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Abstract Metazoan genomes primarily consist of non-
coding DNA in comparison to coding regions. Non-coding
fraction of the genome contains cis-regulatory elements,
which ensure that the genetic code is read properly at the
right time and space during development. Regulatory ele-
ments and their target genes define functional landscapes
within the genome, and some developmentally important
genes evolve by keeping the genes involved in specifica-
tion of common organs/tissues in clusters and are termed
gene complex. The clustering of genes involved in a
common function may help in robust spatio-temporal gene
expression. Gene complexes are often found to be evolu-
tionarily conserved, and the classic example is the hox
complex. The evolutionary constraints seen among gene
complexes provide an ideal model system to understand cis
and rrans-regulation of gene function. This review will
discuss the various characteristics of gene regulatory
modules found within gene complexes and how they can be
characterized.
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Introduction

The large genomes found in metazoans consist of non-
coding DNA that serves to define regulatory genomic
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landscapes. These regulatory DNA elements are found
interspersed in the genome and regulate the function of
protein coding genes. The abundant nature of such regu-
latory elements raises the possibility that spurious
interactions could occur among neighboring regulatory
elements. Thus, to overcome non-specific interactions
nature has devised methods to clearly demarcate functional
genomic landscapes for each gene (Fig. 1). The functional
genetic intervals found within genomes are comprised of
genes and their regulatory elements. These functional
intervals are clearly demarcated from the neighboring
genes to form a functional domain of gene function
(Fig. 1). Sometimes genes that help define a specific
developmental event or tissue-type occur near each other,
are co-regulated during development and are termed gene
complexes. The linkage among the co-expressed genes of
these clusters is significantly conserved, and the expression
patterns of genes within clusters generally co-evolve as
suggested by cross-species analyses [1] (Fig. 2). Such
evolutionary selection could be mediated by chromatin
interactions with the nuclear matrix and long-range
remodeling of chromatin structure. Due to this assumption
such gene complexes are widely used as model systems to
understand spatio-temporal gene regulatory mechanisms.
Well-studied complexes include the Hox complex [2],
heart complex [3] and human globin locus [4, 5]. Studies of
these complexes have shown a tight genetic linkage as well
as an epigenetic basis of gene regulation that includes the
regulation at the higher order chromatin organization. The
gene complexes can vary in size starting from a pair of
genes (e.g., en/inv complex) [6, 7] and up to five genes or
more (e.g., hox, heart and globin complex). There are also
examples of single genes that are regulated by more than
one tissue-specific enhancer; a classic example is that of
even-skipped [8, 9]. This review will discuss the use of
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Fig. 1 Functional domains within genomic landscapes. Genomes are
gene dense in nature and have genes adjacent to each other along with
their regulatory elements like enhancers (blue box, E) and insulators
(red oval, In). These are responsible for activating genes as well
(green arrows) as insulating them from neighboring regulatory
elements, respectively. The insulator elements help demarcate
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Fig. 2 Hox complex of Mouse and Drosophila. a The mouse Hox
complex is separated into four clusters, namely HoxA-D. They help
in formation of anterior to posterior structures of the mouse body axis,
respectively. The four clusters contain from 9 to 11 paralogue genes.
These genes are arranged in the same order as they are expressed
along the body axis. For example, the mouse HoxAl is expressed in
the head regions and HoxD13 in the distal regions of the limbs. b The
fly hox cluster on the other hand is split into two complexes in
D. melanogaster to form the Antennapedia complex (determining
head to T2 segments) and the bithorax complex (determining T3 to
A8 segments). This complex is conserved among the other fly species
with some gene inversions (shown by blue cross) as seen for Dfd and
Ubx genes and shifting in breakpoints of the cluster (red arrow).
There are three splits known in Drosophilids as shown in the figure
between lab-pb, Antp-Ubx and Ubx-abd-A. These splits do not impair
the collinear expression of the Hox genes along the A—P body axis

such gene complexes to dissect the different layers in gene
regulation during development.

To understand the regulation of gene complexes we
need to know about the different kinds of cis-regulatory
modules (CRMs) that make up and regulate these complex
genetic loci. Examples of CRMs include enhancers [9—12],
insulators (boundary elements) [13 14] and maintenance
elements like Polycomb response elements (PREs) [15],
which coordinate proper gene regulation and are the key

Domain 3 m

Domain 4

domains of genetic function (yellow box) and separate them from
neighboring domains. They also prevent crosstalk of adjacent
enhancers (red dashed arrows) to activate genes within a given
domain. These demarcated functional units of genes and their
regulatory elements make up the genomic landscapes within the
genome

