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Genome-wide analysis of histone modifications
in human pancreatic islets
Reena Bhandare,1,2,4 Jonathan Schug,1,2,4 John Le Lay,1,2 Alan Fox,1,2 Olga Smirnova,1,2

Chengyang Liu,2,3 Ali Naji,2,3 and Klaus H. Kaestner1,2,5

1Department of Genetics, University of Pennsylvania School of Medicine, Philadelphia, Pennsylvania 19104, USA;
2Institute for Diabetes, Obesity, and Metabolism, University of Pennsylvania School of Medicine, Philadelphia,

Pennsylvania 19104, USA; 3Department of Surgery, University of Pennsylvania School of Medicine, Philadelphia,

Pennsylvania 19104, USA

The global diabetes epidemic poses a major challenge. Epigenetic events contribute to the etiology of diabetes; however,
the lack of epigenomic analysis has limited the elucidation of the mechanistic basis for this link. To determine the epi-
genetic architecture of human pancreatic islets we mapped the genome-wide locations of four histone marks: three as-
sociated with gene activation—H3K4me1, H3K4me2, and H3K4me3—and one associated with gene repression,
H3K27me3. Interestingly, the promoters of the highly transcribed insulin and glucagon genes are occupied only sparsely
by H3K4me2 and H3K4me3. Globally, we identified important relationships between promoter structure, histone
modification, and gene expression. We demonstrated co-occurrences of histone modifications including bivalent marks in
mature islets. Furthermore, we found a set of promoters that is differentially modified between islets and other cell types.
We also use our histone marks to determine which of the known diabetes-associated single-nucleotide polymorphisms are
likely to be part of regulatory elements. Our global map of histone marks will serve as an important resource for
understanding the epigenetic basis of type 2 diabetes.

[Supplemental material is available online at http://www.genome.org. The ChIP-seq and gene expression data from this
study have been submitted to ArrayExpress (http://www.ebi.ac.uk/microarray-as/ae/) under accession nos. E-MTAB-189
and E-MTAB-191, respectively.]

Genetic and epigenetic factors determine cell fate and function.

Recent breakthroughs in genotyping technology have led to the

identification of more than 20 loci associated with the risk of type

2 diabetes (Sambuy 2007; Zhao et al. 2009). However, all together

these loci explain <5% of the genetic risk for diabetes. Epigenetic

events have been implicated as contributing factors for metabolic

diseases (Barker 1988; Kaput et al. 2007). Unhealthy diet and a

sedentary lifestyle likely lead to epigenetic changes that can, in

turn, contribute to the onset of diabetes (Kaput et al. 2007). At

present, the underlying molecular mechanisms for disease pro-

gression remain to be elucidated.

Epigenetic modifications encompass both DNA methylation

and histone modifications (Cedar and Bergman 2009). In recent

years, genome-wide maps of epigenetic marks have been generated

for yeast (Pokholok et al. 2005) and several cell types in mice and

humans (Bernstein et al. 2005; Roh et al. 2006; Barski et al. 2007;

Mikkelsen et al. 2007; Pan et al. 2007; Zhao et al. 2007). However,

no genome-wide map of histone modifications has been reported

for the human pancreatic islet, a key player in the etiology of di-

abetes. In the present study, we have used chromatin immuno-

precipitation with massively parallel sequencing (ChIP-seq) tech-

nology to create a genome-wide map of four histone modifications

associated with gene activation or repression in human pancreatic

islets.

Results and Discussion

Sample preparation and initial assessment

Chromatin from pancreatic islets was immunoprecipitated with

antihistone antibodies to enrich for DNA fragments in regions of

the genome associated with modified histones. Enrichment of oc-

cupancy by modified histone was validated using quantitative PCR

(qPCR) (Supplemental Fig. 1; Supplemental Table 1). H3K4me1,

H3K4me2, and H3K4me3 are frequently found near active gene

promoters, while H3K4me1 is also often associated with enhancers,

and inactive genes are associated with H3K27me3 (Strahl and Allis

2000; Bernstein et al. 2005; Mikkelsen et al. 2007; Roh et al. 2007).

