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Abstract

The parasegment-specific expression of the three Drosophila Bithorax complex homeotic genes is 

orchestrated by nine functionally autonomous regulatory domains. Functional autonomy depends 

upon special elements called boundaries or insulators that are located between each domain. The 

boundaries ensure the independent activity of each domain by blocking adventitious interactions 

with initiators, enhancers and silencers in the neighboring domains. However, this blocking 

activity poses a regulatory paradox--the Bithorax boundaries are also able to insulate promoters 

from regulatory interactions with enhancers and silencers and six of the nine Bithorax regulatory 

domains are separated from their target genes by at least one boundary element. Here we consider 

several mechanisms that have been suggested for how the Bithorax regulatory domains are able to 

bypass intervening boundary elements and direct the appropriate parasegment-specific temporal 

and spatial expression of their target gene.
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The Drosophila Bithorax complex (BX-C) has been intensively studied as a paradigm of 

gene cluster architecture. It is responsible for the specification of parasegment (PS) identity 

in the posterior 2/3rds of the fly, from parasegment 5 (PS5) to parasegment 14 (PS14) 

(Duncan, 1987; Maeda and Karch, 2009, 2006; Peifer et al., 1987). Though the BX-C must 
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orchestrate the differentiation of ten morphologically distinct parasegments, it contains only 

three homeotic genes Ultrabithorax (Ubx), abdominal-A (abd-A) and Abdominal-B (Abd-B) 

(Bender et al., 1983; Boulet et al., 1991; Celniker et al., 1990; Karch et al., 1985; Sánchez-

Herrero, 1991; Sánchez-Herrero et al., 1985; Simon et al., 1990). The specification of 

distinct parasegment identities by these three genes depends upon a series of regulatory 

domains, each directing a parasegment-specific spatial/temporal pattern of expression of one 

of the three homeotic genes (Karch et al., 1990, 1985; Lewis, 1978; Maeda and Karch, 2009, 
2006; Peifer et al., 1987; White and Wilcox, 1985). As illustrated in Figure 1, these 

parasegment-specific regulatory domains are arranged along the chromosome in the same 

order as the body segments that they specify. The set of regulatory domains controlling the 

expression of a single homeotic gene comprise a “Transcription Associated Regulatory 

Domain” (TARD) (Chetverina et al., 2014). Expression of the Ubx gene is controlled by a 

TARD composed of two regulatory domains; abx/bx, which is located within the Ubx 
transcription unit, and bxd/pbx, which is located upstream of the Ubx promoter (Beachy et 

al., 1985; Little et al., 1990; White and Wilcox, 1985). The abx/bx domain directs Ubx 
expression in a pattern specifying PS5 identity, while bxd/pbx generates a pattern of 

expression specifying PS6 identity (Bender et al., 1983; Duncan, 1987; Peifer et al., 1987).

The remaining regulatory domains are responsible for the development of the abdominal 

segments and are called infra-abdominal (iab) (Celniker et al., 1990; Duncan, 1987; Karch et 

al., 1990, 1985; Lewis, 1978; Mihaly et al., 2006; Peifer et al., 1987; Sánchez-Herrero, 

1991). Three of these, iab-2, iab-3, and iab-4 control the expression of abd-A and they 

function to specify PS7, PS8, and PS9 respectively (Figure 1A). The Abd-B gene has several 

alternative promoters, but the morphological features of parasegments PS10-PS13 depend on 

transcripts produced by the most proximal promoter, Abd-Bm (Figure 1A). The activity of 

this promoter is regulated by a TARD consisting of four regulatory domains, iab-5, iab-6, 

iab-7, and iab-8 (Maeda and Karch, 2009, 2006). These domains direct Abd-B expression in 

patterns appropriate for PS10, PS11, PS12, and PS13 identity, respectively. Abd-B 
expression from the other more distal promoters is thought to be responsible for PS14 

identity (Figure 1A).

Regulatory elements in the Bithorax Complex

All the regulatory domains in the BX-C appear to share a similar set of individual regulatory 

elements (Maeda and Karch, 2011, 2009, 2006). Each domain has an “initiator” element (* 

in Figure 1B) that is responsible for establishing its activity state, either on or off. The 

choice of activity state is made at the end of the blastoderm stage and depends upon the 

action of transcription factors encoded by maternal effect genes and the zygotically active 

gap and pair-rule genes (Busturia and Bienz, 1993; Ingham and Martinez-Arias, 1986; Irish 

et al., 1989; Müller and Bienz, 1992; Qian et al., 1991; Shimell et al., 2000; Simon et al., 

1990; White and Lehmann, 1986). These transcription factors are differentially expressed 

along the anterior-posterior (AP) axis and this provides a combinatorial code that 

sequentially activates the BX-C regulatory domains and defines the parasegmental identity 

of cells in the posterior 2/3rds of the embryo (Howard, 1990; Pankratz and Jäckle, 1990; 
Small and Levine, 1991). For example, the combination of maternal and zygotic 

transcription factors in cells in the PS10 region of the embryo activates the iab-5 initiator 
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setting the iab-5 domain in the on state (Figure 1B) (Iampietro et al., 2010; Mihaly et al., 

2006). This combination does not, however, activate the initiator elements in the three other 

Abd-Bm regulatory domains, iab-6, iab-7, and iab-8, and these domains are set in the off 
state in PS10 (Figure 1B). The remaining Abd-Bm regulatory domains are activated in a 

step-wise fashion in the more posterior parasegments, PS11, PS12, and PS13 (Figure 1B). In 

the PS11 region of the embryo, the iab-6 regulatory domain is set in the on state by the iab-6 
initiator, while the iab-7 and iab-8 regulatory domains are in the off state. In PS12, the iab-7 
but not the iab-8 regulatory domain is activated (see Figure 1B), while finally, in PS13, all 

four of the Abd-Bm regulatory domains are activated.