regulators that mediate spatio-temporal gene activity
within complexes. Enhancers bind activator proteins and
help bring robust transcription of genes. Insulator elements
prevent interference from foreign enhancers during tran-
scription by demarcating domains of gene activity/
inactivity. Initiators help initiate/establish tissue-specific
gene activation, and maintenance elements help maintain
the established gene expression/repression pattern in a
given cell type. These regulatory elements are capable of
bringing about novel gene expression/repression patterns
and thus hold the key to dictate developmental novelties
during evolution [16]. Recently, the presence of secondary
enhancers has been shown to drive the expression of the
target gene in the same tissue, and they have been termed
shadow enhancers [17, 18]. These enhancers might help in
robust gene expression and also contribute toward the
evolution of the gene expression pattern [19]. There are
other kinds of specialized regulatory elements that help
specific enhancers find their respective target promoters
and are termed promoter targeting sequences (PTS) [20].
They have been identified for Hox genes (Scr, Abd-B) and
early patterning genes (eve) [7, 10, 20]. Another very
unique feature called “homing” has been observed for a
few loci and conveys the ability of a piece of non-coding
DNA to insert in its native position when cloned into a
transposon-based transgene [21, 22]. The mechanisms of
insulator function, PTS action and homing are not clearly
known, but will be important for understanding how CRMs
can precisely find their respective target genes within gene
complexes. The Hox and heart complex will be used as
examples to illustrate the different layers of gene regulation
events within gene complexes.

Hox complex

The Hox complex genes were identified based on their
striking homeotic transformations (transformation of one
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body part into another, suggesting that these genes control
cellular identity). The Drosophila hox genes are organized
into two homeotic complexes (HOM-C), the bithorax
complex (BX-C) and the Antennapedia complexes (ANT-C),
which are equivalent to the four HOM-Cs found in humans
(HoxA-D) [23-25] (Fig. 2). These genes control body
patterning in animals, from nematodes to vertebrates, as
they are conserved across the species [26, 27] and specify
the identity of body segments along the anterior-posterior
(A-P) body axis [28, 29]. These genes were found to
contain a conserved DNA sequence that encodes a
60-amino-acid DNA-binding motif, the homeodomain, and
were coined homeobox (Hox) genes [30, 31]. The Hox
genes are known to control the transcription of downstream
target genes that are responsible for morphological
diversification.

In addition to the sequence conservation between
homeotic genes, there are remarkable similarities in their
organization and regulation. Hox genes are generally found
in clusters that most likely arose from the duplication and
divergence of a single ancestral gene. Nematodes, for
example, have one cluster with four genes; Drosophila has a
split cluster with eight genes, whereas vertebrates have four
clusters with a total of 39 genes [32, 33] (Fig. 2). The
proximal to distal order of genes within each cluster cor-
responds to their functional domains along the A-P body
axis. This “spatial colinearity” of organization on the
chromosome and respective functional domain along the
A-P axis is also conserved during evolution. Furthermore,
in some organisms, the anterior to posterior order of Hox
gene expression is accompanied by an early to late temporal
order of expression, a phenomenon called “temporal
colinearity” [34-37]. This remarkable genomic organiza-
tion has fascinated biologists for many years, but its
functional link to regulatory mechanisms is yet to be sat-
isfactorily explained. Several models implicating chromatin
organization [38], employment of shared regulatory ele-
ments [39, 40] or global control elements shared among
multiple genes [41] have been proposed, but these have yet
to be firmly established.

Although colinearity was discovered in the BX-C of the
fruitfly Drosophila melanogaster [28], flies also show
many exceptions to the general rule concerning colinearity
and Hox clustering. For example, the HOM-C of Dro-
sophila is split into two gene clusters, the BX-C and the
ANT-C. Furthermore, flies not only have a split complex,
but the BX-C can be further split without apparently
compromising its function [42, 43]. It is also known that
the HOM-C in different Drosophila species is split at dif-
ferent positions [44, 45] (Fig. 2b). However, these splits
within the Hox complex do not impair the spatial expres-
sion pattern of Hox genes. For example, the split between

Ubx and abd-A genes seen in D. virilis and D. grimshawi
does not affect the haltere or anterior abdominal segment
formation, suggesting that these splits do not cause loss or
ectopic gene expression leading to morphological changes
(Fig. 2b). In fact, D. mojavensis has two splits within the
complex one between lab and pb, and another between Ubx
and abd-A, but still retains its segment-specific Hox gene
expression intact. Taken together, these lines of evidence
suggest that although the fly Hox genes remain collinear,
they have lost the evolutionary constraints to exist as a
single unified complex.

In vertebrates the hox genes form several homologous
clusters because of duplication during the course of
evolution. Their genes play significant and complemen-
tary roles in axial patterning during development.
Vertebrates have four sets of homeotic paralogous genes,
each one organized in one intact cluster as compared to
one set of homeotic genes organized into two clusters in
Drosophila (Fig. 2). These are HoxA, HoxB, HoxC and
HoxD, located on different chromosomes [46]. Genes are
numbered from 1 to 13 in their physical order along the
3/-5' direction on the chromosome. All four clusters have
gone through different “gene loss” events and contain
between 9 and 11 genes. Alignment of the sequences of
hox genes based on relative position, sequence identity
and domains of expression along the anterior-posterior
axis shows a clear relationship among genes in the mouse
and Drosophila complexes, suggesting that these com-
plexes arose from a common ancestor, present before the
divergence of lineages that gave rise to arthropods and
vertebrates [47].

