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Abstract. Eukaryotic transcriptional regulation requires
the integration of complex signals by the transcriptional
promoter. Distinct sequence elements, characteristic
chromatin modifications and coordinated protein-DNA
interactions at these sequences constitute a transcriptional
regulatory code that remains poorly understood today.
Here, we review recent experimental and computational
advances that have enabled the identification and analysis

of transcriptional promoters on an unprecedented scale,
laying a foundation for systematic determination of the
transcriptional regulatory networks in eukaryotic cells.
The knowledge gained from these large-scale investi-
gations has challenged some conventional concepts of
promoter structure and function, and provided valuable
insights into the complex gene regulatory mechanisms in
a variety of organisms.
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Introduction

Regulation of gene expression in eukaryotes requires pre-
cise spatial and temporal coordination of a multitude of
general and specific transcription factors at cis-regulatory
elements, including enhancers, silencers, insulators and
promoters [1-3]. Recognition and binding of these se-
quences by transcription factors occurs within the context
of chromatin, whose dynamic structural characteristics
play a significant role in regulating gene expression [4].
The histone proteins that underpin chromatin structure
are subject to an ever-expanding variety of covalent mod-
ifications that, as the result of signaling pathways, serve
as epigenetic markers for cellular events and as molecular
beacons for additional modifying enzymes and transcrip-
tional regulators that influence chromatin architecture
and gene expression [5]. The transcriptional promoter is
the nexus of all of these levels of regulation, serving as
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the ultimate determinant in the transcription of any gene
by integrating the manifold influences of DNA sequence,
transcription factor binding, epigenetic features and sig-
nal transduction events. Understanding the mechanisms
by which promoters integrate these regulatory inputs is
critical to our comprehension of transcriptional regula-
tion in human evolution, development, disease and envi-
ronmental response.

Eukaryotic promoter structure and regulation of expres-
sion for protein-coding genes have been extensively re-
viewed elsewhere [1, 2, 6], so we will briefly define and
summarize key features and events involved in regulat-
ing the initiation of transcription (see Fig. 1). A eukary-
otic promoter is located at the 5’-end of its transcribed
sequence and serves as the point of transcriptional ini-
tiation. Typically, the term ‘promoter’ refers to the ‘core
promoter’ and its adjacent sequences. The core promoter
immediately surrounds the transcription start site (TSS)
and comprises 70—80 bp that contain canonical sequence
features (described below) sufficient for recognition by
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Figure 1. Typical structure of an active eukaryotic promoter. The promoter consists of a core promoter region immediately surrounding
the transcription start site, adjacent to a more extended proximal promoter region. RNA polymerase II (RNAPII) and various general
transcription factors (for example, transcription factor IID) form the pre-initiation complex (PIC) around the transcriptional start site.
Other transcriptional regulatory proteins, including Mediator, chromatin remodelers, coactivators and sequence-specific transcription fac-
tors (TF), are involved in regulating transcription at the promoter. All of these events occur in the context of chromatin, made up of DNA

wrapped around octamers of histone proteins.

the basal transcriptional machinery and initiation of
transcription. The ‘proximal promoter’ includes the re-
gion extending upstream of the core promoter (gener-
ally ~250 bp from the TSS [7], though this limit can be
somewhat subjective). Proximal promoters contain other
sequence features critical to transcriptional regulation,
for instance binding sites for tissue-specific transcrip-
tion factors, and may in fact encompass transcriptional
enhancers (which by their nature impart additional regu-
latory specificity to expression of the target gene). But
due to their close proximity to the core promoter and our
evolving understanding of promoter structure, we will
refer to these regions collectively as the promoter unless
otherwise noted.

To prepare a promoter for transcriptional initiation, se-
quence-specific transcription factors bind to regulatory
sites in the promoter and enhancers, recruiting coactiva-
tors such as chromatin remodeling enzymes and histone-
modifying enzymes that alter nucleosome structure and
position. Diverse protein complexes are involved in this
process [8, 9]. The precise timing and ordering of these
events is still debated, but the end result is a regulated re-
organization of chromatin structure within the promoter.
This restructuring permits and stabilizes binding of the
basal transcriptional machinery, composed of RNA poly-
merase II (RNAPII) and numerous general transcription
factors required for proper positioning of the polymerase
and interactions with other specific regulatory proteins.
Poised to begin transcription, this structure is referred to
as the Pre-Initiation Complex (PIC). The PIC interacts
with a variety of additional regulatory proteins, such as
the Mediator complex [10], involved in structural and
temporal regulation of initiation. Through a poorly un-
derstood mechanism, the 11-15 bp of DNA around the
TSS ‘melts’ to allow positioning of the template strand
within the active site of RNAPII, and transcription be-
gins. After ~30 nt of RNA have been transcribed, RNA-

PII physically separates from the promoter and the rest of
the PIC and enters the transcriptional elongation phase,
now associating with different regulatory factors that
influence processive and accurate RNA synthesis and
chromatin remodeling. The precise mechanisms of these
events are still being actively researched. For example,
recent evidence suggests that transient double-strand
breaks in the DNA at promoters are required for regu-
lated transcription [11], and other studies have begun to
dissect the epigenetic events responsible for selective
chromatin opening at active promoters, distinct from the
chromatin remodeling that occurs in the coding region
during elongation [12].

Transcriptional initiation events and promoter structure
have classically been investigated in one or a few pro-
moters, leading to general hypotheses of mechanisms for
regulating gene activation. In recent years, however, the
complete genomic DNA sequences have become avail-
able for an increasing number of organisms, providing
a resource that has changed the scale and potential of
researching transcriptional regulation. We now face the
significant challenge of interpreting entire genomes of
‘simple’ genetic code. Major projects are under way that
employ these sequence data to annotate genomes at the
functional level, in an effort to decipher the complex prin-
ciples governing patterns of gene expression in eukary-
otic organisms. For example, the ENCODE (Encyclope-
dia of DNA Elements) Consortium is utilizing multiple
high-throughput biological and computational strategies
to map every transcript and regulatory element in 30 Mb
(1%) of the human genome, in preparation for expand-
ing this study to the entire genome [13]. Such efforts are
uncovering general features of gene regulation consistent
with previous research, as well as revealing surprising
new findings that support an increasingly complex and
diverse view of promoter structure and function. Here, we
review the progress toward a more complete understand-
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ing of transcriptional regulation at promoters, in light of
recent genome-scale investigations.