In addition to the parasegment-specific initiator, each regulatory domain has a set of 

maintenance elements (open rectangle in Figure 1B) (Maeda and Karch, 2006; Schwartz and 

Pirrotta, 2013; Steffen and Ringrose, 2014). The positional information provided by 

maternal and zygotic transcription factors is present only transiently in the early embryo and 

when these factors disappear shortly after gastrulation, the activity state of the regulatory 

domains, and thus parasegment identity, is remembered by the maintenance elements (Struhl 

and Akam, 1985). The off state is maintained by Polycomb Response Elements (PREs) that 

function to recruit Polycomb group proteins (Bantignies et al., 2003; Busturia et al., 1997; 
Chan et al., 1994; Hagstrom et al., 1997; Mihaly et al., 1997; Müller and Bienz, 1991; 
Simon et al., 1993). These proteins provide an inheritable memory mechanism that keeps the 

domain in the off state as development proceeds. Trithorax group proteins are responsible 

for keeping an activated domain in the on state (Kassis and Brown, 2013; Schwartz and 

Pirrotta, 2013; Steffen and Ringrose, 2014). Sequences capable of recruiting Trithorax 

proteins (Trithorax Response Elements, TRE) and maintaining the active state are much less 

well defined; however, current studies suggest that they are embedded in, but are distinct 

from, the BX-C PREs (Steffen and Ringrose, 2014).

While the initiators and the maintenance elements are responsible for selecting and 

remembering, respectively, the activity state of the regulatory domain, the differentiation of 

parasegment-specific morphological traits depends upon a collection of spatial, tissue and 

stage-specific enhancers (Barges et al., 2000; Busturia and Bienz, 1993; Mihaly et al., 2006; 
Pirrotta et al., 1995; Simon et al., 1990). The enhancers in each regulatory domain direct the 

expression of one of the three BX-C homeotic genes in a spatio-temporal pattern that 

orchestrates the proper development of the parasegment. That parasegment differentiation 

depends upon these spatial, tissue and stage-specific enhancers and not the parasegment-

specific initiation element is illustrated by an experiment in which the iab-6 (PS11) initiator 

was replaced by the initiator from iab-5 (PS10) (Iampietro et al., 2010). In these flies, the 

combination of maternal and zygotic transcription factors in PS10 turns on the iab-5 initiator 

not only in the iab-5 domain but also in iab-6. The ectopically activated iab-6 regulatory 

domain enables the enhancers in the iab-6 domain to direct Abd-B expression in PS10 in a 

pattern appropriate for cells in PS11, not PS10, and as a result PS10 is transformed into a 

duplicate copy of PS11.
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Boundary elements mark the borders of the regulatory domains and ensure 

their functional independence

In order to properly specify parasegment identity, the initiators and maintenance elements in 

each of the BX-C regulatory domains must be able to function autonomously, without 

interference from initiators and maintenance elements in the neighboring regulatory domains 

(Celniker et al., 1990; Galloni et al., 1993; Gyurkovics et al., 1990; Karch et al., 1994; 
Lewis, 1978; McCall et al., 1994). Independence is conferred by special elements called 

chromatin domain boundaries or insulators that are located at the borders of the BX-C 

regulatory domains (Chetverina et al., 2014; Maeda and Karch, 2009, 2006). The known or 

suspected boundaries in BX-C include Fub-2, Fub-1, Fub, Fab-3, Fab-4, Mcp, Fab-6, Fab-7, 

Fab-8 and Abd-BI (see Figure 1A). Five of these boundaries, Fub, Mcp, Fab-6, Fab-7 and 

Fab-8, are defined by mutations that disrupt their function (Barges et al., 2000; Bender and 

Lucas, 2013; Celniker et al., 1990; Gyurkovics et al., 1990; Iampietro et al., 2010; Karch et 

al., 1994; Mihaly et al., 1997). With the exception of Fub, their ability to function as 

boundary elements or insulators in a heterologous context has been confirmed by a variety 

of transgene assays (Barges et al., 2000; Ciavatta et al., 2007; Gruzdeva et al., 2005; 
Hagstrom et al., 1996; Maksimenko et al., 2015, 2014; Pérez-Lluch et al., 2008; 
Schweinsberg et al., 2004; Schweinsberg and Schedl, 2004; Zhou et al., 1999, 1996). The 

remaining boundaries have been identified based on their association with known insulator 

proteins in ChIP experiments and in some cases by their activity in transgene assays 

(Holohan et al., 2007; Kyrchanova et al., 2011; Smith et al., 2009).

Mcp1 and Fab-71 were the first BX-C boundary mutations isolated (Celniker et al., 1990; 
Gyurkovics et al., 1990; Karch et al., 1994; Maeda and Karch, 2007; Mihaly et al., 1997; 
Sipos and Gyurkovics, 2005). Mcp marks the TARD border between the sets of regulatory 

domains that control the abd-A and Abd-B homeotic genes. The iab-4 regulatory domain is 

on the proximal side of the Mcp boundary, and it directs abd-A expression in PS9. iab-5 is 

on the distal side of the boundary and it regulates Abd-B in PS10. The Fab-7 boundary is 

located within the Abd-B TARD and it separates iab-6, which specifies PS11, and iab-7, 

which specifies PS12. The Mcp1 and Fab-71 deletions have a gain-of-function phenotype in 

which the parasegment specified by the regulatory domain proximal to the boundary, PS9 

for Mcp1 and PS11 for Fab-71, is transformed into a duplicate copy of the more posterior 

parasegment, PS10 for Mcp1 and PS12 for Fab-71. This gain-of-function phenotype is due to 

the misregulation of Abd-B in the affected parasegment. For example, in Fab-71, Abd-B 
expression in PS11 is controlled by the iab-7 regulatory domain rather than iab-6.

