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Architectural protein Pita cooperates with dCTCF in organization
of functional boundaries in Bithorax complex
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ABSTRACT

Boundaries in the Bithorax complex (BX-C) of Drosophila delimit
autonomous regulatory domains that drive parasegment-specific
expression of homeotic genes. BX-C boundaries have two crucial
functions: they must block crosstalk between adjacent regulatory
domains and at the same time facilitate boundary bypass. The C2H2
zinc-finger protein Pita binds to several BX-C boundaries, including
Fab-7 and Mcp. To study Pita functions, we have used a boundary
replacement strategy by substituting modified DNAs for the Fab-7
boundary, which is located between the iab-6 and iab-7 regulatory
domains. Multimerized Pita sites block iab-6«iab-7 crosstalk but fail
to support iab-6 regulation of Abd-B (bypass). In the case of Fab-7, we
used a novel sensitized background to show that the two Pita-binding
sites contribute to its boundary function. Although Mcp is from BX-C, it
does not function appropriately when substituted for Fab-7: it blocks
crosstalk but does not support bypass. Mutation of the Mcp Pita site
disrupts blocking activity and also eliminates dCTCF binding. In
contrast, mutation of the Mcp dCTCF site does not affect Pita binding,
and this mutant boundary retains partial function.

KEY WORDS: Insulator, Chromatin organization, Zinc-finger
transcription factors, Protein-protein interactions, Architectural
proteins

INTRODUCTION

Studies over the past few decades have substantially enhanced
our understanding of chromosomal architecture in multicellular
eukaryotes and have revealed an intimate connection between
structure and function. High-resolution chromosome conformation
capture techniques have shown that human, mouse and Drosophila
chromosomes are partitioned into a series of loops called
topologically associating domains (TADs) (Dixon et al., 2012;
Sexton et al., 2012; Rao et al., 2014; Dekker and Mirny, 2016).
Loop formation is driven largely by a special class of cis-acting
elements called boundaries or insulators that pair with each other.
These elements have binding sites for architectural proteins that
mediate the boundary-boundary pairing interactions responsible for
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loop formation (Liang et al., 2014; Maksimenko and Georgiev,
2014; Bouwman and de Laat, 2015; Dekker and Mirny, 2016). In
transgenic assays, boundaries can block regulatory interactions
between enhancers/silencers and target genes; however, when
appropriately arranged, boundaries can also bring distant regulatory
elements in contact with promoters (Gohl et al., 2011; Chetverina
etal., 2014; Kyrchanova and Georgiev, 2014; Matzat and Lei, 2014,
Fujioka et al., 2016).

Although only one architectural DNA-binding protein, CTCF,
has been as yet identified in mammals (Ali et al., 2016; Ghirlando
and Felsenfeld, 2016; Merkenschlager and Nora, 2016), ongoing
studies suggest that Drosophila probably has many architectural
proteins (Maksimenko et al., 2015; Zolotarev et al., 2016a). This
discrepancy likely reflects the relatively simple methods and
assays that are available for studying boundaries/insulators in flies
that are not readily feasible in higher eukaryotes. However, in
spite of the experimental advantages offered by the fly model
system, there is only a limited amount of information on
the functional roles of architectural proteins in their native
environment.

One context where it is readily possible to study the functioning
of the endogenous fly boundaries is the Drosophila Bithorax
complex. As is the case for the mammalian Hox gene complexes,
many of the boundaries in the Drosophila Bithorax complex (BX-
C) use a homolog of the mammalian CTCF protein, dCTCF (Moon
et al., 2005; Holohan et al., 2007; Mohan et al., 2007; Perez-Lluch
et al., 2008; Bonchuk et al., 2015; Magbanua et al., 2015). BX-C
contains three homeotic genes, Ultrabithorax (Ubx), abdominal-A
(abd-A) and Abdominal-B (Abd-B), which are responsible for
specifying the parasegments (PS5 to PS13) that make up the
posterior two-thirds of the fly segments (A) (Lewis, 1978;
Kyrchanova et al., 2015; Maeda and Karch, 2015). Expression of
each homeotic gene in the appropriate parasegment-specific pattern
is controlled by a series of nine cis-regulatory domains, abx/bx, bxd/
pbx and iab-2 to iab-9. In order to properly specify segment identity,
these regulatory domains must be able to function autonomously.
Genetic and molecular studies have shown that each of these
regulatory domains is bracketed by boundary elements (Fab-3,
Fab-4, Mcp, Fab-6, Fab-7, Fab-8 and AB-I; Fig. 1A) (Celniker
et al., 1990; Gyurkovics et al., 1990; Galloni et al., 1993; Karch
et al., 1994; Kyrchanova et al., 2008, 2011, 2016; McCall et al.,
1994; Mihaly et al., 1997, 2006; Barges et al., 2000; lampietro et al.,
2010; Bender and Lucas, 2013; Bowman et al., 2014). BX-C
boundaries have two important functions (Kyrchanova et al., 2015):
one is to block crosstalk between adjacent regulatory domains; the
other is bypass activity, i.e. enabling distal regulatory domains to
bypass one or more intervening boundaries and contact their
regulatory targets.

