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Summary Statement  

Boundaries separating Abd-B regulatory domains block crosstalk between domains and mediate 

their interactions with Abd-B. The latter function is location but not orientation dependent. 

 

ABSTRACT 

Expression of Abdominal-B (Abd-B) in abdominal segments A5 – A8 is controlled by four 

regulatory domains, iab-5 – iab-8. Each domain has an initiator element (which sets the activity 

state), elements that maintain this state and tissue-specific enhancers. To ensure their functional 

autonomy, each domain is bracketed by boundary elements (Mcp, Fab-7, Fab-7 and Fab-8). In 

addition to blocking crosstalk between adjacent regulatory domains, the Fab boundaries must also 

have bypass activity so the relevant regulatory domains can “jump over” intervening boundaries 

and activate the Abd-B promoter. In the studies reported here we have investigated the parameters 

governing bypass activity. We find that the bypass elements in the Fab-7 and Fab-8 boundaries 

must be located in the regulatory domain that is responsible for driving Abd-B expression. We 

suggest that bypass activity may also be subject to regulation.  

 

 

INTRODUCTION  

 

The mechanisms regulating gene expression in multicellular eukaryotes are intimately 

connected to the 3D organization of the genome. Chromosomes are subdivided into a series of 

looped domains called TADs (topologically associated domains) by special elements called 

boundaries or insulators [1–6]. In mammals, the main protein implicated in boundary function is 

the multi-zinc finger protein CTCF and in ChIP experiments it localizes to the endpoints of many 

mammalian TADs [7]. By way of contrast, in Drosophila more than a dozen proteins including 

not only CTCF (dCTCF), but also other several other multi-zinc finger proteins (Pita, M1BP, 

Zipic, Zw5, and Su(Hw)) have been shown to have boundary function and these proteins ChIP to 

sequences that define the endpoints of fly TADs [8–12].  

In addition to determining the 3D organization of chromosomes, boundary elements have 

genetic functions. When interposed between enhancers/silencers and genes they can block 

regulatory interactions [13–19].  As a consequence of this blocking activity, when chromosomal 

segments are flanked by boundary elements, they define units of independent genetic activity. In 

this case, enhancers/silencers and genes residing within the same TAD engage in regulatory 

interactions, while cross-TAD interactions are suppressed [20,21]. However, there are instances 

in which regulatory interactions must take place between enhancers/silencers in one insulated 

domain and genes located in another insulated domain. For example, the distant regulatory 

elements driving expression of HoxD13-HoxD10 gene cluster are separated from their target genes 
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by multiple sites for the CTCF boundary factor [22]. Similarly, the murine Sonic Hedgehog gene 

is regulated by multiple enhancers that spread over nearly a Mb (megabase) and span several TADs 

[23,24]. In both of these cases, the enhancers must bypass one or more boundary elements in order 

to interact with their target promoters. In addition to reaching over large distances and across 

multiple TADs, there must be mechanisms in place to ensure specificity, otherwise the enhancers 

could interact with the wrong genes. As is the case for these two vertebrate genes, the parasegment 

specific regulatory domains in the Drosophila melanogaster Bithorax complex must also be able 

to bypass one or more intervening boundary element in order regulate their gene targets. However, 

while little is currently known about the mechanisms or elements involved in mediating cross-

TAD regulatory interactions in vertebrates, the cis-acting elements and the trans-acting factors 

responsible for boundary bypass have been identified in flies.  

The three BX-C homeotic genes, Ultrabithorax (Ubx), abdominal-A (abd-A) and 

Abdominal-B (Abd-B) determine parasegment (segment) identity in the posterior 2/3rds of the fly, 

from parasegment PS5 to PS14 [25–30]. Specification of PS identity in PS5-PS13 depends upon 

nine parasegment specific regulatory domains that are responsible for directing the appropriate 

temporal and spatial pattern of expression of one of the homeotic genes (Fig 1A). The Ubx gene 

functions in the specification of PS5 (segment T3 in the adult cuticle) and PS6 (segment A1) and 

it is expression in these two parasegments is controlled by the abx/bx and pbx/bxd domains, 

respectively. Three domains, iab-2, iab-3 and iab-4 control abd-A expression in PS7(A2), PS8(A3) 

and PS9(A4). Finally, the iab-5, iab-6, iab-7 and iab-8 domains regulate Abd-B expression in 

PS10(A5), PS11(A6), PS12(A7), and PS13(A8) (Fig. 1A). 

Each regulatory domain has an initiator element that sets the activity state of the domain, 

on or off early in embryogenesis [27,28,31]. Initiators respond to the maternal, gap and pair-rule 

gene products that subdivide blastoderm stage embryos along the antero-posterior axis into 14 

parasegments [32–38]. For example, in PS11(A5), the iab-5 initiator turns on the iab-5 domain, 

while the adjacent iab-6 and other more distal (relative to centromere) domains remain in the off 

state. In PS11(A6), the initiator in iab-6 turns the domain on. While iab-5 is also active in PS11, 

iab-7 and iab-8 are off. The gene products responsible for setting the activity state of the BX-C 

domains disappear during gastrulation and different mechanisms are used to remember the activity 

state during the remainder of development. The off state is maintained by Polycomb group (PcG) 

silencing, while remembering the on state requires proteins in the trithorax (Trx) group [28,39–

