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Abstract

The laboratory mouse is the most widely used mammalian model organism in biomedical
research. The 2.6 x 10° bases of the mouse genome possess a high degree of conservation with the
human genome!, so a thorough annotation of the mouse genome will be of significant value to
understanding the function of the human genome. So far, most of the functional sequences in the
mouse genome have yet to be found, and the cis-regulatory sequences in particular are still poorly
annotated. Comparative genomics has been a powerful tool for the discovery of these sequences?,
but on its own it cannot resolve their temporal and spatial functions. Recently, ChIP-Seq has been
developed to identify cis-regulatory elements in the genomes of several organisms including
humans, Drosophila melanogaster and Caenorhabditis elegans®=>. Here we apply the same
experimental approach to a diverse set of 19 tissues and cell types in the mouse to produce a map
of nearly 300,000 murine cis-regulatory sequences. The annotated sequences add up to 11% of the

mouse genome, and include more than 70% of conserved non-coding sequences. We define tissue-
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specific enhancers and identify potential transcription factors regulating gene expression in each
tissue or cell type. Finally, we show that much of the mouse genome is organized in to domains of
coordinately regulated enhancers and promoters. Our results provide a resource for the annotation
of functional elements in the mammalian genome and for the study of mechanisms regulating
tissue-specific gene expression.

We identified the genomic localizations of RNA polymerase II (polll), the insulator-binding
protein CCCTC-binding factor (CTCF) and three chromatin modification marks, histone H3
lysine 4 trimethylation (H3K4me3), histone H3 lysine 4 monomethylation (H3K4mel) and
H3 lysine 27 acetylation (H3K27ac), in 13 adult tissues, four embryonic tissues and two
primary cell lines (Fig. 1a, b) by performing chromatin immunoprecipitation followed by
high-throughput sequencing (ChIP-Seq)® (Supplementary Tables 1 and 2). Enrichment of
H3K4me3 or polll binding signals is indicative of an active promoter, whereas the presence
of H3K4mel or H3K27ac outside promoter regions can be used as marks for enhancers’~!1.
CTCF binding is considered a mark for potential insulator elements!2. In a subset of tissue
and cell types, we also performed ChIP-Seq on the co-activator protein p300 and used its
promoter-distal binding sites to train an enhancer prediction tool on the basis of chromatin
signatures!3. We determined the transcriptome in each tissue and cell type through RNA-
Seq experiments, using a protocol that can detect both the abundance and strand of origin of
RNA transcripts!4 (Supplementary Fig. 1). By analysing the genomic occupancy of the
above chromatin marks and transcription factors (Supplementary Methods), we identified
295,676 non-redundant Cis-regulatory sequences, including 53,834 putative promoters,
234,764 potential enhancers and 111,062 CTCF-binding sites (Fig. 1b). With an estimated
span of 1,000 base pairs for each element, the combined length of these putative Cis
regulatory sequences is 295.6 million base pairs, or 11% of the mouse genome.

To determine the accuracy and completeness of our Cis-regulatory sequence mapping, we
first compared the identified promoters with knownpromoters.Werecovered 79% of RefSeq-
annotated promoters!? (Fig. 1¢ and Supplementary Fig. 2a) and confirmed an additional
62% of University of California, Santa Cruz (UCSC)-annotated promoters (13,205 out of
21,433) that are not annotated in RefSeq. As expected, annotated promoters not recovered
by our study are generally expressed in tissues that were not investigated in this work
(Supplementary Table 3). In addition to the annotated promoters, we also identified 13,438
novel promoters. When tested with a luciferase reporter, 85% of 65 randomly selected novel
promoters showed significant promoter activity in at least one orientation (P < 0.01,
Student's t-test) (Supplementary Fig. 3a, b), supporting their function as promoters. Next we
compared the predicted enhancers with a list of 726 experimentally validated enhancers!©
and found that 82% of them were correctly identified in this study (Fig. 1c and
Supplementary Fig. 2b). We also randomly selected eight predicted murine embryonic
fibroblast (MEF) enhancers for validation and found that six of them (75%) gave positive
results (Supplementary Fig. 4) (P < 0.01, Student's t-test), supporting the reliability of our
enhancer identification method. In addition, we recovered 94.5% of previously reported
CTCF-binding sites in mouse embryonic stem cells (mESCs)!” (Fig. 1c), demonstrating the
high sensitivity of our detection method for CTCF binding. Further, we detected 77,236
novel CTCF-binding sites, 87.5% of which contained the canonical CTCF motifs (P < 2.23
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x 10716, binomial distribution). The novel CTCF-binding sites tend to be more tissue-
specific than the sites identified previously (Supplementary Fig. 5). The above evidence
indicates that we have correctly identified most known cis-regulatory sequences and have
uncovered many novel ones.

