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A unique H3K4me2 profile marks tissue-specific
gene regulation
Aleksandra Pekowska,1,2,3 Touati Benoukraf,1,2,3 Pierre Ferrier,1,2,3,4

and Salvatore Spicuglia1,2,3,4

1Centre d’Immunologie de Marseille-Luminy, Université Aix Marseille, Marseille 13009, France; 2CNRS, UMR6102, Marseille 13009,

France; 3Inserm, U631, Marseille 13009, France

Characterization of the epigenetic landscape fundamentally contributes toward deciphering the regulatory mechanisms
that govern gene expression. However, despite an increasing flow of newly generated data, no clear pattern of chromatin
modifications has so far been linked to specific modes of transcriptional regulation. Here, we used high-throughput
genomic data from CD4+ T lymphocytes to provide a comprehensive analysis of histone H3 lysine 4 dimethylation
(H3K4me2) enrichment in genomic regions surrounding transcriptional start sites (TSSs). We discovered that a subgroup
of genes linked to T cell functions displayed high levels of H3K4me2 within their gene body, in sharp contrast to the TSS-
centered profile typical of housekeeping genes. Analysis of additional chromatin modifications and DNase I hypersensitive
sites (DHSS) revealed a combinatorial chromatin signature characteristic of this subgroup. We propose that this epigenetic
feature reflects the activity of an as yet unrecognized, intragenic cis-regulatory platform dedicated to refining tissue-
specificity in gene expression.

[Supplemental material is available online at http://www.genome.org.]

Nucleosome, the basic unit of chromatin, consists of an octameric

histone core surrounded by genomic DNA (Kornberg and Lorch

1999). The flexible amino termini of nucleosomal histones harbor

multiple residues that can be subjected to different types of re-

versible post-translational modifications, including acetylation

and methylation (Bernstein et al. 2007; Li et al. 2007; Mellor et al.

2008; Wang et al. 2009). Combinatorial patterns of histone mod-

ifications are expected to convey specific information potential

that, in the end, impinges on gene expression (Turner 2002). At a

given locus, nuclear factors recruited onto the regulatory elements

likely induce changes in the pattern of histone modifications, in

turn creating (or suppressing) further binding sites for transcrip-

tional activators (or repressors) with consequences on the tran-

scriptional behavior of the cis-linked gene(s) (Kouzarides 2007).

Thus, characterization of the epigenetic landscape fundamentally

contributes toward deciphering the regulatory mechanisms that

govern gene expression.

With the development of high-throughput technologies such

as next-generation DNA sequencing, combinations of chromatin

modifications can now be associated with functional sequences

in the genome. Indeed, distinct chromatin signatures have been

linked to individual types of regulatory elements, including en-

hancers and promoters (Heintzman et al. 2007, 2009; Hon et al.

2009b). Numerous studies have also shown that alterations in

chromatin signatures can distinguish the different functional

states of a particular regulatory element. For example, active

promoters are marked by H3K4me3, repressed promoters by

H3K27me3, and poised promoters by both marks (Bernstein et al.

2006). More recently, using genome-wide chromatin maps, spe-

cific chromatin signatures were likewise found at gene promoters

(Wang et al. 2008), enhancers (Wang et al. 2008), and even exons

(Andersson et al. 2009; Kolasinska-Zwierz et al. 2009; Schwartz

et al. 2009; Spies et al. 2009; Tilgner et al. 2009).

It is conceivable that genes regulated in a tissue-specific man-

ner display a unique chromatin signature compared with those

that are ubiquitously expressed. However, despite an increasing

amount of available epigenetic data, no specific chromatin signa-

ture has yet been identified to mark tissue-specific gene regulation.

H3K4me2 is a histone post-translational modification enriched

in cis-regulatory regions, in particular promoters, of transcription-

ally active genes as well as genes primed for future expression

during cell development in higher eukaryotes (Bernstein et al.

2005; Koch et al. 2007; Orford et al. 2008). Recently, a few reports

have evidenced, in addition to a quantitative correlation between

H3K4me2 levels and transcript abundance (Barski et al. 2007),

unexpected disparities in the overall shape of H3K4me2 signals at

discrete loci in mammalian cells (Bernstein et al. 2005; Bonnet

et al. 2009), with either large H3K4me2 domains extending over

the promoter and downstream into the gene body or, conversely,

discrete H3K4me2 peaks localized at the promoter only. We hy-

pothesized that such differences could potentially reflect distinct

regulatory mechanisms acting to finely tune gene expression.

