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What is a transcriptional enhancer?
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understand how different permutations of the
same regulatory elements alter gene expres-
sion. An understanding of how the combina-
torial organization of a promoter encodes reg-
ulatory information first requires an overview
of the proteins that constitute the transcrip-
tional machinery.

THE EUKARYOTIC
TRANSCRIPTIONAL
MACHINERY
Factors involved in the accurate transcrip-
tion of eukaryotic protein-coding genes by
RNA polymerase II can be classified into three
groups: general (or basic) transcription fac-
tors (GTFs), promoter-specific activator pro-
teins (activators), and coactivators (Figure 2).
GTFs are necessary and can be sufficient for
accurate transcription initiation in vitro (re-
viewed in 141). Such factors include RNA
polymerase II itself and a variety of auxil-
iary components, including TFIIA, TFIIB,
TFIID, TFIIE, TFIIF, and TFIIH. In addi-
tion to these “classic” GTFs, it is apparent that
in vivo transcription also requires Mediator,
a highly conserved, large multisubunit com-
plex that was originally identified in yeast (re-
viewed in 38, 119).

GTFs assemble on the core promoter in
an ordered fashion to form a transcription
preinitiation complex (PIC), which directs
RNA polymerase II to the transcription start
site (TSS). The first step in PIC assembly
is binding of TFIID, a multisubunit com-
plex consisting of TATA-box-binding pro-
tein (TBP) and a set of tightly bound TBP-
associated factors (TAFs). Transcription then
proceeds through a series of steps, including
promoter melting, clearance, and escape, be-
fore a fully functional RNA polymerase II
elongation complex is formed. The current
model of transcription regulation views this
as a cycle, in which complete PIC assembly is
stimulated only once. After RNA polymerase
II escapes from the promoter, a scaffold struc-
ture, composed of TFIID, TFIIE, TFIIH,
and Mediator, remains on the core promoter

Distal regulatory elements

Proximal
promoter
elements

Promoter (   1 kb)

Core
promoter

EnhancerSilencer

Locus control
region Insulator

Figure 1
Schematic of a typical gene regulatory region. The promoter, which is
composed of a core promoter and proximal promoter elements, typically
spans less than 1 kb pairs. Distal (upstream) regulatory elements, which can
include enhancers, silencers, insulators, and locus control regions, can be
located up to 1 Mb pairs from the promoter. These distal elements may
contact the core promoter or proximal promoter through a mechanism that
involves looping out the intervening DNA.

General
transcription factor
(GTF): a factor that
assembles on the
core promoter to
form a preinitiation
complex and is
required for
transcription of all
(or almost all) genes

Coactivators:
adaptor proteins that
typically lack
intrinsic
sequence-specific
DNA binding but
provide a link
between activators
and the general
transcriptional
machinery

PIC: preinitiation
complex

TSS: transcription
start site

(73); subsequent reinitiation of transcription
then only requires rerecruitment of RNA
polymerase II-TFIIF and TFIIB.

The assembly of a PIC on the core pro-
moter is sufficient to direct only low levels of
accurately initiated transcription from DNA
templates in vitro, a process generally referred
to as basal transcription. Transcriptional ac-
tivity is greatly stimulated by a second class
of factors, termed activators. In general, ac-
tivators are sequence-specific DNA-binding
proteins whose recognition sites are usually
present in sequences upstream of the core
promoter (reviewed in 149). Many classes of
activators, discriminated by different DNA-
binding domains, have been described, each
associating with their own class of specific
DNA sequences. Examples of activator fam-
ilies include those containing a cysteine-
rich zinc finger, homeobox, helix-loop-helix
(HLH), basic leucine zipper (bZIP), fork-
head, ETS, or Pit-Oct-Unc (POU) DNA-
binding domain (reviewed in 142). In addition
to a sequence-specific DNA-binding domain,
a typical activator also contains a separable
activation domain that is required for the ac-
tivator to stimulate transcription (149). An
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There are various categories of noncoding regulatory elements.

Maston, Evans, Green, Ann Rev Hum Genet, 2006
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a Enhancer

b Silencer

c Insulator

d Locus control region

X
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Figure 4
Distal transcriptional regulatory elements. (a, b) Enhancers and silencers
function to activate and repress transcription, respectively. (c) Insulators
function to block genes from being affected by the transcriptional
regulatory elements of neighboring genes. (d ) Locus control regions are
typically composed of multiple regulatory elements that function together
to confer proper temporal- and/or spatial-specific gene expression to a
cluster of nearby genes.

different times or in different tissues, or in
response to different stimuli (reviewed in 7).
Enhancers are typically composed of a rela-
tively closely grouped cluster of TFBSs that
work cooperatively to enhance transcription.
The spatial organization and orientation of
TFBSs within an enhancer can be critical to its
regulatory activity (154, 178); thus, the prop-
erties of distance- and orientation indepen-
dence only apply to the enhancer cluster as a
whole.

Enhancers are functionally similar to prox-
imal promoter elements, and the distinction
between the two classes is somewhat blurred.
In fact, in many cases, the same activators
that bind enhancer elements also bind prox-
imal promoter elements in different genes.
However, unlike most proximal promoter el-
ements, enhancers are typically long-distance
transcriptional control elements that can be

situated quite distally from the core promoter
(Figure 4a). For example, enhancers can re-
side several hundred kilobase pairs upstream
of a promoter, downstream of a promoter in
an intron, or even beyond the 3′ end of the
gene (107 and reviewed in 20).

How do distal elements function over such
long physical distances? Data are accumu-
lating in favor of a DNA-looping model,
whereby the enhancer and core promoter
are brought into close proximity by “loop-
ing out” the intervening DNA. A number of
recent studies suggest that the DNA-looping
model may in fact be a general mechanism by
which enhancers function (reviewed in 184).
Interestingly, studies have also suggested that
PIC formation may begin at a distal enhancer
(175), not at the core promoter, as is usually
assumed. This would allow for more precise
control of the timing of transcription activa-
tion, and may be more common in cases in
which rapid gene activation is required.

Silencers
Silencers are sequence-specific elements that
confer a negative (i.e., silencing or repress-
ing) effect on the transcription of a target gene
(Figure 4b). They generally share most of the
properties ascribed to enhancers (reviewed in
140). Typically, they function independently
of orientation and distance from the pro-
moter, although some position-dependent si-
lencers have been encountered. They can be
situated as as part of a proximal promoter, as
part of a distal enhancer, or as an indepen-
dent distal regulatory module; in this regard,
silencers can be located far from their target
gene, in its intron, or in its 3′-untranslated re-
gion. Finally, silencers may cooperate in bind-
ing to DNA (74), and they can act synergisti-
cally (164).

Silencers are binding sites for negative
transcription factors called repressors. Re-
pressor function can require the recruitment
of negative cofactors, also called corepres-
sors (148), and in some cases, an activator can
switch to a repressor by differential cofactor
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TBP:
TATA-box-binding
protein

TAF:
TBP-associated
factor

TFBS: transcription
factor-binding site

PIC

TFIIDTFIIA

TFIIB

TFIIF

TFIIH

RNA
polymerase II

TFIIE

?

?

?

Activator

Mediator

DBD
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Core
promoter

TATA TSS

Co-
activator

Figure 2
The eukaryotic transcriptional machinery. Factors involved in eukaryotic
transcription by RNA polymerase II can be classified into three groups:
general transcription factors (GTFs), activators, and coactivators. GTFs,
which include RNA polymerase II itself and TFIIA, TFIIB, TFIID,
TFIIE, TFIIF, and TFIIH, assemble on the core promoter in an ordered
fashion to form a preinitiation complex (PIC), which directs RNA
polymerase II to the transcription start site (TSS). Transcriptional activity
is greatly stimulated by activators, which bind to upstream regulatory
elements and work, at least in part, by stimulating PIC formation through
a mechanism thought to involve direct interactions with one or more
components of the transcriptional machinery. Activators consist of a
DNA-binding domain (DBD) and a separable activation domain (AD)
that is required for the activator to stimulate transcription. The direct
targets of activators are largely unknown.

extensive discussion of the properties of acti-
vators is beyond the scope of this review; read-
ers are referred to several excellent reviews on
the subject (87 and references therein).

The DNA-binding sites for activators
[also called transcription factor-binding sites
(TFBSs)] are generally small, in the range
of 6–12 bp, although binding specificity is
usually dictated by no more than 4–6 po-
sitions within the site. The TFBSs for a

specific activator are typically degenerate,
and are therefore described by a consen-
sus sequence in which certain positions are
relatively constrained and others are more
variable. Many activators form heterodimers
and/or homodimers, and thus their binding
sites are generally composed of two half-sites.
Notably, the precise subunit composition of
an activator can also dictate its binding speci-
ficity and regulatory action (37).

