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ABSTRACT Chromatin insulators are remarkable regulatory elements that can bring distant genomic sites together and block
unscheduled enhancer–promoter communications. Insulators act via associated insulator proteins of two classes: sequence-specific
DNA binding factors and “bridging” proteins. The latter are required to mediate interactions between distant insulator elements.
Chromatin insulators are critical for correct expression of complex loci; however, their mode of action is poorly understood. Here, we
use the Drosophila bithorax complex as a model to investigate the roles of the bridging proteins Cp190 and Mod(mdg4). The bithorax
complex consists of three evolutionarily conserved homeotic genes Ubx, abd-A, and Abd-B, which specify anterior–posterior identity of
the last thoracic and all abdominal segments of the fly. Looking at effects of CTCF, mod(mdg4), and Cp190mutations on expression of
the bithorax complex genes, we provide the first functional evidence that Mod(mdg4) acts in concert with the DNA binding insulator
protein CTCF. We find that Mod(mdg4) and Cp190 are not redundant and may have distinct functional properties. We, for the first
time, demonstrate that Cp190 is critical for correct regulation of the bithorax complex and show that Cp190 is required at an
exceptionally strong Fub insulator to partition the bithorax complex into two topological domains.
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THE eukaryotic genome is folded extensively to fit inside
the cell nucleus. The folding patterns vary between indi-

vidual cells but certain conformations occur more frequently.
In some cases, the likelihood of acquiring a particular confor-
mation is linked to activation or repression of specific genes.
Such links are especially important for complex loci in which
multiple regulatory elements are positioned tens of thousands
of base pairs (kb) away from their target promoters. The
Drosophila bithorax complex is one of the best studied com-
plex loci. The bithorax complex consists of three evolution-
arily conserved homeotic genes Ubx, abd-A, and Abd-B that
encode transcription factors and specify anterior–posterior
identity of the last thoracic and all abdominal segments of
the fly (Maeda and Karch 2006). Segment-specific expression
of the bithorax complex genes is controlled by distal transcrip-
tional enhancers and polycomb/trithorax response elements

(PRE/TREs). The correct function of enhancers and PREs/
TREs is further orchestrated by chromatin insulator elements
that modulate the topology of the bithorax complex by mech-
anisms that are not well understood.

Chromatin insulator elements were first discovered in
Drosophila and later found in vertebrates and plants. They
are short (�1 kb) DNA elements that can block (“insulate”)
transcriptional activation of a promoter by a remote enhancer
when interposed between the two. In contrast to transcriptional
repression, insulation leaves the promoter transcriptionally
competent so it is free to engage with other enhancers as
long as those are not separated from the promoter by the
insulator element.

The function of insulator elements depends on associated
chromatin insulator proteins and here most of what we know
comes from studies in Drosophila. Based on their biochemical
and functional properties, the known Drosophila insulator
proteins can be divided in three groups. The first group
consists of nine sequence-specific DNA binding proteins:
Su(Hw), CTCF, BEAF-32, Ibf1, Ibf2, Pita, ZIPIC (also known
as CG7928), Dwg (also known as Zw5), and GAF (the prod-
uct of Trithorax-like gene) (Geyer and Corces 1992; Zhao
et al. 1995; Gaszner et al. 1999; Schweinsberg et al. 2004;
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Moon et al. 2005; Cuartero et al. 2014; Maksimenko et al.
2015; Wolle et al. 2015). The second group includes Cp190
and multiple protein isoforms encoded by the mod(mdg4)
gene (Dorn et al. 2001; Pai et al. 2004; Van Bortle et al.
2012). The Cp190 and Mod(mdg4) proteins have no se-
quence specificity and may not be able to bind DNA directly.
They can, however, mediate homotypic and heterotypic
protein–protein interactions via their BTB/POZ (Broad complex,
Tramtrack, Bric-a-brac)/(Poxvirus and Zinc finger) domains.
The third group includes biochemically diverse proteins:
Elba1, Elba2, Elba3, and Shep (Aoki et al. 2012; Matzat
et al. 2012). Though not required for enhancer blocking,
these proteins appear to modulate the enhancer-blocking
ability of insulator elements in a tissue- or stage-specific man-
ner. Of allDrosophila insulator proteins, only CTCF has a clear
ortholog in mammals (Baniahmad et al. 1990; Lobanenkov
et al. 1990). Multiple lines of evidence indicate that insulator
proteins act as multisubunit complexes (Matzat and Lei 2014).
In addition, genomic mapping shows that insulator proteins
bind chromatin in distinct combinations (Negre et al. 2010;
Schwartz et al. 2012; Cuartero et al. 2014; Maksimenko et al.
2015). Importantly, only certain combinations of insulator
proteins make these elements capable of blocking enhancer–
promoter communications, suggesting that these proteins
have additional unrelated functions.

Mechanisms by which insulator elements block enhancer–
promoter communications are not yet clear. The most popu-
lar hypothesis suggests that insulator elements interact with
each other and form chromatin loops that compete with chro-
matin looping involved in enhancer–promoter communica-
tion. Supporting this notion, certain insulator protein binding
sites are enriched at bases of chromatin loops detected by
genome-wide chromatin conformation capture (Hi-C) analy-
sis (Rao et al. 2014). In this view, sequence-specific DNA
binding insulator proteins of the first group serve to recruit
proteins of the second group, which, via protein–protein in-
teractions, “bridge” two or more insulator elements together.
In Drosophila, Cp190 andMod(mdg4)may be responsible for
the “bridging” function. Like interactions and loops between
enhancers and promoters, the interactions between insulator
elements are likely transient and should be considered in prob-
abilistic terms. Similarly, insulator interactions may bring dif-
ferent genomic elements together or juxtapose regulatory
elements with appropriate target promoters (Gruzdeva et al.
2005; Ling et al. 2006; Splinter et al. 2006; Li et al. 2011).

Whether insulator elements are interchangeably used
in vivo to both promote and block enhancer–promoter com-
municators or have a preference for either is an open ques-
tion. An important step toward resolving this issue is to ask
whether the two bridging proteins Cp190 and Mod(mdg4)
are functionally different. Although both Cp190 and
Mod(mdg4) have BTB/POZ domains, these domains differ
in their amino acid sequences and their protein–protein in-
teraction properties. Thus in vitro and in yeast two-hybrid
assays, the BTB/POZ domains of Cp190 form homodimers
(Bonchuk et al. 2011; Vogelmann et al. 2014) while the

BTB/POZ domains of Mod(mdg4) form homo- and hetero-
typic multimers with the BTB/POZ domains of several other
members of the tramtrack group (Golovnin et al. 2007;
Bonchuk et al. 2011). Furthermore, the isolated BTB/POZ
domains of Cp190 and Mod(mdg4) do not interact with each
other (Bonchuk et al. 2011). The full-length Cp190 and the
Mod(mdg4)67.2 protein isoform implicated in the function
of the gypsy insulator element interact (Pai et al. 2004), pre-
sumably, via different domains.

