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Metazoan promoters: emerging
characteristics and insights into
transcriptional regulation

Boris Lenhard’-2, Albin Sandelin® and Piero Carninci*

Abstract | Promoters are crucial for gene regulation. They vary greatly in terms of
associated regulatory elements, sequence motifs, the choice of transcription start sites
and other features. Several technologies that harness next-generation sequencing have
enabled recent advances in identifying promoters and their features, helping researchers
who are investigating functional categories of promoters and their modes of regulation.
Additional features of promoters that are being characterized include types of histone
modifications, nucleosome positioning, RNA polymerase pausing and novel small RNAs.
In this Review, we discuss recent findings relating to metazoan promoters and how these

Transcription start sites
(TSSs). Nucleotides in the
genome that are the first
to be transcribed into a
particular RNA.
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Gene promoters are the loci overlapping transcription
start sites (TSSs), at which the total regulatory input
of a gene is integrated into the rate of transcriptional
initiation. The immediate role of the promoter is to
bind and correctly position the transcription initia-
tion complex, whose main catalytic activity consists
of DNA-dependent RNA polymerase. In eukaryotes,
RNA polymerase II (RNAPII)-transcribed genes are
highly heterogeneous with respect to expression level
and context specificity. Therefore, their transcriptional
control needs to be highly specialized and dynamic; an
important part of this diversity is mediated by differ-
ent classes of RNAPII promoters, which differ dramati-
cally in their architecture, which in turn determines
the promoter function and regulation type'* We focus
here on functional diversity and cross-species equiva-
lence of RNAPII promoters in Metazoa. Early models
of promoters and transcription regulation in Metazoa
have been inspired by promoter architectures of bac-
teria and single-cell eukaryotes. However, metazoan
promoters are more complex: regulatory elements that
control their activity can be spread over larger genomic
space, and their number of regulators is higher, reflect-
ing additional and more challenging regulatory tasks
faced by multicellular species, such as the develop-
ment and maintenance of distinct tissues and cell-cell
communication.

In eukaryotes, the term ‘core promoter’ is often used
to focus on the DNA region in the immediate vicinity
of the TSS, which is assumed to dock the pre-initiation

findings are leading to a revised picture of what a gene promoter is and how it works.

complex (PIC). In the standard view of RNAPII pro-
moter function (FIC. 1a), the core promoter consists of
several interchangeable sequence elements around the
TSS, which bind core components of the PIC. The core
elements (which are modelled as sequence motifs) in
Metazoa have been extensively reviewed'*~” and are
summarized in FIG. 1b. Despite the similarity of their
transcription initiation complexes, different metazoan
groups have different key motifs associated with the
ubiquitously expressed genes. These differences show
that at least some of the motifs are lineage-specific
innovations and are not an ancient delineator of pro-
moter types. Alternatively, in some types of promoters,
the motifs themselves might not be the major deter-
minants of start site selection. In the classical model,
the regulatory input to the core promoter consists of
transcription factors binding to sites, either in the pro-
moter region within several hundred base pairs of the
TSS (at proximal elements) or further away (at distal
elements) (FIG. 1).

There are a number of fundamental questions about
metazoan promoters for which satisfactory under-
standing has not been achieved with this model. In this
Review, we first discuss the existence of different pro-
moter classes and their rather surprising correspond-
ence and conservation across different genomes, even
across distant metazoans. Although the same functional
class might differ substantially with respect to motif and
nucleotide composition in distant species, their fun-
damental functional properties — such as epigenetic
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Pre-initiation complex

(PIC). A polypeptide complex
consisting of RNA polymerase
Il'and general transcription
factors. This forms in the core
promoter region around the
transcription start site and
primes RNA polymerase Il

for transcription.

B recognition element
(BRE). A core promoter
element with consensus
sequence SSRCGCC found
upstream of TATA box.

for which systematic classification and association
with promoter function has not been settled. These
include promoter-associated small RNAs and RNAPII
pausing, stalling and backtracking at the TSS.

modifications and their dynamics, nucleosome con-
figuration and association with long-range regulatory
elements — all show clear equivalence. We then turn
to other recently discovered properties of promoters
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Figure 1| Regulation of transcription. a | A summary of promoter elements and regulatory signals. Chromatin is
comprised of DNA wrapped around histones to form nucleosomes. The structure of chromatin can be tightly
wrapped or accessible to proteins. Boundaries between these states may be marked by insulators. The region around
the transcription start site (TSS) is often divided into a larger proximal promoter upstream of the TSS and a smaller
core promoter just around the TSS. The exact boundaries vary between studies. To recruit RNA polymerase ||
(RNAPII) and to activate transcription of the gene, sequence-specific regulatory proteins (transcription factors) bind
to specific sequence patterns (namely, transcription factor binding sites (TFBSs)) that are near to the TSS (proximal
elements) or that are far away from it (enhancers). TFBSs can also occur in clusters, forming cis-regulatory modules
(CRMs). b | Sequence patterns in core promoters. The region around the TSS has several over-represented sequence
patterns; the TATA box and initiator (Inr) are the most studied and most prevalent. The location of patterns relative
to the TSS and their sequence properties are shown as boxes and as associated sequence logos based on the JASPAR
database. The Inr pattern is not shown as it varies considerably between studies, ranging from a TCA(G/T)TC(C/T) to
a single dinucleotide (pyrimidine (C/T)-purine (A/G)). Importantly, most promoters only have one or a few of these
patterns, and some patterns are mostly found in certain species. BRE, B recognition element; DCE, downstream core
element; DRE, DNA recognition element; MTE, motif ten element. Figure modified, with permission, from REF. 91 ©
(2004) Macmillan Publishers Ltd. All rights reserved.
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Cap analysis of gene
expression

(CAGE). A method for finding
transcripmon start sites.

Chromatin
immunoprecipitation
(ChIP). A method for finding
DNA-protein interactions
that is often combined with
sequencing (ChlP—seq) or
with microarray analysis
(ChIP—chip).

