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Summary
Animal growth and development depend on the precise control
of gene expression at the level of transcription. A central role in
the regulation of developmental transcription is attributed to
transcription factors that bind DNA enhancer elements, which
are often located far from gene transcription start sites. Here,
we review recent studies that have uncovered significant
regulatory functions in developmental transcription for the
TFIID basal transcription factors and for the DNA core promoter
elements that are located close to transcription start sites.

Introduction
Proper organismal growth and development depend on the timing,
location and level of protein-coding and regulatory RNA gene
transcription by RNA polymerase II (Pol II). Defects in these
transcription parameters can result in a variety of phenotypes,
including cell fate changes and lethality. Thus, much effort has gone
into determining the mechanisms that regulate the transcription of
developmentally important genes. These efforts have focused on
mechanisms that are mediated by cis-acting DNA sequences and
trans-acting protein factors.

Some signals that regulate transcription are hardwired into genes
via commonly occurring genomic DNA sequence elements that act
as binding sites for the transcription machinery. These elements are
classified as enhancer, proximal promoter, or core promoter elements
based on their location within genes and their corresponding binding
proteins (Fig. 1A). Enhancer and proximal promoter elements are
both bound by sequence-specific DNA-binding proteins (commonly
called transcription factors), but these elements are found at different
locations relative to the gene transcription start site (TSS). The
location of enhancer elements varies greatly between genes and can
be many kilobases upstream or downstream of the TSS, whereas
proximal promoter elements are typically restricted to within a
couple of hundred base-pairs of the TSS. By contrast, core promoter
elements are bound by basal transcription factors and are located
within ~100-bp zones centered at the TSS.

Transcription initiation by Pol II is directed, in part, by the basal
transcription factors TFIIA, TFIIB, TFIID, TFIIE, TFIIF and TFIIH
that assemble on core promoters (Thomas and Chiang, 2006). Basal
transcription factors are so called because they direct a low or basal
level of transcription in vitro in the absence of additional
transcription factors. This is in contrast to a higher or activated level
of transcription in vitro that is directed by the combined activities of
basal and additional transcription factors. Biochemical studies
indicate that basal transcription factors assemble on core promoters
in a defined manner, commencing with binding to core promoter
elements. The original and quintessential example is binding of the
TATA-binding protein (TBP) subunit of TFIID to the TATA box

element, which nucleates assembly of TFIIA and TFIIB, followed
by assembly of TFIIF and Pol II as a pre-assembled complex, and
culminating in assembly of TFIIE and TFIIH.

The impetus behind this review comes from recent reports that
implicate TFIID complexes and core promoter elements as being
vital to the regulation of developmental transcription. This finding
is likely to be surprising to those who do not closely follow the
transcription literature because the textbook view is that the
regulation of developmental transcription is mediated mostly by
transcription factors and enhancer sequences. To convey the new
advances, we will use transcription of the myogenin (Myog) gene as
a central example and touch upon the transcription of other genes to
illustrate particular points. Fundamental to the new advances has
been the discovery that both the core promoter elements and TFIID
complexes, which contain most of the proteins that bind core
promoter elements, are highly diverse. This diversity appears to
contribute to the capacity of regulatory signals that emanate from
enhancers and transcription factors to generate the strikingly
complex patterns of transcription that are necessary for proper
organismal growth and development.

Introduction to Myog transcription
In contrast to housekeeping genes, such as Gapdh
(glyceraldehyde-3-phosphate dehydrogenase), which are
transcribed at relatively constant levels in all cell types throughout
development, many genes, such as Myog, are transcribed in
distinct cell types to control specific developmental events. Myog
encodes a skeletal muscle-specific transcription factor involved
in myogenic determination (Berkes and Tapscott, 2005). In mice,
Myog is first transcribed at embryonic day (E) 8.5 in proliferating
myogenic precursors in the somite myotome (Sassoon et al.,
1989). Myog transcription is turned off as these cells leave the
somite and invade the limb bud and is then turned on at high
levels at E11.5 in the hindlimb and forelimb. In agreement with
the Myog expression pattern, knockout of Myog results in the
accumulation of myocytes that are arrested in their terminal
differentiation program and in neonatal death due to severe
muscle defects (Hasty et al., 1993; Nabeshima et al., 1993).

What mechanisms determine this complex pattern of Myog
transcription? This is a difficult question to address in whole
animals, so researchers have turned to cultured myoblast cells that
differentiate in response to a stimulus, such as growth factor
deprivation. In culture, Myog transcription is required for C2C12
mouse skeletal muscle myoblasts to terminally differentiate into
multinucleated myotubes (Blau et al., 1983; Edmonson et al., 1992).
An analysis of reporter gene expression in C2C12 cells has
demonstrated that a 184 bp region upstream of the Myog TSS is
sufficient to confer: (1) muscle cell-specific transcription; (2) Myog
transcriptional activation in response to growth factor deprivation;
and (3) autoregulation of Myog transcription by the myogenin
protein (Edmonson et al., 1992) (Fig. 1B). Subsequent analyses,
described below, have revealed that the 184 bp DNA sequence
contains proximal and core promoter elements necessary to direct
cell type-specific Myog transcription.
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Genomic analyses of core promoters
Peaked and broad transcription initiation patterns
The binding of basal transcription factors to core promoter elements
leads to the recruitment of Pol II to the beginning (i.e. the 5� end) of
genes and to transcription initiation. However, transcription
initiation is not as clear-cut an event as is often presented in
textbooks. For many genes, transcription starts at a reproducible and
narrow genomic site (termed a peaked or focused initiation pattern)
(Fig. 2A), but it has been known for several decades that some genes
do not adhere to this pattern (Lee and Roeder, 1981; Butcher and
Trifonov, 1986). Rather, the 5� ends of some gene transcripts are
broadly distributed over a range of ~100-200 bp (termed a broad or
dispersed initiation pattern) (Fig. 2B).