Here, we use the Drosophila bithorax complex as a model
to gain insight into the contribution of chromatin insula-
tor proteins to regulation of complex loci and investigate
the functions of Drosophila Cp190 and Mod(mdg4) pro-
teins. We find that the key roles of the zygotic Cp190 and
Mod(mdg4) proteins differ. The Mod(mdg4) proteins co-
operate with sequence-specific DNA binding protein CTCF
to promote expression of the Abd-B gene. In contrast, the
Cp190 protein is critical for the function of an exception-
ally strong insulator element that topologically separates the
Ubx gene from posterior abdominal genes abd-A and Abd-B.
This emphasizes the role of Cp190 as a central enhancer-
blocking protein and points to potential preference of
bridging insulator proteins toward blocking or facilitating
enhancer–promoter communications.

Results

CTCF and Mod(mdg4) cooperate to enhance the Abd-B
expression in the abdomen

Within the bithorax complex the CTCF, Cp190, andMod(mdg4)
proteins colocalize at multiple sites (Figure 1A) (Schwartz
et al. 2012; Van Bortle et al. 2012) some of which can act
as enhancer-blocking/boundary elements (Karch et al. 1994;
Hagstrom et al. 1996; Zhou et al. 1996; Barges et al. 2000;
Gruzdeva et al. 2005). Are all the three proteins involved in
the bithorax complex regulation? If so, do they act redundantly,
cooperate, or have distinct roles?

Of the three proteins, CTCF is the most studied, although
reports donot always agree in details (Gerasimova et al.2007;
Mohan et al. 2007; Bonchuk et al. 2015). All studies conclude
that loss of zygotic CTCF function results in posterior-to-
anterior transformations of abdominal segments A8–A6, which
is caused by the reduced expression of the Abd-B gene. How-
ever, they disagree as to whether zygotic CTCF is essential
for viability. In line with observations from the Corces and
Renkawitz laboratories (Gerasimova et al. 2007; Mohan et al.
2007), we find that flies carrying combinations of the loss-
of-function alleles CTCFy+1/CTCFP35.2 or CTCFP35.2/CTCF9

(Figure 1B, Supporting Information, Figure S1, A and B) die
as pharate adults. Both males and females show distinct
posterior-to-anterior transformations of abdominal segments
A8–A6 (Table1) when extracted from pupal cases. Consis-
tently, we detect less Abd-B protein in the most posterior
abdominal segments of larval ventral nerve cords (Figure 2,
A and A9) and embryonic epidermises (Figure 2, C and C9) of
the homozygous CTCFy+1 mutants compared to corresponding
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regions in flies with a copy of the wild-type CTCF gene. Flies
homozygous for the CTCFGE24185 allele (Figure 1B) or hetero-
zygous for the combination of CTCFy+1/CTCFGE24185 alleles
are viable but exhibit homeotic transformations similar to
those seen in flies with the loss of CTCF function (Table 1,
Figure 3). Recently, Bonchuk and coauthors proposed that
CTCFGE24185 is a null allele and argued that the lethality of
other CTCF alleles is due to additional unrelated mutations
(Bonchuk et al. 2015). It is hard to imagine that the three
CTCF alleles (CTCFy+1, CTCFP35.2, and CTCF9) all carry the

same lethal mutation. Nevertheless, we asked whether the
viability of flies with trans-heterozygous combinations of
these alleles is “rescued” by supplying the CTCF protein from
a transgene. For this, we fused the 2.6-kb open reading frame
(ORF) of the CTCF gene (including two short introns) with
the N-terminal One-STrEP-tag and placed the synthetic ORF
under control of a strong Ubi-p63E promoter (Butcher et al.
2004). When integrated at 51C attP site by phiC31-mediated
targeted recombination (Bischof et al. 2007) this CTCF trans-
gene fully rescues the viability of the CTCFy+1/CTCF35.2 and

Figure 1 Overview of insulator protein binding to the bithorax complex and the alleles of the insulator protein genes. (A) Binding of insulator proteins to
the bithorax complex in cultured Drosophila cells as defined by ChIP-chip [Su(Hw), Mod(mdg4)67.2, CTCF, Cp190 (Schwartz et al. 2012)] or ChIP-seq
[Mod(mdg4) (Van Bortle et al. 2012)]. The ChIP signals (y-axes) are expressed as IP/INPUT ratios for all ChIP-chip experiments and as sequencing read
density for Mod(mdg4) experiment. To accommodate full dynamic range of the Mod(mdg4) ChIP-seq signals the three highest peaks were trimmed and
their top values indicated to the left. Positions of known enhancer-blocking/boundary elements are indicated by dashed lines. The three HOX genes of
the complex (transcribed right to left) are shown below coordinate scale (Dm3, 2006 genome release). (B) Schematic representation of the molecular
structure of CTCF alleles. Here and below positions of transposon insertions are marked with triangles and deletions are indicated with dashed lines. The
insulator protein genes in B and C are transcribed from left to right. Arrowheads mark precisely mapped deletion breakpoints. (C) The structure of
Cp190 alleles. Vertical arrows mark the positions of the point mutations in Cp190EN15 and Cp1903 alleles. (D) Schematic representation of the mod(mdg4)
gene and its alleles. The gene has four common 59 exons (indicated in red) and a large number of alternatively spliced and trans-spliced 39 exons located on
both DNA strands (Dorn et al. 2001). Black boxes mark the coding parts of the exons and white boxes indicate the noncoding parts.
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Table 1 Phenotypes of CTCF, Cp190, and mod(mdg4) mutants

Genotype Phenotype description

mod(mdg4)m9 Early pupal lethality (stages P1–P4).
mod(mdg4)neo129 Early pupal lethality (stages P1–P4).
mod(mdg4)GS23019 Reduced viability, males fertile, females sterile. Homeotic

transformations: males, s6 with 4–5 bristles, t7 is slightly enlarged
usually bears several bristles; females, s7 bears 8–14 (average 10)
bristles, t8 occasionally bears a couple of small bristles.

mod(mdg4)GS23019/mod(mdg4)m9 Pharate adult lethality. Homeotic transformations: males, s6 has 3–5
bristles, t7 is enlarged and bears several bristles; females, s7 bears 7–
14 (average 9.5) bristles often 3 large bristles instead of 2, t8
occasionally bears a couple of small bristles.

mod(mdg4)neo129/mod(mdg4)m9 �75% early pupal lethality (stages P1–P4), �25% late pupa (stages
P12–P15) to pharate adult lethality. Homeotic transformations:
males, s6 with 3–7 (average 5) bristles, t7 is enlarged and bears
several bristles; females, s7 bears 9–11 bristles occasionally 3 large
bristles instead of 2, bristles on s7 occasionally lose orientation, t8
occasionally bears 1–2 bristles.

CTCFEY15833
a

Viable. Ten percent males and 20% females have wild-type
appearance. Homeotic transformations: males, s6 with 0–4 bristles,
t7 with 1 to several bristles (70%), enlarged t7 with a row of bristles
(20%); females, s7 bears 8–16 (average 13) bristles, occasionally 3
large bristles instead of 2, occasionally (,5%) s7 shape is
transformed toward s6 and bristles lose orientation, have small
bristles on t8 (20%).