Core promoters: sequence and function

Many of the recent discoveries about transcrip-
tional regulation in Metazoa have been enabled by
novel high-throughput-sequencing-based technolo-
gies. These methods include sequencing of 5" ends
of mRNAs (cap analysis of gene expression (CAGE)
and similar methods) to identify TSSs and chromatin
immunoprecipitation (ChIP)-based methods to iden-
tify protein-DNA complexes genome-wide (TABLE 1).
One of the major discoveries in large-scale detection
of promoters was the existence of different classes of
core promoters, for which there are common features
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across the metazoan lineage. The number of main
classes has not been settled, but the current evidence
points towards three main functional classes (sum-
marized in TABLE 2). In this section, we review the
main classes of RNAPII promoters in vertebrates and
in Drosophila melanogaster — the model invertebrate
metazoan in which the promoters and gene regulation
have been studied in greatest detail.

Apparent sequence-based dichotomy of promoters
in mammals. Initially, the existence of at least two
apparent classes of promoters was shown in mammals

Table 1| Methods for characterizing promoters and transcription initiation

Type

Description

Methods based on sequencing RNA (or cDNA)

Arange of methods based

on capturing capped mRNAs
and isolating the first 20-30 nt
of corresponding full-length
cDNA, which is sequenced and
mapped back to the genome.
Some methods can identify

3" ends (paired-end tags) at

Small RNAs (or cDNAs) of a
particular size range, often

and are sequenced with
next-generation sequencing®’.
The difference between these
and 5'-based methods is the
size of the RNA and that there
is typically no cap selection

This method sequences RNAs

5'-tag-based
methods
the same time
Small RNA
sequencing
18-30 nt, are extracted
using gel fractionation
RNAPII run-on:
GRO-seq

that are within elongating
RNAPII based on incorporating
alabelinto nascent RNA. The
position of elongating RNAPII
can be detected

Advantages

These technologies allow
single-nucleotide resolution of
TSSs (much higher resolution
that ChlP-based methods)

and thus enable studying the
nucleotides of the initiator
sites and thus the detailed
architecture of the promoter

Protocols are flexible, as size
range, modifications and cell
compartments can be selected
for. Itis possible to select for
small RNAs that are bound to
specific molecules. As with 5’
tagging, the resolution is very
high. A technical advantage is
that most sequencing platforms
can sequence these RNAs in
their full length

This method can distinguish
RNAs that are within RNAPII
from other processed small
RNAs. High sensitivity

Disadvantages

The methods do not measure
promoter activity directly but

rather measure the products from
transcription, which may be subject
to post-transcriptional regulation.
Some protocols may require large
amounts of RNAs®?, although methods
exist to avoid this®*?. The methods
cannot distinguish capped RNAs and
potentially recapped RNA**

As with 5" tagging, only the result of
transcription or RNA processing is
measured. As miRNAs and tRNAs or
other structure-derived small RNAs*®
dominate the samples, rare small RNAs
are harder to characterize and require
very deep sequencing

Technically challenging, including
isolation of nuclei

Methods capturing DNA-bound proteins, including RNAPII, transcription factors and histone modifications

ChlIP-seqor
ChlIP—chip

Proteins bound to DNA are
crosslinked by formaldehyde.
DNAis then fragmented,

and specific protein-DNA

complexes can be extracted and

isolated using antibodies. DNA
fragments are sequenced from
their 5" ends and mapped to

the genome (using ChIP-seq) or

identified by microarray (using
ChlIP—chip)

Methods locating transcription ‘bubbles’

Permanganate
footprinting

Identifies DNA regions that
correspond to the ‘melted’
transcription bubble and can
therefore locate the exact
genomic sites at which active
RNAPIIis located

Captures DNA-bound
proteins ‘in the act' —includes
transcription factors, modified
histones or proteins that

are part of the transcription
machinery, such as RNAPII

This method detects active
RNAPII and not the products
of RNA. This method is best at
identifying poised RNAPI|

Heavily reliant on antibody specificity
and quality; this makes comparisons
between different ChIP experiments
hard, even for the same target. The
resolution is much lower than for
RNA-based methods, as the ChIP
fragments are much larger than the
bound site. Most analysis also requires
computational peak-callling, which
has no general standards

At present, it can only be done
by targeting specific genes, so
throughput is limited

Examples

CAGE®2%;
nanoCAGE"?;
oligocapping 5" end
SAGE®; template
switch®; 5'-3' pair
end tags (PET)*®

See REFS
81,86,87,99

See REF. 56

A user manual of
several technologies
(ChIP-seq, DNase
hypersensitive site
analysis and DNA
methylation analysis)
was published

by the ENCODE
Consortium and
provides an overview
of these methods
and applications!'®

See REFS 101,102

CAGE, cap analysis of gene expression; ChIP-chip, chromatin immunoprecipitation followed by microarray; ChIP-seq, chromatin immunoprecipitation followed by
sequencing; GRO-seq, global run-on followed by sequencing; RNAPII, RNA polymerase Il; SAGE, serial analysis of gene expression; TSS, transcription start site.
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Table 2 | Promoter types

Promoter type Dominant gene function = Common properties Vertebrate-specific Drosophila Refs
melanogaster-specific
Major promoters
Type | (‘adult’) Tissue-specific expressionin  Sharp (focused’) TSS, Mostly no CpG 8,9,13,17
adult peripheral tissues TATA-box enrichment, islands
disordered nucleosomes
Type I (ubiquitous’) Broad expression Broad (‘dispersed’) TSS, CpGislands, Enrichment of 8,9,13,17
throughout organismal cycle ordered nucleosome TATA-depleted non-positionally fixed
configuration motifs (Motif 1 or 6, DRE)
Type lll Differentially regulated Polycomb repression- Large CpGislands Enriched for DPE 16
(‘developmentally  genes, often regulatorsin regulated genes, broad extending into the
regulated’) multicellular development H3K27me3 marks body of gene
and differentiation
Minor promoters
TCT promoter Highly expressed genes of Sharp, pyrimidine-stretch CpGisland 23

translational apparatus

(‘TCT) initiator sequence,
often full TATA box, ubiquitous-
promoter-like nucleosome
configuration

overlapping

DPE, downstream promoter element; DRE, DNA recognition element; H3K27me3, histone H3 lysine 27 trimethylation; TSS, transcription start site.

CpGisland

Genomic sequences that

are not depleted of CG
dinucleotides, which occurs by
5-methylcytosine deamination.
They often overlap or are near
to transcription start sites.
Most definitions set a minimum
length (for example, 200 or
500bp) and a minimum
observed/expected CpG ratio.

TATA box
A T/A-rich sequence that
lies upstream of TSSs.

Initiator element
(Inr element). A sequence
pattern overlapping the TSSs.