We found enrichment of H3K4me1 near the start site and the en-

hancer of the PDX1 gene, a transcription factor important for in-

sulin gene regulation and beta-cell differentiation. H3K4me2 and

very strong H3K4me3 occupancy was observed at the promoter of

GAPDH (a housekeeping gene) and, surprisingly, at significantly

lower levels at the insulin and glucagon promoters. The sparse

methylation patterns at the highly active promoters of these major

islet hormones suggest that epigenetic regulation of these genes in

human islets is different from the regulation in mouse pancreatic

islets and cell lines, which is dependent on hypermethylation of

histone H3 at the insulin promoter (Deering et al. 2009).

Our qPCR results for H3K27me3 indicate a strong enrichment

at the NEUROG3 promoter, a regulator of fetal islet development

that is repressed during adult life. We also observed negligible en-

richment of this repressive mark at the GAPDH promoter, which

is consistent with the notion that H3K27me3 is absent in active

genes. Surprisingly, we found that the promoter region of ALB, a

4These authors contributed equally to this work.
5Corresponding author.
E-mail kaestner@mail.med.upenn.edu; fax (215) 573-5892.
Article published online before print. Article and publication date are at
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liver-specific gene that is not expressed in the endocrine pancreas,

exhibited very low levels of the H3K27me3 modification, in-

dicating that a different mechanism must be responsible for its

repression in the pancreas.

Genome-wide identification of enriched levels of histone
modifications

Having assessed our ChIP results using gene-specific qPCR, we

proceeded with the global location analysis for these four chro-

matin marks. Following next-generation sequencing and align-

ment of enriched DNA (see Supplemental Table 2 for numbers of

sequence reads obtained), we computed the average profile of each

modification with respect to the transcription start sites (TSSs) of

known genes to verify that the results followed the expected pat-

terns. We assigned a summary modification level to each gene

based on the number of reads (per million sequence reads per ki-

lobase pairs of DNA) that mapped to the first 2000 bp just down-

stream from the TSS (Supplemental Fig. 2). We verified summary

modification levels of at least four genes for each mark using qPCR

(Supplemental Fig. 3).

Next, we identified regions of statistically significant enrich-

ment for H3K4me1 (189,103), H3K4me2 (31,906), H3K4me3

(36,763), and H3K27me3 (122,629) using the GLITR algorithm

(Tuteja et al. 2009). The GLITR algorithm requires contiguous,

overlapping, extended reads to identify a region of enrichment,

which in many cases results in a locus of modification being split

into a few pieces. We therefore merged nearby GLITR regions to

create GLITR loci. We annotated these loci by proximity to RefSeqs,

Known Genes, and miRNAs. We found 3826 (16.5%) of the

H3K4me3 loci were >5 kbp from the nearest gene, indicating a large

number of potentially novel transcriptional start sites active in islets

(or possibly in contaminating exocrine tissue.) A larger fraction of

H3K4me1 (34,994, 24.8%) and H3K4me2 (7762, 24.3%) loci were

intergenic and represent potential regulatory regions.

The potential of H3K4me1 to identify regulatory regions en-

abled us to determine which of the previously identified noncod-

ing diabetes-associated single nucleotide polymorphisms (SNPs)

are most likely to be functional. We found that 18 of the 113 SNPs

(15.9%) were within 500 bp of a GLITR H3K4me1 locus (Table 1).

Fewer SNPs were near the H3K4me2 and H3K4me3 loci—four

and two SNPs, respectively—which suggests that the H3K4me1-

enriched SNPs are in distal or internal regulatory regions. In-

terestingly, four SNPs were associated with H3K27me3 regions,

indicative of a repressed chromatin state in islets, and thus the

corresponding genes may exert their effects on glucose homeo-

stasis in other tissues or cause local disruption of the H3K27me3

distribution. We suggest that the 18 SNPs listed in Table 1, which

are occupied by H3K4me1 in human islets and are therefore in

potential enhancers, might be given priority in functional testing

in the future.

