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Abstract

Utilization of genetic information in eukaryotic genomes is regulated by the dynamic chromatin
environment. To understand which features of chromatin architecture are conserved and which
differ across species, we carried out a comparative analysis of chromatin-related features

using data from cell lines and developmental stages of Homo sapiens, Drosophila melanogaster,
and Caenorhabditis elegans generated by the Encyclopedia of DNA Elements (ENCODE) and
the model organism ENCODE (modENCODE) consortia. Our cross-species genome-wide
chromatin analysis compared the placement and co-localization of histone modifications,
composition of nuclear lamina-associated domains, organization of large-scale topological
domains, chromatin environment at promoters and enhancers, and the role of sequence-
dependent DNA shape in nucleosome positioning. We find that the overall chromatin
organization is similar among the three organisms. However, significant differences also exist,
most notably in the composition and configuration of repressive chromatin. These results provide
insights into species differences and similarities in the establishment and function of epigenetic

states.



Introduction

The Homo sapiens (human), Drosophila melanogaster (fly), and Caenorhabditis elegans (worm)
genomes differ in size (~3.4x10°, ~1.7x10%, ~1.0x10® bp, respectively, per haploid complement,
including unassembled regions), chromosome architecture, and gene organization. For instance,
fly and human chromosomes contain single centromeres, but worm centromeres are distributed
across the length of each chromosome. Many worm genes are co-transcribed in operons, and
primary transcripts are often trans-spliced’, features that are rare in human and fly. Nevertheless,
many important developmental, signaling, and human disease—associated protein-coding genes
are conserved™”. As a result, comprehensive studies of worm and fly orthologs have contributed
significantly to our understanding of genetic and molecular mechanisms of many important
human genes and regulatory regions. However, genome sequence alone is insufficient to
understand how genetic information is utilized and regulated in cellular and developmental
contexts, as eukaryotic genomes are packaged into chromatin through interactions with histone
proteins and other molecules. Thus, elucidating and comparing chromatin architecture is critical

for a deeper understanding of gene regulation and other genome functions.

Chromatin immunoprecipitation experiments followed by DNA sequencing (ChIP-seq) or
genome-wide microarray hybridization (ChIP-chip) have been used to determine the genomic
distributions of many post-translational covalent histone modifications and histone variants in

human*6, ﬂy7’8, worm’'°

, and other species. This has revealed conserved correlations at the gene
level, e.g., active promoters are enriched for H3K4me3 (histone H3 lysine 4 trimethylation),
H3K4mel is enriched at enhancers, and H3K36me3 is often associated with actively transcribed
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gene bodies. Subsequent analyses introduced the concept of chromatin states
consisting of a combination of histone modifications — which in conjunction with transcriptome
and transcription factor binding data have been used to infer putative biochemical functions for
much of the large fraction of metazoan genomes that are not protein-coding. To date, these
analyses have mostly focused on data from individual or closely related species, so conservation
and divergence of chromatin organization among distantly related metazoans remain largely

unexplored.



This study presents a systematic comparison of chromatin architecture across three
representative and evolutionarily distant genomes — human, fly, and worm. Our results, which
are summarized in Table 1, reveal both similarities and differences in the patterns of histone
marks and higher order organization for chromatin states, topological domains, and
heterochromatin organization, and their relationships with gene expression. Overall, our study
provides an important resource for comparative animal genomics, enabling further investigations

of chromatin structure as a key regulator in the flow of genetic information in eukaryotes.
Generation and analysis of chromatin data

The ENCODE (http://encodeproject.org) and modENCODE (http://modencode.org) consortia

have annotated the genomes of human, fly and worm through the generation and analysis of
diverse genomic datasets'>">. The chromatin data now consist of over 1,400 genome-wide
profiles of core histones, histone variants, histone modifications, and chromatin-associated
proteins (Supplementary Fig. 1; see Methods), more than doubling the number of profiles
reported in the previous consortium publications™”'. ChIP targets and chromatin datasets
profiled in at least two species are shown in Fig. 1a (see full dataset in Supplementary Fig. 2;
Supplementary Tables 1, 2). We have developed a database and web application (http://encode-

x.med.harvard.edu/data_sets/chromatin/) with faceted browsing that allows users to efficiently

explore the data and choose tracks for visualization or download. The organism-specific data can
also be accessed via modMine'* or the ENCODE Data Coordination Center'”. Our analysis also

includes complimentary data from several published studies.

In all three organisms, a large fraction of the assembled and mappable genome is occupied by at
least one of the profiled histone modifications. For example, after excluding genomic regions
that are unassembled or unmappable, the ten histone modifications profiled in at least one cell
type or developmental stage of all three organisms display enrichments covering 56% of the
human genome, 74% of the fly genome, and 92% of the worm genome (Fig. 1b; see Methods).
The higher genomic coverage by histone modifications in worms and flies compared to humans
is likely related to both the smaller genome size (which allows better sequencing coverage) and

the higher proportion of protein-coding regions in the genomes of these organisms.



