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Abstract

In higher eukaryotes enhancer-promoter interactions are known to be restricted by the
chromatin insulators/boundaries that delimit topologically associated domains (TADs);
however, there are instances in which enhancer-promoter interactions span one or more
boundary elements/TADs. At present, the mechanisms that enable cross-TAD regulatory
interaction are not known. In the studies reported here we have taken advantage of the well
characterized Drosophila Bithorax complex (BX-C) to study one potential mechanism for
controlling boundary function and TAD organization. The regulatory domains of BX-C are
flanked by boundaries which function to block crosstalk with their neighboring domains and
also to support long distance interactions between the regulatory domains and their target
gene. As many IncRNAs have been found in BX-C, we asked whether transcriptional
readthrough can impact boundary function. For this purpose, we took advantage of two BX-C
boundary replacement platforms, Fab-74"3 and F2"P, in which the Fab-7 and Fub
boundaries, respectively, are deleted and replaced with an a#tP site. We introduced boundary
elements, promoters and polyadenylation signals arranged in different combinations and then
assayed for boundary function. Our results show that transcriptional readthrough can interfere
with boundary activity. Since IncRNAs represent a significant fraction of Pol II transcripts in
multicellular eukaryotes, it is possible that many of them may function in the regulation of

TAD organization.
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Author Summary

Recent studies have shown that much genome in higher eukaryotes is transcribed into non-
protein coding IncRNAs. It is though that IncRNAs may preform important regulatory
functions, including the formation of protein complexes, organization of functional
interactions between enhancers and promoters and the maintenance of open chromatin. Here
we examined how transcription from promoters inserted into the Drosophila Bithorax
complex can impact the boundaries that are responsible for establishing independent
regulatory domains. Surprisingly, we found that even a relatively low level of transcriptional
readthrough can impair boundary function. Transcription also affects the activity of
enhancers located in BX-C regulatory domains. Taken together, our results raise the
possibility that transcriptional readthrough may be a widely used mechanism to alter

chromosome structure and regulate gene expression.
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Introduction

The chromosomes of multicellular animals are organized into a series of looped
domains called TADs (topologically associated domains) [1-4]. While a variety of elements
contribute to folding the chromatin fiber (e.g., the tethering elements that help link enhancers
to promoters [5], this 3-dimensional organization depends, in part, on special elements called
boundaries or insulators [1,6,7]. Although boundary elements have now been identified in
many different species, they have been most thoroughly characterized in Drosophila [1,7,8].
Fly boundaries are 150 bp to 1.5 kb in length and span one or more nucleosome free nuclease
hypersensitive regions that are formed by different combinations of chromosomal
architectural proteins including Drosophila CTCF (dCTCF) [9,10].

Functional studies using transgene assays indicate that in addition to subdividing the
chromosome into a series of looped domains, fly boundary elements have genetic functions
[7,11,12]. When placed between an enhancer or silencer and a reporter, they prevent
regulatory interactions. When a reporter is bracketed by boundary elements, they protect
against chromosomal position effects. With some exceptions, boundary function in these
assays is “constitutive” —i.e., it is observed throughout development and is independent of
cell type. The likely reasons for this constitutive activity is that most of the fly architectural
proteins are ubiquitously expressed [8] and that different combinations of these proteins are
deployed to generate the activity of individual boundaries [13,14].

Since multiple functionally redundant architectural proteins contribute to the
functions of individual fly boundaries in flies, it seems unlikely that TADs will undergo
genome-wide reorganization during cellular differentiation as this would require a change in
the patterns of expression of multiple chromosomal proteins. Rather, one might expect that
TAD organization would be subject to local alterations by modulating the insulating

functions of specific boundary elements. In the studies reported here we have used the
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Drosophila bithorax complex (BX-C) to identify mechanisms for modulating local boundary
function.

BX-C is responsible for specifying the nine posterior-most parasegments (PS5-PS14
in embryo) (segments T3-A9 in adults) of fly [15—18]. As there are three homeotic genes in
BX-C: Ultrabithorax (Ubx), abdominal-A (abd-A) and Abdominal-B (Abd-B) (Fig. 1A)
parasegment (segment) specification depends up modulating their expression in patterns
appropriate for the proper differentiation of each parasegment. This is accomplished by
subdividing the complex into nine cis-regulatory domains. Each domain has tissue and stage
specific enhancers responsible for directing a unique parasegment specific pattern of
expression of one of the homeotic genes [16,19-23]. Ubx is responsible for specifying
PS5(T3) and PS6 (A1) and its expression in these two parasegments is controlled by the
bx/abx and bxd/pbx regulatory domains respectively. The infra-abdominal (iab) domains
regulate the transcription of abd-4 and Abd-B. The abd-A gene is controlled by iab-2, iab-3,
and iab-4 in PS7 (A2), PS8 (A3), and PS9 (A4), respectively. Four domains, iab-3, iab-6,
iab-7, and iab-8,9, regulate Abd-B expression in PS10 (AS5), PS11 (A6), PS12 (A7), and
PS13,14 (A8 (?), A9 (), respectively (Fig. 1A). The regulatory domains are activated
sequentially in successive parasegments along the anterior-posterior axis [17]. The activity
state, on or off, of the regulatory domains is set early in development by maternal, gap and
pair-rule gene proteins which bind to initiation elements in each domain [24—26]. Once the
activity state is set it is remembered during the remainder of development by mechanisms
that depend upon trithorax and Polycomb group proteins[27-30].

Each domain is flanked by boundary elements which function to block crosstalk
between initiation elements in adjacent regulatory domains [26,27,31-36]. For example, the
Fab-7 boundary in the Abd-B region of BX-C separates the iab-6 and iab-7 domains. When

Fab-7 is deleted iab-6 and iab-7 fuse into a single domain and the iab-6 initiation element
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109  inappropriately activates iab-7 in PS11 (A6) (Fig. 1B). As a result, iab-7 drives Abd-B

110  expression not only in PS12(A7) but also PS11(A6) transforming PS11(A6) into a copy of
111 PS12 (AS). Most BX-C boundaries also have a second function, which is boundary “bypass”.
112 For example, the 4bd-B regulatory domains iab-3, iab-6 and iab-7 are separated from their
113 gene target by one or more boundaries (Fig. 1A). In order for these domains to regulate Abd-
114 B there must be a mechanism that enables the enhancers in each domain to bypass the

115  intervening boundaries. Recent studies have shown that the Fab-7 and Fab-8 boundaries have
116 elements that confer bypass activity enabling the domain immediately distal to the boundary
117 to “jump over” the intervening boundaries and activate 4bd-B expression [37-39].

118 In previous studies [40,41], the Fab-7 boundary was replaced with two versions of the
119  scs insulator from the 87A7 heat shock locus, scs and scs™” [42—44].The larger version, scs,
120  is a complex insulator containing the Cad87A4 and CG31211 promoters (Fig. 2A). The smaller
121 fragment, scs”™", lacks most of the Cad874 promoter [44] (Fig. 2A). Hogga et al. 2002

122 showed that when the Cad874 promoter in the larger scs replacement is oriented towards iab-
123 6 it disrupts the functioning of the iab-6 and iab-5 regulatory domains inducing a loss-of-

124  function (LOF) phenotype in which the A6 and AS cuticle had morphological features like
125 A4 [40]. They suggested that readthrough transcription from the Cad87 promoter inactivates
126  enhancers in iab-5 and iab-6 required for the development of the adult cuticle. However, a
127  completely different result was observed when the Cad87 promoter in the scs replacement
128  was oriented towards iab-7. In this case, a gain-of-function (GOF) phenotype was induced:
129 A6 was converted into a copy of A7. It was thought that transcription into iab-7 disrupted

130  Polycomb dependent silencing, but did not impact the activity of the iab-7 tissue/stage

131  specific enhancers. As these results seemed inconsistent, we decided to reinvestigate the

132 functioning of both scs and scs™™” replacements in Fab-7. In the course of our studies, we

133 discovered that transcriptional readthrough appears to be general mechanism for turning
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boundary function off, and thus is likely to have an important role in both remodeling TAD

organization and change patterns of gene regulation.