CTCFEY15833 mod(mdg4)u1 Same as CTCFEY15833.
CTCFEY15833 mod(mdg4)GS23019 Viable, males fertile, females have reduced fertility. Homeotic

transformations: males, genitalia rotated by 90–180�(100%), s6 with
4–15 (average 8) bristles, t7 is well developed, t8 is separated from t9
and bears 0–2 bristles; females, s7 with 10–15 (average 13) bristles,
t8 always has a row of bristles.

CTCFy+1/CTCFEY15833 Viable. Homeotic transformations: males, s6 with 0–6 (average 2.5)
bristles, 15% have genitalia rotated by �30�, t7 is well developed
(100% penetrance); females, s7 with 9–14 (average 12) bristles,
shape of s7 transformed toward s6 and bristles lose orientation
(100%), have row of small (100%) and several large (15%) bristles on
t8.

CTCFy+1 mod(mdg4)GS23019/CTCFEY15833 mod(mdg4)m9 Early pupal lethality (stages P1–P4), rare escapers die at pharate adult
stage. Homeotic transformations: males, genitalia rotated by 180�, s6
has 4–11 (average 9) bristles, display small cuticle structure with 1–2
bristles that we interpret as s7 (designated as s7? in Figure 5C), t7 is
well developed, t8 well separated from t9 and bears rows of large
bristles; females, as CTCFy+1/CTCFEY15833, but t8 always has rows of
large bristles.

CTCFy+1 mod(mdg4)neo129/CTCFEY15833 mod(mdg4)m9 Early pupal lethality (stages P1–P4).
CTCFGE24185

b

In addition to published description. Males, s6 has 3–13 (average 8)
bristles; females, s7 with 8–15 (average 12) bristles, often display a
bunch of small bristles on t8 (0–17 bristles, average 8).

CTCFy+1/CTCFGE24185 Viable. Homeotic transformations: males, genitalia rotated by 30–180�
(70% penetrance), s6 with 4–9 (average 7) bristles, t7 is well
developed; females, s7 with 8–12 (average 10) bristles, shape of s7
transformed toward s6 and bristles lose orientation, have row of large
bristles on t8.

CTCFy+1/CTCF35.2 Pharate adult lethality. Homeotic transformations: males, genitalia
rotated 90–180� (100%), s6 with 6–10 (average 8) bristles; females,
s7 has 11–14 (average 12) bristles, shape of s7 transformed toward
s6 and bristles lose orientation, have rows of large bristles on t8.

CTCF9/CTCF35.2 Pharate adult lethality. Rare escapers eclose but die within 24–48 hr.
Homeotic transformations: males, genitalia rotated by 20–180�
(90%), s6 with 4–8 (average 6) bristles; females, s7 with 12–16
(average 14) bristles, shape of s7 transformed toward s6 and bristles
lose orientation, have rows of large bristles on t8.

(continued)
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CTCF9/CTCFy+1 flies. Moreover, after chromosomes of the
original CTCFy+1 and CTCF9 stocks were allowed to recom-
bine to remove associated lethal mutations, our transgene
also rescues the viability of the homozygous CTCFy+1 and
CTCF9 flies. Taken together, our results uphold the conclu-
sion that zygotic CTCF function is essential for viability and
indicate that CTCFGE24185 is not a null allele but a strong
hypomorph.

A clean loss-of-function allele of the mod(mdg4) gene has
not been described. However, flies with a strong hypomor-
phic mod(mdg4) mutation on a sensitized genetic back-
ground with reduced expression of the Abd-B gene were
reported to have transformations of abdominal segment A5
to A4 (Dorn et al. 1993; Buchner et al. 2000). This suggests
that Mod(mdg4) promotes Abd-B expression in a way that is
different from CTCF. To investigate this issue further, we
generated a clean null allele of themod(mdg4) gene. For this,
we induced recombination between the FRT sites of the two
P-element transposons P[RS5]mod(mdg4)5-HA-1224 and P
[RS3]mod(mdg4)CB-6686-3 (Golic and Golic 1996; Ryder et al.
2004) and obtained the 12-kb deletion (3R: 17191075–
17203088) that removes the transcription start site, four
exons common for all transcriptional isoforms, and eight
downstream exons included in some of the transcripts
(Figure 1D, Figure S1C). We dubbed this allele mod(mdg4)m9.
Flies homozygous for themod(mdg4)m9 allele die during meta-
morphosis and produce no adult structures to examine possible
homeotic transformations (Table 1). However, flies heterozy-
gous for the combination of mod(mdg4)m9 with the strong
hypomorphic allele mod(mdg4)neo129 (Figure 1D) (Dorn et al.
1993; Buchner et al. 2000) orwith theweak hypomorphic allele

mod(mdg4)GS29013 (Figure 1D, Figure S1D) survive longer and
die as pharate adults. Flies homozygous for hypomorphic al-
lelemod(mdg4)GS29013 (Figure 1D, Figure S1D) survive un-
til the adult stage but have reduced viability and fitness.
Careful examination of mod(mdg4)GS29013, mod(mdg4)m9/
mod(mdg4)GS29013, and mod(mdg4)neo129/mod(mdg4)m9 flies
shows that all have distinct posterior-to-anterior transformations

Table 1, continued

Genotype Phenotype description

Cp190P1/Cp1903 Pharate adult lethality with rare (2%) escapers. Homeotic
transformations: held out wings in escapers often blistered, the shape
of t1 changed toward t2, t1 bears long bristles, inner support sclerite
is absent or rudimentary. s1 is often visible but shows no bristles.

Cp1903/Cp190EN15 Same as Cp190P1/Cp1903.
CP190EN15/CP190P1 Same as CP190P1/CP1903, the escapers are slightly more frequent (5%),

s1 usually shows bristles.
CTCFGE24185 Cp190EN15/CTCFGE24185 Cp190P1 Pharate adult lethality with rare (2%) escapers. Escapers are weak with

partially unfolded wings, not able to move and feed. Homeotic
transformations: A1 transformation is less pronounced compared to
Cp190EN15/Cp190P1. The shape of t1 changes toward t2; however,
large bristles are rare, s1 usually shows no bristles. The bristles on t1
are distributed more uniformly compared to wild type. Males, s6 has
0–4 (average 1) bristles, in 50% of males the t7 is not enlarged, in the
other 50%, t7 is enlarged but often developed from only one side, t8
is well separated from t9 and usually visible as two bubble-like
structures with a bunch of large bristles, genitalia rotated by 90–180�
(100%); females, s7 with 5–11 (average 8) bristles, shape of s7 is
transformed toward s6 and bristles lose orientation, t8 always has 7–
19 (average 13) large bristles, which often form two rows.

Cp190P1 mod(mdg4)m9/Cp1903 mod(mdg4) GS23019 Pupal lethality (stages P5–P7). The head and leg structures start to
develop but no thorax and abdominal structures are visible.

a Reported as lacking homeotic transformations in Mohan et al. (2007).
b Described in detail in Mohan et al. (2007).