41]. The regulatory domains also contain a series of tissue and stage specific enhancers which are 

responsible for driving the expression of their cognate homeotic gene in a pattern appropriate for 

the differentiation of the parasegment (segment) they specify [31,38]. 
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In order to specify PS identity, regulatory domains in BX-C must be functionally 

autonomous. Functionally autonomy is conferred by the boundary elements that flank each 

regulatory domain and are responsible for blocking crosstalk between regulatory elements in 

adjacent domains [13,14,17,19,42–46]. The genetic and developmental roles of the four 

boundaries in the Abd-B region of the complex, Mcp, Fab-6, Fab-7 and Fab-8, are among the most 

thoroughly studied and understood in multicellular eukaryotes. The centromere proximal boundary 

Mcp is located between iab-4 and iab-5 and it marks the border separating the regulatory domains 

for abd-A and Abd-B. Fab-6 is located between iab-5 and iab-6, Fab-7 between iab-6 and iab-7 

and Fab-8 between iab-7 and iab-8 (Fig. 1A). Deletion of one of these boundaries has a profound 

effect on development, resulting in a gain-of-function (GOF) transformation in parasegment 

identity. For example, when Fab-7 is deleted, the initiation element in iab-6 ectopically activates 

the iab-7 domain in PS11(A6) (Fig. 1B). As a result, iab-7 drives Abd-B expression not only in 

PS12/A7 but also in PS11/A6, transforming PS11/A6 into a copy of PS12/A7 [45]. Similar GOF 

transformations are observed for deletions of Mcp, Fab-6 and Fab-8 [13,35,43,47]. 

In addition to blocking crosstalk between adjacent regulatory domains, Fab-6, Fab-7 and 

Fab-8, but not Mcp, must also support long-distance regulation so that enhancers located in the 

iab-5, iab-6 and iab-7 domains can bypass the intervening boundaries and communicate with the 

Abd-B promoter [48–50]. The requirement for bypass activity is most clearly evident when the 

Fab-7 boundary is replaced by a heterologous fly boundary or multimerized binding sites for zinc 

finger proteins like dCTCF, Pita or Su(Hw). These foreign elements are typically able to prevent 

crosstalk between iab-6 and iab-7 and rescue the GOF transformation of PS11/A6 into PS12/A7. 

However, because they are unable to mediate boundary bypass, the iab-6 domain cannot activate 

Abd-B in PS11/A6 cells [49,51,52]. As a consequence, PS11/A6 is transformed towards a PS10/A5 

identity. Not surprisingly given its location separating the regulatory domains for abd-A and Abd-

B, the Mcp boundary is able to block crosstalk, but cannot support bypass [50]. 

In previous studies we found that Fab-7 and Fab-8 have sub-elements (Fig. 1C,D) that 

primarily (but not exclusively) function either as insulators and block crosstalk between adjacent 

domains or as bypass elements that mediate long distance regulatory interactions [49,53,54]. In 

the case of Fab-8, blocking activity is conferred by a 209 bp centromere distal fragment that 

contains two binding sites for CTCF. Bypass activity is conferred by a proximal 165 bp fragment 

[54] (Fig. 1C). In nuclear extracts this fragment is shifted by a large multiprotein complex called 

LBC that is thought to contain GAF, Mod(mdg4) and e(y)2, while ChIP experiments indicate that 

it is also bound by CLAMP [55]. The Fab-7 boundary spans four hypersensitive sites, HS*, HS1, 

HS2 and HS3; however, it is possible to reconstitute a fully functional boundary (blocking and 

bypass) by combining two 200 bp fragments corresponding to the distal half of HS1, dHS1, and 
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HS3 [49,53] (Fig. 1D). HS3 not only provides boundary activity, it also functions as a Polycomb 

Response Element, PRE [56,57]. Like the 165 bp Fab-8 fragment, dHS1 is shifted by the LBC in 

nuclear extracts [54,55]. While dHS1 is necessary for blocking crosstalk, it also has bypass 

activity. Fab-7 boundary activity can be fully reconstituted by combining dHS1 with multimerized 

bindings sites for the zinc finger proteins Pita, Su(Hw) or dCTCF [49]. For example, a 5× multimer 

of Pita (Pita×5) blocks crosstalk but does not support bypass; however, when combined with dHS1 

(dHS1+Pita×5) the artificial boundary fully rescues the Fab-7 deletion. Moreover, it would appear 

that bypass activity is an active process as the dHS1+Pita×5 combination induces a GOF 

transformation when used to replace the Mcp boundary [50]. As noted above, Mcp marks the 

border between the abd-A and Abd-B regulatory domains. When dHS1+Pita×5 is substituted for 

Mcp it induces the abd-A regulatory domain iab-4 to inappropriately activate Abd-B expression in 

PS9/A4. 

To better understand the functional requirements for bypass activity we used the Fab-7 

deletion, Fab-7attP50 [55] to manipulate elements conferring blocking and bypass activity. Our 

experiments indicate that the order of the bypass and blocking elements is important for full bypass 

activity. The bypass element must flank the domain, in this case iab-6, which requires bypass 

activity to activate Abd-B while block element flanks the adjacent, inactive domain, iab-7. When 

the order is reversed, blocking but not bypass activity is observed. 