Data obtained by high-throughput sequencing protocols have
confirmed the existence of these different initiation patterns (Suzuki
et al., 2001). In protocols such as 5� SAGE (serial analysis of gene
expression) or CAGE (capped analysis of gene expression), libraries
of transcripts are constructed, and short tags, corresponding to the
beginning of these presumably 5� complete transcripts, are
sequenced (Suzuki et al., 1997; Kodzius et al., 2006). Mapping of
these tags back to the genome delivers high-resolution data on TSSs
and has defined peaked and broad initiation patterns (Carninci et al.,
2006; Kawaji et al., 2006) (Box 1). Thus far, efforts have
concentrated on mammals [in particular, on mice by the FANTOM
consortium (fantom.gsc.riken.jp/4/)], but recent data from
Drosophila demonstrate the widespread existence of peaked and
broad initiation patterns, at least in different animals (Carninci et al.,
2005; Ahsan et al., 2009; FANTOM Consortium et al., 2009).
Computational analyses of peaked and broad promoters have shown
that these two promoter types differ in sequence features, such as
GC content or the presence of CpG islands in mammals (Box 2), as
well as in the preference for certain core promoter elements
(Carninci et al., 2006; Sandelin et al., 2007; Rach et al., 2009). Thus,
core promoter features correlate with peaked and broad initiation
patterns, but the underlying mechanisms and the physiological
importance of a gene having a peaked versus a broad transcription
initiation pattern remain unknown.

Canonical core promoter elements
Over the years, comparisons of core promoter sequences within and
between eukaryotic genomes have identified the commonly
occurring elements – the TATA box, initiator (Inr) and downstream

promoter element (DPE) – collectively termed canonical core
promoter elements (Table 1) (Fig. 3A). However, given the overall
evolutionary conservation of basal transcription factors (Aoyagi
and Wassarman, 2000), canonical core promoter elements are not
as widely shared among genes in a given organism or among
eukaryotic organisms as one might think. For example, the TATA
box [so named because the nucleotide sequence TATA occurs in the
consensus sequence [CG]TATA[AT]A[AT][AG] (Table 1)] was the
first eukaryotic promoter element to be identified (M. L. Goldberg,
PhD thesis, Stanford University, 1979). It is one of the most
extensively studied promoter elements but is present in the core
promoters of only ~10-20% of eukaryotic genes (Ohler et al., 2002;
Basehoar et al., 2004; Jin et al., 2006). The Inr, which is located at
the TSS, serves as a good example of species-specific core
promoter element differences. In Drosophila, the Inr is a well-
defined 5-6 bp motif, whereas in humans and yeast, the overall
consensus is much weaker and corresponds to a [CT]A dinucleotide
(Ohler et al., 2002; Carninci et al., 2006; Zhang and Dietrich, 2005).
In addition, even if a core promoter element occurs widely among
eukaryotic organisms, its positional preference relative to the TSS
may vary. In animals, the TATA box is located precisely ~30 bp
upstream of the TSS, but in yeast it is more broadly located within
50-125 bp upstream of the TSS (Basehoar et al., 2004; Zhang and
Dietrich, 2005; Ponjavic et al., 2006). Thus, there are no universal
eukaryotic core promoter elements, suggesting that core promoter
elements are uniquely adapted to the transcription initiation
machinery of specific cells and organisms.

Newly identified core promoter elements
TSSs are to some degree defined by core promoter elements. A
repertoire of elements collectively defines the TSS, with elements
occurring on their own or as part of ‘modules’ that consist of two
or three elements in a specific configuration (Fig. 3A). With the
increasing availability of high-throughput data on the location of
TSSs, computational approaches for confirming reported core
promoter elements and for searching for novel core promoter
elements are now available. Indeed, a first genome-scale
computational analysis of Drosophila core promoters identified
ten enriched elements, including the three canonical elements
(Ohler et al., 2002). One of the novel sequences, the motif ten
element (MTE, see Table 1), was subsequently shown to promote
Pol II transcription in Drosophila, as well as in human in vitro
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Fig. 1. Cis-acting DNA transcription-
regulatory elements. (A)The generic
organization of transcription-regulatory regions
of a eukaryotic gene, depicting the
organization and location of enhancer,
proximal promoter, and core promoter
elements, as well as the regulatory factors that
bind these elements. (B)Promoter structure of
the mouse Myog gene, which is used as an
example throughout the text. Known elements
in the core and proximal promoter regions are
indicated.
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systems; however, sequence searches have not identified an MTE-
like motif as enriched in human core promoters (Lim et al., 2004;
Jin et al., 2006).

The TATA box, Inr, DPE and MTE show clear position-specific
bias with respect to the TSS, and the incidence of such elements
is higher in peaked than in broad promoters (Ohler et al., 2002;
Carninci et al., 2006; Sandelin et al., 2007; Megraw et al., 2009;
Rach et al., 2009). However, not all position-specific sequences
in or near core promoters are directly linked to transcription
initiation but rather to ‘neighboring’ events; for example,
nucleosomes are depleted upstream of many TSSs and this is
related to the presence of poly(dA:dT) stretches that are
disfavored from being incorporated within a nucleosome
(Mavrich et al., 2008; Kaplan et al., 2009). Additionally, specific
sequence elements downstream of TSSs are associated with Pol
II stalling in Drosophila embryonic development (Hendrix et al.,
2008; Lee et al., 2008).

Other computationally predicted Drosophila core promoter
elements have so far shown less specificity in their position relative
to the TSS and are enriched more broadly around the TSS or up to
~100 bp upstream. One of these elements corresponds to a
previously identified sequence motif, the DNA replication-related
element (DRE, Table 1) (Hochheimer et al., 2002; Ohler et al., 2002)
(Fig. 3B). Other Drosophila promoter sequence motifs, including
the Ohler 1, Ohler 6 and Ohler 7 elements (Table 1), have been
reported by independent computational analyses (Sharan and Myers,
2005; Fitzgerald et al., 2006; Isogai et al., 2007a), but comparative

computational analyses of mammalian datasets have not identified
these apparently Drosophila-specific motifs (Fitzgerald et al., 2006).
Functional studies are beginning to define the activities of these
sequence elements. For example, the DRE is enriched in genes that
are transcribed in the female germline, as well as in genes
transcribed maternally and deposited in developing oocytes, and the
canonical elements (TATA box, Inr or DPE) are largely absent from
these genes (Fitzgerald et al., 2006; Down et al., 2007; Rach et al.,
2009). In turn, canonical elements are enriched in embryonically
transcribed zygotic genes, particularly those that encode
developmental regulators (Engström et al., 2007; Rach et al., 2009).