Functional elements are often under negative selection during evolution, so a high level of
sequence conservation is frequently used as evidence of function. However, there are also
reports showing that transcription factor binding may be rapidly lost or gained during
evolution!®19, arguing that the usage of cis-elements may evolve more quickly. We
examined the sequence conservation of different classes of the cis-regulatory sequences
identified in this study, and found that promoters are characterized by the highest degree of
sequence conservation (Fig. 2a). In contrast, CTCF-binding sites and enhancers have a much
lower but still significant level of sequence conservation. We next assessed the level of
conservation of cis-regulatory element usage between the mouse and human genomes in
embryonic stem cells (ESCs)!? (Fig. 2b). More than 70% of homologous promoters are
associated with H3K4me3 in both species, confirming a high degree of conservation in
promoter usage (Fig. 2¢, d). However, only 25.7% and 24.8% of enhancers and CTCF-
binding sites, respectively, found in human ESCs are still associated with H3K4mel or
CTCEF binding in mESCs, despite a high degree of sequence conservation (Fig. 2c). These
results suggest that the cis-regulatory elements identified in the mouse genome are under
different selective pressure during evolution, with promoters being most conserved in both
sequence and usage, whereas enhancers and CTCF-binding sites are undergoing a
considerable degree of evolution. This result agrees well with the recent findings of large
interspecies differences and divergence of transcriptional regulation!8.

Comparative genomic methods have identified a significant number of mammalian
sequences as non-protein coding but undergoing negative selection during evolution,
commonly referred to as conserved non-protein-coding sequences (CNSs). These sequences
are suspected to have important biological roles, yet their precise function remains to be
defined. Wecompared our map of cis-regulatory elements with a list of CNSs2% and found
that 70% of them fall into one of the three classes of predicted Cis-elements: 15%as
promoters, 53%as enhancers and 2% as CTCF-binding sequences. Additionally, 1% of the
CNSs seem to be non-coding RNA sequences as supported by the RNA-Seq data (Fig. 2e
and Supplementary Fig. 2¢). Most CNSs therefore seem to function in regulating
transcription.

We previously showed that enhancers in the human genome are associated with active
chromatin marks in a cell-type-specific manner, whereas promoter and insulator elements
tend to be ubiquitously occupied in multiple cell lines'?. Here we found that the occupancy
of enhancers by H3K4mel in the mouse genome is still the most tissue-specific (Fig. 3a). In
contrast, we observed that whereas H3K4me3 occupies most RefSeq promoters in multiple
tissues, a significant number of promoters, especially the novel promoters discovered in this
study, show tissue-specific occupancies by H3Kme3 or polll (Fig. 3a) (Supplementary Fig.
3d), with many of them corresponding to alternatively used promoters (Supplementary
Table 4 and Supplementary Fig. 6). We also found that most CTCF-binding sites are
occupied in multiple tissues (Fig. 3a). The tissue-specific CTCF-binding sites showed
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significant overlap with enhancers (P < 1.83 x 107143, binomial distribution), whereas the
ubiquitous CTCF-binding sites overlapped significantly with promoters (P < 9.0 x 10743,
binomial distribution) (Supplementary Fig. 5b, c), suggesting that a fraction of the CTCF-
binding sites may function through promoters and enhancers, although the exact role of
CTCEF at these regions remains unclear. These results indicate that a large fraction of cis-
regulatory elements are active in a tissue-specific manner and are most probably involved in
regulating tissue-specific gene expression.