Large-scale promoter discovery
in eukaryotic genomes

Identification of transcriptional promoters throughout the
genome is critical to increasing our understanding of their
contributions to gene regulation. Because much can be
learned from comparing multiple examples of these regu-
latory elements, efforts to curate our knowledge of pro-
moter regions have been ongoing for over 20 years [14].
Rapidly improving high-throughput and bioinformatics
approaches have accelerated the discovery and location
of promoters and have enhanced the quality of charac-
terization and annotation of these elements, but the goal
has remained the same: to understand the mechanisms
by which promoters regulate transcription. Numerous re-
sources and techniques now contribute to the large-scale
study and analysis of an ever-expanding library of eu-
karyotic promoters.

Because promoters are functionally and physically linked
to the transcripts they generate, the completed sequenc-
ing of the human genome and the genomes of a growing
number of other organisms has facilitated the use of se-
quence information of full-length transcripts to identify
promoters involved in their regulation. Conventionally
used to quantitatively monitor gene expression levels,
transcript-capture techniques have been adapted to iden-
tify TSS with remarkable precision and genomic cover-
age. Several innovative strategies have been employed to
collect large transcript-based sequence libraries. A modi-
fication of conventional complementary DNA (cDNA)
cloning [15] enabled the precise capture of the sequence
of the transcript 5’-end, and the adaptation of this strategy
to large-scale cDNA library construction [16] enabled the
relatively streamlined assembly of a vast catalog of TSS.
Recent updates to this Database of Transcription Start
Sites (DBTSS) include expansion of human and mouse
TSS data and the inclusion of additional organisms [17].
Similar technologies include Gene Identification Signa-
ture (GIS) analysis [18], 5’-end Serial Analysis of Gene
Expression (5" SAGE) [19, 20], and Cap Analysis Gene
Expression (CAGE) [21-23]. These advancements of
conventional transcript analysis have made possible the
high-throughput capture of 5’- and 3’-ends of entire tran-
scriptomes in mouse and human systems. By matching
the 5’-ends to genomic DNA sequences, it is possible to
generate maps of putative promoter regions for known
and novel genes that can be further characterized by vari-
ous means.

In addition to transcript-based promoter identification,
the maturation of technologies like ChIP (chromatin im-
munoprecipitation)-chip [24] has allowed the biochemi-

Eukaryotic transcriptional promoters

cal determination of promoters based on the protein-
DNA interactions between the transcriptional machinery
and the promoter sequences (see Fig. 2). By examining
genome-wide binding patterns of components of the PIC
in human fibroblast cells, one study located over 10000
active promoter sites and almost 1200 novel promoters
for previously unannotated transcriptional loci [25]. In
addition to promoters for protein-coding genes, some of
these novel promoters correspond to microRNA genes,
whose transcripts were not amenable for identification
by conventional cDNA cloning methods [26]. Therefore,
the ChIP-chip approach complements the cDNA library-
based method for promoter mapping.

Advances in bioinformatics also contribute to promoter
discovery. While several general sequence features of
promoters are known (discussed below), the degeneracy
and inconsistent presence of these sequences in promoters
have long hindered the success of various computational
approaches in identifying promoters on a genomic scale
[27]. More recent efforts have integrated transcript data
and multi-species sequence conservation information
with first-exon-finding algorithms, offering a significant
improvement in the accuracy of mammalian promoter
identification [28]. Promoters identified in this study are
curated in the Cold Spring Harbor Laboratory Mamma-
lian Promoter Database (CSHLmpd), which also cross-
references numerous established gene collections as well
as promoters discovered in ChIP-chip and functional
studies. The CSHLmpd is a useful complement to the
Eukaryotic Promoter Database (EPD), which has grown
exponentially from its original collection of 168 promot-
ers [29] with the integration of numerous genome-scale
data sets [14]. Additional valuable resources can be found
in other public databases, including the National Center
for Biotechnology Information (NCBI, http://www.ncbi.
nlm.nih.gov/) and the UCSC Genome Browser (http://
genome.ucsc.edu/) [30]. Both sites contain vast amounts
of data from a variety of experimental and computational
sources, as well as an array of powerful utilities for the
visualization, analysis and comparison of public and user
data sets.

Signatures of promoters

The diverse approaches to promoter identification de-
scribed above have provided unprecedented resources for
large-scale promoter characterization. Recent advances
in high-throughput experimental methods and computa-
tional analysis strategies have provided significant insight
into the physical and functional features of promoters.
One goal of such investigations is to define the ‘signa-
ture’ of a promoter, that is, the sequence elements and
chromatin features that dictate the promoter’s regulatory
properties (see Fig. 3).



Cell. Mol. Life Sci.  Vol. 64, 2007

Crosslink cells

Sonicate chromatin

Immunoprecipitate promoters

with antibodies against PIC \\
—

Review Article 389

Purify DNA

Amplify by LM-PCR

Label with Cy5 or Cy3

Mw"’”

Hybridize to microarray
- - - - -
- - -
- -
- - - e . S
- - O =
- -
- - - -

Identify promoters

Figure 2. Promoter discovery using ChIP (chromatin immunoprecipitation)-chip. Cells are treated with formaldehyde to chemically cross-
link DNA and interacting proteins. Chromatin is isolated and sheared to small pieces by sonication, then subjected to immunoprecipitation
with antibodies specific to components of PIC. Promoter fragments bound by PIC will be enriched in the IP sample relative to a total
chromatin control sample. DNA from both samples is purified, amplified and labeled with fluorescent dye, then hybridized to a microar-
ray covering large continuous stretches of the human genome. Promoters are identified on the basis of their enrichment in the IP sample,
visualized as a red spot on the microarray. LM-PCR, ligation-mediated polymerase chain reaction.