The most thoroughly characterized BX-C boundary, Fab-7, is
located between iab-6 and iab-7 (Fig. 1A). Fab-7 deletions fuse the
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Fig. 1. Boundaries of the BX-C coincide with dCTCF and Pita. (A) Distribution of ChIP signals for Pita and dCTCF across the BX-C. The BX-C is presented as a
sequence coordinate line. Transcripts of Ubx, abd-A and Abd-B are marked by horizontal arrows. The mapped insulator elements are indicated under the
coordinate map as vertical black bars. Red ovals denote sequence motifs for Pita found in the BX-C. Tracks show the binding profiles for Pita and dCTCF
according to the ChIP-Seq data. (B) Binding of Pita at the boundaries of BX-C. Chromatin was isolated from pupae and treated with antibodies against Pita.
Nonspecific IgG was used as a negative control (not shown, see Fig. S1 for comparison). The results of ChlPs are presented as a percentage of input DNA. The
yTub37C (tub)-coding region (devoid of binding sites for Pita) was used as a negative control. Error bars indicate standard deviations of the triplicate PCR
measurements from two independent biological samples of chromatin. (C) EMSA of recombinant zinc-finger domains of Pita with the DNA fragments from BX-C
containing Pita-binding sites (Fub-2, Fub, Mcp, Fab-7 and AB-E). Zinc-finger domains of Pita fused with MBP were incubated with the Cy5-labeled DNA
fragments. Specificity of the interaction was demonstrated by incubation of the DNA fragments with varying amounts of Pita protein, presented as a series of
twofold dilutions. In parallel, the FAM-labeled DNA fragments with no binding sites for Pita were used as a negative control (data not shown).

iab-6 and iab-7 regulatory domains, and mutant flies exhibit a
complex mixture of gain- and loss-of-function phenotypes in PS11
(Gyurkovics et al., 1990; Karch et al., 1994; Mihaly et al., 1997).
The gain-of-function phenotypes arise because the iab-6 initiator
inappropriately activates the iab-7 domain in PS11 (A6), whereas
the loss-of-function phenotypes arise because repressive elements
in iab-7 that are active in PS11 silence iab-6 in that parasegment.
Deletions that remove not only the Fab-7 boundary, but also
the iab-7 Polycomb response element (PRE™“7) exhibit an
exclusively gain-of-function transformation, and A6 is completely
missing in mutant males. A similar fusion of neighboring
regulatory domains and a consequent misregulation of 4bd-B is
observed when Fab-6 and Fab-8 are deleted (Barges et al., 2000;
lampietro et al., 2008, 2010).
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Unlike other BX-C boundaries, Fab-7 does not contain binding
sites for dCTCF, and instead relies on other factors to confer
boundary activity. Thus far, two developmentally regulated
complexes have been shown to be important for Fab-7 boundary
function: Elba and LBC (Aoki et al., 2012; Wolle et al., 2015).
The Elba complex confers boundary function during early
embryogenesis, whereas LBC functions later in development.
Although several different lines of evidence indicate that both of
these factors must contribute to Fab-7 activity, the boundary spans a
DNA segment of over 1 kb and it is clear that other, partially
redundant, factors are also important for boundary function (Wolle
et al., 2015).

The studies reported here focus on a previously reported zinc-
finger DNA-binding protein called Pita (Laundrie et al., 2003) or
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Spotted Dick (Page et al., 2005) that has two binding sites in Fab-7.
pita is an essential gene and null alleles die during larval stages.
The mutant larvae exhibit a range of phenotypes, including an
accumulation of abnormal mitotic figures in larval brains, severely
reduced endoreplication in salivary glands, melanotic tumors and
small imaginal discs. Experiments by Page et al. (2005) indicate that
the mitotic and endoreplication defects arise because pita is required
for DNA replication; however, this replication requirement is
indirect, as Pita is present throughout the cell cycle and does not
localize to replication foci. Instead, RNAi knockdown experiments
in tissue culture cells suggest that Pita functions as a transcription
activator, and argue that its role in replication is to ensure the
expression of a specific origin of replication protein Orc4.

More recent work points to another very different function for
pita, namely chromosomal architecture (Maksimenko et al., 2015).
Chromatin immunoprecipitation (ChIP) experiments show that Pita
binds to several boundaries in BX-C including Fab-7 and Mcp. The
Pita protein contains two recognizable domains: the N-terminal
ZAD domain and a central cluster consisting of 10 C2H2 zinc-finger
domains. Only part of the zinc-finger domains is responsible for
DNA binding (Maksimenko et al., 2015). The N-terminal ZAD
domain, together with an unstructured region located between the
ZAD and zinc-finger domains, are thought to be involved in
organizing long-distance interactions by the Pita protein (Zolotarev
et al., 2016a,b). The ZAD domain is responsible for homodimer
formation, whereas the unstructured region mediates interactions
with the BTB domain of CP190. CP190 is a chromatin architectural
protein that interacts with many DNA-binding proteins and is
believed to promote loop formation by linking proteins bound to
distant sequences (Vogelmann et al., 2014).

To better understand the role of Pita as a boundary factor and to
elucidate how this activity might contribute to the regulation of
BX-C homeotic gene expression, we have taken advantage of the
Fab-74'30 deletion (Wolle et al., 2015). The attP site in this allele
can be used to introduce sequences of interest into Fab-7. Using this
boundary replacement approach, we have explored the functioning
of the Pita protein on its own and in the context of two previously
characterized boundaries, Fab-7 and Mcp. These experiments
provide new insights into how boundaries impact BX-C gene
regulation and segment specification.

