axis, black), and an intergenic control (Y-axis,
blue) across the various tissues (X-axis). Similar graphs for (B) H3ac and (C) H3K4me3.

pattern specification. Among the genes
in mES c2 are those which may not have
restricted expression in mES but clearly
enriched activity such as a host of cell-
cycle-related genes (Ube2c, Sgol2, Bubl,
Bublb, Aurkb, Cdc2a, Cdca2, Cdca7,
Cdc25c) and DNA replication genes
(Mcm3, Mcm8). Among genes in mES c2
with reported roles in development are
Gli zinc finger transcription factors
(Gli1, Gli2, Zic3) activated through the
Sonic hedgehog (Shh) signal-trans-
duction pathway as well as a hedgehog
receptor gene, Pich2 (Ruiz i Altaba et al.
2002). Gli1 and Gli2—both of which me-
diate Hh signals—have been implicated
in tumorigenesis and are reported to be
found among precursor cells in adult tis-
sues (Ruiz i Altaba et al. 2002). Addition-
ally, the lymphoid enhancer factor 1
(LefI) gene, which mediates the effects
of the Wnt signaling pathway, belongs
in this class (Reya and Clevers 2005).

Among the mES c1 genes, we find
the majority of genes that have known
roles in stem-cell renewal and pluripo-
tency such as Pou5f1 and Nanog (Boyer et
al. 2005; Loh et al. 2006), as well as ad-
ditional stem-cell markers such as
Dppa4, NrOb1, Utfl, Tdgfl, and Zfp42
(Wei et al. 2005; Niakan et al. 2006). We
also define previously identified ES-
enriched genes in the TGF-B signaling
pathway such as Leftyl, Lefty2, and
Nodal (Besser 2004; Wei et al. 2005) as
well as fibroblast growth factors such as
Fgf4, Fgf15, and Fgf17. Among these
FGFs, Fgf4 has a reported role in tropho-
blast stem-cell proliferation (Tanaka et
al. 1998). Because the comparison of Polr2a binding in mES is
relative to adult tissues, genes with reported roles in develop-
ment were also found in mES c1. These may not necessarily be
ES-specific transcription factors but may have poised promoters
marked by Polr2a binding and H3K4me3 or basal transcriptional
activity (Bernstein et al. 2006). Gbx2 has reported roles in ner-
vous system development (Joyner et al. 2000); Pitx2, heart devel-
opment (Kioussi et al. 2002); and Six60s, eye development (Al-
fano et al. 2005).

Sequence motifs at tissue-specific promoters

Nearly half (45%) of the promoters in mES c2 overlap CpG is-
lands. This proportion is more than twofold higher than the
overlap of promoters in mES c1 with CpG islands (20%). Among
the adult tissues, brain appears to have the largest overlap (24%)
between tissue-specific gene promoters and CpG islands com-
pared with heart (10%), kidney (14%), and liver (9%). This is in
agreement with a previous observation that, among transcripts
with specific expression patterns, promoters associated with the
central nervous system were exceptionally CpG-rich (Carninci et
al. 2006).

In order to define discriminating sequence motifs within
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each tissue-specific promoter set, we used two complementary
motif-finding strategies. The first strategy measures motif enrich-
ment in each tissue-promoter set relative to a background set
based on a balanced error measure which equally weighs a mo-
tif’s ability to identify promoters in the set (sensitivity) and to
correctly discriminate against promoters not in the set (specific-
ity) (Smith et al. 2005, 2006, 2007). Using this strategy, we char-
acterized the enrichment of known vertebrate motifs from
TRANSFAC (Matys et al. 2006) and JASPAR (Sandelin et al. 2004)
in each tissue-specific promoter set relative to two types of back-
ground promoter sets: (1) a random set of mouse promoters from
CSHLMPD (Xuan et al. 2005), and (2) the relative complement of
the tissue-specific promoter set in the set of all tissue-specific
promoters (Table 4). To identify novel motifs in each tissue-
specific promoter set, we used a previously described de novo
motif finder, DME (Smith et al. 2005, 2006, 2007). We evaluated
the significance of these novel motifs using the same misclassi-
fication metric and report the novel motifs for each set (Table 4).
To complement this strategy, we also used relative overrepresen-
tation of conserved occurrences to define characteristic motifs for
each tissue set. By these methods, we identified binding sites for
transcription factors with previously reported roles in the specific

tissue or cell type, as well as others whose roles remain unclear or
whose binding domains appear similar to those of transcription
factors with reported roles in that tissue (Table 4).