Sequence signatures

Asnoted above, the promoter consists of a core region im-
mediately surrounding the TSS, and additional proximal
promoter regions extending further upstream of the core

promoter. Because the core promoter is the minimum re-
gion required for docking of the transcriptional machinery
and initiation of basal transcription, extensive research in
a variety of organisms has been devoted to uncovering
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Figure 3. Signatures of active promoters. A nucleosome free region (NFR) surrounds the transcriptional start site (TSS) in the core
promoter, which may contain core promoter elements, including BRE, TATA, Inr, MTE, DPE and others (positions are relative to the +1
TSS within the Inr; please see detailed explanation of these elements in the main text and in Table 1). The nucleosomes flanking the NFR
contain the histone variant H2A.Z, while other nucleosomes contain normal H2A and other histone proteins that are subject to various
modifications. Histone acetylation peaks just downstream of the promoter, while methylation of histone 3 lysine 4 is present in a gradient,
from trimethylation (H3K4me3) at the promoter, to di- and then monomethylation (H3K4me2, H3K4mel) with increasing distance from
the promoter into the transcribed region. This diagram is a composite of features determined in yeast, fly and mammalian systems; it is

representative of some important characteristics of promoters identified in large-scale studies.

the sequence motifs responsible for this critical step in
gene regulation, revealing a collection of short regula-
tory DNA sequence elements conserved across species.
While the first core promoter element has been known for
almost 30 years, additional novel sequence elements have
been discovered recently, emphasizing the importance of
continued research of these regulatory sequences. Most
of the canonical core promoter elements have been thor-
oughly reviewed elsewhere [2], but it is useful to describe
their general features here (see Table 1) in light of recent
genome-wide analyses of these elements. Note that there
are no ‘universal’ core promoter elements; the sequences
described below are found in only a subset of promoters,
and the origins and functional consequences of the result-
ing core promoter diversity are a topic of current study.

The first core promoter element identified was the TATA-
box, whose consensus sequence (TATAWAAR; degener-
ate nucleotides according to IUPAC code, http://www.

Table 1. Summary of sequence and frequency of core promoter ele-
ments.

Core Position ~ Consensus Frequency in pro-
element relative  sequence** moters
to TSS*
Flies Vertebrates
TATA approx. ~TATAWAAR 33-43% 10-16%
=31 to
-26
Inr —2to+4 YYANWYY 69% 55%
DPE +28 to RGWYV 40% 48%
+32
BRE approx.  SSRCGCC - 12-62%
—37 to
-32
MTE +18 to CSARCSSAACGS  8.5% -
+29

* The TSS is assigned to position +1.
** Degenerate nucleotides represented using [UPAC codes.

chem.qmul.ac.uk/iubmb/misc/naseq.html) was deter-
mined by comparison of 5" flanking regions in several
organisms [31]. The TATA-box is located approximately
25-30 bp upstream of the transcription start site in most
eukaryotes, though in yeast it is found slightly further up-
stream [32]. It is typically recognized by the TATA bind-
ing protein (TBP) subunit of the general transcription
factor TFIID [33], though additional related but distinct
proteins can also recognize this element [34].

The initiator element (Inr; YYANWYY) immediately
surrounds the transcription start site [35] and is found in
promoters containing or lacking a TATA-box. While the
Inr can stimulate transcription independently of a TATA-
box, these two elements act synergistically when found
together [36]. This element is recognized by the TAF1
and TAF2 subunits of TFIID [37].

The downstream promoter element (DPE; RGWYV) [38]
is typically found in TATA-less promoters and functions
with the Inr as a downstream counterpart to the TATA-
box [39]. The DPE is located at +28 to +32 relative to
the TSS, with this exact spacing critical to optimal tran-
scription [40]. Like the TATA-box and Inr, this element is
recognized by TFIID, likely the TAF6 and TAF9 subunits,
but not TBP [41]. There is evidence that the presence of a
TATA-box or DPE in a promoter can influence its interac-
tions with enhancers [42] and transcriptional activation or
repression [43], suggesting multiple regulatory mecha-
nisms acting at the core promoter.

The TFIIB recognition element (BRE; SSRCGCC) con-
sists of the 7 bp immediately upstream of the TATA-box,
and as its name suggests, it is bound by transcription fac-
tor I1IB [44]. The BRE has been shown to both stimulate
and repress transcriptional activity [45].

The motif ten element (MTE; CSARCSSAACGS) was
identified in a computational survey of Drosophila pro-
moters [46], located +18 to +29 downstream of the TSS
and overlapping slightly with the 5’-end of the DPE. The
MTE requires Inr and functions synergistically with the
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TATA-box or DPE, but can also function in a TATA- and
DPE-independent manner and can compensate for muta-
tions in either of these other elements [47]. It appears that
the MTE contributes to interaction with TFIID.

Other core promoter motifs include the downstream
core element (DCE) [48] and multiple start site down-
stream element (MED-1) [49], and continued research
with an expanding library of well-annotated promoters
has revealed additional putative regulatory motifs [50].
Another general sequence feature of many promoters in
mammals is the presence of stretches of the CG dinucle-
otide, or ‘CpG islands’, which are underrepresented in
the genome compared with what would be expected by
chance for any given dinucleotide. Cytosines in DNA are
often methylated to form 5-methyl cytosine (SmC), and
the high frequency of spontaneous deamination of 5SmC
converts it to thymidine, resulting in the net loss of C at
that position. Surviving CpG dinucleotides are therefore
thought to be maintained by functional and evolution-
ary constraints for regulatory purposes. CpG island pro-
moters typically lack a TATA-box [51], and the precise
mechanisms of their core promoter function are not well
understood.