Additional elements identified and studied in individual human
or viral genes include two TFIIB recognition elements (BREU and
BRED), the downstream core element (DCE), and the X core
promoter element (XCPE) (Table 1) (Lewis et al., 2000; Tokusumi
et al., 2007; Anish et al., 2009) (Fig. 3A). Although most of these
canonical promoter elements have been repeatedly experimentally
validated in individual promoters, they have not been found to be
significantly enriched above background, indicating that their role
might not be as widespread. For example, BREU and BRED, which
have different consensus sequences, are positioned directly upstream
and downstream, respectively, of the TATA box and affect
transcription levels (Lagrange et al., 1998; Deng and Roberts, 2005).
Contrary to the finding that BREU only functions upstream of a
TATA box, matches to the published consensus BREU sequence
actually occur at a higher rate in TATA-less promoters, and are found
both upstream and downstream of the TATA box. Thus, it is not
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Fig. 2. Eukaryotic transcription initiation patterns. High-throughput genomic data on transcription start sites (TSSs) allows different transcription
initiation patterns to be visualized and analyzed. Two different embryonic initiation patterns for genes with previously mapped TSSs are shown, adapted
from the MachiBase database browser, which contains high-throughput sequence read data from Drosophila libraries of 5� capped transcripts (Ahsan et
al., 2009). These displays show (top) the coordinates of a selected genomic region, followed (middle) by the gene structure annotations and transcript
data for this region from FlyBase: first, transcripts with FlyBase transcript (FBtr) IDs; then, expressed sequence tag (EST) evidence (for the purposes of
clarity, the displays only show a selection of tags that map to the region). Finally (bottom), the distribution of embryonic 5� reads in the selected region
that align to the same genomic location are shown (read numbers are on a logarithmic scale). (A)The Gapdh2 (Glyceraldehyde-3-phosphate
dehydrogenase 2) gene on chromosome 2R exhibits a peaked initiation pattern, in which most transcription events originate from a small genomic
region (Tso et al., 1985). (B)The PCNA [proliferating cell nuclear antigen, also known as mutagen sensitive 209 (mus209)] gene on chromosome 2R
exhibits a broad pattern, in which initiation events are spread out over a larger genomic region of typically 100-200 nucleotides (Hochheimer et al.,
2002). These examples demonstrate that the major sites of transcription initiation do not necessarily correspond to the 5� ends of transcripts annotated
in genomic databases, but that they are often supported by existing transcript evidence in the form of ESTs.
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possible to distinguish from such patterns whether the BREU is a
genuine core promoter element, enriched at a particular location
above background, or is simply a reflection of the increased GC
content around the TATA box (Sandelin et al., 2007). It does not
refute the biological evidence for the function of BREs in individual
promoters; as shown by studies of the MTE in humans, the
functionality of a core promoter element does not automatically
imply that it is a widespread and necessary feature of an organism’s
transcription machinery.

Lastly, analyses of human datasets have shown that sequence
motifs bound by specific transcription factors, such as by CREB
(cAMP response element binding protein), E2F and YY1 (yin-yang
1), are enriched close to TSSs (Fitzgerald et al., 2004; Xi et al., 2007;
Tharakaraman et al., 2008). Such analyses have also identified a few

additional ‘orphan’ elements that are enriched in core promoters,
raising the intriguing possibility that the distinction between
proximal and core promoter elements is blurred in mammals, in as
much as transcription factors might also contribute to the positioning
of Pol II at TSSs (Megraw et al., 2009). Thus, the availability of
genome-wide data on TSSs has allowed investigators to
computationally validate the presence of known elements, as well
as to identify new sequence elements enriched in core promoter
regions. Future work is expected to increasingly reconcile orphan
elements with possible specific functions in transcription initiation.

Alternative TSSs
Analyses of available transcript data indicate that in vertebrates, 20-
50% of genes contain alternative TSSs (Davuluri et al., 2008). In
contrast to broad initiation patterns, which are linked to the
flexibility of the initiation process at one site, alternative TSSs are
typically separated by a clear spacer region and are often active
under different conditions. For instance, the two TSSs of the
Drosophila hunchback gene are separated by more than 3 kb, define
non-overlapping first exons, and are associated with early
embryonic versus adult and broader embryonic transcription
(Bender et al., 1988; Schröder et al., 1988). Alternative TSSs may
thus reflect an increased complexity of the transcription process,
raising the problem of how enhancers communicate with specific
core promoters (see discussion of enhancer-core promoter element
specificity below). On the other hand, alternative TSSs might simply
be indicators of ongoing cis-regulatory evolution. In a comparison
of human and mouse high-throughput CAGE data, some alternative
TSSs were found to show strong signs of turnover: whereas
transcriptional activity was detected from two alternative TSSs for
one gene in both species, different TSSs had apparently been
selected for, and one TSS was found to be preferentially active in
humans and the other in mouse (Frith et al., 2006). Alternative TSSs
therefore increase the complexity of transcriptional regulation, both
by increasing the flexibility with which promoters can interact with
distal regulatory regions and by being able to accommodate
evolutionary changes due to the presence of multiple sites.