Subsequent studies on Fab-7 revealed that the original Fab-71 allele removes not only the 

Fab-7 boundary but also the nearby iab-7 PRE (Hagstrom et al., 1997; Mihaly et al., 1997; 
Mishra et al., 2001). Deletion of just the Fab-7 boundary results in a mixed gain- and loss-

of-function phenotypic transformation of PS11 (Mihaly et al., 1997). The mixed phenotype 

is thought to be due to a competition between the iab-6 and the iab-7 initiators in the fused 

regulatory domain (Mihaly et al., 1997). The gain-of-function phenotype is due to the 

activation of the iab-7 regulatory domain in PS11 by the iab-6 initiator. The loss-of-function 

phenotype (in which PS11 cells assume a PS10 identity) arises because the iab-7 initiator 
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inactivates the iab-6 regulatory domain and as a result Abd-B expression is regulated by 

iab-5. It is thought that the exclusively gain-of-function phenotype evident in the original 

Fab-71 mutation arises because the deletion also removes the iab-7 PRE, making it 

impossible to maintain the fused iab-6:iab-7 domain in the inactive state. As the iab-5 PRE 

is also deleted in the Mcp mutant, a similar mechanism may account for its gain-of-function 

phenotype. Mutations in the other BX-C boundaries (Fub, Fab-6 and Fab-8) have similar 

phenotypic effects (either gain-of-function, or mixed gain- and loss-of-function) on the 

affected parasegments (invariably the parasegment specified by the regulatory domain 

proximal to the mutant boundary).

In addition to blocking crosstalk between the adjacent regulatory domains, the BX-C 

boundaries have insulator functions that closely resemble boundary elements found 

elsewhere in the fly genome (Chetverina et al., 2014; Maeda and Karch, 2007). In transgene 

assays, the BX-C insulators can block enhancers from activating transcription, and prevent 

PREs from silencing transcription (Barges et al., 2000; Ciavatta et al., 2007; Gruzdeva et al., 

2005; Hagstrom et al., 1996; Maksimenko et al., 2015, 2014; Pérez-Lluch et al., 2008; 
Schweinsberg et al., 2004; Schweinsberg and Schedl, 2004; Smith et al., 2009; Zhou et al., 

1996). Like other insulators, the BX-C boundaries must be interposed between the 

enhancer/PRE silencer and the promoter of the reporter gene in order to block regulatory 

interactions. Moreover, the insulating activity detected in transgene assays is “constitutive”

—it is observed throughout development with no apparent tissue or cell type specificity. 

Though not their normal function in their endogenous context, the BX-C boundaries can 

also insulate reporters carried by transgenes that have been inserted into a BX-C regulatory 

domain from the action of enhancers and silencers in the adjacent regulatory domains 

(Bender and Hudson, 2000; Galloni et al., 1993; McCall et al., 1994; Mihaly et al., 1997). 

This protection is lost when the intervening boundary is removed.

The BX-C boundaries also resemble other insulator elements in their architectural activities

— insulator bypass and long-range interactions (Chetverina et al., 2014; Maeda and Karch, 

2007). Insulator bypass takes place when two copies of an insulator are placed between the 

regulatory element (enhancer/silencer) and a reporter gene (Cai and Shen, 2001; Muravyova 

et al. 2001; Kyrchanova and Georgiev, 2014). In the example shown in Figure 2A, when two 

copies of the Fab-8 boundary are placed on either side of a yellow reporter, they block an 

upstream enhancer from activating a yellow expression (Kyrchanova et al., 2007). However, 

the upstream enhancers are able to bypass the two Fab-8 boundaries and activate a white 
reporter located downstream of the distal Fab-8 boundary. It is thought that the two 

insulators pair with each other bringing sequences on the far sides of the two insulators in 

close proximity. Insulator bypass typically depends upon the relative orientation of the 

insulators with respect to each other and requires either two copies of the same insulator or 

the appropriately matched insulators that can pair with each other (Kyrchanova et al., 2011, 
2008a, 2007). If the orientation of one of the insulators is reversed, the insulators can still 

pair, but because of the topology of the loop that is formed, strong activation of the distant 

gene is not observed (Figure 2B). One of the known exceptions to this orientation 

dependence “rule” is Fab-7. Two Fab-7 insulators can mediate enhancer activation of the 

white reporter in the bypass assay independently of their relative orientation (Rodin et al., 

2007). The second architectural function is in long distance interactions. Both Mcp and 
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Fab-7 have been shown to mediate long distance regulatory interactions between transgenes 

inserted at great distances from each other (Bantignies et al., 2003; Li et al., 2011; Muller et 

al., 1999; Vazquez et al., 2006). These long distance regulatory interactions are dependent on 

the formation of stable and direct insulator:insulator physical connections. Long distance 

interactions have also been found for several non-BX-C boundaries, including the homie 
insulator from the even-skipped locus and the gypsy transposon su(Hw) insulator (Fujioka et 

al., 2013, 2009).

The boundary paradox

The positioning of the BX-C homeotic genes and their respective regulatory domains 

relative to the boundary elements that insulate each domain poses a regulatory paradox 

(Maeda and Karch, 2007). As illustrated for the Abd-B TARD in Figure 1B, three of the four 

Abd-B regulatory domains are located downstream of the Abd-Bm transcription unit. For 

each of these regulatory domains there is at least one boundary element located between it 

and the Abd-Bm promoter. For example, in PS10, the iab-5 regulatory domain drives Abd-
Bm expression; however, it is separated from its target promoter by three boundaries, Fab-6, 

Fab-7, and Fab-8 which might be expected to block regulatory interactions. A similar 

problem of intervening boundary elements exists for iab-6 and iab-7, as well as elsewhere in 

the BX-C. For example, iab-3 and iab-4, control abd-A expression in PS8 and PS9 (Figure 

1A). These domains are located upstream of the abd-A promoter and are separated from the 

abd-A promoter by either one boundary element (Fab-3 for iab-3) or two boundary elements 

(Fab-3 and Fab-4 for iab-4). A similar configuration of regulatory domains is present in the 

Ubx TARD. While the Ubx transcription unit is located within the abx/bx domain, the 

bxd/pbx regulatory domain is located upstream of the transcription unit and is separated 

from the Ubx promoter by the Fub-1 boundary element (see Figure 1A).

