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Principles of regulatory information
conservation betweenmouse and human
YongCheng1*, ZhihaiMa1*, Bong-HyunKim2,WeishengWu3,4, Philip Cayting1, AlanP. Boyle1, Vasavi Sundaram5, XiaoyunXing5,
Nergiz Dogan3, Jingjing Li1, Ghia Euskirchen1, Shin Lin1,6, Yiing Lin1,7, Axel Visel8,9,10, Trupti Kawli1, Xinqiong Yang1,
Dorrelyn Patacsil1, Cheryl A. Keller3, Belinda Giardine3, The Mouse ENCODE Consortium{, Anshul Kundaje1, Ting Wang5,
Len A. Pennacchio8,9, Zhiping Weng2, Ross C. Hardison31 & Michael P. Snyder11

To broaden our understanding of the evolution of gene regulation mechanisms, we generated occupancy profiles for 34
orthologous transcription factors (TFs) in human–mouse erythroid progenitor, lymphoblast and embryonic stem-cell
lines. By combining the genome-wide transcription factor occupancy repertoires, associated epigenetic signals, and
co-association patterns, here we deduce several evolutionary principles of gene regulatory features operating since the
mouse and human lineages diverged. The genomic distribution profiles, primary binding motifs, chromatin states, and
DNAmethylation preferences arewell conserved for TF-occupied sequences. However, the extent towhich orthologous
DNA segments are bound by orthologous TFs varies both among TFs andwith genomic location: binding at promoters is
more highly conserved than binding at distal elements. Notably, occupancy-conserved TF-occupied sequences tend to
be pleiotropic; they function in several tissues and also co-associate with many TFs. Single nucleotide variants at sites
with potential regulatory functions are enriched in occupancy-conserved TF-occupied sequences.

Determining the similarities anddifferences betweenmouseandhuman
regulatorynetworkswill not only improveourunderstandingof theevo-
lution of regulatorymechanisms, but also help to interpret biomedical
insights derived from research performed on mouse models. Recent
genome-wide binding studies of eight TFs in several species uncovered
many regulatory networks that have been highly rewired since the di-
vergenceof ancestors tomouseandhuman1–4, consistentwithearly studies
in other species5. These results contrast sharplywithother data showing
that conservation of genomic DNA sequences can be a useful guide to
discovery of regulatory regions6, and that the regulatory landscape can
behighly conserved amongmoredistant species7. Considering the large
numbers of known TFs and their functional diversity, comprehensive
studies on a broader range of TFs are needed to resolve these apparent
discrepancies.Furthermore, ourknowledgeof the functional consequences
of either divergence or conservation of TF occupancy remains limited.

The mouse–human orthologous occupancy profiles
To examine conservation of TF binding regions both between species
and acrossdifferent cell types,we generated andanalysed a large data set
of genome-wide binding profiles for 34 TFs in mouse and human. A
diversepanel ofTFswere chosen including those that bindDNAthrough
specific consensus sequences, comprise part of the general transcrip-
tional machinery such as RNA polymerase 2 (POL2), and modify or
remodel chromatin (Extended Data Fig. 1a and Supplementary Infor-
mation). For simplicity, we refer to the entire collection as TFs, even
though some are general factors. We focused on occupancy by 32 TFs
in cell linemodels for erythroid progenitors (mouse erythroleukaemia
MEL and human leukaemia K562 cells) and lymphoblasts (mouse

lymphomaCH12andhumanBlymphoblastoidGM12878cells) inmouse
and human, and we also showed that the results are similar to those
obtained in mouse and human embryonic stem cells (Extended Data
Fig. 8).Chromatin immunoprecipitationwithmassivelyparallel sequen-
cing (ChIP-seq) assayswere conducted using replicate experiments and
in accordance with ENCODE standards8. A total of 120 data sets were
generated and analysed.