In this study we set out to explore whether enrichment pat-

terns of H3K4me2 could distinguish different gene categories. To

address this question, we examined H3K4me2 chromatin immu-

noprecipitation with massively parallel sequencing (ChIP-seq) data

from human CD4+ T cells (Barski et al. 2007). By thorough com-

putational analysis, we found that a distinct pattern of H3K4me2

enrichment, spanning from the transcriptional start site (TSS) to the

gene body, marks a subset of tissue-specific genes. We validated and

extended this initial observation using additional epigenetic data,

and correlated the resulting chromatin signature with a high fre-

quency of intronic cis-regulatory elements. Our study provides ev-

idence for the existence of intragenic cis-regulatory platforms dif-

fering from ‘‘classical’’ promoters and enhancers and presumably

dedicated to the control of tissue-specific gene expression.
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Results

H3K4me2 profiles distinguish different classes of genes

A visual inspection of H3K4me2 ChIP-seq data from human CD4+

Tcells (Barski et al. 2007) reveals striking differences in the levels of

H3K4me2 enrichment between individual loci expressed at simi-

lar levels (Supplemental Fig. 1). High levels of enrichment were

either found localized uniquely within the TSS-surrounding re-

gion or spread over a much larger area, including the gene body. To

globally visualize this phenomenon, we clustered H3K4me2 sig-

nals over regions extending from �2 kb to +8 kb with respect to

the TSS, using a set sample composed of all nonoverlapping genes

in the human genome (see Methods). Overall, we distinguished

five main H3K4me2 profiles (Fig. 1A,B), defined as follows: (1) low

levels upstream of the TSS and, unexpectedly, high levels of dis-

persed enrichment along the gene body (cluster 1); (2) main peak

of enrichment ;0.5 kb upstream of the TSS (cluster 2); (3) main

peak of enrichment ;1.5 kb downstream from the TSS (cluster 3);

(4) main peak of enrichment ;0.5 kb downstream from the TSS

(cluster 4); and (5) no (or at most faint) enrichment (cluster 5)

(examples of genes belonging to the five different clusters are

shown in Fig. 2A). Therefore, our approach enabled us to distin-

guish previously unappreciated patterns of H3K4me2 enrichment

in promoters and within genic regions (also see Supplemental

Fig. 2A). To gain insight into the category of genes present within

each cluster, we performed Gene Ontology (GO) term and KEGG

pathway analyses (Table 1). Strikingly, genes within cluster 1

demonstrated a significant enrichment in T-cell-associated func-

tions, including, for example, IL7R, CD3E, and CD2 genes. In par-

allel, we found enrichment of GO terms associated with metabolic

processes within clusters 2, 3, and 4. Finally, genes within cluster 5

were preferentially associated with a neuronal function, in agree-

ment with previous reports (Guenther et al. 2007).

A distinct H3K4me2 profile characterizes a subset
of tissue-specific genes

Transcriptome analyses of CD4+ T cells revealed varying levels of

gene expression between clusters, with cluster 5 displaying the

lowest levels (median 7.8), clusters 2–4 intermediate levels (me-

dian 8.1), and cluster 1 the highest (median 8.5) (Fig. 1C). Since

genes within cluster 1 are also primarily associated with T cell

functions, we wondered whether this particular gene set is pref-

erentially expressed in T cells. Indeed, visual inspection of tissue

expression data from a recent microarray study (Su et al. 2004) of

genes within distinct H3K4me2 clusters suggested that genes

within cluster 1 are preferentially expressed in T cells (Fig. 2B). To

address this question in a global manner, we thus performed three

independent statistical analyses. First, for each H3K4me2 cluster,

we performed a comparative analysis between the average levels of

Figure 1. Clustering of H3K4me2 profiles reveals the presence of five main clusters. (A) K-means clustering of H3K4me2 profiles in regions from�2 to +8
kb around the TSS of a set of nonoverlapping genes. The Euclidean distance was used as a measure of similarity. Color scale indicates the level of
enrichment. The number of genes within each cluster is indicated at the right of the panel (a list of all genes per cluster is provided in Supplemental Table
1). (B) Average profiles of H3K4me2 for genes within the five identified clusters. (C ) Box plots showing the level of expression in CD4+ T cells of genes
identified in the different H3K4me2 clusters.
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Figure 2. (Legend on next page)
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gene expression in CD4+ T cells versus those in the remaining 71

