


















This particular bivalent pattern has previously been
associated with imprinted genomic loci wherein genes
tend to be expressed in a mono-allelic fashion based on
the parent of origin for the allele (39). Interestingly, a
number of studies have also shown that L1 retrotrans-
posons are enriched in-and-around imprinted genomic
loci (40–43). Thus, the enrichment of these bivalent signa-
tures on L1 retrotransposons may point to a chromatin-
based mechanism by which L1 sequences contribute to
the mono-allelic expression of human genes. On the
other hand, such bivalent patterns may actually result
from ChIP-seq analyses performed heterogeneous cell

populations with the locations in some cells marked by
active modifications and others with repressive modifica-
tions. In this case, the patterns revealed by the algorithm
would represent an artifact of the ChIP-seq experimental
design.

Large-sized chromatin signatures

The ChAT algorithm places no restriction on the size of
chromatin signatures that it can identify, and we found 27
large-sized signatures in CD4+T cells ranging from 10 to
100 kb in length. These large-sized chromatin signatures

Figure 6. Enhancer-associated chromatin signatures. (A) �100 kb genomic region with three locations (black bars) marked by a specific
enhancer-associated signature composed of co-located peaks of H3K4me1, H3K4me3, H3K27ac and H3K36ac (ChIP-seq tag counts in red). All
of the three locations overlap with p300 binding sites. (B) Histone modification enrichment profiles of an enhancer-associated mono-modal signature.
(C) Enrichment profiles of an enhancer-associated bi-modal signature. Histone modification representations are as described for Figure 2.
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can be classified into two groups. The first group contains
long contiguous co-located blocks of repressive marks,
presumably representing heterochromatic or repressive
chromatin domains. The second group shows more
complex and potentially interesting patterns resembling
the known H3K4me3-H3K36me3 domains, which are
associated with gene bodies and long non-coding RNAs
(3,5,44). For example, the signatures shown in Figure 9A
and B (see also Supplementary Figures S3 and S4) are
characterized by the presence of similar active marks
albeit over different size ranges. In both cases, the long
chromatin signatures show punctate enrichments of
several active marks at one end of the pattern together
with broader enrichments of different active marks
throughout the rest of the signature. These two large-sized
signatures show substantial overlaps with gene bodies
(Figure 9C), suggesting the utility of ChAT for annotating
genes.
However, while more than 90% of these two large-sized

signatures do overlap with known gene bodies
(Figure 9D), there is still a small fraction which does not
overlap with gene bodies. For example, Figure 9E shows
two specific genomic regions where the signatures do not
overlap with annotated gene models. Inspection of
RNA-seq and spliced EST data from these regions
suggests the possibility that the regions marked by these
chromatin signatures represent as yet uncharacterized al-
ternative promoters of nearby genes.
The biggest difference in the enrichment levels for any

individual mark between these two patterns is seen for
H3K36me3, a mark of transcriptional elongation (3,15).
Consistent with this observation, genes marked by these
two chromatin signatures show different expression levels
in CD4+ T cells (P=0.016; Figure 9F). These data

Figure 7. CNE-associated chromatin signatures. (A) Distribution of
FEs of CNEs for all small-sized signatures. (B) Histone modification
enrichment profiles (as described for Figure 2) for a repressive signature
highly enriched within CNEs. (C) Cell-type specific expression levels for
genes proximal to CNEs bearing the repressive signature shown in
(B). (D) Distribution of the ratios of T- or B-cell average expressions
and other cell type average expressions for genes shown in
(C) (observed, red; expected, grey). Observed ratios are significantly
smaller than expected ratios calculated from gene expression levels
randomly simulated across cell-types and tissues (P=1.3� 10�10,
Mann–Whitney test).

Figure 8. A bivalent chromatin signature associated with L1
retrotransposons. (A) Histone modification enrichment profiles (as
described for Figure 2) for the bivalent signature. (B) A single
genomic region with three locations marked by the L1 characteristic
bivalent signature. ChIP-seq tag counts are shown for the active mark
H3K4me3 (red) and the repressive mark H3K9me3 (blue).
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Figure 9. Large-sized chromatin signatures associated with gene bodies. (A, B) Histone modification enrichment profiles (as described for Figure 2)
are shown for two chromatin signatures composed of the same constituent modifications and spatial patterns with distinct sizes. (C) Specific instances
of each signature co-located with human gene bodies are shown with modification ChIP-seq tag counts in red and RNA-seq tag counts in black.
(D) Percentage of these two large-sized signatures that overlapping with gene bodies (grey, any coverage; blue >50% coverage; orange >80%
coverage; red >95% coverage of the gene body). (E) Two examples where signature B is co-located with individual genomic regions that are
annotated as intergenic but show evidence of being genic from RNA-seq and spliced EST data. (F) Average CD4+ T-cell expression levels for genes
marked by signatures A and B.
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underscore the functional relevance of slight differences in
chromatin signatures that are able to be distinguished by
the ChAT algorithm.