Conserved and non-conserved features
These genome-wide binding data for a large and diverse set of TFs
revealed both conserved and non-conserved features of TF occupancy
betweenmouse andhuman. First, althoughmost TFs can reside at both
promoters and distal sites, each shows a pronounced preference (Fig. 1a
and Extended Data Fig. 2a, b). The preference is strongly conserved
betweenmouse and human (R5 0.8; Extended Data Fig. 2c). The one
exception is ETS1. Even though theprimarymotif in ETS1 is conserved
between mouse and human (Fig. 1b), it preferentially binds proximal
to promoters in human but not in mouse. ETS1 is responsible for the
mouse-specific expression of the T-cell marker Thy-1 in the thymus9,
andwe propose that thismarked difference in its binding locationmay
contribute to immune systemdifferences betweenmouse and human10.
Second, although the primarymotifs ofmost sequence-specific TFs are
conserved betweenmouse andhuman, the secondarymotifs (for exam-
ple, motifs of associated factors; see Supplementary Information) tend
to be lineage-specific (Fig. 1b and Extended Data Fig. 2d), indicating a
change in co-associated partners.
The preferred chromatin states, defined by histone modifications,

for occupied sequences (OSs) of orthologous TFs are also conserved
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betweenmouse and human. Using data on five histonemodifications,
themouse and human genomes were segmented into eight chromatin
states (Fig. 1c and Extended Data Fig. 3a, b). Most TF OSs are located
in states characteristic of promoters and enhancers (states 1–4). By con-
trast, approximately50%ofOSs for theCTCF–cohesin complex (CTCF,
RAD21 and SMC3)11,12 are located in state 5 and 8, which mark qui-
escent regions with very low signal for all the histone modifications.
MAFK also shows preference for quiescent regions. Notably, both the
CTCF–cohesin complex and MAFK13 can mediate long-range inter-
actions in the genome.The statepreference is conservedbetweenmouse
and human (Fig. 1c; R5 0.9; Extended Data Fig. 3b), suggesting that
the overall functions of the occupied segments are similar in the two
species. Indeed, the proportion of enhancers, predicted by a different
approach14,15, is also conserved (R5 0.7) (Extended Data Fig. 4).
Wealso examinedDNAmethylationprofiles inTFOSsbyusingboth

methylated DNA immunoprecipitation (MeDIP) and DNA digestion
withmethyl-sensitive restriction enzymes followedby sequencing (MRE-
seq)16. TheTFOSs arehighly enriched forMRE-seq signals anddepleted
ofMeDIP-seq signals, showing that TF OSs are generally hypomethy-
lated in both species (Fig. 1d and Extended Data Fig. 3c).

TF- and location-specific occupancy conservation
TheTFbinding regions are enriched for conservationofDNAsequences,
showinga strong signal for evolutionary constraintwithin650 basepairs
(bp) of ChIP-seq peak summits (Fig. 2a). This result indicates that pu-
rifying selection has acted on DNA sequences in many of the TF OSs,
but it does not mean that all TF OSs are uniformly under constraint.
Approximately 50%ofTFOSsdonot alignbetweenmouse andhuman15

because either they are lineage-specific sequences such as transposable
elements17, or they have diverged to an extent that they no longer align.
We then focused on the subset of TF OSs in which the sequences

aligned betweenmouse and human to determinewhether orthologous

DNA sequences are also occupied by orthologous TFs (details in Sup-
plementary Methods). Notably, the proportion of TF OSs at which
occupancy was conserved varied markedly both among TFs and with
the genomic locations (Fig. 2b). Conservation of occupancy is consis-
tently higher in the promoter regions and lower in distal regions for
almost all TFs, suggesting that the promoters may be under stronger
selection than distal enhancers. Conserved promoter occupancy is ob-
served both for factors that bind near promoters (NRF1 andMAZ) and
for factors with aminority of binding sites in promoter regions (for ex-
ample, MEF2A and TAL1). A notable exception is the CTCF–cohesin
complex, which not only shows high levels of occupancy conservation
as describedpreviously18, but also the conservation remains high at prox-
imal, middle and distal regions relative to the transcription start site
(TSS) (Fig. 2b). These patterns of variation in conservation of occu-
pancy are robust. One potential confounding factor is the tendency for
promoter sequences tobemore conserved thanother regulatory regions,
but adjusting the occupancy conservation by the sequence conserva-
tion difference revealed similar trends, that is, the OSs in promoter re-
gions are more conserved than those in other regions (Extended Data
Fig. 5a). Similarly, removal of the fewTFs forwhichmarkedly different
numbers of peakswere calledbetweenmouse andhumandidnotchange
the patterns of conservation of occupancy (Extended Data Fig. 5b and
Supplementary Information).
Next, we investigated how epigenetic factors influence TF binding