We profiled two different types of source material for the three species: cultured cell lines for
human, whole animals for worms, and both cell lines and whole animals for flies. Here, we
largely focus on human cell lines (H1-hESC, GM 12878 and K562); Drosophila late embryos
(LE), third instar larvae (L3) and cell lines derived from embryos or L3 (S2, K¢, BG3); and C.
elegans early embryos (EE) and stage 3 larvae (L3). Whole animals provide insight into
developmental states and processes, but the mixture of cell types makes it difficult to determine
whether two overlapping features occur in the same cell type. The fly and worm tissues analyzed
here comprise mostly somatic cells, but still include diverse somatic lineages and stages. Thus,
every effort has been made to support broad conclusions with data from both cell lines and
developmental stages. Below, we discuss caveats raised by the use of mixed cell populations

when relevant.
Genome-wide correlations between histone modifications

We investigated whether genome-wide correlations of histone modifications are conserved in
distant metazoan genomes, as shown recently within the mammalian lineage'®. We computed
pairwise correlations of enrichment signals for the eight histone marks that had been mapped in
multiple samples in each of the three organisms. Modifications enriched within or near actively
transcribed genes are consistently correlated with each other in all three organisms (Fig. 2a). In
contrast, we found major differences in the relationships between two repressive marks
associated with silenced genes: H3K27me3, which is associated with Polycomb (Pc)-mediated
silencing, and H3K9me3, associated with heterochromatin. This is indicated by the high variance
of correlation between these two marks among the different organisms (black cell in Fig. 2a). In
worm, these two marks are strongly correlated at both developmental stages analyzed (r = 0.64
in EE and 0.51 in L3), whereas their correlation is low in human (» =-0.24 ~ -0.06) and fly (r = -
0.03 ~-0.1) (Supplementary Fig. 3). This overlap is not due to antibody cross-reactivity
(Supplementary Fig. 4) and is consistent in multiple cell-types (Supplementary Fig. 5). Detailed

investigation of this variation is described below.

We also found that the degree of correlation between specific histone marks varied between
developmental stages or cell types in the same organism (Fig. 2a). For instance, co-enrichment of

H3K27me3 and H3K4mel is observed at enhancers in embryonic stem cells H1-hESC, but not



in differentiated GM 12878 cells (Supplementary Fig. 3). A similar co-enrichment is observed in
fly LE but not in fly adult head (AH; Supplementary Fig. 3). These results are consistent with a
higher prevalence of poised enhancers (defined by co-occurrence of H3K27me3 and

H3K4mel'"'®) in undifferentiated lineages.

Joint chromatin segmentation identifies shared and distinct chromatin states across species

. . . . . . . . 11,1
Previous studies identified prevalent combinations of marks, or ‘chromatin states’ in human'""

and fly"®, which were found to correlate with functional features such as promoters, coding
regions of active genes, enhancers, and heterochromatin. These ‘chromatin state maps’ provide
systematic and automated cell type- or developmental stage-specific annotations of the genome,
including protein-coding and non-protein-coding domains. Cross-species chromatin state
mapping requires robust identification of both common and species-specific patterns of histone
modifications, while adjusting for different genome sizes and variable dynamic ranges in ChIP
signals. To address these challenges, we applied three state-of-the-art algorithms—
ChromHMM?™, Segway”', and a novel method called hierarchically-linked infinite hidden
Markov model (hiHMM; see Methods)—to jointly generate a chromatin state map across worm
(stages EE and L3), fly (stages LE and L3) and human (cell lines HI-hESC and GM12878). The
three algorithms gave largely concordant results (Supplementary Figs. 6, 7), but we selected
hiHMM segmentation for further analysis, as it was developed specifically for cross-species
modeling (see Methods). The hiHMM model allows key features of the state definitions to be
shared across multiple species and cell types within a species, while retaining the ability of each
species to have its own chromatin state definition. The method can also learn the optimal number

of states needed to capture the prevalent combinations directly from the data.

Using the eight histone marks mapped across all species, we generated chromatin state
annotations with 16 states that capture the most prevalent combinations and features (Figs. 2b,c).
Our chromatin state maps are in agreement with existing species-specific chromatin maps for
human'" and fly®, even though they were generated using a different number of histone marks
and different cell types than previous studies (Supplementary Fig. 8). Based on their associations
with known genomic features, we categorized the 16 states into six groups: promoter (state 1),

enhancer (states 2—-3), gene bodies (states 4-9), Polycomb-repressed (states 10—11),



heterochromatin (states 12—13) and weak or low signal (states 14—16). In general, similar
combinations of histone marks are enriched in each state across the three species, and each state
is enriched for similar genomic features (Supplementary Fig. 9), chromosomal proteins

(Supplementary Fig. 10) and transcription factors (Supplementary Fig. 11).

The worm-specific high correlation between H3K9me3 and H3K27me27 mentioned above is
captured in part by states 12 and 13, in which these two marks are both enriched in worm, but
only H3K9me3 is present in human and fly. The chromatin state map also shows two distinct
types of repressed regions: bivalent domains® (state 10) in which strong H3K27me3 is
accompanied by marks for active genes or enhancers, and Polycomb-repressed domains with
only H3K27me3 (state 11). An example of a developmental stage-specific state is seen in worm,
where the H4K20mel-enriched state (state 6) has higher enrichment in chromosome X in L3
compared to EE (Supplementary Fig. 12). This is consistent with the chromosome-wide

enrichment of this mark associated with dosage compensation23.
Chromatin state similarity within genome-wide topological domains

Three-dimensional genome-wide chromatin conformation capture (Hi-C) assays have revealed a
prominent topological domain structure in embryonic stem (ES) and differentiated cells in
human and mouse®* and in fly late embryos®. The physical domains defined by Hi-C overlap
extensively with either active or repressive chromatin marks® and are generally bounded by
insulator elements and active genes**>. Joint chromatin segmentation in matching cell types
allows a direct comparison of the role of topological domains in genome regulation in human
and fly. Our analysis reveals similar features in the enrichment of chromatin states both inside
and at the boundaries of the topological domains for the two species. In particular, the promoter
state and active transcription states are enriched at domain boundaries defined by Hi-C (Fig. 2d,;
Supplementary Fig. 13). The interiors of individual domains are relatively uniform in both
human and fly, with each domain consisting of chromatin states that belong to one of four
common classes: active, Polycomb-repressed, heterochromatin and low signal (Supplementary
Fig. 14). One notable exception is that the H4K20me1l-enriched gene body state (state 6) is found

in Polycomb-repressed domains in human, but it marks the introns of long active genes in fly



(Supplementary Fig. 14). In both species, roughly half of the active genes are found in small

active physical domains, which cover about 15% of the mappable genome.

