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Clustered and diverse transcription factor binding
underlies cell type specificity of enhancers
for housekeeping genes

Iris Zhu and David Landsman

National Center for Biotechnology Information, National Library of Medicine, National Institutes of Health, Bethesda,
Maryland 20894, USA

Housekeeping genes are considered to be regulated by common enhancers across different tissues. Here we report that most
of the commonly expressed mouse or human genes across different cell types, including more than half of the previously
identified housekeeping genes, are associated with cell type-specific enhancers. Furthermore, the binding of most transcrip-
tion factors (TFs) is cell type—specific. We reason that these cell type specificities are causally related to the collective TF
recruitment at regulatory sites, as TFs tend to bind to regions associated with many other TFs and each cell type has a unique
repertoire of expressed TFs. Based on binding profiles of hundreds of TFs from HepG2, K562, and GMI12878 cells, we show
that 80% of all TF peaks overlapping H3K27ac signals are in the top 20,000-23,000 most TF-enriched H3K27ac peak re-
gions, and approximately 12,000-15,000 of these peaks are enhancers (nonpromoters). Those enhancers are mainly cell
type-specific and include those linked to the majority of commonly expressed genes. Moreover, we show that the top
15,000 most TF-enriched regulatory sites in HepG2 cells, associated with about 200 TFs, can be predicted largely from
the binding profile of as few as 30 TFs. Through motif analysis, we show that major enhancers harbor diverse and clustered
motifs from a combination of available TFs uniquely present in each cell type. We propose a mechanism that explains how
the highly focused TF binding at regulatory sites results in cell type specificity of enhancers for housekeeping and common-

ly expressed genes.
[Supplemental material is available for this article.]

Enhancers are key regulators of differential gene expression in dif-
ferent tissue or cell types (Heinz et al. 2015; Field and Adelman
2020; Panigrahi and O’Malley 2021). Research on enhancers
have been largely focused on those that are critically involved in
development or cell identity. Many enhancers linked with early
development or genes establishing cell lineage have been well
studied (Banerji et al. 1983; Gillies et al. 1983; Palstra et al. 2003;
Whyte et al. 2013; Zhou et al. 2014; Shin et al. 2016; Osterwalder
et al. 2018). Enhancers for housekeeping genes, however, have not
received much attention.

There are about 20,000-25,000 genes in the human and
mouse genomes. Comprehensive analysis of RNA-seq data from
the BodyMap Project identified 3804 and 4781 housekeeping
genes in the human and mouse genomes, respectively (Eisenberg
and Levanon 2013; Li et al. 2017). Regarding the regulation of
housekeeping genes, it seems to be a generally accepted concept
that they tend to use common enhancers across different cell
types. An important study that established this view is the work
by Zabidi et al. (2015), which used STARR-seq to test enhancer
functions and showed that enhancers for housekeeping promoters
are mostly shared across two different cell types. This work has
been cited extensively as evidence for housekeeping genes using
common enhancers. The conclusion, however, was based on the
work conducted on a few promoters in two Drosophila cell lines
(Zabidi et al. 2015) and the STARR-seq system using a reporter
gene to observe properties of the sequences out of their native con-
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text (Gasperini et al. 2020). Another study by Borsari et al. (2021)
reported that housekeeping genes are often controlled by inter-
genic enhancers, common to many tissues. In their study, the
number of the common enhancers is only 555 without mention-
ing their target housekeeping genes.

Housekeeping genes also are known to need fewer enhancers
than developmental genes. Osterwalder et al. (2018) reported that
each housekeeping gene has less than one enhancer on average,
calculated on 1287 mouse genes, far less than the 4781 housekeep-
ing genes reported in the study by Li et al. (2017), which compre-
hensively analyzed expression data from 17 mouse tissues.
Previously, we found that there are few enhancers at regions of
densely packed active genes. We identified 120 such active gene
clusters that include 1050 genes, which are highly enriched in
housekeeping genes (Zhu et al. 2021). Therefore, housekeeping
genes that require few enhancers represent a small fraction (about
one-quarter) of them.

Our previous work on active transcription hubs found that
the “isolated” active promoters, which are distant from other ac-
tive promoters, tend to have multiple strong enhancers nearby
(within 100 kb), including many housekeeping genes (Zhu et al.
2021). In the current study, we report a common phenomenon:
that genes expressed at similar levels between multiple cell types
in mouse or human, including more than half of previously iden-
tified housekeeping genes (Eisenberg and Levanon 2013; Li et al.
2017), are associated with cell type—specific enhancers. This find-
ing expands our knowledge of gene regulation and draws attention
to a generally assumed view that universally expressed genes use
common enhancers across different cell types. We further
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explored the underlying mechanisms
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Previously, we showed that sparsely lo-
cated active promoters tend to associate
with multiple enhancers regardless of
the gene’s cell type specificity (Zhu
et al. 2021). Next, we found it common
that the same gene whose expression lev-
el is similar between mouse embryonic
stem (ES) cells and MEF cells is associated
with different enhancers in the two cell
types, including some housekeeping
genes. An example is shown in Figure
1A: Tgif1 is highly expressed in both ES
and MEF cells (~25 RPKM in both cells)
and is the only active gene in the flank-
ing 300-kb region. The associated en-
hancers of Tgifl, however, are located at
different sites in the two cell types. Addi-
tional examples of the same gene associ-
ated with cell type-specific enhancers in
ES and MEF cells are shown in Supple-
mental Figure S1: Genes Rbpj (house-
keeping), Fr2l1, Zc3h15 (housekeeping),
and Pdpn are highly expressed at approx-
imately the same level in ES and MEF
cells and associated with different en-
hancers in the two cell types.