at orthologous sites between mouse and human. As expected, the dis-
tributionof chromatin states is highly similar for occupancy-conserved
TFOSs. For orthologues of TFOSs that can be aligned between the two
species but are bound only in one species, a smaller proportion were in
enhancer-associated states (states 3 and 4) and a larger proportionwere
in either repressed (state 7) or quiescent (states 5 and 8) chromatinOSs
(Fig. 2c and Extended Data Fig. 6a, b). Thus species-specific loss of TF
occupancy at many sites is accompanied by a shift to repressive or
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Figure 1 | General features comparison between
orthologous TF OSs. a, Each row represents one
TF, and each column represents one genomic
region. Heat-map colour shows the proportions of
TF OSs (combination of different cell lines in the
same species) that are located in each genomic
region. b, Motif comparison for sequence-specific
TFs examined in lymphoblast cells. In the right
panel, each row represents one TF. The level of
motif conservation is encoded by colour. Detailed
results for the USF2 example are in the left panels.
Peaks were divided into different bins according
to the occupancy signal (higher signal on the left,
lower on the right). The proportions of peaks with
the motif in each bin (red lines) and the average
distances between motif sites and peak summit
in each bin (grey lines) are plotted against ranks of
peak bins. Red dots indicate the proportion of
control regions (6500 bp flanking the USF2 OS)
that have the motif. NA, not available. c, TF OS
chromatin state preference comparison between
MEL and K562 cells. Heat map shows the
percentage of TFOSs (rows) that overlapwith eight
different chromatin states (columns). d, The
average signal distributions for MeDIP-seq and
MRE-seq in MEL and K562 cells. Five-kilobase
flanking regions centred on the TF OS peak
summits were divided into 50-bp bins. Signals were
aggregated in each bin.
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quiescent chromatin. By contrast, the promoter states (states 1 and 2)
were largely maintained in the second species even with the loss of TF
binding. This result indicates that other TFsmay help tomaintain con-
servation of a promoter state in these regions. We also searched for
changes in the level of DNA methylation between TF OSs and their
orthologous sequences. DNAmethylation levels remained low in both
species for occupancy-conserved TF OSs (Fig. 2d and Extended Data
Fig. 6c), but the DNA methylation levels were significantly increased
in the unbound, orthologous sequences. Thus, species-specific loss of
TF occupancy is also associatedwith species-specific increases inDNA
methylation.

Occupancy conservation associates with pleiotropy
We proposed that TF OSs with regulatory functions in several tissues
would be under increased selective pressure, and thus more likely to
be conserved in occupancy. To test this hypothesis, we first examined
DNase I hypersensitive sites (DHSs) across 55 mouse tissues and cell
lines15 tomeasure the chromatin accessibility of eachTFOS amongdif-
ferent tissues. BecauseDHSs are a proxy for regulatory element activity19,
TFOS regions accessible inmultiple tissues aremore likely to function
in those tissues. Chromatin accessibility of TFOSs presents wide varia-
tion, ranging fromtissue-specific toubiquitouspatterns (Fig. 3a).Notably,
the TF OSs with more pervasive chromatin accessibility across differ-
ent tissues show the highest extent of occupancy conservation between
mouse andhuman.Theassociationbetween tissueusage andoccupancy
conservation is general; it was observed for most of the TFs examined
(ExtendedData Fig. 7b, c). This association is also robust to several po-
tential confounding factors.CTCF–cohesin complexes,which are abun-
dant and conserved across different tissue types and species18,20, might
be expected to bias the result; however, we obtained comparable results
after removing all the genomic regions occupied by CTCF, RAD21 or
SMC3 (Extended Data Fig. 7a). The conservation of promoter regions
among several tissues and species14 might also be expected to bias our

analysis, but, after removal of occupancy-conserved TF OSs that lie
within 2 kilobases (kb) of TSSs, we still found that the association be-
tween tissue usage and TF occupancy conservation holds for distal TF
OSs (Extended Data Fig. 7d, e). Furthermore, specifically examining
distal TF OSs that overlapped with enhancers predicted by chromatin
signals14 showed that broad tissueusageofpresumptiveenhancers tracks
strongly with conservation of occupancy between mouse and human
(Fig. 3b).
A prediction of our hypothesis is that occupancy-conserved TFOSs