We next sought to define genome-wide topological domains based on chromatin state similarity
between neighboring regions that may be predictive of three-dimensional chromatin interactions.
For each pair of genomic locations, we defined a Euclidean distance metric that combines
genomic proximity and similarity in chromatin state (see Methods), resulting in a genome-wide
similarity map in each species (fly LE is shown in Fig. 2e as an example). Comparison of this
map to Hi-C based topological domains in fly revealed a striking similarity between the two
(Supplementary Fig. 15). It has previously been shown that genome-wide chromatin
conformation capture assays reveal interactions between proximal genomic regions with
coordinated epigenetic marks and gene expression properties’*>’; our analysis suggests that

topological domains can indeed be largely captured based on chromatin marks alone.
Organization and composition of transcriptionally ‘silent’ domains

Previous studies have revealed the existence of two distinct types of transcriptionally-repressed
chromatin that are conserved across metazoans. Classical ‘heterochromatin’ is generally
concentrated in pericentric and telomeric chromosomal regions, and enriched for H3K9me2/me3
and associated binding proteins and histone methyltransferases (HMTases); such packaging
silences normally euchromatic genes (juxtaposed by rearrangement or transposition) by a
stochastic process that gives a ‘variegated’ pattern of expression. In contrast, ‘Polycomb-
associated silenced domains’ are found in many different chromosome regions, are enriched for
H3K27me3 and a different set of chromatin binding proteins and HMTases, and have been

implicated in cell-type-specific silencing of developmentally regulated genes®*.

Heterochromatin constitutes a distinct chromosomal and nuclear element that plays important
roles in genome organization, genome stability, chromosome inheritance and gene regulation.
We used genome-wide segmentation of H3K9me3 enrichment as a proxy for heterochromatin
(Fig. 3a; see Methods) and identified heterochromatic domains in human, fly, and worm
(Supplementary Fig. 16). The boundaries between pericentric heterochromatin and euchromatin
on each fly chromosome are consistent with those from lower resolution studies using

H3K9me2*® (Supplementary Fig. 17). As expected, the majority of the H3K9me3-enriched



domains in fly and human are concentrated in the pericentric regions (as well as other specific
domains, such as the Y chromosome), whereas in worm they are distributed in subdomains
throughout the chromosome arms'® (Fig. 3a). H3K9me2, which is also associated with silent
chromatin®, shows a stronger correlation with H3K9me3 in fly than in worm (» = 0.89 vs. r =
0.40, respectively), whereas H3K9me2 is well correlated with H3K9mel in worm but not in fly
(r=0.44 vs. r =-0.32, respectively; Fig. 3b). In all three organisms, H3K9me1l shows low
correlation with H3K9me3. These findings suggest differences in heterochromatin states and

highlight the diversity of H3K9 methylation patterns in human, fly, and worm.

To explore the relationship between heterochromatic domains and differentiation, we determined
the proportion of the genome in heterochromatin in different cell types and developmental stages
in all three species. More of the genome is covered by H3K9me3 in differentiated cells/tissues
than in embryonic cells/tissues in all three species, sometimes by two-fold or greater®’ (Fig. 3¢).
Blocks of H3K9me3-associated chromatin were previously seen in the euchromatic arms of fly
chromosomes in a cell type-specific pattern, presumably reflecting the silencing of genes during
differentiation®*°. In human differentiated cell types, the euchromatic regions enriched with
H3K9me3 often form large domains (up to ~11 Mb in size), far away from the centromere, and
are cell-type-specific. Such domains, which are euchromatic in some cell types but enriched for
H3K9me3 in other cell types, fit the definition of ‘facultative’ heterochromatin. This distinction
cannot be made in worm, as all data sets are from samples with mixed cell types (embryos and

larvae).

We next compared the patterns of histone modifications along expressed and silent genes in
euchromatin and heterochromatin (Fig. 3d). We previously reported depletion of H3K9me3 at
the transcription start site (TSS) of expressed genes located in fly heterochromatin®®, and now
find a similar pattern in human (Fig. 3d; Supplementary Fig. 18). A different pattern is observed
in worm heterochromatin, in which expressed genes have a lower enrichment of H3K9me3
across the gene body than silent genes do, with no systematic difference in promoter depletion
(Fig. 3d; Supplementary Fig. 18). A conspicuous difference is in the pattern of H3K27me3: in
euchromatic regions, silent genes in human and fly have a much higher level of H3K27me3
enrichment than in heterochromatic regions. The pattern is nearly opposite in worm, with silent

worm genes having much stronger H3K27me3 enrichment in heterochromatic regions than in
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euchromatic regions (Fig. 3d; Supplementary Fig. 18). We also observe that expressed genes in
fly heterochromatin have much higher levels of active marks than those in euchromatin, whereas

the opposite is seen in worm (Supplementary Fig. 18).