Results

The scs™™" insulator can block crosstalk between the iab-5 and iab-6 domains only in
cooperation with the iab-7 PRE

In the boundary replacement experiments of Hogga et al [40,41] the scs™™ insulator
was introduced into a Fab-7 deletion which removes three of the four nuclease hypersensitive
sites associated with the Fab-7 boundary, HS*, HS1 and H2. This deletion results in an
incomplete GOF transformation of A6 (PS11) into A7 (PS12). When scs™" replaced this
deletion, it blocked crosstalk between the iab-6 and iab-7 initiation elements and rescued the
GOF phenotype of the starting deletion. However, since scs™" does not support boundary
bypass, the A6 segment was transformed towards AS.

HS3 was retained in the starting Fab-7 deletion was found to induce Polycomb-
dependent silencing and was thought to function as the iab-7 Polycomb Response Element
(iab-7 PRE) [36,45,46]. However, recent studies showed that HS3 has insulating activity [47]
and that this is likely its primary function. In fact, a fully functional Fab-7 boundary can be
generated by combining HS3 with the distal half of HS1 (dHS1) [37,47]. This finding made
us wonder whether scs™” would be able to block crosstalk between iab-6 and iab-7 in the
absence of HS3.

To address this question, we used a previously characterized Fab-7430 replacement
platform in which the HS*, HS1, HS2 and HS3 are substituted by an a#¢P site [48] (Fig. 2B).
In the starting Fab-74P>? deletion iab-7 is inappropriately activated in A6(PS11) and this
results in the transformation of A6 into a copy of A7 so that both the A6 and A7 segments are

absent in adult males (Fig. 2C).
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To test for scs™” function with and without HS3 we introduced three replacements,
ses™n+HS3, HS3 and scs™” into the Fab-74"30 platform. Though scs”"+HS3 has a slightly
different sequence composition than the previously described scs™” replacement [41] due to
the use of different replacement platforms, its activity is similar. As shown in Fig. 2C, the
scs™n+HS3 combination rescues the GOF transformation of A6 in adult males and the A6
segment is present. However, because this combination lacks bypass activity, the iab-6
regulatory domain is blocked from regulating Abd-B expression in A6. As a consequence, the
morphology of the A6 segment resembles that in AS. Instead of a banana shape without any
bristles, the sternite has a quadrilateral shape and is covered in bristles and it resembles the
sternite in AS. In wild type (wf) the trichome hairs on the A6 tergite are restricted to the
anterior and ventral margin, while the trichome hairs cover most all of the A5 tergite (Fig.
2C). As can be seen in the darkfield image, the A6 tergite in scs™”+HS3 males is covered
with trichome hairs just like AS5. The same phenotypes were observed in patches of
unpigmented cuticle. These transformations will be considered further below. As was
observed for Fab-7 (class II) deletions that retained HS3 [36], the HS3 replacement alone has
only a limited ability to block crosstalk between iab-6 and iab-7. In HS3 males, the A6 tergite
is greatly reduced in size and the A6 sternite is completely missing [36,47] (Fig. 2C).

Like HS3, the scs™" replacement only partially blocks crosstalk between iab-6 and
iab-7 (Fig. 2C). However, it differs from the HS3 replacement in that there are a range of
phenotypes in adult scs™” males. In all scs™” males there is a residual A6 tergite, while the
A6 sternite is absent. The residual tergite has patches of cells with trichome hairs indicating
that in these cells there is a LOF transformation in parasegment/segment identify from
PS11/A6 to PS10/AS. In about 30% of the males, the morphogenesis of AS is also affected.

As shown in Fig. 2C, there are patches of tissue in the A5 tergite that are not fully pigment.
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This phenotype indicates that the iab-5 regulatory domain is not fully functional in a subset

of scs™" males and we will return to this issue below.

Transcription induced by the Cad874 promoter in scs can affect the activity of the iab-7
domain

The finding that scs™” must be combined with HS3 to efficiently block crosstalk
between iab-6 and iab-7 prompted us to examine the blocking activity of the larger scs
fragment which contains the Cad874 promoter (Fig. 3A). In previous study [40], when scs is
inserted in the reverse orientation (scs®) so that the promoter is directed towards iab-7, males
have a GOF phenotype in which A6 is transformed into A7. We repeated this experiment by
inserting the scs®+HS3 combination into Fab-7#">% and we observed similr GOF phenotypes
(Fig. 3B). To explain the GOF transformation, it was suggested that transcription from the
Cad87A4 promoter through iab-7 domain induced the premature activation of iab-7 by
suppressing Polycomb (Pc)-dependent silencing [40]. However, since scs”" cannot
efficiently insulate iab-6 from iab-7 in the absence of HS3, an alternative possibility is that
transcription through HS3 from the Cad874 promoter disrupts the boundary and/or PRE
activity of HS3.

To distinguish between these two models, we inserted scs in the reverse orientation in
the Fab-74"30 platform. Fig. 3B shows that in the absence of HS3, scs® has a completely
different phenotype. Instead of a GOF transformation of A6 into a copy of A7, there is an
LOF transformation in which A7 is transformed towards A6. Unlike wt males, which lack an
A7 segment, scs® males have an A7 tergite and sternite. The tergite is fully pigmented and the
trichome hairs are largely (but not completely) restricted to the anterior and dorsal edges. The
sternite has a banana shape like the sternite in A6; however, it is malformed and has bristles.

These results suggest that transcription initiated from the Cad87A4 promoter leads to an
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inactivation of the iab-7 enhancers. The phenotypic abnormalities of scs® are not restricted to
A7. The A6 tergite has ectopic patches of trichome hairs, while the A6 sternite has bristles
and is misshapen. While A6 shows evidence of a LOF transformation in portions of the adult
cuticle, the opposite effect is observed in AS. The A5 tergite is partially devoid of trichome

hairs, while A5 sternite has an abnormal banana like shape.

Transcription disrupts boundary function

Taken together these findings suggest that the GOF transformations observed
previously [40] in the scs® replacement might be due to the transcription induced inactivation
of HS3 boundary activity rather than a transcription induce activation of iab-7 in A6. This
new model makes several predictions which we have tested. First, it should be possible to
rescue the LOF phenotypes in A7 of the scs® replacement by introducing a transcription
termination element, polyadenylation signal (PAS), in between scs® and the iab-7 domain. If
the blocking activity of the scs® element on its own is not too much different from scs™”, then
there should be a GOF transformation of A6 towards A7. This is what we observe in
scs®+PAS males (Fig. 3B). There is a rudimentary A6 tergite with patches of ectopic
trichome hairs, while the A6 sternite is absent.

Second, if transcription from the Cad87 promoter in scs into iab-7 results in a
premature activation of the iab-7 domain we should be able to block this activation by
introducing the PAS element downstream of the scs®+HS3 combination. In this case, the
scsR+HS3 combination would be expected to be functional (just like scs””+HS3) and block
crosstalk between the iab-6 and iab-7 domains rescuing the GOF transformation of Fab-74",
On the other hand, if transcriptional readthrough of HS3 disrupts its ability to complement the
scs element, then we should observe a GOF transformation of A6 toward A7 as was reported

previously [40]. Fig. 3B shows that the later prediction is correct. Like scs®+PAS, male flies

10
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carrying the scs®+HS3+PAS combination have a GOF transformation of A6 towards A7 (Fig.
3B).