 

RESULTS 

Orientation or order? 

In previous experiments we replaced the Fab-7 boundary with the neighboring Fab-8 

boundary [48]. When a minimal 337 bp Fab-8 element, F8 (Fig. 1C; Fig. 2A), was inserted in the 

forward orientation (the same as the endogenous Fab-8) it fully substituted for Fab-7: it blocked 

crosstalk between iab-6 and iab-7 and supported bypass activity, enabling iab-6 to regulate Abd-

B expression in PS10(A5) (Fig. 2B and 2C). On the hand, when F8 was inserted in the reverse 

orientation, F8R (Fig. 2A), it blocked crosstalk, but did not fully support bypass (Fig. 2B and 2C). 

In this case, PS11(A6) was partially transformed towards PS10(A5) because iab-6 is unable to 

properly regulate Abd-B in PS11. As can be seen in Fig. 2B, the morphology of the A6 segment in 

the F8 (forward) replacement resembles wild type (wt). In darkfield images, the trichome hairs on 

the A6 tergite are restricted to the anterior and ventral margins, while the sternite has a 

characteristic banana shape. In contrast, in the F8R replacement, there are ectopic trichome hairs 

on the dorsal side of the A6 tergite, while the A6 sternite has an abnormal shape (in between the 

banana shape of A6 and the quadrilateral shape of A5) and has several bristles. Consistent with 

these phenotypic effects in adult males, expression of Abd-B in PS11 in the embryonic CNS is 
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reduced compared to wt and absent in PS10 (Fig. 2C, Fig. S1 shows Abd-B plus Engrailed to 

indicate parasegment borders).  

Since pairing interactions between fly boundaries are typically orientation dependent 

[15,58], we previously suggested that the loss of bypass activity in the F8R replacement was likely 

a consequence of an altered loop topology. However, as noted above, Fab-8 blocking is mostly 

dependent on a centromere distal 209 bp fragment, F8209, (Fig. 2A), while a proximal 165 bp 

fragment, F8165 confers bypass activity [54]. The fact that blocking and bypass are largely 

mediated by two distinct DNA elements raised the possibility that it is their order rather than their 

orientation that is critical. To test this possibility, we generated two replacements. In the first, we 

inverted the F8165 and F8209 fragments, but kept their order with respect to Abd-B the same as the 

endogenous Fab-8 boundary (Fig. 2A: F8165R+F8209R). In the second we kept the endogenous 

orientation of F8165 and F8209, but reversed their order with respect to Abd-B (Fig. 2A: 

F8209+F8165). In this case, F8209 boarders the iab-6 domain, while F6165 is adjacent to the iab-7 

domain. 

Fig. 2B shows that it is the order of the bypass and blocking fragments, not their orientation 

that is important. The F8165R+F8209R replacement has a wt phenotype. The A6 sternite has the 

characteristic banana shape, while the trichome hairs on the tergite are restricted to the anterior 

and ventral edges. In contrast, F8209+ F8165 has blocking activity, but does not fully support bypass: 

the A6 sternite has an almost quadrilateral shape like in A5, while there are ectopic trichome hairs 

on the tergite. The phenotypic effects seen in the adult male A6 cuticle are recapitulated in the 

pattern of Abd-B expression in the embryonic CNS. Whereas F8165R+F8209R resembles wt or F8, 

the pattern of Abd-B expression in the CNS in F8209+F8165 is closer to that of F8R (Fig. 2C, Fig. 

S1). 

 

The blocking function F8209 can interfere with Fab-7 dependent bypass  

It seemed possible that the element conferring bypass in Fab-7 replacements might need 

to be next to the iab-6 domain in order to mediate interactions between iab-6 and Abd-B. To 

explore this possibility, we generated a composite boundary, F8209+F7, in which F8209 is next to 

the iab-6 domain (Fig. 3). We reasoned that since both F8209 and Fab-7 are in their normal forward 

orientations, the orientation of pairing interactions with elements (e.g., AB-I (Fig. 1A) [59]) 

upstream of the Abd-B promoter should not be affected. On the other hand, if the order of the 

elements with bypass and blocking activity is important, then the bypass activity of Fab-7 should 

be disrupted. 

F8209 alone suppresses the GOF transformation of the starting Fab-7 deletion platform Fab-

7attP50; however, it does not fully support bypass, resulting in a loss of function (LOF) 
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transformation of PS11 (A6) towards PS10 (A5) [48]. As shown in Fig. 3, the A6 tergite has 

ectopic trichome hairs, while the sternite is misshapen and has bristles. When F8209 is placed in 

front of a fully functional Fab-7 boundary it has the same effect; it interferes with the bypass 

activity of Fab-7. Much of the A6 tergite is covered in trichome hairs, while the LOF phenotype 

of the sternite becomes even more pronounced — it has a quadrilateral shape and is covered in 

bristles (Fig. 3). 

Fab-8 blocking activity requires the two dCTCF binding sites in the F8209 fragment [48]. 