The vertebrate hox complexes are compact and smaller
in size as compared to the Drosophila complex, and are
the most repeat-free region of their genomes and show
extensive conservation of non-coding DNA sequences
associated with them [48]. All vertebrate hox genes are
transcribed in one direction, unlike the Drosophila hox
complex [49, 50]. The vertebrate hox genes are differen-
tially activated by retinoic acid (RA) according to their
physical location within the four chromosomal loci [51].
The genes located at the 3’ end of each one of the four hox
loci are activated by RA in a sequential order collinear with
their 3'-5" arrangement in the cluster: 3’ hox genes respond
to a lower concentration of RA, whereas upstream genes
respond progressively to higher concentrations [52]. Sub-
sequent studies showed that the vertebrate hox genes could
respond to RA because of the presence of enhancers called
retinoic acid response elements (RAREs) that are also
conserved across species [53].

Gene complexes are regulated in proper time and space
by a myriad of gene regulatory elements that will be
illustrated using the BX-C complex as an example.
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Layers of gene regulatory modules within BX-C

One of the most extensively studied gene complexes is
BX-C. The Drosophila BX-C genes Ubx, abd-A and
Abd-B genes control the identity of nine parasegmental
units in the posterior two-thirds of the fly [2, 29, 54, 55].
The homeotic genes of the BX-C are expressed in intricate
temporal and spatial patterns in an overlapping set of
parasegments (PS) in embryonic development that give rise
to segments in the adult fly. Ubx is expressed from PS5 to
PS12-13, abd-A from PS7 to PS12 and Abd-B from PS10 to
PS14 [56-61]. Morphogenesis of segment-specific struc-
tures requires the elaboration of the precise parasegmental
expression patterns of these genes. Mutations that alter
Ubx, abd-A or Abd-B expression can transform the para-
segment identity. The complex transcription pattern of the
BX-C genes is generated by a large (about 315 Kb) cis-
regulatory region. Genetic and molecular analysis has
defined nine PS-specific cis-regulatory subregions within
this large DNA segment. These PS-specific subregions abx/
bx (anteriobithorax/bithorax), bxd/pbx (bithoraxoid/pos-
teriobithorax), iab-2 (infrabdominal-2), iab-3, iab-4, iab-5,
iab-6, iab-7 and iab-8,9, are arranged in the same order
along the chromosome as the PS they affect. The abx/bx
and bxd/pbx cis-regulatory subregions are responsible for
proper Ubx expression in PS5 and PS6, respectively [60].
Similarly, the abd-A expression in PS7, 8 and 9 is under the
control of the iab-2, iab-3 and iab-4 cis-regulatory units,
respectively [58]. Finally, the iab-5 through iab-8, 9 sub-
regions direct Abd-B expression in PS10-14, in the same
order [57, 62] (Fig. 3). Thus, colinearity applies not only to

abd-A

Mcp Fab6
iab-4 ‘ iab-5
(Ad) (A5)
PS10

gene order, but also to the order of cis-regulatory domains
along the chromosome. These cis-regulatory elements are
protected from interference from the neighboring cis-reg-
ulatory elements by the presence of chromatin domain
boundary/insulator elements. These chromatin domain
boundary elements help in demarcating the domain of
action of the iab’s and prevent crosstalk of the cis-regu-
latory elements [63] (Fig. 3).

Mutations in cis-regulatory elements

Several mutations in these cis-regulatory regions lead to
interesting homeotic phenotypes, and their molecular
analysis has revealed the chromatin level regulatory
mechanisms involved in the regulation of BX-C. Loss-of-
function (LOF) mutations in any of these nine cis-regu-
latory subregions typically transform the corresponding
PS into a copy of the PS immediately anterior (Fig. 4).
Consistent with the observed phenotypic effects on seg-
mental identity, the normal spatial and temporal
expression pattern in the affected PS is replaced by an
expression pattern that mimics the one immediately
anterior, for example, iab-75% in which almost the entire
iab-7 region is deleted and transforms PS12 to PS11 (A7
to A6) [64, 65] (Fig. 4). Gain-of-function (GOF) muta-
tions have the opposite phenotype in which the affected
PS is transformed into a more posterior PS. For example,
the Fab7 (Frontoabdominal-7) mutation in which the
boundary between iab-6 and iab-7 is deleted leads to
ectopic activation of iab-7 in PS11, transforming it to
PS12 (A6 to A7) [66, 67] (Fig. 4).
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Fig. 3 CRMs within the Abd-B locus of the bithorax complex leading
to collinear gene expression. The Abd-B gene is activated from PS10-
14 in the developing embryo. The levels of Abd-B are the lowest in
PS10 and highest in PS14, and this is believed to be either due to the
strength of the iab’s (shown in shades of green rectangles) or the
distance of iabs from the Abd-B promoter. The iab-5 enhancer drives