Consistent with the above findings, we observed a low correlation between H3K9me3 and
H3K27me3 in human and fly, and a high correlation between H3K9me3 and H3K27me3 in
worm (Fig. 3b; Supplementary Fig. 19). The high correlation in worm is driven by the
overlapping distributions of H3K27me3 and H3K9me3 on the arms of worm chromosomes. The
vast majority of H3K9me3 resides in the arms (Fig. 3a), and H3K27me3 is also arm-enriched. In
the arms, virtually all H3K9me3 domains reside within H3K27me3 domains (Supplementary
Fig. 20). H3K9me3 and H3K27me3 could reside on the same or adjacent nucleosomes in
individual cells, as observed in plants®. Alternatively, the two marks may occur in different cell
types in worm embryos and larvae. Additional experiments, such as sequential ChIP, will be
needed to resolve this. H3K27me3 shows a high correlation with CENP-A (also known as
CenH3 and HCP-3, an H3 variant associated with kinetochore function®”) across the entire length
of the chromosomes (Supplementary Figs. 20, 21). Thus in worm, H3K27me3 may be involved
in several functions: Polycomb-type silencing as observed in fly and human, organization of
heterochromatic domains on the chromosome arms, and holocentromere function. In addition,
these results suggest that the characteristics of transcriptionally-repressed chromatin observed in

human and fly are similar, but are distinct from worm (see Discussion; Supplementary Fig. 20).
Chromatin context of lamina-associated domains (LADSs)

Lamina-associated domains (LADs) are regions associated with nuclear lamina proteins,

3132 and the integral nuclear membrane protein

including the B-type lamins in human and fly
LEM-2 in worm™. They have been observed to correlate with transcriptionally silent domains
and are altered during differentiation®®. LADs are known to be enriched for H3K27me3 at their
boundaries in human®' and worm®?; they also have been associated with weak enrichments of
H3K9me?2 in human®' and H3K9me3 in worm®>. To elucidate the chromatin environment in
LADs across these three species, we investigated the association between the repressive histone
modifications, H3K27me3 and H3K9me3, and LADs, using data from worm mixed-stage

embryos®, fly Kc cells® and human fibroblast Tig3 cells’'. We find that LADs are enriched for
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H3K27me3 and are often flanked by E(Z) in fly or its human ortholog EZH2, both H3K27
methyltransferases and members of Polycomb Repressive Complex 2 (Supplementary Fig. 22).
In human, we also find that the LADs identified in fibroblasts (Tig3) coincide with the regions
enriched for H3K9me3 in other fibroblast or fibroblast-like cell types (Fig. 3e).

Our examination also revealed a simple relationship that depends on LAD size. In human
fibroblasts, long LADs (> 1 Mb) tend to be found in H3K9me3-enriched heterochromatic
regions, with sharp enrichment of H3K27me3 at the LAD boundaries; in contrast, short LADs (<
1 Mb) are enriched for H3K27me3 across the domain with a low occupancy of H3K9me3 (Fig.
3f; Supplementary Fig. 23). Although LADs are generally smaller in worm, we observed a
similar though weaker trend, with longer LADs more frequently enriched for H3K9me3 (Fig. 3f;
Supplementary Fig. 23). No long LADs in the H3K9me3 heterochromatic regions were reported
in fly data generated from Kc167 cells using DamID?®; however, this may reflect the specific
cellular origin (plasmatocyte) of Kc167 cells®” (Supplementary Fig. 22), as well as the fact that
these analyses do not include the simple tandem repeats that constitute the majority of fly
heterochromatin. One consistent feature between fly and human, however, is the association of
LADs with late replication, which suggests that they generally reside in (and may promote) a
repressive chromatin environment that impacts both transcription and DNA replication

(Supplementary Fig. 24).
Chromatin profiles at promoters and gene bodies

We investigated the chromatin environment at promoters and bodies of protein-coding genes,
and found that histone modification patterns are similar in human, fly, and worm (Fig. 4a). As
expected from previous studies, the 5’ ends of expressed genes show enrichment for H3K4me3
and other active histone marks, expressed gene bodies are enriched for H3K36me3 (peaking at
the 3' end, except for worm EE*®), and many repressed genes show H3K27me3 enrichment in all
three species. However, we also found notable inter-species differences. For example, H3K23ac
is enriched mostly at 5' ends of expressed genes in worm, but is enriched in both expressed and
silent genes in fly. H4K20mel is enriched in both expressed and silent genes in human but only

in expressed genes in fly and worm.
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Human promoters exhibit a bimodal enrichment for H3K4me3 and other active marks,
immediately upstream and immediately downstream of the TSSs (Fig. 4b). In contrast, fly and
worm promoters exhibit a unimodal distribution of active marks, downstream of the TSSs. Since
genes that have a neighboring gene within 1 kb of a transcription start or end site were removed
from this analysis, this bimodal histone modification pattern in human cannot be attributed to
nearby genes. This difference is also not explained by chromatin accessibility determined by
DNase I hypersensitivity (DHS), or by fluctuations in GC content around the TSSs (Fig. 4b),
although the GC profiles are highly variable across species. Using Global Run On (GRO)-seq
data, we found that bidirectional transcription is frequently observed at human promoters, while
it is much less common at fly promoters, consistent with recent findings in fly**. In human, the
bimodal enrichment of active marks, most notably H3K4me3, is present in TSSs regardless of

whether antisense transcription is observed at those promoters (Supplementary Fig. 25).