RESULTS

Pita sites in the Bithorax complex

Previous genome-wide ChIP experiments with samples from
embryos and S2 tissue culture cells identified several Pita-bound
regions in BX-C with a high confidence (Maksimenko et al., 2015;
Zolotarev et al., 2016a). These Pita-bound regions coincide with
known functional elements in BX-C, including the Fub-2, Fub, Mcp
and Fab-7 boundaries, and the 4bd-B [AB-E] and [AB-C] promoter
regions (Fig. 1A and Fig. S1). Other known or suspected
boundaries, Fub-1, Fab-3, Fab-4, Fab-6 and AB-I also scored
positive for Pita, but with a lower confidence. As shown in Fig. 1B,
we found that ChIPs of chromatin, isolated from pupae, confirmed
Pita binding to the high-confidence sites, but not to the other, lower
confidence sites.

To further validate the identification of the Pita-binding sites in
Fub-2, Fub, Mcp, Fab-7 and AB-E, we tested for DNA binding
in vitro using an electrophoretic mobility shift assay (EMSA) with
fluorescently labeled DNA probes spanning the predicted Pita
consensus-binding sites in each of these elements. For the Pita
protein, we used an MBP fusion to the zinc-finger domain. As
shown in Fig. 1C, the cluster of Pita zinc-finger domains fused with

MBP binds to all five of these probes. To provide further evidence
that Pita binds to the predicted consensus sequences and set the
stage for functional studies, we mutated the Pita sites in the Fab-7
and Mcp probes. As shown in Fig. S2, the fusion of the cluster of
Pita zinc-finger domains with MBP shifts the wild-type probes for
both Fab-7 and Mcp, but not the probes in which the predicted
Pita-binding sites are mutated.

Multimerized Pita-binding sites have blocking but not bypass
activity

Next, we determined whether Pita has boundary activity on its own
by replacing the Fab-7 boundary with multimerized Pita-binding
sites (Pita™’). We used five Pita-binding sites because it was shown
previously for Su(Hw), the best-studied insulator protein, that no
fewer than four reiterated binding sites can display an enhancer-
blocking activity in the transgenic assays (Scott et al., 1999). For
replacement, we used the previously described Fab-74""3% Janding
platform (Wolle et al., 2015). In this platform, the region spanning
the Fab-7 nuclease-hypersensitive sites, HS*, HS1 and HS2, and
the hypersensitive site associated with the PRE™“*~7, HS3, are
deleted and replaced with an attP target site for the phiC31
recombination. The a#tP target site was used to insert a DNA
fragment in which the Pita™> multimer was fused to the PRE™*”
sequence (Fig. 2A). EMSA experiments show that Pita binds to
the Pita™> in vitro (Fig. 2C). ChIP experiments confirm that the
multimerized Pita-binding sites recruit Pita to the Fab-7 region
in vivo. Fig. 2B shows that Pita antibodies immunoprecipitate
sequences from the very proximal end of the neighboring
HS3 hypersensitive site (which corresponds to the PRE™“*7), HS3
contains two GAGA factor (GAF) sites, and in the control
experiments, GAF antibodies were found to immunoprecipitate
the same sequence from the proximal end of HS3 (Schweinsberg
et al., 2004).

We next examined the function of Pita™’ in BX-C. In wild type,
cells in A6 (PS11) and A7 (PS12) abdominal segments have
different fates in adult males. The former establish distinct cuticular
structures (tergites and sternites) and internal tissues of the A6
abdominal segment, whereas the latter are lost during
morphogenesis. In Fab-74"3% mutant males, iab-7 is ectopically
activated in all A6 (PS11) cells and they assume an A7 (PS12)
identity. Consequently, these males lack both the A6 and A7
segments (Fig. 2D). Phenotypic analysis of the cuticle of adult male
Pita’™” flies indicates that the functioning of the multimerized Pita
sites in the context of Fab-7 resembles that seen for the
multimerized su(Hw)- or dCTCF-binding sites (Kyrchanova et al.,
2016). Just like these other multimers, Pita™> blocks crosstalk
between iab-6 and iab-7, but does not permit regulatory interactions
between the distal iab-6 regulatory domain and 4bd-B. As a result,
the cuticle in A6 resembles AS. In wild-type males, the A6 sternite
has a distinct elongated banana shape and is devoid of bristles,
whereas in A5 the sternite has a more compact quadrilateral shape
and is covered in bristles. As can be seen in Fig. 2D, the A6 sternite
in Pita™’ males is compact and covered in bristles, just like the
sternite in AS. A similar loss-of-function transformation is evident
in the tergite. Whereas only the anterior and ventral edges of the A6
tergite have trichomes in wild-type flies, the A6 tergite in Pita™’
males is completely covered in trichomes, just like AS.