Proximal and core promoter elements in Myog
The mouse Myog gene has a peaked TSS (designated +1), and within
the –184 to +1 region, which is sufficient for muscle-specific
transcription, the only identified core promoter element is a TATA
box-like sequence (TAAAT) located at –29 to –25 (Edmonson et al.,
1992) (Fig. 1B). This region contains proximal promoter sequences
that are bound by muscle-specific transcription factors: E-box binding
sites for MyoD (myogenic differentiation 1, or MYOD1) located
upstream and downstream of the TATA box at –141 to –136 and –15
to –10, respectively, and a single binding site for MEF2 (myocyte-
specific enhancer factor 2) at –67 to –59. So, Myog is an example of
a gene in which the distinction between proximal and core promoter
elements is blurred. Analyses of reporter genes in cultured cells have
revealed that E-boxes are required for high-level Myog transcription
in myotubes and for transcriptional activation by MyoD in non-
myogenic cells and that the Myog TATA box is essential for
transcription in myotubes. Similar transcriptional requirements for the
proximal promoter sequences were observed in subsets of myogenic
precursors in mouse embryos (Cheng et al., 1993). Chromatin
structure is also important in Myog transcription (Box 2). Methylation
of histone H3 by the PRMT5 arginine methyltransferase is involved
in recruiting the SWI/SNF (switch/sucrose non-fermentable)
chromatin remodeling complex to Myog, and these events are crucial
for the stable binding of MyoD to the proximal promoter and for Myog
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Box 1. Sequence elements: weight matrix versus
consensus sequence

Functional sequence elements in promoters are traditionally
represented as consensus sequences that consist of the nucleotide(s)
found most frequently at each position (see figure, top). Consensus
sequences are useful for a high-level description of binding
preferences; however, their use comes with certain potential pitfalls.
First, they are typically reported in the initial identification of a new
element, based on a handful of experimentally studied sequences,
but often the number of sequences is too small to derive an unbiased
(i.e. genome-wide, optimal) consensus. Second, a match to the
consensus is either yes or no and does not reflect the actual binding
affinity of a transcription factor to a functional element.

Promoter elements are therefore now commonly represented in
the form of weight matrices (see figure, bottom), which describe the
frequency of all four nucleotides at each position and which can be
used to calculate scores that reflect the affinity of a transcription
factor for a specific sequence (Vavouri and Elgar, 2005). Weight
matrices are often visualized as sequence logos, in which all four
letters are shown at their relative frequencies. The height of the
nucleotides indicates the ‘information content’ at each position,
measured in bit, which reflects the relative differences between the
nucleotide distribution and genomic GC content (Schneider and
Stephens, 1990).

Regardless of weight matrix or consensus, the number of putative
functional elements can vary significantly based, for example, on the
number of allowed mismatches to a consensus or on different matrix
score cut-offs. These numbers can therefore be misleading if it is not
assessed how often matches can be expected to occur by chance
alone. As an example, a match to the consensus AC[CG]CG[TA]
occurs by chance once in 1 kb, assuming that all four nucleotides are
equally frequent (i.e. in 0.1% of sequences, if looking at a specific
location relative to a TSS). Studies often allow a few mismatches to
a consensus sequence to occur; in the above example, allowing for
two mismatches to any consensus nucleotide increases the random
match rate from 0.1% to ~16%. If the location of the match within
the promoter is more flexible, or if the genomic region of interest has
a GC content that is closer to the composition of the promoter
element (and matches are therefore more probable than they are in
regions with differing GC content), the random match rate is even
higher. Thus, changing the search parameters can also lead to large
changes in random matches.

[CG] T A T A [AT] A [AT][AG]Consensus

Weight matrix
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transcription (Dacwag et al., 2007; Dacwag et al., 2009). Thus, in
accordance with the textbook model, proximal promoter elements
bound by transcription factors dictate Myog transcription parameters.

Core promoter recognition
Enhancer-core promoter element specificity
Most enhancer elements can activate transcription irrespective of
the types of associated core promoter elements, but some
enhancer elements exhibit core promoter element specificity. The
latter finding is unexpected based on three lines of evidence. First,
in transgenic animals, artificial transcription-regulatory units that
contain enhancer sequences from one gene and core promoter
sequences from another can drive transcription in a pattern similar
to that driven by the endogenous enhancer sequences (e.g. Phelps
and Brand, 1998). Recently, this methodology was used to
identify enhancers that direct gene expression in subsets of cells
in the adult Drosophila brain, the findings of which indicated that
the Drosophila genome contains over 50,000 enhancers (Pfeiffer
et al., 2008). Second, in enhancer-trap studies, enhancers that
direct transcription in particular patterns during development have
been identified by the random genomic insertion of a plasmid that
contains a core promoter upstream of a reporter gene (e.g. Brand
and Perrimon, 1993). Finally, enhancer-bound transcription
factors can activate the transcription of natural target genes that
have different core promoter elements and depend on different
basal transcription factors. For example, the mouse
hematopoietic-specific transcription factor EKLF (erythroid
Krupple-like factor, or KLF1) activates the transcription of both
the adult -globin gene and the Ahsp (-hemoglobin-stabilizing
protein) gene, but -globin transcription depends on its core
promoter DCE and on a particular basal transcription factor (the
TFIID subunit TAF9, as discussed below), whereas the Ahsp core
promoter lacks a DCE and its transcription is TAF9 independent
(Sengupta et al., 2009). Thus, enhancer elements and transcription
factors are often compatible with multiple core promoter elements
and basal transcription factors.

Conversely, during mouse development evidence for enhancer-
core promoter specificity has emerged. For instance, the Eif1a
gene has alternative TATA-containing and TATA-less core
promoters that are differentially utilized during early development
(Davis and Schultz, 2000). Transcripts derived from the TATA-

containing core promoter predominate in the fully grown oocyte,
whereas TATA-less transcripts predominate at the two-cell and
blastocyst stages. More direct evidence for enhancer-core
promoter specificity has come from competition experiments in
Drosophila in which enhancers showed a preference for a TATA-

Table 1. Eukaryotic core promoter elements 
Element Consensus Location Factor Species References

Inr* TCA[GT]T[CT] –2 TAF1, TAF2 All eukaryotes Smale and Baltimore, 1989
TATA box* [CG]TATA[AT]A[AT][AG] –31 TBP All eukaryotes M. L. Goldberg, PhD thesis,

Stanford University, 1979
DPE* [GT]CGGTT[CG][GT] +26 TAF6, TAF9 Animals Burke and Kadonaga, 1996
MTE* C[CG]A[AG]C[CG][CG]A +18 TFIID (unknown TAF) Animals Lim et al., 2004
BREU [GC][GC][AG]CGCC –39 TFIIB Animals (adenovirus) Lagrange et al., 1998
BRED* [AG]T[AGT][GT][GT][GT][GT] –23 TFIIB Animals (adenovirus) Deng and Roberts, 2005
DRE† [AT]ATCGAT[AT] Upstream DREF-TRF2 complex Drosophila Hochheimer et al., 2002