Since nucleosome occupancy underlies chromatin structure, we also compared the nucleosomal
profiles at TSSs in the three organisms. Such profiles, obtained under different biochemical
conditions (e.g., degree of chromatin digestion or salt concentration used to extract mono-
nucleosomes), may vary substantially even for the same cell type, due to interplay between

nucleosome stability and observed occupancy (Supplementary Fig. 26)*%*

. However, the main
features of the classic’ nucleosome occupancy profile*?, comprising a nucleosome-depleted
region at the TSS flanked by well-positioned nucleosomes (*-1°, “+1°, efc.) are observed in
expressed genes for all three organisms (Fig. 4c). The similarity between the profiles, especially
in the context of different nucleotide compositions of the TSS-proximal regions across the

species, underscores the importance and conservation of specific nucleosome placement for gene

regulation.

Previous studies have identified differences in chromatin structure of genes expressed in most
stages and tissues (‘broadly expressed genes’) and genes expressed in only certain stages, tissues,
or cell types (‘specifically expressed genes’). In particular, in fly Kc cells a subset of highly
expressed genes were found to lack H3K36me3>®, which is generally thought to be generated co-
transcriptionally. We observe that specifically expressed genes indeed have lower average
H3K36me3 enrichment relative to broadly expressed genes, after controlling for gene expression

levels (Supplementary Figs. 27-29; see Methods). However, the differences are much larger in

13



whole animals than in cell lines, suggesting that the observation may be a consequence of
sampling mixed cell types, where a large number of transcripts could come from genes enriched
for H3K36me3 in only a small fraction of the cells. Consistent with this hypothesis, chromatin
signals associated with active gene expression are lower over specifically expressed genes
compared to broadly expressed genes in these samples (Supplementary Fig. 27). It is possible
that other modes of transcriptional regulation exist, e.g., it is hypothesized that in worm EE,
H3K36me3 marking of germline- and broadly expressed genes is carried out by the HMT MES-
4, providing epigenetic memory of germline transcription, whereas specifically expressed genes

are marked co-transcriptionally by the HMT MET-1°*

. Profiling of chromatin patterns and gene
expression in individual cell types is needed to test whether cellular heterogeneity fully accounts

for our observations.
Chromatin feature at enhancers

Enhancers are cis-acting elements that play a critical role in the regulation of gene expression.
They usually fall within DNase I hypersensitive sites (DHSs), are bound by the transcriptional
co-factor p300/CBP when active, and are associated with specific histone modifications, such as
high enrichment of H3K4me1 and low enrichment of H3K4me3*. To characterize the chromatin
features that can distinguish enhancers from promoters, we compared the enrichment patterns of
H3K4mel and H3K4me3 at TSS-proximal and TSS-distal DHSs in human and fly. Since DHS
data were not available in worm, we examined the binding sites of CBP-1, the worm ortholog of
human p300/CBP*. We observe that DHSs (or CBP-1 sites) generally fall into two clusters for
all cell types: those proximal to TSSs constitute a cluster with stronger H3K4me3 signal (left
column of Fig. 5a), while those distal to TSSs constitute a cluster showing stronger H3K4mel
signals (right column of Fig. 5a). Although the enrichment levels of H3K4me1/3 at these sites
vary considerably between cell types, platforms (array vs. sequencing), and even different
laboratories for the same cell type (Supplementary Fig. 30), these two marks clearly distinguish
TSS-distal sites (enhancers) from TSS-proximal sites (promoters). Here, we define putative
enhancer sites (hereafter referred to as “enhancers”) to be DHSs (or CBP-1 sites) with the
H3K4mel/3 pattern that is characteristic of TSS-distal sites, as determined by a supervised

machine learning approach (see Methods).
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In all three species, enhancers exhibit a wide range of enrichment for H3K27ac, reported to be a

s 17,1
marker for enhancer activity' "'®

(Supplementary Fig. 31). We found that the proximity of genes
to enhancers with higher H3K27ac levels is positively correlated with expression, in a distance-
dependent manner (Fig. 5b). This observation is consistent across multiple cell-types and tissues
in all three species (Supplementary Fig. 32). We note that H3K27ac and other H3 acetylation
marks show a moderate but significant positive correlation with potential enhancer strength as
determined by Self-Transcribing Active Regulatory Region Sequencing (STARR-seq)* in fly S2

cells (Supplementary Fig. 33).

We further investigated nucleosome occupancy and turnover around enhancers with respect to
H3K27ac levels. In general, nucleosome occupancy is lower in the broad region around
enhancers (roughly £2 kb; Supplementary Fig. 34) but with a local (+400 bp) increase at the
centers of the enhancers (defined by DHS and CBP-1 peaks). This pattern is similar to that
reported for non-promoter regulatory sequences in the human genome46. In human, this increase
is characterized by two well-positioned nucleosomes flanking the nucleosome-depleted region at
the enhancer center (this feature may be occluded by lower resolution in fly and worm). Given
the increased DNA accessibility at these sites, the local nucleosome occupancy peak (400 bp)
may represent relatively unstable nucleosomes, even at well-positioned sites (Supplementary Fig.
35). Using available data in human and fly, we next examined the enrichment levels of histone
variant H3.3, which is known to be present in regions with higher nucleosome turnover*’. We
found that the local increase in nucleosome occupancy indeed overlaps with the peak of H3.3
enrichment, and that the levels of H3.3 and H3K27ac enrichment are correlated (Fig. 5c). These
findings, together with the specific patterns of nucleosome occupancy™, indicate that increased

nucleosome turnover is one of the major characteristics of chromatin at active enhancers.