Enhancers are important in regulating tissue-specific expression patterns during mammalian
development. However, finding target genes for enhancers is not straightforward because
they are frequently distal from the genes they control. Assigning enhancers to the nearest
transcription start sites is the most widely used method. A recently published strategy
associates enhancers and promoters located within the same domain defined by the CTCF-
binding sites, assuming that insulators can block promoter—enhancer interactions!?. We
evaluated these two methods by assessing the Spearman correlation coefficients (SCCs)
between H3K4mel signals at enhancers and the polll intensities at target promoters
(Supplementary Methods).As a control, we observed that the SCCs from the randomly
paired enhancers and promoters have a bell-shaped distribution with a median of 0 (Fig. 3b).
The distribution of the SCCs from enhancer—promoter pairs identified by the nearest
transcription start site (TSS) model and CTCF block model are only slightly better than the
random control, with medians at 0.11 and 0.08, respectively (Fig. 3b). In addition, 34% and
38% of the enhancer/promoter pairs in the nearest TSS model and the CTCF block model,
respectively, are negatively correlated, indicating potentially incorrect promoter assignment.
To improve the linking of enhancers to their targets, a logistic regression classifier was
recently introduced and shown toper form better than the nearest TSS model?!. However,
this model is still based on the one-to-one relationship between an enhancer and a gene, with
a bias towards the nearby genes. It has been reported that a significant fraction of enhancers
may not target the nearest promoters22. Therefore, to gain a better understanding of
enhancer/promoter organization we assessed the correlation of the chromatin state at
enhancers and polll occupancy at promoters for each possible pair of elements along a
chromosome. We observed that co-regulated promoters and enhancers tend to form clusters
with variable sizes (Fig. 3c). We developed an algorithm to detect these local clusters,
defined as enhancer—promoter units (EPUs) (Supplementary Methods). Performing this
analysis genome-wide, we defined 8,792 EPUs that contained at least one promoter and one
enhancer (Supplementary Table 5), encompassing 1,258 million base pairs, or nearly half of
the mouse genome. The median enhancer-to-promoter ratio per EPU was 5.67
(Supplementary Table 6), which is consistent with the idea that multiple enhancers may be
used to regulate a gene?3. We confirmed that previously defined enhancer—promoter pairs
are frequently located within the same EPU. For example, out of the 2,605 putative

21 most of their mouse

enhancer—promoter pairs recently defined in the human genome
homologues are found within the same EPU (83.8% observed versus 43% expected; P < 2.2
x 10716, Fisher's exact test). In addition, each of the four linked enhancer—promoter pairs
reported by a recent study2* was found within the same EPU. Finally, seven locus-control

regions for Hbb genes were all identified within the same EPUZ.
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The discovery of EPUs provides strong evidence that the genome is partitioned into
functional domains in which cis-regulatory elements are coordinately regulated, whereas
elements located in different domains are relatively insulated from each other. This
organization is reminiscent of recently identified topological domains, defined by chromatin
interactions, in the mammalian genome?2-27. Indeed, comparison of the EPUs with the
higher order chromatin organization shows that physical partitioning of the genome is highly
correlated with functional partitioning on the basis of the coordinated activities of cis-
regulatory sequences (Fig. 3d and Supplementary Fig. 7).

EPUs provide a new approach for associating enhancers with their target genes. Instead of
being linked to the nearest genes, an enhancer could be assigned to one or more promoters
within an EPU that show significant correlation. To validate the enhancer—promoter
relationship predicted by this approach (Supplementary Table 7), we examined long-range
looping interactions between the enhancers and promoters, reasoning that true enhancer—
promoter target pairs should have higher interaction frequencies than neighbouring non-
target sites. We performed chromosome confirmation capture (3C) experiments for five
enhancer—promoter pairs predicted to be linked in the cortex but not in mouse ES cells, and
two enhancer—promoter pairs predicted not to be linked in either tissue or cell type. The five
linked pairs showed enrichment of 3C signals, whereas the two non-linked pairs did not,
indicating that the EPU analysis can accurately reveal a enhancer— promoter targeting
relationship (Supplementary Fig. 8 and Supplementary Table 8). For a systematic evaluation
of the enhancer— promoter pairing relationships as defined by this approach, we examined
long-range looping interactions in adult mouse cortex genome-wide by using the Hi-C
method?8. We observed that interactions between predicted enhancer—promoter pairs within
the same EPUs occured significantly more frequently than interactions between enhancer—
promoter pairs of the same genomic distance but across different EPUs or by random chance
(Fig. 3e; P < 2.2 x 10716, Wilcoxon test). These results suggest that EPUs may help in
assigning enhancers to their target promoters.

Mammalian development requires a precise temporal gene expression program that is tightly
controlled by transcription factors and cis-regulatory elements. The map of cis-regulatory
sequences now provides a chance for us to analyse the potential mechanisms involved in
temporal regulation of gene expression. First, we identified enhancers specific to embryonic
and adult brain on the basis of H3K4mel intensities (Fig. 4a). We observed that the former
class was associated with genes expressed in neuron differentiation and neuron
development, whereas the latter was associated with genes important for adult brain
functions, for example the transmission of nerve impulses (Fig. 4b, ¢ and Supplementary
Fig. 9). We made similar observations for stage-specific enhancers in liver and heart
(Supplementary Figs 9 and 10).