Discussion

One of the first steps toward a comprehensive understanding of
the mechanisms of cell diversity is to define and profile the active
promoters in different cell types. Here we describe an integrated
approach for profiling the epigenetic and sequence features of
active promoters in mouse embryonic stem cells and four adult
organs. We defined 24,363 Pol II binding sites that include
16,976 annotated 5’ ends of known transcripts and 5153 TSS
previously supported by CAGE evidence alone. We confirmed
widespread usage of alternative promoters by mammalian genes,
and identified over four thousand promoters as tissue-specific.
These tissue-specific promoters led to the identification of tran-
scription factor motifs for genes with tissue-specific expression.
Our results also reveal complex relationships among Polr 2a
binding, chromatin modifications, and gene expression in differ-
ent tissues. We showed that most CpG island promoters are asso-

Table 4. Summary of known and novel motifs identified in each tissue using a relative conservation metric and a balanced

misclassification metric.

Tissue Factor(s) Motif(s) Selected reference(s)
Brain Amt-Ahr MAO0006 Swanson et al. (1995)
Aitola and Pelto-Huikko (2003)
ATF MO00691IVSATF1_Q6, M00017IVSATF_01, M00179IVSCREBP1_Q2 Herdegen and Leah (1998)
CREB MO0039IV$CREB_01, M00040IV$CREBP1_01, M00041IV$CREBPTCJUN_01, Herdegen and Leah (1998)

MO00041IV$CREB_02, M00177IV$CREB_Q2, M00178IV$CREB_Q4,

Walton and Dragunow (2000)

MO00916IV$CREB_Q2_01, M00917IV$CREB_Q4_01, MA0018

CREB, ATF MO00801IV$CREB_Q3, M00981IV$CREBATF_Q6
E2F MO00803IV$E2F_Q2
Egr2 M00246IV$EGR2_01
Myb MAO0100
Nfil3 MO00045IV$E4BP4_01
NRSF MO00256IV$NRSF_01
Rfx5 MO00626IVSEFC_Q6
SMAD MO00974IV$SMAD_Q6_01
Unknown DME21IDGGVDRGAGSWR
Heart AP4 MO00175IV$AP4_Q5
MEF2 MO00232IV$MEF2_03
Muscle TBP motif MO00320IV$MTATA_B
RORA MO00156/V$RORAT_01, MA0071
Sf1 MO00727IV$SF1_Q6
SRF MO00215IV$SRF_C
Unknown DME10ISAGRRBAKRGRM, DME8IMVRGGRCAGR
Kidney ~ HNF1 MO00132IV$HNF1_01, M00790IV$HNF1_Qs6,
MOT011IVSHNF1_Q6_01, MA0046
Pax2 MO00098IV$PAX2_01
Unknown DMET1ISAKSKCTGKS
Liver Cutll MO00104IV$CDPCR1_01
HNF4 MAO0114
PPAR, HNF4, COUP, RAR  MO00762IV$DR1_Q3
Unknown DME27IWSDGARABSYWG
mES ¢l Unknown DME6IWABYCCWGMA
mES c2 E2F1 MO00940IV$E2F1_Q6_01
Myc-Max MO00118IVEMYCMAX_01

Walton and Dragunow (2000)
Dabrowski et al. (2006)
O’Donovan et al. (1999)

Shin et al. (2001)

Junghans et al. (2004)
Schoenherr and Anderson (1995)
Durand et al. (2000)

Blackshear et al. (2003)
Nakashima et al. (1999)
Rodriguez et al. (2001)

Flink et al. (1992)

Smith and Lomax (1993)
Apone and Hauschka (1995)
Wasserman and Fickett (1998)
Smith et al. (2005, 2007)
Diagana et al. (1997)

Megy et al. (2002)

Wasserman and Fickett (1998)
Smith et al. (2005, 2007)

Senkel et al. (2005)
Schedl and Hastie (2000)

Smith et al. (2005, 2007)
Smith et al. (2005, 2007)

Stead et al. (2002)
Takahashi and Yamanaka (2006)