Although an activator can bind to a wide
variety of sequence variants that conform to
the consensus, in certain instances the precise
sequence of a TFBS can impact the regulatory
output. For example, TFBS sequence vari-
ations can affect activator binding strength
(reviewed in 30), which may be biologically
important in situations such as in early devel-
opment, in which activators are distributed in
a concentration gradient (84, 144). TFBS se-
quence variations may also direct a preference
for certain dimerization partners over others
(37, 124, 142). Finally, the particular sequence
of a TFBS can affect the structure of a bound
activator in a way that alters its activity (69,
104, 108, 154, 163). The best-studied exam-
ples are nuclear hormone receptors, a large
class of ligand-dependent activators. Various
studies have shown that the relative orienta-
tion of the half-sites, as well as the spacing be-
tween them, play a major role in directing the
regulatory action of the bound nuclear hor-
mone receptor dimer (37).

Activators work, at least in part, by in-
creasing PIC formation through a mechanism
thought to involve direct interactions with
one or more components of the transcrip-
tional machinery, termed the “target” (141,
149). Activators may also act by promoting a
step in the transcription process subsequent to
PIC assembly, such as initiation, elongation,
or reinitiation (103). Finally, activators have
also been proposed to function by recruit-
ing activities that modify chromatin structure
(47, 106). Chromatin often poses a barrier
to transcription because it prevents the tran-
scriptional machinery from interacting di-
rectly with promoter DNA, and thus can be

32 Maston · Evans · Green
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Figure 3
Core promoter elements. Metazoan core promoters are composed of a number of elements that may
include a TATA box, an Initiator element (Inr), a Downstream Promoter Element (DPE), a Downstream
Core Element (DCE), a TFIIB-Recognition Element (BRE), and a Motif Ten Element (MTE). The
human consensus sequence of these elements, their relative positions, and the transcription factors that
bind them are shown. The DCE is shown on a separate core promoter for illustration purposes only.
Although the DCE can be present in promoters containing a TATA box and/or Inr, it presumably does
not occur with a DPE or MTE.

Inr: Initiator

TATA box, the binding site for the TBP
subunit of TFIID. In addition to the TATA
box, metazoan core promoters can be com-
posed of numerous other elements, including:
Initiator element (Inr), Downstream Pro-
moter Element (DPE), Downstream Core El-
ement (DCE), TFIIB-Recognition Element
(BRE), and Motif Ten Element (MTE) (113)
(Figure 3). With the exception of the BRE,
which is specifically recognized by TFIIB, all
other core promoter elements described to
date are TFIID-interaction sites: TAF6 and
TAF9 contact the DPE, TAF1 and TAF2 con-
tact the Inr, and TAF1 contacts the DCE (100,
166).

A statistical analysis of ∼10,000 predicted
human promoters revealed that these known
core promoter sequence motifs may not be
as universal as previously thought (68). Of
the four core promoter elements surveyed
(TATA, Inr, DPE, and BRE), the Inr was the
most common element, occurring in nearly
half of all promoters. By contrast, DPE and
BRE were each found in roughly one fourth

of promoters, and TATA boxes were present
in only one eighth of promoters. Strikingly,
nearly a quarter of all promoters analyzed had
none of these four elements, suggesting that
either additional core promoter elements or
other types of promoter features may yet be
discovered. Consistent with this idea, recent
reports suggest the existence of more unusual
core promoter architectures, such as so-called
ATG deserts (102). Moreover, it was recently
reported that higher-order structural proper-
ties of promoter DNA, which are determined
in part by the nucleotide sequence, can be used
to identify and classify core promoters (59).
Future work may uncover promoter structural
properties that are important for GTF-DNA
interactions. Indeed, nearly all of the GTFs
contact DNA in the core promoter region (re-
viewed in 73). Although many of those inter-
actions appear to be nonspecific, the efficiency
of their function may be affected by struc-
tural properties of the promoter DNA, which
are affected by the underlying nucleotide
content.
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The core promoter is required for basal transcription

The pre-initiation complex (PIC) forms on the core promoter. 
There are various different kinds of core promoters (and not all of them are 
known/characterized). 

Maston, Evans, Green, Ann Rev Hum Genet, 2006



How do you test the activity of an enhancer? - easy assay

4

Plasmids with region to be tested for activity and luciferase/GFP gene can 
be used to test regions for enhancer activity



How do you test the activity of an enhancer? - harder assay

5

Integrate the gene + probable enhancer into the genome and transcription 
has to take place in genomic environment before it is tested.

Note that this can be done either in vivo or in culture.
Suzuki and Suzuki, Viral Gene Therapy, 2011



How do you test the activity of an enhancer? - Transgenic 
assay

6 The VISTA enhancer browser

In Len’s assay the tested region is inserted into host DNA within the mouse 
egg to ensure that the mouse embryo has this region as it grows - you get 

a single assay to test for all tissues at a particular timepoint.
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Artifacts from assays

Transfection  
(plasmid)

Transduction  
(integration)

Transgenic 
(Len)

Native Context No No No

Chromatin Context No Typically present Typically present

Copy Number Artifact Yes Can be avoided Can be avoided

In vivo YesDependsDepends

Confidence of assay increases

Integration bias No Yes Yes

Difficulty of assay increases

Core promoter  
dependence Yes Probably Probably



Technique Plasmid/Chromatin Length of element 
tested Elements

In-vitro transcription 
(Shendure, Nat. 
Biotech, 2009)

In-vitro (100K) 200 bp / 3-4 promoters Effect of variants

MPRA (Tarjei, Nature 
Biotech, 2012)

Transfection/ human 
cells (40K) - RNAseq 87 bp / 2 enhancers Effect of variants 

(indels/subs)

MPFD (Shendure, Nat. 
Methods, 2012)

Transfection/mouse 
(100K) 1kb /3-4 enhancers Effect of variants

eFS (Bulyk, Nat. 
Methods, 2013)

Transduction/fly  
1 clone per cell (500) 1 kb/ ChIP-seq of TF Finding enhancers

STARR-Seq (Stark, 
Science, 2013)

Transfection/fly (whole 
genome - fly)  600 bp/whole genome Finding enhancers

CRE-Seq (Cohen, 
Genome Res, 2014)

Transfection/human 
(2000 x 2)

132 bp/chromHMM and 
Segway Accuracy of predictions

FIREWACh (Dailey, 
Nature Methods, 2014)

Transduction/mouse  
1 clone per cell (80K) 100-300bp/DNase Finding enhancers

SIF-Seq (Pennacchio, 
Nature Methods, 2014)

Transduction/mouse  
1 clone per cell (500kb)

1-2 kb/specific regions 
of genome Finding enhancers

A number of massively parallel assays have been developed 
in the last 5 years for testing enhancer activity

8



MPRAs

9

None of these assays have worked on the whole genome for 
mammalian cells so far (published studies).

Transduction > Transfection (chromatin context)



ImPACT-Seq - Immensely Parallel Assay using Cellular 
Transduction -  A new massively parallel assay for identifying 

regulatory regions in the genome.

Minimal promoter + GFP 
gene

Transduce into hESC 
using HIV vector 

(3 pools)

Fluorescence Activated 
Cell-Sorting Targeted 

sequencing

Multiplicity of infection = 3-5

Input

Pool 1 Pool 2 Pool 3 10
In collaboration with 

Richard Sutton



ImPACT-Seq - identifying regulatory regions in the genome

24028 36137

44532

Pool 1 Pool 2

Pool 3

12362

3759 7084
19857

25-33% of peaks within a pool are consistent with peaks 
across all three pools.

11

Goal - to show that 
most of these peaks 
are real regulatory 
regions!
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Simulate what we 
think is happening 
in the experiment

Non-repetitive regions of genome

Generate random fragments

Split in to 3 pools

Subsample regions of 
genome that are positive Infect cells

MOI = 3

27 million fragments
2.5 kb +/- 250 bp length

FACS sorting

 Error in FACS sorting = 15%

Simulate Reads

Identify common peaks

PCR amplification

Error in sequencing = 1%
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ImPACT-Seq simulations can be used to identify what genome 
we expect to be positive in assay

About 0.6-0.7% of genome could be expected to come as positive in the assay.
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ImPACT-Seq simulations can also be used to calculate the 
expected precision and recall in the assay

The FDR is expected to be <10% according to these simulations.
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ImPACT-Seq identifies regulatory elements that are close to a 
number of active genes

Fewer enhancers come out as positives in this assay might be due to : 
a) Enhancers are weak promoters and may be more prone to be mistaken as 

negatives in FACS sorting. 
b) All enhancers might not function as promoters during this testing.
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P-value = 5.7e-24

ImPACT-Seq promoters and enhancers are closer to active 
genes 

Enhancers may not be regulating closest gene in a majority of cases.