The relationship of histone modifications and expression level
depends on CpG island status

To explore the relationship between chromatin modifications and

gene expression, we compared the expression levels of each gene

to the input-normalized chromatin modification level of the gene

as measured in a region 2 kb downstream from its TSS. We grouped

all genes into five equally sized sets organized by expression level

and computed histograms of the levels of histone modification for

each of these gene sets. This analysis demonstrated that the be-

havior of H3K4me1 (Fig. 1A), H3K4me2 (Fig. 1B), H3K4me3 (Fig.

1C), and H3K27me3 (Fig. 1D) modifications is dependent on the

presence (CpG+) or absence (CpG�) of a CpG island in the pro-

moter (details in Supplemental Table 4.)

Within a given expression-level group, the median level of

H3K4me1, H3K4me2, and H3K4me3 is dramatically higher on

CpG+ genes than CpG� genes. The median level of H3K4me1 and

H3K4me2 modification increases with expression, but the total

shift from very low to very high expression is much less than the

standard deviation of the distribution of the modification level.

For example, the median modification level of H3K4me1 increased

from 1.1-fold over input chromatin to 1.5 from very low to very

highly expressed genes, but was accompanied by a standard de-

viation of about 0.8-fold. H3K4me3 showed a stronger correlation

with gene expression, but was still quite modest in genes above the

very low expression class, i.e., a total shift of 3.5-fold for CpG+

genes in a distribution with a 6.9 standard deviation. Interestingly,

for all levels of H3K4 methylation, the shift in the median modi-

fication level of all genes (from very low expression to very high

expression) is larger than either of the CpG+ or CpG� median

shifts, indicating that a major component of the observed corre-

lation between H3K4me* modification and expression is the shift

from CpG� to CpG+ genes with increasing expression. For ex-

ample, the shift of fold enrichment for very low to very highly

expressed genes for CpG+ H3K4me3 was 6.4, whereas the total

shift for all genes was 10.3. H3K27me3 does not appear to distin-

guish between the two promoter types to a significant degree (Fig.

1D). Overall, the level of H3K27me3 modification is inversely

proportional to gene expression, which is consistent with its as-

sociation with repression.

It is important to emphasize that the range of histone modi-

fications is nearly constant from low to high expression. A pro-

moter can be quite highly modified and yet be found in any of

the expression classes. Interestingly, CpG� genes were generally

Table 1. Diabetes-associated SNPs marked by H3K4me1

Name Chromosome
H3K4me1 Region

(width in base pairs)

rs2269241-PGM1 1 1331
rs6679677-PTPN22 1 244
rs1801282-PPARG 3 166
rs10517086-Intergenic 4 506
rs4712523-CDKAL1 6 424
rs4712524-CDKAL1 6 424
rs2647044-HLA-E 6 181
rs9472138-VEGFA 6 839
rs13266634-SLC30A8 8 599
rs7903146-TCF7L2 10 120
rs5215-KCNJ11 11 762
rs5219-KCNJ11 11 1053
rs2292239-ERBB3 12 427
rs3184504-SH2B3 12 736
rs2903692-KIAA0350a 16 1064
rs8050136-FTO 16 1271
rs425105-Intergenic 19 118
rs229541-C1QTNF6 22 185

We obtained 113 GWAS-identified SNPs associated with human diabe-
tes from http://www.genome.gov/gwastoexcel.cfm. We then extracted
chromosomal location and associated genes for the SNP from NCBI using
eFetch. The 18 SNPs that are within 500 bp of an H3K4me1 GLITR region
are listed. Because H3K4me1 is frequently associated with enhancers, the
SNPs listed have the potential to affect gene expression of associated
genes.
aKIAA0350 is currently known as CLEC16A.
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unmodified, except at very high gene-expression levels. However,

even at this level of expression, only about half of the genes have

any evidence of H3K4me3 modification. Thus, the low H3K4me3

histone occupancy we had observed for insulin and glucagon

by qPCR is not an exception, but rather follows a pattern found

in many other highly expressed genes. It has been previously

reported that CpG+ genes are generally housekeeping genes and

are widely expressed, whereas CpG� genes are more tissue specific

(Schug et al. 2005). Our current results indicate that the chromatin

state of these two gene classes is different as well.