(variable)
Motif 1† [CT]GGTCACACT[AG] Upstream Unknown Drosophila Ohler et al., 2002

(variable)
Motif 6† [CT][AG]GTAT[AT]TT[CT]
Motif 7† CA[GT]CNCT[AG]

The DRE forms a complex with TRF2, but the identity of the factors that bind to the other ‘orphan’ elements remains unknown. With the exception of the BRE elements
(Legrange et al., 1998; Deng and Roberts, 2005), consensus descriptions of elements have been combined from the Drosophila analyses of Ohler et al. (Ohler et al., 2002)
and Fitzgerald et al. (Fitzgerald et al., 2006). The location refers to the first nucleotide of the consensus as given here. References are to papers that describe the role of an
element in core promoters (not necessarily the first report of the functional element). BRE, TFIIB recognition elements; DPE, downstream promoter element; DRE, DNA
replication-related element; Inr, initiator; MTE, motif ten element.
*Elements associated with peaked promoters, as reflected by their precise location relative to the TSS.
†Sequence motifs repeatedly identified in Drosophila genes with a broad initiation pattern.

Box 2. Chromatin-mediated transcriptional regulation
Chromatin structure can also influence transcription mechanisms. The
nucleosome, which is the basic unit of chromatin, comprises ~146 bp
of DNA wrapped around an octamer complex that contains two copies
of each of the four core histones H2A, H2B, H3 and H4 (Luger et al.,
1997). Additionally, histone H1 binds the linker DNA between
nucleosomes (Happel and Doenecke, 2009). Chromatin structure is
altered by four reversible post-translational histone modifications
(acetylation, methylation, phosphorylation and ubiquitylation), by
remodeling of histone octamer-DNA interactions by chromatin
remodeling complexes, by cytosine methylation at CpG dinucleotides,
and by the incorporation of variant histone proteins into nucleosomes
(Henikoff et al., 2004; Bhaumik et al., 2007; Ko et al., 2008; Delcuve
et al., 2009). When these events take place at core promoter DNA,
they can affect the assembly of basal transcription factors (Jiang and
Pugh, 2009). For example, in yeast there are three general
arrangements of nucleosomes for the ~20% of gene core promoters
that contain a TATA box (Ioshikhes et al., 2006). TATA boxes are located
in nucleosome-free regions of DNA with an adjacent upstream
nucleosome in one case or adjacent upstream and downstream
nucleosomes in a second case. In the third case, the TATA box is located
within a nucleosome. These distinct nucleosome organizations could
permit differential transcriptional regulation through subtle changes in
nucleosome positioning imparted by chromatin remodeling
complexes. Such nucleosome positioning might also determine the
location of the TSS in core promoters that lack canonical sequence
elements by enabling TFIID to be directly recruited through the
interactions of TAFs with modified histones. TFIID assembled at the
core promoter can also alter chromatin structure through intrinsic
activities or by recruiting proteins with chromatin-altering activities. For
example, TAF1 not only post-translationally modifies histones but also
interacts with the histone chaperone CIA (CCG1-interacting factor A,
also known as ASF1A), which functions in the assembly and
disassembly of nucleosomes (Mizzen et al., 1996; Pham and Sauer,
2000; Natsume et al., 2007) (see Fig. 4A). Thus, a give-and-take
relationship probably exists between TFIID and chromatin structure that
mediates transcriptional regulation at the core promoter.
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containing over a TATA-less promoter (Ohtsuki et al., 1998).
Finally, an enhancer-trap experiment revealed that in 4 of 18 cases
examined, endogenous Drosophila enhancers showed a
preference for a DPE-containing core promoter over a TATA-
containing core promoter, or vice versa (Butler and Kadonaga,
2001). Thus, core promoter elements can affect the activity of
enhancers.

Based on these findings, it was anticipated that individual
transcription factors would display core promoter specificity. In fact,
the Drosophila Caudal transcription factor, a regulator of genes
involved in establishing the embryonic body plan, such as fushi
tarazu, preferentially activates transcription from DPE-containing,
as opposed to TATA-containing, core promoters (Juven-Gershon et
al., 2008). Furthermore, many Caudal target genes in the Drosophila
genome contain a conserved DPE, which provides evolutionary
support for the functional link between Caudal and the DPE. Thus,
core promoters can influence the specificity of transcription factor
function and might do so in vivo to ensure that transcription factors
function specifically with their cognate promoters rather than with
the plethora of other promoters with which they are faced.

TFIID binds core promoter elements
Since only a fraction of core promoters contains a TATA box
element for binding by TBP, it was postulated early on that other
basal transcription factors are required for binding TATA-less core
promoters. Indeed, several examples have been documented, the
majority of which involve TFIID components. The TFIID complex
was initially biochemically purified from Drosophila embryos and
human cultured cells and shown to contain TBP and ~15 TBP-
associated factors (TAFs 1-15), most of which are conserved in all
eukaryotes (Dynlacht et al., 1991; Takada, 1992; Tora, 2002). In a
human cell line, TAF1 associates with the core promoters of 60% of

the 7282 transcriptionally active genes but with only 9% of the 7143
inactive genes, indicating that core promoter binding by TFIID
correlates with the transcriptional activation of many genes (Kim et
al., 2005) (Fig. 4A). Despite this finding, direct binding of TAFs has
been implicated for only a few core promoter elements: TAF1 and
TAF2 bind the Drosophila Inr element, TAF1 binds the human DCE,
and TAF6 and TAF9 bind the Drosophila DPE (Chen et al., 1994;
Chalkley and Verrijzer, 1999; Burke and Kadonaga, 1997; Wu et al.,
2001; Lee et al., 2005).