To further test the idea that transcriptional readthrough can disrupt boundary function,
we generated a quadripartite replacement, 5 'P+scs™"+HS3+PAS, consisting of the P-element
promoter (5 ’P). As shown in Fig. 3B, inclusion of the P-element promoter disrupts the
boundary activity of scs™"+HS3. While scs”"+HS3 on its own rescues the GOF
transformation of the starting Fab-74“" platform (Fig. 2C), this is not true for
5’P+scs™n+HS3+PAS (Fig. 3B). When the P-element promoter is included in the
replacement, the A6 segment is almost completely absent: the A6 sternite is missing and

there is only a rudimentary A6 tergite.

Transcription also disrupts the functioning of the iab-6 and iab-5 regulatory domains

While the scs™ replacement on its own has only minimal blocking activity, there
were also some variable and unexpected LOF defects in the development of A5 (Fig. 2C).
One plausible explanation for these LOF phenotypes is that transcription from the residual
part of the Cad87A promoter disrupts the functioning of the iab-5 domain as is observed for
iab-7 when scs is inserted in the reverse orientation.

To explore this possibility, we inserted scs in the forward orientation. We generated
three different insertions, scs alone, scs plus HS3 (scs+HS3) and scs plus the three major
Fab-7 hypersensitive sites, HS1, HS2 and HS3 (F7/57+2%3) (Fig. 4A). The scs+HS3 and
scs+EF7HS1+2%3 combinations have blocking activity and rescue the GOF transformations
evident in the starting F7¢P0 platform. However, in both replacements A6 and A5 have an
A4 like phenotype. This is most clearly seen in the pattern of pigmentation and in the dense
trichome hairs in the A5 and A6 tergite (compare A5 and A6 with A4 in Fig. 4B). Consistent

with the idea that transcriptional readthrough from the Cad87 promoter interferes with the

11
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functioning of the iab-5 and iab-6 domains. RT-PCR experiments show that there are
elevated levels of transcripts derived from scs in the iab-5 and iab-6 regulatory domains in
the scs+HS3 adult 2-days males compared to the wt 2-days males (Fig. S1).

A more complicated phenotype is observed with scs alone (Fig. 4B). As expected,
blocking activity is not complete and A6 shows evidence of GOF transformations. The A6
tergite is reduced in size, while there is only a small patch of sternite tissue. In both cases, the
residual A6 tissue has a phenotype indicative of a transformation towards A4 identity: there
are bristles on the patch of sternite tissue, while the residual tergite is depigmented and has
patches of ectopic trichome hairs. Interestingly a mixed GOF and LOF phenotype is also
observed in AS5: both the sternite and tergite are reduced size as expected for a GOF
transformation, while the tergite is depigmented and there are patches of densely packed
trichome hairs. The GOF transformations in the scs replacement resemble those seen when
both Fab-7 and Fab-6 are deleted (see F6“P+F7% in Fig. 4B); however, unlike scs the
double boundary deletion shows no evidence of LOF transformations of A5 and A6. There is
also evidence of a weak GOF transformation of A4 in the double boundary deletion.

These findings indicate that transcription from the Cad87 promoter in scs directed
towards iab-6 and iab-5 disrupts the functioning of these domains. They also raise the
possibility that the variable LOF phenotypes in A5 evident in males carrying the scs™”
replacement might be due a low level of transcription from the truncated Cad87A4 promoter.
Indeed, in the immediate vicinity of the integration site (attP/attB fusion site), weak but
verified transcripts from the Cad87 promoter are found in scs™” (Fig. S1). scs™" does,
however, differ from scs in that the level of transcripts in scs™” (and scs™”+HS3) in iab-5 and
iab-6 1s similar to background (Fig 1S). Since the LOF phenotypes in A5 varied between
individuals and were seen in only about 30% of the scs™" males, one plausible explanation is

that stochastic differences in promoter activity between individuals might account for the
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incomplete penetrance. To test this possibility, we generated a PAS+scs™" replacement (Fig.
4C). Unlike scs™n, the AS tergite in PAS+scs™™ males is fully pigmented in all adult males
which would suggest that transcription from the clipped Cad87 promoter is likely responsible
for the pigmentation defects in AS. However, this does not seem to be true for the trichome
hairs on the tergite as they are still densely packed like those in A4. This finding indicates
that the trichome hair phenotype is likely due to the blocking activity of the scs™” element,
which prevents iab-5 from regulating 4bd-B in cells that can give rise to trichome hairs.

To further investigate the effects transcriptional readthrough, we placed HS3
upstream of scs™” in HS3+scs™”. Unlike scs™"+HS3, HS3+scs™" is unable to prevent
crosstalk between iab-6 and iab-7 and A6 is transformed towards A7 (compare scs™"+HS3
with HS3+scs™ in Fig. 4B). However, HS3 is able to complement scs™” when transcriptional
readthrough is blocked by an interposed PAS sequence (HS3+PAS+scs™”, Fig. 4B). Thus, a
low level of transcription from the truncated Cad87A4 promoter is apparently sufficient to

impact the boundary activity of HS3.

Readthrough transcription disrupts the functioning of a minimal Fub replacement
boundary

We wondered whether transcriptional readthrough would also impact the functioning
of other boundary elements. To investigate this possibility, we chose the BX-C Fub
boundary. Fub marks the border between the Ubx regulatory domain bxd/pbx and the abd-A
gene and its regulatory domain, iab-2 [32]. As illustrated in Fig. SA, there are two Fub
hypersensitive regions, HS1 and HS2. The larger Fub hypersensitive region HS2 contains
motifs for several known chromosomal architectural proteins. The distal 177 bp HS2

sequence (dHS1) has binding sites for dCTCF and Su(Hw) and we found that it can function
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as an effective boundary [49,50]. The proximal 450 bp HS2 sequence (pHS2, Fig. 4A)
contains binding sites for Pita and Su(Hw).

We first tested whether pHS?2 is able to function as a boundary when introduced into
the Fab-74P30 platform. As shown in Fig. 5B, Fub pHS?2 rescues the GOF phenotype of the
Fab-74P30 deletion. Like most other heterologous replacements, pHS2 blocks crosstalk but
does not support bypass: an A6 segment is present in the pHS2 replacement; however, its
morphological features indicate that it has an A5 rather than an A6 identity. While the AS
tergite is fully pigmented, the trichome hairs are densely packed much like the A4 tergite
(consistent with the idea that trichome morphology in A5 is more sensitive to blocking
activity by replacement boundaries than pigmentation).

A different result is obtained when the P-element promoter is placed upstream of
pHS?2 in the Fab-7 replacement (Fig. 5B). As was observed for the P-element combination
5’P+scs™n+HS3, pHS2 boundary activity is lost in 5’P+pHS2 and the A6 segment is
missing. To test whether this is due to transcriptional readthrough from the P-element
promoter we generated two additional replacement combinations. In the first the PAS element
was placed downstream of the pHS2 boundary to give 5 'P+pHS2+PAS, while in the second
the PAS element was placed between the P-element promoter and pHS?2 to give
5’P+PAS+pHS2. As would be expected if readthrough disrupts boundary function, there is
only a residual A6 tergite in the 5’ P+pHS2+PAS replacement, while this GOF transformation
is rescued when the PAS element is placed between the P-element promoter and pHS2

(5’P+PAS+pHS?) (Fig. 5B).

Readthrough transcription disrupts pHS?2 function in its endogenous context

Bender and Fizgerald (2002) generated a series of imprecise hopouts of a P-element

transgene inserted near the distal end of the bxd/pbx regulatory domain close to the sequences
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that were subsequently found to correspond to the Fub boundary [32,51]. These hopout
events induced an anterior to posterior transformation of A1 towards A2 identity. Molecular
characterization of one the hopouts that had a particularly strong phenotype, Uab""! revealed
that it was a truncated P-element transgene that retained only the P-element promoter and 65
bp of lacZ coding sequence. The P-element transgene was also inverted so that the promoter
was pointing towards the Fub boundary and the abd-A gene. Several potential mechanisms
were proposed to account for the transformation of Al to A2 induced by P-element
transcription [51]. One was that transcription disrupted the functioning of an as yet
unidentified boundary that blocked crosstalk between the Ubx bxd/pbx and abd-A iab-2
regulatory domains. A second was that transcription interfered with the functioning of an
element in iab-2 that is required to keep the iab-2 domain silenced in Al.