Co-occurrence of histone marks

Histone modifications are known to act in a combinatorial fash-

ion to determine the overall outcome of gene expression, so the

colocalization of these marks may play an important role in reg-

ulating chromatin structure. We found that H3K4me1 and

H3K4me2 are generally correlated (r = 0.55) (Fig. 2A), though there

is considerable variability. The correlation is higher between

H3K4me2 and H3K4me3 (r = 0.735) (Fig. 2B). However, correlation

is limited between H3K4me1 and H3K4me3 (Fig. 2C). There ex-

ists a population of genes on which we observe occupancy by

H3K4me1, but very little H3K4me3; another population demon-

strates the opposite modification pattern. This likely reflects the

total conversion of H3K4me1 (through H3K4me2) to H3K4me3. A

clear example of the co-occurrence of H3K4me1, H3K4me2, and

H3K4me3 marks can be seen at the ATF4 gene (Fig. 3A). A very

sharp double peak of H3K4me3 is observed at the TSS, with weaker

flanking peaks for H3K4me1 and H3K4me2 modifications.

Studies using embryonic stem (ES) cells have demonstrated

the existence of ‘‘bivalent domains’’ in genes encoding devel-

opmental regulators (Boyer et al. 2006; Lee et al. 2006; Pan et al.

2007; Zhao et al. 2007). Recent evidence confirming the presence

of bivalent domains in mouse embryonic fibroblasts cells, neural

progenitor cells (Mikkelsen et al. 2007), and human T cells (Roh

et al. 2006) has shown that these domains are not restricted to ES

cells. A comparison of H3K4me3 and H3K27me3 in islets (Fig. 2D)

indicates that these marks are usually mutually exclusive (or both

absent), although there are a few genes with high levels of both

marks. We found that developmental genes like the HOX gene

clusters and neuronal transcription factors are bivalently marked

in human pancreatic islets with both H3K4me3 at several tran-

scriptional start sites and H3K27me3 covering the entire locus (Fig.

3B; data not shown). As these genes are important during early

development and not expressed in adult islets, the presence of

H3K27me3 is unsurprising. The role of H3K4me3 levels in these

domains is unknown, but may be related to the retention of

‘‘memory’’ of earlier transcription or the reactivation of these genes

under specific metabolic conditions.

The major hormone-encoding genes in the islet
are not enriched for H3K4me3

Surprisingly, our ChIP-seq data indicate that H3K4me3 marks the

insulin and glucagon promoters only very sparingly (Supplemen-

tal Figs. 4, 5), in contrast to the promoters of JUN, PDX1, and

Figure 1. Input-normalized modification levels of H3K4me1 (A),
H3K4me2 (B), H3K4me3 (C ), and H3K27me3 (D) depend on expression
level and promoter type. Transcriptional start sites with a nearby CpG
island (CpG+, yellow) show a relatively constant distribution of the
H3K4me1 and H3K4me2 modifications levels that does not strongly
correlate with gene expression. H3K4me3 levels are correlated with gene
expression, even though they exhibit large variability. On the other hand,
CpG� promoters (green) are usually unmodified except at high expres-
sion levels, where they begin to show higher levels of modifications. Thus,
for the most part, the correlation of histone modifications and gene ex-
pression is due to a gradual increase in the proportion of CpG+ promoters
at higher expression levels. The distribution of H3K27me3 is different, in
accordance with its association with repression. At low expression levels,
both CpG� and CpG+ promoters are occupied, and the overall levels of
H3K27me3 modification decrease with increasing expression.