will tend to be active inmultiple tissues. To test this prediction experi-
mentally, we randomly chose ten occupancy-conserved GATA1 OSs.
Even though OSs were chosen on the basis of the occupancy profile of
an erythroid-specific regulatory factor, all ten conservedOSs overlapped
withDHSspeaks andpredicted enhancers inmany tissues, such asbrain
(Fig. 3c). When tested for in vivo enhancer activity in transgenic mouse
reporter assays at embryonic day 11.5, nine of the ten showed strong,
reproducible in vivo enhancer activity, and four were active in non-
erythroid tissues such as midbrain and neural tube (Fig. 3c). We ex-
pandedouranalysis to examineothermouseGATA1OSs thatoverlapped
with previously tested enhancers deposited in the VISTA Enhancer
Browser (http://enhancer.lbl.gov)21. SixGATA1OSs that are specific to
mouse generated positive enhancer assays; only one (16%) showed ex-
pression in tissues other thanbloodvessels andheart. By contrast, among
12 additional occupancy-conservedGATA1OSswith in vivo enhancer
activity, 6 (50%) were active in non-erythroid tissues such as midbrain
(Supplementary Table 5).

Conservation and divergence of TFs co-association
Because precise gene regulation requires complex interactions among
differentTFs,we speculated that differences in conservationofTFoccu-
pancy may be related, at least in part, to different co-association part-
ners. By calculating the occupancy signals for all the TFs in each TF
OS, we found that, in general, occupancy-conserved TFOSs tend to be
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Figure 2 | Conservation and divergence of TF
OSs. a, Blue and purple lines represent the average
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ChIP-seq peak summit in human and mouse. The
grey line represents the distribution for randomly
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the chromatin state change between TF OSs and
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between mouse and human are divided into two
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not conserved’). Top, the y axis is the proportion of
TF OSs and their orthologous sequences in each
chromatin state. Bottom, detailed chromatin state
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bound by more TFs compared to lineage-specific TF OSs (P, 2.23
10216, two-tailed t-test; Fig. 4a), suggesting that co-association with sev-
eral TFs increases the level of purifying selection on the occupied se-
quences. Furthermore, by examining each co-associatedTFpair (Fig. 4b),
we determined whether the co-associations were more enriched in
occupancy-conserved versus species-specific binding sites (Fig. 4c and
ExtendedData Fig. 9). The relationships fell into three categories. In the
first category, co-association of TFs is not linked with occupancy con-
servation. For example, RAD21 is highly associatedwithCTCF inMEL

cells; however, this co-association occurs with equivalent frequency at
occupancy-conserved and species-specific binding sites. In the second
category, TFco-association is negatively correlatedwith occupancy con-
servation. For example, the co-association ofMYCOSswithEP300, an
enhancer-associated factor22, is highly enriched in the mouse-specific
binding sites. In the last category, TF co-association is positively corre-
latedwithoccupancy conservation, as exemplified by the co-association
ofMYCOSswith the co-repressor SIN3A(ref. 23), suggesting thatMYC-
associated repressors tend to be conserved betweenmouse and human.
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Figure 4 | TFs co-association and occupancy conservation. a, Density plot
shows the distribution of co-associated TF numbers in each TF-binding region.
The x axis represents the total number of occupied TFs per region. b, Pair-wise
TF co-association in MEL cells. The colour intensity represents the extent of
co-association between the TFs denoted in the rows and columns compared to
the random expectation (details in Supplementary Methods). Red represents

co-association higher than random expectation, blue represents co-association
lower than randomexpectation. c, Conditional TFOSs occupancy conservation
in MEL cells. The colour intensity represents for a given TF (columns),
whether the co-associationwith theotherTF (rows) ismore enriched in lineage-
specific binding sites (green) or occupancy-conserved binding sites (red). The
colour scale represents the extent (–logP value) of the enrichment significance.
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Occupancy conservation and functional SNVs
In a previous study, we assigned putative regulatory potential to gen-
ome variations by combining high-throughput experimental data sets,
computational predictions, andmanual annotation24. Interestingly, even
though conservation was not considered during the previous classifi-
cations, we found that single nucleotide variants (SNVs)with high reg-
ulatory potentialwere highly enriched in occupancy-conservedTFOSs
(Extended Data Table 1a). Moreover, examination of the distribution
of genome-wide association study (GWAS) single nucleotidepolymor-
phisms (SNPs) as a function of TFOSoccupancy conservation revealed
a significant enrichment of GWAS SNPs in occupancy-conserved TF
OSs (P, 2.23 10216, Fisher’s exact test; see Supplementary Informa-
tion) comparedwith the backgrounddistributionof all genetic variation
in the SNP database (dbSNP).When examining individual phenotypes,
we found that SNPs associated with several phenotypes such as type I
diabetes are significantly enriched in occupancy-conservedTFOSs (P5
0.019, Fisher’s exact test; ExtendedData Table 1b). However, SNPs as-
sociatedwith other phenotypes, such as pulmonary function, are highly
human-specific (P5 0.027, Fisher’s exact test; ExtendedDataTable1b).
Thus, although GWAS SNPs are generally enriched in occupancy-
conserved TF OSs, this enrichment is phenotype-specific.