Figure 2 Loss of CTCF and Mod(mdg4) leads to reduction of the Abd-B
levels in posterior segments of the larval nerve cord and embryonic epi-
dermis. Ventral nerve cords from third instar larvae (A, A9, B, B9) and stage
17 embryos (C, C9, D, D9) of the indicated genotypes were immuno-
stained with antibodies against Abd-B. Representative images show that
in the mutants the Abd-B level in the most posterior segments of the
nerve cords and embryonic epidermis is lower than in the matching het-
erozygous controls.
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of abdominal segments A6–A8 (Figure 4). In agreement with
these observations, we detect less Abd-B protein in posterior
abdominal segments of the larval ventral nerve cord (Figure
2, B and B9) and embryonic epidermis (Figure 2, D and D9) of
the homozygous mod(mdg4)m9 mutants compared with ani-
mals that have a copy of the wild-typemod(mdg4) allele. We
note that flies homozygous for mod(mdg4)u1 allele, which
disrupts exclusively the expression of the Mod(mdg4)67.2
protein isoform involved in the activity of gypsy and gypsy-
like insulators (Georgiev and Gerasimova 1989; Georgiev
and Kozycina 1996), display no homeotic transformations.
This suggests that isoforms other than Mod(mdg4)67.2 are
important to control posterior segment identity. Overall, we
conclude that, like CTCF, some isoforms of the Mod(mdg4)
protein promote Abd-B expression in the posterior abdominal
segments.

Do CTCF andMod(mdg4) cooperate to upregulate the Abd-B
gene? To address this question, we compared homeotic
transformations of single CTCF and mod(mdg4) mutants
with those seen when the corresponding mutations are
combined. Flies homozygous for the weak hypomorphic al-
lele CTCFEY15833 (Table 1, Figure 1B) are viable and with
85% penetrance show weak transformation of segments
A7 and A6 toward more anterior segments A6 and A5
(Table 1, Figure 5, A and B). Weaker transformations in
the same direction are also seen in the hypomorphic allele
mod(mdg4)GS29013 (Table 1, Figure 1D, and Figure 5, A
and B). The mod(mdg4)GS29013 transformations are easiest
to see in males whose A7 tergite (t7, Figure 5A) gets larger
and the A6 sternite (s6, Figure 5A) acquires bristles that are
normally absent. Strikingly, the double combination of the
CTCF and mod(mdg4) alleles yields much stronger posterior-
to-anterior transformations (Figure 5, A and B, Table 1). For
instance, in CTCFEY15833 mod(mdg4)GS29013 males, transfor-
mation of the A7 tergite (t7) and rotation of genitalia are as
strong as that of flies that carry strong CTCFmutations but, in
addition, the tergite of abdominal segment A8 (t8) is partially
transformed into t7 (Figure 5A). Combinations of weak and

strong CTCF andmod(mdg4) alleles produce strong transfor-
mations that are not seen in flies homozygous for any of the
individual mutant alleles (Figure 5C, Figure S2). For exam-
ple, in such mutant males, the A8 tergite (t8) becomes sep-
arated from the tergite of segment A9 (t9). It is also bigger
and has a row of bristles (Figure 5C). Enhanced homeotic
transformations of the double mutants are specific and are
not caused by changes in general genetic background.
Thus, flies that have both the CTCFEY15833 allele and the
mod(mdg4)u1 allele that affects exclusively the expression
of Mod(mdg4)67.2 isoform, show transformations identical
to those of the single CTCFEY15833 mutants (Table 1). Taken
together, our observations suggest that CTCF andMod(mdg4)
act together to promote Abd-B expression.

Loss of CP190 leads to homeotic transformations
different from those of CTCF and mod(mdg4) mutants

Homeotic phenotypes of Cp190 mutants have not been de-
scribed. To investigate this issue, we examined flies that were
heterozygous for combinations of the two Cp190 null alleles,
Cp1903 and Cp190P1, and a strong hypomorphic allele,
Cp190EN15 (Figure 1C). The Cp1903 allele corresponds to a
single nucleotide substitution that leads to a premature stop
codon at position Q61 (Oliver et al. 2010). The Cp190P1 allele
is a deletion of the promoter and the first exon of the Cp190
transcription unit (Pai et al. 2004). The Cp190EN15 allele is
a single nucleotide substitution that leads to a premature
stop codon at position Y571 (Oliver et al. 2010). The major-
ity of the Cp1903/Cp190P1, Cp1903/Cp190EN15, Cp190P1/
Cp190EN15 flies die as pharate adults. There are, however, a
few that escape and die shortly after hatching. Strikingly,
none of the above mutants display posterior-to-anterior
transformations of abdominal segments A6–A8 that are char-
acteristic of the CTCF and mod(mdg4) mutations. Instead,
they show distinct transformation of abdominal segment
A1 into A2. The tergite of the first abdominal segment
changes the shape to that of segment A2 and displays long
bristles normally present on the second abdominal tergite but

Figure 3 Homeotic transformations in CTCF
mutant flies. Comparison of the cuticles from
wild-type (A) and CTCF mutant flies (B) shows
posterior-to-anterior transformations of abdom-
inal segments A8–A6. The most obvious sign is
the enlarged tergite of the seventh segment (t7)
in CTCF mutant males. In wild-type males, t7 is
essentially invisible. Also note additional bristles
on the sternites of the sixth (s6) and seventh (s7)
segments and on the tergite of the eighth seg-
ment (t8) that appear in the mutants but are
absent in wild-type files (marked with arrows).
We see no effect of CTCF mutations on mor-
phology of the segments anterior to A6.
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absent on the first (Figure 6A, Table 1). Additionally, the
sternite of segment A1 acquires bristles characteristic of seg-
ment A2 (Figure 6A, Table 1). The identity of the A1 segment
is defined by highUbx gene expression and lack of abd-A gene
expression. In contrast the A2 segment is defined by high
expression of abd-A (Karch et al. 1990; Macias et al. 1990;
Singh and Mishra 2014). Therefore, the transformation of
segment A1 toward A2 in the Cp190 mutants suggests that
in these flies the abd-A gene is erroneously expressed in seg-
ment A1. Indeed, when we compare the immunostaining of
epithelia from wild-type and Cp1903/Cp190P1 pupae we
see that the latter have patches of cells within the first ab-
dominal segment (A1) that stain with antibodies against
Abd-A (Figure 6, B and C, Figure S3). Abd-A is known to
directly repress the Ubx gene (Struhl andWhite 1985;Macias
et al. 1990). Consistently, we see that patches of A1 cells
that show ectopic abd-A expression in the Cp1903/Cp190P1

mutants are also weakly stained with antibodies against the
Ubx protein (Figure 6, B and C, Figure S3).

The homeotic phenotypes of the Cp190 mutants are due
to the impaired function of the Fub insulator that
separates the bithorax complex into two
topological domains

Strikingly, the homeotic transformations of the Cp190 mu-
tants are very similar to those seen in flies with the Fub
deficiency that removes 4.3 kb between the upstream regu-
latory regions of the Ubx and abd-A genes (Bender and Lucas
2013) (Figure 1). Bender and Lucas proposed that Fub
removes a boundary element that prevents the activation of
abd-A by the bxd enhancers of the Ubx gene that are active in
segment A1. Taken together, these observations suggest that
the Cp190 protein plays an important role in establishing this
putative insulator/boundary element. In support of this, the
DNA fragment removed by the Fub deletion spans the site
cobound by Cp190, Mod(mdg4)67.2, Su(Hw), and CTCF in
wild-type embryos and cultured cells (Negre et al. 2010;
Schwartz et al. 2012).