P-value < 1e-300



Sequence determinants for regulatory regions

17

Known transcription factor binding motifs are enriched in 
the identified regulatory regions.

De novo Motifs
E- Value 
(DREME)

1.4e-197

Motif Matches

SP/KLF family (SP1, SP2, KLF4, KLF5)
E2F family (E2F1, E2F3, E2F4, E2F6)
EGR family (EGR1, EGR2)
GC box

3.9e-111 SP/KLF family (SP1, SP2)
ZNF263/MZF-1 family

1.9e-107 NRF1

5.3e-84

E2F family (E2F1, E2F3, E2F4, E2F6)
SP/KLF family (KLF4, KLF5)
STAT (STAT1, STAT3)
ETS family (ELK1, ELK4, SPIB, GABPA)

1.3e-24
AP2 family (TFAP2A, TFAP2C)
EBF1
Zfx

3.0e-21
Helix-loop-helix family 
(TCF3, TCF12, Myod1, Myog, Atoh1, NHLH1)
RFX5
CTCF
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A larger number of activators are enriched in the regulatory 
regions

0 0.48
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A lot more ENCODE2 ChIP-Seq peaks occur on promoters as 
compared to enhancers

Enhancers may be more heterogeneous and ENCODE2 ChIP-Seq datasets 
might have focused on the TRFs associated with promoters.



The regulatory regions display significant 
overlap with histone peaks
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Regulatory Marks

H3K9ac

Activating Marks Other Marks

Regulatory
Regions

Control



0

2000

4000

6000

8000

10000

12000

-2000 0

-0.15

0.15

0.45

0.75

1.05

+2000

H3K27ac signal tracks

(Reads per Million)

No single histone mark is able to identify regulatory 
regions in the genome

Regulatory regions
intersecting with 
H3K27ac peaks

-2000 0 +2000
0

2000

4000

6000

H3K27ac signal tracks

(Reads per Million)

0.24
0.12
0.00
-0.12

Regulatory regions
not intersecting with 

H3K27ac peaks
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0



No single histone mark is able to identify regulatory 
regions in the genome

Regulatory regions
not intersecting with 

H3K27ac peaks

0.7
0.5
0.3
0.1

-2000 0 +2000
0

400

800

1200

H3K4me1 signal tracks

(Reads per Million)

Regulatory regions
intersecting with 
H3K4me1 peaks

Regulatory regions
intersecting with 
H3K4me2 peaks

-2000 0 +2000
0

100

200

0.0
0.8
1.6
2.4
3.6

H3K4me2 signal tracks

(Reads per Million)

-2000 0 +2000
0

2000

4000

6000

H3K27ac signal tracks

(Reads per Million)

0.24
0.12
0.00
-0.12
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Data types used to predict active enhancers -  
Evolutionary Constraints and Motif Content

Problems with this Approach:
Cannot predict tissue specificity.
A number of conserved elements serve alternate functions.
All enhancers may not be under very high evolutionary pressure.

Selected example toolsa (see text for references)

Patser; matrix-scan (in RSA-Tools); MotifLocator (in
TOUCAN); MotifScanner (in TOUCAN); MatchA  Single binding site prediction using PWM-scanning

B  Single binding site prediction using sequence conservation (phylogenetic footprinting)

C  CRM scanning using motif  clustering

D  CRM scanning with sequence conservation

E  Supervised CRM prediction or CRM classification

F  Using general chromatin activity data

G  Using gene expression data

CRM matches: similar
across coexpressed

genes

Coexpressed genes

ConSite; rVista; TFLoc; rMonkey; BLS-score

Ahab; Cluster-Buster; Stubb; SWAN

StubbMS; EEL; EMMA; MAFIA

CRM matches in genomes of
two related species

“motif-blind” (e.g., dot-product, Markov chain, k-mers);
“motif-aware” (e.g., Clover + Cluster-Buster);
ad hoc (e.g., Narlikar et al., 2010, Wasserman et al., 1998)

CENTIPEDE; CHROMIA; General binding preferences
(GBP), PriorsEditor

MEME, oligo-analysis, MotifSampler, oPOSSUM, TOUCAN,
Clover, PASTAA, PSCAN, ModuleSearcher, CREME,
ModuleMiner, PhylCRM/Lever, cisTargetX

Species 1

Training set of  CRMs

Identify regulatory
features

Positive chromatin signal (e.g., DNasel
hypersensitivity, FAIRE, active chromatin mark, ...)

Upstream region

CRM match retained
because overlaps with

chromatin signal

Train
CRM model

= +

Scan genome
sequence

CRM: positive model
prediction

“CRM model”

Species 2

Input one PWM
(homotypic cluster)

CRM matches: high motif  density

Input multiple PWMs
(heterotypic cluster)

All PWM matches are
candidate TF binding sitesFunctional CRM

Retained PWM matches: corresponding
positions in a pairwise or multiple alignment

Retained PWM matches by conservation using PhastCons scores

Sp1

Sp2

Filtered-out PWM matches

Filtered-out PWM matches

Figure 5.1 Schematic overview of computational strategies to predict TF binding sites
and cis-regulatory modules. (A) Single binding site prediction using PWM scanning.
A sequence is scored with a position weight matrix (PWM), retaining matches with a
normalized score greater than an arbitrary threshold or with a significant p-value.
Sensitivity and specificity can be balanced by adjusting the threshold, and are usually

124 Stein Aerts

Selected example toolsa (see text for references)

Patser; matrix-scan (in RSA-Tools); MotifLocator (in
TOUCAN); MotifScanner (in TOUCAN); MatchA  Single binding site prediction using PWM-scanning

B  Single binding site prediction using sequence conservation (phylogenetic footprinting)

C  CRM scanning using motif  clustering

D  CRM scanning with sequence conservation

E  Supervised CRM prediction or CRM classification

F  Using general chromatin activity data

G  Using gene expression data

CRM matches: similar
across coexpressed

genes

Coexpressed genes

ConSite; rVista; TFLoc; rMonkey; BLS-score

Ahab; Cluster-Buster; Stubb; SWAN

StubbMS; EEL; EMMA; MAFIA

CRM matches in genomes of
two related species
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Figure 5.1 Schematic overview of computational strategies to predict TF binding sites
and cis-regulatory modules. (A) Single binding site prediction using PWM scanning.
A sequence is scored with a position weight matrix (PWM), retaining matches with a
normalized score greater than an arbitrary threshold or with a significant p-value.
Sensitivity and specificity can be balanced by adjusting the threshold, and are usually

124 Stein Aerts

High density of TF 
binding motifs

Evolutionary 
conservation of TF 

binding motifs, 
Ultraconserved sites

Approximately 30-40% of noncoding sites under high 
evolutionary pressure tested positive for enhancer activity.

Pennachio, et al., Nature, 2006.
Siggia, Curr Opin Genet Devel, 2005.23



Data types used to predict active enhancers - 
Epigenetic datasets  (Open chromatin and Histone Modification)

Problems with this Approach:
No single histone modification or combination of histone modifications have been 
associated with all enhancers. Nord, et al., Cell, 2013. 

Rajagopal, et al., PLoS CB, 2012. 
Ernst and Kellis, Nature Methods, 2012.

organs with different anatomical and physiological trajectories:
forebrain, heart, and liver. The forebrain is the center of many
higher brain functions, arising from the ectoderm and undergo-
ing waves of neurogenesis and migration during mid-embryo-
genesis, with substantial late maturation (Austin and Cepko,
1990; Clinton et al., 2000; Kang et al., 2011). The heart arises
from the mesoderm, is one of the earliest organs to form with
basic patterning complete by late gestation, and performs the
singular function of circulation throughout life (Brand, 2003; Har-
vey, 2002; Olson, 2006). The liver arises from the endoderm and
goes through a major functional transition, switching from fetal
hematopoiesis to its mature functions of detoxification, meta-
bolism, and plasma protein and hormone synthesis late in gesta-
tion (Zhao and Duncan, 2005; Zorn, 2008). These three tissues
are of significant relevance to biomedical research, and patho-
genic traits associated with all three systems are closely linked
to transient developmental processes.