If F8209 blocking is responsible for the loss of bypass activity in the F8209+F7 combination, one 

would expect that this defect might be partially ameliorated by introducing a mutation in the fly 

ctcf gene (GE24185) [60,61]. The GE24185 mutation in a wt Fab-7 background disrupts Abd-B 

expression (Fig. 3). As dCTCF is important for Mcp boundary activity, some GE24185 males have 

ectopic pigmentation in A4. This is also seen in the F8209+F7 GE24185 combination. There are 

also weak LOF transformations in A6 and A7. The A6 sternite has a wt banana shape, but has 

several bristles. While these phenotypes are evident in F8209+F7 GE24185 males, the bypass 

defects induced by F8209 are partially rescued. Instead of a quadrilateral shape, the A6 sternite has 

a banana shape, while the tergite is only partially covered in trichome hairs (much like GE24185 

alone).  

 

The gypsy su(Hw) insulator disrupts Fab-7 bypass activity 

The results in the previous sections suggest that relative order of elements with bypass and 

blocking activity is critical for activation of Abd-B by the iab-6 enhancers. If this is the case, then 

the bypass activity of F7 should be disrupted if entirely heterologous boundaries are placed 

between it and the iab-6 domain. To test this prediction, we used the gypsy Su(Hw) insulator (gy) 

in combination with F7 (Fig. 4A). Previous studies by Hogga et al. [51] showed that when Fab-7 

is replaced by gy it blocks iab-6:iab-7 crosstalk but does not support bypass (Fig. 4B). However, 

the effects of the gy replacement on the morphology of the adult cuticle and Abd-B expression in 

the embryonic CNS are somewhat different from that described above. In the adult male cuticle, 

the transformation of A6 into A5 is more complete than in either F8R and F8208. The A6 tergite is 

covered in trichome hairs, while the sternite has a quadrilateral shape just like A5 and is covered 

in bristles. In addition, the morphology of the A5 segment has features indicative of a 

transformation towards an A4 identity (Fig. 4B). There are patches of cuticle in the A5 tergite that 

lack pigmentation, while the trichome hairs are densely packed like the A4 tergite. On the other 

hand, Abd-B expression in PS11 in the embryonic CNS is elevated compared to wt, indicative of 

a GOF rather than an LOF transformation in parasegment identity. A similar result was reported 

by Hogga et al [51].  
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We generated two different combinations between Fab-7 and gy: F7+gy and gy+F7. In the 

former, the gypsy insulator is next to the iab-7 domain, while in the later the gypsy insulator is 

interposed between Fab-7 and the iab-6 domain. Fig. 4B shows that F7+gy combination for the 

most part supports bypass. With the exception of one or two bristles on the A6 sternite, the 

phenotype of F7+gy combination males is the same as wt. The trichomes on the A6 tergite are 

restricted to the anterior and ventral margins, while the sternite has the characteristic banana shape. 

Fab-7 also rescues the effects of gypsy in the embryonic CNS as F7+gy flies have expression 

pattern similar to wt. Consistent with the idea that order is important, the gy+F7 combination does 

not support iab-6 bypass and A6 resembles A5: the A6 sternite has multiple bristles and a 

quadrilateral shape while trichome hairs cover most of the A6 tergite. In addition, like gy alone, 

the trichomes hairs on the A5 tergite are densely packed as is typical of A4. Surprisingly, Abd-B 

expression in PS11 is suppressed in the gy+F7 combination so that it resembles the pattern 

normally observed in PS10 (Fig. 4C, Fig. S1). In this instance, expression in the embryonic CNS 

parallels the alterations in segment identity observed in adult males.  

 The effects of gy on Fab-7 bypass activity are expected to be due to the blocking activity 

of the gy insulator. To determine if this is the case, we introduced the su(Hw) mutation into the 

gy+F7 background. Fig. 4B shows that inactivation of su(Hw) fully rescues the bypass defects of 

gy+F7 in the adult male cuticle. 

 

Multimerized CTCF binding sites can also disrupt Fab-7 bypass activity 

These results argue that heterologous insulators can disrupt bypass activity when placed 

between the iab-6 domain and Fab-7. However, if the heterologous insulator is adjacent to the iab-

7 regulatory domain, bypass activity is retained. To confirm this conclusion, we tested a 

completely artificial boundary, CTCF×4, which consist of four dCTCF binding sites. CTCF×4 alone 

blocks crosstalk between iab-6 and iab-7, but does not allow the iab-6 domain to properly activate 

Abd-B in PS11/A6 [48]. The A6 tergite is almost completely covered in trichome hairs, while the 

sternite is somewhat misshapen and covered in bristles. Like the gy replacement, it also interferes 

with the functioning of the iab-5 domain in A5. The trichome hairs on the A5 tergite are densely 

packed like A4 and there are small patches of cuticle that lack pigmentation. The bypass defects 

seen for CTCF×4 in both A6 and A5 are rescued by F7+CTCF×4 combination: the morphology of 

A6 resembles wt (Fig. 4B). In contrast, F7 bypass activity is lost when CTCF×4 is placed between 

iab-6 and the F7. In this case the morphology of A6 resembles that seen with CTCF×4 alone. 

In the embryonic CNS, Abd-B expression in both PS10 and PS11 is reduced by CTCF×4 

alone (Fig. 4C, Fig. S1). For CTCF×4+F7 combination we observed a complete loss of Abd-B 

expression in both PS10 and PS11. Addition of Fab-7 before CTCF×4 (F7+CTCF×4) restored Abd-
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B expression in PS10. Whereas Abd-B expression in PS11 was still reduced compared to wt (Fig. 