To test this hypothesis,wefirst analyzed recentlypublished
a Hi-C map of chromosomal contacts within wild-type em-
bryonic nuclei (Schuettengruber et al. 2014). Consistent with
previous reports, we find that all three genes of the bithorax
complex are contained within a broad topological domain
that spans �330 kb from the 39 end of the Ubx gene to a
region �10 kb upstream of the Abd-B gene (Sexton et al.
2012). The Hi-Cmap also reveals that the topological domain
of the bithorax complex is further split into two subdomains
demarcated by the insulator protein binding site removed by
the Fub deletion (Figure 7A). This supports the idea that the
Cp190-dependent Fub element plays a critical role in sepa-
rating Ubx and the abdominal genes. We then asked whether
the putative Fub insulator element can block enhancer–
promoter communications in a transgenic assay and whether
this block requires Cp190. To this effect, we PCR amplified a
981-bp DNA fragment underneath the Fub site and inserted it
as an FRT cassette between the promoter and the upstream
wing and body enhancers of the reporter yellow gene (Figure
S4). A functional insulator element is expected to block the
upstream enhancers but have no impact on the activation of
the yellow promoter by the downstream bristle enhancer
(Geyer and Corces 1992). The resulted construct contained an
attB site for phiC31-mediated targeted integration (Bischof
et al. 2007) and P-element ends to test the enhancer-blocking
ability in different chromosomal contexts after P-mediated
mobilization (Spradling and Rubin 1982). An integration
of the Fub transgenic construct in the 51D landing site
(Figure S4) (Bischof et al. 2007) of flies lacking the endoge-
nous yellow function yields adults with light colored body and
wings but black bristles (Figure 7B). The FLP-mediated exci-
sion of the transgenic Fub fragment (DFub) restores the pig-
mentation of wings and body to that of wild-type flies (Figure
7B). We therefore conclude that Fub acts as a strong en-
hancer blocking element in the chromatin context of the
landing site. To test the enhancer-blocking ability of Fub in-
sulator in different chromosomal contexts, we mobilized the

Figure 4 Mutations in the mod(mdg4) gene lead to homeotic transfor-
mations of posterior abdominal segments. Note that the number of
additional bristles on t6, s6, and t7 (indicated with arrows) is greater
in more severe allelic combinations: (A) the weakest allele, (B) intermedi-
ate combination, and (C) the strongest combination.
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transgene from the 51D landing site using P-element-
mediated transposition and established 14 independent lines
bearing transgenes at different loci. Of these lines, 13 lacked
yellow expression in wings and body (Figure 8) and one
showed some wing and body pigmentation. In this line, the
pigmentation was weaker than in wild-type or DFub flies.
These observations suggest that the enhancer blocking ability
of Fub is robust and independent of the chromatin context.
Fub appears to block enhancers as robustly as the paradig-
matic gypsy insulator (Figure 8).

The introduction of the Cp190mutant background impairs
the ability of Fub to block the upstream enhancers (Figure
7B). In contrast, loss of CTCF function causes only slight
darkening of wings and body and we see no changes in the
phenotype of transgenic flies carrying mod(mdg4)GS23019,
mod(mdg4)u1 (lacking only Mod(mdg4)67.2 isoform, not
shown) or a combination of su(Hw)v/su(Hw)f mutations
(Figure S5). We conclude that Fub is the unusually strong
Cp190-dependent insulator element that separates the
bithorax complex into two topologically independent do-
mains and that the main phenotype of the zygotic loss of
Cp190 function is due to the impaired function of Fub.

Genetic interactions between Cp190 and CTCF

The binding profiles of Cp190, CTCF, andMod(mdg4) within
thebithorax complex arequite similar. Yet, theCp190mutants
show drastically different homeotic transformations com-
pared to flies deficient for CTCF ormod(mdg4) functions. This
could be due to functional differences between Cp190 and

Mod(mdg4) proteins, partial redundancy of CTCF and other
DNA binding proteins that recruit Cp190 and Mod(mdg4) to
chromatin, the amounts and stability of maternally loaded
Cp190 and Mod(mdg4), or a combination thereof. To get
an insight in this complex issue, we looked at the phenotypes
of flies that combine the Cp190 mutations with mutations in
mod(mdg4) or CTCF.

As a start, we recombined the Cp190P1 mutation with
mod(mdg4)m9 and the Cp1903 mutation withmod(mdg4)GS23019.
AlthoughCp190P1/Cp1903 andmod(mdg4)m9/mod(mdg4)GS23019

flies die as pharate adults with fully formed cuticles (Table 1),
the Cp190P1 mod(mdg4)m9/Cp1903 mod(mdg4)GS23019 flies
die as pupae prior to development of adult thorax and ab-
dominal structures. Thus, we could not assess whether Cp190
mutations enhance or suppress abdominal transformations of
the mod(mdg4) mutants. In another attempt to answer this
question, we compared the staining of the single Cp190P1/
Cp190P1 and mod(mdg4)m9/mod(mdg4)m9 mutant embryos
to the double Cp190P1mod(mdg4)m9/Cp190P1 mod(mdg4)m9

mutants with antibodies against the Abd-B protein (Figure S6).
Consistent with the lack of visible posterior abdominal trans-
formations in the pharate adults, the immunostaining of
Cp190P1/Cp190P1 embryos does not differ from that of the
heterozygous control. The mod(mdg4)m9/mod(mdg4)m9 and
the double Cp190P1 mod(mdg4)m9/Cp190P1 mod(mdg4)m9

mutant embryos both display weaker immunostaining of
the posterior embryonic epidermis compared to the hetero-
zygous control. However, we see no conclusive evidence
that the presence of the Cp190P1 mutation enhances or

Figure 5 Genetic interactions between CTCF
and mod(mdg4) mutations. Comparison of
male (A) and female (B) flies with individual weak
mutations in the CTCF and mod(mdg4) genes
to flies with a combination of these alleles
shows more pronounced homeotic transforma-
tions of posterior abdominal segments in flies
carrying both mutations. Double combinations
of weak [CTCFEY15833 and mod(mdg4)GS23019]
and strong [CTCFy+1 and mod(mdg4)m9] alleles
(C) produce extreme homeotic phenotype
not seen in flies homozygous for any of the
individual null alleles. Thus, in the CTCFy+1

mod(mdg4)GS23019/CTCFEY15833 mod(mdg4)m9

mutants, t8 becomes separated from t9 and
also enlarges and gets a row of bristles. Posi-
tions of some tergites and sternites are indi-
cated by arrowheads. Some of the additional
bristles present in the mutants are marked
with arrows.
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suppresses the reduction of Abd-B expression caused by
mod(mdg4)m9.