Several recent large-scale analyses have confirmed the
lack of universal core promoter elements, demonstrat-
ing that each element is found in subsets of promoters,
with differing relative representation among species
(see Table 1). For example, the TATA-box was once
presumed to be a general feature of promoters, but ge-
nomic analyses clearly indicate that its presence is vari-
able between species and actually atypical. A consen-
sus TATA-box is present in only 33—43% of promoters
in Drosophila [40, 46], and in only about 10-16% of
mouse and human promoters [25, 52—54]. Furthermore,
while 69% of Drosophila promoters contain the Inr [40,
46], only about 55% of human promoters possess this
element [25]. In contrast, the DPE appears to be more
abundant in human promoters (about 48%) [53] than in
Drosophila (about 40%) [40]. CpG islands seem to be
the most highly represented class of promoter element,
with recent estimates of 79—88% of human promoters
and 71% of mouse promoters [25, 53] containing this
feature, much higher than earlier estimates of about half
of promoters [55]. Of course, these elements may be
present in various combinations. For example, in Dro-
sophila the TATA-box and DPE occur together in 14% of
promoters [40], and 12% of TATA-containing vertebrate
promoters also contain a BRE [44]. Further research is
necessary to exhaustively catalog these and other core
promoter elements and sequence variants throughout en-
tire genomes. But the variety in core promoter structure
within and between species suggests a significant role
for core promoter diversity in transcriptional regulation,
contrary to early single-gene studies that implied a uni-
versal promoter sequence.
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Epigenetic signatures

Perhaps the most defining functional characteristic of an
active promoter is the initiation of transcription at that
promoter. Indeed, quantitative functional studies of hu-
man promoters demonstrate the expected strong correla-
tion between promoter activity and endogenous transcript
levels, confirming the promoter’s key role in the rate
of transcription [54]. But as static contributors to gene
regulation, the presence or absence of core promoter el-
ements is not informative about the expression activity
of the target transcript, and even transcript level is not
always an accurate gauge of promoter activity due to vari-
ous mechanisms of messenger RNA (mRNA) degrada-
tion or stabilization. Chromatin structure at promoters is
recognized as an important determinant of gene expres-
sion [4], and the recent large-scale mapping of epigen-
etic features has revealed distinct chromatin signatures
for active and inactive promoters. It is worth noting that
classifying promoters as ‘active’ or ‘inactive’ simplifies
a somewhat complicated situation. Promoter activity en-
compasses a continuum from weak expression to strong,
and some chromatin features discussed below reflect that
dynamic range of activity. Furthermore, some promoters
might be maintained in a quasi-active state; these genes
are not silenced by permanent repressive influences, yet
the transcript originating from this promoter may not be
actively expressed, perhaps waiting for a final regula-
tory event to initiate transcription. Such promoters can
be distinguished from truly active or inactive promoters
by referring to them as transcriptionally competent. Ac-
tive and competent promoters may share some features
that are not present at inactive promoters, but it is worth
noting that additional regulatory signals exist to elevate a
promoter from competence to transcriptional activity.
Transcriptional regulatory events at promoters occur in
the context of chromatin, which consists of ~146 bp of
DNA wrapped around an octamer of histone proteins to
form a nucleosome, resulting in a repetitive and ordered
structure originally viewed primarily as a means of DNA
packaging. However, we now know that the amino-ter-
minal tails of the histones are subject to a wide variety
of post-translational modifications [5] that influence
the structure of the nucleosome and its interactions with
DNA and regulatory proteins, including transcription
factors, histone modifiers, chromatin remodelers and the
transcriptional machinery [56]. Variants of the histone
proteins themselves also impact the nucleosome’s struc-
tural and regulatory properties [57]. As it is generally
understood that transcription factors are granted access
to regulatory DNA sequences by permissive nucleosome
conformations, local chromatin architecture (includ-
ing histone modifications and nucleosome positioning)
clearly plays a critical regulatory role at transcriptional
promoters [4]. Here we examine some of the general
features of chromatin associated with active promoters
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as revealed in recent genomic investigations in multiple
organisms.

One key component of chromatin is, in fact, absent from
active promoters: the nucleosome. Different experimen-
tal approaches in yeast have demonstrated depletion of
nucleosomes at transcriptionally active promoters. ChIP-
chip studies examining the enrichment patterns of core
histones revealed a markedly reduced density of these
proteins at the promoters of active genes genome-wide
[58-61], indicating nucleosome depletion at these sites.
High-resolution nucleosome mapping in yeast confirmed
this observation, revealing a nucleosome-free region
(NFR) of ~150 bp in size located ~200 bp upstream of
the start codon [62]. The nucleosomes flanking this NFR
contain the histone variant H2A.Z [63-65], implicating
H2A.Z in NFR formation or maintenance, though dif-
ferences in experimental techniques make it unclear how
H2A.Z enrichment relates to transcriptional activity. The
significant structural differences between normal H2A
and H2A.Z provide distinct protein interaction domains
unique to this variant; these features may contribute to a
role for H2A.Z in antagonizing gene silencing [66]. In-
terestingly, a short DNA sequence element was demon-
strated to be responsible for NFR formation [64], consis-
tent with the observation of sequence-dependent DNA-
histone interactions in yeast promoter regions [61]; these
findings further emphasize the connection between DNA
sequence and chromatin structure. Similar patterns of nu-
cleosome depletion at active promoters were observed in
Drosophila [67] and humans [N. Heintzman and B. Ren,
unpublished data], contrary to an earlier study in mam-
malian cells [68] that found no change in nucleosome
density at promoters. These recent findings are consistent
with numerous reports demonstrating increased chroma-
tin accessibility (as assayed by nuclease sensitivity) at
promoters and other regulatory elements [69], and indi-
cate that nucleosome depletion is an evolutionarily con-
served mechanism of transcriptional regulation. An addi-
tional histone variant, H3.3, was found to be enriched at
active promoters in Drosophila [67], further emphasizing
the intimate relationship between nucleosome composi-
tion and transcriptional regulation. While the structure
of H3.3 (and other H3 variants) is quite similar to that
of normal H3, the recent ‘H3 barcode hypothesis’ [70]
proposes that subtle changes in nucleosome stability re-
sulting from incorporation of H3 variants can influence
protein interaction, nuclear localization and post-transla-
tional modification, with profound impacts on gene regu-
lation, epigenetic memory and chromatin structuring.
The discovery that the histone proteins within nucleo-
somes could be covalently modified led to the proposal of
the histone code hypothesis [71], wherein distinct func-
tional and regulatory information is encoded in patterns
of histone acetylation and methylation, among other pos-
sible modifications [5, 56]. The field of epigenetics has
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exploded in recent years, and it would be impossible to
thoroughly cover it in this review, so we will focus on rel-
evant global studies of histone modifications associated
with gene activation (using current nomenclature [72]).
As genomics technology has rapidly evolved over the past
few years, so has the coverage, resolution and specificity
of the data gained from genome-wide epigenetic analy-
ses. We will primarily discuss the most comprehensive
current findings, acknowledging that they often confirm
the results of many previous smaller-scale experiments.
New and unexpected insights into promoter epigenetics
have also been gained by the genome-wide expansion of
previous single-gene findings.