To test the boundary model, we took advantage of a Fub replacement platform F24P
(Fig. 6A) that removes a 2106 bp sequence containing the two nuclease hypersensitive sites
associated with the Fub boundary and replacing it with an a#tP site (F29") [13]. As shown in
Fig. 6B the A1 tergite in wt is narrower than the A2 tergite, lacks bristles and has less
pigmentation, while the A1 sternite is absent. In F2¢” males, the A1 segment is transformed
into a copy of A2: the tergite is larger and it has a pigmentation and bristle pattern like A2,
and there is also a sternite that is covered in bristles. These phenotypic transformations in the
adult cuticle resemble those reported previously [51] for the P-element hopout mutants.

The GOF transformations evident in the starting F24" deletion platform can be fully
rescued by a 1587 bp fragment, F2, which includes both HS1 and HS2 (Fig. 6A). Consistent
the previous results [51], we find that rescuing activity is disrupted when the P-element
promoter, 5P is placed upstream of the F2 fragment (5 'P+F2). In this replacement the Al
segment resembles A2 just like the starting deletion platform (Fig. 6B). Since introducing the

PAS element downstream of F2 in the 5 ’P+F2+PAS combination does not rescue the GOF

15


https://doi.org/10.1101/2023.02.16.528790
http://creativecommons.org/licenses/by/4.0/

357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

bioRxiv preprint doi: https://doi.org/10.1101/2023.02.16.528790; this version posted February 16, 2023. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY 4.0 International license.

transformation, it would appear that boundary function rather than a downstream silencing
element is the critical target for transcription inactivation.

To confirm these findings, we tested the Fub pHS2 fragment used in the Fab-7
replacement experiments. We found that pHS2 on its own is sufficient to rescue the GOF
transformations induced by the F2¢F deletion — the A1 tergite is narrow, lacks bristles and is
unpigmented while there is no A1 sternite as in wt. Rescuing activity is lost when the P-
element promoter is placed upstream of pHS2 in both 5’P+HS2 and 5°'+pHS2+PAS, and in
both cases Al is transformed towards an A2 identity. As would be expected if pHS2
boundary function is disrupted by transcriptional readthrough from the P-element promoter,
blocking activity is restored when the PAS element is placed between the P-element promoter

and pH2 (Fig. 6B).

Discussion

Blocking activity of scs is context dependent: Our results indicate that the scs
boundary has only a limited ability to block crosstalk between the iab-6 and iab-7 regulatory
domains. This result is unexpected, as in transgene assays scs was found to have one of the
“stronger” insulator activities [42—44,52,53]. It seems likely that scs is a poor match with the
neighboring Fab-6 and Fab-8 boundaries [54,55]. Both depend upon CTCF, while scs does
not [56]. Also, when placed in the context of BX-C scs seems to have a cell and/or an
enhancer specific blocking activity. For example, phenotype of the A5 tergite in PAS+scs™”
males (Fig. 4C) suggest that scs is unable to block the regulatory interactions between iab-5
and Abd-B required for wt pigmentation, while its insulating activity is sufficient to block the
interactions needed to inhibit the formation of trichomes.

Transcription disrupts enhancer activity: In previous Fab-7 replacement experiments

[40], it was found that when scs is inserted in the reverse orientation, transcription from the
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Cad87A4 promoter towards iab-7 induced a GOF transformation of A6(PS11) into A7(PS12).
To explain this result, it was suggested that transcription through iab-7 prematurely activated
the domain. However, we found that when scs® was introduced into a larger Fab-7 deletion
that lacks HS3, transcription from the Cad87A4 interferes with the functioning of the iab-7
domain, inducing a LOF transformation. That the activity of tissue specific enhancers in this
region of BX-C is disrupted by transcriptional readthrough is supported by the effects of
inserting scs in the direct orientation. In this case, it induces a LOF transformations of both
A6(PS11) and A5(PS10) towards A4(PS9). The effects of transcription from the Cad87A4
promoter on these regulatory domains are most clear-cut when scs is combined with HS3 or
F7H51%2%3 Tn both of these replacements the combination of scs with HS3 or F7H51+2+3
suppresses the GOF phenotype of the Fab-7#"30 deletion platform making the LOF
transformations in A6(PS11) and A5(PS10) more obvious.

Transcription disrupts boundary function: The enhancers in the Abd-B regulatory
domains are not the only elements whose function is disrupted by transcriptional readthrough.
We find that boundary activity can also be abrogated by readthrough transcription. In the case
of our Fab-7 replacements this is most directly demonstrated when boundaries are placed
downstream of a P-element promoter. The scs™”+HS3 combination not only rescues the GOF
transformation of A6(PS11) in the Fab-7#"30 deletion platform, but also prevents iab-6 and
to a lesser extent iab-5 domain from regulating Abd-B expression. However, if the P- element
promoter is placed upstream of scs+HS3 as in the 5 'P+scs+HS3+PAS combination, blocking
activity is largely lost and A6 is transformed towards an A7 identity.

The effects of transcription on boundary activity are not limited to scs and HS3 (Fab-
7) as transcription also interferes with the functioning of the Fub boundary fragment pHS?2.
On its own it rescues the GOF phenotype of Fab-7¢"?; however, when placed downstream

of the P-element promoter, blocking activity is lost. Transcription also inactivates the Fub
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boundary in its native context. This is true for both the 412 bp pHS?2 element, and a larger
1587 bp Fub fragment (Fig. 6). Moreover, as was case for a combination in which the
truncated Cad87A4 promoter in scs™” is pointing towards HS3, the disruption in pHS?2
boundary function by the P-element promoter can be rescued by placing the PAS element in
between the promoter and the boundary. These findings argued that boundary function is
disrupted by readthrough transcription rather than some other properties of the promoter.
Similar results are observed when pHS?2 or a larger Fub fragment were tested for rescuing the
Fub deletion. Again, the rescuing activity is lost when pHS2 and F2 are combined with the P-
element promoter. Thus, the effects of transcription also do not appear to be context
dependent.

While previous studies have shown that readthrough transcription can suppress the
activity of enhancers and promoters, how this happens is not fully understood [57-59]. One
idea is that RNA Pol II transiently displaces DNA binding proteins as it passes [60,61]. In the
case of boundary elements, it seems possible that even a transient displacement of factors
important for their activity could have a significant impact on boundary function. Fly
boundaries link distant sequences together to form looped domains or TADs by
boundary:boundary pairing interactions [5,11,14]. In this mechanism, TADs are formed when
proteins associated with one boundary element physically interact in a stable fashion with
proteins associated with a second boundary element. This means that a transient displacement
of boundary associated proteins from one of the elements would disrupt the TAD as it would
uncouple the physical linkage between the distant sequences that define endpoints of the
loop. Consistent with this idea, a low level of transcription from the truncated Cad874
promoter can disrupt the boundary functions of HS3.

While our experimental paradigm is artificial, there are contexts in which

transcriptional readthrough provides a mechanism for coordinating higher order chromosome
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organization with regulating gene activity. For example, the blocking activity of the Fub-1
boundary is turned off by readthrough of a IncRNA from a promoter that is activated by the
Ubx regulatory domain bxd/pbx [62] in PS6/A1 and more posterior parasegments.
Inactivation of the Fub-1 boundary enables enhancers in the bxd/pbx domain to regulate Ubx
expression. MicroC experiments suggest that transcriptional readthrough of the Fub-1
boundary is likely accompanied by a switch from one TAD configuration to another
configuration. Since transcription is not continuous, but instead occurs in bursts that can
differ both in their length and frequency depending on the specific enhancer: promoter
combinations, a readthrough mechanism would result in only a transient remodeling of the
TAD organization. Moreover, this remodeling would also be subject to regulation. In this
respect it is interesting to note that IncRNAs are thought to account for a vast majority of the
transcripts in mammalian genomes [63—66]. It would be reasonable to suppose that some of
these IncRNAs span TAD boundaries (as well as other elements like “tethering” elements
that might also be sensitive to readthrough). Transcriptional readthrough of these IncRNAs
would then alter the local TAD organization and in doing so generate new combinations of

regulatory elements and potential target genes.