We generated genome-widemaps of enhancers active in each
of these organs via chromatin immunoprecipitation sequencing
(ChIP-seq) performed directly on mouse tissue collected at
different stages of development (Figure 1A). The developmental
stages (embryonic days [E] 11.5, 14.5, and 17.5; postnatal days
[P] 0, 7, 21, and 56) and tissues were selected to capture signif-
icant developmental processes in these major organ systems. In
total, we profiled 21 unique tissue types collected from pre- and
postnatal mice (Table S1 available online). We assessed the
tissue- and stage-specific presence of H3K27ac, a histone
modification found at active enhancers (Creyghton et al., 2010;
Rada-Iglesias et al., 2011) and at transcription start sites

(TSSs). Figure S1 shows a schematic overview of the analysis.
ChIP-seq reads were mapped to mm9, and peaks were called
for each data set (see Extended Experimental Procedures for
details for all analyses). We separated the H3K27ac-enriched re-
gions into putative distal enhancers, defined as regions posi-
tioned at least 1 kb from a known TSS, and proximal regions
that were within 1 kb of or overlapped a TSS. In total, across
the three tissues and seven time points examined, we identified
105,394 H3K27ac-enriched regions, including 16,225 regions
that were proximal to known TSSs and 89,169 distal regions rep-
resenting putative developmental enhancers. Comparison of
expression levels of the nearest TSS for both forebrain and
heart enhancers showed significantly increased expression in
the linked tissue at E11.5 (t test p values: forebrain = 0.007;
heart = 0.03). H3K27ac enrichment profiles for biological repli-
cates for a subset of samples showed significant reproducibility
across data sets (Figure S2A). The association of enhancers with
gene expression, the biological reproducibility of ChIP-seq ex-
periments, and patterns of H3K27ac coenrichment across tis-
sues and time points support the validity of these data sets for
genome-wide enhancer analysis (Figure S2).
Recent studies of chromatin indicate that H3K27ac is present

at enhancers when they are active (Bonn et al., 2012; Cotney
et al., 2012; Creyghton et al., 2010; Rada-Iglesias et al., 2011),
suggesting a model wherein dynamic H3K27ac enrichment is
associated with transient enhancer activity. This notion is illus-
trated by examples of differential H3K27ac enrichment across
time points and tissues at representative putative distal en-
hancers located near selected developmentally active target
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Figure 1. Mapping In Vivo Enhancers via ChIP-Seq Performed on Mouse Forebrain, Heart, and Liver Tissue
(A) Schematic of developmental stages and tissues.

(B) Representative examples of putative enhancers exhibiting dynamic H3K27ac signal across tissues and time points. Text includes description of loci.

See also Figures S1 and S2 and Table S1.

1522 Cell 155, 1521–1531, December 19, 2013 ª2013 Elsevier Inc.

Associated with 
active enhancers:

H3K27ac or 
H3K79me3 + 

H3K4me1

Associated with 
inactive enhancers:

H3K27me3 + 
H3K4me1

Approximately 67% of “dynamic” H3K27ac peaks tested 
positive for enhancer activity.
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Data types used to predict active enhancers - 
Models based on transcription factor binding regions

Problems with this Approach:
A large number of experiments required.
Difficult to distinguish between functional and passive TF binding.

discriminative model was learned using chromatin fea-
tures and TRF binding data of the cell line as explana-
tory variables. The resulting models separated positive
and negative examples well in all cell lines (Figures S3

and S4 in Additional file 2). Finally we used the learned
models to give PRM scores to all regions in the whole
genome. Since in this case we have a relatively complete
set of positive examples from annotated genes, we used

Figure 1 Overview of the pipeline for identifying the six types of regions for one cell line. The left side shows the input data involved.
The right side shows how these datasets were used to identify the regions. The same pipeline was applied to five different cell lines. See
Materials and methods for details. The color scheme for the six regions is used in all figures and supplementary figures of the paper. CAGE, cap-
analysis of gene expression; exp., experiment.

Yip et al. Genome Biology 2012, 13:R48
http://genomebiology.com/2012/13/9/R48
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p300 predicts enhancer activity patterns

To test directly whether p300 binding in developing mouse tissues is
indicative of enhancer activity in vivo, we selected 86 regions with a
p300 peak in at least one of the tissues for analysis in transgenic mice,
comprising a total of 122 individual predictions of enhancer activity in
specific tissues (Supplementary Table 5). These elements were selected
blind to the identity of genes near which they are located, showed a
wide range of evolutionary conservation with other vertebrate species
(see Methods) and approximately reflect the genome-wide distri-
bution properties of p300 peaks among intronic and intergenic
regions, as well as their distances relative to known genes (Supple-
mentary Fig. 1).

We cloned the human genomic sequences orthologous to these
enhancer candidate regions into an enhancer reporter vector and
generated transgenic mice as previously described10,31. For each of
the 86 candidate enhancers, several independent transgenic embryos
(average of n 5 8) were assessed for reproducible reporter gene
expression. A pattern was considered reproducible if the same anatom-
ical structure was stained in three or more embryos. In almost all cases,
this minimum threshold was exceeded and reproducible reporter
staining in forebrain, midbrain or limb was present on average in more
than 80% of the embryos obtained per construct (Supplementary
Table 5).

First we determined whether p300 binding was predictive of repro-
ducible in vivo enhancer activity regardless of their tissue specificity.
Considering peaks from each of the three p300 data sets separately, 55
out of 63 (87%) forebrain predictions, 30 out of 34 (88%) midbrain
predictions and 22 out of 25 (88%) limb predictions were active enhan-
cers in vivo at E11.5 as defined by reproducible LacZ staining (Fig. 2,
grey and coloured bars). Overall, 87% (75 out of 86) of the tested
elements were reproducible enhancers at E11.5. This compares with
a success rate for predicting enhancers of 47% (246 out of 528) from
our previous studies in which elements were identified on the basis of
their extreme evolutionary conservation and tested using the same
transgenic mouse assay10,11. Thus, the rate of false-positive predictions
using p300 ChIP-seq was more than fourfold lower than that with

extreme evolutionary conservation (13% compared to 53% previously;
P 5 4.2 3 10210, Fisher’s exact test).

We next determined the accuracy with which p300 binding predicts
the tissue in which enhancer activity will occur. Of the 63 tested elem-
ents that overlapped a forebrain p300 peak, 49 (78%) were found to
have reproducible enhancer activity in the developing forebrain (Fig. 2,
blue). Similarly, 28 out of 34 (82%) tested elements identified by
midbrain p300 enrichment (Fig. 2, red), and 20 out of 25 (80%) tested
elements identified by limb p300 enrichment (Fig. 2, green), were
confirmed to be active in the predicted tissue. The 86 tested elements
included 32 sequences that were identified by p300 binding in more
than one tissue. Of these, 27 out of 32 (84%) were active in at least one
of the predicted tissues, and 22 sequences (69%) perfectly recapitu-
lated the predicted expression patterns (Supplementary Table 6).

To assess the degree of enrichment of enhancer activities in predicted
tissues, we compared the relative frequency of enhancers for each of the
three tissues examined here with a background set of 528 previously
tested sequences predicted to be developmental enhancers on the basis
of extreme sequence constraint that were not associated with a prior
tissue specificity prediction10,11. For example, whereas forebrain enhan-
cers account for only 16% (86 out of 528) of the tested elements iden-
tified through comparative approaches, 78% (49 out of 63) of elements
predicted by forebrain p300 peaks were found to be active enhancers in
the forebrain (Fig. 2). Forebrain predictions are therefore fivefold
enriched in forebrain enhancers compared with enhancers identified
through comparative approaches (P , 1 3 10222). Similarly, we
observed a sixfold enrichment of midbrain enhancers (P , 1 3 10211)
and a 16-fold enrichment of limb enhancers (P , 1 3 10218) at mid-
brain and limb p300 peaks, respectively. Representative examples of
enhancers identified by ChIP-seq are shown in Fig. 3 and detailed anno-
tations and reproducibility across transgenic mice for all elements tested
in this study can be found at http://enhancer.lbl.gov (ref. 32). Taken
together, these results indicate that p300 peaks are a highly accurate
predictor of in vivo enhancers and their spatial activity patterns.