There are good reasons to believe that the presence of intervening boundary elements should 

disrupt interactions between the regulatory elements in the regulatory domains and their 

target promoters. To begin with, much of the early genetic analysis of the BX-C, and in 

particular the Ubx gene, relied on spontaneous mutations. A substantial fraction of these 

spontaneous mutations were gypsy transposon insertions into the Ubx region of the complex 

(Bender et al., 1983; Duncan, 1987; Peifer and Bender, 1986). bx mutations disrupt Ubx 
regulation in PS5, transforming the cells in this parasegment towards a PS4 identity. Seven 

of the ten spontaneous bx mutations have a gypsy transposon inserted within the Ubx 
transcription unit between the Ubx promoter and the abx enhancer (and bx PRE) (see Figure 

3). In these mutants, the su(Hw) insulator carried by the gypsy transposon blocks the abx 
enhancer from activating a Ubx expression in PS5. The disruption of Ubx expression by the 

bx gypsy insertions can be suppressed by mutations in the su(Hw) gene or by excising the 

su(Hw) insulator. Similarly, gypsy transposons inserted into the bxd/pbx region block the 

enhancers in this upstream regulatory domain from activating the Ubx expression in PS6, 

transforming the parasegment towards a PS5 identity (Figure 3).

The effects of “ectopic” insulator elements, carried by transposons, on the functioning of the 

Ubx TARD have been duplicated in the Abd-B TARD in boundary replacement experiments. 

In these experiments, the Fab-7 boundary was replaced either by the gypsy transposon 
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su(Hw) insulator, or the scs insulator from the 87A7 heat shock locus (Hogga et al., 2001; 
Hogga and Karch, 2002). Both of these boundaries were able to recapitulate the insulating 

activity of Fab-7 and block crosstalk between the iab-6 and iab-7 regulatory domains. 

However, they also disrupted Abd-B regulation in a complicated way. In both replacements, 

segment A6 (PS11) in the adult cuticle is transformed into a duplicate copy of A5 (PS10). 

This would imply that iab-5 is regulating Abd-B expression in both PS10 and PS11. 

Surprisingly, however, Abd-B protein doesn’t seem to be expressed in the embryonic 

epidermis in either PS11 or PS10. This would imply that the su(Hw) and scs boundaries not 

only prevent iab-6 from regulating Abd-B in PS11, but also block the more proximal 

domain, iab-5, from regulating Abd-B. The fact that both PS10 and PS11 develop with a 

PS10 (A5)-like identity even though Abd-B isn’t expressed in these parasegments is thought 

to be due to an unusual property of iab-5. In chromosomal rearrangements that separate 

iab-5 and iab-6 from Abd-B, iab-5 is able to induce a pattern of abd-A expression 

appropriate for specifying PS10 identity (Hogga et al., 2001). This is not the only 

unexpected observation. While the su(Hw) element has insulator activity in the epidermis, 

this activity is lost in the CNS. Abd-B expression in PS10 in the CNS resembles wild type, 

while in PS11 the pattern resembles that in PS12. In the former case, su(Hw) is not able to 

block iab-5 from regulating Abd-B, while in the latter case, it is unable to prevent crosstalk 

between iab-6 and iab-7.

While heterologous insulators disrupt critical regulatory interactions when inserted into BX-

C regulatory domains, the endogenous boundaries do not. Instead, they are permissive for 

contacts between active regulatory domains and their regulatory targets. There are reasons to 

believe that this phenomenon is not unique to the regulatory domains of the Drosophila BX-

C. Hi-C experiments have defined the topologically associated domains (TADs) in which 

interactions between regulatory elements and genes are seemingly able to bypass (putative) 

intervening insulators (Ciabrelli and Cavalli, 2015; Dixon et al., 2012; Ghavi-Helm et al., 

2014; Hou et al., 2012; Sexton et al., 2012; Zhang et al., 2013). Thus, understanding how 

this might occur in a context in which the key regulatory interactions are well defined should 

help to illuminate how the topology of the chromatin fiber can be manipulated to impact 

gene regulation.

Opening the gate: Sequential domain activation and insulator inactivation

One model couples insulator activity to the successive activation of the BX-C regulatory 

domains moving from anterior to posterior parasegments (c.f., Peifer et al., 1987). In PS5, 

only the most proximal BX-C regulatory domain, abx/bx, is activated, while all of the other 

domains are turned-off. Fub-1, which defines the distal endpoint of the abx/bx regulatory 

domain, is functional and it prevents the inactive bxd/pbx regulatory domain from 

interfering with Ubx regulation by the abx/bx enhancers (Figure 4). In these PS5 cells all of 

the more distal regulatory domains are off and the insulators are fully functional. In the 

adjacent more posterior parasegment, PS6, the proximal abx/bx and the PS6 specific 

regulatory domain bxd/pbx are both activated, while all of the more distal BX-C regulatory 

domains are in the off state. Ubx expression in these PS6 cells is directed by the bxd/pbx 
domain. However, this requires the neutralization of the intervening Fub-1 insulator so that 

the spatial/tissue/stage-specific regulatory elements in bxd/pbx can interact with the Ubx 
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promoter (Figure 4). By contrast, the boundary that defines the distal edge of bxd/pbx, Fub, 

must remain active in this model in PS6 cells so that it can block crosstalk with the adjacent 

iab-2 domain. Consistent with this idea, when the Fub boundary is deleted the bxd/pbx 
initiators activate iab-2 inappropriately in PS6 (Bender and Lucas, 2013). A similar scenario 

would apply for the sequential activation of the three abd-A regulatory domains (Figure 4). 

In PS7, three regulatory domains would be opened and activated, abx/bx, bxd/pbx, and 

iab-2, while the remaining regulatory domains would be shut down. The activation of iab-2 
would be accompanied by the neutralization of the Fub boundary; however, the Fab-3 
boundary on the distal side of iab-2 would need to remain active in order to prevent crosstalk 

with the silenced iab-3 regulatory domain. Regulation of abd-A by iab-3 in PS8, and by 

iab-4 in PS9 would require the sequential inactivation of the intervening boundaries. In PS8, 

Fab-3 would be neutralized so that the iab-3 regulatory domain could control abd-A 
expression, while Fab-4 would remain active to insulate iab-3 from iab-4. In PS9, both the 

Fab-3 and Fab-4 would be neutralized so that the iab-4 regulatory domain can interact with 

the abd-A promoter.