Pita contributes to Fab-7 boundary function

To further explore the functional properties of the Pita protein, we
asked whether it contributes to the Fab-7 boundary activity. The
Fab-7 boundary spans a DNA sequence of ~1.2 kb and contains
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Fig. 2. The phenotypic effects of Fab-7 replacement by multimerized Pita-binding sites. (A) A schematic presentation of the Fab-7 boundary. Hypersensitive
sites are shown as gray boxes. The proximal and distal deficiency endpoints of the F7217%0 deletions are shown. GAF- and Pita-binding sites are designated as
blue and red ovals, respectively. In this experiment, HS*, HS1 and HS2 are replaced by five Pita sites, whereas HS3 (PRE@-7) is retained. Bold black half-arrows
(marked i7) indicate primers that were used for ChIP experiments. (B) Binding of Pita and GAF at the Pita*® fragment in Pita*® pupae. Nonspecific IgG was used as
a negative control. The results of ChIP are presented as a percentage of input DNA. The Fab-8 (F8) region was used as a positive control for GAF binding, the
100C region was used as a positive control for Pita binding. The yTub37C-coding region (tub), devoid of binding sites for Pita and GAF, was used as a negative
control. Error bars indicate standard deviations of triplicate PCR measurements from two independent biological samples of chromatin. (C) EMSA of the
recombinant zinc-finger domains of Pita with a Pita*® DNA fragment. Zinc-finger domains of Pita fused with MBP were incubated with a Cy5-labeled DNA
fragment. In parallel, the FAM-labeled DNA fragment with no binding site for Pita was used as negative control (data not shown). (D) Morphology of the 4th to 6th
male abdominal segments (numbered) is determined by the Abd-B cis-regulatory regions. F72%%0 males have the classic gain-of-function transformation of A6
(PS11) into A7 (PS12) seen in mutations that remove both the Fab-7 boundary and the PRE#7, HS3. Pita*® demonstrates a strong loss-of-function phenotype:
A6 sternite in males is quadrilateral and covered in bristles, just like the sternite in A5; whole A6 tergite is covered with trichomes, similar to the A5 tergite. Wild-type
(wf) males have pigmented A5 and A6 tergites. The A6 sternite is recognizable by the absence of bristles and a specific form; A7 does not contribute to any visible
cuticle structures. Trichomes are visible in the dark-field images (bottom row) and cover all the surface of A5 tergite, and only a thin stripe along the anterior and

ventral edges of the A6 tergite.

three nuclease-hypersensitive sites: HS*, HS1 and HS2 (Fig. 3A).
The Fab-7 Pita-binding sites are located in the hypersensitive site
HS2. Next to HS2 is HS3, which corresponds to the major PRE in
the iab-7 regulatory domain. Mutagenesis experiments, both in
transgenes and in the context of BX-C, point to a considerable
degree of redundancy in the cis-acting elements (Schweinsberg
et al., 2004; Schweinsberg and Schedl, 2004; Wolle et al., 2015,
Kyrchanova et al., 2016). Because of this redundancy, mutations in
the binding sites for the factors that contribute to boundary activity
can have little or no phenotypic effects. In this respect, Fab-7 differs
from the neighboring boundary, Fab-§, where mutations in the
two dCTCF sites abrogate boundary activity (Moon et al., 2005;
Kyrchanova et al., 2016). Because of this redundancy, we used two
different contexts to test for Pita function. In the first, we introduced
Pita mutations into a Fab-7 replacement that includes HS1, HS2 and
HS3. Although this replacement lacks HS*, it appears to be fully
functional in an otherwise wild-type background. In the second, we
introduced the Pita mutations into a Fab-7 replacement that includes
HS1 and HS2, but not HS3. As described further below, the
removal of HS3 perturbs boundary function, giving a ‘sensitized’
background. As anticipated, redundancy compensates for the Pita
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mutations and we observed obvious phenotypic effects in only the
sensitized HSI1+HS2 replacement.

For the HSI+2+3 replacement series, ChIP experiments show
that Pita is bound to the HS2 region in the wild-type version,
whereas it is substantially reduced in the HSI+247" +3 mutant
(Fig. 3B). In spite of the loss of the Pita protein in the HS1+247 +3
replacement, there was no detectable phenotypic effect, and like
the starting HSI+2+3 replacement, the mutant flies were
phenotypically wild type (Fig. 3C). Thus, in this context the two
Pita-binding sites are not needed for boundary function.

Very different results were obtained for the HS/+2 replacement.
The replacement itself has properties that have not been observed in
any of the previously described Fab-7 boundary mutations. First,
the activity of the HS7+2 replacement is differentially compromised
in a rather striking tissue-specific pattern. As shown in the male
HSI+2 fly in Fig. 3C, the A6 sternite on the ventral side is
completely absent, as would be expected for a gain-of-function
transformation from PS11 (A6) to PS12 (A7) identity. Although the
vast majority of HS/+2 males lack an A6 sternite, infrequently
(~10%) we observe a remaining small patch of sternite tissue (see
Fig. S7). If a similar gain-of-function transformation occurred in the
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Fig. 3. Role of Pita-binding sites in Fab-7 boundary function. (A) A schematic of the Fab-7 boundary replacement constructs at the F72%7% site. Hypersensitive sites
are shown as gray boxes. The proximal and distal deficiency endpoints of the F72%0 deletions are shown. GAF- and Pita-binding sites are designated as blue and
red ovals, respectively. Bold black half-arrows (marked i7) indicate primers that were used for ChIP experiments. (B) Binding of Pita and GAF at the HS1 and HS2
regions in pupae of tested transgenic lines (HS1+2+3, HS1+24P% +3 HS1+2 and HS1+2F%)_The results of ChIP are presented as a percentage of the input DNA. The
Mcp region was used as a positive control for Pita binding, the Hsp70 region was used as a positive control for GAF binding and the RpL32-coding region was used as a
negative control for binding. Error bars indicate standard deviations of triplicate PCR measurements from two independent biological samples of chromatin.