These observations appear to con-
tradict the generally accepted view that
housekeeping genes use common en-
hancers, which is based mainly on a
study conducted in Drosophila cell lines
with STARR-seq, in which DNA sequenc-
es do not function in their natural con-
texts (Zabidi et al. 2015). We further
examined all the commonly expressed
genes in mouse ESCs and MEF cells and
their associated enhancers. We selected the genes whose expres-
sion level is >1 RPKM and differs less than twofold between ES
and MEF cells, which we define as commonly expressed genes.
We then identified the enhancers associated with the promoters
of these genes. There are approximately 37,000 and 56,000 non-
promoter H3K27ac peaks in ESCs and MEF cells, respectively. Al-
though H3K27ac modification is generally considered the
marker of active enhancers, previous studies have shown that
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Commonly expressed genes across multiple cell types associated with cell type—specific en-
hancers. (A) RNA-seq and ChlP-seq signals of H3K4me3, H3K27ac, and multiple TFs around a highly ex-
pressed gene Tgif1 in mouse ESCs and MEF cells. The gene promoters are marked with arrows; enhancers,
with frames. Tgif1 is the nearest active promoter to the shown enhancers. (B) Number of commonly ex-
pressed genes whose expression levels vary within twofold between ESC and MEF, and numbers of their
associated strong enhancers and their overlaps between the two cells. (C) An example of cell type—spe-
cific enhancers for a housekeeping gene SRSF4 in K562 and HepG2 cells. (D) Analysis similar to what is
presented in B, between K562 and another cell line. (E) Pairwise analysis of common genes (numbers
in the grid) and overlap rates of associated strong enhancers among five human cell lines: K562,
HepG2, GM12878, Hela-S3, and H1-hESC. (F) For the 6272 commonly expressed genes among the
five cell lines, the number of associated strong enhancers that are unique in one cell type or are shared
by two, three, four, and five cell types. (OL) Overlap.

most of the H3K27ac peak sites are poor indicators of enhancer ac-
tivities (Barakat et al. 2018), whereas collective TF recruitment is a
necessary condition for effective enhancer activity (Smith et al.
2013; Long et al. 2016; Lambert et al. 2018; Field and Adelman
2020; Ray-Jones and Spivakov 2021; Singh et al. 2021). Therefore,
we selected the top 50% (about 18,000) strongest H3K27ac peaks
in ESCs based on TF enrichment and about the same number of
strong enhancers in MEF cells (see Methods). We assigned the
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nearest TSS (RPKM > 1) to each enhancer to establish its gene target
(Hnisz et al. 2013). Of approximately 13,000 genes expressed at
RPKM >1 in each cell type, 6107 are commonly expressed genes
in MEFs and ESs (only genes with NCBI RefSeq transcript ID that
start with NM_ or NR_ are considered), which include 3297 out
of 4781 (69%) housekeeping genes previously reported (Li et al.
2017). The number of strong enhancers associated with the 6107
genes are 8281 and 6756 in ESCs and MEF cells, respectively.
The number of common enhancers is only 754 (Fig. 1B). There-
fore, we posit that most enhancers associated with commonly ex-
pressed genes are cell type-specific. Varying the number of the
strongest enhancers in each cell type (e.g., the top most TF-en-
riched 10,000, 12,000, and 15,000 H3K27ac sites) led to similar re-
sults. Below, we will show the analysis that suggests the top
12,000-15,000 most TF-enriched nonpromoter H3K27ac peak
sites represent the major effective enhancers.

We observed a similar enhancer specificity for common genes
in human cell lines. An example is shown in Figure 1C: The house-
keeping gene SRSF4 is linked to cell type-specific enhancers in
K562 and HepG2 cells. We analyzed the histone modification,
TF binding, and expression data of several human cell lines from
the ENCODE Project (The ENCODE Project Consortium 2012).
Each cell line has ChIP-seq data of tens to 200 TFs available, so
we can identify strong enhancers based on TF enrichment. The re-
sults are very similar to those from the analysis of mouse ES and
MEF cells. For the comparison between K562 and another cell
line, HepG2, HeLa-S3, GM12878, and H1-hESC, Figure 1D shows
the numbers of the active genes (RPKM > 1) whose expression dif-
fers less than twofold and the associated strong enhancers in each
cell type and their overlaps between the two cells. Clearly, these
common genes are associated mainly with cell type-specific en-
hancers. Some examples of cell type-specific enhancers linked to
commonly expressed or housekeeping human genes are shown
in Supplemental Figure S2. The results are similar when we com-
pare any other two cell types (Fig. 1E). We also examined DNA ac-
cessibility at the selected strong enhancer sites with ATAC-seq
data. In each of the seven cell types, 92%-98% of the selected
strong enhancer sites overlap with ATAC-seq signals, which indi-
cates an open chromatin state and further supports their potential
regulatory functions.

We next examined the common enhancers for commonly ex-
pressed genes across the above five human cell lines. In the studies
of Eisenberg and Levanon (2013) and Li et al. (2017), the house-
keeping genes were identified by three criteria: (1) expression ob-
served in all tissues; (2) low variance over tissues, standard
deviation [logz(RPKM)] < 1; and (3) no exceptional expression in
any single tissue, meaning that the log-expression value differs
from the averaged log>(RPKM) by two (fourfold) or more. For the
RNA-seq data from the above five cell lines, in addition to the above
three criteria, we applied a stricter rule: max[logz(RPKM)]-min
[log2(RPKM)] < 2, (i.e., the variation of expression level is within
fourfold between the highest and lowest expressed cell type). We
identified 6272 genes (RPKM>1) commonly expressed among
the five cell lines, with an overlap of 2937 of the housekeeping
genes from the study by Eisenberg and Levanon (2013). The
most enriched biological process GO terms in the identified 6272
genes are those essential to cellular functions, including mRNA
splicing, translation, cell division, etc. (Supplemental Table S2).
We then examined the overlaps of the associated strong enhancers
from the five cell types. There is a total of 29,734 strong enhancers
from the five cell types associated with 4419 (71%) of the above-
identified commonly expressed genes. As shown in Figure 1F,

most of the associated enhancers to these common genes are
unique to one cell type. There are only 231 enhancers common
to all five cell types. These results reveal the cell type specificities
of enhancers for commonly expressed genes.