Both categories of enhancers (with high or low H3K27ac) have elevated DNA sequence
conservation compared to surrounding regions (as measured by Phastcon score; see Methods),
supporting their putative role as regulatory elements (Fig. 5d; Supplementary Fig. 36). When we
examine the chromatin environment, most active histone marks in addition to H3K4mel show
stronger enrichment at enhancers with high H3K27ac, including H3K4me2 and many H3 lysine
acetylation marks. H3K27me3 is generally not enriched at enhancers except in embryonic stem

cells such as human H1-hESC (Fig. 5d), where there is also enrichment of binding by the
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Polycomb protein EZH2. Enhancers with high H3K27ac have a higher prevalence of Polll
binding in all three species, consistent with the elevated level of H3K4me3 at these sites
compared to that in enhancers with low H3K27ac. H2A.Z is enriched in human enhancers, but
the H2Av ortholog is not enriched in any fly samples (Fig. 5d; some enrichment in worm L3, see
Supplementary Fig. 36). These configurations are likely to be correlated to the generation of
short transcripts from these sites, as reported recently . The observed patterns at human
enhancers hold even if the enhancers were centered at p300 sites instead of DHSs

(Supplementary Fig. 37).
Nucleosome positioning across species

Sequence-dependent variation in DNA shape and deformability can influence nucleosome
positioning, but the impact of this phenomenon in different genomes is currently under debate*"
>4 Here we tested the idea that structural properties of DNA, such as minor groove width,
influence the phasing of nucleosomes in human, fly and worm genomes. We used the ORChID2
algorithm™ to predict shape profiles of nucleosomal DNA fragments identified by paired-end
MNase-seq experiments ®>*. ORChID2 provides a quantitative measure of DNA backbone
solvent accessibility, minor groove width, and minor groove electrostatic potential. DNA shape
analysis can reveal structural features shared by different sequences that are not apparent in the
typical approach of evaluating mono- or di- nucleotide frequencies along nucleosomal DNA,
since it can capture structural features in regions with degenerate sequence signatures. We find
that consensus shape profiles, obtained by averaging individual nucleosome-bound sequences
aligned by the inferred dyad position, are highly similar across species (Fig. 6a). The shape
profiles feature a 10-bp periodic signal, reminiscent of the periodic occurrence of short sequence
motifs, e.g., AA/TT or GG/CC, previously found in nucleosome-bound fragments®’*° %%, To
account for the different nucleotide compositions of the three genomes, we stratified
nucleosomal fragments by GC content, and found that in lower GC content regions the shape
profile is more pronounced within a species, and more similar among species (Supplementary
Fig. 38). The observation of a common consensus shape profile suggests that the influence of
DNA shape on nucleosome positioning is similar for the three species, and is reflected in the

rotational setting of nucleosomes in their genomes.

16



Next, we asked whether the periodic signal we found in the consensus profile is pronounced
enough in individual nucleosome-bound sequences to influence translational positioning of
nucleosomes (Fig. 6b; Supplementary Fig. 38). For fly and human, this analysis revealed only
modest enrichment in similarity to the consensus profile in individual nucleosomal sequences
compared to randomly shuffled sequences (~1%). For worm, the enrichment is more pronounced
(~3%). This result is consistent with the larger number of distinct dinucleotides that are
periodically distributed in worm compared to the fly and human genomes (e.g., the number of
different dinucleotides displaying the 10.4-bp periodicity is 13, 4, and 1 for the worm, fly, and
human genomes, respectively®). Our results indicate that subtle, periodic variation in DNA
shape influences the rotational positioning of the histone octamer core, while other factors may

have a greater effect on translational positioning.
Discussion

In metazoans, a single genome must generate numerous cell types to create the extraordinary
diversity of body patterns, tissues and behaviors that characterize this kingdom. The regulation
of chromatin at local and global scales is central to gene and genome functions, playing a key
role in the determination and differentiation of distinct cell types during development. We have
analyzed the largest collection of chromatin datasets heretofore considered across three
representative metazoan species to determine if the patterns of chromatin organization and
composition associated with functional genomic elements are conserved. Our comparative
analysis reveals both shared and distinct principles of chromatin architecture among these

organisms, which are summarized in Table 1.

We observe many commonalities among the three species. For example, the existence of similar
chromatin states in human, fly, and worm suggests functional conservation of histone marking
(Fig. 2b). Patterns of histone modifications and nucleosome occupancy around protein-coding
genes and enhancers are largely similar across species (Figs. 4, 5). Similarities in the
configuration and composition of topological domains, lamina-associated domains, and the
borders and flanking regions of these domains also demonstrate common organizational

principles (Figs. 2d, 2e, 3f). Furthermore, DNA structural features associated with nucleosome
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positioning are also strongly conserved across species, with evidence for a greater role in worm

(Fig. 6).

Strikingly, however, our results suggest the existence of three distinct types of repressed
chromatin in the three species (Table 1). The first type contains H3K27me3 but little or no
H3K9me3 (states 10 and 11). This type defines developmentally regulated Polycomb-silenced
domains in human and fly, and likely in worm as well. The second type is enriched for
H3K9me3 but lacks H3K27me3 (represented by human and fly states 12 and 13). This type
defines constitutive, predominantly pericentric heterochromatin in human and fly, and is
essentially absent from the worm genome. We note that H3K9me3-only domains are also found
in fly and human chromosome arms in cell-type-specific patterns, which may represent
‘facultative heterochromatin’, an alternative mechanism for cell type-specific silencing”®®*. The
third type contains both H3K9me3 and H3K27me3 and occurs predominantly in worms
(represented by worm states 12 and 13). Although our experiments preclude us from determining
conclusively whether these two marks co-exist on the same nucleosomes (see below), co-
occurrence is supported by the observation that H3K9me3 and H3K27me3 are both required for
silencing of heterochromatic transgenes in worms®. In addition, mass spectrometry analyses in
human and sequential ChIP experiments in plants indicate that these two marks can be present on

2
the same nucleosomes>>*°.