tissues. The results demonstrated that the mean level of expression

of genes within cluster 1 was statistically higher in CD4+ T cells

(one sided t-test, a = 0.05; note however that genes within cluster

3 also generally exhibited higher levels of expression in CD4+ T

cells, although in a less pronounced manner compared with those

in cluster 1) (Fig. 3A). Conversely, genes within clusters 2 and 4

were expressed at similar levels both in CD4+ T cells and all the

other tissues. Second, we compared expression data between CD4+

T cells and each of the remaining tissues to retrieve differentially

expressed genes. We calculated the net number of tissues for

which we found each gene to be statistically differentially

expressed with respect to CD4+ T cells (moderated t statistics,

Benjamini-Hochberg corrected, P < 0.05). We found that cluster

1 contained more genes statistically overexpressed in CD4+ T cells

than any other cluster (Fig. 3B). Finally, we selected T-cell-specific

genes using stringent criteria (see Methods) and analyzed their

distribution within H3K4me2 clusters. As shown in Figure 3C,

T-cell-specific genes were preferentially associated with cluster 1.

Indeed, as assessed by x2 test, only cluster 1 came out to be sig-

nificantly enriched for T-cell-specific genes (48% of T-cell-specific

genes; P < 2.2 3 10�16). In summary, independent analyses con-

sistently evidenced that cluster 1 is enriched for tissue-specific

genes highly expressed in CD4+ T cells.

The H3K4me2 profile of genes within cluster 1 is independent
of the expression level

The H3K4me2 profile observed for genes within cluster 1 gener-

alizes our original observation of atypically high H3K4me2 levels

in the gene body, and potentially reflects tissue-specific associated

functions. We therefore sought to better characterize this pre-

viously unappreciated pattern of H3K4me2 enrichment. Since

genes within this cluster show a relatively higher level of expres-

sion in CD4+ T cells than do genes in the four remaining clusters,

we asked whether the intragenic H3K4me2 signal may simply be

explained by the expression level of associated genes. Therefore,

we subdivided all genes included in this study and those within

cluster 1 into four ranges of expression (Supplemental Fig. 3), and

calculated the enrichment levels of H3K4me2 and RNA polymer-

ase II (Pol II) (Barski et al. 2007) in the corresponding intragenic

regions (from 0 to +8 kb). We observed higher levels of H3K4me2

enrichment and Pol II binding in genes within cluster 1 compared

with the randomized set of control genes for all analyzed ranges

of expression (Fig. 4A,B; see also Supplemental Fig. 2B). Tran-

scriptome data reflect not only transcription rate but also RNA

stability. Thus, our results could imply that genes within cluster

1 either harbor a specific chromatin structure that is indepen-

dent on the expression level, or encode less stable mRNAs. To

discriminate between the two hypotheses, we calculated, for

genes in different ranges of expression, the enrichment level of

H3K36me3, a hallmark of transcriptional elongation that posi-

tively correlates with transcription rates (Guenther et al. 2007; Li

et al. 2007). Strikingly, we observed no significant differences of

H3K36me3 level between cluster 1 and the control set of genes

(Fig. 4C), suggesting that these two set of genes are transcribed at

similar levels. Instead, substantially higher levels of H3K4me2 and

Pol II in the intragenic region of genes within cluster 1 point to

a specific chromatin environment and mode of transcriptional

control.

Table 1. KEGG pathway and GO term analyses

Cluster KEGG pathway GO: Basic process GO: Cellular component GO: Molecular function

1 T cell receptor signaling
pathway (P = 3.2 3 10�5)

Immune system process
(P = 6.0 3 10�7); T cell
activation (P = 7.4 3 10�6)

Cell (P = 1.5 3 10�5) Protein binding
(P = 4.0 3 10�8)

2 — Cellular metabolic process
(P = 2.3 3 10�4)

Intracellular (P = 2.5 3 10�18)

3 — Cellular protein metabolic
process (P = 5.6 3 10�5)

Intracellular (P = 1.4 3 10�24);
membrane-bounded
organelle (P = 1.1 3 10�19)

Protein binding
(P = 6.4 3 10�4)

4 — Cellular metabolic process
(P = 2.7 3 10�14); nucleobase,
nucleoside, nucleotide, and
nucleic acid metabolic process
(P = 4.3 3 10�14)

Membrane-bounded organelle
(P = 5.7 3 10�30)

—

5 Neuroactive ligand-receptor
interaction (P = 1.7 3 10�13)

Multicellular organismal process
(P = 9.1 3 10�31)

Extracellular region
(P = 8.3 3 10�64);
plasma membrane
(P = 3.2 3 10�21)

Calcium ion binding
(P = 1.1 3 10�17);
substrate-specific
channel activity
(P = 7.8 3 10�11)

Top functional annotation terms for genes within the five H3K4me2 clusters obtained from CD4+ T cell ChIP-seq data are indicated. Benjamini-Hochberg
corrected P-values are noted in parentheses.