Discussion
Here we report that the conservation of TF occupancy associates with
pleiotropic functions. This observationwas further validated by in vivo
enhancer assays in transgenic mice. To our knowledge, this is the first
systematic investigation andvalidationof the relationshipbetweenpleio-
tropic TFOSs and their occupancy conservation. The pleiotropic func-
tions of a regulatorymodule subject it to several constraints that preserve
the underlying motifs and occupancy patterns. However, the roles in
different tissues need not be carried out by the same TF. Paralogous
proteins that bind to the same DNA motif (for example, GATA5 or
GATA6) could be the active proteins in non-erythroid tissues at the
GATA1OSswith conservedoccupancy andpleiotropic functions. This
prediction can be tested in future studies.
Cell lines were used in this study because they provide an abundant

source of almost identical cells, whereas obtaining primary cells in suf-
ficientnumber for a studyof this scale isproblematic formany cell types.
One concern is that cell lines across different speciesmaynot be entirely
analogous.Although this possibility cannotbe ruledout,whenwecom-
pared the expression profile of the four cell lines with those of many
othermouse tissues, we found that bothMELandK562, and alsoCH12
andGM12878,were themost similarpairs (SupplementaryFig. 2a). This
close similaritywas also seen for genome-widehistonemodification sig-
natures (Supplementary Fig. 2b). Thus, we conclude that the K562 and
MEL pair of cell lines and the GM12878 and CH12 cell-line pair are
sufficiently similar formeaningful cross-species comparisons.Another
concern is that the trends observed in cell lines may not be represent-
ative of primary cells. Examination of binding of five TFs inmouse and
human ES cells confirmed the preferential conservation of binding at
promoters and the correlation of occupancy conservation with pleio-
tropy ofDHSs (ExtendedDataFig. 8). Thus, theprinciples gleaned from
our examination of many TFs in cell lines are likely to hold for TFs in
primary cells.