4C).  

 

The bypass function of Fab-7 dHS1 is blocked by multimerized Pita sites 

As described in the Introduction, we found that the bypass defects of Pita×5 can be rescued 

when it is combine with the 242 bp Fab-7 dHS1 fragment (Fig. 1A, 5A) [49]. In these experiments 

dHS1 was placed next to the iab-6 domain, while Pita×5 bordered the iab-7 domain (Fig. 5A). 

According to the results in the previous sections, the bypass function of dHS1 should be disrupted 

when the order is reversed and Pita×5 is interposed between the iab-6 regulatory domain and dHS1. 

Fig. 5B shows that this prediction holds. In the Pita×5 replacement the A6 tergite is nearly covered 

in trichome hairs, while the sternite is misshapen and unlike wt has bristles. As was observed for 

both the gy and CTCF×4 replacements, there is also evidence of a LOF transformation of PS10/A5 

towards PS9/A4. While these LOF phenotypes are rescued in the dHS1+Pita×5 replacement and 

both A6 and A5 resemble wt, this is not true for the Pita×5+dHS1 combination: trichomes cover 

most of the A6 tergite while the trichomes in the A5 tergite are densely packed like A4. Though 

the Pita×5+dHS1 fails to rescue the LOF transformations of the A5 and A6 tergites, the A6 sternite 

has a banana-like shape but is covered in bristles. The bypass defects in Pita×5+dHS1 are not 

rescued by introducing a second Pita multimer (Pita×5+dHS1+Pita×5) in between dHS1 and the 

iab-7 regulatory domain. The phenotypes of the adult cuticle correlate with the pattern of 

expression of Abd-B in the embryonic CNS. Fig. 5C (Fig. S1) shows that Abd-B expression in 

PS11 and PS10 in dHS1+Pita×5 is similar to that of wt, while both the Pita×5+dHS1 and 

Pita×5+dHS1+Pita×5 combinations resemble Pita×5 in that there is only little Abd-B in PS11 while 

Abd-B expression appears to be absent in PS10. 

 

Multimerized Pita sites disrupt Fab-8 bypass activity 

To confirm that the position dependent effects of Pita×5 on bypass activity are not restricted 

to the Fab-7 dHS1, we generated two different Pita×5 combinations with Fab-8, F8+Pita×5 and 

Pita×5+F8 (Fig. 6A). In the former the Fab-8 bypass element is adjacent to iab-6, while in the 

latter Pita×5 is interposed between iab-6 and Fab-8. As was observed for the dHS1+Pita×5 

combination, the morphology of A6 in F8+Pita×5 males resembles wt, excluding a few bristles on 

sternite (Fig. 6B). However, when Pita×5 is placed between iab-6 and F8, bypass activity is lost 

and the morphology of A6 is the same as that of A5. The effects on cuticular differentiation seen 

in the adult are reflected in the pattern of Abd-B expression in the embryonic CNS. As shown in 

Fig. 6C (Fig. S1), Abd-B expression in PS11 and PS10 in F8 and F8+Pita×5 is the same as wt. In 
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contrast, in Pita×5+F8 and Pita×5 Abd-B expression in PS11 is substantially reduced and appears 

to be absent in PS10. 

 

DISCUSSION 

Distant interactions between enhancers/silencers and their regulatory targets are a common 

feature of gene regulation in complex multicellular organisms [21,62–65]. These interactions can 

occur over distances of kbs to Mbs and can span one or more intervening TADs together with their 

associated genes and boundaries. As boundaries normally restrict interactions to regulatory 

elements and genes in the same domain, the blocking activity of intervening boundaries must be 

bypassed. However, the bypass mechanism must also ensure specificity so that the looping 

enhancers/silencers do not impact the functioning of intervening TADs. One well studied context 

for analyzing long distance regulatory interactions that must circumvent intervening boundary 

elements is the Abd-B region of the Drosophila BX-C. Three of the Abd-B regulatory domains, 

iab-5, iab-6 and iab-7 are separated from the promoter Abd-B by three (Fab-6, Fab-7, Fab-8), two 

(Fab-7, Fab-8) or one (Fab-8) boundary element, respectively. For this reason, the Abd-B 

boundaries have two functions – they block crosstalk between neighboring regulatory domains, 

and at the same time actively facilitate long distance communication between the regulatory 

domains and their target, Abd-B [65]. This model is supported by the interaction between the Fab-

7 or Fab-8 boundaries and the Abd-B promoter region found in MicroC studies of embryos [66]. 

In previous Fab-7 replacement studies, we found that the orientation of the Fab-8 boundary 

affects interactions between iab-6 and Abd-B promoter. Communication is observed when the 

Fab-8 replacement is in the same orientation as the endogenous Fab-8 boundary; however, if the 

orientation of Fab-8 is reversed only blocking activity is observed [48]. Since we observed a 

similar orientation dependence between Fab-8 and the AB-I promoter element in transgene 

insulator bypass assays [59], we thought that a similar mechanism was at play in the Fab-7 

replacement assay. We subsequently discovered that Fab-8 consists of two elements: a 165 bp 

element, F8165, whose primary function is bypass, and a 209 bp element, F8209,  that functions as 

an insulator [54]. Here we show that the orientation of the F8165 and F8209 elements is not 

important; instead, their relative order matters. This requirement is not due to some special 

property of the F8165 bypass element as similar results are obtained for composite boundaries 

containing Fab-7 and different insulators (F8209, gy or CTCF×4). When Fab-7 flanks the iab-6 

domain (F7+gy or F7+CTCF×4) the composite boundary has both blocking and bypass activity. 