the expression of Abd-B in PS10, iab-6 in PS11, iab-7 in PS12 and
iab-8,9 in PS13-14. Each of these enhancer domains is demarcated by
insulator elements (red oval) like Mcp, Fab6, Fab7 and Fab8. The
iabs are also known to contain PRE elements (yellow circle) as
experimentally identified for the iab-7 and iab-8 PREs. The earlier iab
elements such as the iab-4 act upon the abd-A gene in anterior PS
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Fig. 4 Genetic and molecular nature of deletions within regulatory
elements of the BX-C. The iab-6, iab-7 and iab-8 cis-regulatory
elements drive the expression of Abd-B gene in increasing levels in
PS11, PS12 and PS13, respectively, which give rise to the abdominal
segments A6 to A8. The iab-6, iab-7 and iab-8 cis-regulatory elements
are separated by the Fab7 and Fab$8 insulator elements. The function of
these insulators and enhancers has been deciphered by genetic ablations
of these regions resulting in homeotic phenotypes. The deletions that
remove the iab-7 element (iab-7SZ) lead to the transformation of A7 to
A6 as iab-6 takes over the function of the deleted iab-7 in the A7 region,
giving rise to the loss of the function anteriorization phenotype. This
happens because in PS12/A7 all the regulatory elements from iab-2 to
iab-7 are in an open conformation state, but since iab-7 is proximal to
the Abd-B gene it prevails in driving it in the PS12/A7 region. In case of
the iab-7 deletion, the last regulatory module to be in an open chromatin
state is iab-6 in PS12/A7; hence it takes over the iab-7 function and
leads to A7 to A6 transformation. In case of the deletion of the
boundary element Fab7, the iab-6 and iab-7 domains fuse to form a
hybrid element where iab-7 prevails and is ectopically activated within
the iab-6 domain (PS11/A6), thus leading to A6 to A7 dominant gain of
function transformation. A similar posteriorization phenotype is
observed in the case of Fab8 deletion where the iab-7 and iab-8
domains are fused, leading to ectopic activation of iab-8 in the iab-7
domain (A7), thus leading to A7 to A8 transformation

Transvection

An unusual feature of the Diptera is that homologous
chromosomes are synapsed in somatic cells during inter-
phase. At a number of loci in Drosophila, this pairing can
significantly influence gene expression. E.B. Lewis detected
this phenomenon in Drosophila and coined the term trans-
vection. Transvection can be described as the phenomenon
in which the expression of a gene on one chromosome
depends on the pairing with its homologous region [68]
(Fig. 5). For example, the deletion analysis of the Abd-B
gene strongly suggests the existence of transvection that
tethers cis-regulatory regions to the promoter-upstream
region [69, 70]. It has been found that while Abd-B point
mutations do not complement the phenotype of an iab-7
deletion in A7, Abd-B alleles deleted for the promoter
region do complement iab-7 deletions in trans-heterozy-
gotes. The complementation is a result of the action of the
wild-type iab-7 on the wild-type Abd-B in trans. As this
trans-regulation is not detected when the somatic pairing of
homolog chromosomes is disturbed by chromosomal

rearrangements, it represents a case of ‘transvection.” The
degree of complementation in A7 depends on the size of the
promoter deletion: the larger the deletion is, the stronger the
trans-regulation, suggesting that the promoter upstream
region of the Abd-B gene consists of numerous discrete
elements that cooperate in locking individual cis-regulators
to the Abd-B gene [69, 70].

Transvection can also occur by the action of silencers in
trans or by the spreading of position effect variegation
from rearrangements having heterochromatic breakpoints
to paired non-rearranged chromosomes [71]. Several cases
of transvection require ZESTE, a DNA-binding protein
that is thought to facilitate homolog interactions by self-
aggregation [72]. Recently, condensins have been shown to
negatively regulate transvection at the yellow locus [73].
Genes showing transvection can differ greatly in their
response to pairing disruption. In several cases, transvec-
tion appears to require intimate synapsis of homologs
[74, 75]. However, in at least one case (transvection of the
iab-5,6,7 region of the BX-C), transvection is independent
of synapsis within and surrounding the interacting gene
[69, 76]. The latter example suggests that transvection
could well occur in organisms that lack somatic pairing. In
support of this, transvection-like phenomena have been
described in a number of different organisms, including
plants, fungi and mammals [77, 78].

The Abd-B gene controls the morphogenesis of posterior
abdominal segments in Drosophila, and its expression is
regulated by a series of 3’ enhancers that are themselves
transcribed. Studies utilizing RNA Fluorescence In situ
Hybridization (FISH) to visualize nascent transcripts
associated with coding and non-coding regions of Abd-B in
developing embryos and confocal imaging suggest that
distal enhancers often loop to the Abd-B promoter region.
Surprisingly, enhancers located on one chromosome fre-
quently associated with the Abd-B transcription unit
located on the other homolog. These trans-homolog
interactions could be interpreted as the direct visualization
of the genetic phenomenon, transvection, whereby certain
mutations in Abd-B can be rescued in trans by the other
copy of the gene [79]. It has also been shown that a 10-kb
sequence in the 3’ flanking region mediates pairing of
Abd-B alleles, thereby facilitating trans looping of distal
enhancers [79]. Such trans-homolog interactions might
be a common mechanism of gene regulation in higher
metazoans.