Histone acetylation has long been found associated with
active genetic regions, and many lysine residues within
the various histone tails are subject to this modification
[73]. Acetylation of histone lysines is a reversible modi-
fication controlled by two antagonistic protein families,
the histone acetyltransferases (HATs) and histone deacet-
ylases (HDACsS). A genome-wide, high-resolution (~266
bp) assessment of histone acetylation in yeast revealed
that acetylation of histone H3 lysines 9 (H3K9ac) and 14
(H3K14ac) and general acetylation of histone H4 (H4ac)
are localized predominantly to promoters in a manner as-
sociated with transcriptional activity [60]. These modi-
fications peak slightly downstream of the TSS. Similar
ChIP-chip experiments in fly [74] and mammalian sys-
tems [25, 68, 75] demonstrated that acetylation of H3 and
H4 is a conserved feature of transcriptionally active pro-
moters. It is worth noting, however, that H3ac and H4ac
have also been associated with some distal regulatory
elements such as enhancers [75] [N. Heintzman and B.
Ren, unpublished data]. A single-nucleosome resolution
study of residue-specific histone acetylation patterns in
500 kbp of the yeast genome offered additional insight,
including the observation that specific lysines (H2AK7,
H3K9, H3K 14, H3K18, H4K5, H4K12) are hyperacety-
lated on nucleosomes at the 5’-ends of active genes, ad-
jacent to a hypoacetylated region surrounding the active
promoter; intriguingly, principal component analysis
revealed that the 12 histone modifications examined ac-
tually sort into two main classes (either promoter proxi-
mal or as a continuum through coding regions), rather
than exhibiting independent distribution patterns [76].
Another study using histone-lysine mutants combined
with global expression analysis suggested significant
functional redundancy of residue-specific acetylation in
histone H4, as only mutation of H4K 16 caused specific
changes in gene expression patterns [77]. These find-
ings challenge the original hypothesis of a histone code
with great combinatorial complexity conferred by dis-
tinct modifications, suggesting instead a simpler system
in which multiple modifications play redundant roles in
gene regulation, similar to the signaling network model
of chromatin [78].
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As with acetylation, histone lysines can be modified by
methylation. Histone methylation seems more complex,
however, as distinct histone methyltransferases (HMTs)
can modify lysine residues by the addition of one, two or
three methyl groups, each of which appear to have dis-
tinct localization patterns and regulatory potential. Fur-
ther, methylation is associated with both activation and
repression of transcription, depending on the modified
residue. Though lysine methylation was long thought to
be irreversible, the recent discovery of histone demethyl-
ases [79] suggests that this modification may be as dy-
namic as acetylation. The aforementioned studies in yeast
[60, 76] revealed a gradient of methylation of H3K4 from
5’ to 3’ within actively transcribed genes, with trimethyl-
ation of this residue (H3K4me3) peaking at the 5’-end of
the gene and giving way to di- and then monomethylation
(H3K4me2, H3K4mel) with increasing distance from
the promoter. Like acetylation, these methylation pat-
terns correlate with transcriptional activity, a relationship
also generally observed in investigations of H3K4me3
and H3K4me2 in fly [74] and mammalian systems [25,
68]. Another recent high-resolution study confirmed the
H3K4me3-me2-mel gradient at active human promoters
[N. Heintzman and B. Ren, unpublished data]. H3K4me3
appears to mark active promoters exclusively, while
H3K4me2 and H3K4mel are also found elsewhere in
the genome at other putative regulatory elements [68] [N.
Heintzman and B. Ren, unpublished data].

The chromatin features of inactive promoters are less
well characterized, but the above studies demonstrated
that inactive promoters generally lack the histone modi-
fications associated with promoter activity, including
acetylation of H3 and H4 and methylation of H3K4. Tri-
methylation of H3K27 appears to be localized to promot-
ers of repressed genes genome-wide [80, 81]. Also, re-
pressed genes are frequently located in heterochromatin
[82], where the condensed structure ostensibly prevents
transcription factor access to regulatory DNA sequences,
though some characteristic features of open, active chro-
matin have been noted at inactive promoters in yeast [61,
63, 64].

In summary, genome-scale experiments in a variety of or-
ganisms from yeast to human indicate that transcription-
ally active promoters are marked by nucleosome deple-
tion, acetylation of several residues of H3 and H4 and
trimethylation of H3K4, and histone variants linked to
transcription, while promoters of inactive genes generally
lack these features. As noted, the majority of the histone
modifications localize to the 5’-ends of genes, empha-
sizing the regulatory significance of the promoter region
and hinting at a more simple histone code for promoters
than originally thought. With the development of an ever-
expanding repertoire of residue-specific antibodies and
improvements in microarray and other high-throughput
technologies, the next few years should see a wealth of
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high-resolution histone modification maps for the ge-
nomes of many organisms, which will be useful in decod-
ing the regulatory mechanisms of histone modifications
at promoters and other regulatory elements.