Materials and methods

Generation of the replacement lines

The strategy of the Fab-7 replacement lines is described in detail in [48,67]. The F24P
replacement is described in detail in [13]. DNA fragments used for the replacement
experiments were generated by PCR amplification and verified by sequencing. The sequences

of the used fragments are shown in the Supporting Table S1.
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Cuticle preparations

Adult abdominal cuticles of homozygous eclosed 3+4 day old flies were prepared essentially
as described in [39]. Photographs in the bright or dark field were taken on the Nikon SMZ18
stereomicroscope using Nikon DS-Ri2 digital camera, processed with ImageJ 1.50c4 and Fiji

bundle 2.0.0-rc-46.

RNA purification and quantitative analysis

For each replicate, 20 adult 2- to 3-day-old males were collected and frozen in liquid
nitrogen. Total RNA was isolated using the TRI reagent (MRC) according to the
manufacturer’s instructions. RNA was treated with DNAse I (Thermo Scientific) to eliminate
residual genomic DNA. The synthesis of cDNA was performed using RevertAid Reverse
Transcriptase (Thermo Scientific) in a reaction mixture containing 5 pg of RNA and 5 uM
random hexamer. The amounts of specific cDNA fragments were quantified by real-time
PCR. At least three independent biological replicates were made for each experiment. At
least four independent technical replicates were made for each RNA sample. Relative levels
of mRNA expression were calculated in the linear amplification range by calibration to a
standard curve. RNA levels were normalized to a level of housekeeping gene Vhal00-1.

The sequences of oligonucleotides used in the study are presented in Table S2.

Acknowledgments

We thank Farhod Hasanov for fly injections.

Funding

This work (all functional and morphological analysis) was supported by the Russian Science

Foundation (19-14-00103 to O.K.). Part of this work (study of Fub substitutions) was

20


https://doi.org/10.1101/2023.02.16.528790
http://creativecommons.org/licenses/by/4.0/

482

483

484

485

486

487

488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

503

504

505

bioRxiv preprint doi: https://doi.org/10.1101/2023.02.16.528790; this version posted February 16, 2023. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY 4.0 International license.

supported by grant 075-15-2019-1661 from the Ministry of Science and Higher Education of
the Russian Federation. P.S. acknowledges support from the National Institutes of Health

(R35 GM126975).

Author Contributions

Conceptualization: Pavel Georgiev, Olga Kyrchanova

Data curation: Olga Kyrchanova

Funding acquisition: Paul Schedl, Olga Kyrchanova

Investigation: Olga Kyrchanova, Vladimir Sokolov, Maxim Tikhonov
Methodology: Olga Kyrchanova, Maxim Tikhonov

Project administration: Paul Schedl, Olga Kyrchanova, Pavel Georgiev
Resources: Paul Schedl, Olga Kyrchanova

Supervision: Paul Schedl, Pavel Georgiev, Olga Kyrchanova
Validation: Olga Kyrchanova, Paul Schedl, Pavel Georgiev
Visualization: Olga Kyrchanova, Vladimir Sokolov, Maxim Tikhonov
Writing original draft: Paul Schedl, Olga Kyrchanova, Pavel Georgiev

Writing review & editing: Paul Schedl, Olga Kyrchanova, Pavel Georgiev

References

1. Cavalheiro GR, Pollex T, Furlong EE. To loop or not to loop: what is the role of TADs
in enhancer function and gene regulation? Curr Opin Genet Dev. 2021;67: 119-129.
doi:10.1016/j.gde.2020.12.015

2. Hafner A, Boettiger A. The spatial organization of transcriptional control. Nat Rev

Genet. 2022. do0i:10.1038/541576-022-00526-0

21


https://doi.org/10.1101/2023.02.16.528790
http://creativecommons.org/licenses/by/4.0/

506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

521

522

523

524

525

526

527

528

529

530

bioRxiv preprint doi: https://doi.org/10.1101/2023.02.16.528790; this version posted February 16, 2023. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in

10.

11.

perpetuity. It is made available under aCC-BY 4.0 International license.

Jerkovic I, Cavalli G. Understanding 3D genome organization by multidisciplinary
methods. Nat Rev Mol Cell Biol. 2021;22: 511-528. d0i:10.1038/s41580-021-00362-w
Mir M, Bickmore W, Furlong EEM, Narlikar G. Chromatin topology, condensates and
gene regulation: shifting paradigms or just a phase? Development. 2019;146:
dev182766. doi:10.1242/dev.182766

Batut PJ, Bing XY, Sisco Z, Raimundo J, Levo M, Levine MS. Genome organization
controls transcriptional dynamics during development. Science. 2022;375: 566—570.
doi:10.1126/science.abi7178

Kyrchanova O, Georgiev P. Mechanisms of Enhancer-Promoter Interactions in Higher
Eukaryotes. Int J] Mol Sci. 2021;22: E671. doi:10.3390/ijms22020671

Matthews NE, White R. Chromatin Architecture in the Fly: Living without
CTCF/Cohesin Loop Extrusion?: Alternating Chromatin States Provide a Basis for
Domain Architecture in Drosophila. Bioessays. 2019;41: €1900048.
doi:10.1002/bies.201900048

Melnikova LS, Georgiev PG, Golovnin AK. The Functions and Mechanisms of Action
of Insulators in the Genomes of Higher Eukaryotes. Acta Naturae. 2020;12: 15-33.
doi:10.32607/actanaturae.11144

Chen D, Lei EP. Function and regulation of chromatin insulators in dynamic genome
organization. Curr Opin Cell Biol. 2019;58: 61-68. doi:10.1016/j.ceb.2019.02.001
Maksimenko OG, Fursenko DV, Belova EV, Georgiev PG. CTCF As an Example of
DNA-Binding Transcription Factors Containing Clusters of C2ZH2-Type Zinc Fingers.
Acta Naturae. 2021;13: 31-46. doi:10.32607/actanaturae.11206

Chetverina D, Fujioka M, Erokhin M, Georgiev P, Jaynes JB, Schedl P. Boundaries of
loop domains (insulators): Determinants of chromosome form and function in

multicellular eukaryotes. Bioessays. 2017;39. doi:10.1002/bies.201600233

22


https://doi.org/10.1101/2023.02.16.528790
http://creativecommons.org/licenses/by/4.0/

531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

546

547

548

549

550

551

552

553

bioRxiv preprint doi: https://doi.org/10.1101/2023.02.16.528790; this version posted February 16, 2023. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in

12.

13.

14.

15.

16.

17.

18.

19.

20.

perpetuity. It is made available under aCC-BY 4.0 International license.