Online Content Methods, along with any additional Extended Data display items
andSourceData, are available in theonline versionof thepaper; referencesunique
to these sections appear only in the online paper.
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METHODS
ChIP-seq. ChIP for TFs was carried out as previously described25. Cultured cells
for biological replicateswere grown inseparate batches andat separate times. Inbrief,
53 107 cells were grown to a density of 0.6–0.83 106 perml, cellswere then cross-
linked in 1% formaldehyde for 10min at room temperature. Nuclear lysates were
sonicated using a Branson 250 Sonifier (power setting 7, 100% duty cycle for 123
20 s intervals), such that the chromatin fragments ranged from 50 to 2,000 bp. In-
formation on control IgGandTFantibodies used forChIP-seq experiments is listed
in Supplementary Table 2. Protein–DNA–TF antibody complexes were captured
onProteinA/Gagarose beads (Millipore 16-156/16-266) and eluted in 1%SDSTE
buffer at 65 uC. After cross-link reversal andDNApurification, the ChIPDNA se-
quencing libraries were prepared as described8. Libraries were sequenced on an
Illumina Genome Analyzer II and HiSeq 2000.
UniformChIP-Seq data processing pipeline.Weused a uniformprocessing pipe-
line to identify high confidence bindingpeaks inmouse andhuman.Readsmapping:
for humanChIP-Seq,mapped reads in the formofBAMfileswere downloaded from
ENCODEUniversity of California, Santa Cruz (UCSC)Data CoordinationCenter
(DCC) (http://encodeproject.org/ENCODE/downloads.html). FormouseChIP-seq,
readsweremapped byBWA26. To standardize themapping protocol, we used cus-
tom mappability tracks to filter out multi-mapping reads and only retain unique
mapping reads (reads that map to exactly one location in the genome). We also
filtered all positional and PCR duplicates. Quality control: several quality metrics
for all replicate experiments of each data set were computed. In brief, thesemetrics
measure ChIP enrichment, signal-to-noise ratios, sequencing depth, library com-
plexity and reproducibility of peak calling8.ChIP-seq thatdidnot pass theminimum
quality control thresholdswere discarded andnot used in any analyses. Peak calling:
all ChIP-seq experimentswere scored against an appropriate control designated by
the production groups (either input DNAorDNAobtained from a control immu-
noprecipitation).Weused the SPPpeak caller27 to identify and score (rank) potential
occupancy sites/peaks. For obtaining optimal thresholds, we used the irreproducible
discovery rate (IDR) framework todetermine high confidence occupancy events by
leveraging the reproducibility and rank consistency of peak identifications across
replicate experiments of a data set. Code and detailed step-by-step instructions to
call peaks using the IDR framework are available at: https://sites.google.com/site/
anshulkundaje/projects/idr. Black list: all peak sets were then screened against spe-
cially curated empirical blacklists for each species (A.P.B. andA.K.,manuscript sub-
mitted). In brief, these blacklist regions typically show the following characteristics:
unstructured and extreme high signal in sequenced input DNA and control data
sets as well as open chromatin data sets irrespective of cell type identity; an extreme
ratio of multi-mapping to unique mapping reads from sequencing experiments;
overlapwith specific types of repeat regions such as centromeric, telomeric and sat-
ellite repeats that often have few uniquemappable locations interspersed in repeats.
Thehumanblacklist canbe found from:http://hgdownload.cse.ucsc.edu/goldenPath/
hg19/encodeDCC/wgEncodeMapability/wgEncodeDacMapabilityConsensusEx
cludable.bed.gz. The mouse blacklist can be downloaded from: http://www.broad
institute.org/,anshul/projects/mouse/blacklist/mm9-blacklist.bed.gz. In this study,
the blacklist filtered IDR binding peaks for the same TF using the same cell line
generated by different institutes were merged. All the raw read files, mapped files
and peak files inmouse are deposited in http://mouseencode.org. The humandata
canbe accessed inhttps://www.encodeproject.org. Theaccess ID ineach experiment
can be found in Supplementary Table 2.
Motif finding. To compare mouse and human regulatory networks, we applied
the de novomotif discovery approach that we developed previously28 and obtained
a list of high-confidence sequence motifs using the ChIP-seq data sets. For each
ChIP-seq data set, our computational pipeline reported up to five significantmotifs.
Typically, one of the motifs is the canonical motif of the TF, reflecting its DNA-
binding specificity, and we call this the primary motif. If the TF does not have a
DNA binding domain, we define the strongest motif as its primary motif. We call
the remainingmotifs secondarymotifs.When the primarymotifs of a pair of ortho-
logousTFs are compared, they are either ‘conserved’ or ‘not conserved’ on the basis
of whether the similarity between them passes the cut off (1.03 1025). Because a
TF may have several secondary motifs, the secondary motifs of two orthologous
TFs are ‘partly conserved’ if a subset, but not all, of themotifs are conserved.When