Promoter function and regulation

With the generation of large collections of promoters and
the discovery of signature sequences and epigenetic fea-
tures, many recent investigations have begun to examine
the connections between DNA sequence, chromatin ar-
chitecture and promoter function, providing insight into
the molecular mechanisms of transcriptional regulation
at promoters. Preliminary regulatory networks were often
assembled on the basis of transcript expression analysis,
whereby groups of coexpressed genes were postulated to
share common control circuits. This method, while a use-
ful starting point, cannot distinguish between direct and
indirect regulatory targets. To actually decipher the regu-
latory code underlying coregulated genes, the expression
patterns must be supplemented with knowledge of the
regulatory proteins and epigenetic features present at the
promoters of active and inactive genes. Several strategies,
such as ChIP-chip, are currently employed to determine
the direct targets of a variety of transcriptional regulators
[24].

Regulatory networks

Sequence-specific transcription factors (TFs) play a criti-
cal role in regulating transcription by recruiting coacti-
vators and promoting the formation of the PIC [9, 83].
Consequently, many investigations have focused on the
discovery of direct targets of TF binding. TF consensus
binding motifs are often somewhat degenerate, causing
sequence-based computational methods to predict many
thousands of binding sites for a given TF, only a fraction
of which may be biologically relevant. Indeed, even bind-
ing sites for which the cognate TF has a very high affinity
in vitro are not necessarily bound in vivo, consistent with
our understanding of mechanisms underlying tissue-spe-
cific programs of gene expression. Conversely, TF targets
may not contain consensus binding motifs [84, 85], sug-
gesting that the TFs are binding to uncharacterized motifs
or through cooperation with additional factors. Thus, any
apparent connection between expression data and pro-
moter DNA sequence is, at best, circumstantial evidence
of TF binding.

The development of technologies like ChIP-chip enabled
the rapid and direct biochemical purification of DNA
sequences bound by TFs in the genome in vivo and the
subsequent generation of target maps and transcriptional
regulatory networks. The first global studies of TF bind-
ing in yeast revealed that, in spite of the presence of con-
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sensus binding motifs for Gal4 and Ste12 throughout the
yeast genome, these factors localize to the promoters of
functionally related genes to form distinct regulatory
modules [86]. Similar patterns were observed for the TF
Rapl [87], suggesting that additional features such as
chromatin architecture are involved in the selective bind-
ing of these TFs to promoters. Extension of this assay to
over 100 yeast TFs revealed that many yeast promoters
are bound by multiple TFs, echoing the combinatorial
complexity postulated for higher eukaryotes [88]. This
study also introduced the integration of network motifs
(such as autoregulation, feedforward and multi-input)
with expression data to construct regulatory networks for
processes like metabolism and the cell cycle. Such strate-
gies were expanded to include over 200 yeast TFs [89],
resulting in the discovery of novel regulatory DNA se-
quences, insights into promoter structure, and a system of
TF classification based on functional binding data. These
experiments provided the first broad view of promoter
topography on a genomic scale.

Such investigations are more complex in higher eukary-
otes. Metazoans are composed of many different cell
types, requiring a much larger arsenal of TFs to regulate
elaborate patterns of differentiation, homeostasis and en-
vironmental response, not to mention the corresponding
increase in the size and complexity of the genome. Given
the larger size of mammalian genomes, initial location
analyses in mouse and human systems examined patterns
of TF binding using microarrays representing thousands
of promoter regions, which at the time were the only reg-
ulatory elements that could be effectively located. Even
examining these small fractions of the genome in tis-
sue-specific contexts proved enlightening. For example,
an investigation of TCF4 target genes revealed that the
EDNI1 oncogene is a direct regulatory target of S-catenin
in colon cancer, providing important insight into the ac-
tivation of this growth factor in colon and other cancers
[90]. An examination of several myogenic TFs at pro-
moters in proliferating and differentiating mouse myo-
blasts uncovered a complex, dynamic network governing
skeletal myogenesis as well as unexpected involvement
in stress response and regeneration [91]. Studying the
binding patterns of HNFs in human liver and pancreatic
cells revealed distinct and common regulatory targets be-
tween tissues and provided mechanistic insight into the
potential of HNF4 o misregulation to contribute to type
IT diabetes [92]. Similar experiments with c-Myc and its
binding partner Max in Burkitt’s lymphoma cells revealed
that over 15% of the promoters studied are bound by both
factors [84], comparable to observations in HL60 cells
[93]. The surprisingly large number of targets for these
TFs suggested a general role for c-Myc in global tran-
scriptional regulation, a model supported by additional
experiments analyzing Myc targets and gene expression
in Drosophila [94].

Eukaryotic transcriptional promoters

While these studies provoked new ideas about transcrip-
tional regulation at mammalian promoters, the coverage
and resolution of the microarray platforms used in these
experiments limited the insight that could be gained. Im-
proved genome sequence annotation and technological
advances in microarray synthesis and analysis led to the
development of ‘tiling’ arrays, wherein short oligonucle-
otide probes provide continuous coverage along large re-
gions of the genome, in contrast to previous arrays that
sampled isolated chunks of promoters or other genomic
sites. A more advanced promoter microarray platform
was developed that covered 10-kb regions tiling almost
18000 human promoters with 60-mer oligos, and used
to identify targets of Oct4, Sox2 and Nanog in human
embryonic stem cells (hESCs) [95]. These experiments
yielded precise binding sites of these TFs within their
target promoters and revealed a large number of targets
common to all three factors, forming coordinated feed-
forward and auto-regulatory loops with intriguing impli-
cations in hESC pluripotency and self-renewal.