A major DNA-binding activity within TFIID is probably imparted
by the histone-fold domain (HFD)-containing TAFs (TAFs 3, 4, 6,
8-13) (Gangloff et al., 2001). HFDs in histone proteins are involved
in the heterodimerization of core histones H3 with H4 and H2A with
H2B and their assembly into a histone octamer, the basic protein unit
of chromatin (Box 2) (Luger et al., 1997). The HFD-mediated
interaction enhances binding of the TAF6-TAF9 pair to the DPE
(Shao et al., 2005). Other HFD-containing TAFs also bind DNA,
and in the case of TAF4 the DNA-binding activity maps to a region
within the HFD. These findings suggest that TAF HFDs specify
binding to core promoter elements; however, the DNA-binding
sequence specificity of four pairs of HFD-containing TAFs (TAF4-
TAF12, TAF3-TAF10, TAF8-TAF10 and TAF11-TAF13) remains
to be determined.

Interactions of TAFs with modified histones might aid core
promoter recognition by TFIID (Box 2) (Fig. 4A). For example,
TAF1 contains two bromodomains that bind acetylated lysine (K)
and have high affinity for histone H4 doubly acetylated at K5/K12
or K8/K16, and TAF3 contains a PHD (plant homeodomain) domain
that has high affinity for histone H3 trimethylated at K4 (Jacobson
et al., 2000; Vermeulen et al., 2007), a histone modification known
to mark the 5� end of genes. Additionally, protein-protein
interactions between transcription factors and TAFs may recruit
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TFIID to core promoters. For example, the glutamine-rich activation
domains of the transcription factors Sp1 and CREB associate with
Drosophila TAF4, but strong evidence that TAF-transcription factor
interactions take place in vivo in the context of TFIID has been
elusive (Wang et al., 2007). Thus, TAF interactions with modified
histones and transcription factors might stabilize TFIID-core
promoter interactions that are specified by the binding of TAFs to
core promoter elements.

Finally, core promoter recognition by TFIID is regulated by post-
translational modification (Fig. 4B). During mitosis, when Pol II
transcription is inhibited, TBP and several TAFs are phosphorylated
(Segil et al., 1996). TFIID purified from mitotic cells is unable to
direct activated transcription in vitro; however, this activity is
restored by dephosphorylation, suggesting that TFIID
phosphorylation inhibits Pol II transcription. Other modifications of
TAFs have also been described, including methylation of TAF10 by
the SET9 (SETD7) methyltransferase, which increases the
transcription of some, but not all, TAF10-dependent genes, and
sumoylation of several human TAFs, which interferes with the
binding of TFIID to promoter DNA (Kouskouti et al., 2004; Boyer-
Guittaut et al., 2005). Similarly, human TAF1 is phosphorylated by

casein kinase 2, which in vitro experiments suggest changes the
binding specificity of TFIID for core promoter elements (Lewis et
al., 2005). Phosphorylation appears to block TAF1 binding to the
DCE and enables TAF6-TAF9 binding to the DPE. Metazoan TAF1
also undergoes various auto-modifications, but their functional
consequences remain unknown (Dikstein et al., 1996; Mizzen et al.,
1996; Pham and Sauer, 2000; Auty et al., 2004). Lastly, acetylation
of TAFs may also be involved in core promoter recognition
(Galasinski et al., 2000). Thus, post-translational modification of
TFIID subunits is a crucial, but poorly understood, component of
Pol II transcription-regulatory mechanisms that occur at core
promoters.

Abundant TFIID does not support Myog transcription
The textbook model would predict that once MyoD is stably bound
at the proximal promoter, it interacts with a TAF subunit of TFIID
and, together with the binding of TBP to the TATA box, productively
engages TFIID at the core promoter, resulting in activated Myog
transcription. To test this model, Deato et al. used an in vitro
transcription system comprising purified protein factors and a
reporter gene that contained the 184 bp Myog transcription-
regulatory region (Deato et al., 2008). These studies revealed that
TBP alone, or the whole TFIID complex, binds the Myog core
promoter, and, in the absence of MyoD, TFIID induces a basal level
of transcription. Surprisingly, the addition of MyoD and its typical
heterodimer partner E47 (TCF3) to the reaction did not increase
transcription over the basal level. These data suggest that MyoD
requires a core promoter recognition complex other than abundant
TFIID to activate Myog transcription.

Diverse TFIID complexes
The existence of orphan core promoter elements with unknown
binding proteins suggests that other basal transcription factors
possess core promoter element binding activity. Based on previous
findings, TFIID subunits are the most likely candidates. To date, the
only method used for de novo identification of TFIID subunits has
been the biochemical purification of TFIID from cultured
mammalian cells or from Drosophila embryos by co-purification
with TBP (Dynlacht et al., 1991; Takada et al., 1992). Owing to the
limitations of this approach, only highly abundant, widely expressed
TAFs have been identified. However, as described below, the
searching of predicted metazoan proteomes for proteins that share
sequence similarity with abundant TFIID subunits has identified
additional TBP-like and TAF-like proteins. Those identified might
represent the complete collection of TBP-like and TAF-like proteins,
but it remains possible that low-abundance, cell type-specific, tissue-
specific or developmental stage-specific TBP-like and TAF-like
proteins with novel sequences remain to be identified, possibly by
traditional biochemical purification schemes.

TBP paralogs
Three TBP paralogs have been described. The Drosophila genome
encodes two TBP paralogs, termed TBP-related factor 1 (TRF1) and
TRF2, other metazoans encode TRF2, and vertebrates also encode
a third TBP paralog, TRF3 (TRF1-3 are also known as TBPL1-3)
(Reina and Hernandez, 2007; Torres-Padilla and Tora, 2007) (Fig.
4B). Since TRF1 predominantly regulates the transcription of Pol III
genes, we will focus on TRF2 and TRF3 (Isogai et al., 2007b).
Multiple lines of evidence suggest that TBP, TRF2 and TRF3 play
different roles in regulating transcription during development. In
Xenopus, each of the TBP-like proteins is essential for embryonic
development (Veenstra et al., 2000; Jallow et al., 2004; Jacobi et al.,
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2007). TRF2 and TRF3 are required for the transcription of many
more genes than TBP in the early gastrula embryo, with TRF2
preferentially required for genes linked to carbohydrate metabolism,
TRF3 for genes with ventral-specific expression, and TBP for the
transcription of maternal-effect genes and genes that are more
abundantly expressed in adult stages (Jacobi et al., 2007). TRF2 is
also essential for early embryonic transcription and for development
in C. elegans, zebrafish and Drosophila, and for early stages of
metamorphosis in Drosophila (Dantonel et al., 2000; Kaltenbach et
al., 2000; Veenstra et al., 2000; Müller et al., 2001; Bashirullah et al.,
2007).