Forebrain
3,629,292 reads

2,453 peaks

Midbrain
3,530,316 reads

561 peaks

Limb
2,419,480 reads

2,105 peaks

mb

fb

li

1 mm

Microdissection

li

Map reads
to genome

p300
anti-p300

ChIP:

Massively
parallel
sequencing

Identify
peaks

Figure 1 | Tissue dissection boundaries, overview of the ChIP-seq approach
and summary of p300 results. Tissue dissection boundaries are indicated in a
representative unstained E11.5 mouse embryo. For each sample, tissue was
pooled from more than 150 embryos and ChIP-seq was performed with a p300-
antibody. Reads obtained for each of the three tissues that unambiguously
aligned to the reference mouse genome were used to define peaks (FDR , 0.01).
A more comprehensive overview of sequencing and mapping results is provided
in Supplementary Table 1. fb, forebrain; li, limb; mb, midbrain.
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Large cluster of TF binding (ChIP-Seq) Related approach: p300/Cbp binding peaks

Approximately 58-82% of p300 peaks tested positive for 
enhancer activity.

Yip, et al., Genome Biology, 2012. 
Visel, et al., Nature, 2009.25



Data types used to predict active enhancers - 
Bidirectional nonpolyadenylated CAGE peaks (eRNA)

Problems with this Approach:
Not sure if all active enhancers can be found using this approach.
May not be able to distinguish from random transcription.

were observed in other cell lines (Supplementary Fig. 2a). Enhancer-
associated reverse and forward strand transcription initiation events
were, on average, separated by 180 base pairs (bp) and corresponded to
nucleosome boundaries (Supplementary Figs 3 and 4). As a class, active
HeLa-S3 enhancers had 231-fold more CAGE tags than polycomb-
repressed enhancers, indicating that transcription is a marker for active
usage. Indeed, ENCODE-predicted enhancers7 with significant reporter
activity8 had greater CAGE expression levels than those lacking reporter
activity (P , 4 3 10222, Mann–Whitney U test). A lenient threshold
on enhancer expression increased the validation rate of ENCODE
enhancers from 27% to 57% (Supplementary Fig. 5).

Although capped RNAs of protein-coding gene promoters were
strongly biased towards the sense direction, similar levels of capped
RNA in both directions were detected at enhancers (Fig. 1b and Sup-
plementary Fig. 2b, c). Thus, bidirectional capped RNAs is a signature
feature of active enhancers. On this basis, we identified 43,011 enhan-
cer candidates across 808 human CAGE libraries (see Supplementary
Text and Supplementary Figs 6–8). Interestingly, the candidates were
depleted of CpG islands (CGI) and repeats (with the exception of
neural stem cells, see ref. 9).

To confirm the activity of newly identified candidate enhancers, we
randomly selected 46 strong, 41 moderate and 36 low activity enhancers

(as defined by CAGE tag frequency in HeLa cells) and examined their
activity using enhancer reporter assays compared to randomly selected
untranscribed loci with regulatory potential in HeLa-S3 cells: 15 DHSs10,
26 ENCODE-predicted ‘strong enhancers’7 and 20 enhancers defined
as in Fig. 1a (Supplementary Tables 2 and 3). Whereas 67.4–73.9% of
the CAGE-defined enhancers showed significant reporter activity, only
20–33.3% of the untranscribed candidate regulatory regions were active
(Fig. 1c and Supplementary Fig. 9a). The same trend was observed in
HepG2 cells (Supplementary Fig. 10a, b). Corresponding promoter-less
constructs showed that the enhancer transcription read-through is
negligible (Supplementary Fig. 9b, c). Many CAGE-defined enhancers
overlapped predicted ENCODE ‘strong enhancers’ or ‘TSS’ states (25%
and 62%, respectively, for HeLa-S3), but there was no substantial differ-
ence in validation rates between these classes (Supplementary Fig. 10c, d).
In summary, active CAGE-defined enhancers were much more likely to
be validated in functional assays than untranscribed candidate enhan-
cers defined by histone modifications or DHSs.

Initiation and fate of enhancer RNAs versus mRNAs
RNA-seq data from matching primary cells and tissues showed that
,95% of RNAs originating from enhancers were unspliced and typ-
ically short (median 346 nucleotides)—a striking difference to mRNAs
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a, Densities of the genomic and processed RNA lengths of transcripts starting
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(59 splice motif (59SS, upper panel) and the transcription termination site
hexamer (TTS, lower panel)) around enhancer and mRNA TSSs. Vertical axis
shows the average number of predicted sites per kb within a certain window
size from the TSS (horizontal axis) in which the motif search was done. Dashed
lines indicate expected hit density from random genomic background. The
window always starts at the gene or enhancer CAGE summits and expands
in the sense direction. nCGI, non-CGI. c, Average nucleotide frequencies
(top panel) and DNase I cleavage patterns (lower panel) of enhancer CAGE
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bi-directional CAGE 
peaks are present 

near some enhancers

Approximately 75% of predicted enhancers in the vicinity of 
bidirectional CAGE peaks tested positive for enhancer activity.

FANTOM consortium, Nature, 2014.26
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STARR-seq is a massively parallel NGS assay that utilizes 
transduction to identify enhancers on a genome-wide scale

STARR-seq was developed in flies and translating it to whole genome for 
mammalian cells has been challenging. 

Stark, Science, 2013 
Muerdter et al, Genomics, 2015
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luciferase activitywere strongly linearly related over
the entire range of enrichment values (r = 0.83; Fig.
1C), which established STARR-seq as a quanti-

tative assay applicable to millions of fragments for
the genome-wide identification of enhancers that
substantially outperforms methods based on chro-

matin features (figs. S9 to S11). We did not find
any evidence that the location of candidates in-
side the transcript would bias their assessment:

Fig. 2. Complexity of gene
regulation. (A) Enrichment
and depletion of different
enhancer strengths (left) and
enhancer number (right) in
specific gene categories ver-
sus all genes. (B) STARR-seq
enhancers and fragment
densities in the Act5C and
shn loci. (C) Gene expres-
sion versus the number and
the combined strengths of
enhancers per gene locus
(bins of 100 genes).
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Fig. 3. Regulation of
enhancer activity at
the chromatin level. (A)
Histone modifications
(modEncode) at STARR-
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(P>0.05) classes byDHS-
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sorted by STARR-seq P
value). (B) Boxplots for
STARR-seq enhancers in
open (blue) and closed
(red) chromatin indicating
flanking gene expression
(RPKM) and H3K27ac,
H3K4me1,andH3K27me3
enrichments compared
with a random control
(gray) (***P≤0.001, ~P>
0.05, Wilcoxon rank-sum
test; n = 1349, 604, and
500). (C) Luciferase as-
says of stable cell lines
with genomically inte-
grated reporter constructs
for open (blue) and closed
(red) S2 STARR-seq en-
hancers and negative con-
trols (green; ***P≤ 0.001,
Wilcoxon rank-sum test;
n = 15, 7; see fig. S21
for details).
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Both active and poised enhancers can come positive in this 
assay

Active enhancers

Poised enhancers

Stark, Science, 2013

luciferase activitywere strongly linearly related over
the entire range of enrichment values (r = 0.83; Fig.
1C), which established STARR-seq as a quanti-

tative assay applicable to millions of fragments for
the genome-wide identification of enhancers that
substantially outperforms methods based on chro-

matin features (figs. S9 to S11). We did not find
any evidence that the location of candidates in-
side the transcript would bias their assessment:

Fig. 2. Complexity of gene
regulation. (A) Enrichment
and depletion of different
enhancer strengths (left) and
enhancer number (right) in
specific gene categories ver-
sus all genes. (B) STARR-seq
enhancers and fragment
densities in the Act5C and
shn loci. (C) Gene expres-
sion versus the number and
the combined strengths of
enhancers per gene locus
(bins of 100 genes).
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Fig. 3. Regulation of
enhancer activity at
the chromatin level. (A)
Histone modifications
(modEncode) at STARR-
seq enhancers separated
into open (P ≤ 0.05, bi-
nomial test) and closed
(P>0.05) classes byDHS-
seq (rows within each class
sorted by STARR-seq P
value). (B) Boxplots for
STARR-seq enhancers in
open (blue) and closed
(red) chromatin indicating
flanking gene expression
(RPKM) and H3K27ac,
H3K4me1,andH3K27me3
enrichments compared
with a random control
(gray) (***P≤0.001, ~P>
0.05, Wilcoxon rank-sum
test; n = 1349, 604, and
500). (C) Luciferase as-
says of stable cell lines
with genomically inte-
grated reporter constructs
for open (blue) and closed
(red) S2 STARR-seq en-
hancers and negative con-
trols (green; ***P≤ 0.001,
Wilcoxon rank-sum test;
n = 15, 7; see fig. S21
for details).
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Gene expression 
of flanking genes

luciferase activitywere strongly linearly related over
the entire range of enrichment values (r = 0.83; Fig.
1C), which established STARR-seq as a quanti-

tative assay applicable to millions of fragments for
the genome-wide identification of enhancers that
substantially outperforms methods based on chro-

matin features (figs. S9 to S11). We did not find
any evidence that the location of candidates in-
side the transcript would bias their assessment:

Fig. 2. Complexity of gene
regulation. (A) Enrichment
and depletion of different
enhancer strengths (left) and
enhancer number (right) in
specific gene categories ver-
sus all genes. (B) STARR-seq
enhancers and fragment
densities in the Act5C and
shn loci. (C) Gene expres-
sion versus the number and
the combined strengths of
enhancers per gene locus
(bins of 100 genes).
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Fig. 3. Regulation of
enhancer activity at
the chromatin level. (A)
Histone modifications
(modEncode) at STARR-
seq enhancers separated
into open (P ≤ 0.05, bi-
nomial test) and closed
(P>0.05) classes byDHS-
seq (rows within each class
sorted by STARR-seq P
value). (B) Boxplots for
STARR-seq enhancers in
open (blue) and closed
(red) chromatin indicating
flanking gene expression
(RPKM) and H3K27ac,
H3K4me1,andH3K27me3
enrichments compared
with a random control
(gray) (***P≤0.001, ~P>
0.05, Wilcoxon rank-sum
test; n = 1349, 604, and
500). (C) Luciferase as-
says of stable cell lines
with genomically inte-
grated reporter constructs
for open (blue) and closed
(red) S2 STARR-seq en-
hancers and negative con-
trols (green; ***P≤ 0.001,
Wilcoxon rank-sum test;
n = 15, 7; see fig. S21
for details).
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Can we use these epigenetic underpinnings to predict  
enhancers in a tissue-specific manner?
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MPRAs can be used to learn the signal shape in different epigenetic 
marks at active regulatory regions of the genome

Massively parallel assay for regulatory activity
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We can roughly split the chromatin marks by their metaprofiles
C

hI
P-

C
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gn
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Chromosome coordinates Chromosome coordinates

RepressiveActivating

The peaks on either side represent the peak position of modified 
nucleosomes.
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There is variability in the histone modification profiles

The distance between the two maxima can vary between 300-1100 bp. 
On average, the two profiles are pretty symmetric.



Signal processing approach for predicting active 
regulatory regions

Nature Reviews | Genetics
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Figure 3 | Genomic methods for predicting enhancers through the detection of transcription factor binding, 
‘open’ chromatin, chromatin marks, or long-range contacts. The principles of the different methods (top panel 
of each part) and the corresponding data output (such as deep sequencing read density) that is used for regulatory 
element identification (bottom panel of each part) are shown. a | Chromatin immunoprecipitation followed by 
deep sequencing (ChIP–seq) uses antibodies to determine the location of transcription factor (TF) binding sites 
genome wide. Although enhancers are bound by TFs, not all TF binding sites correspond to functional enhancers.  
b | Active enhancers and other regulatory elements are depleted of nucleosomes such that the DNA is accessible. 
Such regions can be detected by DNase I or micrococcal nuclease (MNase) digestion followed by deep sequencing 
(DNase-seq or MNase-seq, respectively). c | Nucleosomes that flank active enhancers bear characteristic histone 
modifications that can be detected by ChIP–seq using specific antibodies. d | Enhancers are brought into close 
proximity of their respective target promoters through the formation of chromatin loops, which are thought to be 
established by cohesin and Mediator complexes. ChIP–seq can detect the contact points of cohesin and Mediator 
at promoters and enhancers, and has been used to predict enhancers. e | Chromatin interaction analysis with 
paired-end tag sequencing (ChIA–PET) and chromosome conformation capture (3C)-based methods preserve and 
detect spatial contacts by crosslinking, DNA fragmentation, DNA fragment ligation and deep sequencing. ChIA–
PET includes a ChIP step to enrich for complexes that contain a specific protein, such as RNA polymerase II (Pol II). 
In contrast to ChIP–seq (part d), both ChIA–PET and 3C-based methods detect not only the contact points but also 
the pairwise connections between these points. The thin, solid lines indicate that pairwise connections between 
spatial contact points are captured in ChIA–PET and 3C-based methods. For 3C-based methods a schematic 
output of a chromosome conformation capture carbon copy (5C) or Hi-C experiment is shown; this method probes 
all interactions between defined genomic loci for their spatial proximity and physical contacts, which is similar to 
ChIA–PET in that it might (solid lines) or might not (dashed lines) correspond to regulatory interactions.
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The histone marks can be used to predict occurrence of 
regulatory regions
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The Matched filter for each histone mark lead to accurate 
prediction of enhancer regions.
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Good separation for each feature

H3K27ac

H3K4me1 and H3K4me3 alone displays two Gaussians among positives

Nature Reviews | Genetics
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of each part) and the corresponding data output (such as deep sequencing read density) that is used for regulatory 
element identification (bottom panel of each part) are shown. a | Chromatin immunoprecipitation followed by 
deep sequencing (ChIP–seq) uses antibodies to determine the location of transcription factor (TF) binding sites 
genome wide. Although enhancers are bound by TFs, not all TF binding sites correspond to functional enhancers.  
b | Active enhancers and other regulatory elements are depleted of nucleosomes such that the DNA is accessible. 
Such regions can be detected by DNase I or micrococcal nuclease (MNase) digestion followed by deep sequencing 
(DNase-seq or MNase-seq, respectively). c | Nucleosomes that flank active enhancers bear characteristic histone 
modifications that can be detected by ChIP–seq using specific antibodies. d | Enhancers are brought into close 
proximity of their respective target promoters through the formation of chromatin loops, which are thought to be 
established by cohesin and Mediator complexes. ChIP–seq can detect the contact points of cohesin and Mediator 
at promoters and enhancers, and has been used to predict enhancers. e | Chromatin interaction analysis with 
paired-end tag sequencing (ChIA–PET) and chromosome conformation capture (3C)-based methods preserve and 
detect spatial contacts by crosslinking, DNA fragmentation, DNA fragment ligation and deep sequencing. ChIA–
PET includes a ChIP step to enrich for complexes that contain a specific protein, such as RNA polymerase II (Pol II). 
In contrast to ChIP–seq (part d), both ChIA–PET and 3C-based methods detect not only the contact points but also 
the pairwise connections between these points. The thin, solid lines indicate that pairwise connections between 
spatial contact points are captured in ChIA–PET and 3C-based methods. For 3C-based methods a schematic 
output of a chromosome conformation capture carbon copy (5C) or Hi-C experiment is shown; this method probes 
all interactions between defined genomic loci for their spatial proximity and physical contacts, which is similar to 
ChIA–PET in that it might (solid lines) or might not (dashed lines) correspond to regulatory interactions.
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Gaussians can fit most matched filter scores for most features
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AUROC/AUPR - Comparison to peaks
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The matched filters do better 
than individual peaks 

(except for DHS).
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The matched filter scores can be combined to make even 
more accurate models. 

Naive Bayes does not work that well.
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The core promoter used in the assay can influence the 
enhancers that come up active in the assay.

LETTER
doi:10.1038/nature13994

Enhancer––core-promoter specificity separates
developmental and housekeeping gene regulation
Muhammad A. Zabidi1*, Cosmas D. Arnold1*, Katharina Schernhuber1, Michaela Pagani1, Martina Rath1, Olga Frank1

& Alexander Stark1

Gene transcription in animals involves the assembly of RNA poly-
merase II at core promoters and its cell-type-specific activation by
enhancers that can be located more distally1. However, how ubiqui-
tous expression of housekeeping genes is achieved has been less clear.
In particular, it is unknown whether ubiquitously active enhanc-
ers exist and how developmental and housekeeping gene regulation
is separated. An attractive hypothesis is that different core promo-
ters might exhibit an intrinsic specificity to certain enhancers2–6.
This is conceivable, as various core promoter sequence elements are
differentially distributed between genes of different functions7, in-
cluding elements that are predominantly found at either develop-
mentally regulated or at housekeeping genes8–10. Here we show that
thousands of enhancers in Drosophila melanogaster S2 and ovarian
somatic cells (OSCs) exhibit a marked specificity to one of two core
promoters—one derived from a ubiquitously expressed ribosomal
protein gene and another from a developmentally regulated tran-
scription factor—and confirm the existence of these two classes for
five additional core promoters from genes with diverse functions.
Housekeeping enhancers are active across the two cell types, while
developmental enhancers exhibit strong cell-type specificity. Both
enhancer classes differ in their genomic distribution, the functions
of neighbouring genes, and the core promoter elements of these
neighbouring genes. In addition, we identify two transcription fac-
tors—Dref and Trl—that bind and activate housekeeping versus
developmental enhancers, respectively. Our results provide evidence
for a sequence-encoded enhancer–core-promoter specificity that sep-
arates developmental and housekeeping gene regulatory programs
for thousands of enhancers and their target genes across the entire
genome.