However, when the insulator elements are between the iab-6 domain and Fab-7 bypass activity is 

lost. We also tested Fab-7 dHS1 which has bypass activity when combined with multimerized 
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sites for the architectural protein Pita. As was observed for the Fab-8 bypass element,  dHS1 must 

be next to the iab-6 domain to mediate bypass. 

It is interesting to note that the effects of elements that have insulating activity on Abd-B 

regulation are not identical. The Fab-8 insulating element, F8209, induces a LOF transformation of 

PS11/A6 towards PS10/A5. However, in adult males the transformation is incomplete as both the 

tergite and the sternite retain A6-like features. In contrast, the CTCF×4, Pita×5 and gy replacements 

induce a more complete transformation of A6 into A5. In all three replacements the A6 tergite is 

mostly covered in trichomes. The sternite in CTCF×4. is misshapen and has bristles, while for both 

Pita×5 and gy the sternite is similar to A5. Moreover, all three of these boundaries also impact the 

development of the A5 segment. The trichomes on the A5 tergite are densely packed like those in 

the A4 tergite, and there are patches of unpigmented cuticle. These finding indicate that unlike 

F8209, these boundaries are able to interfere with iab-5 regulation of Abd-B. On the other hand, the 

bypass elements we tested were able to circumvent their blocking activity and restore normal 

morphology to both A5 and A6.   

In previous studies, we tested the ability of dHS1 to rescue the bypass defects of 

multimerized CTCF×4 and Su(Hw)×4 sites [49]. Like multimerized Pita×5 sites, both not only block 

iab-6 from regulating Abd-B in PS11/A6, but they also interfere with iab-5 regulation of Abd-B in 

PS10/A5. Also, like multimerized Pita×5 sites, these bypass defects can be rescued by the addition 

of dHS1. These findings would suggest that the bypass activity Fab-7 dHS1 (and likely also F8165) 

does not depend upon some special property of the insulator element that makes it permissive to 

bypass.  

While the studies reported here together with our previous work [49,50,54] indicate that 

the bypass elements in the Fab-7 and Fab-8 boundaries enable regulatory domains to “jump over” 

intervening boundaries and activate Abd-B, it remains unknown when and where these interactions 

take place. On the one hand, such interactions could be established as boundaries are assembled 

and TADs are formed during the early nuclear division cycles and then remain in place through 

the rest of development. On the other hand, these interactions might be coordinated with the 

activity state of the regulatory domain (Fig. 7A). In PS10/A5 and in more anterior 

parasegments/segments, the Fab-7 bypass element, dHS1, might be inactive and not mediate 

contacts between iab-6 and Abd-B. In contrast, in PS11/A6, where the iab-6 regulatory domain is 

active, the Fab-7 bypass element would be activated and function to bring the iab-6 enhancers into 

contact with the Abd-B gene. A connection between the activity state of the iab-6 domain and 

bypass activity could explain why the bypass elements needs to be next to the domain that is 

driving Abd-B expression and why it is unable to function when a boundary element is interposed 

between it and the active iab-6 domain (Fig. 7B,C). With respect to Abd-B regulation, the idea that 
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bypass activity is subject to regulation would seem to make sense. For one it would mean that 

distal active regulatory domains would not need to compete with more proximal PcG silenced 

domains for interactions with the Abd-B promoters. Additionally, domains that are off and subject 

to Polycomb silencing would not be brought into close proximity to the Abd-B promoter region 

where they could potentially inhibit expression.  

 An important question is whether there are other contexts which utilize “bypass” elements 

like those in the Abd-B region of BX-C to mediate long distance enhancer:promoter interactions. 

Eagen et al., 2017 [67] found that in developmental loci like engrailed-invected and the 

Antennapedia complex that contain two or more PREs, the PREs interact with each other, forming 

interaction dots in HiC experiments. More recent studies [66,68] showed that PREs in these loci 

function as enhancer-promoter “tethering elements.” By pairing with each other, they help to 

physically link distant enhancers to their target genes. For example, in the knirps locus, there are 

PREs located just upstream of the knirps (krp and knirps-like (knpl) genes (see double headed 

arrow in Fig. S2).  The PREs interact with each other and bring the two genes together in 3D space 

(see double headed arrow in Fig. S2). Deletion of the PRE upstream of the knrl gene eliminates 

the long-distance PRE-PRE contacts and also disrupts expression of the knr gene located some 70 

kb away. 