Cell type-specific TF binding

These results challenge the previous view that housekeeping genes
are regulated by common enhancers across different cell types
(Lorberbaum and Barolo 2015; Zabidi et al. 2015). We show that
more than half of the housekeeping promoters are linked to cell
type-specific enhancers. To explore the mechanism behind this
phenomenon, we examined the TF binding patterns at enhancer
regions, as enhancers are sites of collective TF recruitment. By com-
paring the ChlIP-seq results of two TFs, KLF4 and MYC, in mouse
ESCs and MEF cells, we found that both TFs bind to widely differ-
ent genomic sites in the two cell types. A snapshot of ChIP-seq sig-
nals of the two TFs is shown in Figure 2A. In other words, the same
TFs show a cell type-specific binding pattern. There is only a small
percentage of overlap of the KLF4 and MYC binding sites between
ESCs and MEF cells (Fig. 2B). We examined the binding sites of a
few TFs whose ChlIP-seq data are available across multiple human
cell lines used in the above analysis: the TFs JUND, MAX, CEBPB,
ZNF143, YY1, and SP1 in the GM12878, K562, HepG2, H1-hESC,
and HeLa-S3 cell lines. For each TF, we examined the number of
overlapping binding sites among these five cell lines. The results
show that the binding locations of these TFs are mostly cell
type-specific (Fig. 2C). Among the six TFs, JUND and CEBPB bind-
ing sites have the greatest cell type specificities, whereas ZNF143
binding sites are more shared among the five cell lines. If the pro-
moter regions are excluded, the percentages of shared sites are even
lower (Supplemental Fig. S3).

Most TFs have sequence-specific binding motifs. A TF can po-
tentially bind to hundreds of thousands to millions of sites in a
mammalian genome. For example, at a P-value cutoff of 0.0001,
there are 2.1 million KLF4 and 0.68 million ESRRB binding sites
identified in the mouse genome based on motif match using the
program FIMO (Grant et al. 2011). There is only a small percentage
of overlap between the sites that match the motif and the experi-
mentally determined TF binding sites (e.g., ChIP-seq). Cell type-
specific TF bindings have been studied before (Arvey et al. 2012;
Gertz et al. 2013; Srivastava and Mahony 2020), but it is not fully
understood yet what factors determine which subset of genomic
sites containing the motifs that a TF would physically bind in a giv-
en cell type.

Cell type-specific TF binding results from collective TF binding
at regulatory sites

A well-established concept regarding TF binding is the cooperativ-
ity and synergy between TFs: Most TFs need to work together to
make an effective regulatory site (Smith et al. 2013; Lambert et al.
2018; Ray-Jones and Spivakov 2021; Singh et al. 2021), which we
believe plays a critical role in cell type—specific TF binding and, con-
sequently, the cell type specificity of enhancers, as where a TFbinds
depends on where other TFs are bound, and each cell type has a
unique repertoire of TFs. For example, KLF4 and MYC bind to differ-
ent sites in ESCs and MEF cells. On the other hand, they bind to the
same places where other TFs bind in each cell type (Fig. 2D). Using
the ChIP-seq data, we examined the cobinding of the 14 ES TFs and
nine MEF TFs as follows: Starting with one TF, we added more TFs
one by one and compared the sum of the peaks of all TFs and the
number of merged peaks (Fig. 2E,F). As new TFs are added, the

1664 Genome Research
www.genome.org


http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.278130.123/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.278130.123/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.278130.123/-/DC1
http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cshlp.org on May 5, 2026 . Published by Cold Spring Harbor Laboratory Press

Cell type-specific enhancers of housekeeping genes

5 s

. ,,_ML_A.L

KLF4 ESC

|
[

MYC ESC

Mmm m..umMMMMmmemmmMMMmuWM

.ﬂu...ln.u.l Ml-uﬂmmm“h bt . MMJ J

J.L

KLF4 MEF

PRI l‘ Lol d il v L. .lunun.u-MmLﬂMu.mnﬂ...mumde
[]

MYC MEF
J..L....JLHMA-I.M.‘I mmmu.mmummmwumﬁid&mmwnmmﬂ i it e st
Hs6st1
B C g
g
g =
KLF4 8 JUND MAX CEBPB g M ZNF143 YY1 SP1
s g & <
20.0K 8 g o o g
MEF 90.0K © S 3 g &
s o S S &
ESC 5 & 8 8 °
a < 3 - 8
E o e
2 8 o s 8 o
< ° g g g1 8 g
MYc S s S ° - s
? 8
19.5K 8 8 8 3
| g 8 s 3 o 8
MEF 8.1K g e g g 5]
ESC . 2 ° .
° .-_ ° em!!-ﬁa ° e !ET: OGN ° e !v ° ..
KR 5 >
SHFFy TIPS & VYT FPTS S &? &’
§ § & S § S
D Esc E . :
oA " Y re o _ H3K27ac b ™ = et
N L . NANOG o P
Lh sox2 T2nh T o =
o b POUSF1 ™) o= - - =
" L PR, e A R L
- O T SR eSO (1Y C T4 e - -
P L alldu 1 ESRRB | 5 e o o)
> e R Ao it - BRG1 o L
g R ~ EP300 T .
o 'y . A ‘4 MED1 : ORI IR IR IR KK AKX KK AKX KKK KA AKX OO
- o L MED12 Merged peaks m  mem - e Emmm o= = -
i TFCP2L1
- BRD4
N JEF1 T E @ ~
- ESC - 2 MEF K
N SO
H3K27 - % 8 7 « Total peaks Eg§§ *| 8 | ¢ Total peaks *
.AE.. - Ca cEBPA e + Merged peaks g"”: . ¥ | + Merged peaks
. M ol S g | & ° s &
. ..._ CEBPB g © =5 s | e <
) _4_FRA1 £ pa © Y
RUNX1 =8 s< . 5
- g5+ g I
" A € 3z < o L.
L4 i BRG1 = Y- BRI g ¢
EP300 S84 A9 .. o FY ..
e FR YR Sz G ¢ »
A t N A S gas e ;‘E g9 -
A al iRl u o i in bi CREBBP I g v
_Po2 ] IIIIIII°||J|||III
- 2 8 10 12 14 1 2 3 4 5 6 7 9
TF index TF index
G K562 HepG2 H g mTotal TF peaks
[=1
—~ o | * Total peaks ;" . + Total peaks & & =Merged TF peaks
§ 8 - ¢ Merged peaks o € 8 | + Merged peaks = o
© g S { 3 3
0 o 1] > 2
281 f/ 38 g
2 38 | £
£ < &R =
5 & 7~ = 5 S
g° / 23 8¢
Es | 5 5= 2
c e c x o
% / §8 5 8
B 7 A
o ,./""'fﬂ-_/ o ° m Hm N BB
T T T T T T T T T 2 Q& SN 2
S A\
20 40 60 80 50 100 150 200 & 'o% 2 & Q\Q,QO
TF index TF index EANERCEIA