Figure 2. H3K4me2 enrichment profiles at genes within the five H3K4me2 clusters. (A) Examples of H3K4me2 enrichment profiles are shown. Gene
structure (all genes drawn at the same genomic scale) and transcriptional orientation (arrow) are indicated at the bottom of each panel. (B) Tissue
expression of genes shown in A. The following tissues were analyzed (from left to right): whole blood, CD33 myeloid, CD4 monocytes, dendritic cells,
CD56 NK cells, CD4 T cells, CD8 T cells, B cells, endothelial cells, CD34 HSC, thymus, tonsil, lymph node, fetal liver, early erythroid, bone marrow,
temporal lobe, globus pallidus, cerebellum peduncles, cerebellum, caudate nucleus, whole brain, parietal lobe, medulla oblongata, amygdala, prefrontal
cortex, occipital lobe, hypothalamus, brain thalamus, subthalamic nucleus, cingulate cortex, pons, spinal cord, fetal brain, adrenal gland, lung, heart,
liver, kidney, prostate, uterus, thyroid, fetal thyroid, fetal lung, placenta, cardiac myocytes, smooth muscle, HBEC, cultured adypocyte, pancreas, islet
cells, testis, testis leydig cell, testis germ cell, testis interstitial cells, testis seminiferous tubulae, salivary gland, trachea, adrenal cortex, ovary, appendix,
skin, ciliary ganglion, trigeminal ganglion, atrioventricular node, DRG, superior cervical ganglion, skeletal muscle, uterus corpus, tongue, olfactory bulb,
and pituitary. Expression levels in CD4+ T cells are highlighted in blue.
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A specific chromatin signature marks genes within cluster 1

In order to define the chromatin signature associated with genes

belonging to cluster 1, we analyzed available ChIP-seq data for 36

histone modifications together with histone variant H2AZ and Pol

II (Barski et al. 2007; Wang et al. 2008). For each feature, we de-

termined the average profile for genes within cluster 1 and nor-

malized this result with respect to the average values calculated for

control genes (i.e., expressed at the same level as genes within cluster

1; see Methods). Hierarchical clustering of these values revealed

three groups of epigenetic modifications (Fig. 4D). Modifications in

group A (mostly histone methylations) generally mimicked the

H3K4me2 profile, notably displayed high enrichment throughout

gene bodies. In contrast, those in group B (mostly histone acety-

lations) displayed a marked depletion around the TSS. Finally,

modifications in group C (including H3K36me3) displayed minor

changes in comparison to the control set of genes. These obser-

vations were confirmed by the analysis

of individual epigenetic marks for the

five H3K4me2 clusters (Supplemental

Fig. 4). Given the H3K4me2-mimicking

profile observed with chromatin marks

that defined group A, we asked whether

clustering analysis using individual marks

in this group (other than H3K4me2) could

also delineate a similar sort of gene classi-

fication. However, except possibly to some

extent with H3K9me1, a histone modifi-

cation previously shown to be enriched at

transcriptionally active genes (Rosenfeld

et al. 2009), these analyses did not unam-

biguously retrieve a tissue-specific related

cluster (Supplemental Fig. 5; data not

shown). Altogether, these findings sup-

port the existence of a unique chromatin

signature for genes gathered in cluster 1,

primarily defined by their H3K4me2 pro-

file, general decrease of histone marks

around the TSS, and enhanced meth-

ylation of specific histone moieties

throughout the gene body.

High H3K4me2 levels within the gene
body potentially reflect the presence
and activity of intragenic
cis-regulatory elements

How could the discrete epigenetic profile

described herein be molecularly linked to

tissue specificity? A potential explanation

would be that this profile reflects the

presence and the activity of intragenic

cis-regulatory elements. Indeed, genes

within cluster 1 had a statistically longer

first intron (without displaying signifi-

cant differences in gene size) and showed

a significant enrichment of conserved

transcription factor binding sites (TFBSs)

and a substantially higher number of pu-

tative cis-regulatory sequences in regions

comprised between the TSS and +8 kb

(Supplemental Fig. 6A–D). Another argu-

ment supporting the presence of active cis-regulatory elements

is the high level of gene-body enrichment for H3K4me1 observed

for genes within cluster 1 (Fig. 5A), since H3K4me1 strongly asso-

ciates with tissue-specific enhancer elements (Heintzman et al.