Figure 2. Co-occurrence of input-normalized histone modification near
the promoters (0–2000 bp) in human islets: (A) H3K4me2 vs. H3K4me1,
(B) H3K4me3 vs. H3K4me2, (C ) H3K4me3 vs. H3K4me1, and (D)
H3K27me3 vs. H3K4me3. (A–C ) The H3K4me1,2,3 series tends to either
be completely absent (values near 1), or to co-occur (values near the di-
agonal). (D) H3K27me3 and H4K4me3 tend not to co-occur, with a few
exceptions (bivalent genes).
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MAFB, which are heavily occupied by H3K4me3 despite their

lower expression levels (Supplemental Figs. 6, 7A,B). Our initial

hypothesis was that this lack of activating histone marks on the

hormone-encoding gene promoters might be due to a complete

absence of histones, perhaps due to the high transcription rate of

these genes. To test this notion, we performed ChIP for total H3

histone at the promoters of JUN and GAPDH, which are occupied

by H3K4me3, and insulin and glucagon, which are not (Supple-

mental Fig. 8). We found similar levels of histone H3 at all of these

promoters; thus, the lack of H3K4me3 at the insulin and glucagon

promoters is not due to a lack of histones. Therefore, alternative

histone modifications or regulatory mechanisms must be respon-

sible for the activation of these hormone-encoding genes in hu-

man islets.

Recent studies have demonstrated that the insulin and nearby

genes in an extended 80-kb region are a part of a large, human islet-

specific, open chromatin domain, and share a common con-

trol mechanism (Mutskov and Felsenfeld 2009). The presence of

intergenic transcription in this region has been proposed to play

a role in the maintenance of open chromatin structure, suggesting

that a locus-specific control mechanism might be responsible for

constitutive insulin gene expression in humans (Mutskov and

Felsenfeld 2009). Our data also indicate a region (chr1:2,100,000–

2,200,000 mm8) of high levels of H3K4me1, a mark associated

with regulatory regions covering the insulin gene locus.

We also considered the possibility

that the low levels of H3K4me3 mod-

ification at the insulin gene promoter

might be due to a paucity of beta-cells in

our samples. However, our ChIP-seq data

suggest that this is not the case, as both

PDX1 and MAFA (genes with expression

restricted to beta-cells) are highly occu-

pied by modified histones (Supplemental

Fig. 7A; data not shown). Similarly, the

promoter of MAFB (a gene expressed only

in alpha-cells in the adult islet) is also

occupied by H3K4me3 (Supplemental

Fig. 7B). Furthermore, by qRT-PCR analy-

sis, the expression of insulin and other

pancreatic cell-specific genes is much

higher than that of amylase, a marker for

exocrine contamination (Supplemental

Fig. 9). While we observed some vari-

ability in the levels of insulin mRNA ex-

pression between the individual donors,

there was no significant difference in the

H3K4me3 pattern at the insulin promoter

between samples (Supplemental Fig. 10).

Tissue specificity of histone marks
at promoters in human pancreatic islets

Previous efforts (Heintzman et al. 2009)

have reported that chromatin structure at

promoters is largely consistent between

cells types and that the variation occurs at

enhancers. To test the promoter part of

this observation, we compared levels of

H3K4me3 in islets with CD4+ T-cells

(Barski et al. 2007). We found that while

the levels of H3K4me3 on a majority of

promoters were well correlated between islets and T-cells, there

was a set of promoters that were differentially modified in the

two tissues (Fig. 4). These genes include the small number of

CpG� genes that showed higher H3K4me3 modification levels

with higher expression levels in Figure 1. Thus, there are tissue-

specific variations at the promoters of genes in terms of H3K4me3

Figure 3. Marks of active and repressed genes in islets. (A) Human islet chromatin enriched for
H3K4me1, H3K4me2, H3K4me3, H3K27me3, and control input DNA from four samples was processed
and sequenced. Reads were pooled and aligned to the NCBI Genome Build 36.1-hg18, to determine
regions that were enriched for binding by modified histones. Note the strong double peak surrounding
the transcriptional start site (left end) of ATF4, and the weaker peaks for H3K4me1 and H3K4me2. In B,
the HOXB cluster contains significantly enriched regions for H3K27me3 as well as H3K4me3 at several
transcription start sites.