Figure 2. Cell type—specific TF binding and collective TF binding. (A) An example of ChIP-seq signals of the TF KLF4 and MYC in mouse ESCs and MEF cells,
showing that the same TF binds to different genomic sites in different cell types. The bars in the genome tracks are the called peaks. (B) Numbers of total ChIP-
seq peaks of KLF4 and MYC in ESCs and MEF cells and their overlaps between the two cells. (C) The number of TF ChiP-seq peaks that are unique to one cell
type orare shared by two, three, four, and five different cell types, which are K562, HepG2, GM12878, H1-hESC, and HeLa-S3. (OL) Overlap or shared. There is
no YY1 or SP1 ChlIP-seq data in Hela-S3, so the comparisons of YY1 and SP1 are only among four cell lines. (D) An example of the collective TF binding and cell
type-specific binding of KLF4 and MYC in mouse ESCs and MEF cells. (E) When peaks from different TFs overlap with each other, we merged them into one
peak. (F) The total ChIP-seq peaks of all the TFs and the merged peaks as the number of TFs increases, in mouse ESCs and MEF cells. (G) An analysis similar to
what is presented in F, in K562 and HepG2 cell lines. (H) The number of total TF peaks and merged peaks in the five different cell lines.
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increase of the merged peaks is not at the
same rate as that of the total peaks, as dif-
ferent TFs bind together.

We did the same analysis of TF
cobinding with data from several human
cell lines from the ENCODE Project
(https://genome.ucsc.edu/ENCODE/
downloads.html), among which K562
and HepG?2 cells have the largest number
of TFs with ChIP-seq data. Because this
study focused on enhancers, we excluded
the TFs known to associate with the re-
pression of genes or those that bind to
only promoters (e.g.,, EZH2, HDACI,
HDAC2, TAF1). The sources of all TF
ChIP-seq data sets of K562, HepG2,
GM12878, HeLa-S3, and H1-hESC cell
lines that we used are listed in Supple-
mental Table S1. The numbers of TFs
with available ChIP-seq data we used for
the analysis were 39 TFs in H1-hESC, 54
TFs in HeLa-S3, 66 TFs in GM12878, 89
TFs in K562, and 193 TFs in HepG2 cell
lines. Figure 2G shows the increase of to-
tal TF peaks and the merged peaks in
K562 and HepG2 cells. As new TFs were
added to the calculation, the number of
merged peaks increased at a much slower
rate than that of total peaks, meaning
that TFs bind to the same sites that are
bound by other TFs. A comparison of
the number of the total TF peaks and
the merged TF peaks across all the five
cell lines (Fig. 2H) led to the same
conclusion.

Estimation of the number of the major
effective enhancers in a cell

We ranked the merged TF binding sites
based on the number of TF peaks at
each site (Fig. 3A). Out of 220,000
merged sites in HepG2 cell, 60% of all
TF peaks are located at the top 16,556
(8%) most highly occupied merged sites.
In addition, 86% of the 16,556 sites are
marked by H3K27ac signals, indicating
regulatory functions of these sites as pro-
moters or enhancers. Eighty percent of
all TF peaks are at the top 33,484 (16%)
most highly occupied merged sites. The
average H3K27ac signals at these merged
sites decrease rapidly as the TF occupancy
decreases (Fig. 3B), which suggests that

low TF occupied sites likely represent background TF binding.
Because effective regulatory elements are places of collective TF re-
cruitment, we made the same plot for the peak sites of H3K27ac,
which marks both active enhancers and promoters (Fig. 3C).
Eighty percent of all TF peaks that overlap H3K27ac signals are lo-
cated at the top 20,878 most TF-enriched H3K27ac peak sites, and
12,028 of these do not overlap promoters of any active genes, indi-
cating the function of an enhancer. We did the same analysis in
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Figure 3. The majority of all TF binding events occur at <10% of all TF sites and can be largely pre-
dicted from as few as 30 TFs. (A) Merged TF binding sites in HepG2 cells ranked on decreasing TF en-
richment (number of the overlapping TF peaks; red line) and the corresponding cumulative frequency
curve (blue line). (B) From zero to 80% cumulative frequency increased at 10% intervals, the average
H3K27ac signal intensity is plotted for the merged TF binding sites at each interval. Green lines mark
the points at 10%, 20%, 30%, 40%, 50%, 60%, 70%, and 80% of cumulative levels. (C) H3K27ac
peak sites ranked on decreasing TF enrichment (red line) and the corresponding accumulative frequen-
cy curve (blue line). Peak index at 60% and 80% of accumulative levels is marked. (D) From two ran-
domly selected nonoverlapping pools of n TFs (n varies from 30-90), we identified the top 15,000
most TF-occupied targets (MOTs), as well as the top 15,000 MOTs obtained from all 195 TFs in
HepG2 cells. The MOTs are marked with arrows. (E) The overlaps of the top 15,000 MOTs between
two randomly selected nonoverlapping pools of n TFs (n=30, 40, 50, 60, 70, 80, 90). Each box in
the plot represents results from 100 times of random TF selection. (F) The overlaps of these MOTs

and the top

15,000 MOTs obtained from all 193 TFs.

K562 and GM12878 cells and obtained similar results. In K562
cells, 80% of all TF peaks overlapping H3K27ac signal are located
at the top 22,449 most TF-enriched H3K27ac sites and 11,595
are enhancers. In GM12878 cells, 80% of the TF peaks are at the
top 23,379 most TF-enriched H3K27ac sites and 14,198 are en-
hancers (Supplemental Fig. S4).

From these results, we estimate that the top approximately
12,000-15,000 most TF-enriched nonpromoter H3K27ac peak
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sites represent the majority of effective enhancers in a cell. This is
the reason that the number of enhancer sites we chose for the anal-
ysis is within this range. Among the major enhancers identified
this way (n=12,028 in HepG2, n=11,595 in K562, and n=
14,198 in GM12878), only 791 enhancers are shared among all
three cell types. The rest of them (>92% in each cell type) are cell
type-specific and include the enhancers associated with 57% of
the commonly expressed genes identified in the results from
Figure 1F.