Interestingly, TRF2 is not essential for viability in mice but is
essential for spermatogenesis, indicating that TRF2 performs different
functions in different species or that the developmental function of
TRF2 can be compensated by TBP or TRF3 in mice (Zhang et al.,
2001). Assuming that the functions of TRF2 in mice and Drosophila
are mechanistically similar, compensation by TBP is unlikely as a
comparison of TBP and TRF2 DNA-binding sites in Drosophila S2
cells has revealed that the TATA box element is prevalent in TBP-
bound core promoters but is scarce in TRF2-bound core promoters
(Isogai et al., 2007a). Instead, the DRE is most commonly enriched in
TRF2-bound core promoters, which is consistent with the
identification of the DRE-binding protein DREF as a component of a
TRF2-containing complex (Hochheimer et al., 2002). Compensation
by TRF3 is also unlikely as TRF3 has a DNA-binding domain that is
almost identical in sequence to that of TBP and, as might be expected,
binds the TATA box element (Bártfai et al., 2004; Jallow et al., 2004).
These data indicate that TRF2 is essential for transcription of some,
but not all, Pol II genes and regulates specific developmental events
that are distinct in different species (Fig. 3B).

Studies in multiple organisms have established roles for TRF3 in
regulating transcription during oogenesis and early embryogenesis
(Bártfai et al., 2004; Jallow et al., 2004; Yang et al., 2006; Xiao et
al., 2006; Gazdag et al., 2007; Jacobi et al., 2007). Accordingly,
TRF3 expression (as detected by analysis of mRNA) is limited to
testes, ovaries and early-stage embryos in Xenopus and zebrafish,
and to ovaries and early-stage embryos in mice (Bártfai et al., 2004;
Xiao et al., 2006; Gazdag et al., 2007). However, TRF3 expression
(as detected by analysis of protein) in humans and mice is not limited
to ovaries and testes but instead occurs in all tissues and cells
examined, including mouse skeletal muscle tissue, C2C12 cells, and
primary myoblasts and myofibers (Persengiev et al., 2003; Deato
and Tjian, 2007). These conflicting reports of TRF3 expression in
mouse skeletal muscle cells impact the interpretation of functional
studies of TRF3 during Myog transcription in skeletal muscle cells
(as discussed below). Nevertheless, what is clear is that TBP, TRF2
and TRF3 function as gene-specific transcriptional regulators during
development.

TAF paralogs
TAF paralogs are expressed predominantly in gonads and germ cells
and are required for fertility in many organisms (Kolthur-Seetharam
et al., 2008; Freiman et al., 2009). In mice, the TAF4 paralog TAF4b
is expressed in somatic granulosa cells in ovaries and gonocytes in
post-natal testes (Freiman et al., 2001; Falender et al., 2005). In
TAF4b-deficient mice, granulosa cells have impaired proliferative
capacity and undergo apoptosis, and maintenance of
spermatogenesis is impaired. Gene expression array analyses of
TAF4b-deficient mouse ovaries or granulosa cells indicate that
TAF4b is necessary for the transcription of genes central to
oogenesis (Geles et al., 2006). In Drosophila, TAF4, TAF5, TAF6,
TAF8 and TAF12 paralogs are predominantly expressed in primary

spermatocytes in testes and are required for the transcription of
genes necessary for the entry of primary spermatocytes into meiosis
(Hiller et al., 2001; Hiller et al., 2004). Thus, TAF paralogs are
crucial transcriptional regulators of gametogenesis in both
vertebrates and invertebrates.

Regulated TFIID subunit expression and Myog
transcription
In 2001, Perletti et al. found that retinoic acid-induced terminal
differentiation of F9 embryonal carcinoma cells into primitive or
visceral mesoderm was accompanied by proteosome-dependent
degradation of TAF4 and TBP but not of other TAFs (TAF5, TAF7,
TAF12 or TAF13) (Perletti et al., 2001). The pathways that signal
particular TFIID subunits for degradation were not investigated but
possibly involve post-translational modifications of these subunits
(Fig. 4B). Perletti et al. further found that sustained expression of
TAF4 impairs differentiation, suggesting that the regulated
degradation of particular TFIID subunits is required for
differentiation. Finally, they found that similar reductions in TFIID
subunit expression accompany serum deprivation-induced C2C12
myoblast-to-myotube differentiation. Collectively, these data
suggest that the regulated degradation of abundant TFIID subunits
is generally required for terminal differentiation.

Deato and Tjian added to this story by examining the expression
of other proteins in response to serum deprivation-induced C2C12
myoblast-to-myotube differentiation (Deato and Tjian, 2007). They
found reduced levels of TAF1, but not of TRF3, nor of the basal
transcription factors TFIIA, TFIIB, TFIIE, TFIIF, TFIIH or Pol II.
Additionally, they found that myoblast-to-myotube differentiation
requires constant expression of TAF3 and TRF3, as knockdown
of either protein reduced Myog transcription and blocked
differentiation. TAF3 and TRF3 appear to directly regulate Myog
transcription because a TAF3-TRF3 complex associates with the
Myog core promoter in differentiated myotubes but not in
proliferating myoblasts (Fig. 1B). Thus, altering the relative
amounts of TFIID complexes comprises part of the Myog
transcription-regulatory mechanism.