2007, 2009). To further validate this interpretation, we analyzed

published DNase I hypersensitive sites (DHSS) of human CD4+ T

cells (Boyle et al. 2008). Typically, DHSS are enriched in and around

transcribed genes and highlight cis-regulatory elements within the

genome (Gross and Garrard 1988; Crawford et al. 2004). We calcu-

lated, on a per gene basis, the frequency of DHSS in regions com-

prised between TSS and +8 kb. We observed an accumulation

of DHSS for genes within cluster 1 compared with those in the

four remaining clusters or those in the control set (Fig. 5B,C).

Notably, DHSS in genes within cluster 1 were preferentially local-

ized approximately +2 kb downstream the TSS (Fig. 5D). More-

over, tissue-specific genes within cluster 1 also displayed a higher

number of DHSS compared with those within the remaining

Figure 3. Genes within cluster 1 are preferentially expressed in CD4+ T cells. (A) Box plots showing
the comparison between levels of gene expression from different H3K4me2 clusters in CD4+ T cells and
the mean level of expression calculated across all other tissues (except CD4+ T cells; **P < 0.005, ***P <
0.0005, Mann-Whitney U test; other, other tissues). (B) Box plots showing per gene calculations of the
net number of tissues per gene (i.e., T cell specificity index), for which a difference of expression (be-
tween a given tissue and CD4+ T cells) was statistically significant (Benjamini-Hochberg adjusted P <
0.05, moderated t-test). (C ) Pie plot showing the distribution of CD4+ T-cell-specific genes within the
five H3K4me2 clusters.
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Figure 4. Genes within cluster 1 show increased levels of specific epigenetic modifications. Comparison of scores of H3K4me2 (A), RNA polymerase II
(B), and H3K36me3 (C ) for all nonoverlapping genes (Ag, gray box plots) or genes found within cluster 1 (C1, red box plots) in the analyzed genic regions
(0–8 kb) was performed for four distinct ranges of gene expression (see text). A significant difference between values obtained for genes within cluster 1
versus the control genes was observed for each range of gene expression (*P < 0.05, **P < 0.005, ***P < 0.0005, Mann-Whitney U test). (D) Direct
comparison of epigenetic marks and Pol II between genes within cluster 1 and a control set of genes. A normalized signal in the regions�2 to +8 kb around
the TSS was calculated in each case by dividing the average signal obtained for cluster 1 by the average signal obtained for all genes expressed at the same
level as genes within cluster 1. A hierarchical clustering of these values is shown. Most of the analyzed modifications displayed a marked decrease in signal
levels in the regions close to the TSS.
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clusters (Supplemental Fig. 7), further supporting the specificity

of the chromatin environment of these particular genes. Together

with the observation that active epigenetic marks are generally

diminished in the vicinity of the TSS, these analyses strongly sug-

gest that genes in cluster 1 harbor an extended promoter region

with a high frequency of cis-regulatory elements localized within

the gene body.

H3K4me2 profiles from brain also distinguish
tissue-specific genes

In order to generalize our finding that H3K4me2 chromatin pro-

files may allow the identification of tissue-specific genes, we ana-

lyzed H3K4me2 ChIP-seq data obtained in this case from mouse

brain (Meissner et al. 2008). Remarkably, clustering of H3K4me2

signals in this situation also allowed the isolation of a gene cluster

(hereafter referred to as brain-cluster 1), characterized by a high

level of H3K4me2 enrichment within the gene body (Supple-

mental Fig. 8A–C), thus reminiscent of the CD4+ T cell cluster 1

described above. Indeed, genes within brain-cluster 1 were (1)

expressed at a higher level in the brain compared to other tissues

(Supplemental Fig. 8D,E); (2) enriched in brain-specific genes

(Supplemental Fig. 8F); and (3) significantly enriched in brain-

associated functional categories (Supplemental Table 2). In con-

clusion, the distinctive H3K4me2 pattern characteristic of tissue-

specific genes appears to be a general

feature observed in distinct tissues from

different species, suggesting functional

conservation in mammals.

Discussion
Whether tissue-specific regulated genes

carry a distinct chromatin signature, op-

posite to ubiquitously expressed genes,

is a long-standing question. Thorough

analysis of H3K4me2 signatures enabled

us to distinguish several categories of

genes (clusters 1–5) and to highlight a

unique chromatin structure typical of a

subset of tissue-specific genes (cluster 1).

Importantly, we observed this property

in two different tissues, CD4+ T cells and

brain, from two distinct species (human

and mouse, respectively), suggesting a

fundamental mechanism of the regula-

tion of tissue-specific gene expression.