(C) All abdominal segments in HS1+2+3 and HS 1+24P@ +3 males (first row, bright field; second row, dark field) and females (third row, bright field; fourth row, dark-field
images) have essentially a wild-type identity. HS7+2 males have a mixed wild-type and gain-of-function phenotype: an almost complete A6 tergite in combination with
an absence of the A6 stemite. HS7+247% males and females have a strong gain-of-function phenotype with small spots of cells with loss-of-function features.
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cells giving rise to the dorsal tergite, this tissue should also be absent
in HS1+2 males. However, as evident from Fig. 3C, all HSI+2
males have an almost complete A6 tergite. Although there are often
regions along the edges of the A6 tergite that are deformed or
irregular, the tergite in the majority of the HS/+2 males is close to
the size of the A6 tergite in wild type and, judging from the unique
pattern of trichomes in A6, is properly specified. A preferential
reduction in boundary activity in the ventral tissues is also evident in
female flies. Whereas the A6 tergite in the HSI+2 females is
properly specified and resembles that in wild type, this is not true for
the sternite. Instead, the morphology of the A6 sternite indicates that
there is a gain-of-function transformation in identity, albeit
incomplete. Unlike wild type, the HS1+2 A6 sternite has hairs
pointing inward rather than outward, and has a partially abnormal
inverted U-like shape. All of these morphological features are
normally observed in A7, not in A6. It is worth noting that the
specification of cell identity in A6 in HSI+2 males and females
differs from that observed in the standard Fab-7 deletions. In
standard deletions, A6 cells either activate iab-7 and assume an A7
identity or silence A6 and assume and A5 identity. In contrast, in the
HS1+2 flies, the A6 cells either activate iab-7 and assume an A7
identity or block iab-6<iab-7 crosstalk and assume the proper A6
identity. Second, all of the previously described Fab-7 mutants are
dominant, and their phenotypic effects are evident in flies that are
heterozygous for the mutation. In contrast, the HSI+HS2
replacement is recessive, and there are no detectable phenotypes
in HS1+HS2/+ flies.

ChIP experiments show that Pita is bound to the HS2 region in
HSI+2, but not in the HSI+247" mutant (Fig. 3B). However,
unlike the HSI+2+3 series, loss of Pita binding in this already
sensitized background leads to a further disruption of boundary
function. Fig. 3C shows that HSI+247" males lack the entire A6
segment (both sternite and tergite) as would be expected for a
complete transformation of PS11 into PS12. This is confirmed by
the morphology of the A6 segment in HSI+27 females. A6 is
transformed into a copy of A7. These findings indicate that Pita
contributes to the boundary activity of Fab-7.

Pita is essential for blocking activity of the Mcp boundary
In previous studies, Fab-7 has been replaced not only by
multimerized binding sites for insulator proteins such as dCTCF,
but also by the endogenous D. melanogaster boundary elements,
scs, gypsy su(Hw) and Fab-8 (Hogga et al., 2001; Kyrchanova et al.,
2016). Of these three endogenous boundary elements, the only one
that fully substitutes for Fab-7 is the neighboring Fab-8 boundary
element (Kyrchanova et al., 2016). For this boundary element,
rescuing activity is orientation dependent. When Fab-8 is inserted in
the same (forward) orientation, as the endogenous Fab-8 boundary
element, it rescues the Fab-7%"0 deletion. It blocks crosstalk
between iab-6 and iab-7 and is also able to facilitate boundary
bypass. By contrast, when Fab-8 is inserted in the reverse
orientation, it still blocks crosstalk, but is no longer able to
promote boundary bypass. scs inserted in both orientations
resembles Fab-8R in that it blocks crosstalk and also prevents
bypass. A similar result is observed for gypsy su(Hw) replacement in
the epidermis; however, in the embryonic CNS, the gypsy su(Hw)
replacement is inactive and fails to block iab-6<>iab-7 crosstalk.
One interpretation of these findings is that BX-C boundaries have
unique properties that enable them to prevent interactions between
adjacent regulatory domains, but at the same time facilitate bypass
(Kyrchanova et al., 2015). Supporting this idea, lampietro et al.
(2008) found that Fab-7 could substitute for Fab-8. To test this
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hypothesis further and at the same time probe the functioning of the
Pita protein, we selected the BX-C Mcp boundary, as it shares
insulator proteins with both Fab-7 and Fab-8. Like Fab-7, it has a
Pita-binding site, and like Fab-8, it has a site for dCTCF (Fig. 4A).
Although both sites are important for the Mcp-blocking activity in
transgene assays (Kyrchanova et al., 2007), it is not known whether
they are functional in the context of BX-C.

To explore these issues, we used the Fab-7%"3? platform to
introduce the 340 bp Mcp boundary either in the same, forward
orientation (M3#%) as it is in BX-C, or in the reverse orientation,
fused with the PRE“*7 (Fig. 4A). The results for the forward
orientation are shown in Fig. 4C. The same results were obtained for
the reverse orientation (not shown).

Like the Pita™’ replacement, M>#° blocks crosstalk between iab-6
and iab-7 but does not permit boundary bypass. Whereas the gain-
of-function transformation in Fab-74">? deletion almost
completely eliminates A6, this segment is restored in the Mcp
replacement. However, instead of assuming an A6 (PS11) identity,
the morphology of the cuticle in this segment is typical of the
immediately anterior segment AS. In wild type, the A6 sternite has a
banana shape and is devoid of bristles. In contrast, the A6 sternite in
the male M>#° fly, shown in Fig. 4C, resembles the sternite in AS: it
has a quadrilateral shape and is covered in bristles. Similarly, the A6
tergite is completely covered in trichome hairs, just like the AS
tergite of wild type. Thus, unlike Fab-8, Mcp cannot substitute for
Fab-7.