Downstream promoter
element

(DPE). This has the consensus
sequence RGWCGTG and

is common in Drosophila
melanogaster genes
25-30bp downstream of
the transcription start site.

genome-wide®. Their main distinguishing feature was
GC content and CpG dinucleotide frequency. We shall
refer to them as high-CG and low-CG promoters.

The high-CG promoters are characterized by their
overlap with a CpG island®. The high-CG promoters
are mostly associated with multiple TSSs (‘broad’ pro-
moters) and have been associated with widely expressed
or developmentally regulated genes®’. Individual
instances of ‘broad’ promoters were described
long before the genome-wide studies (for example,
see REF. 10).

Most low-CG promoters exhibit a precise start site
at which most transcription initiates from a single
nucleotide position (referred to as ‘sharp, focused’ or
‘peaked’ promoters). Many, but by no means all, have
a TATA box at a constrained distance from the TSS. The
narrow transcription initiation span is explained by
the fact that PIC uses an initiator site at a fixed dis-
tance from the TATA box — that is, the TATA box
distance in combination with the initiator consensus
sequence is the major determinant of TSS selection''.
TATA-box promoters are associated with tissue-
specific transcription, and promoters of many of the
genes that undergo lineage-specific family expan-
sions and pseudogenization belong to this class: for
example, those of liver-specific genes or olfactory
receptors'2.

However, the distinction between these two origi-
nal classes (the high- and low-CpG promoters) is not
razor-sharp and has recently been challenged to an
extent by the demonstration that dividing promoters
into ‘sharp’ and ‘broad’ provides a better functional
division of promoter types than a CpG versus non-
CpG distinction® (discussed in detail below). Some
promoters contain both a functional TATA box and
a CpG island, and there are indications that such
promoters are capable of both TATA-dependent and
TATA-independent transcriptional initiation''.

Classes of promoters in D. melanogaster: functional
tripartition. In D. melanogaster, a number of different
promoter types have been suggested based on motif
content. An exhaustive analysis of motif composition
in D. melanogaster and human promoters' revealed
extensive differences in the type and directionality of
motifs found in different promoters and their asso-
ciation with gene function. In parallel, five principal
motif-based classes of D. melanogaster promoters were
proposed’, which could be further grouped into three
general functional classes'®. For clarity, in this Review,
we shall refer to these three classes as types I, Il and ITI.
Type I consists of the tissue-specific promoters, which
are similar to the low-CpG class in mammals with
respect to motif composition, stage of development
at which they are expressed and tissue specificity, and
they are characterized by a high enrichment for a TATA
box at an appropriate distance from an initiator element
(Inr element). Type II promoters are associated with
‘housekeeping’ genes and genes that are regulated at
the level of individual cells; they have either a DNA
recognition element (DRE) or a combination of novel
motifs'®. Finally, type III promoters have an Inr ele-
ment only or an Inr element plus a downstream promoter
element (DPE). These promoters are preferentially
associated with developmentally regulated genes, the
expression of which is precisely coordinated across
different cells in a tissue or anatomical structure’®.

Promoter class tripartition across Metazoa: uni-
fication from CAGE patterns and gene function.
Mammalian TATA-enriched, low-CpG promoters
are clearly structurally and functionally equivalent
to TATA-box-enriched promoters of tissue-specific
genes in D. melanogaster (type I promoters). Initially,
it was less clear whether, in mammals, it was possible
to distinguish the promoters of ubiquitously expressed
genes and genes that are regulated in development or
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Expressed sequence tag
(EST). An older method
that sequences parts of
full-length RNAs.

differentiation, as they both tend to have high-GC,
CpG-island-overlapping promoters and a low inci-
dence of TATA boxes. Recently, however, features have
been identified that distinguish them'’, and the list
of features is still growing. At ubiquitously expressed
genes, there is usually only one short CpG island that
overlaps with the TSS, and we refer to these as type II
promoters. By contrast, developmental genes have
several large CpG islands that often extend well into
the body of the gene; we refer to promoters of these
genes as type III promoters. Mammalian type II and
type III promoters also exhibit systematic differences
in motif composition and width of the transcription
start region, as well as differences in epigenetic features
(discussed below).

Remarkably, recent expressed sequence tag (EST)
analysis'® and mapping TSSs using CAGE (TABLE 1) in
total RNA from D. melanogaster embryos at a series of
developmental time points'® showed that ‘sharp” and
‘broad’ patterns of transcription initiation — a key fea-
ture distinguishing vertebrate promoter classes — also
exist in D. melanogaster. This was surprising for two
main reasons. First, early results had indicated that
broad promoters were tightly associated with CpG
islands, which are not present in the D. melanogaster
genome, and were considered to be an intrinsic prop-
erty of such promoters. Second, early results had also
indicated that all classes of D. melanogaster promoters
had well-defined motifs that should constrain TSSs to
a small number of initiator positions at a fixed distance
from those motifs. It turned out, however, that most
‘classical’ promoter elements in D. melanogaster (such
as TATA and DPEs and the recently postulated ‘pause
button'®) are associated with peaked, context-specific
(type I) promoters, whereas the broad type II promot-
ers of ubiquitously expressed genes are associated with
DREs and a range of weaker, less well-characterized
motifs'*">. Type III promoters in mammals are, on
average, ‘sharper’ than type II promoters; the differ-
ence between the two equivalent promoter classes in
D. melanogaster is even more pronounced”.

Interestingly, it also seems now that CpG islands
are unlikely to be a requirement for broad promoters
in vertebrates'’. There are sharp promoters that over-
lap CpG islands, as well as broad promoters that are
devoid of CpG enrichment. Instead, it has been shown'?
both in D. melanogaster and in humans that sharp and
broad promoters have distinct patterns of nucleosome
positioning and histone modification that distinguish
these promoters much more precisely than the presence
of CpG islands (see below). However, it was recently
shown that introducing an artificial CpG island into
mouse cells leads to the establishment of epigenetic
patterns that are characteristic of promoters’? —
these patterns are typical of most CpG islands, arguing
that in mammals CpG islands are primed to be promot-
ers by default. Because D. melanogaster lacks discernible
CpG islands, this might mean that other sequence deter-
minants can play the same part in this species. Thus,
the quest to determine the key elements that underlie
transcription initiation precision is still ongoing.