When evaluating inter-species distinctions in the distributions of chromatin marks and states, it is
important to consider the impact of differences in global genome and gene organization. This
includes inter-species differences in average gene size and density, the relative proportions of
divergent and tandem genes, repeated DNA content and distributions, distance between
promoters and enhancers, centromere function, and global domain organization. In particular,
human and fly chromosomes have single centromeres and contiguous and large pericentric
heterochromatin domains. In worm, the overlapping distributions of H3K9me3 and H3K27me3
and the interspersion and discontinuous nature of repressive domains could be a consequence of
the holocentric organization of worm chromosomes. This in turn could reflect the distinct
distributions of DNA repeats in these species, although cause and effect cannot yet be

disentangled.
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In addition, chromatin structure and histone modifications change dynamically during
development and can vary substantially between different cell types. For fly, we used
homogenous cell lines to validate observations made in whole organisms, which contain mixed
populations of cell types. However, cell lines are not available for worm. Conversely, all human
analysis was done exclusively on homogeneous cell lines and not on tissues or developmental
stages. Future studies should include a broader range of specific cell types and developmental
stages to understand the diversity of chromatin states across different conditions and the changes

critical for cell type-specific gene expression and differentiation.

It is important to note that there can be a spectrum of chromatin features associated with a
specific functional element within each organism, and the average profile is affected by the
relative proportions of particular types of functional elements rather than absolute differences in
regulation. For example, although the chromatin pattern shown in Fig. 4a is typical of a protein
coding gene, the pattern can be variable among individual genes depending on gene structure®’,
tissue-specificity (Supplementary Figs. 27-29), and whether they are located in heterochromatin
(Fig. 3d). Furthermore, the bidirectional transcription observed at human promoters appears to be
absent in fly when analyzing average patterns (Fig. 4b), even when there are clear examples of

individual fly promoters that display these propertiesf’g.

Both C. elegans and Drosophila have been used extensively in modern biological research for
understanding human gene function, development, and disease. The analyses of chromatin
architecture presented here provide a blueprint for interpreting experimental results in model
systems and their relevance to human biology. More generally, the insights and the public
resources generated by this project provide a deeper appreciation of the commonalities and
differences in the chromatin architecture of diverse metazoan genomes, and form a foundation
for understanding how genome functions are regulated in the context of development and

disease.
Methods

For full details of Methods, see Supplementary Information.
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Table

Table 1. Summary of key findings in this study.

Topic Findings Human Fly Worm Fig.
Genome-wide Correlation between .
correlation H3K27me3 and H3K9me3 Low Low High 2a,b
Chromatin state S1m11ar. histone marks and Yes Yes Yes b
maps genomic features at each state
. Active promoters enriched at Yes Yes ND 2d
Topological boundaries
domains Similar chromatin states are 2e,
enriched in each domain Yes Yes ND S14
.. H3K9me3+H3 | 2b,
Composition H3K9me3 H3K9me3 K27me3 3d
Silent domains: - - ; ;
constitutive Predominant location Pericentrict | Pericentric* Arms S20
. Y chr4+Y
heterochromatin -
Depletion of H3K9me3 at Yes Yes Weak 3d
TSS of expressed genes
Silent domains: Composition H3K27me3 | H3K27me3 | H3K27me3 20,
Polycomb- 3d
associated Predominant location Arms Arms+Chr4 | Arms+Centers | S20
Short LADs H3K27me3 | H3K27me3 | H3K27me3 ';’2’3
H3K9me3
LADs .
internal, H3K9me3+H3
Long LADs H3K27me3 | N0 K27me3 3
borders
Bimodal Single peak | Single peak
5'H3K4me3 enrichment peak around | downstream | downstream of | 4a,b
TSS of TSS TSS
Promoters —
Well positioned +1
nucleosome at expressed Yes Yes Yes 4c
genes
Gene bodies Lowgr H3K36me3 in Yes Yes Yes S27
specifically expressed genes
ngh H3K27ac sites are more Yes Yes Yes s
Enhancers dotive
ngh H3K27ac sites have Yes Yes ND 5c
higher nucleosome turnover
Nucleosome 10-bp periodicity profile Yes Yes Yes 6a
positioning Positioning signal in genome | Weak Weak Less weak 6b
ND: No Data
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Figure legends

Fig. 1. Dataset overview. a, All ChIP-based histone, non-histone chromosomal proteins, and
other non-ChIP-based genome-wide profiles that were mapped in at least two species. Cell types
or developmental stages are shown on the left (see Supplementary Table 1 for detailed
description); those that share the same profiles are merged and separated by a comma. Orthologs
with different protein names in the three species are represented with all of the names separated
by slash (/) (see Supplementary Table 2 for detailed description). Data generated outside the
consortium are marked by asterisks (*). A full dataset listing is in Supplementary Fig. 2. b,
Genomic coverage of various histone modifications in the three species. Red lines indicate the
ten marks common to the three samples and their cumulative coverage. The color bars
underneath each plot indicate whether data is available for a given histone modification in that

sample (K562 in human, L3 in fly and worm).