We chose the core promoter of Ribosomal protein gene 12 (RpS12) and
a synthetic core promoter derived from the even skipped transcription
factor11 as representative ‘housekeeping’ and ‘developmental’ core pro-
moters, respectively (hereafter termed hkCP and dCP; Fig. 1a and Ex-
tended Data Figs 1, 2) and tested the ability of all candidate enhancers
genome wide to activate transcription from these core promoters using
self-transcribing active regulatory region sequencing (STARR-seq)12 in
D. melanogaster S2 cells. This set-up allows the testing of all candidates
in a defined sequence environment, which differs only in the core pro-
moter sequences but is otherwise constant12,13.

Two hkCP STARR-seq replicates were highly similar (genome-wide
Pearson correlation coefficient (PCC) 0.98; Extended Data Fig. 1c) and
yielded 5,956 enhancers, compared with 5,408 enhancers obtained when
we reanalysed dCP STARR-seq data12 (Supplementary Table 1). Inter-
estingly, the hkCP and dCP enhancers were largely non-overlapping
(Fig. 1b, c) and the genome-wide enhancer activity profiles differed
(PCC 0.38), as did the individual enhancer strengths: of the 11,364 en-
hancers, 8,144 (72%) activated one core promoter at least twofold more
strongly than the other, a difference rarely seen in the replicate experi-
ments for each of the core promoters (Fig. 1d). Indeed, 21 out of 24
hkCP-specific enhancers activated luciferase expression (.1.5-fold
and t-test P , 0.05) from the hkCP versus 1 out of 24 from the dCP
(Fig. 1e and Extended Data Fig. 3). Consistently, 10 out of 12 dCP-
specific enhancers were positive with the dCP but only 2 out of 12 with
the hkCP, a highly significant difference (P 5 5.1 3 1026, Fischer’s exact
test) that confirms the enhancer–core-promoter specificity observed
for thousands of enhancers across the entire genome.

Enhancers that were specific to either the hkCP or the dCP showed
markedly different genomic distributions (Fig. 2a and Extended Data

*These authors contributed equally to this work.

1Research Institute of Molecular Pathology IMP, Vienna Biocenter VBC, Dr Bohr-Gasse 7, 1030 Vienna, Austria.
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Figure 1 | Distinct sets of enhancers activate
transcription from the hkCP and dCP in S2 cells.
a, STARR-seq set-up using the hkCP housekeeping
(RpS12; purple) and dCP developmental core
promoters (Drosophila synthetic core promoter
(DSCP)11; brown) b, Genome browser screenshot
depicting STARR-seq tracks for both core
promoters. c, Overlap of hkCP and dCP enhancers.
d, hkCP versus dCP STARR-seq enrichments
at enhancers (insets show enrichment for replicates
(Enr. rep) 1 versus 2 for hkCP and dCP; dCP
data reanalysed from ref. 12). e, hkCP, dCP or
shared enhancers that activate luciferase
(.1.5-fold and P , 0.05 (one-sided t-test); n 5 3;
Extended Data Figs 3 and 5) from hkCP (purple)
or dCP (brown; numbers show positive/tested).
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Combining across different core promoters
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Feature AUROC AUPR
H3K27ac 0.95 0.90
H3K4me1 0.70 0.59
H3K4me2 0.91 0.79
H3K4me3 0.84 0.76
H3K9ac 0.92 0.85
H4K12ac 0.92 0.86

H3 0.80 0.70
H1 0.88 0.81

H2BK5ac 0.94 0.90
H4K8ac 0.88 0.79
H4K5ac 0.87 0.79
H4K16ac 0.89 0.72
H3K18ac 0.90 0.84
H3K9me1 0.71 0.61
H3K79me2 0.79 0.58
H4K27me2 0.81 0.68

H2Av 0.66 0.57
H3K27me3 0.83 0.64
H3K23ac 0.66 0.46

H3K79me3 0.70 0,51
H3K27me1 0.64 0.43

H4 0.67 0.49
H3K36me1 0.54 0.41
H3K9me3 0.59 0.42
H3K9me2 0.60 0.41
H3K36me3 0.57 0.38
H4K20me1 0.47 0.31
H3K79me1 0.47 0.30

Acetylations tend to 
be the strongest 
marks for active 

regulatory regions 

Combining all the marks 
can lead to slightly 

higher accuracy 
(AUROC=0.97 and 

AUPR=0.93)
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There is consistency in the importance of features in the 
different machine learning models
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Are there real differences between proximal and distal 
regulatory elements? 

5420

3576 
proximal

1844 
distal

< +/- 1kb TSS > +/- 1kb TSS



44

Tr
ue

 P
os

iti
ve

 R
at

e

0.0

0.2

0.4

0.6

0.8

1.0

0.0 0.2 0.4 0.6 0.8 1.0
False Positive Rate

Proximal Regulatory Regions

H3K27ac

Random Forest
Linear SVM
Ridge Regression
Naive Bayes

H3K4me1
H3K4me2
H3K4me3
H3K9ac
DHS

0.0 0.2 0.4 0.6 0.8 1.0
Recall

P
re

ci
si

on

1.0

0.0

0.2

0.4

0.6

0.8

Feature/Model AUROC AUPR
0.96
0.59
0.92

0.95

0.97

0.93

0.89

0.97
0.97
0.97

0.71
0.16
0.49

0.69

0.78

0.64

0.59

0.78
0.78
0.79

Distal Regulatory Regions

Tr
ue

 P
os

iti
ve

 R
at

e

0.0

0.2

0.4

0.6

0.8

1.0

0.0 0.2 0.4 0.6 0.8 1.0
False Positive Rate

0.0

P
re

ci
si

on

1.0

0.0

0.2

0.4

0.6

0.8

0.2 0.4 0.6 0.8 1.0
Recall

H3K27ac

Random Forest
Linear SVM
Ridge Regression
Naive Bayes

H3K4me1
H3K4me2
H3K4me3
H3K9ac
DHS

Feature/Model AUROC AUPR
0.92
0.90
0.85

0.87

0.95

0.63

0.83

0.94
0.94
0.92

0.55
0.36
0.15

0.19

0.66

0.06

0.28

0.66
0.65
0.54

The chromatin marks are better for proximal regulatory 
elements

Same machine learning models with all features - AUPR goes to 0.73
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Marks and differences between promoters and enhancers

H3K4me1 H3K4me3 H2Av

Enhancers contain unimodal distributions on H3K4me1, H3K4me3, and H2Av. 
Promoters might still contain a few elements that are more “enhancer-like”.

Promoters

Enhancers
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How conserved are these metaprofiles? 
Can we use these machine learning models across tissues 

and species?
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Different cell-lines features histograms

H3K27acH3K27ac

Notice the difference in distribution of scores
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Matched filters can be used to predict enhancers across 
tissues and cell-lines

BG3-based models on S2 (proximal regulatory regions)
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BG3-based models on S2 (distal regulatory regions)
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Histone enrichment profiles are conserved across regulatory elements from different cell-lines 
and tissues.



FIREWACh study design - massively parallel enhancer assay

- Enhancer candidates chosen based on open 
DNA in cell-line (murine ESC). 

- Integrated into virus particles close to a 
minimal promoter and GFP. 

- Integrated into genome randomly with 1 
clone per cell (H1-hESC). 

- One potential enhancer of length 100-300 bp 
per cell. 

- FACS to sort cells expressing GFP. 
- Small population of cells show positive 

enhancer activity. 
- Amplified positive enhancer sequences with 

PCR using primers recognizing the flanking 
sequences. 

- Tested enhancer activity using traditional 
assays. 
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further demonstrating the utility of FIREWACh to identify essen-
tial components of transcriptional networks.

RESULTS
Lentiviral reporter library preparation with ESC NFR DNAs
We have previously shown that incubating permeabilized nuclei 
with restriction enzymes results in the selective digestion and 
release of DNA from NFRs and the diffusion of these molecules 
out of the nucleus into the surrounding buffer7,8. The resulting 
DNA population is enriched for regulatory regions in the virtual 
absence of background DNA, making it feasible to use reporter-
based functional assays to interrogate the DNA population for 
elements capable of activating transcription (Fig. 1).