Regulatory non-coding RNAs

A number of studies in parallel suggest that the cis-regu-
latory elements in the BX-C may in fact be operating in
synchrony with a system of intergenic, non-coding RNA
transcripts. While it has been known for decades that such
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Fig. 5 Transvection was first observed within the bithorax complex
as genetic lesions removing promoter and cis-regulatory elements
were easily available. Mutations that delete the promoter region are
usually homozygous lethal, whereas the cis-regulatory deletions are
homozygous viable, displaying hypomorphic phenotypes or lethality.
When these two mutations were combined to form a trans-

transcripts are produced in abundance at the BX-C, their
functional role has not been clear. Lipshitz et al. [80]
worked with such transcripts as early as 1987, focusing on
those produced in the bithoraxoid (bxd) region of the Ubx
gene of the BX-C. Similarly, substantial transcription
through the intergenic region between abd-A and Abd-B
was identified [81] and believed to play a role in main-
taining the epigenetic state of the regulatory elements
within the BX-C. Although the generation of these tran-
scripts was observed and their molecular characteristics
investigated, their function remained unclear. In fact,
repressive nature exerted by PREs can be reverted to an
active heritable state upon forced transcription through
PREs [82, 83]. Studies from other genetic loci have indi-
cated that non-genic transcription may be a common
feature at tightly regulated gene complexes. Studies at the
human f-globin locus revealed a transcription program in
which various regulatory domains are subject to chromatin
remodeling via intergenic transcription [84]. More
recently, work on the immunoglobulin heavy chain locus in
mice revealed a similar active role for non-coding tran-
scription in the alteration of gene function, in which
antisense transcription through the VH region correlates
with a switch from DJH to VDJH recombination [85]. The
presence of non-genic transcription programs at these dis-
tinct gene complexes suggests that the BX-C intergenic
transcripts may have a functional activity.

The generation of a comprehensive profile of the BX-C
non-genic transcripts has provided valuable information
about their role upon interaction with the cis-regulatory

Promoter deletion (lethality)

Regulatory element deletion (phenotype or lethality)

Regqulatory element deletion  Genetic complementation and viable
Promoter deletion

seen in trans-heterozygotes

heterozygous genetic complementation was observed. This can be
explained only by the ability of the cis-regulatory element to activate
the gene in trans (green arrow) present in the homologous
chromosome due to pairing. Hence, the genetic complementation of
a promoter deletion with a cis-regulatory deletion is termed as
transvection

elements at the BX-C. This task was accomplished by
designing a series of in situ hybridization probes spanning
from iab-2 to iab-8 in the abd-A-Abd-B intergenic region
[86]. These studies provided a temporal and spatial map of
transcription from this region in the developing embryo
and offered some insight into the function of the non-genic
BX-C transcripts. Spatially, the transcripts in the embryo
are expressed in the same co-linear pattern as their chro-
mosomal organization on the BX-C. The transcripts from
iab-2 are found more anterior to those from iab-3, those
from iab-3 are found anterior to those from iab-4, and so
on. Furthermore, transcripts are also retained within indi-
vidual iab chromosomal regions. In this way, a single type
of RNA is produced per iab region, and the transcription
does not appear to traverse the characterized insulator
elements. While the expression patterns of all the tran-
scripts have a defined anterior margin in the embryo, the
posterior limits can spread into the regions of the other iab
transcripts. Almost all of the transcripts are generated from
the sense strand relative to the direction of transcription for
abd-A and Abd-B. If this non-genic transcription was spu-
rious, then the transcripts should be generated randomly
from both strands, showing no preference. The predomi-
nant transcription of the sense strand and the specific
expression patterns in the embryo argue for a functional
role for the intergenic transcripts.

Reports have shown that ectopic transcription through
the boundary element could lead to the abolition of the
insulator activity [87]. It was observed that this ectopic
transcription through the endogenous boundary elements at
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the bxd/iab-2 junction in the BX-C subsequently activated
more posterior regulatory domains leading to abdominal
segment Al to A2 transformation similar to Ultrabdominal
(Uab) mutation [87]. The phenotypic effect was therefore
not caused by a deletion of a boundary element but rather
by transcription through the insulator. Similar work, using
different experimental procedures, also indicated a function
for ectopic transcription at the BX-C. The functionality of a
trimmed-down version of the scs insulator was examined
by replacing endogenous Fab-7 with scs using gene con-
version. When the new scs fragment, which also contained
a promoter, was inserted in an orientation such that the
promoter could drive transcription through the PRE adja-
cent to the Fab-7 region, the proper segmental identity was
disrupted in a manner similar to that of a Fab-7 deletion
[88]. The ectopic transcription resulted in a transformation
of abdominal segment 6 into segment 7. This result sig-
nifies that, despite the insulating activity of the scs
fragment, the transcription through the adjacent PRE serves
to remove its silencing effects. This causes the cis-regu-
latory information in the iab-7 domain to become active
anterior to its normal position in the embryo. It was shown
that a deletion at the Mcp region [28] results in a loss of the
non-genic transcription in the adjacent iab-4 domain, pre-
sumably due to inactivation of the promoter for this
transcript. The absence of the iab-4 transcript is correlated
with a transformation of abdominal segment 4 into 5 [89].
Taken together, these studies suggest that controlled non-
genic transcription in the iab regions is critical to the
proper function of the BX-C and appears to play a role in
activating cis-regulatory domains during development.