Fig. 2. Shared and organism-specific chromatin states. a, Genome-wide correlations between
histone modifications show intra- and inter- species similarities and differences. Upper left half:
pairwise correlations between marks in each genome, averaged across all three species.
Lower right half: pairwise correlation, averaged over cell types and developmental stages, within
each species (pie chart), inter-species variance (grey-scale background) and intra-species
variance (grey-scaled small rectangles) of correlation coefficients. h,f,w indicate human, fly and
worm, respectively. b, 16 chromatin states derived by joint segmentation using hiHMM based on
genome-wide enrichment patterns of the 8 histone marks in each state. The genomic coverage of
each state in each cell-type or developmental stage is also shown (see Supplementary Figs. 8-12
for detailed analysis of the states). States are named by putative functional characteristics. ¢, The
chromatin state map around three examples of expressed genes in or near heterochromatic
regions in human GM 12878 cells, fly L3, and worm L3. Expressed genes have enrichment of
H3K4me3 at their promoters and a transcription state in their gene body. While H3K9me3 is a
hallmark of heterochromatin in all three species, H3K27me3 is also enriched in worm
heterochromatin. d, Occurrences of three active chromatin states near Hi-C-defined topological
domain boundaries, normalized to random expectation (see also Supplementary Fig. 13). e,
Comparison of Hi-C-based and chromatin-based topological domains in fly LE. Local histone

modification similarity (Euclidian distance) and Hi-C interaction frequencies are presented as a
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juxtaposed heatmap of correlation matrices. Red indicates higher similarity and more
interactions. Chromatin-defined boundary scores and domains are compared to several insulator

proteins and histone marks in the same chromosomal regions (see also Supplementary Fig. 15).

Fig. 3. Genome-wide organization of heterochromatin and lamina-associated domains. a,
Enrichment profile of H3K9mel/me2/me3 and identification of heterochromatin domains in all
three species based on H3K9me3 enrichment (illustrated for human H1-hESC, fly L3, and worm
L3). In fly chromosome 2L, 2L.Het, 2RHet and 2R are concatenated (dashed lines between
them); C indicates a centromere. b, Genome-wide correlation among H3K9mel/me2/me3,
H3K27me3, and H3K36me3 (K562 in human, L3 in fly and worm; no H3K9me?2 profile is
available for human). ¢, Genomic coverage of H3K9me3 in multiple cell types and
developmental stages. Embryonic cell lines/stages are marked with an asterisk and a black bar. d,
Average gene body profiles of expressed (Exp) and silent genes in euchromatin and
heterochromatin in all three species (K562 in human, L3 in fly and worm). e, Distributions of
H3K9me3 and lamina-associated domains (LADs) in human chr2. LADs were profiled in Tig3
fibroblast. f, Heatmap of the enrichment of H3K9me3 and H3K27me3 in scaled LADs (upper
panels: long LADs as defined as the 20% longest LADs; lower panel: short LADs as defined as
the 20% shortest LADs). Each row represents H3K27me3 or H3K9me3 enrichment in each
LAD. (H3K9me3 and H3K27me3 from IMR90, LADs from Tig3 for human; H3K9me3 and
H3K27me3 from EE, LADs from MXEMB for worm).

Fig. 4. Chromatin environment of protein-coding genes. a, Average gene body profiles of
histone modifications on protein coding genes in human GM12878, fly L3 and worm L3. b,
Comparative analysis of promoter architecture as shown by average profiles of H3K4me3
(human GM 12878, fly L3 and worm L3), DNase hypersensitivity sites (DHS), GC content and
nascent transcription (GRO-seq, in human IMR90 and fly S2) over all TSSs. ¢, Nucleosome
frequency profiles (as represented as Z-scores) around TSSs for human CD4+ T cells, fly EE and
worm adults. The profiles we computed for highly expressed (top 20%) and lowly expressed
genes (bottom 20% for fly and human and 40% for worm; see Methods).

Fig. 5. Chromatin features and physical properties of enhancers. a, ChIP signal enrichment
(log, scale) of H3K4me3 vs. H3K4mel at TSS-proximal (<250 bp) and TSS-distal (>1 kb) DHSs
(blue: human GM 12878, orange: fly S2) or CBP-1 binding sites (green: worm EE). b, Average
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expression of genes that are close to enhancers with high (top 40%; red line) or low (bottom
40%; blue line) levels of H3K27ac in human GM 12878, fly S2 and worm EE. As a control, we
analyzed TSS-distal DHS (human and fly) or CBP-1 sites (worm) that are not classified as
enhancers (dashed black). RPKM: reads per kilobase per million. Error bar: standard error of the
mean. ¢, ChIP signal enrichment (log, scale) of H3.3 around enhancers in human Hela-S3 cells
(ChIP-seq) and fly S2 cells (ChIP-chip). d, z-score of average ChIP fold enrichment of key
histone modifications and chromosomal proteins £2 kb around the center of high H3K27ac and
low H3K27ac enhancers. Grey bars indicate cases where data are not available. The centers of

enhancers have higher average score for the DNA sequence conservation.

Fig. 6. DNA shape conservation in nucleosome sequences. a, Consensus ORChID2 profiles as
a measure of DNA shape (y-axis) in 146-148 bp nucleosome-associated DNA sequences as
identified by paired-end MNase-seq in human, fly and worm. A larger value of DNA shape (y-
axis) corresponds to a wider minor groove and weaker negative charge. b, Normalized
correlation (similarity) of ORChID2 profile of individual nucleosome-associated sequence with
the consensus profile (see Methods and Supplementary Fig. 38). The result indicates that the
proportion of sequences that are positively correlated with the consensus profile is higher than
would be expected by random in all three species, and this proportion is higher in worm than in

fly and human.
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