Binding profiles of a small number of TFs largely predict highly
occupied targets

In the above analysis, the most TF-occupied targets (MOTs) were
obtained with ChIP-seq data of hundreds of TFs. For most of the
cell types used in research, we do not have binding data for this
many TFs. We then asked the following question: If we have
only a small number of TF ChIP-seq data sets, to what extent can
we predict the MOTs to be obtained when more TF binding data
are available? We did an experiment with the data from HepG2
cells. From the set of 193 TFs, we randomly selected two nonover-
lapping pools of n TFs, for which n varies from 30-90. We then
identified the top approximately 15,000 MOTs obtained from
the two pools and calculated their overlap (Fig. 3D). There was re-
markable overlap between the two MOT sets obtained from two
nonoverlapping TF pools. The overlap rates ranged from 65% to
90% with an average overlap rate >80%. When the MOTs overlap-
ping promoter regions were removed, the overlap of the two MOT
pools was slightly lower (Fig. 3E). We then calculated how many of
these same sets of MOTs from random pools of n TFs overlap with
the top 15,000 MOTs obtained from all 193 TFs. The overlap rates
ranged from 80% to 95% (Fig. 3F). The results represent 100 times
of random TF selection. Thus, the MOTs obtained from a small
number of TFs represent, to a great extent, the major regulatory
sites in a cell, which are associated with many other TFs. We ana-
lyzed 193 TFs in the HepG2 cell line, which is a small fraction of
the total about 1000 TFs expressed in the cell (based on RNA-seq
analysis). It is a reasonable assumption that if the binding data
(ChlIP-seq data) of more TFs were available, we would observe the
same number of highly occupied sites associated with many
more different TFs.

Here we use the term “most occupied targets” (MOTs) to dis-
tinguish from the “highly occupied targets” (HOTs) that have been
studied from different aspects previously (Yip et al. 2012;
Wreczycka et al. 2019; Partridge et al. 2020; Ramaker et al. 2020).
We define MOTs as the top n (e.g., n=15,000) most TF-occupied
targets, even if the number of TFs can be relatively small. HOTs
are the site of “extremely high TF occupancy,” which has been de-
fined inconsistently, and the number of HOT sites varies from
about 2000 to about 14,000 in previous studies.

Motif enrichment analysis in mouse ESC and MEF regulatory sites
suggests the binding of other highly expressed TFs

Figure 3 shows that the highest occupied sites obtained from the
binding profiles of a small number of TFs are very likely to be
bound by many other TFs. We further tested this conclusion
with motif enrichment analysis in mouse ESCs and MEEF cells.
Based on the ChIP-seq data of NANOG, POUSF1, SOX2,
KLF4, ESRRB, MED1, MED12, TFCP2L1, and BRG1 in mouse
ESCs and of CEBPA, CEBPB, KLF4, MYC, RUNX1, FRA1, BRG1,
and CREBBP in MEF cells, we selected the top 15,000 MOTs out
of 218,553 merged sites in ESCs and 160,377 in MEFs. We removed

sites that overlap promoter regions owing to the potential enrich-
ment of false-positive ChIP-seq signals associated with promoter
regions and lack of sequence motifs (Wreczycka et al. 2019), which
resulted in 10,560 sites in ESCs and 11,456 sites in MEF cells. Using
the JASPAR TFBS enrichment analysis package (https://jaspar
.genereg.net/enrichment/) that is based on the LOLA tool (Shef-
field and Bock 2016) and the JASPAR 2022 motif database (Cas-
tro-Mondragon et al. 2022), we examined the TF motifs enriched
in the middle 700-bp window of the above selected sites (Singh
et al. 2021). With randomly selected 20,000 700-bp-long regions
(excluding promoters) as the control set, the 10 most enriched mo-
tif families in ESCs are zinc fingers (including three-zinc finger
Kruppel-related, more than three adjacent zinc fingers, and multi-
ple dispersed zinc fingers), AP-2, E2F, NR2, E2A, ETS-related, CP2-
related, and steroid hormone receptors. In MEFs, the 10 most en-
riched families are JUN-related, MAF-related, FOS-related, zinc fin-
gers, nuclear factor 1, E2F, and Hairy-related factors (Fig. 4A). The
enriched motif family is associated with highly expressed TFs in
each cell type, including SP1, KLF4, TFAP2C, MAZ, ZIC2, TFDP1,
PATZ1, ZFP57, RXRB, TCF3, ETVS, TFCP2L1, and ESRRB in ESCs
and JUNB, JUND, MAFG, MAFK, BACH1, JDP2, FOSL1, FOSL2,
ZFX, ZBTB14, BNC2, NFIX, NFIC, KLF3, TFDP1, and HESI in
MEF cells. Most of these TFs have expression levels >30 RPKM
(Fig. 4B).

The above-identified TFs whose motifs are most significantly
enriched in these regulatory sites are not the TFs based on which
these sites were selected, except for KLF4, TFCP2L1, and ESRRB
in ESCs. The results, however, are not completely surprising, as
we have shown in Figures 2 and 3 that many different TFs in a
cell associate with the same set of highly occupied regulatory sites.
The strongest binding sites selected based on ChIP-seq data of few-
er than 10 TFs are most enriched in the motifs of some other TFs
that are highly expressed in the cell, strongly suggesting the bind-
ing of these other TFs at those regulatory sites.

In addition to the above 10 most enriched TF families, the
motifs of many other TF families or TFs are significantly enriched
(P-value <1 x 107°) in the regulatory sites, including the TFs based
on which the regulatory sites were selected (Supplemental Table
S3). The expression levels of TFs that have enriched motifs are sig-
nificantly higher than those that do not have enriched motifs (P-
value=1.117 x 10~® in ESCs and 8.565 x 10~ in MEFs, Wilcoxon
test) (Fig. 4C).

The regulatory sites for the motif enrichment analysis are se-
lected based only on enrichment of binding signals (ChIP-seq
data) of no more than 10 TFs in ESCs or MEF cells, without consid-
ering other chromatin signatures or signals. Approximately 80% of
these sites, however, overlap with H3K27ac signals (n=8142 in
ESCs; n=9697 in MEF cells; with <5% overlap), indicating enhanc-
er functions. In ESCs, 8% of these enhancers are associated with
genes specifically expressed in ESCs, compared with MEF and B
cells (RPKM in ESCs 10 times higher than that of the other two
cells); 31% are associated with housekeeping genes (Li et al.
2017); and 46% of them (n=3713) are associated with commonly
expressed genes between ESCs and MEF cells.