Both of these long chromatin signatures show enrich-
ment of H4K20me1 and H3K79me3 that tend to be
located within gene bodies and start just downstream of
TSS (Figure 9A–C). This suggests the possibility that these
marks are associated with transcriptional pause release, a
phenomenon whereby Pol II complexes paused at pro-
moter regions are allowed to proceed into gene bodies to
facilitate active transcription of the genes (45,46).
Previously, the relative levels of bound Pol II seen in
promoter proximal versus downstream regions have
been used to evaluate the extent of transcriptional pause
release (47,48). Here, we show that the ratio of gene
body-to-TSS Pol II density is positively correlated with
the gene body levels of H4K20me1 (Figure 10A) and
H3K79me3 (Figure 10B) consistent with a role for these
marks in transcriptional pause release.

The discoveries of those complex large-sized signatures
highlight the performance of ChAT with respect to several
aspects of the algorithm design. First of all, the large-size
of these signatures underscores the advantage of

predicting chromatin signatures without size restrictions.
Second, the prediction of large-sized signatures was
facilitated by the ability of the algorithm to extend
histone modification profile alignments through the use
of gaps in the dynamic programming implementation.
Third, the complex histone modification enrichment
profiles apparent in these signatures, i.e. the specific en-
richments of several histone modifications over a narrow
range of the pattern and the broad enrichments of other
marks in the rest of the pattern, demonstrates the ability
of the algorithm to detect patterns with spatially shifted
multi-modal enrichments of multiple modifications.

CONCLUSIONS

We developed ChAT an unsupervised algorithm for the
discovery and characterization of recurrent combinatorial
histone modification patterns, i.e. chromatin signatures.
ChAT utilizes a novel dynamic programming and hier-
archical clustering approach to relate and group similar
chromatin signatures dispersed across the genome. The
algorithm was explicitly designed to provide complemen-
tary utility with respect to existing methods. For example,
ChAT can identify chromatin signatures across a vast
range of different sizes, it finds multi-modal chromatin
signatures composed of individual histone modifications
that are spatially shifted as well as complex signatures
composed of conserved and variant segments, and
ChAT can also distinguish between chromatin signatures
that are made up of the same constituent histone modifi-
cations with different shapes. The algorithm also employs
an explicit statistical criterion that provides confidence
levels for the grouping of similar chromatin signatures.
We applied ChAT to the analysis of genome-wide

histone modification maps in human CD4+ T cells. The
algorithm was able to discern combinatorial histone modi-
fication patterns previously observed to be associated with
genomic regulatory features such as TSS and enhancers,
serving as a proof of its utility for the discovery of func-
tionally relevant chromatin signatures. Perhaps more
interestingly, we were also able to discover a number of
previously unknown chromatin signatures with ChAT.
For example, we discovered novel chromatin signatures
associated with TTS, enhancers and CNEs. We were
also able to uncover functional associations, based on en-
richment of chromatin signatures at specific genomic regu-
latory features, which point to novel chromatin-based
mechanisms of gene regulation. For example, we found
evidence for the role of complex chromatin signatures,
made up of numerous co-located histone modifications,
in the cell-type specific regulation of human genes. We
also found evidence suggesting that L1 retrotransposons
can influence the mono-allelic expression of human genes
by creating a local genomic environment enriched for
specific bivalent chromatin signatures. Finally, novel
long chromatin signatures found to be associated with
human genes suggest a role for the H4K20me1 and
H3K79me3 histone modifications in transcriptional
pause release. The discovery of these novel chromatin sig-
natures and functional associations underscores the

Figure 10. Transcriptional pause release associated with H4K20me1
and H3K79me3. The ratio of Pol II density downstream of TSS (+1
to +5kb) over its density around TSS (�1 to +1kb) is positively cor-
related with the density of downstream H4K20me1 (A, Spearman’s
�=0.54) and H3K79me3 (B, Spearman’s �=0.51).
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potential utility of the algorithm to provide novel biolo-
gical insight and to help focus future experimental efforts
for the characterization of chromatin-based regulatory
mechanisms.

SUPPLEMENTARY DATA

Supplementary Data are available on NAR online:
Supplementary Tables 1 and 2, Supplementary Figures
1–4 and Supplementary File 1.
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