The open-gate model requires a parasegment-specific regulation of the insulator activity. 

Since transgene assays indicate that BX-C boundaries are active irrespective of the 

parasegment, tissue or developmental stage, parasegment specificity can’t be an intrinsic 

property of the BX-C boundary elements (Maeda and Karch, 2007; Chetverina et al., 2014). 

Rather, there would have to be a mechanism that couples the sequential activation of each 

BX-C regulatory domain by the parasegment-specific initiator with the neutralization of the 

boundary element on the centromere proximal side of that domain (Peifer et al., 1987). In 

fact, a mechanism of this sort exists for coordinating the activation of the initiator element in 

a regulatory domain with the inactivation of the PRE (Bowman et al., 2014). However, 

unlike the BX-C PREs, which are thought to be functionally equivalent and compatible with 

all of the BX-C initiators, there also must be a precise matching of initiator and boundary, as 

the initiator must not be able to neutralize the boundary on the distal side of the domain (or 

any other more distal boundaries). In this case, the constitutive activity of BX-C boundary 

elements in transgene assays would be explained by the failure to include the matching 

parasegment-specific initiator in the reporter construct. Likewise, since heterologous 

boundaries, like su(Hw) and scs, are not neutralized in the appropriate fashion (see above), 

they would presumably lack the elements that mediate initiator-dependent regulation of 

boundary activity.

While the open-gate model fits nicely with the sequential proximal-to-distal activation of the 

Ubx and abd-A regulatory domains in successive parasegments, it doesn’t explain how 

insulator activity is neutralized in the Abd-B TARD. Like the Ubx and abd-A TARDs, the 

Abd-B regulatory domains are sequentially activated in a proximal-to-distal order in 

successively more posterior parasegments. However, since all four of the Abd-B regulatory 

domains are downstream (centromere proximal) of the Abd-Bm promoter (Figure 1B), only 

one domain, iab-8, does not have a boundary element between it and the promoter. In fact, in 

PS10 where iab-5 is turned on, there would be three functional boundary elements, Fab-6, 

Fab-7, and Fab-8, interposed between it and the Abd-Bm promoter (Figure 1B). The open-

gate model also doesn’t explain the results of an initiator swap experiment, in which the 

iab-6 initiator in the iab-6 regulatory domain is replaced by the initiator element from iab-5 
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(Iampietro et al., 2010). If inactivation of the boundary element on the proximal side of the 

regulatory domain is a critical function for the initiator element (as is postulated in the open-

gate model) then the neutralization target for the iab-5 initiator would be Mcp. On the other 

hand, it should not be able to neutralize the distal boundary element Fab-6. However, the 

gain-of-function phenotype of the iab-5 replacement would require a change in insulator 

matching specificity when the initiator is placed in the iab-6 regulatory domain as it would 

have to neutralize the Fab-6, not the Mcp boundary element.

Insulator bypass by matched boundaries

A second model attributes the permissiveness of boundary elements in BX-C to insulator 

bypass (Cai and Shen, 2001; Muravyova et al., 2001; Kyrchanova et al 2011). In this model, 

the BX-C boundaries would have two distinct functions. The first is to prevent adventitious 

interactions between adjacent regulatory domains. The second is an architectural function 

that brings active regulatory domains into close proximity with their target homeotic genes 

(Cai and Shen, 2001; Muravyova et al., 2001). Unlike the open-gate model, which ascribes 

special regulatory properties to the boundary elements from the BX-C, the blocking and 

architectural activities of the BX-C boundaries would be essentially the same as those of 

boundary elements found elsewhere in the fly genome.

The architectural functions evident in the bypass assay are (like enhancer blocking activity) 

non-autonomous and require that the interacting partners be appropriately matched. The 

“ideal” matching pair appears to be two copies of the same boundary element, e.g., su(Hw), 
scs, Mcp, Fab-7 or Fab-8. In contrast, heterologous boundary combinations, e.g., su(Hw) 
with scs or Mcp with su(Hw) often don’t function or function only poorly in the bypass 

assay (Kuhn et al., 2003; Kyrchanova et al., 2008a, 2007; Majumder and Cai, 2003; 
Maksimenko et al., 2008). This incompatibility likely arises because the boundaries utilize 

different sets and arrangements of proteins, and this generates a high degree of specificity in 

the matching process. Consistent with this idea, multimerized binding sites for either the 

Su(Hw) or the Zw5 (scs) proteins support bypass, while pairing multimerized Su(Hw) 

binding sites with multimerized Zw5 binding sites doesn’t support bypass (Kyrchanova et 

al., 2008a). On the other hand, bypass is observed when a composite Zw5/Su(Hw) multimer 

is paired with itself in the correct (opposite) orientation.

The bypass model makes two predictions. The first is that boundaries from the BX-C will 

form compatible matching pairs, while heterologous boundaries (e.g., su(Hw) and scs) from 

elsewhere in the genome will not generally be compatible with BX-C boundaries. Bypass 

assays indicate that the first prediction is correct. Pairwise combinations of Fab-3, Fab-4, 

Mcp, Fab-6, and Fab-8 with themselves and with each other indicate that all of these 

boundaries form matching pairs that are able to mediate the bypass (Kyrchanova et al., 2011, 
2008b). One reason they might do so is that they all utilize the insulator protein dCTCF 

(Holohan et al., 2007; Kyrchanova et al., 2011; Moon et al., 2005; Moshkovich et al., 2011; 
Smith et al., 2009). The exception in this group is Fab-7. Unlike the other insulators, it 

doesn’t bind the dCTCF protein (Holohan et al., 2007). Moreover, it is selective in its 

interactions with other BX-C boundaries. Bypass is observed for Fab-7 in combination with 

either of the two other boundaries that are also part of the Abd-B TARD, Fab-6 and Fab-8, 
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while bypass is not observed for Fab-3, Fab-4, and Mcp (Kyrchanova et al., 2011). Fab-3 
and Fab-4 are included in the abd-A TARD, while Mcp separates the abd-A TARD from the 

Abd-B TARD.