Figure 4. Comparison of H3K4me3 at gene promoters in human islets
and CD4+ T-cells. The square root of the summary input-normalized
levels of H3K4me3 for CpG island-containing (yellow) and CpG island-less
(green) genes are plotted. The CpG island-less genes in the magenta (395
genes) and blue (93 genes) boxes are modified only in one tissue or the
other, indicating that this class of genes exhibits tissue-specific promoter
modification.
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occupancy. In addition, because most of the CpG� promoters that

are expressed in islets are not marked with H3K4me3, it is possible

that any unidentified marks correlated with CpG� gene expres-

sion exhibit tissue-specific variation at these promoters as well.

Conclusion
This study represents the first description of the epigenome of

the human pancreatic islet, a micro-organ of major importance in

the regulation of metabolic disease and the etiology of diabetes.

The pattern of histone modifications in the islet is complex. The

correlation previously observed between H3K4me3 and gene ex-

pression levels, though upheld, was revealed to be dependent on

the promoter architecture. Promoters containing a CpG island are

likely to be methylated at H3K4 regardless of their expression level.

On the other hand, many genes with CpG� promoters are not

occupied by H3K4me3-modified histones even at the highest ex-

pression levels. This includes the two major hormone-producing

genes. We also find, in contrast to previous reports, that there are

tissue-specific differences in the histone methylation status of

mammalian promoters. We have also demonstrated the presence

of bivalent marks on many developmental regulators. Further

studies are needed in order to establish the purpose of these marks

and whether they are altered in disease states. This study will be

useful to future researchers because of the fact that environment

plays a large role in the etiology of diabetes, and is likely reflected

in the epigenetic profile of the pancreatic islet.

Methods

Human islets
Islet isolation, viability, and purity was determined by the islet cell
biology core of the DERC of the University of Pennsylvania as
described previously (Deng et al. 2004). Purity of the samples used
for ChIP-seq experiments and validation of ChIP-seq results were
in a range of from 80% to 95%, and viability was in the range of
from 84% to 97%, except for the sample A05 with the viability of
79% and the sample A10 with the purity of 70% (Supplemental
Tables 2, 3).

RNA preparation and qPCR

Total RNA was prepared and its quality and quantity were assessed
as described previously (Rieck et al. 2009). The cDNA preparation
and qPCR were carried out as described previously (Rieck et al.
2009). GAPDH and beta-actin were used as housekeeping controls
(Supplemental Fig. 9).

Chromatin preparation

Human pancreatic islets (10,000 islet equivalents from each donor)
were sedimented by centrifugation at 13,000g for 30 sec and
resuspended in 500 mL of PBS. Cells were processed and sonicated
as described previously (Tuteja et al. 2008).

Chromatin immunoprecipitation (ChIP) and ChIP-seq

Immunoprecipitations were performed as described previously
(Tuteja et al. 2008), except that 2 mg of chromatin and 2 mg of
antibodies were used for each reaction. Chromatin was immuno-
precipitated with antibodies for H3K4me3 (abcam catalog no.
ab8580), H3K27me3 (Millipore catalog no. 07-449), H3K4me1
(abcam catalog no. ab8895), H3K4me2 (abcam catalog no.

ab11946), and H3 (abcam catalog no. ab1791). qPCR was per-
formed as described previously (Tuteja et al. 2008). Enrichment of
target DNA regions was calculated using a control intergenic region
as a reference and was quantified by comparing input DNA to the
ChIP DNA. Primer sequences are listed in Supplemental Table 1.

The immunoprecipitated DNA was modified for sequencing
following the Illumina protocol (Illumina, Inc.) (Supplemental Fig.
1). Modified DNA was assessed for size, purity, and quantity using
an Agilent 2100 Bioanalyzer (Agilent Technologies) followed by
36-bp sequencing using an Illumina Genome Analyzer II according
to the manufacturer’s instructions. Sequenced DNA was aligned
to the NCBI Genome Build 36.1 (hg18), allowing up to two mis-
matches, and without masking repeats. Reads for which the best
alignment was unique were retained for further analysis. Reads for
each modification were pooled to create a complete set for data
analysis. Read quantities are summarized in Supplemental Table 2.
Reads were loaded into a mysql database for further analysis.