Trans-acting regulators of the BX-C
Initiation factors

In addition to the cis-acting DNA elements like iab’s,
boundary elements and PREs, there are crucial frans-acting
factors that regulate the expression of the BX-C by binding
to these cis-regulatory elements. These trans-acting factors
can be grouped into two classes: those required for estab-
lishing the initial domains of BX-C expression and those
required to maintain the initial patterns throughout devel-
opment. The specific pattern of BX-C gene expression is
initially established by the combinatorial action of tran-
scription factors encoded by the segmentation genes [90—
95]. For example, the iab-2 regulatory region activates the
abd-A gene in PS7. Amazingly, two independently isolated
mutations that transform PS5 to PS7 both alter the exact
same base pair within the iab-2 domain, destroying a
binding site for the gap gene Krippel [94]. This provides
good evidence that Kruppel is one of the repressive factors

that prevents the activation of the iab-2 domain in PS
anterior to PS7. Kruppel has also been shown to act as a
repressor in the Superabdominal (Sab) mutation, which
causes A3 to AS5 transformation [96]. A point mutation
removing the KRUPPEL binding site in the iab-5 enhancer
was shown to cause ectopic activation of Abd-B in A3
leading to A5 transformation [96]. Another gap gene
product, Hunchback, represses the Ubx gene in regions of
the embryo anterior to PS5 [92, 95], while the pair-rule
gene fushi tarazu (ftz) is required to activate at least a
subset of the Ubx enhancers [91, 92]. The general picture
that has emerged from these analyses is that gap proteins
are direct repressors of homeotic genes, whereas pair-rule
proteins are direct activators. These two classes of proteins
may compete for binding sites within the control region,
such that the balance between their interactions at each cis-
regulatory domain sets up the initial homeotic expression
patterns [97].

Maintenance factors

Since the products of the gap and pair-rule genes are
present only transiently in the early embryo, the activity
state established during the initiation phase must be pre-
served by a maintenance system in each cis-regulatory
domain. In simple terms, cells must remember which reg-
ulatory domain has to be kept in an active state and those
that must be kept in a silent state. The expression of the
BX-C in restricted patterns is required throughout life, so
maintenance proteins are essential for normal [98] devel-
opment. Also, the maintenance system must be stable
through many cell divisions that occur between the time
when homeotic expression patterns are initiated and the
time when segmental differentiation occurs. The mainte-
nance system involves two antagonistic sets of genes: the
Polycomb group (PcG) and trithorax group (trxG) genes
[99, 100]. The products of the PcG genes function as
negative regulators, maintaining the inactive state of the
homeotic genes, while the trxG gene products function as
positive regulators, maintaining the active state. Mutations
in PcG genes do not alter the initial selection of homeotic
expression patterns, but instead cause their inappropriate
de-repression later in embryogenesis [101-103]. trxG
genes appear to be required for homeotic gene transcription
during both the initiation and maintenance phase [98, 104,
105]. Mutations in trxG genes thus resemble LOF muta-
tions in the ANT-C and BX-C [99]. Despite the fact that
many PcG and trxG mutants have homeotic phenotypes
themselves, they are not solely dedicated to homeotic gene
control; members of both classes are transcriptional regu-
lators of many other genes as well [106—108]. The PcG and
trxG protein complexes contain histone-modifying activity
that helps in condensing the chromatin for repression or
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opening of chromatin for activation, respectively [109].
The DNA sequences to which PcG or trxG proteins bind
are termed PRE/TREs and are known to require non-cod-
ing RNAs to bring about the silencing or activating
functions [110, 111]. All these cis and frans regulatory
components ensure that the Hox genes are expressed within
respective tissues at the proper time during development
and comprise an integral part of gene regulation events
occurring within such gene complexes.

Heart complex

The heart complex is another example of a gene complex
that has been extensively studied in model organisms like
Drosophila and Tribolium castaneum, and is also called the
tinman complex (Tin-C). The Tin-C contains seven genes:
tinman (tin), bagpipe (bap), ladybird early (lbe), ladybird
late (Ibl), C15, slouched (slou) and Drop (Dr/Msh) [16].
The use of comparative genomics has revealed that rapid
chromosomal arrangements are known to occur in insects,
leading to their ever increasing diversity in morphology
and behavior. Unlike the human genome, insect genomes
rarely retain similar linkage arrangements [112—114]. For
example, the heart genes in Drosophila, flower beetle and
honey bee are conserved, but have undergone multiple
inversions and translocations within the gene complex
(Fig. 6). The Tin-C genes are evolutionarily ancient and
pre-date the Hox complex. They contain a series of NK
homeobox genes. The Tin-C gene linkage has been con-
served in protostomes such as flies, but is lost in
deuterostomes [115]. All members of the Tin-C are
involved in muscle cell differentiation in flies, and many of
the mesodermal patterning functions of Tin-C genes are
conserved among flies, annelids and vertebrates.