The second prediction is that there must be mechanisms that help direct the individual 

regulatory domains to their appropriate homeotic gene targets. One of these would 

presumably be the pairing specificity exhibited by the Fab-7 boundary. Another, likely more 

important mechanism could involve interactions between the boundaries that comprise each 

BX-C TARD and sequences in the vicinity of the promoter of the corresponding homeotic 

gene. Such interactions have been observed within the Abd-B TARD. The region upstream 

of the Abd-Bm promoter (Abd-BI in Figure 1) binds several known insulator proteins 

including dCTCF and in bypass assays behaves like a boundary element (Kyrchanova et al., 

2011, 2008b). Moreover, like Fab-7, Abd-BI is specific in its interactions with other BX-C 

boundaries. Thus, bypass is observed when it is paired with Fab-6, Fab-7, and Fab-8, which 

are all part of the Abd-B TARD. In contrast, bypass is not observed when the Abd-BI 
element is paired with boundaries from the abd-A TARD.

While this model would seemingly account for both the bypass of insulators and the 

specificity in regulatory domain:BX-C homeotic gene interactions, there are a number of 

findings that don’t seem to fit. The first is the apparent failure of the Fab-8 boundary to fully 

substitute for Fab-7 (Iampietro et al., 2008). Like Fab-7, the Fab-8 replacement boundary 

blocks adventitious regulatory interactions between iab-6 and iab-7. However, the Fab-8 
replacement is not permissive for regulatory interactions between iab-6 and the Abd-Bm 
promoter and PS11 is transformed into a duplicate copy of PS10. Unlike the gypsy and scs 
replacements discussed above, Abd-Bm is expressed in a PS10 like pattern in both PS10 and 

PS11 indicating that iab-5:Abd-Bm interactions are not disrupted. While these results would 

be inconsistent with the expectations of the bypass model, there is a plausible explanation 

why the Fab-8 replacement failed to support bypass. The Fab-8 sequence used in the 

replacement experiment lack sequences from the proximal side of the Fab-8 boundary. The 

missing sequences include a promoter targeting sequence called the “PTS” (Lin et al., 2007, 
2004, 2003; Zhou and Levine, 1999). This sequence appears to be an integral part of the 

intact Fab-8 boundary element. When the PTS sequence is deleted from the Fab-8 boundary, 

pairing interactions with the Abd-BI element are lost (Kyrchanova et al., 2011, 2008b). The 

PTS sequence is not, however, sufficient for pairing with Abd-BI on its own as an intact 

boundary element is required for the Fab-8:Abd-BI bypass.

A second finding that is inconsistent with the predictions of the bypass model comes from 

experiments in which a bacterial Dam methylase-Gal4 fusion protein was tethered via Gal4 

DNA binding sequences to the (centromere) proximal side of the Fab-7 boundary (Cléard et 

al., 2006). As expected, the tethered Dam methylase modified GATC sequences in close 

proximity to the multimerized Gal4 binding sequences. Consistent with the predictions of 

the bypass model, a peak of GATC methylation was also observed in the Abd-BI element. 

Also as predicted, this methylation is dependent upon the presence of the Fab-7 boundary 

element. When the boundary was deleted, the methylation peak in the Abd-BI element 

disappeared. However, contrary to the expectations of the bypass model the frequency of 

methylation of GATC sequences in Abd-BI was also inversely dependent upon the 
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transcriptional activity of the Abd-Bm promoter. The methylation frequency was highest in 

adult heads, where the entire BX-C is shut off. In contrast, in the adult abdomen where Abd-
Bm is actively transcribed and contact would be predicted in the bypass model, the extent of 

methylation of GATC sequences in Abd-BI was not much different from the background 

levels observed when the Fab-7 boundary was deleted.

Induction of new architectural elements

The Dam methylation experiments indicate that the topological configuration of boundary 

and regulatory elements in BX-C varies depending on transcriptional activity (Cléard et al., 

2006). In the inactive state the Fab-7 boundary is in close proximity with the Abd-BI 
insulator-like element upstream of the Abd-Bm promoter. Presumably this is also true for the 

Fab-6 and Fab-8 boundaries. However, in tissues in which the Abd-B promoter is turned on 

this topological configuration is altered, presumably in a manner that enables the enhancers 

in the distal-most active regulatory domain to contact and regulate the Abd-Bm promoter. 

For example, in PS12, three regulatory domains, iab-5, iab-6, and iab-7 are turned on; 

however, since Abd-B expression in this parasegment is controlled by iab-7, the regulatory 

elements in this domain must be brought into proximity with the Abd-Bm promoter. One 

mechanism that would generate a parasegment-specific change in the topological 

configuration of the Abd-B TARD would be to induce a new architectural element in the 

iab-7 domain when this domain is activated in PS12. This architectural element would 

interact with Abd-BI, presumably displacing Fab-7 (as well as the architectural elements in 

the more proximal regulatory domains, iab-6 and iab-5) and bring the iab-7 enhancers in 

close proximity to the Abd-Bm promoter. In this “topological reconfiguration” model, 

equivalent parasegmentally regulated architectural elements would be present in the other 

Abd-B TARD regulatory domains, as well as in the regulatory domains controlling Ubx and 

abd-A expression.