REVIEWS

In this Review, we use the results from mammals and
D. melanogaster to show the functional equivalence of
the main promoter classes, because these were the spe-
cies in which systematic genome-wide TSS data (from
CAGE and paired-end analysis of TSSs (PEAT) (TABLE 1))
and extensive epigenomic profiling data have lent sup-
port to multiple aspects of this equivalence. However,
similar properties have also been observed in other ver-
tebrates (for example, in frogs*'), and the corresponding
classes of promoters can be discerned in a recent study
on Caenorhabditis elegans promoters?, even though this
species includes unique features, such as trans-splicing.

‘High-performance’ promoters of genes involved in
transcription and translational machineries. The
promoters of genes for ribosomal proteins and major
translation initiation and elongation factors have a
combination of distinct features that might warrant
their classification into a separate class. The initiator
sequence is unlike that of the three main promoter types
— it consists of a stretch of pyrimidines and has been
termed the TCT motif?. The transcribed part of the
initiator sequence was subsequently suggested to have
a role in coordinated translational response of these
mRNAs to amino acid starvation®. The TCT promot-
ers are ‘sharp, but they differ substantially from type I
promoters in other features. In D. melanogaster, they
typically lack either a TATA box or a DPE?. By contrast,
their mammalian counterparts usually have a TATA box
(which is a common type I feature), but they also overlap
CpG islands® and show ordered nucleosome position-
ing, which are features that are shared with most type II
and III promoters" (discussed below). In each species,
this specific combination of promoter determinants
apparently enables high-level constitutive expression
levels and their coordination in all cell types.

Core promoters: chromatin

In the previous section, we discussed classes of pro-
moters from a sequence-based perspective; however,
epigenetic signals — namely, histone and DNA modi-
fications — have been associated with promoter class
and functional state. Recent epigenomic data from
ENCODE, modENCODE and a number of smaller-
scale studies provide additional support for the tripar-
tition of the main functional classes of promoters in
vertebrates and D. melanogaster (summarized in FIC. 2;
details in TABLE 2).

Epigenetic signatures of main promoter classes across
Metazoa. Genes that are specifically expressed in
peripheral terminally differentiated tissues — such as
in liver or skeletal muscle in mammals® or cuticle-form-
ing epidermis and endocrine tissues in D. melanogaster'
— have type I promoters with a pattern of histone modi-
fication that is distinct from that of most other genes.
Histone H3 lysine 4 trimethylation (H3K4me3) is gener-
ally only present downstream of the T'SS, and there is no
RNAPII binding at these promoters when the genes are
not active’®”. Second, ubiquitously expressed genes have
H3K4me3 throughout their type II promoters across all
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Figure 2 | Features of the main functional classes of metazoan promoters. Based on the configuration of
promoter signals, transcription start site (TSS) positions, nucleosome positions and their epigenetic marks, most
metazoan promoters can be categorized into three general types. This classification represents a broad generalization
and should still be considered to be a work in progress. Type | (‘adult’) promoters are most often used for genes that
are specifically expressed in terminally differentiated peripheral tissues of an adult. Type Il (‘ubiquitous’) promoters are
active in all cell types. Type lll promoters are characteristic of genes with expression that is developmentally regulated
and coordinated across multiple cells. TABLE 2 gives more detail about each of the three main types. The DNA is the
horizontal black line; the red lines correspond to 5’ ends of individual transcripts and indicate different TSS precision
in different promoter types. Sequence-specific transcription factor complexes are in grey, and general transcription
factors are in green. The ‘fuzziness’ represents postulated RNA polymerase Il (RNAPII) positioning for TATA-independent

Polycomb group proteins
(PcG proteins). These are
epigenetic regulators of gene
expression that silence target
genes by establishing a
repressive chromatin state.
Because of their role in
maintaining states of gene
expression, PcG proteins
have key roles in cell fate
maintenance and transitions
during development.

Polycomb repressive
complex 2

(PRC2). A regulatory complex
that catalyses trimethylation
of histone H3 at lysine 27.

Trithorax protein

Proteins that belong to the
Trithorax group (TrxG) form
large complexes and maintain
the stable and heritable
expression of certain genes
throughout development.

initiation on ‘broad’ promoters. The complexes by no means represent a comprehensive inventory of components at
core promoters. Beneath each promoter, nucleosomes are represented by red circles; the ‘fuzziness’ represents the
degree of nucleosome positioning. Histone modifications are shown below the nucleosomes, and the depth of colour
represents the prevalence of the modification (with red being the most prevalent). For type lll promoters, scenarios
with poised RNAPII and/or Polycomb silencing and without RNAPII are shown. H3K27ac, histone H3 lysine 27
acetylation; H3K4me1, histone H3 lysine 4 methylation; TBP, TATA-box-binding protein.

tissues. Across classes of genes in vertebrates, H3K4me3
distribution is almost identical with the span of CpG
islands®. Ubiquitously expressed genes generally have
short CpG islands, and the H3K4me3 mark and CpG
island typically only overlap the 5" end of the gene'.
Third, developmentally regulated genes (with type III
promoters) in vertebrates have a number of features
that are associated with repression by Polycomb group
proteins (PcG proteins). These features include multiple
large CpG islands, wide distribution of bound PcG pro-
teins and both H3K27me3 and H3K4me3. Because of
the presence of both of these marks, which are associ-
ated with repression and activation, respectively, these
are described as bivalent promoters®. The large CpG
islands often extend into the body of the genes and are
closely tracked by H3K4me3, which is thus not restricted
to promoter regions in developmental genes. In
D. melanogaster, broad H3K27me3 and Polycomb repressive
complex 2 (PRC2) marks are also present, even though
CpG islands are absent, and the existence of bivalent pro-
moters is still unproven. An intermediate ‘balanced’ state
of chromatin®, which includes a combination of features
that are associated with repressed promoters (such as
H3K27me3 and Polycomb) and active promoters

(such as RNAPII and the Trithorax protein ASH1, but
not H3K4me3), could be the functional equivalent of
bivalent promoters in D. melanogaster.

Several recent studies?****" have made attempts to
classify chromatin based on combinatorial content of
multiple epigenetic marks and/or transcription factor
binding. The results tell us much about the functional
states of promoters across different states and in genes
of different types. Although this classification of epi-
genetic states is cell-type-specific, when it is inspected
across many cell types, the three main types of promot-
ers are preferentially associated with different subsets
of epigenetic states. For example, in humans, differ-
ences have been reported in the relative contributions
of enhancer- and promoter-based regulation in differ-
ent gene classes that clearly track the three promoter
types®. Developmental genes (type III promoters) are
regulated at both the enhancer and the promoter
level, have the highest number of enhancers nearby
and have diverse promoter states, including poised and
Polycomb-repressed states. Tissue-specific genes (with
type I promoters) seem to depend predominantly on cis-
regulatory modules for regulation and show less diver-
sity across promoter states (typically assuming either
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Nucleosome occupancy

A measure of the degree to
which a certain DNA region
is bound by a nucleosome.