neither the humanTF nor themouse TF has a secondarymotif, we assign the situ-
ation as motif ‘not available’.
ChromHMM. ChromHMM29 was applied on the ChIP-seq data of five histone
modifications to learn a multivariate HMM model for segmentation of mapped
genome in each cell type. Specifically, theChIP-seqmapped readswere first pooled
from replicates for each of the five histone modifications (H3K4me3, H3K4me1,
H3K36me3, H3K27ac and H3K27me3). These mapped reads were first processed
byChromHMMintobinarizeddata in every 200-bpwindowover the entiremapped
genome,withChIP ‘input’ reads as the background control. To learn themodel jointly
from mouse and human, a pseudo genome table was first constructed by concat-
enating the mousemm9 and human hg19 table, then the model was learned from
the binarized data in all four cell lines, giving a singlemodel with a common set of
emission parameters and transition parameters, which was then used to produce
segmentations in all cell types basedon themost likely state assignment of themodel.
We tried models with up to 20 states and selected an eight-state-model as it ap-
pearedmost parsimonious in the sense that all eight states had clearly distinct emis-
sionproperties,while the interpretability of distinctionbetween states inmodelswith
additional states was less clear.
MeDIP-seq andMRE-seq.MeDIP-seq andMRE-seq experimentswere performed
as previously described16. The reads were aligned to hg19 and mm9 using BWA.
MRE-seq reads were further normalized for difference in enzyme efficiency.
Defining different genomic locations. TSSs were defined by ENCOCDE con-
sortium15. Promoter regions were defined as 2 kb upstream anddownstream of the
TSS. Distal regions were defined as 10 kb away from TSS. The rest of the genomic
regions were defined asmiddle regions. All the three genomic locations are exclus-
ive to each other, and the priority during the definition is promoter, distal andmid-
dle. Each TF OS was assigned to one (and only one) genomic location. If TF OSs
overlappedwith several regions, the centre of theOSwasused todefinewhich region
to assign.
TFOSs sequence.phyloP30wiggle trackwere downloaded fromtheUCSCbrowser.
Specifically, hg19 phyloP46way trackwas used for humanandmm9phyloP30way
track was used for mouse. This average phyloP score were calculated at one base
pair resolution in 200-bp regions centred on the summit of TF peaks.
Mapping reciprocal orthologous sequences between human andmouse.Ortho-
logous DNA sequences between human and mouse were mapped by bnMapper
(O.Denas,R. Sandstromand J. Taylor,manuscript submitted) using reciprocal chain
with default setting (bnMapper.py -f BED12).
RegulomeDBSNVandoccupancy conservation.SNPsassignedwithpre-calculated
regulatory potentials were downloaded from: http://www.regulomedb.org/down
loads. dbSNP138 was downloaded from the UCSC genome browser. TFOSs were
divided into two exclusive groups: occupancy-conserved andhuman-specific. The
number of SNPswithhigh regulatory potential and the number of dbSNPs located
in each groupofTFOSswere calculated. Fisher’s exact testwas conducted to exam-
ine the enrichment of SNPs with high regulatory potential in each group.
GWASSNPs and occupancy conservation.GWAScatalogue file was downloaded
from: http://www.genome.gov/admin/gwascatalog.txt. Lead SNPs that overlapped
with exons were removed. For each lead SNP, if either the SNP itself or the linkage
disequilibrium SNPs are located within a given TF OS, it was assigned to that TF
OS. Lead SNPs that can be assigned to several TF OSs were also removed. Two-
sided Fisher’s exact tests were conduct to calculate the enrichment of conservation
in eachgivenphenotype comparedwith the distributionof all dbSNPs, andP values
were further adjusted by Benjamini–Hochberg procedure.
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ExtendedData Figure 1 | TFChIP-seq data overview andanalysisworkflow.
a, All TFs in this study are grouped according to species and cell types. TFDNA
binding domains are list in the second column. The TFs without binding

domains are highlighted in grey. The TFs assayed were cross-marked, whereas
TFs not assayed are depicted in white. b, Flowchart for the analysis pipeline for
inter- and intra-species comparisons.
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Extended Data Figure 2 | TF OSs distribution andmotifs. a, An illustration
of TF OS distribution relative to TSSs in MEL and K562 cells. Each row
represents one TF, each column represents one genomic region. Heat-map
colour shows the proportions of TF OSs that are located in different genomic
regions. b, Similar TF OS distribution plot as a in CH12 and GM12878 cells.
c, Correlation between mouse and human TF OS distribution. Dot plot shows

the correlation of orthologous TFOS distribution in each genomic region. Each
dot represents proportion of OSs for one TF in one genomic region. The x axis
is the proportion in mouse genome, and the y axis is the proportion in
human genome. d, Motif comparison for sequence specific TFs examined in
erythroid progenitor cells (MEL and K562). Each row represents one TF.
The level of motif conservation is encoded by colour.
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Extended Data Figure 3 | TF OS chromatin states and DNA methylation
status preference comparison. a, Emission matrix of ChromHMM trained
by five histone modification markers (H3K4me1, H3K4me3, H3K36me3,
H3K27me3 andH3K27ac).b, Heatmap shows theproportion ofTFOSs (rows)
that overlap with each chromatin state (columns) generated by ChromHMM

using five different histonemarkers inCH12 andGM12878 cells. c, The average
signal distributions forMeDIP-seq andMRE-seq in CH12 andGM12878 cells.
The 5-kb flanking regions centred on the TF OS peak summits were
divided into 50-bp bins. Signals were aggregated in each bin.
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Extended Data Figure 4 | Proportion of predicted enhancers in the
orthologous TF OSs. Bar graphs show the proportions of TF OSs that
overlapped with the predicted enhancers. a, Results in MEL and K562 cells.