Although parasegment-specific architectural elements have not been identified in iab-7 or in 

any other Abd-B regulatory domain, an element of this type has been found in the Ubx 
regulatory domain abx/bx. This developmentally regulated architectural element is located 

30 kb downstream of the Ubx promoter, and just upstream of the enhancers and other 

regulatory elements in abx that control Ubx expression in PS5 (Figure 6). The element is 

marked by a tissue specific site for the dCTCF insulator protein (Magbanua et al., 2015). 

dCTCF is not bound to the architectural element in tissues (the first thoracic leg imaginal 

disc) in which the Ubx gene is not expressed. It is, however, bound in tissues where the Ubx 
gene is active (the third thoracic leg imaginal disc). Moreover, dCTCF binding to the 

architectural element is correlated with a change in the topology of the abx/bx regulatory 

domain. In tissues where Ubx is turned off, the regulated architectural element shows little 

association with the Ubx promoter (Figure 6). However, in tissues where the Ubx gene is 

turned on, the architectural element is in close proximity to the Ubx promoter. In addition to 

interacting with the Ubx promoter, the regulated architectural element also interacts with 

sequences in the abx enhancer. Moreover, this interaction is also tissue specific and seen 

only in tissues in which the Ubx promoter is active. These findings would suggest a model in 

which contacts between the abx enhancer and the Ubx promoter in T3 are facilitated by the 

activation of the dCTCF architectural element. Further support for a model of this type 
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comes from an analysis of one of the bx mutations induced by the insertion of a gypsy 
transposon. The transposon insertion is located between the abx enhancers and the 

developmentally regulated dCTCF architectural element. While the transposon doesn’t 

interfere with interactions between the architectural element and the Ubx promoter or with 

dCTCF binding, it appears to destabilize interactions between the architectural element and 

the abx enhancers.

Conclusion

The recent discovery of TADs has revealed the global domain organization of the genome 

and has emphasized the general role of boundaries in genome architecture (Dixon et al. 

2012; Sexton et al. 2012). However, how boundaries function to organize genome topology 

remains unclear. Insights into boundary function are likely to come from both genome-wide 

studies of chromatin architecture and the in-depth analysis of specific genomic loci. In 

particular, the BX-C in Drosophila has contributed greatly to our understanding of the role 

of boundaries in the organization of functional regulatory domains and in this review we 

have presented our current understanding of how these elements function in the context BX-

C. It is clear that many aspects remain unresolved and we have focused on the striking 

paradox that the organization of homeotic genes and regulatory domains in BX-C places 

boundaries/insulators in between regulatory domains (specifically their enhancers/silencers) 

and their target promoters. Yet, while boundary elements block adventitious interactions 

between adjacent regulatory domains, they do not prevent the regulatory domains from 

interacting with their target promoters. This paradox points to the intriguing possibility of a 

topological code that we have yet to decipher. We have outlined three models that have been 

proposed to explain this paradox, the open-gate model, the bypass model and the 

architectural element induction model, however none of these currently appear able to 

satisfactorily explain all the experimental results. Indeed, each model highlights specific 

areas that require further investigation.

First, the open-gate model requires a regulatory interaction between the parasegment 

specific initiator (either direct or indirect) and one of the two boundaries that bracket the 

regulatory domain. However, how the insulator activity of a boundary might be switched off 

in one parasegment, but remain on in neighboring parasegments is unknown. Nor is obvious 

how only one of the boundaries in the domain might be targeted for inactivation. It is 

striking that boundaries and PREs are often positioned close together in the BX-C. Perhaps 

being juxataposed with a Polycomb-silenced chromatin may affect the enhancer-blocking 

function of the insulators. Indeed, there are examples in vertebrates of chromatin effects on 

the insulator function (Lefevre et al. 2008; Kanduri et al. 2000). Post-translational 

modification of CTCF has been reported and the sumoylation of CTCF has been linked to 

the SUMO-E3 ligase activity of the Polycomb group protein Pc2 (MacPerson et al., 2009).

Second, the bypass model is based on transgene assays for boundary pairing that reveal a 

language of boundary element communication that we do not yet understand. Both the 

specificity of boundary pairing in insulator bypass assays and genomic data on insulator 

protein occupancy at boundaries indicate that different boundaries have distinct properties. 

We need to understand more about how boundary diversity impacts function. What 
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determines the specificity and orientation of boundary interactions? How does orientation 

affect influence regulatory interactions. Also, these relationships may be dependent on the 

specific architecture within the BX-C and more approaches that investigate insulator 

function within the endogenous context are required; such analysis will be facilitated by 

CRISPR genome editing as in the recent study on the role of CTCF sites at the mouse HoxA 

locus (Narendra et al., 2015).

Third, the architectural element induction model suggests that we need to know more about 

the modulation of insulator function. The BX-C presents a powerful system for the analysis 

of how the functioning of architectural elements might be modulated as the parasegmental 

activity of the complex provides a set of distinct states for comparison. However, it has been 

difficult to access parasegment-specific tissue for analysis. Recently, an approach has been 

developed through the parasegment-specific expression of a fluorescently tagged nuclear 

protein that enables the preparation of tissue from individual parasegments by the isolation 

of fluorescent nuclei in a fluorescence-activated cell sorter (Bowman et al., 2014). This 

procedure opens up the potential for the comparative molecular analysis of insulator 

complexes across the different parasegmental regulatory states, enabling systematic study of 

how insulator complexes may be modulated through the effects on the binding of individual 

components, the composition of complexes and the post-transcriptional modification of the 

insulator complex components.

Overall, the boundary paradox in the BX-C highlights the importance of chromatin topology 

in gene regulation and presents the BX-C as a powerful system to further investigate the 

molecular mechanisms and topological grammar that underlie the regulatory architecture of 

the genome.
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HIGHLIGHT

- Boundary elements ensure the functional autonomy of BX-C 

regulatory domains.

- Boundaries function by blocking regulatory interactions.

- BX-C regulatory domains are separated from their target genes 

by boundaries.

- Regulation of target gene transcription requires a bypass 

mechanism.

- We discuss several possible mechanisms for boundary bypass.
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Figure 1. The Bithorax Complex
(A) Map and coordinates of the BX-C are taken from the FlyBase genome browser D. 
melanogaster (R6.04). Multicolored boxes above illustrate the embryo parasegments (PS) 

corresponding to the segments of the adult fly. The same color brackets indicate localization 

of regulatory domains that control expression of the BX-C genes Ubx, abd-A, and Abd-B 
(shown as black horizontal arrows). Abd-B has different promoters designated as m and r. 