 Interestingly, the ChIP signatures (Fig. S2) of the tethering elements identified in [66,68] 

share features with those found in the Fab-7 bypass element, dHS1, and the Fab-8 bypass element 

F8165 (Fig. S3). Like the Fab-7 and Fab-8 bypass elements, GAF and CLAMP are found in most 

of the tethering elements. In the case of dHS1, we showed that its bypass activity is sensitive to 

reductions dose of both GAF (Trl) and CLAMP [49,54]. Since these ChIP signatures are found at 

sequences that are known to be bound by the LBC in embryonic nuclear extracts, it seems likely 

that the tethering elements identified by Levo et al., (2022) and Batut et al., (2022) [66,68] will 

also interact with the LBC in nuclear extracts.  In this case both inter- and intra-TAD enhancer-

promoter interactions maybe mediated by the LBC.  

 Boundary pairing interactions in flies are typically orientation dependent and this means 

that TADs can be either stem-loops or circle-loops [58]. The topology of the loop that is generated 

by boundary:boundary pairing is important as it can determine which elements 

(enhancers/silencers/promoters) are in close proximity to each other [15,58,69]. In this respect it 

is interesting that the bypass and blocking elements in the Fab-8 boundary can be reversed without 

disrupting bypass. One would have expected that inverting the two elements (but keeping the order 

the same) would switch the loop topology from the predicted circle-loop to a stem-loop and this 

would disrupt bypass activity as is observed in transgene assays [15,58,69]. Since bypass is still 

observed, this could mean that loop topology is unaltered. Alternatively, the bypass element might 
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be able to mediate enhancer/silencer: promoter interactions independent of pairing orientation. In 

this respect it is interesting that the Fab-7 boundary, whose activity depends upon two LBC 

binding sequences, dHS1 and HS3, shows limited orientation dependence. Further studies will be 

required to investigate this problem. 

 

MATERIALS AND METHODS 

Generation of transgenic lines carrying different deletions and insertions  

The strategy of the Fab-7 replacement lines is described in detail in [48,55]. To introduce gy+F7 

into the su(Hw)- null background, we combined su(Hw)v/su(Hw)e04061 and gy+F7 as described 

previously [70]. To introduce F8209+F7 into the dctcf null background, we combined the GE24185 

mutation and F8209+F7 as described previously [60,61]. 

 

Antibody staining in embryos  

Embryos were stained following standard protocols. Embryos were collected for 19 hours. Primary 

antibodies were mouse monoclonal anti-Abd-B at 1:40 dilution (1A2E9, generated by S.Celniker, 

deposited to the Developmental Studies Hybridoma Bank) and polyclonal rabbit anti- Engrailed 

at 1:500 dilution (kindly provided to us by Judith Kassis). Secondary antibodies were goat anti-

mouse Alexa Fluor 546 and anti-rabbit Alexa Fluor 488 (Thermo Fisher Scientific) at 1:500 

dilution. Stained embryos were mounted in Vectashield. At least 40 stage 15 embryos of each 

genotype were examined. The most representative embryo for each transgenic line was selected 

for presentation in the manuscript. Images were acquired on Leica Stellaris 5 confocal microscope 

and processed using ImageJ 1.50c4 

 

Cuticle preparations 

Cuticle preparations were carried out as described in [50]. Phenotypes depicted are representative 

of the genotypes shown. For each transgenic line, visual analysis was performed on approximately 

50 males. Sometimes occasional variances are observed in the exact number of bristles and the 

exact pattern of trichomes. The most phenotypically different 3-4 males were selected for 

preparation of photos with the abdominal cuticles. If there were no statistically significant 

differences in cuticles, we attempted to select an average representative cuticle for display. 
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Figures  

 

Fig. 1. A) Map of the Ubx, abd-A and Abd-B regions of the Drosophila melanogaster BX-C. 

The Ubx gene is regulated by abx/bx and bxd/pbx domains (marked with yellow and orange) in 

parasegments PS5 and PS6 respectively (which correspond approximately to segments T3 and A1 

in adults). Three regulatory domains, iab-2, iab-3 and iab-4 (shades of blue), control abd-A 

expression in PS7(A2), PS8(A3), PS4(A4) respectively. Abd-B expression in PS10(A5), 

PS11(A6), PS12(A7) and PS13(A8) is controlled by iab-5, iab-6, iab-7 and iab-8 (shades of green) 

respectively. The embryo and adult segments are indicated using the same color code as the iab 

domain that is required for their specification. The black lines with colored circles mark chromatin 

boundaries: Fab-1, Fub, Fab-3, Fab-4, Mcp, Fab-6, Fab-7, and Fab-8. The red circles indicate the 

number of CTCF binding sites in each boundary, and the blue – the number of Pita sites. LBC – 

as cyan. (B) Deletion of the Fab-7 boundary.  When the Fab-7 boundary is deleted, iab-6 and 

iab-7 fuse into one domain. As a result,  PS11/A6 is transformed into a copy of PS12/A7. The 

Fab-7attP50 platform, in which four hypersensitive regions, HS*, HS1, HS2, and HS3 (marked with 

gray boxes) are deleted, is indicated by broken black lines. Maps of the (C) Fab-7 and (D) Fab-

8 fragments.  Maps of fragments that were used for replacements. The Fab-8 fragments are 

indicated as follows: the bypass element is indicated by the light green line, the insulator element 

by the dark green line. The coordinates are according to the complete sequence of BX-C in the 

SEQ89E numbering [71]. The Fab-7 fragments are shown as a light blue line. 
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Fig. 2. The Fab-8 bypass element (F8165) must be located adjacent to iab-6 in order to 

overcome the blocking activity of the Fab-8 insulator (F8209). (A) Scheme of the Abd-B 

regulatory domains and fragments used for Fab-7 replacements. All other designation as in Fig. 1. 