Significant motifs identified using the relative conservation metric are based on a P value threshold which takes into account the number of motifs and
tissues tested (P value cutoff < 1/(motifs X tissues)). Error-rate P values do not require multiple testing adjustment and are filtered at P < 0.05.
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ciated with Polr2a and active chromatin marks in nearly all the
tissues, but non-CpG island promoters are accompanied with the
active chromatin marks and Polr2a in a highly tissue-restricted
manner. For most tissue-specific promoters, there is a general cor-
respondence between Polr2a binding and presence of active chro-
matin marks at the promoters. However, a subset of ES cell gene
promoters are persistently marked by active chromatin modifica-
tions even in the absence of detectable Polr2a binding in adult
tissues. Therefore, distinct mechanisms of gene regulation appear to
be involved in CpG and non-CpG promoters and at different classes
of tissue specific promoters.

To characterize the tissue-specificity of factor binding by
ChlIP-chip at promoters, we adapted a quantitative index based
on Shannon entropy (Schug et al. 2005). This strategy overcomes
some of the limitations associated with ChIP-chip technology.
The current emphasis on “bound” versus “unbound” sites in
ChIP-chip analysis sacrifices sensitivity for specificity in defining
sites associated with a particular factor. This naive binary classi-
fication becomes especially problematic, however, when compar-
ing factor occupancy at genomic sites across cell types or condi-
tions. Further development of quantitative measures of relative
ChIP-enrichment for a factor’s genomic localization across
samples or conditions will be critical in circumventing these is-
sues.

We used two complementary approaches—classification
and conservation—to define the sequence motifs associated with
tissue-specific promoters based on our entropy measure. Al-
though we identified known motifs previously associated with
these tissue-specific promoters, none of the novel motifs defined
based on classification ability was significantly enriched based on
the strict conservation metric. In particular, conservation did not
support the novel motif, which was the only motif identified in
mES cl. In general, promoters with mES-enriched activity were
characterized by a dearth of significant motifs, known and novel,
relative to adult tissues. Although our limited motif results in
mES cells may reflect the bias of existing motif databases and the
limitations of our motif-analyses strategies, we posit that long-
range or distal regulatory elements might play a more critical role
in regulating the expression of enriched transcripts in ES cells.

Although in general there are close associations among
Polr2a binding, histone modifications, and transcript levels at
most tissue-specific promoters, we showed H3K4me3 enrich-
ment at a substantial fraction of promoters with weak to unde-
tectable Polr2a occupancy in adult tissues. This trend is striking
for roughly half of the promoters defined as mES-specific based
on Polr2a binding and gene expression (mES c2). These promot-
ers with enriched activity in mES remain epigenetically marked
by H3ac and H3K4me3 in adult tissues even without detectable
Polr2a binding. Modifications associated with transcriptional ac-
tivity, in particular H3K4me3, have been suggested to play addi-
tional roles as markers of recent transcription or poised activa-
tion at promoters, directly or indirectly inhibiting other forms of
chromatin-mediated repression (Kouskouti and Talianidis 2005;
Bernstein et al. 2006; Roh et al. 2006; Ruthenburg et al. 2007;
Weber et al. 2007). Subtle differences in the known function and
identity of genes between the two mES classes reveal more
known mouse embryonic stem-cell markers within mES c1
(Nanog, Pouf51, Dppa4, NrOb1, Utf1, Tdgf1). Promoters in mES c2
might be associated with a unique set of genes, such as the Gli
zinc finger transcription factors, expressed at low levels, or in a
small subset of cell types, within adult tissues (Ruiz i Altaba et al.
2002). The mES c2 category, relative to its complement among

promoters with mES enriched activity, is distinguished by a two-
fold higher overlap with CpG islands (45%). This sequence dis-
tinction might provide a clue to understanding this class and its
regulation (Roh et al. 2006; Weber et al. 2007). Further work is
underway to more precisely characterize this phenomenon and
its extent.

Our approach toward understanding tissue-specific gene ex-
pression integrates Polr2a binding, chromatin modifications,
and sequence features of promoters with measurements of rela-
tive transcript abundance. The genomic maps of Polr 2a binding
and chromatin modifications will be valuable resources that
complement profiles of transcript levels and abundance for un-
raveling the layers of control governing gene expression patterns
across cell types. Mapping these features at additional cell types
at various developmental stages will likely provide further insight
as to how cell-specific programs of expression are specified by
sequence and epigenetic features across development.