Hmx tin bap

Comparative studies in Drosophila and Tribolium have
recently shown that the ladybird gene is differentially
expressed within the heart field. Ladybird is expressed in
cardiac mesoderm of Drosophila and Apis mellifera (hon-
eybee), and subdivides it into distinct pericardial and
cardial lineages [116, 117]. A striking dissimilarity is that
ladybird expression is lost in the Tribolium heart field.
Instead the C15 gene is expressed and helps to pattern the
heart in this insect. This intriguing replacement of ladybird
expression with C15 in Tribolium was mapped back to the
altered enhancer-promoter interaction due to an inversion
within the gene complex that bypasses an insulator located
in the ladybird-C15 region [16] (Fig. 7). The lbe gene
promoter displays the paused/stalled polymerase not seen
at the /bl and C15 promoters, as shown by RNA Pol II
ChIP-Seq experiments. Stalled Hox promoters have been
shown to contain insulator activity [12]. Likewise it was
shown that the lbe promoter could itself behave as an
insulator, thus demarcating the cardiac enhancer in Dro-
sophila [16]. In Tribolium the gene inversion event
removes the insulator activity of the /be promoter between
the cardiac enhancer and C/5 promoter [16] (Fig. 7). These
kinds of inversions may lead to redirection of conserved
enhancers and might be an important mechanism of regu-
latory evolution.

How to identify and characterize CRMs

It is important to identify and characterize CRMs to
understand how they function as switches of gene regula-
tion. Traditionally the CRMs, such as enhancers, insulators
and PREs, were isolated in genetic screens as they display
dominant homeotic transformations, e.g., Fab7 [66], Fab8
[118] and Mcp [67] insulators. Few were recessive

Ibe Cc15 slou Msh

P gl (- ) — - —
Msh1 Msh2 tin bap Ib Cc1 slou Hm.
T. castaneum

Msh1 Msh2 tin ba,

Ib C15

Ay — - _—-————

Fig. 6 Heart complex genes. The Drosophila heart complex contains
eight NK-homoebox genes and has two break points between Hmx-tin
and slou-Msh genes. The Tribolium heart complex also contains eight
genes with duplication of the Msh genes and inversion of bap and
breakpoint between CI5-slou genes. The Honey bee heart complex

displays only six genes with the absence of slou and Hmx and
inversions of bap, Ib and C15, as well as a breakpoint between [b-C15
genes. This clearly demonstrates that gene complexes can evolve to
give new distinct patterns of gene expression to accommodate the
evolution of different species (adapted from [16])
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Fig. 7 Gene inversion within heart complex leads to novel patterning
and insect evolution. a The RNA Pol II ChIP-Seq tracks within the
ladybird locus from early Drosophila embryos (Chopra VS, Hendrix
DA and Levine M. unpublished). The lbe promoter displays a strong
stalled Pol II signal, whereas the /bl and CI5 promoters are not
stalled. This stalled /be promoter contains insulator activity in a
transgenic assay [16]. b In Drosophila, the cardiac enhancer is located
3" of the ladybird early and ladybird late genes, and is unable to
activate C15 expression owing to insulator activity at the ladybird
early promoter. The chromosomal inversion in Tribolium relocates

mutations and required sensitized mutant backgrounds as
in the case of enhancers like bxd, iab-7 and iab-7PRE [23,
119-122]. With the advent of biochemical and molecular
biological techniques, these CRMs could be precisely
mapped by DNAsel assays and in transgenic contexts
[119]. The transgenic techniques also helped dissect the
functions of cis-regulatory elements like enhancers [9],
insulators [123-125], PREs [119, 126, 127], homing
sequences [7, 21, 22] and PTS [10, 20] (Appendix 1). Gene
conversion and transposon-mediated deletion techniques
have immensely helped in dissecting functions of insula-
tors and PREs in vivo [65, 118, 128, 129]. The recent
advancement in BAC recombineering techniques could
also aid the in vivo manipulation and characterization of
CRMs [18, 19, 130].

Whole genome methods like ChIP-chip and ChIP-Seq
have helped in generating profiles of nucleosomal proteins
[131], histone marks [132—-134], DNAsel [135], restriction
enzyme accessibility [136], insulator proteins [137, 138],

cardiac
enhancer

P < oderm ectoderm
Z enhancer enhancer

/ i . > /—\
i ec];derm ectoderm
hancer enhancer

this enhancer so that the ladybird promoter is no longer positioned
between the enhancer and C15 gene. As a result, the cardiac enhancer
is able to activate C15 expression in Tribolium, but not Drosophila.
Thus, a novel pattern of gene expression, C15 expression in Tribolium
pericardial and cardial cells, is not due to the modification of gene
regulatory networks or the de novo evolution of enhancer sequences,
but rather results from the interaction of a conserved enhancer with
different target genes: ladybird in Drosophila and the neighboring
C15 gene in Tribolium [16]

PcG proteins [139] and tissue-specific transcription factors
[140, 141]. This has remarkably helped identify regulatory
codes underlying the function of gene complexes. ChIP-
chip studies have shown that there are histone marks that
preferentially mark regulatory elements (H3K4mel that
marks enhancers) [132], and cofactors like CBP/p300 also
bind enhancers [142], leading to the identification of novel
tissue-specific enhancers.