Matzat LH, Lei EP. Surviving an identity crisis: a revised view of chromatin insulators
in the genomics era. Biochim Biophys Acta. 2014;1839: 203-214.
doi:10.1016/j.bbagrm.2013.10.007

Kyrchanova O, Maksimenko O, Ibragimov A, Sokolov V, Postika N, Lukyanova M, et
al. The insulator functions of the Drosophila polydactyl C2H2 zinc finger protein CTCF:
Necessity versus sufficiency. Sci Adv. 2020;6: eaaz3152. doi:10.1126/sciadv.aaz3152
Kyrchanova OV, Bylino OV, Georgiev PG. Mechanisms of enhancer-promoter
communication and chromosomal architecture in mammals and Drosophila. Front
Genet. 2022;13: 1081088. doi:10.3389/fgene.2022.1081088

Kyrchanova O, Mogila V, Wolle D, Magbanua JP, White R, Georgiev P, et al. The
boundary paradox in the Bithorax complex. Mech Dev. 2015;138 Pt 2: 122—-132.
doi:10.1016/j.mod.2015.07.002

Lewis EB. A gene complex controlling segmentation in Drosophila. Nature. 1978;276:
565-570. doi:10.1038/276565a0

Maeda RK, Karch F. The ABC of the BX-C: the bithorax complex explained.
Development. 2006;133: 1413—-1422. doi:10.1242/dev.02323

Maeda RK, Karch F. The open for business model of the bithorax complex in
Drosophila. Chromosoma. 2015;124: 293-307. doi:10.1007/s00412-015-0522-0
Celniker SE, Sharma S, Keelan DJ, Lewis EB. The molecular genetics of the bithorax
complex of Drosophila: cis-regulation in the Abdominal-B domain. EMBO J. 1990;9:
4277-4286.

Duncan I. The bithorax complex. Annu Rev Genet. 1987;21: 285-319.

doi:10.1146/annurev.ge.21.120187.001441

23


https://doi.org/10.1101/2023.02.16.528790
http://creativecommons.org/licenses/by/4.0/

554

555

556

557

558

559

560

561

562

563

564

565

566

567

568

569

570

571

572

573

574

575

576

bioRxiv preprint doi: https://doi.org/10.1101/2023.02.16.528790; this version posted February 16, 2023. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in

21.

22.

23.

24.

25.

26.

27.

28.

perpetuity. It is made available under aCC-BY 4.0 International license.

Garaulet DL, Lai EC. Hox miRNA regulation within the Drosophila Bithorax complex:
Patterning behavior. Mech Dev. 2015;138 Pt 2: 151-159.
doi:10.1016/j.mod.2015.08.006

Hagstrom K, Muller M, Schedl P. Fab-7 functions as a chromatin domain boundary to
ensure proper segment specification by the Drosophila bithorax complex. Genes Dev.
1996;10: 3202-3215. doi:10.1101/gad.10.24.3202

Sanchez-Herrero E. Control of the expression of the bithorax complex genes abdominal-
A and abdominal-B by cis-regulatory regions in Drosophila embryos. Development.
1991;111: 437-449.

Casares F, Sanchez-Herrero E. Regulation of the infraabdominal regions of the bithorax
complex of Drosophila by gap genes. Development. 1995;121: 1855-1866.

Drewell RA, Nevarez MJ, Kurata JS, Winkler LN, Li L, Dresch JM. Deciphering the
combinatorial architecture of a Drosophila homeotic gene enhancer. Mech Dev.
2014;131: 68-77. d0i:10.1016/j.mod.2013.10.002

[ampietro C, Gummalla M, Mutero A, Karch F, Maeda RK. Initiator elements function
to determine the activity state of BX-C enhancers. PLoS Genet. 2010;6: €1001260.
doi:10.1371/journal.pgen.1001260

Bowman SK, Deaton AM, Domingues H, Wang PI, Sadreyev RI, Kingston RE, et al.
H3K27 modifications define segmental regulatory domains in the Drosophila bithorax
complex. Elife. 2014;3: €02833. doi:10.7554/eLife.02833

Cheutin T, Cavalli G. The multiscale effects of polycomb mechanisms on 3D chromatin
folding. Crit Rev Biochem Mol Biol. 2019;54: 399-417.

doi:10.1080/10409238.2019.1679082

24


https://doi.org/10.1101/2023.02.16.528790
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.02.16.528790; this version posted February 16, 2023. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY 4.0 International license.

577  29. Chiang A, O’Connor MB, Paro R, Simon J, Bender W. Discrete Polycomb-binding sites
578 in each parasegmental domain of the bithorax complex. Development. 1995;121: 1681—
579 1689. doi:10.1242/dev.121.6.1681

580 30. Kassis JA, Kennison JA, Tamkun JW. Polycomb and Trithorax Group Genes in

581 Drosophila. Genetics. 2017;206: 1699-1725. doi:10.1534/genetics.115.185116

582  31. Barges S, Mihaly J, Galloni M, Hagstrom K, Miiller M, Shanower G, et al. The Fab-8

583 boundary defines the distal limit of the bithorax complex iab-7 domain and insulates
584 iab-7 from initiation elements and a PRE in the adjacent iab-8 domain. Development.
585 2000;127: 779-790.

586 32. Bender W, Lucas M. The border between the ultrabithorax and abdominal-A regulatory
587 domains in the Drosophila bithorax complex. Genetics. 2013;193: 1135-1147.

588 doi:10.1534/genetics.112.146340

589  33. Galloni M, Gyurkovics H, Schedl P, Karch F. The bluetail transposon: evidence for

590 independent cis-regulatory domains and domain boundaries in the bithorax complex.

591 EMBO J. 1993;12: 1087-1097.

592  34. Gyurkovics H, Gausz J, Kummer J, Karch F. A new homeotic mutation in the

593 Drosophila bithorax complex removes a boundary separating two domains of regulation.
594 EMBO J. 1990;9: 2579-2585.

595 35. Karch F, Galloni M, Sipos L, Gausz J, Gyurkovics H, Schedl P. Mcp and Fab-7:

596 molecular analysis of putative boundaries of cis-regulatory domains in the bithorax
597 complex of Drosophila melanogaster. Nucleic Acids Res. 1994;22: 3138-3146.
598 doi:10.1093/nar/22.15.3138

599  36. Mihaly J, Hogga I, Gausz J, Gyurkovics H, Karch F. In situ dissection of the Fab-7
600 region of the bithorax complex into a chromatin domain boundary and a Polycomb-

601 response element. Development. 1997;124: 1809—-1820. doi:10.1242/dev.124.9.1809

25


https://doi.org/10.1101/2023.02.16.528790
http://creativecommons.org/licenses/by/4.0/

602

603

604

605

606

607

608

609

610

611

612

613

614

615

616

617

618

619

620

621

622

623

624

625

626

bioRxiv preprint doi: https://doi.org/10.1101/2023.02.16.528790; this version posted February 16, 2023. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in

37.

38.

39.

40.

41.

42.

43.

44,

perpetuity. It is made available under aCC-BY 4.0 International license.

Kyrchanova O, Sabirov M, Mogila V, Kurbidaeva A, Postika N, Maksimenko O, et al.
Complete reconstitution of bypass and blocking functions in a minimal artificial Fab-7
insulator from Drosophila bithorax complex. Proc Natl Acad Sci U S A. 2019;116:
13462—-13467. doi:10.1073/pnas.1907190116

Kyrchanova O, Wolle D, Sabirov M, Kurbidaeva A, Aoki T, Maksimenko O, et al.
Distinct Elements Confer the Blocking and Bypass Functions of the Bithorax Fab-8
Boundary. Genetics. 2019;213: 865-876. doi:10.1534/genetics.119.302694

Postika N, Metzler M, Affolter M, Miiller M, Schedl P, Georgiev P, et al. Boundaries
mediate long-distance interactions between enhancers and promoters in the Drosophila
Bithorax complex. PLoS Genet. 2018;14: e1007702. doi:10.1371/journal.pgen.1007702
Hogga I, Karch F. Transcription through the iab-7 cis-regulatory domain of the bithorax
complex interferes with maintenance of Polycomb-mediated silencing. Development.
2002;129: 4915-4922. doi:10.1242/dev.129.21.4915