Methods

Sample preparation

R1 ES cells (a gift from Dr. Don Cleveland, Ludwig Institute for
Cancer Research, San Diego) were maintained on top of feeder
cells in a cell culture dish with DMEM high-glucose medium
supplemented with 15% FBS, 0.1 mM nonessential amino acid, 1
mM sodium pyruvate, 1 pM B-mercaptoethanol, 2 mM L-
glutamine, 50 g/mL pen/strep, and LIF. Cells were passed once on
0.1% gelatin without feeder cells before being harvested. Cells
were harvested and cross-linked with 1% formaldehyde for 20
min when they reached ~80% confluence on the plates. Mouse
tissues were dissected from a female BL6 mouse at 10-12 wk,
chopped into small pieces (~1 mm?) with a razor blade in cold
1x PBS, and cross-linked with 1% formaldehyde for 30 min at
room temperature. All samples were then sonicated according to
previously described protocols (Li et al. 2003).

Chromatin immunoprecipitation with microarrays (ChlIP-chip)

Chromatin immunoprecipitation was performed as previously
described (Li et al. 2003). Briefly, 2 mg of sonicated chromatin
(OD,g) was incubated with 10 pg of antibody (anti-RNA poly-
merase II, MMS-126R, Covance; anti-AcH3, 06-599, Upstate; anti-
Me3H3K4, 07-473, Upstate) coupled to the IgG magnetic beads
(Dynal Biotech). The magnetic beads were washed eight times
with RIPA buffer (50 mM HEPES at pH 8.0, 1 mM EDTA, 1%
NP-40, 0.7% DOC, and 0.5 M LiCl, supplemented with Complete
protease inhibitors from Roche Applied Science), and washed
once with TE (10 mM Tris at pH 8.0, 1 mM EDTA). After washing,
the bound DNA was eluted at 65°C in elution buffer (10 mM Tris
at pH 8.0, 1 mM EDTA, and 1% SDS). The eluted DNA was incu-
bated at 65°C overnight to reverse the cross-links. Following in-
cubation, the immunoprecipitated DNA was treated sequentially
with Proteinase K and RNase A and was then desalted using the
QIAquick PCR purification kit (Qiagen). The purified DNA was
blunt ended using T4 polymerase (New England Biolabs) and
ligated to the linkers (0)JW102, 5'-GCGGTGACCCGGGAGATCT
GAATTC-3', and oJW103, 5'-GAATTCAGATC-3’). The ligated
DNA was subjected to ligation-mediated PCR, labeled with Cy3
and Cy5 dCTP using a BioPrime DNA labeling kit (Invitrogen),
and hybridized to the mouse genome tiling microarray.

The 37 genome-scan tiling array set containing 14.3 50-mer
oligonucleotides, positioned at every 100 bp were designed and
fabricated using the maskless array synthesis technology (MAS)
by NimbleGen Systems. These arrays were designed to contain all
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the non-repetitive sequences throughout the mouse genome
(NCBIv33, mm)5).

Initial identification of Polr2a binding sites in five tissues

After scanning and image extraction, Cy5 (ChIP DNA) and Cy3
(input) signal values for each of the 37 genome tiling arrays were
normalized by intensity-dependent Loess using the R package
limma (Gentleman et al. 2004; Smyth 2005). Median filtering
(window size=3 probes) was used to smooth log, (Cy5/Cy3) data
across the tiled regions. For each array, ChlIP-enriched probe clus-
ters were defined as regions with a minimum of four probes sepa-
rated by a maximum of 500 bp with filtered log,R greater than
2.5 standard deviations from the mean log ratio, as used in our
previous study of TAF1 binding in the human genome (Kim et al.
2005b).

The application of the analysis above for each genome-scan
tiling set corresponding to Polr2a ChIP-chip for each tissue re-
sulted in five sets (brain, heart, kidney, liver, embryonic stem
cells) of putative Polr2a binding regions in the mouse.

Condensed array ChIP-chip

We designed a condensed array by combining the five sets of
putative Polr2a binding regions from the five Polr2a genome-
wide scans. Each binding region was extended by 2000 bp up-
stream and downstream and overlapping regions from the Polr2a
ChIP-chip of different tissues were merged to yield a set of 32,482
putative Polr2a binding regions for condensed array design.
NimbleGen Systems used the same probe designs from the ge-
nome-scan tiling set overlapping the 32,482 regions to synthe-
size the condensed scan array set containing 1.5 million probes
in four arrays.