Enrichment for H3K4me2 within the

gene body is a characteristic trait of

expressed genes in yeast (Bernstein et al.

2002; Li et al. 2007). In contrast, in mam-

mals, H3K4me2 has been shown to be

predominantly enriched around the TSS

(Bernstein et al. 2005; Barski et al. 2007).

Therefore, the fact that a subset of tissue-

specific mammalian genes displays high

levels of H3K4me2 within the gene body

is remarkable. Instead of being linked to

a general transcriptional mechanism, as it

seems to be the case in yeast, this epige-

netic profile in mammals may reflect the

activity of a wealth of seemingly func-

tional intragenic cis-regulatory elements. This is supported by the

observation that genes within cluster 1 are highly enriched for

histone methylations, DHSS, and conserved TFBSs within their

gene bodies. Overall, our data imply that a subset of tissue-specific

regulated genes harbor previously unrecognized, TSS-proximal,

intragenic cis-regulatory elements.

Are these structures different from classical promoter and

enhancer elements? They generally are larger than such regula-

tory elements, appear to preferentially localize within the gene

body, and are associated with diminished levels of active epige-

netic modifications around the TSS. The latter observation indeed

suggests that the cis-linked core promoters would display a

weaker transcriptional activity by themselves. We therefore pos-

tulate that the newly identified intragenic regions represent com-

plementary regulatory structures or ‘‘platforms’’ dedicated to deal

with the complex regulation of tissue-specific gene expression.

This hypothesis is further supported by several recent observations,

including those of the frequent binding of specific transcription

factors within intragenic regions (Hatzis et al. 2008; Lupien et al.

2008; Kwon et al. 2009; Visel et al. 2009a) and of the loading of the

Ldb1 regulatory complex in the first intron of CpG-rich genes ac-

tivated during erythroid differentiation (Soler et al. 2010). Con-

sidering the latter observation, we found that the majority of genes

within cluster 1 displayed high CpG content at their promoters

(Supplemental Fig. 9). This is also interesting in light of recent

Figure 5. Epigenetic and accessibility profiles reflect different modes of transcriptional control of
genes within the H3K4me2 clusters. (A) H3K4me1 average profiles. (B) The number of DHSS in regions
from TSS to 8 kb downstream is shown. (C ) Comparison between the frequency of DHSS in genes within
cluster 1 and that observed for all genes expressed at the same level. (D) Distribution of DHSS locations
with respect to the TSS for each H3K4me2 cluster.
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observations of a subset of CpG-rich promoters displaying high

tissue specificity (Carninci et al. 2006; Saxonov et al. 2006; Akalin

et al. 2009).

Developmentally and tissue regulated genes respond to sig-

naling cues from within and outside the cell in connection to dis-

crete functional contexts. It is obvious that such genes harbor

a complex circuitry of distal and proximal regulatory elements, most

likely dedicated to orchestrate spatial and temporal profiles of gene

expression (West and Fraser 2005; Ochoa-Espinosa and Small 2006;

Visel et al. 2009b). Akalin and colleagues have recently found that

genes involved in development and differentiation, contained

within genomic regulatory blocks, carry a characteristic intronic

structure displaying a wide distribution of transcription initiation

sites around the TSS, large CpG islands, and high density of TFBS

spanning the gene body. Interestingly, these properties were pro-

posed to be linked to long-range regulation by distal enhancers

(Akalin et al. 2009; Soler et al. 2010). In this line, we found that genes

within cluster 1 are associated with high numbers of distal intergenic

DHSS (Supplemental Fig. 10). Thus, it is formally possible that the

regulatory platform identified here for genes within cluster 1 serves

as a hub for the interactions between TSS proximal and distal reg-

ulatory sequences, in order to fine-tune tissue-specific regulation of

gene expression. Testing this hypothesis and the functional signifi-

cance of the putative platforms within their genomic context will

require further experimental investigations.

So far, to our knowledge, only a few studies have used ChIP-

seq data available for CD4+ T cells to investigate the relationship

between histone modifications and regulation of gene expression

(e.g., Hon et al. 2009a; Lim et al. 2009; She et al. 2009; Karlic et al.

2010). Here, we have demonstrated that by using this compre-

hensive set of data, different classes of genes can be distinguished,

therefore providing insight into the regulatory mechanisms un-

derlying tissue- and locus-specific gene expression.