(B) Morphology of the male abdominal segments (numbered) in wild type (wt) and in F8, F8R, 

F8209, F8165R+F8209R, F8209+F8165. Trichomes on the A5 and A6 tergites are shown in dark field. 

In wt the A6 sternite has a banana shape and is devoid of bristles, while the A5 sternite has a 

quadrilateral shape and is covered in bristles. The A6 tergite has trichomes along the anterior and 

ventral edges, while the entire A5 tergite is typically covered in trichomes with small internal patch 

that lack trichomes. The filled red arrowheads show morphological features indicative of GOF 

transformations, the empty arrowheads – LOF transformations. (C) Abd-B expression in the CNS 

of wt and the Fab-7 replacement lines. Each panel shows an image of the CNS of stage 14 embryos 

stained with antibodies to Abd-B (red). White horizontal bars delimit parasegment boundaries. 

Parasegments are numbered from 9 to 14 on the right side of the panels; approximate positions of 

segments are shown on the left side of the wt panel and marked 4 to 8. The wt expression pattern 
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of Abd-B in the embryonic CNS is characterized by a stepwise gradient of increasing protein level 

from PS10 to PS14. Staining for Engrailed was used to define the boundaries of the parasegments 

(Fig S1).  

 

 

 

Fig. 3. Testing the ability of F8209 to block the Fab-7 dependent bypass. (A) Map of the Abd-

B regulatory region and F8209+F7 fragment used for Fab-7 replacements. All designation as in 

Fig. 1 (B) Bright field (top) and dark field (bottom) images of cuticles prepared from wt, F8209, 

F8209+F7, F8209+F7+GE24185, GE24185, where GE24185 is null dCTCF allele in 

GE24185/GE24185 flies[60]. The empty red arrowheads point to signs of LOF transformations, 

which are correlated with the loss/lack of bypass functions of the tested DNA fragments. The filled 

red arrowheads show morphological features indicative of GOF transformations. 
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Fig. 4. The gypsy (Su(Hw)) and CTCF×4 insulators block iab-6 enhancers from regulating 

Abd-B when placed next to the iab-6 domain. (A) Map of the Abd-B regulatory region and 

fragments used for Fab-7 replacements. All designation as in Fig. 1 and 2. gy is shown as 12 

orange circles reflecting 12 binding sites for Su(Hw) in insulator from the gypsy transposon. (B) 

Bright and darkfield images of cuticles prepared from the different replacements: gy, F7+gy, 

gy+F7, gy+F7 su(Hw)-, CTCF×4, F7+CTCF×4, CTCF×4+F7 male flies. F7 replacement 
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correspond to wt. (C) Abd-B expression in the CNS of stage 14 embryos. Staining with Engrailed 

to mark parasegment borders is shown in Fig. S1. All other designations are as in Fig. 1 and 2. 

 

 

Fig. 5. Multimerized Pita sites disrupt the bypass activity of Fab-7 dHS1 (A) Schematic 

presentation of Fab-7 substitutions with different combinations of the Pita×5 and F7dHS1. (B) 

Images of cuticles prepared from Pita×5, F7dHS1+Pita×5 (phenotype similar to wt), Pita×5+F7dHS1, 

and Pita×5+F7dHS1+Pita×5 male flies. (C) Abd-B expression in the CNS of stage 14 embryos. (D) 

Images of cuticles prepared from wt, , Pita×5, F7dHS1+Pita×5 (phenotype similar to wt), 

Pita×5+F7dHS1, and Pita×5+F7dHS1+Pita×5 male flies.. All designations are as in Fig. 1 and 2. 
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Fig. 6. Multimerized Pita sites disrupt Fab-8 bypass activity. A) Schematic presentation of 

Fab-7 substitutions. B) Images of cuticles prepared from wt, F8 (phenotype similar to wt), 

F8+Pita×5, and Pita×5+ F8 male flies. All designations are as in Fig. 2 and 3. 

 (C) Abd-B expression in the CNS of stage 14 embryos. (D) Images of cuticles prepared from wt, 

F8 (phenotype similar to wt), F8+Pita×5, and Pita×5+ F8 male flies. All designations are as in Fig. 

1 and 2. 
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Fig. 7. Model of the functional role of the iab-6 activation in the regulation of distance 

interaction between the Fab-7 boundary and the Abd-B promoter region. (A) In wt in A4 

segment Abd-B regulatory region is inactive, initiators are repressed and the Fab-boundaries does 

not interact with the Abd-B promoter region. Activation of the iab-6 domain in PS11/A6 results in 

the stimulation of the Fab-7 bypass module. The interaction between the Fab-7 boundary and Abd-

B promoter region facilitates enhancer-promoter communication. (B) An insulator inserted 

between the iab-6 enhancers and the bypass element (proximal side) blocks interaction with the 

Abd-B promoter region. (C) The insulator inserted on the distal side of the Fab-7 boundary does 

not interfere with correct stimulation of the bypass element. 
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