Hogga I, Mihaly J, Barges S, Karch F. Replacement of Fab-7 by the gypsy or scs
insulator disrupts long-distance regulatory interactions in the Abd-B gene of the
bithorax complex. Mol Cell. 2001;8: 1145-1151. doi:10.1016/s1097-2765(01)00377-x
Kuhn EJ, Hart CM, Geyer PK. Studies of the role of the Drosophila scs and scs’
insulators in defining boundaries of a chromosome puff. Mol Cell Biol. 2004;24: 1470—
1480. doi:10.1128/MCB.24.4.1470-1480.2004

Kyrchanova O, Leman D, Parshikov A, Fedotova A, Studitsky V, Maksimenko O, et al.
New properties of Drosophila scs and scs’ insulators. PLoS One. 2013;8: €62690.
doi:10.1371/journal.pone.0062690

Vazquez J, Schedl P. Sequences required for enhancer blocking activity of scs are
located within two nuclease-hypersensitive regions. EMBO J. 1994;13: 5984—-5993.

do1:10.1002/5.1460-2075.1994.tb06944 .x

26


https://doi.org/10.1101/2023.02.16.528790
http://creativecommons.org/licenses/by/4.0/

627

628

629

630

631

632

633

634

635

636

637

638

639

640

641

642

643

644

645

646

647

648

649

650

651

bioRxiv preprint doi: https://doi.org/10.1101/2023.02.16.528790; this version posted February 16, 2023. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in

45.

46.

47.

48.

49.

50.

51.

52.

perpetuity. It is made available under aCC-BY 4.0 International license.

Hagstrom K, Muller M, Schedl P. A Polycomb and GAGA dependent silencer adjoins
the Fab-7 boundary in the Drosophila bithorax complex. Genetics. 1997;146: 1365—
1380. doi:10.1093/genetics/146.4.1365

Mishra RK, Mihaly J, Barges S, Spierer A, Karch F, Hagstrom K, et al. The iab-7
polycomb response element maps to a nucleosome-free region of chromatin and requires
both GAGA and pleiohomeotic for silencing activity. Mol Cell Biol. 2001;21: 1311
1318. doi:10.1128/MCB.21.4.1311-1318.2001

Kyrchanova O, Kurbidaeva A, Sabirov M, Postika N, Wolle D, Aoki T, et al. The
bithorax complex iab-7 Polycomb response element has a novel role in the functioning
of the Fab-7 chromatin boundary. PLoS Genet. 2018;14: e1007442.
doi:10.1371/journal.pgen.1007442

Wolle D, Cleard F, Aoki T, Deshpande G, Schedl P, Karch F. Functional Requirements
for Fab-7 Boundary Activity in the Bithorax Complex. Mol Cell Biol. 2015;35: 3739—
3752. doi:10.1128/MCB.00456-15

Holohan EE, Kwong C, Adryan B, Bartkuhn M, Herold M, Renkawitz R, et al. CTCF
genomic binding sites in Drosophila and the organisation of the bithorax complex. PLoS
Genet. 2007/07/10 ed. 2007;3: e112. doi:10.1371/journal.pgen.0030112

Negre N, Brown CD, Shah PK, Kheradpour P, Morrison CA, Henikoff JG, et al. A
comprehensive map of insulator elements for the Drosophila genome. PLoS Genet.
2010/01/20 ed. 2010;6: e1000814. doi:10.1371/journal.pgen.1000814

Bender W, Fitzgerald DP. Transcription activates repressed domains in the Drosophila
bithorax complex. Development. 2002;129: 4923-4930. doi:10.1242/dev.129.21.4923
Majumder P, Cai HN. The functional analysis of insulator interactions in the Drosophila
embryo. Proc Natl Acad Sci U S A. 2003;100: 5223-5228.

do1:10.1073/pnas.0830190100

27


https://doi.org/10.1101/2023.02.16.528790
http://creativecommons.org/licenses/by/4.0/

652

653

654

655

656

657

658

659

660

661

662

663

664

665

666

667

668

669

670

671

672

673

674

bioRxiv preprint doi: https://doi.org/10.1101/2023.02.16.528790; this version posted February 16, 2023. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in

53.

54.

55.

56.

57.

38.

59.

60.

perpetuity. It is made available under aCC-BY 4.0 International license.

Kuhn EJ, Viering MM, Rhodes KM, Geyer PK. A test of insulator interactions in
Drosophila. EMBO J. 2003;22: 2463-2471. doi:10.1093/emboj/cdg241

Gohl D, Aoki T, Blanton J, Shanower G, Kappes G, Schedl P. Mechanism of
chromosomal boundary action: roadblock, sink, or loop? Genetics. 2011;187: 731-748.
doi:10.1534/genetics.110.123752

Kyrchanova O, Chetverina D, Maksimenko O, Kullyev A, Georgiev P. Orientation-
dependent interaction between Drosophila insulators is a property of this class of
regulatory elements. Nucleic Acids Res. 2008;36: 7019—7028. doi:10.1093/nar/gkn781
Gaszner M, Vazquez J, Schedl P. The Zw5 protein, a component of the scs chromatin
domain boundary, is able to block enhancer-promoter interaction. Genes Dev. 1999;13:
2098-2107. doi:10.1101/gad.13.16.2098

Castro Alvarez JJ, Revel M, Carrasco J, Cléard F, Pauli D, Hilgers V, et al. Repression
of the Hox gene abd-A by ELAV-mediated Transcriptional Interference. PLoS Genet.
2021;17: €1009843. doi:10.1371/journal.pgen.1009843

Erokhin M, Davydova A, Parshikov A, Studitsky VM, Georgiev P, Chetverina D.
Transcription through enhancers suppresses their activity in Drosophila. Epigenetics
Chromatin. 2013;6: 31. doi:10.1186/1756-8935-6-31

Fujioka M, Nezdyur A, Jaynes JB. An insulator blocks access to enhancers by an
illegitimate promoter, preventing repression by transcriptional interference. PLoS Genet.
2021;17: €1009536. doi:10.1371/journal.pgen.1009536

Pande A, Brosius J, Makalowska I, Makalowski W, Raabe CA. Transcriptional
interference by small transcripts in proximal promoter regions. Nucleic Acids Res.

2018;46: 1069—-1088. doi:10.1093/nar/gkx1242

28


https://doi.org/10.1101/2023.02.16.528790
http://creativecommons.org/licenses/by/4.0/

675

676

677

678

679

680

681

682

683

684

685

686

687

688

689

690

691

692

693

694

695

bioRxiv preprint doi: https://doi.org/10.1101/2023.02.16.528790; this version posted February 16, 2023. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in

61.

62.

63.

64.

65.

66.

67.

perpetuity. It is made available under aCC-BY 4.0 International license.

Pande A, Makalowski W, Brosius J, Raabe CA. Enhancer occlusion transcripts regulate
the activity of human enhancer domains via transcriptional interference: a computational
perspective. Nucleic Acids Res. 2020;48: 3435-3454. doi:10.1093/nar/gkaa026
Ibragimov A, Bing X, Shidlovskii Y, Levine M, Georgiev P, Schedl P. The insulating
activity of the Drosophila BX-C chromatin boundary Fub-1 is parasegmentally
regulated by IncRNA read-through. 2022. doi:10.1101/2022.11.13.516321

Herman AB, Tsitsipatis D, Gorospe M. Integrated IncRNA function upon genomic and
epigenomic regulation. Mol Cell. 2022;82: 2252-2266.
doi:10.1016/j.molcel.2022.05.027

Nuinez-Martinez HN, Recillas-Targa F. Emerging Functions of IncRNA Loci beyond the
Transcript Itself. Int J Mol Sci. 2022;23: 6258. do0i:10.3390/ijms23116258

Sartorelli V, Lauberth SM. Enhancer RNAs are an important regulatory layer of the
epigenome. Nat Struct Mol Biol. 2020;27: 521-528. do0i:10.1038/s41594-020-0446-0
Statello L, Guo C-J, Chen L-L, Huarte M. Gene regulation by long non-coding RNAs
and its biological functions. Nat Rev Mol Cell Biol. 2021;22: 96-118.
doi:10.1038/s41580-020-00315-9

Kyrchanova O, Mogila V, Wolle D, Deshpande G, Parshikov A, Cléard F, et al.
Functional Dissection of the Blocking and Bypass Activities of the Fab-8 Boundary in
the Drosophila Bithorax Complex. PLoS Genet. 2016;12: e1006188.

doi:10.1371/journal.pgen.1006188

29


https://doi.org/10.1101/2023.02.16.528790
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.02.16.528790; this version posted February 16, 2023. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY 4.0 International license.