Nucleosome positioning
The pattern of nucleosome
occupancy along DNA.

SWI/SNF

A protein complex that
can alter the positions

of nucleosomes. It has
ATP-dependent chromatin
remodelling activity.

CCCTC-binding factor
(CTCF). A transcription factor,
one role of which seems to be
to define some chromatin
boundaries that are
associated with differential
DNA accessibility.

inactive or active state). Finally, the housekeeping genes
with type II promoters have few enhancers nearby and
are generally characterized by an active promoter config-
uration. It must be noted that even for the most studied
epigenetic marks, only a correlation between active or
repressed transcription is known, and knowledge of
the interdependence of these marks remains sketchy;
causality in terms of knowing what event triggers the
next one is only understood for a small subset®**.
Further knowledge of the relationships among marks
and their deposition, erasure and transmission through
cell division would aid in our understanding of the
mechanism of promoter action.

Nucleosome occupancy and positioning at promoters.
The nucleosome occupancy of a DNA location is meas-
ured by determining the proportion of the copies of that
sequence in a sample that is nucleosome-bound rather
than nucleosome-free, often based on DNA digestion
combined with ChIP-based sequencing. Nucleosome
positioning refers to the precise preferred position of a
nucleosome with respect to the underlying sequence.
ChIP-based methods can measure either or both,
depending on the resolution and design. Because the
number of nucleosomes is large, the sequencing depth
constraints generally do not allow analysis of individual
core promoters. With the most recent generations of
high-throughput sequencing platforms and improved
nuclease-based nucleosomal DNA preparation protocols,
we expect that this will no longer be a limitation.

Different classes of promoters seem to have differ-
ent patterns of nucleosome occupancy and precision
of positioning. Perhaps counter-intuitively, the ‘broad’
promoters of housekeeping genes are characterized by a
more precise nucleosome positioning than the promot-
ers of tissue-specific genes, which have precise TSSs'>**.
In both D. melanogaster and mammals, broad promot-
ers have a nucleosome-free region that encompasses
the TSSs and the immediate upstream region in which
multiple TSSs can be used; they often exhibit DNase
hypersensitivity, even when the gene is not expressed.
Conversely, sharp promoters often have the TSS covered
by a nucleosome but have less-ordered nucleosomes
flanking this position. In these analyses, the authors
did not separate the type II and III promoters as we
understand them now.

In addition, recent work’® has shown that a disor-
dered or ordered configuration of nucleosomes is one of
the most striking observable differences between sharp,
tissue-specific promoters and broad, ubiquitous promot-
ers. This raises the question of how the nucleosome con-
figuration is established and what role it has in promoter
function. The features that influence nucleosome posi-
tion have been studied in depth, but they vary among
organisms®~; further work is required to understand
their links to promoter function®.

Chromatin remodelling. The re-interpretation of the
original classification of sharp or broad promoters
through the differences in epigenetic and nucleosome
configuration properties of different promoter classes
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sheds new light on studies of the role of chromatin
remodellers at promoters. In Toll-like receptor 4 (TLR4)-
induced mouse macrophages, the activation of most pri-
mary response genes that have CpG island promoters
is SWI/SNF-independent, whereas most promoters with
SWI/SNF-dependent activation lack CpG islands®. This
was shown to be linked to the differences in nucleosome
organization that distinguish the non-CpG ‘sharp’ pro-
moters (type II) from the CpG island ‘broad’ promoters
(types II and III, which were not considered separately).
Recently, BRG]l — the enzymatic motor component
of the SWI/SNF complex — has been shown to help
RNAPII overcome nucleosomal barriers during tran-
scription elongation, suggesting that most CpG island
promoters might not have such barriers®.

However, some non-CpG promoters in mice were
shown to be SWI/SNF-independent and yet do not
have constitutively active chromatin; these promoters
are mostly associated with inducible immune system
genes®. In addition, 12% of primary response CpG pro-
moters were also SWI/SNF-dependent. Nucleosome
position and epigenetic properties might be more pre-
dictive of SWI/SNF dependence (and vice versa) than
the presence of CpG islands. It has been suggested*’ that
SWI/SNF dependence or independence is the key dif-
ference between primary and secondary response genes,
respectively. The reinterpretation of these findings in
terms of three promoter classes will probably reconcile
some of the ambiguities in this division, and primary-
response genes will mainly fall into the type IIT (devel-
opmental) class, whereas secondary-response genes
will fall into the type I class (that is, the tissue-specific,
terminally differentiated class).

Nucleosome positioning can also be influenced by
other DNA-binding proteins. For example, CCCTC-binding
factor (CTCF) has been shown to impose positioning on
up to ten nucleosomes flanking its binding sites*’; this
way, CTCF may have the ability to influence promoter
activity over distances of several kilobases*'.

Three-dimensional interactions and nuclear localiza-
tion. Different promoters respond differently to long-
range regulation. In D. melanogaster and vertebrates,
developmental genes are more likely to be associated
with multiple long-range enhancers and with highly
conserved non-coding elements'®****, ENCODE data
have confirmed the correlation across different tissues
between the expression level of these genes and the
presence of long-range enhancers with active marks*.
Unlike developmental genes with type III promoters,
many tissue-specific genes with sharp, low-CpG (type I)
promoters in vertebrates have their key regulatory
inputs close to their promoters*. The broad dispersal of
context-specific regulatory elements around the TSSs
of developmentally regulated genes calls into question
the common practice of searching for context-specific
regulatory signals in all promoters of sets of co-regulated
genes. The difference between the type I and III promot-
ers in the typical distance of regulatory inputs from the
promoter is visible even when the genes are regulated
by the same transcription factor complex*® and may, in
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Transcription factories
Nuclear compartments in
which active transcription
takes place; they have a
high concentration of
RNA polymerase Il.

part, reflect the differences in nucleosome organization
between the promoter classes.

