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Enhancers mediate localized patterns of gene expression
during development. A common feature of ‘‘traditional’’
enhancers is the presence of clustered binding motifs for
sequence-specific transcription factors (TFs). In this issue of
Genes & Development, Kvon and colleagues (pp. 908–913)
present new evidence that HOT (highly occupied tran-
scription) DNAs direct specific patterns of gene expression,
despite being depleted for TF-binding motifs.

Role of enhancers in development

Understanding how a fertilized egg produces a complex
animal remains one of the great challenges in biology.
Integral to this process is the precise and dynamic
regulation of transcription. This is established by the in-
tegration of complex signaling and transcription networks
converging on enhancer DNAs. Our current understand-
ing is that such enhancers are composed of clusters of
binding sites for sequence-specific transcription factors
(TFs) that mediate combinatorial control of gene expres-
sion. Developmental enhancers are typically 200 base pairs
(bp) � 1 kb in length and contain multiple binding sites for
several TFs, both activators and repressors (Arnosti and
Kulkarni 2005; Levine 2010).

The Drosophila eve stripe 2 enhancer is one of the best-
characterized enhancers in development. eve encodes a
homeodomain protein expressed in a series of seven stripes
that control segmentation of the Drosophila embryo (Goto
et al. 1989; Harding et al. 1989). Like many patterning
genes, it is regulated by multiple enhancers, each respon-
sible for a subset (e.g., specific stripes) of the complete
expression pattern. The minimal, 480-bp Bcd stripe 2
enhancer is located ;1 kb upstream of the transcription
start site (Small et al. 1992). It contains 12 TF-binding sites:
six for the Bicoid (Bcd) and Hunchback (Hb) activators
and six for the Kruppel (Kr) and Giant (Gt) repressors
(Stanojevic et al. 1991). Bcd and Hb have the capacity to
activate the enhancer in the anterior half of the embryo.

The anterior and posterior stripe borders are established
by the Gt and Kr repressors, respectively (Small et al.
1991, 1992). Thus, integrated input of repressors and acti-
vators controls the stripe 2 expression pattern. Optimal acti-
vation also depends on a global maternal activator, Zelda
(Struffi et al. 2011) (summarized in Fig. 1A).

Whole-genome studies offer the promise of systemati-
cally identifying all of the enhancers engaged in specific
developmental processes. A major goal of such studies is
to ‘‘crack’’ cis-regulatory codes, whereby enhancer activ-
ities are predicted from the primary sequence of genomic
DNAs. Most such efforts focus on the identification of
clusters of TF-binding motifs (e.g., Markstein et al. 2002).
In some cases, reduced nucleosome occupancy has been
used to improve the accuracy of in silico enhancer pre-
dictions (Khoueiry et al. 2010). Such approaches have
identified a number of novel enhancers engaged in a variety
of processes. However, no explicit code or codes have been
identified, and many TF genomic DNA clusters have no
apparent enhancer function.

HOT (highly occupied transcription) DNAs are depleted
for TF-binding motifs

A number of recent studies identified the distribution of
a variety of TFs throughout several genomes. These inves-
tigations have identified a novel class of genomic DNAs
in Caenorhabditis elegans (Gerstein et al. 2010), Dro-
sophila (Moorman et al. 2006; Roy et al. 2010; Negre et al.
2011), and humans (unpublished ENCODE result cited in
Negre et al. 2011) called HOT regions or HOT DNAs.
Using the binding profiles of 41 different TFs, nearly 2000
HOT DNAs were identified in the Drosophila genome,
each binding an average of 10 different TFs (Roy et al.
2010). In C. elegans, 22 different TFs identified 304 HOT
DNAs containing 15 or more TFs (Gerstein et al. 2010). A
large number of DNAs containing 10–14 TFs were also
identified. Surprisingly, HOT DNAs do not appear to be
enriched for the DNA motifs recognized by these TFs
(Moorman et al. 2006; MacArthur et al. 2009; Gerstein
et al. 2010; Roy et al. 2010). Moreover, Bcd proteins
lacking the homeodomain nonetheless bind to certain
HOT DNAs in Drosophila, suggesting that protein–pro-
tein interactions can be sufficient for their recruitment
(Moorman et al. 2006).
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Drosophila HOT DNAs share certain sequence fea-
tures, including GAGA elements (see below) and the
TAGteam motif, which binds Zelda (Liang et al. 2008;
Satija and Bradley 2012). Like other regions containing
these regulatory elements, HOT DNAs exhibit increased
nucleosome turnover and histone H3.3, indicative of
‘‘open’’ chromatin (Jin et al. 2005). Genes proximal to
HOT DNAs exhibit increased transcriptional activity
during early development, a common feature of genes
containing Zelda sites (Moorman et al. 2006; Satija and
Bradley 2012).