The discovery that stalled Hox and Heart promoters can
function as insulator elements and demarcate functional
boundaries of gene complexes would have been impossible
without the availability of whole genome ChIP-chip and
ChIP-Seq RNA Pol I profiles [ 12, 16, 143]. The Pol I ChIP-
Seq data clearly showed that the first and last genes of the
BX-C and Antp-C were stalled, whereas the genes within the
complexes were not stalled. Thus, the stalled versus the non-
stalled promoters were tested in transgenic enhancer
blocking assays, and the stalled promoters displayed insu-
lator activity. These findings are supported by the interaction
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observed between endogenous insulators and their target
promoters (example: Abd-B and Fab7) in vivo using the
DamlD technique [144] and in vitro using 3C assays [145].
ChIP-chip studies have also shown that a negative elonga-
tion factor (NELF) co-localizes with BEAF binding sites
near promoters, again suggesting the link between boundary
elements with stalled promoters [146, 147].

The current use of 3C techniques [148] at individual
genes, as well as at the whole genome level, has taken
higher order gene regulation understanding to the next
level. It is now possible to visualize gene regulation events
at the level of chromosomal topology using techniques like
5C [149], Hi-C [150], ChIA-PET [151] and FAIRE-Seq
[152]. These techniques have helped to understand the
regulation of mating type locus in yeast, human disease
susceptibility loci, hormonal response regulation and stem
cell fate maintenance. They generate complete genomic
landscapes and represent long-range interactions as snap-
shots of a developmental window. These techniques have
the capability to capture long-range chromosomal interac-
tions like those of enhancer-promoter and insulator-
promoter, and can be readily used to address mechanistic
questions related to enhancer and insulator function. Per-
haps with further advancement it may be possible to study
transvection using these long-range genome-wide tech-
niques. The future of such studies will be to try and resolve
these genomic landscapes using high-resolution imaging
techniques and visualize higher order gene regulation in
real time and space within a cell.
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Appendix 1. Transgenic techniques for identification
of CRMs

Enhancer: Enhancers are cis-regulatory sequences that
maybe present upstream, downstream or within (intronic) a
gene, and help bind tissue-specific transcription factors that
bring about enhanced levels of target gene transcription.
Traditionally enhancers have been tested using transgenic
reporter genes. A non-coding DNA fragment suspected to
be an enhancer (oval) is cloned 5’ to a lacZ or GFP reporter
gene (rectangle) with a minimal promoter (bent arrow),
and the plasmid is used to generate a transgenic model

organism. Within the transgenic organism the fragment
drives the expression pattern of the reporter in a desired
pattern in vivo confirming that it is an enhancer. Nowa-
days, enhancers are first predicted computationally using
TF-binding site information from biochemical assays and
whole genome assays (like ChIP-chip and ChIP-Seq) and
then tested in transgenic contexts. Examples: eve stripe
enhancers and rho NEE [9, 153].

e

Polycomb response elements: PREs are cellular memory
modules that bind PcG and trxG proteins, and help main-
tain the expression pattern of genes. The classic way to test
a PRE is by Pairing Dependent-Silencing Assay. This assay
uses the white (w) reporter gene (rectangle with arrow),
which encodes for the red eye color. The PRE is placed
5" to a w reporter gene (cylinder), and it generally leads to a
variegation phenotype in the eye. The w reporter gene is
expressed in some ommatidia in the eye and repressed in
some by PcG binding to the PRE under test, thus leading to
this patchy expression. However, when these transgenic
lines are allowed to homozygous (having two copies of the
transgene), the w promoter shows less expression (lighter
eye color) or is silenced completely (white eye color)
compared to heterozygous (one copy of transgene). This is
caused by PcG proteins forming higher order complexes on
the paired PREs. This pairing-dependent silencing can be
relieved in PcG mutant backgrounds [154—158]. Examples:
iab-7PRE, en-PRE and bxd-PRE.

Heterozygous (variegated white expression)

—( O—P—

Homozygous (no white expression)
gy W=

Insulator or boundary elements: These elements when
placed between an enhancer (oval) and a promoter (bent
arrow) disrupt the enhancer-promoter interaction and lead
to loss of reporter gene expression. DNA sequences sus-
pected to contain boundary activity (brick wall) are cloned
in between a tissue-specific enhancer and reporter gene,
and its ability to prevent the activation of the reporter is
assayed in transgenic context. Insulators help demarcate
domains of gene expression and prevent ectopic regulatory
interactions from outside the domain. These elements also
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sometimes prevent the spread of heterochromatin (barrier
activity) and help maintain functional domains [12, 16,
123, 124]. Examples: Fab7, Mcp and gypsy.

S -

Promoter targeting sequences: PTS are sequences found
near promoter regions that facilitate the targeting of distal
enhancers to the promoter containing the PTS. These
sequences are found in genes that contain distal enhancers
usually found downstream of neighboring genes. These
sequences (diamond) when cloned between the insulator
element and enhancer can lead to the activation of down-
stream reporter inspite of the insulator being present
between enhancer and reporter. Hence, these elements are
also known as anti-insulators as they can overcome even
insulator elements and target the PTS containing promoter
to the target gene. [10, 20].

— > O
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