Motif composition reveals a feature of high motif flexibility
of enhancer grammar

We further examined the motif composition for the cell type-spe-
cific enhancers associated with commonly expressed genes be-
tween ESCs and MEFs (n=3713 for ESCs; n=3941 for MEFs).
Based on motif similarity calculated with Pearson correlation
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Figure 4. Motif compositions of enhancers in ESCs and MEFs show flexible enhancer grammar. (A) The 10 most significantly enriched TF motif families
identified in the top TF-bound regulatory sites (nonoverlapping promoters) from mouse ESCs and MEF cells. For each of the 10 motif families, the motifs
with the smallest P-values associated with highly expressed TFs are listed at the top. (B) The expression levels of the TFs presented in A and D, in ESCs and
MEF cells. (CB) The expression levels of TFs that have enriched motifs are significantly higher than those that do not have enriched motifs, with p-value =

1.117 x 10~

in ESC and 8.565 x 1077

in MEF (Wilcoxon test). (D) The average occurrence per site

of the 15 most occurring motifs in the ESC- and MEF-

specific enhancers (mid 700 bp) for common genes. (E) The TF motif composition of an ESC and an MEF enhancer linked to a commonly expressed gene,
F2rl1. The expression levels (in RPKM) of each TF in the two cells (ESC as green and MEF as orange) are shown as a bar plot beside their motifs.

coefficient between the position weight matrixes (PWMs), we re-
duced the motifs in each enriched TF family into a compact set
so that any two motifs in a compact set were significantly different
from each other (Pearson correlation coefficient<0.65). This re-
sulted in 72 and 57 representative motifs in ESCs and MEF cells, re-
spectively (Supplemental Table S4), and in total 97 motifs, as some
motifs were enriched in both cell types. We identified these repre-

Lenhard 2016), at

cent motifs is 48

sentative motifs in the cell type-specific enhancers (the mid 700-
bp window) using the Bioconductor TFBSTools package (Tan and

a strict threshold: similarity of 90% and thresh-

old score of 11. On average, there are 9.8 and 8.6 motifs at each ESC
and MEF site, respectively, and the mean distance between adja-

bp. The motifs that occurred the most are all

from highly expressed TFs, from both cell type-specific TFs,
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including POUSF1, SOX2, ESRRB, TFCP2L1, NR5A2, TFAP2C, and
OLIG2 in ESCs and FOSL2, JUNB, JUND, TWIST2, JDP2, and
RUNX2 in MEF cells, and commonly expressed TFs, including
KLF4, SP1, NR1H2, MAZ, SMAD2, ZBTB12, TCF3, ZEB1, and
MGA (Fig. 4D). Figure 4E shows an example of the motif composi-
tions of cell type-specific enhancers for common genes. The gene
F2rl1 is expressed at similar levels in ESCs and MEF cells and linked
to ESC- and MEF-specific enhancers. In both enhancers, there is a
cluster of motifs closely located within 330 bp, from both cell-spe-
cific TFs (OLIG2, TFCP2L1 in ESCs; JUNB and ELK3 in MEFs) and
commonly expressed TFs. Two common motifs are KIf4 and Sp1.

The same analysis for HepG2, K562, and GM12878 cells
yielded similar results. The enriched motif families are associated
with highly expressed TFs in each cell type, and the cell type-spe-
cific enhancer sites for commonly expressed genes contain clusters
of motifs from commonly expressed TFs and cell type-specific TFs
(Supplemental Fig. SS).

A hypothesis for the mechanism underlying cell type specificity
of enhancers for commonly expressed genes

Based on these results, we propose a mechanism underlying the
cell type specificity of TF binding and, consequently, cell type spe-
cificity of enhancers: An effective enhancer requires many differ-
ent TFs and other DNA-associated proteins (DAPs) to work
cooperatively. A TF tends to bind to locations where many other
TFs are bound, even though there can be hundreds of thousands
of sites in the genome that harbor the binding motif for the TF.
Therefore, the genomic sites where there are optimal combina-
tions of closely located motifs for TFs highly expressed, or relative-
ly highly expressed, in each cell type are likely to “attract” more
TFs, and these sites become effective enhancers. Because each
cell type has a specific repertoire and expression pattern of TFs,
the enhancers occur at cell type-specific loci, even if they target
the same genes.

A simplified schematic explanation is presented in Figure 5.
Cell types A and B express different collections of TFs. TF X and
Y are expressed in both cells but bind to different locations in
the two cell types. Although there are many genomic sites that har-
bor the TF motifs, the actual bindings of each TF are more likely to
occur at places where other TFs bind. In this example, the two lo-

TF with tissue specific binding
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Figure 5. A hypothesis for the mechanism underlying cell type—specific enhancers associated with
commonly expressed genes. Schematic representation of the principle: Cell types A and B express differ-
ent repertoires of TFs. TF X and Y are expressed in both cells but bind to different places, denoted as en-
hancer A and B in the two cell types, where there are optimal combinations of motifs in proximity that

facilitate the collective binding of TFs expressed in each cell type.

v 0 on Tovaal ¥

Enhancer B

cations, denoted as enhancer A and enhancer B in the two cell
types, have an optimal combination of a diversity of motifs located
in proximity and, thus, best facilitate the collective recruitment of
TFs expressed in each cell type. This results in cell type-specific
binding of TF X and Y, which directly relates to the cell type speci-
ficity of the enhancers, even if they target the same genes.

There are up to approximately 1000 different TFs expressed in
each cell type (based on our RNA-seq analysis). Every cell type has a
unique repertoire and expression pattern of TFs. The association of
TFs to a regulatory site is driven by multiple driving forces, includ-
ing direct DNA binding through motif recognition by TFs, pro-
tein—protein interactions between different TFs and cofactors,
and chromatin folding and accessibilities. The formation of an ef-
fective regulatory site is the result of complicated interplays among
different types of interactions from hundreds of different TFs and
cofactors. Here we propose a mechanism that underlies part of that
complexity: how highly focused TF binding results in cell type-
specific usage of enhancers for commonly expressed genes.