The long-range contacts — which can be up to
megabase distances — between genes and regulatory
elements that target them have been demonstrated
experimentally using a range of chromatin conformation
capture (3C)-based methods". Also, genes can alter their
nuclear localization depending on their activity state. For
example, silenced genes are frequently associated with
nuclear lamina*** and, following activation, they can
relocate to ‘transcription factories™®%!, Promoters that are
specifically regulated during differentiation are therefore
likely to move within the nucleus.

New insights into mechanistic complexity

Genome-wide analyses of promoters have also revealed
surprising new features, including the dynamics of
RNAPII and small RNAs associated with transcription.

RNAPII dynamics: stalling, poising and backtracking.
A common finding from RNAPII ChIP experiments
has been a clear enrichment of RNAPII occupancy at
TSS regions in D. melanogaster” and mammals™** com-
pared with the gene body. This suggests that RNAPII is
frequently stalled near promoters (reviewed in REF. 54).
This is either a regulated blockage of transcription until
a release or activation signal is received (referred to as
‘poising’), or it is an accumulation of RNAPII at the
promoter of actively transcribed genes that is due to
RNAPII slowing down immediately downstream of the
TSS (most often referred to as ‘pausing’). This RNAPII
enrichment at TSSs was first seen for heat shock genes in
several species (for example, see REF. 55), and subsequent
genome-wide approaches showed that >55% of non-
expressed genes in mouse embryonic stem cells (ESCs)
have an accumulation of RNAPII at their promoter.
Similarly, analysis of mouse ESCs using a genome-
wide run-on assay (such as global run-on followed by
sequencing (GRO-seq; TABLE 1) showed that >40% of
all genes have an over-representation of RNAPII at the
5’ ends versus the gene bodies™.

Even though the H3K4me3 mark is generally asso-
ciated with active promoters, it is also present on pro-
moters with non-elongating RNAPII. This means that
H3K4me3 is not necessarily an indicator of active
transcription of a gene.

The functional tripartition of promoter types is
mirrored by the RNAPII occupancy pattern. In early
D. melanogaster embryos analysed by ChIP followed by
microarray (ChIP-chip)¥, the tissue-specific promoters
show no RNAPII binding (they are only activated later
in development), and the housekeeping genes show evi-
dence of active transcription by having RNAPII signal
along the entire gene body (discussed below). Genes
encoding developmental regulators had RNAPII accu-
mulated at their promoters or immediately downstream
of them. However, although this distinction is clear in
ESCs, in more differentiated cell types, such as in fibro-
blasts, there seems to be increased paused RNAPII at
genes that encode otherwise highly expressed compo-
nents of the translational machinery®. It should be noted

that even highly transcribed genes (with successful elon-
gation) have an RNAPII density in promoter regions that
is around nine times higher than it is in gene bodies,
although this can vary considerably. Therefore, identi-
tying ‘poised’ or ‘stalled’ genes depends on the applied
thresholds, and it is harder to make this classification for
genes with an overall lower transcription level.

The biological function of RNAPII pausing or stalling
is unclear. For developmental genes (type III promoters)
and heat-shock genes, poising may be a strategy for
starting transcription rapidly in response to stimuli.
For genes with broad promoters (that is, of either type II
or type III), the poising or other kind of stalling might
simply reflect open chromatin. Alternatively, it may be
that early elongation is the least efficient phase in tran-
scription, and thus the accumulation of RNAPII is sim-
ply due to kinetics. In poised genes, elongation might be
actively regulated, so RNAPII can be released to achieve
bursts of transcription. An additional methodological
difficulty — and a mechanistic opportunity — in study-
ing RNAPII dynamics is posed by the fact that RNAPII
changes post-translational modifications as it proceeds
from initiation to pausing to elongation®*, and this
can affect antibody recognition specificity in the ChIP
experiments. These questions are the subject of active
research; to solve them, approaches that can isolate and
analyse single cells might be needed.

RNAPII can also move back towards the TSS —
so-called ‘backtracking’ It has been observed in
D. melanogaster, both in vitro® and in vivo®, in which
sequence features in the promoters seem to direct stall-
ing and backtracking. Promoters that are enriched for
RNAPII by this mechanism are most often associated
with developmentally regulated genes (type III promot-
ers) and have an over-representation of DPE patterns®’,
and the regions that are just upstream of backtracked
RNAPII are more AT-rich than the downstream regions.
The lower melting temperature of AT-rich sequences
probably favours backtracking®. Backtracking has not
been as clearly demonstrated in mammals: there, DPEs
are not clearly detected, and the regions just downstream
of the TSSs are generally not AT-rich, making this
backtracking mechanism less likely.

Retrotransposons and repeats recruited as promoters.
In the past few years, it has become apparent that tran-
scription can derive from regions that were not previ-
ously considered in transcriptome studies. An example
is the discovery that a subset of retrotransposons can
act as promoters for tissue-specific non-coding RNAs
(ncRNAs) or as alternative forms of protein-coding
mRNAs® (FIG. 3). Discovery of these promoters was
made possible through next-generation sequencing,
which, unlike microarrays, can distinguish highly
related sequences that differ only by a few nucleo-
tides®>. CAGE studies® have identified more than
200,000 human retrotransposon-driven TSSs, which
are expressed at low to moderate levels. Frequently,
retrotransposon-mediated TSSs start upstream of typi-
cal mRNA promoter regions, and they produce RNAs
that are transcribed towards the downstream genes.
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Recapping

A process by which an
uncapped RNA 5" end —

for example, resulting from
degradation — is stabilized by

the addition of a cap structure.

A Retrotransposon element insertion in intergenic space

Aa

Retrotransposon
element insertion

B Retrotransposon element insertion in intragenic space
Ba
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element insertion
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Figure 3 | Retrotransposon elements influencing transcription. Aa | A schematic representation of a full-length
long interspersed element (LINE) is shown as a red bar with the main transcription sites identified as right-angled
arrows. Here it inserts upstream of a gene (exons are shown in blue; splicing is shown as dashed blue lines) in
intergenic space. Ab | One scenario is that the retrotransposon element acts as an alternative promoter for a nearby
gene. Possible splice events are shown as red lines. Ac | Alternatively, the retrotransposon element acts as a new
promoter that produces non-coding RNAs (grey arrows) that may span other genes or overlap regulatory elements.
Ba | A retrotransposon element insertion within a gene. Bb | This retrotransposon element can provide an internal
promoters, driving expression of an alternative form of the gene and/or non-coding RNAs. Yellow represents some
intronic sequence that would be included in the mRNA in this scenario. Bc | Alternatively, the retrotransposon

element can provide an additional exonic sequence.