We next used Mcp fragments, which have either the Pita or
dCTCF sites deleted, for the replacement experiments. Both
mutations compromised the blocking activity of the Mcp
replacement. The most straightforward is the deletion of the Pita
site. As illustrated by the male fly in Fig. 4C, the M>3#A%" mytant
boundary has a mixed gain-of-function and loss-of-function
phenotype, like that observed in classical Fab-7 boundary
deletions that retain the PRE*”7, HS3. In the fly shown here, the
A6 sternite is absent, whereas the size of the tergite is greatly
reduced. These phenotypes are indicative of a gain-of-function
transformation. Likewise, as expected for a loss-of-function
transformation, the rudimentary tergite has trichome hairs
distributed throughout, which is characteristic of AS.

Whereas a mixed gain-/loss-of-function phenotype (like that seen
for MP#0APiay s expected for mutations that inactivate boundary
function, this is not what was observed for M>#ACTCF Instead, the
A6 (PS11) phenotypes in M3#0ACTCF flies are a more complicated
mixture of not only gain- and loss-of-function but also what appears
to be wild type. A typical M>#PACTCF male fly is shown in
Fig. 4C. Like most M>#04Pi%a males, the sternite is absent, as would
be expected for a loss-of-function transformation of A6 (PS11) into
A7 (PS12). However, in other respects it differs from the typical
MP#0APita male. Although the size of tergite is clearly reduced, it is
larger than the residual tergite in most M3#947"@ males. In fact, as
illustrated in Fig. S5, in about 10% of the M3#PACTCF males the size
of A6 tergite is between one quarter and one half that of the wild-
type A6 tergite. The other even more unusual feature is that the
posterior side of the residual tergite is typically devoid of trichomes.
As shown in the dark-field images in Fig. 4C and Fig. S5, this is
most readily seen in M?#0ACTCF males that have larger residual
tergites. This morphological feature is characteristic of A6 (PS11),
indicating that these cells have assumed a proper PS11 identity.
However, it should be noted that there are also some males in which
the residual tergite is covered in trichome hairs, indicating that the
cells have assumed an A5 (PS10) identity. This is expected of the
loss-of-function phenotype of boundary mutants. An equivalent
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and GAF binding, and the yTub37C-coding region was used as a negative control for binding. Error bars indicate standard deviations of triplicate PCR
measurements from two independent biological samples of chromatin. (C) Morphology of the abdominal segments of the M®#° mutant males (bright field, top row;
dark field, bottom row). In M®4% homozygous males, A6 is completely transformed into A5. The phenotypic effects are the same as in the case of Pita*®.
MB40APita gnd \340ACTCF males demonstrate a mixed gain- and loss-of-function transformation of A6 segment. Phenotypes of M34? mutant females can be seenin

Fig. S3.

loss-of-function phenotype can also be seen in the few males that
have retained a residual sternite.

An important question is why does the deletion of the A3#0ACTCF
site lead to a mixture of gain- and loss-of-function, and wild-type
phenotypes in A6, whereas the Pita site deletion gives the expected
mixture of gain-/loss-of-function where the remnant cuticle is
transformed to AS5? One possible hint comes from ChIP
experiments on the Mcp replacements M340 MpP#0APia and
M3OACTCE (Fig 4B). As expected, both Pita and dCTCF are

present in ChIPs of the wild-type M3’ replacement. However, the
changes in Pita and dCTCF binding in the M3#0APi@ and pp#0ACTCFR
mutant replacements are not equivalent. For the M3#047ia not only
Pita but also dCTCF are reduced, indicating that dCTCF association
is dependent on the presence of Pita. By contrast, for M3#0ACTCr
although the phenotype is unconventional, the effects of the
mutation in the dCTCF site on protein association are completely
conventional: dCTCF association is greatly reduced, while Pita
binding is unaffected. Thus, one plausible explanation for the
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distinct phenotypes of the M3#04Pia and MP#OACTCE would be the
difference in protein association. In the case of M?¥04Pi 1oss of
both Pita and dCTCF would be equivalent to deleting the Fab-7
boundary in terms of residual Mcp boundary activity. By contrast, in
the MP#ACTCE mutant, Pita protein remains bound, and partial
boundary function is retained. Significantly, as evidenced by the
appropriately specified cuticle in A6, this partially functional Mcp
boundary seems to have acquired bypass activity.

DISCUSSION

Previous studies on the Pita (also known as Spotted Dick) protein
suggested that it is a transcriptional activator and showed that the
replication defects in pifa mutants and in RNAi knockdowns were
due to a reduction in the expression of the replication origin protein
Orc4 (Page et al., 2005). The experiments presented here, together
with our previous studies (Maksimenko et al., 2015), indicate that
pita has an additional, if not an entirely different, function, which is
chromosome architecture. Below, we detail the evidence in favor of
this conclusion, and also discuss the implications of our findings for
boundary function in the context of BX-C.