Next we examined homeotic transformations of the
CTCFGE24185 Cp190EN15/CTCFGE24185 Cp190P1 mutants
(Figure 9). In contrast tomod(mdg4)mutations that enhance
posterior-to-anterior transformations of the sixth and seventh
abdominal segments caused by the lack of CTCF, the Cp190
mutations appear to suppress them. Thus in half of the
CTCFGE24185 Cp190EN15/CTCFGE24185 Cp190P1 males the ter-
gites of the seventh abdominal segment (t7) are of the same
size as in wild-type flies and in the remaining half, t7 are
much smaller compared to single CTCF mutants (Table 1,
Figure 9, A and B). Similarly the sternites of the male A6
(s6) have very few bristles and the number of bristles in the
female s7 is no longer as high as in single CTCF mutants
(Table 1, Figure 9, A and B). Surprisingly, although Cp190
mutations seem to suppress the transformation of A6 and
A7 caused by the CTCF deficiency, they appear to enhance
the posterior-to-anterior transformation of A8. Thus, the
CTCFGE24185 Cp190EN15/CTCFGE24185 Cp190P1 males have t8
separated from t9 (the two are normally fused and remain
fused in the single CTCF mutants) and the CTCFGE24185

Cp190EN15/CTCFGE24185 Cp190P1 females display larger num-
bers of bristles on t8 compared to single CTCF mutants. In
addition, we see genitalia rotated in 100% of the CTCFGE24185

Cp190EN15/CTCFGE24185 Cp190P1 males compared to 30%
penetrance of this phenotype in CTCFGE24185 mutants. Taken
together, our observations suggest that, unlike Mod(mdg4),

the Cp190 protein does not generally cooperate with CTCF in
promoting the Abd-B expression. However, Cp190 may en-
hance the Abd-B expression specifically in A8 and A9, at least
when the CTCF function is impaired.

Unexpectedly, we find that CTCF mutations partially sup-
press the transformation of segment A1 toward segment A2
caused by the Cp190 deficiency. Although in the double
CTCFGE24185 Cp190EN15/CTCFGE24185 Cp190P1 mutants the
shape of the A1 tergite (t1) still changes toward t2 and
the bristles become less dense compared to wild-type flies
(Figure 9C), the t1 bristles do not elongate (compare Figure 9C
and Figure 6A) and s1 does not acquire bristles (Table 1).

Fub is the unusual class 12 insulator element

Fub shows exceptionally robust enhancer blocking compara-
ble to that of the paradigmatic gypsy insulator. We have pre-
viously grouped genomic sites cobinding Su(Hw), CTCF,
Cp190, and Mod(mdg4) insulator proteins into so-called
class 12 but their functional properties were not investigated
(Schwartz et al. 2012). We therefore asked whether strong
enhancer blocking is a property inherent to elements that
cobind Su(Hw), CTCF, Cp190, and Mod(mdg4). To this
end, we PCR amplified eight �1-kb-long DNA fragments
from different class 12 sites and subjected them to the same
enhancer-blocking assays as the Fub insulator element. When
integrated at the 51D landing site five of eight class 12 sites
showed some degree of enhancer blocking. However, in all
cases the block was less strong and showed greater variability

Figure 6 Loss of Cp190 function leads to ec-
topic expression of the abd-A gene in abdom-
inal segment A1 and partial transformation of
A1 toward A2. (A) Comparison of cuticles from
wild-type and Cp190P1/Cp190EN15 flies shows
that in the mutant flies the tergite of the first
abdominal segment (t1) changes the shape to
that of segment A2 and displays long bristles
(black and white arrows) normally present on
the second abdominal tergite (t2) but absent
on t1. Similarly, the sternite of segment A1
(s1) acquires bristles characteristic of segment
A2. The red arrow indicates the characteristic
cuticle structure of the wild-type t1, which is
absent in the Cp190 deficient flies. Immunos-
taining of epithelia from wild-type (B) and
Cp1903/Cp190P1 (C) pupae indicates that loss
of the Cp190 function leads to ectopic coex-
pression of the abd-A and Ubx genes in some
cells of segment A1. The pictures show corre-
sponding parts of developing adult epithelia
(small diploid cells) along with remnants of lar-
val epithelia (large polyploid cells). In wild-type
pupae the Abd-A- and Ubx-positive cells segre-
gate along the boundary between segments
A1 and A2. In the Cp190 mutants, the A1 seg-
ment has patches of cells (marked with white
dashed lines) that express Abd-A. Note that
these Abd-A-positive cells also have lower
Ubx expression. Individual cells are best seen
in the blowup (zoom) of the upper right quar-
ters of the merged images.
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when the transgenes were mobilized from the 51D landing
site (Figure 8). This argues that the cobinding of Su(Hw),
CTCF, Cp190, and Mod(mdg4) or other recently identified
Cp190-interacting proteins (Pita, Ibf1, Ibf2, and ZIPIC)
(Cuartero et al. 2014; Maksimenko et al. 2015) does not
automatically predict a strong enhancer-blocking ability. It
appears that Fub has additional features that make it an ex-
ceptionally strong insulator element.

Discussion

The Drosophila bithorax complex is a paradigmatic example
of a homeotic selector locus that specifies anterior–posterior
body axes. It is also an exemplary case of a multifaceted gene
regulation that combines inputs from distal enhancers, non-
coding RNAs, and epigenetic regulators and modulators of
3D chromatin topology. Here, we use the bithorax complex as
a model to gain insight in the contribution of chromatin in-
sulator proteins to regulation of complex loci and to gain
insight into functional differences between the two bridging
insulator proteins Cp190 and Mod(mdg4).

Mod(mdg4) promotes expression of the Abd-B gene

Until now, the functional role of the Mod(mdg4) proteins at
insulatorelementswas limited to the specificMod(mdg4)67.2
isoform that is implicated in enhancer blocking by the gypsy
insulator (Georgiev and Gerasimova 1989; Gerasimova et al.
1995). It seems that the main function of Mod(mdg4)67.2 at
the gypsy insulator is to prevent the associated Su(Hw) pro-
tein from acting as transcriptional repressor (Gerasimova
et al. 1995; Georgiev and Kozycina 1996). Consistently, ge-
nomic sites that bind Su(Hw) protein in the absence of
Mod(mdg4)67.2 act as repressive elements (Schwartz et al.
2012; Soshnev et al. 2013). mod(mdg4) is a complex gene
that encodes�30 protein isoforms through a trans-splicing of
pre-mRNAs produced from both DNA strands (Dorn et al.
2001). All isoforms differ in their C-terminal regions and
share the common N-terminal region of 402 amino acids that
contains the BTB/POZ domain. Although mutations that dis-
rupt the Mod(mdg4)67.2 protein isoform are viable, hypo-
morphic mutations that truncateMod(mdg4) proteins within
their common N-terminal part are lethal and have pleiotropic
phenotypes that range from meiotic chromosome segregation
defects in males (Soltani-Bejnood et al. 2007) to enhancement
of the position effect variegation (Dorn et al. 1993; Buchner
et al. 2000; Gause et al. 2001). Some of the lethal mutations
were reported to affect expression of homeotic genes, although
there is little agreement with regards to which genes are
affected and to what extent. Thus, Dorn and colleagues de-
scribed the changes in the pigmentation of the abdominal
segment A5, suggesting that, in this segment, expression of

Figure 7 Fub is a topological boundary and a strong Cp190-dependent
enhancer blocker. (A) The heat map of normalized contact frequencies
(from Schuettengruber et al. 2014) within an �500-kb stretch of chro-
mosome 3R centered on the bithorax complex. The genes of the complex,
transcribed from right to left, are shown underneath the x-coordinate
axis. The coordinate scale is in Dm3, 2006 genome release. The position
of the Fub insulator (dashed line) splits the topological domain of the
bithorax complex into two subdomains. (B) Fub blocks interactions be-
tween upstream enhancers and the promoter of the yellow gene. Flies
with the original Fub-attB-mobile insertion have black bristles and poorly
pigmented abdomen and wing blades. However, when the Fub element

is excised by FLP recombination (DFub-attB-mobile) or the mutant Cp190
background is introduced, the pigmentation of the abdomen and wing
blades increases to nearly wild-type level.