Functionally preserved enhancers that share no obvious se-
quence conservation across different species in the animal king-
dom have been previously studied (Blow et al. 2010; Arnold et al.
2014; Villar et al. 2015; Wong et al. 2020). Here we show another
type of sequence flexibility but with functional conservation of
enhancers: Consistently expressed genes across different cell types
are associated with cell type-specific enhancers. Enhancer func-
tion is delivered technically by collective TF recruitment. Our re-
sults suggest that an essential feature of enhancer grammar is to
contain diverse and clustered TFBS motifs while allowing exten-
sive flexibility in motif composition, including their position, or-
der, and spacing. This results in cell type-specific enhancer sites
formed through recruitment of a flexible repertoire of TFs uniquely
present in each cell type while preserving the function to facilitate
the transcription of a nearby gene.

Discussion

In this study, we examined the concept that housekeeping genes
associate with common enhancers, which is in contrast to devel-
opmental or cell type-specific genes linked to cell type-specific en-
hancers. Our results expand our knowledge of housekeeping gene
regulation. We show that it is common for housekeeping genes
and the consistently expressed genes
across multiple cell types to be associated
with cell type-specific enhancers. As
such, there are different types, or differ-

AVEAD . .
XY S ent levels, of regulation for the transcrip-
TF bir;fzing tion of housekeeping genes: (1) the
motits

constitutive or core promoter that is
able to drive transcription by its own
(Kadonaga 2012; Curina et al. 2017),
(2) transcription factories or clustered
housekeeping genes that require few en-
hancers (Sutherland and Bickmore 2009;
Zhu et al. 2021), and (3) regulation by
cell type-specific enhancers. Previous
work by Zabidi et al. (2015) showed
that housekeeping genes mostly share
enhancers across different cell types
(Lorberbaum and Barolo 2015). Our
work presents a different result owing
to, we think, the following: The work
by Zabidi et al. (2015) was conducted
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on only a few promoters in two Drosophila cell lines with the
STARR-seq system. In a massively parallel reporter assay like
STARR-seq, enhancer functions are observed out of their native
context, and the functions may be irrelevant once that context
is restored. In the current work, the enhancer identification is
based on H3K27ac and TF binding signals, reflecting the chroma-
tin state and function in its native microenvironment. In addition,
we examined all the enhancers and their associated promoters ge-
nome-widely in multiple mouse and human cell types. On the
other hand, there are a small portion of housekeeping promoters
using common enhancers across different cell types (Borsari
et al. 2021), but there are few such promoters, and they are not
the focus of the current work.

Regarding the assignment of target gene to an enhancer, al-
though an enhancer can be far distant from the gene it regulates,
we posit that enhancers mostly target their nearest active genes
in the majority of cases based on the following evidence: Direct cor-
relation between the signal of an enhancer and the transcription
level of its nearby active gene(s) or the nearest active gene has
been shown across the mouse or human genome by many studies
(Heintzman et al. 2007, 2009; Creyghton et al. 2010; Kim et al.
2010; Andersson et al. 2014; Zhu et al. 2021). There are only a hand-
ful of experimentally validated enhancer-promoter pairs in the hu-
man or mouse (Wall et al. 1988; Lettice et al. 2003; Li et al. 2014;
Zhou et al. 2014; Blinka et al. 2016; Hay et al. 2016; Shin et al.
2016; Moorthy et al. 2017; Gasperini et al. 2020). The target gene
of nearly all the in vivo validated enhancers (an exception is the
Shh gene mediated by an enhancer 1 Mb away) (Lettice et al.
2003) is the nearest active gene, although there might be other an-
notated genes closer to the enhancer, but these genes are not ex-
pressed. In the case of Nanog (Blinka et al. 2016), another nearby
gene, Dppa3, is also regulated by a Nanog-linked enhancer, which
does not negate the fact that the enhancer is associated with Nanog,
its nearest gene. By assigning the nearest genes, we did not include
in our analysis that there might be other nearby gene(s) in addition
to the nearest active gene also regulated by the enhancer, but this
does not change the conclusions of this study.

Grammar rules that define how enhancers regulate gene ex-
pression have been an active research area for more than two de-
cades. Developmental and cell lineage-linked enhancers have
been the focus of the investigations, and three models of how en-
hancers interact with TFs have been proposed, which are the
“enhanceosome” model, the “billboard” model, and the “TF-col-
lective” model (Long et al. 2016; Jindal and Farley 2021). For
most of the studied enhancers, the flexibility in arrangement or-
der, spacing, and orientation of the TFs seems to be an essential
feature of enhancer grammar. In this work, we present the flexible
usage of enhancers that occurs across different cell types in the
same species, which is proof at another level for the essential fea-
ture of enhancer grammar: flexibility in motif composition and ar-
rangement with preservation of enhancer activities.

For most of cell types that have been studied, the number of
TFs with ChIP-seq data available is at single or low-double digits.
Currently, there are only a few cell lines for which the ChIP-seq
of more than 100 TFs is available, which is an insignificant number
compared with about 1000 TFs expressed in each cell type.
Methods such as DNase I foot-printing can produce a comprehen-
sive mapping of TF binding events in a cell (Neph et al. 2012;
Vierstra et al. 2020), which, however, does not provide substantial
information about collective TF binding. In addition, a large por-
tion of the millions of sites in a cell identified through DNase I
foot-printing could possibly be background binding with no func-

tional significance. Our results strongly suggest that, based on the
binding profiles of a small number of TFs, MOTs are very likely to
be bound by many other TFs whose binding data are not available
yet. In other words, a study of a small number of TFs reveals, to a
large extent, the major regulatory sites associated with hundreds
of other TFs. Further proof is required when more data on TF bind-
ing become available. Currently, we believe it is a useful guideline
to consider for the study of TF binding across genomes.