Pita has ‘classic’ boundary activity

Our boundary replacement experiments provide compelling
evidence that the zinc-finger protein Pita functions just like other
insulator/architectural proteins. When placed in the context of Fab-
7, multimerized Pita-binding sites block crosstalk between iab-6
and iab-7, but are not permissive for the regulatory interactions
between iab-6 and the Abd-B gene. In this respect, the functioning
of the multimerized Pita-binding sites is similar to that observed
when multimerized sites for ‘canonical’ boundary factors, dCTCF
and Su(Hw), are substituted for the Fab-7 boundary. In the context
of Fab-7, they also block crosstalk between iab-6 and iab-7, but do
not support bypass (Hogga et al., 2001; Kyrchanova et al., 2016).

Pita sites in HS2 contribute to Fab-7 boundary function
The boundary functions of the Pita protein are also supported by
experiments testing its activity in a native context. For Fab-7, there
are two Pita-binding sites in the HS2 hypersensitive region. Since
previous studies have shown that HS1 is sufficient for full boundary
activity, when the iab-7 PRE (HS3) is present, it is clear that Pita
function is redundant (Wolle et al., 2015). We confirmed this by
introducing mutations in the two Pita-binding sites in a Fab-7
boundary, HS1+2+3, that lacks the ‘*’ nuclease-hypersensitive site,
but contains the iab-7 PRE. However, a different result was obtained
in the context of a sensitized replacement, HS7+2, in which the
iab-7 PRE (HS3) is deleted. In this sensitized background, the two
Pita-binding sites in HS2 are essential for boundary activity.

Interestingly, the sensitized HSI/+2 Fab-7 replacement has
unprecedented properties. Unlike previously described Fab-7
mutations, which are dominant, the boundary defects of HS/+
HS?2 can be fully complemented by a wild-type boundary in trans.
Additionally, as a homozygote, it has differential effects on the
specification of dorsal and ventral tissues. The A6 (PS11) sternite is
missing in HS/+2 males. This gain-of-function transformation
indicates that boundary activity is disrupted in the cells that give rise
to this ventral cuticular structure. By contrast, the A6 tergite is not
only nearly normal in size, but is also properly specified. This
finding means that boundary activity is largely retained in the PS11
cells that give rise to dorsal cuticle structures.

It is also worth noting that HS/+2 is very different from
mutations that delete the iab-7 PRE (HS3) but retain the entire
Fab-7 boundary (Mihaly et al., 1997). First, the vast majority of
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homozygous iab-7 PRE (HS3) deletion males are indistinguishable
from wild type, arguing that the HS3 deletion retains full boundary
function. Second, in a few of the males (~2.5%), small sections of
the dorsal A6 tergite are missing. This phenotype is most readily
explained by a loss of PRE silencing, and consequent gain-of-
function transformation, in a subset of the cells that give rise to the
dorsal cuticle (Mihaly et al., 1997). As the HSI+2 replacement
differs from all of the iab-7 PRE (HS3) deletions isolated by Mihaly
et al. in that it lacks ‘“HS*’, it would appear that this part of the
boundary contains binding motifs for factors that are important for
boundary function specifically in ventral tissues.

This would not be the only Fab-7 boundary factor that has
‘developmentally’ restricted activity. The two large complexes
known to be important for Fab-7 HS1 boundary function, Elba and
LBC, are active at different stages of development; the former in
early embryos and the latter from mid-embryogenesis onwards. The
fact that there is likely to be yet another boundary factor whose
activity is developmentally restricted, fits with the idea that
boundary function in flies can be subject to stage- and/or tissue-
specific regulation (Magbanua et al., 2015).

The Mcp boundary, Pita and dCTCF

One of the paradoxes posed by the BX-C boundaries is that six of
the nine regulatory domains in the complex are separated from their
homeotic target genes by one or more boundaries. Consequently,
these boundaries must, on the one hand, block regulatory
interactions between adjacent domains and, on the other, facilitate
boundary bypass. One of models to explain these two contradictory
activities is that BX-C boundaries have unique properties, i.e. they
are designed to block interactions between enhancers/silencers, but
not between enhancers/silencers and promoters (Kyrchanova et al.,
2015). This model gained currency from replacement experiments,
which showed that the BX-C boundary Fab-8 can substitute for
Fab-7, while two heterologous boundaries cannot. A prediction of
the model is that other BX-C boundaries could also substitute for
Fab-7. However, contrary to this prediction, our experiments
indicate that Mcp3#° boundary behaves like the heterologous fly
boundaries — it blocks both crosstalk and bypass.

Our analysis of the effects of mutations in the Pita and dCTCF
sites of the Mcp>#? boundary suggest that there is a complicated
relationship between blocking crosstalk and blocking or enabling
bypass. Although mutations in the Pita and dCTCF disrupt the
functioning of Mcp3#? replacement, the actual consequences of each
mutation are quite distinct. In the case of the Pita mutation, we found
that loss of Pita binding leads to a substantial reduction in the
binding of dCTCF. This means that for this particular boundary, Pita
association is required to recruit dCTCF. The requirement is not,
however, reciprocal: deleting the Mcp dCTCEF site has no effect on
Pita association.

Correlated with the differential effects on protein binding, the
MPH0APita and MPPOACTCF mytants have quite different phenotypes.
The phenotype (mixed gain and loss of function) of the former
resembles a classic Fab-7 boundary deletion in which the iab-7 PRE
(HS3) is retained (Mihaly et al., 1997). In contrast, the phenotype of
the latter is a mixture of gain and loss of function, together with
cuticle that has morphological features identical to thatin A6 (PS11)
of wild-type flies. The presence of cuticle that has the proper PS11
identity argues that M3#0ACTCF retains residual boundary function
that, in a subset of cells, is sufficient to not only block crosstalk
between iab-6 and iab-7, but is also able to facilitate iab-6 bypass.