Gene expression in human islets

mRNA from 31 samples of normal human islets was isolated fol-
lowing the protocol of Rieck et al. (2009), using either the Qiagen
RNeasy or mirVana kits. Samples were then amplified and labeled
using the Quick Amp Labeling Kit, One-Color (Agilent). Labeled
DNA was hybridized for 17 h at 65°C on Agilent 4x44K Human
Whole Genome chips. Slides were scanned with an Agilent Scan-
ner (G2505C) and signals quantified with Agilent’s Feature Ex-
traction software (version 10.5). The gProcessedSignal was used for
each spot and data were quantile normalized across all samples.
The average intensity of each spot across replicates was used as the
expression level. When a gene had multiple probes one was chosen
arbitrarily.

Average modification profiles at gene transcription start sites.

As a basic validation of the data, we computed the average profile
of each modification around the start site of known genes using
locations downloaded from the UCSC Genome Browser (http://
genome.ucsc.edu) for hg18. We extended the reads to a length of
100 bp and used bins of 20 bp across the region 65 kb from each
start site. Start sites were skipped if they were close to each other.
The results are shown in Supplemental Figure 2. The H3K4me1,
H3K4m2, and H3K4me3 profiles exhibit the strong bilateral
peak with a central notch commonly observed. H3K27me3 is not
focused near the TSS, but rather is a locus-wide mark and does not
exhibit a peak.

Because the average profile exhibits significant upstream
modification levels and because there are a number of divergently
transcribed gene pairs, we refined this analysis so that we could
determine a region to use for assigning a summary modification
level to each gene. We created two groups of genes: those that are
divergently transcribed (i.e., those with another gene’s TSS within
1 kb) and those with no gene within 5 kb of the TSS (free genes).
Using k-means clustering of the individual gene profiles (using
the MeV program) in each group, we determined that there are a
number of cases where the two genes in a divergently transcribed
pair have different modification levels. Furthermore, about half of
the free genes show a more asymmetric profile with very low up-
stream modification levels and much stronger downstream levels.
Thus, we choose to use the region [0,2000] relative to the start site
to assign an overall modification level to each gene.

Modification levels were quantified by counting the number
of reads (extended to 100 bp) that overlapped with a target re-
gion. Read counts were normalized to reads per million per ki-
lobase (RPMPK). When normalization to input was used, the
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modification level in RPMPK was divided by the input level in
RPMPK. To summarize a gene’s level of modification, we used the
region of [0,2000] as it is least affected by nearby genes yet still
captures the usual locus of modification.

Identifying significantly enriched regions

To identify peaks in modification data we used GLITR (Tuteja et al.
2009) and compared a sample of the reads for each histone mod-
ification and an equal number of input reads to a large group of
input reads collected from a variety of human tissues. We choose
regions that passed a false discovery rate cutoff of 1.5% as signifi-
cant. As most of the modifications exhibit gaps in enrichment, e.g.,
the notch at the TSS, we group nearby GLITR regions into loci
using distance cutoffs of 1000 bp for H3K4me3, 2435 bp for
H3K4me2, 500 bp for H3K4me1, and 5000 bp for H3K27me3. The
distances for H3K4me3 and H3K4me2 correspond to minima in
the distribution in the log2 of the gaps between consecutive GLITR
regions. The distributions of the other two modifications were
unimodal, but kinks in the distribution suggested 500 bp for
H3K4me1 and manual examination of the DLX5/6 region in-
dicated that 5000 bp would create the appropriate locus.

External data

CpG island definitions and the locations of known genes were
downloaded from the UCSC Genome Browser (Kuhn et al. 2009).
Read alignments for Heintzman et al. (2009) were downloaded
from http://dir.nhlbi.nih.gov/papers/lmi/epigenomes/data and
processed in a similar fashion to our data.
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