Most of these promoters (except for the highly expressed
retrotransposon RNAs) in mammals show low-level
transcription from a degenerate pyrimidine-purine
initiator consensus that is often reduced to a single
G at the position +1 of the RNAs. Often, the CAGE
tags start inside the retrotransposon — rather than
at the 5" end — showing that these retrotransposon
promoters have complex transcriptional regulation.
RNAs that are derived from these promoters often
lack the polyadenylation tail* and are often localized in
the nucleus®, suggesting that they may have a role
in transcriptional regulation and/or nuclear organi-
zation. Retrotransposons that are most commonly
recruited as promoters tend to be less conserved and
incapable of retrotransposition®?. The emerging idea is
that elements that still have the capacity of retrotrans-
pose are generally repressed (for example, by DNA
methylation) to reduce the risk of the genomic damage
that they might otherwise cause, whereas a subset of ele-
ments that are incapable of retrotransposition have been
recruited to the regulatory machinery of the genome.
Repeat-derived promoters do not, so far, fit clearly
into one of the main promoter classes. Promoters
recruited from simple repeats are mostly broad, whereas

those that are derived from retrotransposons are sharp
but are generally without a TATA box or any other
strong spatially constrained motif®2. With respect to
tissue specificity, the few experimentally tested retro-
transposon promoters also give mixed results, but they
have a preference for tissue-specific activity (reviewed
in REF. 66).

Complexity of transcription around gene bodies and 3'
UTR promoters. A surprising finding made using 5’-end-
sequencing methods (TABLE 1) was the prevalence of
low-intensity aggregates of CAGE tags mapping within
exons of protein-coding genes, often on the same strand
as the larger gene. Also, there was often a larger aggre-
gate of tags within the 3’ untranslated region (UTR)®.
The origin and importance of these observations are
debated: do they originate from promoters or from
degradation of longer RNAs? Some 3'UTR promoters have
been validated by reporter assay®, but recent studies
have identified cleavage products of mRNAs, which
may be recapped by a cytoplasmic form of the recap-
ping enzyme (reviewed in REFS 67,68), so these products
might be the origin of these CAGE tags. An argument
for recapping is that CAGE tags are also found to span
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Box 1| Non-coding RNA species associated with promoters
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The exact number of classes and possible overlap between

Long bidirectional ncRNAs

between -500 and —2,000 with respect to the TSS. They are
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A number of non-coding RNA classes occur at or near promoters. These can be roughly divided into longer RNAs that are
transcribed in both directions and smaller transcription-start-site-associated (TSSa) RNAs that do not overlap the TSS.

the classes is under investigation.

Promoter upstream transcripts (PROMPTs) are capped bidirectional ncRNAs that map upstream of active promoters
(panel a of the figure). They are degraded rapidly by the exosome. Their location varies among genes but is typically

enriched at CpG island promoters but are present at most

expressed genes, including RNA polymerase || (RNAPII) and RNAPIIl promoters.

Promoter-associated short RNAs (PASRs) are capped bidirectional RNAs that overlap the start site of mMRNAs. They map
in the region -200 to +400 in the sense direction and =300 to +200 in the antisense direction with a peak at the TSS. They
are 22-100nt long. Their expression is proportional to that of the gene they overlap, and they tend to track CpG islands.

TSSa RNAs flanking the chromatin-deficient region

TSSa RNAs have a size range of 18-24 nt and are typically found downstream of the TSS (panel b of the figure). Their 3’
ends tend to map to approximately +40 on the same strand as the mRNA and to approximately —250 on the antisense
strand. Both of these locations are enriched for elongating or poised RNAPII and are adjacent to the first nucleosome in

Cap structure

A chemical structure found

at the 5’ end of mature
mRNAs that is used for mRNA
stabilization and export to

the cytosol.

exon-exon junctions and thus originate from mature
mRNA. Small RNAs within exons correlated with the
incidence of such CAGE tags in the same positions®,
and this association was validated by identifying small
RNAs selected with antibodies against the cap structure.
Using the complementary PEAT method, it was shown”
that many such exonic tag aggregates in D. melanogaster
are indeed capped but lack typical core promoter signals.
Similarly, parallel analysis of RNA ends (PARE) was used
to identify 5'-monophosphate-cleaved ends of polyaden-
ylated RNA, and a similar association with the CAGE
tags was found”, which would argue for the origin of
these tags being degradation and recapping. This study
and an earlier one® also found that many 5’ ends were
tissue- or stage-specific, whereas the correlation with the
expression of the annotated full-length mRNA was weak.
The latter findings may be reconciled with degradation

each direction. The expression of these RNAs is associated with CpG islands, and their level of expression correlates
with the amount of RNAPI| at the promoter. BOX 2 discusses the biogenesis of these RNAs.

and recapping only if rapid degradation of the full-
length mRNA, together with an efficient stabilization of
cleaved RNAs that is perhaps mediated by recapping,
occurs. Other models for the origin of the tags have also
been proposed based on yeast’>”* and limited mamma-
lian data™”, including the looping of the gene body so
that the TSS and termination sites are physically close.
In such models, the effective local concentration of
RNAPII within 3'UTRs will be higher, and spurious
transcriptional initiation will be more likely.

Distinguishing among various components of the
signal (biological or technical noise, true signal from
promoters or recapping) will be facilitated by using bio-
logical replicates and high-throughput methods, such as
PARE, ChIP for H3K4me3 or DNAse hypersensitive site
analysis, or by using motif analysis (such as enrichment
of TATA or Inr motifs) as a computational filter.
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Box 2 | Models of biogenesis of promoter-associated small RNAs

A number of studies have shown small RNAs mapping
at or just downstream of transcriptional start sites
(TSSs). It is at present unclear whether these are
distinct classes: Seila et al.®® defined TSS-associated
(TSSa) RNAs as 20-90 nt long RNAs, whereas, in the
same regions, Taft et al.¥” found smaller, overlapping
RNA species (~18 nt on average), which they termed
tiny RNAs (tiRNAs). These tiRNAs end at
approximately +40. Two models for their biogenesis,
which are both associated with RNA polymerase Il
(RNAPII) properties, have been proposed. These two
models are not mutually exclusive and could
collectively account for the mixture of capped and
uncapped small RNAs of diverse lengths that are
observed.