A simple interpretation of this finding is that the Pita protein
differs from dCTCF in that it blocks crosstalk but can facilitate
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bypass. However, this simple model is not supported by other
findings. First, as noted above, just like multimerized dCTCF sites,
multimerized Pita sites block both crosstalk and bypass when
substituted for Fab-7. Second, the two Pita sites in Fab-7 are not in
themselves sufficient for blocking crosstalk. Third, the Fab-8
boundary, which has two dCTCF sites, but no sites for Pita, has both
blocking and bypass activity when substituted for Fab-7
(Kyrchanova et al., 2016). Moreover, these dCTCF sites appear to
contribute to the bypass activity of the Fab-8 replacement. Thus, a
more likely hypothesis is that there are other, as yet unidentified,
factors that are bound to Mcp>#’ and contribute to the blocking and
(newly acquired) bypass activities of the M#ACTCF mutant, in
addition to the Pita protein. Taken together with the finding that
reversing Fab-8 eliminates bypass activity (Kyrchanova et al.,
2016), our experiments with Mcp suggest that there may not be a
common mechanism for generating both blocking and bypass
activity. Rather, each BX-C boundary would appear to deploy
distinct mechanisms that are adapted for their specific context
within the complex.

Is Pita also a transcriptional activator?

Based on their RNAi knockdown experiments in S2 cells, Page et al.
(2005) suggested that Pita is a transcriptional activator and that it
could play a crucial role in coordinating S phase progression. This
idea was supported by their experiments showing that the replication
defects induced by Pita depletion are caused by a reduction in Orc4
expression. However, only 32 genes are downregulated (and 10
upregulated) after Pita RNAi, and most appear to have nothing to do
with replication. Furthermore, as there are several thousand Pita
sites in the genome, the number of affected genes is surprisingly
low. In this light, an obvious question is whether blocking, instead
of transcriptional activation, might account for the effects of Pita
depletion on the Orc4 transcription? Although we did not
investigate how Pita functions in the S2 cells, there are reasons to
think that this is a distinct possibility. ChIP experiments by Page
et al. showed that Pita binds to a region upstream of the Orc4 gene in
S2 cells. ModEncode ChIP experiments indicate that there is a large
PcG silenced domain just beyond this Pita site (Fig. S6). Thus, an
alternative possibility is that Orc4 expression is reduced when Pita is
depleted, because the gene is silenced by the PcG spreading. Several
of the other Pita transcriptional targets are also close to the PcG
domains, and could be silenced in a similar manner (Fig. S6).

MATERIALS AND METHODS

Antibodies

Antibodies against Pita (amino acids 550-683), dCTCF (amino acids
612-818) and GAF (full length) were raised in rabbits and purified from the
sera by the ammonium sulfate fractionation followed by affinity purification
on the CNBr-activated Sepharose (GE Healthcare) according to standard
protocols and have been previously described (Maksimenko et al., 2015).

Chromatin immunoprecipitation (ChIP)

Chromatin for the subsequent immunoprecipitations was prepared from
12-24 h embryos and mid-late pupae as described previously (Maksimenko
et al., 2015). Aliquots of chromatin were incubated with rabbit antibodies
against Pita (1:500), GAF (1:200) and dCTCF (1:500), or with nonspecific
rabbit IgG (control). At least two independent biological replicates were
made for each chromatin sample. The results of the ChIP experiments are
presented as a percentage of the input genomic DNA after triplicate PCR
measurements. The RpL32- or yTub37C-coding region (devoid of binding
sites for the test proteins) was used as a negative control; Mcp, F8, 100C and
hsp70 regions were used as positive controls. The sequences of used primers
are presented in Table S1.

Electrophoretic mobility shift assays

Recombinant proteins for the binding assays were expressed and purified as
described previously (Maksimenko et al., 2015). Fluorescently labeled
DNA fragments were generated by PCR amplification with the
corresponding  FAM- or CyS5-labeled primers. Aliquots of purified
recombinant proteins (10-15 pg) were incubated with the fluorescently
labeled DNA fragments in the presence of nonspecific binding competitor
poly(dI-dC). Incubations were performed in PBS (pH 8.0) containing 5 mM
MgCl,, 0.1 mM ZnSOy4, | mM DTT, 0.1% NP-40 and 10% glycerol at room
temperature for 30 min. The mixtures were then resolved by nondenaturing
5% PAGE in 0.5x TBE buffer at 5 V/cm. Signals were detected using the
Kodak Image System for the FAM-labeled fragments at Ex 500 nm/Em
535 nm and for the Cy5-labeled fragments at the Ex 630 nm/Em 700 nm.

Generation of the Fab-77!"5° replacement lines

The strategy of the creation of the Fab-74"F>? landing platform and generation
of the Fab-7 replacement lines is described in detail elsewhere (Wolle et al.,
2015; Kyrchanova et al., 2016). 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 Fig. S4.

Cuticle preparations

Adult abdominal cuticles of homozygous eclosed 3- to 4-day-old flies were
prepared essentially as described previously (Kyrchanova et al., 2016) and
mounted in Hoyer’s solution. 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, and
assembled using Impress of LibreOffice 5.2.3.3.
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