In addition to their utility in finding regulatory targets of
TFs, tiling arrays have enabled the unbiased discovery of
regulatory regions through analysis of genomic binding
patterns of TF and other proteins (most of the chromatin
architecture discussed above was determined using tiling
arrays). Some TFs are found primarily at promoters, like
YY1 [K. Wang and B. Ren, unpublished data] and E2F1
[96], and their binding with RNAPII at many promot-
ers (>20% for E2F1) suggests a general role for these
TFs in transcriptional regulation. Interestingly, however,
a growing number of experiments show that many TFs
bind to distal sites throughout the genome, far from any
annotated genes. Tiling arrays covering human chromo-
somes 21 and 22 revealed that only a small fraction of
p53 binding occurred near known promoters [97], and
similar patterns have been observed for estrogen receptor
(ER) in the same regions [98]; transcription factors NF-
kB, CREB and STAT1/2 on chromosome 22 [99-101];
and p53 throughout the entire human genome [102]. The
widespread binding patterns of these TFs are reminis-
cent of the genomic distribution of distal regulatory ele-
ments like enhancers, and several lines of experimental
evidence support a physiological enhancer function for
the distal ER binding sites [98]. Another explanation pro-
posed for promoter-distal binding involves regulation of
non-coding RNAs [97]. Distal binding sites aside, these
experiments identified many novel target genes for these
TFs and provided insight into the requirement for and
sequence of consensus binding motifs. Additionally, the
overlap of TF binding at promoters observed within the
experiments above lends support to theories of a combi-
natorial code in transcriptional regulation in higher eu-
karyotes, wherein the coordinated action of several TFs
at a given promoter is required for precise regulation of
expression. Further assessment of binding patterns of ad-
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ditional TFs in multiple tissues will hopefully lead to the
development of complete human transcriptional regula-
tory networks that address the complex genetic mecha-
nisms underlying development and disease.

Regulatory mechanisms

In addition to identifying targets of specific TFs, loca-
tion analysis of components of the basal transcriptional
machinery has provided some insight into general mech-
anisms of gene regulation. The majority of active pro-
moters in human fibroblasts are bound by the general TF
TAF1 [25], consistent with the critical role of this protein
in PIC assembly. It has also been demonstrated that hy-
pophosphorylated RNAPII is localized primarily at pro-
moters in humans, while total RNAPII is found enriched
throughout genes, primarily at exons [25, 103]. These
findings are consistent with existing models of transcrip-
tional initiation control through regulated phosphoryla-
tion of RNAPII [6], and support coordinated mechanisms
for transcriptional elongation and mRNA processing
events. About 75% of promoters occupied by the PIC ap-
peared to be transcriptionally active, indicating that TAF1
and RNAPII occupancy are a general feature of active
promoters, even considering the diversity of core pro-
moter elements found in these promoters [25]. Promoters
marked by a PIC but with no evidence of transcription
could reflect the competent promoters mentioned earlier,
awaiting further activating signals. It is important to re-
member, however, that the basal transcriptional machin-
ery is not always composed of the same subunits [ 104], so
further large-scale experiments are needed to determine
the precise constitution of the PIC at diverse promoters.
Additional TAF1 and RNAPII binding distal to known
promoters may signify the presence of novel promoters
or other putative regulatory elements, providing some in-
sight into mechanisms of interaction between promoters
and distal elements like enhancers. Comparison of these
sites to high-resolution maps of histone modifications
and TF binding should prove informative.

Owing to the diversity of sequence-specific transcrip-
tion factors in eukaryotic genomes and the coactivators
through which they mediate transcriptional regulation
[105] and considering the tissue-specificity of many gene
expression patterns, promoter activation is difficult to
generalize at the level of the sequence-specific TF. Some
common patterns of coregulator localization, however,
have recently begun to emerge. Most active promoters in
yeast are occupied by HAT enzymes like GenS and Esal
[60, 106], consistent with models linking gene activation
to acetylation of histones by these enzymes and with the
acetylation patterns observed at active promoters as dis-
cussed above. Similarly, the HAT p300 has been observed
at many active promoters in human cells [N. Heintzman
and B. Ren, unpublished data], supporting a conserved
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role for such factors in positively regulating transcription.
The precise purpose of histone acetylation at promoters
is not yet known, but several lines of thought address
the mechanistic significance of this modification. Many
transcriptional regulatory proteins (including TAF1) pos-
sess bromodomains capable of recognizing acetylated
lysines, which would serve to initiate and stabilize inter-
actions between these proteins and the promoter region
[107]. Histone acetylation also appears to influence bind-
ing of sequence specific transcription factors to DNA by
revealing some consensus binding motifs and occluding
others [J. Lanier and E. Turner, personal communica-
tion], similar to the formation of the NFR that presum-
ably facilitates binding of the transcriptional machinery.
Furthermore, histone deacetylation has been linked to
transcriptional elongation [12], so it is possible that the
relatively hyperacetylated histones at promoters serve to
distinguish physically adjacent yet functionally discrete
components of a genetic unit.

As with the various HATSs, the HMT responsible for cat-
alyzing the trimethylation of H3K4 in yeast, Setl, has
also been demonstrated to associate with the promoter
regions of active genes [108], and similar patterns were
observed with the human Setl homolog, MLL1 [109].
Again, the functional significance of this modification
has yet to be entirely deciphered, but as with acetylation,
methlyated lysines can be recognized by numerous regu-
latory proteins that contain chromodomains [107, 110].
Additional evidence suggests that H3K4me3 may be in-
volved in regulating HAT and HDAC activity in the rapid
turnover of acetylation at active promoters [111]. The
hyperacetylation could then be preferentially maintained
at promoters while H3K4me2, H3K4mel, and/or other
distinct methylated histone residues facilitate the afore-
mentioned deacetylation that occurs in coding regions,
again creating a functional compartmentalization medi-
ated and marked by a methylation gradient. Intriguingly,
several recent reports identify PHD-finger-containing
proteins as novel recognizers of H3K4me3 with implica-
tions in both maintenance and repression of gene expres-
sion [112-115], suggesting that H3K4me3 is a multi-pur-
pose marker for active promoters, recognized in specific
contexts by activator or repressor proteins in response
to cellular signaling pathways. Further experiments are
required to more finely resolve these regulatory mecha-
nisms, but the presence of various HATs and HMTs at the
majority of active promoters is consistent with a general
role for these factors in transcriptional regulation.