610 M. Savitsky et al.

http://flybase.org/reports/FBgn0002781.html


the Abd-B gene is reduced and that A5 is partially trans-
formed into A4 (Dorn et al. 1993; Buchner et al. 2000). On
the other hand, Gerasimova and Corces reported indiscrimi-
nate and complete loss of the bithorax complex gene expres-
sion (Gerasimova and Corces 1998), although they did not
check for homeotic phenotypes. In both cases the effects of
Mod(mdg4) loss were attributed to its role in counteracting
repression of homeotic genes by Polycomb complexes (Dorn
et al. 1993; Gerasimova andCorces 1998; Buchner et al. 2000).

Here, we carefully examinedmorphological phenotypes of
flies with several combinations of mutant alleles ofmod(mdg4).
We do not see any distinct changes in pigmentation of the A5
segment, although this cannot be completely excluded, and
we see no transformations that are indicative of indiscrimi-
nate loss of the bithorax complex gene expression. Instead,
we detect transformations of the most posterior abdomi-
nal segments toward their anterior counterparts, which are
accompanied by reduction of the Abd-B expression. These
transformations resemble defects seen in flies with impaired
CTCF function. Becausemod(mdg4)mutations enhance trans-
formations caused by the CTCF deficiency and the CTCF and
Mod(mdg4) proteins bind many of the same sites within the
bithorax complex (Figure 1A) and genome-wide (Van Bortle
et al. 2012), we favor the idea that the two act in concert as
part of the same molecular pathway. This is, to our knowledge,
the first functional evidence that CTCF and Mod(mdg4) act
together and it would be very interesting to test, in the future,
whether genomic sites cobound by the two proteins outside
the bithorax complex behave in a similar way.

What is the mechanism bywhichMod(mdg4) and CTCF pro-
mote expression of Abd-B? The answer is likely to be complex.

Mammalian CTCF protein promotes long-range interactions
between regulatory elements (Ong andCorces 2014) and chro-
matin conformation capture (3C) assays suggest that many
sites within the bithorax complex engage in long-distance
trans-interactions (Cleard et al. 2006; Lanzuolo et al. 2007;
Schuettengruber et al. 2014). The Abd-B expression is regu-
lated by a set of segment-specific regulatory modules that con-
sist of transcriptional enhancers, an epigenetic maintenance
element (PRE/TRE), and an adjacent insulator element that
is often bound by Mod(mdg4) and/or CTCF. These insulator
elements may promote the interaction of the corresponding
enhancers with the Abd-B promoter and Mod(mdg4) and
CTCF may be part of this process. Since Mod(mdg4) and
CTCF bind in the vicinity of some of the Abd-B transcription
start sites, they may also promote transcription more directly.

The role of CTCF andMod(mdg4) at the bithorax complex
likely involves more than just upregulation of Abd-B in pos-
terior abdominal segments. Deletion of individual insulator
elements from the Abd-B regulatory region cause segment-
specific anterior-to-posterior transformations (Galloni et al.
1993; Mihaly et al. 1997; Barges et al. 2000; Iampietro et al.
2008). This indicates that the insulators prevent more potent
enhancers that activate Abd-B in more posterior segments
from acting in the adjacent anterior segments. We do not
reliably detect anterior-to-posterior transformations in any
of our CTCF and mod(mdg4) mutants. However, Mohan
et al. (2007) reported A4-to-A5 transformations caused by
CTCF mutations. Why are the gain-of-function transforma-
tions less obvious compared to the Abd-B loss-of-function
phenotypes? It is possible that CTCF and Mod(mdg4) are
simply not required for blocking the posterior enhancers from

Figure 8 The results of yellow enhancer-
blocking test. Transgenic constructs (the names
of the constructs are shown in the leftmost
column in boldface type and cytological loca-
tions of corresponding class 12 binding sites
are indicated immediately to the right) were
integrated at the 51D landing site and then
mobilized to multiple genomic locations. Based
on the average pigmentation score, each of the
class 12 sites was ranked from having no effect
to a strong enhancer blocker. The pigmenta-
tion of wings (w) and body (b) was scored on
a 5-grade scale (illustrated as a triangle) with
the score of 5 corresponding to wild-type pig-
mentation and the score of 1 corresponding to
no pigmentation (Gruzdeva et al. 2005). Num-
bers in rectangles correspond to numbers of
transgenic lines with corresponding pigmenta-
tion score. Shaded boxes indicate the “average”
pigmentation score for each construct. An
average score is often a fractional number
and its position is displayed accordingly. The
total number of independent transgenic lines
examined is indicated to the right of the pig-

mentation score diagrams. The tested class 12 sites are annotated to indicate whether they also cobind Pita, Ibf1, Ibf2, or Zipic insulator proteins and to
show their genomic coordinates and relation to the closest gene. Note, that from all tested sites, Fub is by far the strongest enhancer blocker that
surpasses even the gypsy insulator (positive control). The negative control dataset was produced by combining published data from five different
constructs carrying randomly selected DNA fragments that do not bind any known insulator proteins (Schwartz et al. 2012).
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activating Abd-B in the more anterior segments. However, as
pointed out by François Karch, the interpretation is likely
more complex (Karch 2015). On one hand, the Abd-B protein
is required to produce the gain-of-function phenotypes. On
the other hand, the CTCF and mod(mdg4) mutants have re-
duced Abd-B expression and hence may produce too little
Abd-B to manifest the anterior-to-posterior transformations.

The role of Cp190 in control of the bithorax complex

Current models often group the Cp190 and Mod(mdg4)
proteins as functionally similar factors required to mediate
interactions between distant insulator elements (Van Bortle
and Corces 2012; Matzat and Lei 2014; Le Gall et al. 2015).
Consistently, they bind many of the same sites within the
bithorax complex (Figure 1A). We were, therefore, surprised
to find that zygotic loss of Cp190 and Mod(mdg4) affects the
bithorax complex in very different ways. While Mod(mdg4)
promotes expression of the Abd-B gene in posterior abdomi-
nal segments, the Cp190 protein is critical to prevent errone-
ous expression of the abd-A gene anterior to its normal
expression domain. To the best of our knowledge, this is
the first evidence of the role of Cp190 in regulation of home-
otic genes. Transformations of CP190 mutants are strikingly
similar to those of flies with the deletion of the Fub insula-
tor element (Bender and Lucas 2013). This argues that the

phenotype of the Cp190 mutants is due to compromised Fub
function. Consistently, we show that the ability of Fub to
block enhancer–promoter communication in transgenic
assays requires Cp190. Overall, this and earlier genome-wide
studies (Negre et al. 2011; Schwartz et al. 2012), highlight
the critical role of Cp190 in blocking unwanted enhancer–
promoter interactions.