697  Figure captions

698

699  Fig. 1. Boundaries organize enhancer-promoter interactions in the 4bd-B gene of the BX-C.
700  (A) Map of the BX-C showing the location of the three homeotic genes and the parasegment-
701 specific regulatory domains. There are nine cis-regulatory domains (shown as colored boxes)
702  that are responsible for the regulation of the BX-C genes and the specification of parsegments
703  5to 13, which correspond to T3-A8 segments. The abx/bx (yellow) and bxd/pbx (orange)

704  domains activate Ubx, iab-2 — iab-4 (shades of blue) — abd-A and iab-5—9 (shades of green) —
705  Abd-B. Lines with colored circles mark chromatin boundaries. The dCTCF, Pita, and Su(Hw)
706  binding sites at the boundaries are shown as red, blue, and yellow circles, respectively. (B)
707  Schematic presentation of 4bd-B activation in A5(PS11) and A6(PS12) segments

708  (parasegments). (C) Deletion of the Fab-7 boundary results in premature activation of the
709  iab-7 domain in A6 (PS12).

710

711 Fig. 2. HS3 (iab-7 PRE) is required for boundary activity of the scs™" insulator. (A)

712 Schematic presentation of the scs insulator (marked as green line). TSS -transcription start
713 sites are marked by magenta arrows. PAS is designated as a STOP signal. Exons of Cad87A4
714  and CG31211 are marked as white boxes with brown hatching. The black arrow indicates the
715 Cad87A4 promoter that is active in embryos [40]. (B) Schematic representation of the abd-4 -
716 Abd-B regulatory regions and Fab-7%"30 platform in which four hypersensitive sites, HS*,
717 HSI1, HS2, and HS3 (marked as grey boxes) are deleted. The endpoints of the deletion are
718  indicated by breaks in the red line. HS3 marked as a blue line. Replacement fragments are
719  shown below the map with a summary of their cuticle (tergite and sternite) phenotypes. (C)
720  Bright field (top) and dark field (bottom) images of cuticles prepared from males of wild type

721 (wt), Fab-74""30, HS3, scs™™, scs™"+HS3 transgenic lines. Abdominal segments are
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numbered. The filled red arrowheads show morphological features indicative of GOF
transformations. The empty red arrowheads show the signs of the LOF transformation, which

is directly correlated with boundary function.

Fig. 3. The Cad87A4 promoter in scs inserted in the reverse orientation (scs®) is responsible

for inactivation of the iab-7 enhancers. (A) Fab-7 boundary replacement schemes in which
scs was inserted in reverse orientation. (B) Bright field (top) and dark field (bottom) images
of cuticles prepared from males of wt, scs®+HS3, scs®, scsR+PAS, scsR+HS3+PAS,

5’P+scs™n+HS3+PAS. (6 2 psoa — 6 aunuii). Other designations are as in Fig 2.

Fig. 4. The Cad87A4 promoter in the scs inserted in the direct orientation (scs) is responsible
for inactivation of the iab-5 and iab-6 domains. (A) Fab-7 boundary replacement schemes in
which scs and scs™” were inserted in direct orientation. (B) Bright field (top) and dark field
(bottom) images of cuticles prepared from males of wt, scs, scs+HS3, scs+F7, F64P+[F 74P

Other designations are as in Fig. 2.

Fig. 5. Transcription from the P-element promoter suppresses the activity of the Fub sub-
fragment pHS2, when it replaces the Fab-7 boundary. (A) Fab-7 boundary replacement
schemes, in which pHS2 was inserted in different combinations with the P-element promoter
and polyadenylation signal from SV40 (PAS). (B) Bright field (top) and dark field (bottom)
images of cuticles prepared from males of wt, Fab-74"0 pHS?2, 5'P+pHS2+PAS,

5’P+PAS+pHS?2. Other designations are as in Fig. 2.

Fig. 6. Transcription from the P-element promoter suppresses the functional activity of the

Fub boundary and the Fub sub-element pHS? in its endogenous location between the bxd/pbx
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(the Ubx regulatory region) and iab-2 (the abd-A regulatory region) domains. (A) Fub
boundary replacement schemes, in which Fub or pHS2 were inserted in different
combinations with the P-element promoter and polyadenylation signal from SV40 (PAS). (B)
Morphology of the male abdominal segments (numbered) in wild type (wt), F2¢P, F2, P+ F2,
5’P+F2+PAS (C) Morphology of the male abdominal segments (numbered) in wild type (wf),

pHS2, 5'P+pHS2, 5’P+pHS2+PAS, 5’P+PAS+pHS?.

Supporting information captions

S1 Fig. Detection transcription from Cad87A4 promoter in Fab-7 replacements with scs and
scs™n, The results of real-time PCR (RT-PCR) show the level of detected transcripts (in both
orientations) that are detected at different testing sites as indicated (shown with magenta
arrows on Abd-B regulatory region scheme). Points “Cad el” and “Cad e2” are taken from
Cad87A4 1% exon and reflect transcription from genomic and transgene promoters. The results
are presented as a percentage of input genomic DNA. Error bars show standard deviations of

triplicate PCR measurements for three independent experiments.

S1 Table. Primers for generating fragments.

S2 Table. The sequences of oligonucleotides used in real-time PCR.
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SI Table 1. Primers for generating fragments

Fragments Primers 5-3
scs scs d CGCTGCGAACTTCTCTTC
scsr CTGTATTCCTCAGTTATCGA
scsmin scsmd CGTCCGCATACGTCCG
scsr CTGTATTCCTCAGTTATCGA
F7 HS3 HS3 d GTCGCAAGAACTTCACAACAG
HS3 r GCCATCATGGATGTGAAAGA
PAS (sv40) sv40tr GATACATTGATGAGTTTGG
sv40td GGATCTTTGTGAAGGAACCTTAC
5°p 1147 CATGATGAAATAACATAAGGTGGTC
1152 GCTGCTGCTCTAAACGACG
F7142+3 F7-1 GATTTCAAGCTGTGTGGCGGGGG
F7-3 ATGTCGGCAATTCGGATTCCCGG
F2 pHS2 F2-47 TTTGTGAATCCGTACCC
F2-48 TGAGCGAGTCCTTGAG
F2 F2D GCTGAGGCGGCTGAGAAAG
F2R CAAGATACAATCAGCAAAGC

SI Table 2. The sequences of oligonucleotides used in real-time PCR

Vha RT2d TCATCTTCCACAACGCTTAC
Vha RT2r GGAGATCCTGTTCCTGAAATAC
cad_el RTd CCTGTCTGTGTTGGTGTTAT
cad el RTr TCATTCACACACCAGCTTT
cad_e2 RTd CGGCATTGGAGAAGACAA
cad_e2 RTr GGCTGATGACGTTGGAAT
i4-17k_d TTTCAATGGCGGACGTATC
i4-17k r CCGCACTTGACTCTTGTTAT
i5-05k d CGGCAATACTCAAGGTTTCT
i5-05k r CTTCGTTCCTCGCTTTATGT
i6-4k_d CGACCTCCTTGTGTTGATTT
i6-4k r TCAGATGACACCTCCCTTT
attRT_dir GTGGCGGTAGTTGATCCC
attRT_rev GTCGAGAACCCGCTGAC
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