The expression patterns of each BX-C gene are shown and the colored bar indicates the 

regulatory domains according to Maeda and Karch (2006) (darker shades of color indicate 

higher expression levels). The Ubx, abd-A, and Abd-B regulatory domains are organized 

into the three transcriptionally associated regulatory domains (TARDs), and the three 

TARDs are designated by yellow, blue, and green brackets, respectively. Insulators identified 

in BX-C in ChIP experiments are shown as upward arrows: red – for those that are bound by 
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dCTCF and blue – for the one CTCF-independent insulator, Fab-7. Insulators whose identity 

has been confirmed by mutations or functional assays are underlined and labeled by color 

font. Insulators identified only on the basis of ChIP experiments are labeled with black font. 

Abd-BI (AB-I) is an insulator-like element located upstream of the Abd-Bm promoter. In 

addition to being associated with known insulator proteins, it functions in bypass assays with 

other boundaries from the Abd-B TARD (Kyrchanova et al., 2011). The Fub-2 insulator is 

located downstream of the Ubx transcription unit and is identified on the basis of its 

association with known insulator proteins. (B) A model for the sequential activation of BX-

C regulatory domains going from more anterior to more posterior parasegments (Peifer et 

al., 1987; Mihaly et al., 2006; Bowman et al., 2014). The model shows the sequential 

activation of the regulatory domains in the Abd-B TARD. Stars symbolize initiators, the 

ovals – tissue specific enhancers (for simplicity only one enhancer is shown; however, there 

may be several stage/tissue specific enhancers in each domain). Activation of successive 

initiators by position dependent gap and pair rule genes is indicated by the green (light, 

intermediate and dark) parasegment “position signals.” Each domain has a maintenance 

element (rectangles on the left side of the regulatory domain). These maintenance elements 

can be set in the repressive state by the parasegment-specific initiation. In this case the 

Polycomb complexes assemble on the maintenance element (grey rectangles) and silence the 

domain (indicated by light grey “repressive chromatin” across the domain). Alternatively, 

the maintenance elements can be set in the active state (pink rectangles). In this case, TrxG 

proteins bind to the maintenance element (pink rectangles) and keep the domain in an active 

state. In the active state the various enhancers in the domain can regulate the target Abd-B 
promoter. Domains are insulated from each other by boundary elements (upward arrows).
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Figure 2. Insulator-insulator interactions and insulator bypass
This diagram illustrates a transgene assay for insulator bypass. The enhancer is shown as a 

red circle. The two reporter genes in the transgene are indicated by yellow and grey lines 

with arrowheads. The two insulators in the transgene are indicated by thick green arrows, 

while the factors that associate with the insulators and mediate pairing interactions are 

indicated by colored circles and boxes. Note that the orientation of the insulators in A and B 

is different. The insulators in A are arranged in opposite orientations, while the insulators in 

B are in the same orientation. Interactions between insulators in the A and B transgenes 
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generate loops with different topological configurations. (A) Head-to tail pairing of 

insulators in the opposite orientation configures the intervening loop in a manner that brings 

the enhancer (red circle) into a close proximity to the promoter driving expression of the 

grey reporter. Activation of the grey reporter is illustrated by the change in color to red. (B) 

In this transgene, head-to-tail pairing of insulators in the same orientation generates a loop in 

which the enhancer is far from the promoter of the grey reporter. In this case, the enhancer 

doesn’t activate the reporter expression. Note that in both the A and B configurations, the 

yellow reporter is not activated by the upstream enhancer.

Kyrchanova et al. Page 23

Mech Dev. Author manuscript; available in PMC 2016 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. gypsy transposon insertions in the Ubx region of BX-C
This figure shows a map of the Ubx region of BX-C and includes the Ubx transcription unit 

and the two Ubx regulatory domains, abx/bx and bxd/pbx. The numbered line represents the 

BX-C DNA walk in kilobases from its starting point as in Bender et al., 1983a. Triangles 

indicate the sites of insertion of mutations that are associated with gypsy transposon 

insertions. Vertical small yellow ovals designate enhancers, blue rectangles – PRE elements.
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Figure 4. The open-gate model
This figure shows the coupling of insulator inactivation with the successive activation of 

BX-C regulatory domains going from anterior to posterior parasegments. The top track 

shows the Ubx and abd-A genes and their associated regulatory domains with coordinates 

according to Martin et al., 1995. Enhancers are designated as ovals with different shades: 

yellow and dark-yellow represent enhancers in abx/bx and bxd/pbx, respectively, that direct 

Ubx expression in PS5 and PS6; pale-blue, blue and deep blue represent enhancers in iab-2, 

iab-3, and iab-4, respectively, that direct abd-A expression in PS7-9. The location of 
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insulators between the regulatory domains is indicated by arrows. Active insulators in each 

parasegment are shown by arrows that are colored red, while insulators that have been 

neutralized are indicated by unfilled black arrows. Small grey circles designate repressive 

chromatin status.
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Figure 5. The insulator bypass model
This figure depicts insulator bypass in the Abd-B TARD. The top track shows the four 

regulatory domains in the Abd-B TARD and Abd-Bm promoter. Insulators are shown as 

vertical rectangles with the same color as the enhancers (ovals) whose function they 

facilitate. In PS10, where the iab-5 regulatory domain is active, the Fab-6 insulator interacts 

with the insulator-like element, Abd-BI (AB-I), located upstream of the Abd-Bm promoter. 

This brings iab-5 enhancers to the promoter. In PS11, interactions between the Fab-7 
insulator and Abd-BI brings the iab-6 enhancers to the Abd-Bm promoter. Insulators of 

active domains are marked by red, and insulators that interact with Abd-BI marked by bold. 

The blue zone symbolizes the repressive domain. All elements outside of the blue zone are 

active.
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Figure 6. The parasegment-specific architectural element in abx/bx
The top track shows the map of the Ubx regulatory domain with coordinates according to 
Martin et al., 1995. dCTCF binding sites are marked as red upward arrows. The 

parasegmentally regulated dCTCF binding site is marked by an open arrow with an asterisk 

underneath; dCTCF does not bind to this site in PS3 where Ubx is turned off. However, in 

PS5 where the Ubx gene is turned on, dCTCF binds to the parasegmentally regulated site 

and can mediate interactions with architectural elements in a close proximity to the Ubx 
promoter. This interaction brings the abx enhancers in contact with the Ubx promoter.
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