We also systematically identified potential transcriptional regulators acting on tissue-
specific gene expression programs. We first defined 19 groups of tissue-specific enhancers
on the basis of H3K4mel occupancy (Fig. 4d). Gene Ontology term analysis confirmed that
the enhancers in each group are linked to genes specifically expressed in the corresponding
tissue or developmental stage (Supplementary Fig. 11). We also observed that the known
motifs of transcription factors that have been reported to function in certain tissues are
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enriched in the tissue-specific enhancers from the same tissue (Fig. 4e). To identify new
transcription factors involved in each group of tissue-specific enhancers, we performed de
novo motif analysis and identified 206 motifs with a very stringent cutoff (P,< 10720,
Supplementary Tables 9 and 10). We found that 91% of them (188 out of 206) showed
significant levels of evolutionary conservation among the vertebrate species (Fig. 4g, h-k).
We annotated the most likely transcription factor for each motif by comparing it with public
transcription factor databases and verified that the matching transcription factor was
expressed in the corresponding tissue. A total of 62% of the conserved de novo motifs (117
out of 188) were associated with a known transcription factor, and 75% of them (88 out of
117) have previously been implicated in the regulation of gene expression in specific tissues
(Supplementary Tables 9 and 11). We performed a similar motif analysis for promoters, and
compared the top motifs enriched in promoter and enhancer sequences in the same tissue
(Supplementary Table 12). Only 11 motifs were shared between the two groups of motifs,
whereas 93% of transcription factor motifs enriched in the tissue-specific enhancer were
unique only to enhancers, confirming that enhancers and promoters contain different
regulatory sequences, as we reported previously!0.

Here we have described an initial survey and a draft annotation of the cis-regulatory
sequences in the mouse genome. The wide range of tissue and cell types examined in this
study provides an unprecedented opportunity to detect tissue-specific and development-
specific promoters and enhancers, analyses of which have yielded potential clues to
transcription regulators of tissue-specific gene expression programs. We show that nearly
half of the mouse genome is organized into EPUs containing enhancers and promoters with
correlated activities. These EPUs overlap significantly with recently discovered topological
domains, defined by chromatin interactions, thus linking physical partitioning of the genome
with transcriptional regulation. Such multigene structures®2-2% probably represent a general
feature of genome organization in mammals.

Methods Summary

Mouse tissues were harvested from eight-week-old male C57B1/6 mice (Charles River). The
murine embryonic fibroblasts were isolated from C57B1/6 embryos at embryonic day 14.5.
ChIP-Seq and RNA-Seq experiments were performed as described*-39, with the use of
[lumina GAIIx and HiSequation (2000) instruments (details are provided in Supplementary
Information). Hi-C experiments in adult cortex were conducted as described?8. A software
pipeline to process ChIP-Seq data and predict enhancers is described in Supplementary
Methods. Highly correlated biological replicates for ChIP-Seq experiments were pooled for
all subsequent data analyses. An algorithm to define the enhancer—promoter unit is given in
Supplementary Methods.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Identification of cis-regulatory elementsin the mouse genome
a, UCSC genome browser views of ChIP-Seq and RNA-Seq data for mESC, heart and liver

(chromosome 4). The values on the y axis for ChIP-Seq data are input normalized

intensities. kb, kilobases. b, An overview of the predicted regulatory elements in the 19

tissue and cell types. E14.5, embryonic day 14.5; MEF, murine embryonic fibroblast. C,

Percentages of known Cis-regulatory elements recovered in this study.
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Figure 2. Evolutionary conservation of theidentified cis-regulatory elements
a, Evolutionary conservation of Cis-regulatory elements, in comparison with exons and

random genomic sequences. Asterisk, P < 0.001, Fisher's exact test. b, UCSC genome
browser views of chromatin state and CTCF-binding sites at SOX2 loci for mESCs and
human ESCs (hESCs) on chromosome 3. DNA sequences, chromatin states and CTCF
binding are all conserved in this region. C, Number of hESC regulatory elements that are
conserved and predicted as regulatory elements in mESCs. d, Number of mESC regulatory
elements that are conserved and predicted as regulatory elements in hESCs. e, Functional
annotation of the conserved non-coding sequences based on the Cis-regulatory elements
identified in this study. The asterisk in ¢, d and e indicates CTCF-binding sites that do not
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overlap with either promoters or enhancers.