Methods

Data source
ChIP-seq data (Barski et al. 2007; Wang et al. 2008) correspond-
ing to histone methylation, acetylation, Pol II, and histone vari-
ant H2AZ in human CD4+ T cells, were downloaded from the
Keji Zhao laboratory server (http://dir.nhlbi.nih.gov/papers/lmi/
epigenomes/hgtcell.aspx; http://dir.nhlbi.nih.gov/papers/lmi/
epigenomes/hgtcellacetylation.aspx). Downloaded files display
the number of uniquely mapped reads in 200-bp windows. All read
start coordinates (Hg18 human genome annotation) are adjusted
by 75 bp in the direction of the strand they map to before summing
is done. Mouse whole-brain H3K4me2 ChIP-seq data (Meissner
et al. 2008) were downloaded from the NCBI Sequence Read Archive
(http://www.ncbi.nlm.nih.gov/Traces/sra/sra.cgi) under accession
no. SRR002257 and aligned to the reference genome (NCBI37/mm9)
using Bowtie (Langmead et al. 2009). Only uniquely mapped se-
quence tags were considered for further analyses (34% of all se-
quenced tags). We next discarded all tags with exactly the same
coordinates to reduce potential bias. Sequences mapping only once
to the reference genome were included for further analyses (34% of
all sequenced tags). Tags with exactly the same coordinates were
discarded. Reads were then elongated to 300 bp in the direction of
the strand. The values were next summed up in nonoverlapping
200-bp bins along each chromosome. The summed values were fi-
nally normalized (by division) by the overall mean of values per bin.
The combined set of DHSS data (Boyle et al. 2008) (isolated DHSS
peaks) were downloaded from the UCSC Genome Browser (http://

genome.ucsc.edu/) and converted to Hg18 genome annotation.
Conserved TFBSs and the list of putative cis-regulatory elements
were downloaded from the UCSC Genome Browser (tracks ‘‘con-
served TFBS’’ and ‘‘regPotential7x’’, respectively). The raw expres-
sion data for 72 human (Su et al. 2004) and 75 mouse (Lattin et al.
2008) tissues were downloaded from the NCBI Gene Expression
Omnibus (http://www.ncbi.nlm.nih.gov/geo/; accession nos.
GSE1133 and GSE10246, respectively).

Data analysis

All the data analysis was performed using R software (http://
r-project.org/) except for H3K4me2 visualization, for which we
used the igb software (http://www.affymetrix.com); ChIP-seq
profile clustering analysis performed with MeV software (Saeed
et al. 2006) (http://www.tm4.org/mev/); and the lift-over analysis
of DHSS performed with a custom Perl script. Mouse whole-brain
H3K4me2 ChIP-seq tags were annotated to the reference genome
using Bowtie software. Venn Diagrams were drawn using BioVenn
software (Hulsen et al. 2008; http://www.cmbi.ru.nl/cdd/biovenn/).

Statistical analysis

Differentially expressed genes were retrieved using the moderated
t statistics (limma package) using as a threshold Benjamini-
Hochberg adjusted P-values < 0.05. Statistical significance of the
level of expression between CD4+ T cells (or, in the case of mouse
data analysis, the value obtained by averaging the expression level
for a given gene in all the brain tissues covered by the analyzed
study) and the mean values for the remaining tissues, as well as the
comparisons of scores for H3K4me2 and Pol II for genes within
cluster 1 versus all genes expressed at the same levels, were assessed
by a Mann-Whitney U test. For further details, refer to the specific
subsections in Methods.

Choice of the width of analyzed regions

Based on the NCBI RefSeq annotation (build 36.1), we selected all
nonoverlapping genes. The filtering criteria were as follows: (1) the
extended genomic region (i.e., the region comprised between�2 kb
from the TSS and the end of the transcribed region) should not
overlap with any other RefSeq annotated transcribed region; (2)
the gene has only one transcript annotated in the RefSeq database;
and (3) the gene must be >8 kb. This resulted in a list of non-
overlapping genes, >8 kb, harboring a unique TSS. For all analyzed
epigenetic modifications and Pol II binding together with histone
variant H2AZ, we annotated tags and performed a linear in-
terpolation of the data corresponding to the regions from �2 kb
to +8 kb around each TSS, in order to obtain uniform reference
positions of bins for every gene. The analysis of vast regions around
TSS, rather than scaling the total length of all genes (and analyzing
the profiles of whole transcribed regions), enabled us to directly
compare epigenetic profiles that were less influenced by the gene
structure (i.e., gene length, exon density). The average profiles
(Supplemental Fig. 2A) for genes from the highest range of ex-
pression show an important decrease in the H3K4me2 level to-
ward the end of the analyzed region, supporting the empiri-
cally chosen genomic analysis frame. In addition, clustering of
H3K4me2 profiles in regions from �2 kb to +8 kb enabled us to
maintain a large population of genes.