Known and predicted functions

Prior to the study by Kvon et al. (2012), the only functional
information about HOT DNAs came from C. elegans,
where they were found to mediate ubiquitous expression
in larvae (Liu et al. 2009; Gerstein et al. 2010). Further-
more, the genes associated with HOT DNAs in C. elegans
are highly expressed and often encode essential functions.
As seen in Drosophila, TF-binding motifs are not always
required for the association of TFs with HOT DNAs
(Gerstein et al. 2010). There are a few overrepresented
sequence motifs, but the identities of the corresponding
TFs are not known. As in Drosophila, C. elegans HOT
DNAs are often associated with open chromatin and
increased expression of linked genes (Gerstein et al. 2010).

Several additional functions were proposed for HOT
DNAs. It was suggested that they might serve as sinks or

buffers for sequestering excess TFs (MacArthur et al.
2009). Motifs similar to BEAF-32 and Trithorax-like
(Trl) have been identified in HOT DNAs, suggesting that
they might function as insulators (chromosomal bound-
ary domains) (Roy et al. 2010). HOT DNAs were thought
to be associated with DNA origins of replication. How-
ever, more recent studies suggest that such origins tend to
be associated with open chromatin, rather than HOT
DNAs (MacAlpine et al. 2010; Satija and Bradley 2012).

HOT DNAs function as tissue-specific enhancers

Kvon et al. (2012) found that HOT DNAs overlap with
only 18% of known transcriptional enhancers in the
Drosophila genome, which coincides with earlier find-
ings (Negre et al. 2011). Nonetheless, 102 of 108 HOT
DNAs were found to direct cell-specific patterns of gene
expression during embryogenesis. The expression pat-
terns are similar to those seen for neighboring genes and
recapitulated the expression profiles of developmentally
regulated genes. For example, the HOT DNA associated
with the Blimp-1 gene directs three of the four expression
stripes of the endogenous locus (Fig. 1B).

Spatially restricted expression patterns were seen in all
major tissues, including the mesoderm, dorsal ectoderm,
and neurogenic ectoderm. In contrast to findings in C.
elegans, <10% of Drosophila HOT DNAs were found to
direct ubiquitous expression patterns (Gerstein et al.
2010). However, genes located near HOT DNAs tend to

Figure 1. Comparison of a traditional enhancer and HOT enhancer. (A) Traditional enhancer. eve stripe 2; the endogenous expression
pattern is shown in the inset. The eve stripe 2 enhancer is ;480 bp and has defined transcription factor-binding sites (shown as
rectangles) activators are Bcd (purple) and Hb (blue), and repressors are Kr (yellow) and Gt (green). Each transcription factor binds its
corresponding recognition sequence. The integration of the Bcd and Hb activators and Gt and Kr repressors establishes stripe 2
expression in a specific location. Loss of any of the binding sites affects this pattern. For example, loss of Gt (green) repressor sites causes
an anterior expansion of the normal pattern. eve 2 contains noncanonical binding sites for Zelda (Struffi et al. 2011), consistent with its
proposed role as a global activator (Liang et al. 2008). (B) HOT enhancer. Blimp-1; the endogenous expression pattern is shown in the inset.
The HOT DNA region found ;9–12 kb upstream of the Blimp-1 transcription start site contains binding sites for Zelda and Trithorax-like
(Trl) (GAGA). Additional, unassigned motifs are also found in this region and are depicted by the binding of m. More than 10 other TFs
(multicolored circles) are associated with this region, but the corresponding binding motifs are generally absent. This HOT region can
drive GAL4 expression in three of the four Blimp-1 stripes. A bacterial artificial chromosome (BAC) construct containing ;45 kb of
genomic DNA encompassing the endogenous Blimp-1 locus gives rise to the endogenous expression pattern (not shown). However,
removal of the HOT DNA results in the loss of three of the four Blimp-1 stripes. A putative traditional enhancer might drive expression of
the central Blimp-1 stripe (indicated in gray).
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be more strongly expressed than unlinked genes, as seen
in C. elegans (Gerstein et al. 2010; Roy et al. 2010; Satija
and Bradley 2012). Furthermore, HOT DNAs in both
species contain GAGA elements. Thus, Drosophila and
C. elegans HOT DNAs share some common features.