b, Results in CH12 and GM12878 cells. The x axis represents different TFs, the
y axis represents the proportion of TF OSs that overlapped with predicted
enhancers.
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Extended Data Figure 5 | Occupancy conservation adjusted by sequence
conservation. a, The heatmap represents the adjusted occupancy conservation
of TF (row) OSs in the four cell lines. The colour intensity represents the
proportion of TF OSs that are occupancy-conserved between mouse and
human in different genomic regions (column). To remove the bias introduced

by variation of sequence conservation at different genomic loci, only TF OSs in
which the sequence can be aligned betweenmouse andhumanwere included in
this analysis. b, The heat map is similar to Fig. 2b. TFs showing remarkable
difference on total binding peaks numbers between the mouse and human
were excluded.
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ExtendedData Figure 6 | Comparison of the epigenetic features betweenTF
OSs and orthologous sequences. a, The y axis represents the proportion of
TF OSs in each chromatin state. TF OSs that can be aligned between mouse
and human are divided into two categories according to the occupancy
conservation status. Each panel represents distribution of TF OSs in one cell
line. b, Each panel represents mouse TF OSs in one chromatin state.
The pie chart in each panel shows the proportions of chromatin states in the
orthologous sequence in human. Panels in the left column represent the

occupancy-conserved TF OSs, and panels in the right column represent the TF
OSs that can be aligned but without occupancy conservation. c, The y axis
represents the normalizedDNAmethylation signals (MeDIP-seq). TFOSs that
can be aligned between mouse and human are divided into two categories
according to the occupancy conservation status (both sequence and occupancy
are conserved (OCC) and sequence is conserved but occupancy is not
conserved (SCNC)). Each panel represents distribution in one cell line.
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Extended Data Figure 7 | Conservation of occupancy is associated with
chromatin accessibility and enhancer activity in several tissues.
a, Association between occupancy conservation and chromatin accessibility
across several tissues. The density plot represents the frequency that TF OSs
(removed DNA sequences occupied by CTCF, RAD21 and SMC3) are in
accessible chromatin in varying numbers of cell types. The x axis is the Shannon
index calculated based on the DHS signals in 55 mouse tissues or cell lines;
high values mean the TF OS is in accessible chromatin in many cell types.

The red line shows the fraction of TF OSs at which occupancy is conserved
within each bin of the Shannon index. b, c, The association between occupancy
conservation and chromatin accessibility across multiple tissues for each
TF (row) in CH12 and MEL cells. TF OSs are divided into different bins
according to the value of the Shannon index (columns). The colour intensity
represents the proportion of occupancy-conserved TF OSs within each bin.
d, e, Similar distribution to b and c but only for TF OSs that are located 2 kb
away from TSSs.
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Extended Data Figure 8 | Consistency of observations between
embryonic stem cells and cell lines. a, Genomic distribution of five TF OSs
in embryonic stem cells. b, Occupancy conservation in different genomic

locations between human and mouse embryonic stem cells. c, Occupancy
conservation of TF OSs in embryonic stem cells is associated with function in
many tissues.
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Extended Data Figure 9 | Relationship between occupancy conservation
and pair-wised TFs co-association. a–d, Occupancy conservation and TF
co-association analysis was conducted as described in Fig. 4c for all four

cell lines. The TFs were kept in the same order across the four cell lines for
easy visualization.
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Extended Data Table 1 | SNVs with regulatory potential are enriched in occupancy-conserved TF OSs

a, SNVs annotated with high regulatory potential by RegulomeDB are enriched in occupancy-conserved TF OSs.
*Category 1a includes SNVs with the following features: eQTL 1 TF binding 1 matched TF motif 1 matched DNase footprint 1 DNase peak.
**Category 1b includes SNVs with the following features: eQTL 1 TF binding 1 any motif 1 DNase footprint 1 DNase peak.
b, GWAS SNPs show significant enrichment in occupancy-conserved TF OSs or human-specific TF OSs (highlighted in grey).
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