We performed 15 ChIP-chip experiments over the con-
densed array design for three factors (Polr2a, H3ac, H3K4me3)
across five mouse tissues. After scanning and image extraction,
CyS (ChIP DNA) and Cy3 (input) signal values for each of the
four condensed-scan tiling arrays (in each set) were normalized
by applying either intensity-dependent Loess or median-scaling
normalization with the correction based only on the intensities
of 14,572 control probes (designated RANDOM_GC11_GC34).
The R package limma was used to implement the normalization
(Gentleman et al. 2004; Smyth 2005).

Final catalog of Polr2a binding sites

To define a final catalog of Polr2a binding sites we applied an
improved version of the peakfinding algorithm which we previ-
ously used to define Tafl binding in human IMR90 cells (Kim et
al. 2005b; Zheng et al. 2005). This algorithm predicts a binding
site for a factor at the probe-level resolution. The P value for
significant peaks is based on the following test-statistic:

- 1 <«
Y,= 7 2 Y,
n i1
Here n is the number of probes in the window forming a triangle
centered at the predicted peak; Y; is the log ratio for probe i
within the window. The algorithm does not use a prespecified
window size but computes the statistic for all possible windows
of a certain size range containing triangles centered at the pre-
dicted peak. We chose a P value cutoff of P < 0.05 to define sig-
nificant peaks for Polr2a binding in both the condensed scan and
genome-wide scan for each tissue. We designated a peak in
the condensed scan as confirmed if the peak is predicted within
500 bp of the peak identified in the genome-wide scan for each

tissue. We define the coordinates of the confirmed peaks as the
range defined by the matching condensed scan peak and genome
scan peak.

As a second step in defining a catalog of Polr2a binding sites,
we pooled the confirmed peaks in each tissue and merged all the
sites that are within 1000 bp of each other. This cutoff was based
on the distribution of nearest-neighbor distances between con-
firmed peaks. Sites were then merged across tissues if there was
any base pair overlap. The Polr2a binding site is then defined as
the range of the confirmed peaks merged across tissues.

Expression analysis

To complement the Polr2a mapping strategy, we defined the set
of genes with transcripts relatively enriched in each tissue. We
identified these genes by analyzing the genome-wide expression
profiles of the each tissue using Affymetrix GeneChip Mouse
Genome 430 2.0, which represents >39,000 mouse transcripts.
Total RNA from each mouse tissue was extracted using Trizol
reagent (Invitrogen, Carlsbad, CA) and further purified using
RNeasy Mini Kit (Qiagen, Valencia, CA) according to the manu-
facturer’s recommendations. The purified total RNA was submit-
ted to UCSD Cancer Center Microarray Resource for GeneChip
RNA expression analysis using Mouse Genome 430 2.0 arrays.
The resulting hybridization data were analyzed using Affymetrix
GeneChip Operating Software (GCOS) v. 2.0 to determine the
detection call as present (P), marginal (M), or absent (A) at sig-
nificance level P < 0.05.

We used annotation from the Affymetrix library file
Mouse430_2.cdf to match probe sets to corresponding Entrez
Gene identifiers. Probe sets with identifier extension “x_at” were
removed from the analysis. A total of 20,827 Entrez genes were
mapped to the remaining probe sets. We performed quantile nor-
malization on the probe set signals across tissues using the R
package, affy (Bolstad et al. 2003; Gentleman et al. 2004). To
assign a signal for a gene in each tissue, we selected the maxi-
mum normalized expression signal of all probe sets matched to
the gene if there are multiple probe sets for a gene. Tissue-specific
measures of entropy and categorical tissue-specificity based on
expression were computed as previously described (Schug et al.
2005).

Promoter-focused ChIP-chip hit calling

H3K4me3 ChlIP-chip for each tissue was performed using the
array covering chr11:36,912,182-99,375,819. To circumvent is-
sues in identifying sites of H3K4me3 enrichment, we developed
a promoter-focused strategy to answer this question. We took the
set of known promoters surveyed (refGene, knownGene, and
ensGene) and merged them into a non-redundant set of 1265
nonoverlapping promoter regions 1 kbp wide [—500,+500] from
the TSS. This set does not include bidirectional promoters to
prevent potential mismatching of H3K4me3 and Polr2a enrich-
ment at head-to-head promoters.