One attribute common to histone features and transcrip-
tion factor binding at promoters is their association with
maintaining patterns of gene activity through mitosis
[116], even when these promoters are not transcription-
ally active. This ‘gene bookmarking’ supports the concept
of a cellular memory, in which epigenetic features asso-
ciated with gene activity persist through transcriptional
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inactivation to mark these genes for potential subsequent
reactivation, protecting them from permanent silencing
through incorporation into heterochromatin. Additional
genome-scale studies will be useful in elucidating the
connections between transcriptional activation and main-
tenance of promoter competence and activity.

Connecting sequence to regulation

Recent investigations have begun to reveal more of the
relationship between sequence features of promoters and
their function and regulation. Comparative computational
analysis of a large number of human, rodent, and dog pro-
moters uncovered a variety of conserved DNA sequences,
including most known TF consensus motifs and many
novel putative regulatory sequences [50]. The validity
of the novel sequences is supported by several lines of
evidence, including motif enrichment in tissue-specific
promoters, conserved positional preference, and the clus-
tering of motif copies within promoters. Whether or not
these sequences represent novel binding motifs for TFs or
are even truly functional in vivo has yet to be determined,
but comparisons of these findings with high-resolution
maps of TF binding and histone modifications will likely
yield valuable insight into the sequences underlying pro-
tein-DNA interactions.

Established core promoter features are also connected to
gene regulatory and functional properties. CpG island
promoters are generally associated with ubiquitously ex-
pressed housekeeping genes, while TATA-box promoters
appear to be more tightly and specifically regulated [23],
in support of previous findings. This trend also translates
to the precision of transcriptional initiation from these
classes of promoters; in contrast to more defined TSS in
TATA-box promoters, multiple TSS spanning upward of
100 bp are often detected in CpG promoters, most recently
shown on a genomic scale by Carninci et al. [23]. Con-
sistent with expression-based observations, a functional
analysis of hundreds of putative promoters in 16 human
cells lines showed that 86% of promoters exhibiting ubiq-
uitous strong activity in all cell lines overlapped CpG is-
lands [54]. Further division of mammalian promoters into
four classes based on CG content upstream and down-
stream of the TSS revealed connections between differ-
ent CG enrichment patterns and core promoter elements,
expression and gene function, with potential differences
between mouse and human promoters including variable
representation of certain core promoter elements [53].
Additional evidence links CpG islands to bidirectional
promoters, which represent over 10% of human promot-
ers; intriguingly, 77% of bidirectional promoters are lo-
cated within CpG islands, while only 8% of these pro-
moters contain a TATA-box [117]. This study also found
conservation of these bidirectional promoter structures in
mouse, and uncovered interesting relationships between
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promoter bidirectionality and gene function and regula-
tion of expression. While this investigation showed that a
significant proportion of genes appear to share promoter
sequences, other recent studies have revealed widespread
usage of alternative promoters throughout mammalian
genomes by examining binding of the transcriptional
machinery to multiple sites at gene 5’-ends [25], tran-
script-based identification of adjacent but distinct TSS
[23, 118], and functional analysis of putative promoters
[54]. In addition to demonstrating the tissue specificity of
many promoters even without the influence of distal reg-
ulatory elements, this functional study also found distinct
regions of the proximal promoter that are related to tran-
scriptional activity, including the intriguing general pres-
ence of positive regulatory regions 40-350 bp upstream
of the TSS and negative regulatory regions 350—-1000 bp
upstream of the TSS [118]. The mechanisms of regula-
tion by these regions have yet to be determined, but such
findings clearly highlight the importance of considering
the proximal promoter when studying transcriptional ac-
tivation and repression. In addition to providing insight
into the general functional properties of promoters, such
large-scale functional assays also form the basis for in-
vestigating the contributions of DNA sequence and chro-
matin structure to tissue-specific gene expression and
promoter usage.

Conclusion and perspectives

Constantly evolving computational and experimental
methodologies will continue to make significant contri-
butions to our knowledge of promoter signatures at the
DNA sequence and epigenetic levels. Genomic sequenc-
ing of additional organisms and advances in sequence
alignment strategies will provide expanded resources
for comparative promoter analyses, potentially revealing
novel promoter sequence elements with transcriptional
regulatory properties. Furthermore, only a small fraction
of the >100 known histone modifications have currently
been mapped on a large scale. Future studies will investi-
gate these modifications in other systems and will expand
to include additional modifications and histone variants,
contributing to a more complete understanding of the
chromatin architecture at promoters and other transcrip-
tional regulatory elements. Another current focus of epi-
genetic research is examining the patterns of DNA meth-
ylation, wherein methylation of cytosine (usually within
CpG islands) represses gene expression by inducing het-
erochromatin formation or by interfering with transcrip-
tion factor binding [119]. The recent development of a
large-scale DNA methylation profiling assay enabled the
generation of a DNA methylation map of the entire human
genome [120], revealing surprising results related to the
role of DNA methylation in heterochromatin formation,
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X-chromosome silencing and development of malignant
cancer. A similar study examining a large collection of
human promoters uncovered evidence for a targeted in-
structive mechanism for DNA methylation of promoters
in cancer cells [121]. Additional experiments are needed
to resolve the mechanisms underlying DNA methylation
during development and oncogenesis and the impact of
this modification on transcriptional regulation.
Significant progress has been made in locating promot-
ers throughout the genome, identifying signature features
of their DNA sequence and chromatin architecture, and
describing some of the regulatory proteins present at
these sites, but much work remains to unravel the pre-
cise mechanisms by which active promoter structures
are generated, regulated and dismantled. To complement
the considerable insight gained by analyzing evolution-
ary conservation of DNA sequence, additional research
must identify all proteins involved in transcription, reveal
the extent to which the regulatory structures and mecha-
nisms of promoters are conserved across species, and re-
late the consequences of diverging structure and function
to species-specific transcriptional regulation programs.
Improvement of existing genomic strategies and the de-
velopment of novel approaches will solve the complex
regulatory code of eukaryotic transcriptional promoters,
opening new doorways to understanding human disease,
development and evolution.
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