Developmental transcription
Master transcriptional control by TAFs
Studies in mammalian systems have not only echoed the importance
of distinct TFIID complexes in transcriptional regulation but have
also refined our knowledge of the underlying mechanisms involved.
In human cells, as in Drosophila cells, distinct TFIID complexes
regulate specific developmental programs. For example, in response
to apoptotic cell death signals, human HeLa cells express an
alternatively spliced isoform of TAF6, TAF6, which is a
component of a TFIID complex that lacks TAF9 (the HFD partner
of TAF6) (Bell et al., 2001). Particularly illustrative of the regulatory
power of alternative TAFs is that overexpression of TAF6, or
induction of endogenous TAF6 expression, in HeLa cells induces
apoptotic cell death and the transcription of pro-apoptotic genes in
the absence of an apoptotic signal. Surprisingly, the pro-apoptotic
transcription factor p53 (TP53) is not required for TAF6-dependent
transcription or apoptosis (Wilhelm et al., 2008). Similarly,
overexpression of TAF4b in non-granulosa cells, such as mouse
NIH/3T3 fibroblasts, results in the expression of genes that are
TAF4b dependent in ovaries and granulosa cells and that are not
normally expressed in non-granulosa cells (Geles et al., 2006). Thus,
some TAFs are master regulators of developmental transcription
programs. The TAF4b and TAF6 overexpression results are
unexpected because transcriptional activation of some genes can
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occur in the absence of specific transcription factors: ovary-specific
transcription factors, in the case of TAF4b in non-ovary cells, and
pro-apoptotic transcription factors, in the case of TAF6 in cells not
stimulated to undergo apoptosis. Thus, TFIID complexes may
regulate gene-specific transcription both dependently and
independently of transcription factors.

Transcriptional control by regulated TFIID assembly
The TAF4b and TAF6 overexpression results also suggest that
alternative TAFs can compete with paralogous abundant TAFs for
integration into TFIID and that the resultant equilibrium controls the
transcription profile of the cell (Fig. 4B). Support for this model
comes from studies of TAF4-deficient mouse fibroblasts and in vitro
studies of purified TAF4-TFIID and TAF4b-TFIID complexes
(Mengus et al., 2005; Liu et al., 2008). Furthermore, if integral
subunits of the TFIID complex, such as TAF4, TAF4b, TAF6 and
TAF6, are able to exchange, then the TFIID complex as a whole is
probably highly dynamic, providing additional avenues for
regulation. In this context, analysis of the p21 (CDKN1A) gene in
human cells suggests that transcriptional activation involves the
sequential assembly of TFIID at the core promoter (Li et al., 2007).
Initially, TAF4, TAF5 and TBP localize to the p21 core promoter and
TAF1 associates with the enhancer-bound transcription factor p53
through binding of TAF1 bromodomains to diacetylated p53.
Subsequently, DNA looping juxtaposes the enhancer and core
promoter to facilitate TAF1 assembly with the TFIID subunits at the
core promoter. Thus, developmental transcription is likely to be
under the control of mechanisms that regulate the assembly of
TFIID, including exchange of paralogous TAFs. These mechanisms
might involve unspecified chaperone proteins or ATP-dependent
remodeling complexes comparable to those involved in the
exchange of histones in nucleosomes (Jin et al., 2005).

Transcriptional control by regulated TAF localization
TFIID activity is regulated by the availability of TAFs (Fig. 4B). In
C. elegans, the cytoplasmic sequestration of TAF-4 regulates the
transition from maternal to zygotic gene transcription (Guven-
Ozkan et al., 2008). Phosphorylation of the cytoplasmic OMA-1
protein (a regulator of oocyte maturation) by the MBK-2 kinase at
the maternal-to-zygotic transition facilitates the binding of a TAF12-
like HFD in the OMA-1 protein to the TAF4 HFD, leading to
retention of TAF4 in the cytoplasm and Pol II transcription
repression in early germline blastomeres. Although details of how
cytoplasmic OMA-1 comes into contact with nuclear TAF4 remain
to be resolved, this study highlights the importance of TFIID subunit
localization for the regulation of developmental transcription.
Indeed, in mammalian cells, an interaction with an HFD partner is
necessary for the nuclear localization of TAF10, which lacks a
nuclear localization signal, and regulated localization of TAF10 may
play a role in male germ cell differentiation (Soutoglou et al., 2005).
Lastly, cytoplasmic sequestration of TRF3 may regulate
transcription after mitosis. In human cells, it has been observed that
the re-importation of TRF3 into the nucleus after mitosis is delayed
relative to that of TBP and other basal transcription factors
(Persengiev et al., 2003). Therefore, subcellular localization of TAFs
might be a general mechanism by which transcription is regulated
at critical stages of cell proliferation or development.

A TAF3-TRF3 complex supports Myog transcription
The work of Deato et al. (Deato et al., 2008) caps off our current
understanding of the role of core promoter elements and TFIID
complexes in Myog transcriptional regulation during terminal

differentiation. Using the reconstituted transcription system
described above, they found that, unlike the abundant TFIID
complex, an alternative TFIID complex that contains TAF3 and
TRF3 could support the MyoD-dependent transcription of Myog
(Fig. 1B). The mechanism involves binding of the TATA box by
TRF3 and a direct interaction between TAF3 and MyoD.
Intriguingly, the region of TAF3 that interacts with MyoD includes
the HFD, suggesting that the binding of MyoD to TAF3 might alter
the binding of TAF3 to TAF10 or to an unknown HFD protein or
might alter the binding of TAF3 to DNA. In summary, the
transcriptional activation of Myog during the terminal differentiation
of myoblasts to myotubes requires multiple events: (1) the
degradation of particular abundant TFIID subunits; (2) the binding
of a TAF3-TRF3 complex to the TATA box core promoter element;
(3) the binding of MyoD to E-box elements in the proximal
promoter; and (4) the binding of MyoD to TAF3. Confirmation of
this model will require the generation of Trf3-knockout mice, which
would be predicted to accumulate myocytes that are arrested in their
terminal differentiation program.

Conclusions
Here, we have described many lines of evidence that support roles
for core promoter elements and TFIID complexes in the regulation
of developmental transcription. Fundamental to this is the diversity
of core promoter elements and TFIID complexes. Now that the
importance and extent of this diversity have been recognized, the
challenge is to understand the molecular mechanisms involved in
their differing functions. For instance, how are the expression and
function of TFIID complexes developmentally regulated? How do
TFIID complexes recognize the core promoters of specific genes?
How is transcription-regulatory information conveyed between
enhancer elements and core promoter elements? Answers to these
questions and many others will be necessary to fully understand how
the timing, location and level of protein-coding gene transcription is
achieved for proper organismal growth and development.
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