Clustering of H3K4me2 profiles and further analyses

We performed a k-means clustering on fitted H3K4me2 values with
a Euclidean distance measure. We isolated five clusters for further
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studies. In order to calculate a score per modification in regions
surrounding TSS (62 kb) and in included intragenic regions (TSS
to + 8 kb), we summed the fitted tag count in isolated regions. We
then divided the complete set of all nonoverlapping genes and
genes from cluster 1 in four different ranges of expression (we did
not include genes expressed at a higher level than the last range
of expression because of a too small sample size) (see Supplemen-
tal Fig. 3). We next compared previously calculated scores of
H3K4me2 and Pol II for all genes and genes from clusters in all
four ranges of expression (Mann-Whitney U test).

In order to compare genes within cluster 1 to a similarly
expressed set of genes we selected genes from cluster 1 and from
the total set of genes (control set) for which the expression was
comprised between the 25th and 75th percentile of expression
values observed for genes within cluster 1. We then normalized (by
dividing) the average profile obtained for a given epigenetic feature
for the selected genes within cluster 1, by the average profile of the
control set of genes. Finally we performed a hierarchical clustering
of aforementioned normalized values with the Manhattan dis-
tance measure.

In order to annotate DHSS, putative cis-regulatory elements,
and conserved TFBSs, we calculated the middle point for each
feature and assessed its distance from the studied list of TSS. Only
features included in the regions from TSS to +8 kb were retained for
further data analysis.

Gene function analysis

KEGG pathway and GO term analysis were performed with DAVID
2008 (Hochberg and Benjamini 1990). We used as a cut-off
false-discovery rate < 0.01 and a Benjamini-Hochberg corrected
P-value < 0.05.

Transcriptome data analysis

The raw expression data for 72 human tissues, including CD4+ T
cells, and mouse tissues were VSN-normalized (Huber et al. 2002),
and probe annotation to the HG18 genome assembly and NCBI37/
mm9 was used for subsequent analyses. In order to compare the
level of expression of genes within identified H3K4me2 clusters in
CD4+ T cells with the level of expression in the remaining 71 tis-
sues, we calculated the mean level of expression of these genes in
CD4+ T cells and across the remaining 71 tissues. We then per-
formed a Mann-Whitney U test to check for statistical significance
of observed differences. In order to isolate differentially expressed
genes between CD4+ T cells and all the remaining tissues, we per-
formed moderated t statistics (Smyth 2004) using as a cut-off the
Benjamini-Hochelberg adjusted P < 0.05. We focused at the anal-
ysis of the differential expression rather than on comparison of the
number of tissues for which a given gene is called expressed be-
cause of the threshold independence of the former approach. This
gave us for each gene, a matrix of values across all comparisons
(CD4+ T cells vs. every tissue), with 1 encoding for genes with
a statistically higher level of expression in CD4+ T cells; �1, for
genes for which we observed a statistically lower level of expres-
sion in CD4+ T cells; and 0, for no difference. We then summed
these values per gene (‘‘T cell specificity index’’) and visualized
their distributions for different H3K4me2 clusters with box plots.
In order to isolate highly CD4+ T-cell-specific genes, we performed
moderated t statistics with thresholds as follows: (1) Benjamini-
Hochberg corrected P < 0.05; and (2) at least twofold difference in
the level of expression between CD4+ T cells and each tissue. We
next calculated a gene-specific net number of tissues for which we
found it differentially expressed. Based on this, we set a cut-off
equal to 20 and retrieved the highly CD4+ T-cell-specific genes. The

same approach was used when analyzing mouse gene expression
data. In the later case, the whole-brain transcriptome corresponded
to the averaged values of expression of a given gene in all brain
tissues. These values were subsequently used for gene expression
analyses, assignment of a ‘‘brain specificity score,’’ and the re-
trieval of highly brain-specific genes. Because of the high number
of brain tissues included in the gene expression data set, we set up
a threshold of 55 in order to define brain-specific genes.

CpG analysis

Sequences for regions from �2.5 kb to +0.5 kb around the TSS of
our total set of nonoverlapping genes >8 kb were downloaded
from the UCSC Genome Browser. We then calculated the CpG
observed versus expected ratio in those regions (Saxonov et al.
2006). We obtained a bimodal distribution of ratios (see Supple-
mental Fig. 5). We next retrieved CpG observed versus expected
ratios for genes within the H3K4me2 cluster 1.
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