Kovn et al. (2012) note that some of the TFs associated
with HOT DNAs have a neutral effect on enhancer
activity. For example, not all of the HOT DNAs contain-
ing Twist mediate expression in the mesoderm, where it
is a key activator of gene expression (Baylies and Bate
1996). How and why are neutral TFs maintained in HOT
DNAs during evolution? Natural selection preserves the
proper number, arrangement, and affinities of essential
recognition sequences, and eliminates sites that might
interfere with enhancer activity. However, TFs that exert
minor effects on enhancer activities might be tolerated.
Such neutral binding sites might be a rich source for de
novo creation of enhancers from nonfunctional sequences
(Birney et al. 2007). Whole-genome data sets, such as
chromatin immunoprecipitation (ChIP) coupled with deep
sequencing (ChIP-seq) and RNA sequencing (RNA-seq),
from different species within a phylogeny will enable
distinction of functional conservation, neutral divergence,
and species-specific gene regulation. It is of interest to note
that TF-binding sites within a HOT DNA influence en-
hancer activity, whereas there are no binding site motifs for
neutral TFs.

What’s next?

Drosophila HOT enhancers are enriched for Zelda and
GAGA sites, which have been implicated in maintaining
open chromatin (Nakayama et al. 2007; Harrison et al.
2011). These sites represent part of the genomic ‘‘signa-
ture’’ that permits prediction of additional HOT DNAs
(Kvon et al. 2012). It will be important to determine their
role in the formation or function of HOT enhancers. Both
GAGA- and Zelda-binding sites are thought to be per-
missive and facilitate the binding or function of specific
activator proteins (Nakayama et al. 2007; Harrison et al.
2011; Nien et al. 2011). It would be informative to
determine whether HOT DNAs are lost in mutant
embryos lacking Zelda or Trl, which binds GAGA.

Zelda is thought to regulate hundreds of genes during the
maternal/zygotic transition (MZT), ;2 h after fertilization
(Liang et al. 2008). HOT enhancers might therefore repre-
sent an important class of early zygotic enhancers. How-
ever, HOT enhancers also direct gene expression during
later stages of development, suggesting that they are not
exclusively engaged in the MZT. Zelda sites in traditional
enhancers that are active after the MZT have been pro-
posed to coordinate the activation of gene batteries and to
increase the expressivity of gene networks (Nien et al.
2011). It is conceivable that HOT DNAs also mediate such
functions. While Zelda is present in both early embryonic
enhancers and HOT DNAs, enrichment of GAGA sites is
a more specific feature of HOT DNAs (in both C. elegans
and Drosophila). Kvon et al. (2012) suggest that GAGA may
be able to recruit other TFs, since Trl forms complexes
with itself and Tramtrack (Bardwell and Treisman 1994).

HOT enhancers have a number of unusual properties;
most notably, they bind many TFs via mass action despite
the general depletion of specific TF-binding motifs. Fu-
ture studies will identify TFs responsible for the localized
expression patterns mediated by HOT enhancers. The
lack of obvious binding motifs and the possible neutral
binding of TFs to these regions will make this task
challenging.

As we learn more about HOT enhancers, it will be
interesting to see whether their mode of TF occupancy is
qualitatively distinct from traditional enhancers. Alter-
natively, they could work like traditional enhancers, but
the key TF sequence motifs are not yet known. Do HOT
enhancers possess architectures that are more or less con-
strained than conventional enhancers? HOT enhancers
might provide regulatory robustness in gene expression
when conventional enhancers are compromised. Their re-
moval from otherwise normal bacterial artificial chromo-
some (BAC) transgenes might help reveal such functions.

It is interesting to note that in yeast, binding of 10 or
more TFs to a single cis-regulatory DNA is very rare (<1%
of all regulatory elements), with the vast majority of
promoter regions occupied by just a few TFs (Lee et al.
2002; Harbison et al. 2004). This observation raises the
possibility that HOT DNAs are an adaptation of metazoan
genomes, but what exactly are their roles? In time, we will
find answers to these questions.

Conclusion

Until now, a common feature of all known enhancers was
the presence of clustered binding motifs, mediating com-
binatorial patterns of gene expression. However, Kvon
et al. (2012) have shown that HOT DNAs can function
as enhancers and direct specific patterns of gene expres-
sion even though they are depleted for TF-binding motifs.
It remains to be seen whether HOT enhancers possess
distinctive properties as compared with conventional
enhancers. This study provides a vivid example of the
mysteries of the regulatory genome.
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