Every array for a tissue and marker (H3K4me3, Polr2a) com-
bination was normalized using a recently reported sequence/GC-
based normalization method, MA2C (Song et al. 2007). We re-
analyzed corresponding Polr2a ChIP-chip array data for each tis-
sue to make the results directly comparable. For each experiment,
the average ChIP-chip log ratio in the 1-kbp window spanned by
each promoter was defined as its ChIP-chip enrichment index.
The distributions of the average ChIP-chip log ratios over all the
promoters for all tissues, for both H3K4me3and Polr2a clearly
show a bimodal distribution (mixture of two Gaussian dis-
tributions). We used an expectation-maximization (EM) strategy
for estimating the parameters for a mixture of two Gaussians
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(http://www.mathworks.com/matlabcentral/fileexchange/
loadFile.do?objectld=8636). A score cutoff for promoter ChIP en-
richment is determined for each factor and tissue combination
based on the estimated parameters of the null distribution cen-
tered near 0. This cutoff is defined as two standard deviations
above the mean.

Motif analysis

Classification

We identified motifs for each set of tissue-specific gene promot-
ers by examining the relative over-representation of known ver-
tebrate transcription factor binding site (TFBS) matrices based on
TRANSFAC (Matys et al. 2006) and JASPAR (Sandelin et al. 2004)
(673) in each set compared to two types of background sets: (1) a
random set of mammalian promoters or (2) the relative comple-
ment of the set in the set of all tissue-specific gene promoters.
The mES c2 set was excluded from the relative complement sets
of tissue-specific promoters because its pattern of histone modi-
fication enrichment was not tissue-specific. A previously de-
scribed enumerative strategy, DME, was also used to determine
the highest ranked de novo discriminative motifs of different
widths (w =6, 8, 10, 12, 14) in each tissue-specific set compared
to each of the two types of background sets (Smith et al. 2005,
2006).

For known and de novo motifs, a motif’s ability to classify
the foreground sequences from background sequences is mea-
sured by the balanced misclassification error rate. This error rate
is defined as:

Sensitivity + Specificit
Error Rate=1 — (( ¥ Eop y)>.

2

Sensitivity is defined as the proportion of promoters in the
foreground set containing the motif, and specificity is defined as
the proportion of promoters in the background set without the
motif. The threshold for motif matching is optimized for each
matrix to minimize the error rate.

The significance of the balanced misclassification error rate
for a motif (P value) is determined by estimating the expected
distribution of the error rates for a given comparison.

Conservation

Given the set of known vertebrate TFBS matrices from TRANSFAC
and JASPAR (678), the best occurrence of each motif was mapped
at every orthologous pair of promoter in mouse and human in
each tissue-specific set using the CREAD (http://rulai.cshl.edu/
cread/index.shtml) utility storm. Promoter occurrences for all
motifs were filtered to those scoring above a functional depth
threshold of 0.85:

Functional Depth =
(Score — Minimum Possible Score)

(Maximum Possible Score — Minimum Possible Score)

For every motif, we counted the number of promoters in which
the best occurrence of the motif overlapped in the orthologous
mouse and human promoters (aligned). We defined the total
number of orthologous promoter pairs as P, the total number of
orthologous promoter pairs with conserved occurrences of a mo-
tif m as C, the number of orthologous promoter pairs specific to
the tissue as T, and the number of orthologous promoter pairs in
T with conserved occurrences of the motif as k. We then scored
the tissue-enrichment of the conserved occurrences for each mo-
tif (m) and for each tissue (f) by using the hypergeometric distri-
bution (Tavazoie et al. 1999).

Pue=1- 7

i=0

C

Pvalues obtained from each of the 4038 tests (673 motifs, 6 tissue
sets) were classified as significant based on a P value cutoff of
P < 1/4038 to account for multiple testing.

Please see Supplemental Methods for additional methods
and detailed explanations. For software used in expectation-
maximization (EM) strategy for estimating parameters for a mix-
ture of two Gaussians see http://www.mathworks.com/
matlabcentral/fileexchange/loadFile.do?objectld=8636. For the
CREAD utility storm, see http://rulai.cshl.edu/cread/index.shtml.
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