Backtracking and excision
In this model**%°88 RNA polymerase Il (RNAPII)

downstream of the boundary in mammals.

Promoter-associated small RNAs. A series of studies has
identified different families of ncRNAs around promot-
ers of protein-coding genes (BOX 1). These have differ-
ent size ranges, chemical modifications and suggested
modes of biogenesis, but they can roughly be divided by
their size range and location respective to TSSs. A first
broad class encompasses larger RNAs (>100 nt) that can
be transcribed from the same region in both directions.
These include promoter-associated long RNAs (PALRs)
and promoter-associated short RNAs (PASRs), which
are identified by tiling arrays (BOX 1a). Parts of these
transcripts overlap with a currently poorly understood
class of unstable ncRNAs called promoter upstream
transcripts (PROMPTs), which are located from ~0.5 to
2kb upstream of TSSs or of known mRNAs””. Possible
functions for these RNAs include being precursors for
small regulatory RNAs or interacting with chromatin’.

A second set comprises ncRNAs that are small and
that originate at the TSS or just downstream of it. They
are transcribed in the same direction as the protein-
coding genes and also in the reverse direction 250 nt
upstream of the TSS (BOX 1, also reviewed in REF. 78
and in REF. 79). The upstream and downstream small
RNA peaks correlate with the RNAPII ChIP signals, and
they are also located near the edge of the nucleosomes
immediately upstream and downstream of the TSS*
(BOX 1b). This suggests that the biogenesis of these RNAs
is linked to RNAPII during stalling and/or during early
elongation (BOX 2). The presence of these small RNAs

a Drosophila
melanogaster

Nucleosome-
TFIlS- bound DNA

exised RNA

Cap

Stalled RNAPII

*

Captured sRNA

Nucleosome-
bound DNA

IIIIIII‘

backtracks towards the TSS, which exposes a region of the nascent RNA. This region is cleaved by TFIIS (also known as
TCEA1). A problem with this model is that the tiRNA size range (>18 nt) is not compatible with the size of RNAs that

in vitro experiments have determined to be excised (6-14 nt)®. However, in flies (panel a of the figure), there is another
subclass of small RNAs that are capped, that start around the real mMRNA TSS and that terminate at +38. These small
RNAs extend further downstream if TFIIS is depleted, indicating that this subgroup of RNAs is the product of
backtracking and TFIIS-mediated cleavage®. This is consistent with the nucleosome boundary, which in flies is ~20 nt

Unsuccessful RNAPII elongation followed by degradation

A subset of RNAPIl complexes initiate transcription but do not undergo elongation. Nascent RNAs (which are not
capped) will then be degraded from the 5’ end, but the part of the RNA that is covered by RNAPII will be protected
from the degradation enzymes (panel b of the figure). RNAPII will cover about 17-22 nt of the RNA, which fits with
the size range of tiRNAs. So, in this model, the tiRNAs are the result of RNA degradation and RNAPII protection.
This model also suggests that RNAPII stalling may have a role as an RNA-capping quality checkpoint®°.

seems to be a general feature of active promoters and
correlates with the amount of RNAPII, but the relative
level of the RNAs up- and downstream of the TSS are
related to signals in the promoter, linking it to the classes
of promoters discussed above. Sharp (type I) promoters
tend to have substantially more small RNAs downstream
of the TSS, whereas broad promoters (mostly type II)
have a more even distribution®. The likely explana-
tion for this is that the small RNAs are by-products of
elongating RNAPII, and sharp promoters provide much
more directionality for RNAPII owing to the presence of
TATA boxes and similar elements.

We face a number of challenges relating to these small
RNAs. First, it is not clear how many distinct classes exist,
as the studies reporting them have used varied methodol-
ogies — thus, many of the classes that are suggested to be
distinct might actually have the same biogenesis. Second,
although many current studies indicate that many of these
small RNAs are by-products of transcription and are
therefore expected to have a limited function, there
are notable exceptions that demonstrate function®; strat-
egies to separate these are necessary. Finally, further work
is needed to relate small RNAs to classes of promoters.

Perspective: dimensions of transcriptional regulation
Our knowledge of the structural and functional proper-
ties of promoters has made enormous advances in recent
years. Here we have discussed how separate threads of
information about promoter structure, function and
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classification are starting to come together, primarily
thanks to an enormous amount of genome-wide data
gathered by high-throughput-sequencing-based meth-
ods. Different functional roles of genes and the need to
control their dynamics in fundamentally different ways
have not only resulted in different regulatory elements
but also in promoter architectures that interpret these
regulatory inputs in different ways. For example, pro-
moters controlling developmental genes require different
responses to the same regulatory factors than promoters
at genes that are expressed in one specific context. This
distinction was apparently established early in metazoan
evolution, although the distinction between ubiquitously
expressed and regulated genes possibly appeared even
earlier®®. In metazoans with large genomes, at least part of
the expanded sequence has been populated by clusters
of regulatory elements targeting key genes that control
complex multicellular developmental processes*>®. The
ability of promoters to respond to such a complex array
of inputs is one of the principal processes that deserve
our attention in future studies.

Only a minority of promoters fit the ‘classical’ model
of transcriptional initiation and regulation: tissue-
specific sharp or peaked (type I) promoters, which have
most of their regulatory elements close to the TSS and
are controlled locally. A much larger fraction of genes is

regulated by broad promoters with activity that seems
to be more influenced by the epigenomic context and
less so by sequence-specific transcription factors. As
developmental genes and ubiquitously expressed genes
need to be switched on and off under distinct circum-
stances, these different promoter classes are clearly using
different aspects of the cellular repertoire of regulatory
mechanisms that work over a range of genomic dis-
tances. Another type of regulatory entity that needs to
be fitted with the promoter classes is ncRNAs.

An inherent challenge with almost all methods dis-
cussed in this Review is data analysis, as a single experi-
ment often gives 20-70 million DNA reads. This is
not solely a technical challenge that can be addressed
by sheer computer power; it also requires substantial
human expertise to go from raw data to biologically
testable hypotheses. We believe that large-scale projects
such as ENCODE and FANTOM are highly beneficial
not only owing to their data production but also owing
to their unification of analysis methods, use of com-
mon cell lines and their larger body of expertise in data
interpretation and modelling than in any single research
group. As a community, we have an added challenge
of educating the next generation of researchers to be
able to handle the challenges of both experimental and
computational analysis.
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