Prediction of Chromatin State Variability from Genomic Sequence
Luca Pinello1,2, Jian Xu2,3,4, Stuart H. Orkin1,2,3,4, Guo-Cheng Yuan1,2
1

Dana-Farber Cancer Institute, 2Harvard University, 3Boston Children's Hospital, 4Howard Hughes Medical Institute

Background
In eukaryotic cells the genome is organized into chromatin. The accessibility of the chromatin varies from one celltype to another. The resulting constraint on protein-DNA binding provides an important layer of gene regulation.
Recent epigenomic studies have uncovered diverse classes of regulatory elements, many of which are located in the
regions previously viewed as "junk" DNA, providing strong evidence that chromatin states play a critical role in
mediating cell-type specific transcriptional activities. However, the mechanisms underlying the variation of chromatin
states remain poorly understood.
We have investigated the role of DNA sequence in mediating the cross cell-type variability of chromatin states with
the focus on the histone mark H3K27me3, which mediates cell-type specific gene silencing [1] and plays an important
role in the maintenance of cell identity and lineage differentiation [2] [3] . While it is well known that H3K27me3
occupancy is highly enriched at GC rich DNA elements [4], here we focus on distal regions where its recruiting
mechanism is less understood [5] .
Results
Genome-wide Characterization of H3K27me3 Plasticity
We obtained a ChIPseq dataset containing H3K27me3 in 19 human cell lines from the
ENCODE consortium [6]. The raw-sequence reads data were normalized and mapped to
non-overlapping bins of 200bp. The fluctuation of sequence reads can be approximately
modeled by a Poisson distribution, which has the distinct property that the mean level is
equal to the variance. This motivated us to use the index of dispersion (IOD) statistic to
quantify H3K27me3 variability. The Poisson distribution correspond to an IOD value of 1.
We selected the top 1% of bins with highest IOD values and referred to those as the
most variable regions (MVR) (Figure 1, green dots), whereas the bottom 1% of bins
were referred to as the least variable regions (LVR) (Figure 1, red dots).

Figure 1. Definition of the
MVR.

To test whether the variation of H3K27me3 was indeed associated with cell-type
specific gene regulation, we investigated the correlation between the dynamic change of H3K27me3 occupancy and
the expression levels of the neighboring genes. We found that, for most regions, there is a significant correlation
between H3K27me3 density and gene expression level.
Prediction of H3K27me3 Plasticity from Genomic Sequences
The genome-wide distribution of H3K27me3 is regulated by both sequence dependent and independent mechanisms.
On one hand, previous studies have identified a number of DNA sequence features associated with H3K27me3,
including CpG islands [4], transcription factor sequence motifs [7] [8], short RNA hairpins [9], and lincRNA [10] [11] .
On the other hand, existing H3K27me3 can be recognized by chromatin regulators thereby propagating in a selfenhancing manner. Previous studies have been focused on a specific cell-type, whereas to what extent the DNA
sequence regulates the overall variability remains poorly understood. Of note, while the prediction of cell-type
specific changes requires additional factors than sequence information, which is cell-type independent, it remains
possible to predict the overall variability with accuracy as shown below.

We applied N-score, a computational method previously developed for nucleosome
positioning prediction [12], to predict the location of MVRs from the underlying
genomic sequences, using LVRs as negative control. We evaluated the model
performance by cross-validation and obtained an accuracy of AUC = 0.82 (Figure 2). We
then applied our model over running windows across the entire genome, and compared
the predicted variability with ChIPseq data. The genome-wide correlation with
experimental data is = 0.28.
Distal MVRs Are Regulated by Cell-type Specific Transcription Factors

Figure 2. ROC for prediction
of MVR locations from DNA
sequence.

Next we focused on the MVRs in distal regions, which have recently been found to
contain many important enhancer elements. We compared with a publicly available
dataset of genome-wide enhancers in 9 ENCODE cell lines [13], and found that the distal MVRs are highly enriched
with enhancers present in at least one cell line (p-value < 2.2E-16).

Compared to proximal MVRs, the distal MVRs tend to have lower mean and variance. Interestingly, the H3K27me3
density at distal MVRs appear to be bimodal: while the value is comparable to background level in most cell lines, it is
significantly higher in one or two specific cell-types, suggesting an important role of cell-type specific regulators in
their recruitment.
Since the distal MVRs are markedly cell-type specific, we searched for candidate TFs that
may a role in Polycomb group (PcG) recruitment in cell-type specific manner. For each
cell-type, we ranked the MVRs according to the z-score and selected the top ranking ones
as the cell-type specific subset. We searched for known transcription factor (TF) motifs
that are over-represented in each cell-type specific MVRs while using the rest as the
background. For most cell-types, we were able to identify a small number motifs that are
highly significantly over-represented.
Figure 3. PAX5 is enriched

As an example, we found that the PAX5 motif is highly enriched in the lymphoblastoid
in lymphoblastsoidcell lines (GM12878 and GM06990). Furthermore, the expression level of PAX5 is also
specific MVRs.
higher in this cell-type than others, consist with the known role of PAX5 in B-cell
development. Indeed, a role of Polycomb recruitment of PAX5 has previously been identified. To test whether PAX5
may facilitate PcG binding in this cell line, we tested its colocalization with H3K27me3 by using public ChIPseq data.
We found that PAX5 and H3K27me3 indeed colocalize at these MVRs (Figure 3). Consistent with a gene silencing role,
the target gene expressions are lower in these cell lines that the rest.
A Role of the TAL1 in Regulating H3K27me3 Recruitment in Erythroid Precursors
Next, we investigated whether the computational strategy discussed above may be useful
for prediction of novel PcG recruiting factors in less well-characterized systems. In a
recent study, we have characterized the genome-wide chromatin states in erythroid
precursors (ProE) using primary human cell lines, and found that enhancer mediated gene
activities are responsible for developmental-stage selection [14]. Using the same strategy
as described above, we integrated our H3K27me3 ChIPseq data for ProE together with
those obtained from ENCODE, and identified a subset of distal MVRs that are specific to
ProE.

Figure 4. TAL1 is enriched
in ProE specific MVRs.

In order to identify ProE-specific PcG recruiting factors, we searched for enriched TF
motifs in the ProE-specific distal MVRs. One of the most enriched motifs corresponds to TAL1 (p-value = 5.6E-37).
This is surprising because TAL1 is a well-characterized activator that is required for erythroid development. Although
a possible role in repression has recently been suggested [15], a mechanistic understanding is still lacking. Our
analysis suggests that TAL1 may play a role in PcG recruitment thereby repressing the target genes. We then
examined the TAL1 ChIPseq data around the distal MVRs, and indeed found significant TAL1 binding signal (Figure 4).
Furthermore, gene expression data analysis showed that the expression level of the target genes are expressed at a

lower level compared to the overall TAL1 target genes. These results support a role of TAL1 in orchestrating PcG
recruitment during erythroid development.
Conclusions
We have developed a systematic approach to investigate the mechanisms regulating chromatin state variability and
applied it to H3K27me3. We found that the MVRs can be well-predicted by the underlying DNA sequences.
Furthermore, the distal MVRs cannot be explained by GC content but are enriched for cell-type specific TF motifs.
Using this approach, we found that the erythroid master regulator TAL1, which is commonly known as an activator,
can also play a role in gene repression by targeted recruitment of Polycomb complexes. Our approach is generally
applicable to other epigenetic marks.
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