We used murine ESCs, as they have been the subject of a 
multitude of genome-wide chromatin immunoprecipitation 
(ChIP)10–13 and DNase studies, and, accordingly, these anno-
tated chromatin features provide a valuable platform for the 
evaluation of putative CRMs identified using FIREWACh. ESC 
nuclei were exposed to either HaeIII or RsaI restriction enzymes, 
and the two separate NFR DNA populations were isolated. The 
HaeIII- or RsaI-generated NFR DNAs were amplified using 
ligation-mediated PCR and an oligonucleotide primer comple-
mentary flanking adaptor DNA (Supplementary Table 1), and 
inserted within the lentiviral (LV) reporter plasmid FpG5 to 
create two distinct NFR-GFP-LV libraries. FpG5 is a derivative 
of the self-inactivating FUW lentivirus14 and contains a clon-
ing site for insertion of the NFR DNAs immediately upstream 
of a minimal promoter and GFP-coding sequences, as well as 

a hygromycin-resistance gene for selection of stably transduced 
cells (Fig. 1). A positive-control construct, FGF4enhLV, was cre-
ated by insertion of Fgf4 enhancer DNA sequences, which are 
specifically active in ESCs15 upstream of the minimal promoter 
within FpG5. Illumina sequencing revealed a total of 84,240 ele-
ments in the two NFR DNA libraries that were found to be, on 
average, 154 bp in length and to align with unique positions in 
the mouse reference genome (Supplementary Table 2). These 
loci strongly correlated with annotated DNase I–accessible loci 
in ESCs (area under the curve of the receiver operating charac-
teristic (AUROC) = 0.86; Fig. 2a and Supplementary Fig. 1) and 
comprised approximately 4% of the total DNA within accessible 
chromatin of ESCs (Supplementary Note). In contrast, random 
DNA fragments with a similar size distribution generated by  
in silico digestion of the mouse genome showed only weak correspond-
ence with DNase I–accessible regions, as expected (AUROC = 0.52;  
Fig. 2a and Supplementary Fig. 1). Together these results con-
firm that DNAs within the NFR-GFP-LV libraries derive from 
accessible chromatin regions in ESCs.

Separate analysis of the HaeIII and RsaI NFR DNAs showed 
that both NFR populations showed comparable alignment with 
DNase I–accessible sites but that the genomic regions targeted by 
each enzyme were largely distinct and nonoverlapping (Fig. 2b).  
Indeed, HaeIII was more likely than RsaI to target promoter- 
proximal regions (i.e., near a transcription start site, or TSS) (Fig. 2c),  
likely owing to differences in recognition sequence GC content. 

Input-library NFR DNAs:

FIREWACh elements:

Active NFR DNAs recovered
from GFP+ sorted cells

Unscreened NFR DNAs
NFR

5  LTR GFP

Transduction
of ESCs with
NFR-GFP-LV

libraries

FACS purification
of GFP+ cells

NFR-GFP-LV
libraries

Ub HygroR 3  LTR

Figure 1 | Overview of FIREWACh. Lentiviral (LV) reporter plasmids contain 
a cloning site for NFR DNAs (NFR) upstream of minimal Fgf4 promoter 
sequences (yellow) and the transcription start site (arrow), ubiquitin 
promoter (Ub) and hygromycin-resistance gene (HygroR). Small colored 
circles represent LV particles; large circles represent GFP+ (green) or  
GFP− (white) transduced cells.
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Figure 2 | NFR-derived DNAs correspond to accessible chromatin 
regions located throughout the genome. (a) Carpet plots depicting 
the correspondence of in silico–generated genomic DNA fragments 
(n = 61,844) or input-library NFR DNAs (n = 84,241) with DNase I 
hypersensitive sites (HSs) in ESC chromatin9. The DNAs in each data  
set were ranked according to the expression of their associated gene(s)  
in ESCs (color bars indicate expression level). The presence of a DNase 
I HS (black) was assessed for a region corresponding to the genomic 
interval 1 kb of the center (green vertical lines) of the DNA fragments 
within input-library NFR– or in silico–generated random DNA fragments. 
(b) Venn diagram examining the relatedness of genomic regions present in 
the HaeIII- and RsaI-generated NFR DNA libraries. The total number  
of elements in each library is indicated at the top of each circle.  
(c) Genomic distribution of HaeIII- or RsaI-generated input-library  
NFR DNA populations relative to annotated TSSs (black arrows).
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S2-based models on mESC14 (proximal regulatory regions)
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Linear SVM
Ridge Regression
Naive Bayes

H3K4me1
H3K4me3
H3K9ac

Feature/Model AUROC AUPR
0.95
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Conservation of histone modification profile across species 

The models from fly work in mouse though there is reduction in AUPR - 
especially for enhancers!
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Why does mouse have lower AUPR than fly with these 
models?

Mammalian genomes may have more types (or more complex regulation) of core 
promoters than fly (we know from fly that AUPR goes up when you include 
enhancers from multiple core promoters). 

These assays have low dynamic range and many enhancers are labeled as false 
positives even though they may be true positives (bigger problem in mammals 
which have larger genomes and more negatives). 

A larger proportion of enhancers in mammals might not display functionality in non-
native context. 

These histone marks may have evolved new functional roles in mammals.
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Applying matched filter for whole genome prediction

43463 predictions

22828 
proximal

20635 
distal

< +/- 2kb TSS > +/- 2kb TSS

Ideally, I would follow this up with some experimental 
validation.
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Gene expression - regulatory regions

P-value = 1.57e-118

P-value < 1e-300
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Predicted regulatory regions intersect with a number of 
ENCODE2 ChIP-Seq peaks
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Transcription Related Factor (TRF)

Identification of promoter/enhancer-associated TRFs. 
Enhancers seem to be much more heterogeneous.

Repressors
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Matched Filter v SuttonSeq
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Matched Filter v ImPACT-seq - The battle of the proximal 
regulatory regions
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Transcription Related Factor (TRF)
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ImPACT-seqMatched Filter Predictions

The same TFBSs are enriched in our predictions 
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Matched Filter v ImPACT-seq - The battle of the distal 
regulatory regions

EZ
H

2
KD

M
5A

ZN
F2

74
FO

SL
1

SU
Z1

2
SP

2
SP

1
BR

CA
1

SI
X5

RF
X5

N
RF

1
RX

RA
G

A
BP

A
G

TF
2F

1
A

TF
3

M
YC

M
XI

1
RE

ST SR
F

U
SF

2
SP

4
JU

N
CH

D
1

SI
N

3A
K2

0
EG

R1
KD

M
5B

CH
D

2
TA

F7
CR

EB
1

E2
F6

BC
L1

1A
M

A
FK

PO
U

5F
1

H
D

A
C6

BA
CH

1
CT

BP
2

ZN
F1

43
CE

BP
B

H
D

A
C2

N
A

N
O

G
M

A
X

A
TF

2
RA

D
21

U
SF

1
JU

N
D

TC
F1

2
CT

CF TB
P

PO
L2

SI
N

3A
PH

F8
SI

RT
6

YY
1

RB
BP

5
TA

F1
P3

00
TE

A
D

4
KD

M
4A

SA
P3

0
CH

D
7

0.350

0

0.1

0.2

0.3

0.4

Fr
ac

tio
n 

of
 p

re
di

ct
ed

 e
nh

an
ce

rs
 c

on
ta

in
in

g 
TR

F 
pe

ak
 

Transcription Related Factor (TRF)

Enhancers found using ImPACT-seq are also diverse in terms of TRF binding. 
EZH2 and SUZ12 are repressors that are found in a number of ImPACT-seq peaks because it 
also finds poised enhancers.

0.270

ImPACT-seqMatched Filter Predictions
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My attempt at trying to understand TF co-binding

Promoters Enhancers

{

Contains very few binding sites - mostly the 
HOT regions.
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Promoters Enhancers

Matched Filter v ImPACT-seq - The battle of the ChIP-Seq 
peaks

Overall, the number of ChIP-Seq peaks per prediction is slightly higher 
than that identified in the experiment.

ImPACT-seqMatched Filter Predictions
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Marking positions of maxima among the whole MF region
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Marking positions of maxima among the whole MF region
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Conclusions

We developed a new method to predict regulatory activators that 
utilizes information in the shape of chromatin data.

The enhancers coincided with TFBS and we were able to identify a few 
promoter-associated TFs.

The enhancers tended to occur closer to active genes (maybe add 3d 
context to this sentence).

Our collaborators developed a new method to identify regulatory 
regions.

We showed that these regions could function as regulatory regions 
based on their properties. 
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