Nature. Author manuscript; available in PMC 2014 June 02.



yduasnUe JoyINY Vd-HIN 1duIsNUBIN J0UINY Vd-HIN

1duosnue Joyiny Vd-HIN

Shen et al.

Page 11

a oz0 = Enhancer c Chr19:4,200,000-5,000,000
® Promoter (H3K4me3) S I
015 = Promoter (polll) 8_ & e
-1 ® CTCF-binding sites =
Py 8
£ S
L 0.10 (_Jg
o o
c
0.05 o
o
N
<
0 &
5 10 15 x P
__ Tissue specificity index o = -
More tissue-specific Ubiquitous Correlation _gg 0.6
o 20
b ® Raridom e 8 — Within EPU
18 ® Nearest TSS Q g 5|\ — BetweenEPU
z m CTCF block T 3 —— Random expected
3 1.0 =l
= o =
@« N* 10
O 05; ®5
L] E g
o@m 95
] Z g T ——
05 0 05 =
Correlation o4 = 1
“ + * 40 200 400
+ - > :
d 3 0 Kilobases
©
Q < *
Ty 0 " ®
o * e
T 5 » *
N& * £
S 5 . o *
E = *
L= 0 o LN
@ e »
zZ5 ._ >
k= .
+
.33 ¥
Chr18:37,000,000 500 kb ¢ { 38,200,000
EPU 1 EPU 2 EPU 3
| [ 1 L 1 [ 1
o 6 || ] H3K27ac _ M I |
t'u;,; 0 G LJ. ] [ TR — 1 ...l e | h
c 5 H3K4me1
g 0 Bl AJM Al dhs
£ 5 l l H3Kdme3 I
g 0 n I..l I TN T SO P ¥ G 1 1N A | I | i
0 5 Polll
= ) | IESR SRS, 1 e a oeninghon il 1 L] |
= -l e b watl, Lol R L]
O 0 Lt T st o | IR O

Pcdh-a gene cluster

Pcdh-f} gene cluster

Pcdh-y
gene cluster ===

Figure 3. Genomic organization of co-regulated promoters and enhancers
a, Tissue specificity of the usages of promoters (H3K4me3 and polll), enhancers

(H3K4mel) and CTCF-binding sites. b, Distribution of the Spearman correlation coefficient

of H3K4mel at enhancers and polll at promoters of random permutation, the nearest TSS
model, and the CTCF block model. ¢, Enhancers and promoters form co-regulated clusters
of different sizes, as shown by the Spearman correlation coefficient of H3K4mel at

enhancers and polll at promoters on chromosome 19. d, Hi-C interaction heatmap showing

that the physical partitioning of the genome is highly correlated with the EPUs that
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encompass Pcdha, Pcdhfand Pcdhy gene clusters on chromosome 18. Top: normalized Hi-
C interaction frequencies in mouse cortex as a two-dimensional heatmap. Bottom: UCSC
genome browser views of the same regions, including the identified EPUs and the ChIP-Seq
data (H3K27ac, H3K4mel, H3K4me3, polll and CTCF) in cortex. €, The average
normalized Hi-C interaction frequencies for enhancer—promoter pairs within EPUs, between
EPUs, and expected by random chance.
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Figure 4. Motif analysis of tissue-specific enhancers
a, Classification of development stage-specific enhancers based on their chromatin state

(H3K4mel) between embryonic (embryonic day 14.5; E14.5) and adult brain. b and ¢, Gene
Ontology analysis for the genes associated with embryonic brain-specific enhancers and
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adult cortex-specific enhancers. d, Classification of tissue-specific enhancers on the basis of

their chromatin state (H3K4mel) among different tissue and cell types. The first 19 tissue-

specific clusters were used for further motif analysis. The last cluster contains enhancers

enriched in multiple tissues with no clear patterns. €, Enrichment of three transcription factor
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recognition motifs in the predicted enhancers. REST, RE1-silencing transcription factor. f,
Heatmap showing the clustering of 270 transcription factor motifs on the basis of their
enrichment in the various groups of enhancers as identified in €.g, Boxplot showing that the
de novo motifs found in tissue-specific enhancers are evolutionarily conserved. h-k,
Examples of motifs that show high sequence conservation: h, REST motif in cortex-specific
enhancers; i, Hnfl motif in kidney-specific enhancers; j, Oct4 motif in mESC-specific
enhancers; kK, Atoh1 motif in cerebellum-specific enhancers.
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