Methods
ChIP-seq data selection for mouse ESCs and MEF cells

We first examined enhancers from mouse ESCs and MEF cells for
two reasons: (1) The samples from which we used the ChIP-seq
data were prepared from early embryonic mouse tissue, not trans-
formed or exogenously immortalized cell lines that could differ
greatly from their tissue of origin genetically and phenotypically
(Alge et al. 2006; Pan et al. 2009; American Type Culture Collection
Standards Development Organization Workgroup ASN 2010), and
(2) there were multiple high-quality ChIP-seq data (eight to 14 pro-
teins for each) of TFs or other DAPs available for these two cell types.
We selected ChIP-seq data based on the quantitative metrics of FRiP
>0.1 and NRF>0.8 on a minimum of 10 million uniquely mapped
reads per sample (Landt et al. 2012).

Wealigned the ChIP-seq and ATAC-seq datatomm10 or hg19
genome using Bowtie 2 (Langmead and Salzberg 2012). For peak
calling, we used MACS2 with a cutoff Q-value of 0.01 (Zhang
et al. 2008; https://github.com/taoliu/MACS/). We mapped RNA-
seq data using STAR (Dobin et al. 2013) with following parameters:
—outFilterMultimapNmax 20—alignSJoverhangMin 8—alignSJD-
BoverhangMin 1—outFilterMismatchNoverReadLmax 0.04—
alignintronMin 20—alignintronMax 1000000—alignMatesGap-
Max 1000000.

Strong enhancer identification

We identified enhancer and strong enhancers based on H3K27ac
and TF enrichment. Enhancers were H3K27ac peaks sites that
had no overlap with promoter regions (2 kb upstream of to 1 kb
downstream from the TSS). For mouse ES and MEF cells, we used
ChIP-seq data of NANOG, POUSF1, SOX2, KLF4, ESRRB, TFCP2L1,
DPPA2, E2F1, MYC, EP300, MED1, and BRG1 in ESCs and CEBPA,
CEBPB, FRA1, RUNX1, KLF4, MYC, CREBBP, EP300, and BRG1 in
MEF cells to further identify strong enhancers. EP300 and BRG1
were not considered as TFs, but for convenience, we refer to all
the proteins as TFs in this study. We quantified the strength of en-
hancers in ESCs and MEF cells based on their TF enrichment: the
number of total overlapping TF peaks and the total ChIP-seq signal
strength (RPM) from all of the above TFs. The enhancers were
ranked first on the total number of overlapping TF peaks. For the
site with the same overlapping TF peak numbers, total TF signal
strength (reads in peaks per mapped million reads [RPM]) was
used as the secondary ranking criteria. The top n (e.g., n=
15,000) strongest enhancers were selected based on the above
two criteria.

For the human cell lines (GM12878, K562, HepG2, H1-hESC,
HeLa-S3) from the ENCODE Project (https://genome.ucsc.edu/
ENCODE/downloads.html), we used the .narrowPeak BED files
(the coordinates of called ChIP-seq peaks) for all the TF ChIP-seq
data sets (Supplemental Table S1). Enhancers were H3K27ac peak
sites ranked by the number of overlapping TF peaks. Because it is
common for multiple enhancers to overlap with the same number
of TF peaks, which means many enhancers can have the same
“strength,” it was possible that we could not select exactly the
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top n (e.g., n=15,000) strongest enhancers. We selected a thresh-
old TF number ¢ so that the number of enhancers overlapping at
least t TF peaks were closest to n (e.g., when t=15, n=15,676).
That is why for the analysis in the human cells, we use this term,
the top approximately 15,000 strongest enhancers. In this way,
the number of strong enhancers in the five cell lines were
16,708, 15,432, 15,194, 15,206, and 12,214 in HepG2, K562,
GM12878, HeLa-S3, and H1-hESC, which were used for the analy-
sis for Figure 1, D through F.

The sources and accession numbers of all the experimental
data sets, including ChIP-seq, RNA-seq, and ATAC-seq of human
and mouse cells, are listed in Supplemental Table S1.

Except for the ATAC-seq data, the mapping results of all the
human cell line data, including the ChIP-seq and RNA-seq data,
were downloaded from ENCODE that was mapped to human ge-
nome assembly hg19. The mouse cell data are from our previous
publication (Zhu et al. 2021) that was mapped to mouse genome
assembly mm10. By reperforming the target gene assignment us-
ing enhancer elements in hg38 (i.e., GRCh38) or mm39 obtained
through liftOver (https:/genome.ucsc.edu/cgi-bin/hgLiftOver),
we confirmed that using the most updated genome assemblies,
hg38 and mm39, would not change the conclusions in this study
(see Supplemental Methods).

Calculation of peak overlapping rates

Because the numbers of enhancers identified based on a given cri-
teria or a threshold from two different cell types (analysis in Fig.
1B-E) or two pools (analysis for Fig. 3D-F) were typically different,
we calculated the overlapping rates between two site sets in the fol-
IOWing way: OLrate = (NOL/NI +N0L/N2)/2; in which NOL/ Nl/ and
N, were the number of overlap sites, sites in data set 1, and sites in
data set 2, respectively.

TFBS motif enrichment and composition analysis

TFBS enrichment analysis was run with the JASPAR tools (https
://bitbucket.org/CBGR/jaspar_enrichment/src/master/) using the
“twoSets” subcommand. Similar to the analysis conducted in the
study of Singh et al. (2021), we chose the center 700-bp windows
of the selected regulatory sites and compared them with 20,000
randomly selected 700-bp windows that did not overlap any pro-
moter regions (—2000 bp to +1000 bp of TSS). The result files in-
cluded 842 TF matrices, their enrichment scores (P-value), and
the TFBS family to which they belong. TFs not expressed in each
cell were removed from further analysis, which resulted in 530-
560 TFs in each cell type. Within each identified significantly en-
riched TF family, it was common that multiple TF motifs were sim-
ilar to each other. Pairwise comparison of motifs within each TF
family was performed, and each family was reduced to a compact
set. Within a compact set, the Pearson correlation coefficient of
any two motifs was <0.65. The motifs in the compact sets were fur-
ther used to perform motif composition analysis. TFBS motif com-
parison and homologous motif identification were performed in
Bioconductor with the TFBSTools package (Tan and Lenhard
2016) and JASPAR 2022 motif database (Castro-Mondragon et al.
2022). The Pearson correlation coefficient was calculated with
the PWMSimilarity() function. The motif search was performed
with searchSeq() function with the parameter “min.score” set to
90%, and only the sites with the score >11 for a JASPAR PWM
in the output were identified as a strong match.
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