Our interpretations are limited by the fact that Cp190 is
maternally loaded to the embryo. Nevertheless, the maternal
contribution does not easily explain why the loss of zygotic
Cp190 suppresses theA7-to-A6 andA6-to-A5 transformations
caused by CTCF mutations while the loss of Mod(mdg4)
enhances them. Together with previously documented bio-
chemical differences (Bonchuk et al. 2011), our observa-
tions suggest that Cp190 and Mod(mdg4) are functionally
distinct. It is tempting to speculate that Cp190 may be
“specialized” in blocking long-range chromatin interactions
while Mod(mdg4) may be tailored to promote enhancer–
promoter communications.

Fub is an exceptionally strong chromatin insulator

The Cp190-dependent Fub insulator element is unusual in its
exceptionally robust enhancer blocking ability, which is on
par with that of the prototypic gypsy insulator element from
the 59 region of the eponymous retrotransposon (Geyer and

Figure 9 Genetic interactions between the
Cp190 and CTCF mutations. Cuticles of the
CTCFGE24185/CTCFGE24185 (A) and CTCFGE24185

Cp190EN15/CTCFGE24185 Cp190P1 (B) females
and males are compared side by side. The t7,
enlarged in the CTCF mutant males, appears
normal in males deficient for both CTCF and
Cp190. The double mutant males also lack bris-
tles on s6. At the same time, A8 of the CTCF
and Cp190 double mutants shows much stron-
ger posterior-to-anterior transformation. The
double mutant males have t8 separated from
t9 and females have larger numbers of bristles
on t8. Note also a strong rotation of genitalia
in the double mutant males. (C) CTCF mutation
partially suppresses A1-to-A2 transformation
caused by Cp190 mutations. In the CTCF and
Cp190 double mutants, the shape of t1
changes toward that of t2 and bristles become
less dense compared to wild-type flies (marked
with dashed rectangle). However, the t1 bris-
tles do not elongate (compare to Figure 6A)
and s1 does not acquire bristles (not shown).
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Corces 1992) and the strongest native gypsy-like 62D insula-
tor element described by Pamela Geyer and colleagues (Parnell
et al. 2006; Kuhn-Parnell et al. 2008). As far as we know,
Fub and 62D are the strongest insulator elements naturally
present in the Drosophila genome (Figure 8) (Golovnin et al.
2003; Parnell et al. 2003; Gruzdeva et al. 2005; Parnell
et al. 2006; Ramos et al. 2006; Rodin et al. 2007; Schwartz
et al. 2012). The strength of the gypsy insulator is explained
by its unusual composition of an array of 12 binding sites for
the Su(Hw) protein (Spana et al. 1988). What makes 62D
and Fub very strong insulators is not yet clear. Our transgenic
tests suggest that, in the case of Fub, it is not simply the
cobinding of Su(Hw), CTCF, CP190, Mod(mdg4), Ibf1/2,
Pita, and ZIPIC, since other insulator protein binding sites
of this kind block enhancer–promoter communication in vari-
able and generally weaker fashion. Comparative analysis of
multiple strong endogenous insulator elements is needed to
reveal what makes a robust insulator. The feature that sets
the Fub element apart is its residence at the boundary be-
tween topological domains. We speculate that screening for
boundaries of topological domains that cobind multiple in-
sulator proteinsmay help to identify additional strong endog-
enous insulator elements and ultimately understand their
mechanics.

Methods

Enhancer blocking test constructs

DNA fragments representing Fub and the other class 12 insu-
lator protein binding sites: Fub, 3R: 12624088-12625068;
R1, 3L: 17980900-17981878; R3, 2R: 19488971-19489908;
R4, X: 17613897-17614889; R5, 3R: 2737495-2738551;
d2, 2R: 18984278-18985246; d3, 3R: 5925961-5926884;
d4, 3R: 12934220-12935236; and d6, X: 2763148-2764144
(all coordinates are in Dm3 2006 genome release) were
PCR amplified from genomic DNA and cloned into the FRT
cassette of yellow-attB-mobile vector (Schwartz et al. 2012)
using XbaI, NotI, NheI, or Aor51HI sites. The sequences of the
PCR primers are indicated in Table S1. The resulted trans-
genic constructs were injected into preblastoderm embryos
by BestGene for integration in the ZH-51D landing site using
phiC31 recombination (Bischof et al. 2007). Transgenic con-
structs carrying 680-bp gypsy insulator and five random con-
trol fragments were described in Schwartz et al. (2012). The
transgenes were further mobilized by crossing with the
source of P-element transposase y1 w1; Ki1 P[ry[+t7.2]=
Delta2-3]99B (Figure S4). After mobilization new integration
events were selected by segregation of the yellow reporter
gene that marked our constructs and the RFP reporter gene
that marked the ZH-51D landing site (Bischof et al. 2007). To
“excise” the tested DNA fragments from the FRT cassette
transgenic flies were crossed to the source of FLP-recombinase
y1 w*; snaSco/CyO, P[ry[+t7.2]=70FLP], S2, and expression of
FLP recombinase induced by 2-hr heat-shock treatments (37�)
during the first 3 days of larval development.

The rescue of CTCF mutations

The pOneStrepCTCFattB construct to rescue CTCF loss of
function was assembled by placing the N-terminal One-
StrEP-tag (IBA) fused in frame with the 2.6-kb CTCF ORF
under control of the ubiquitous promoter of the Ubi-p63E
gene (Butcher et al. 2004). The CTCF ORF was amplified by
PCR from genomic DNA using KAPA HiFi DNA Polymer-
ase (Kapa Biosystems) and the primers 59 CTCF (59-
ttcgaaaaagcggccGCGCCAAGGAGGACAAAAAAGGA-39, the
introduced NotI site, and the substitution of ATG-Met to
GCG-Ala are highlighted in boldface type) and 39 CTCF (59-
gctagctggcctcgaTATCAGGAGACTAAGAGTCCTGC-39, the in-
troduced EcoRV site is highlighted in boldface type). Correct
amplification of the CTCF ORF was checked by sequencing.
The DNA sequence of the pOneStrepCTCFattB construct
and further cloning details are available upon request. The
pOneStrepCTCFattB construct was integrated in the ZH-
51C landing site via phiC31 recombination to yield the
following transgenic chromosome M[3xP3-RFP. w+mC =
Ubi-OneStrepCTCF]ZH-51C is hereafter referred to as RC. To
test the rescue of the lethality and homeotic transformations,
the y1w1; RC/+; TM6B, Tb/MKRS, Sb flies were crossed with
CTCFy+1/TM6B, Tb flies. From the progeny of this cross, the
y1w1; RC/+; CTCFy+1/TM6, Tb flies were further crossed
with the CTCFP35.2/TM6B, Tb or CTCF9/TM6B, Tb flies. Both
crosses produced a class of flies lacking the Tb phenotype.
Most of the Tb-negative flies had the RC chromosome, iden-
tified by RFP expression in the eyes, and showed no homeotic
transformation. The rare Tb-negative flies lacking RFP expres-
sion, the CTCFy+1/CTCFP35.2 or CTCFy+1/CTCF9 escapers, all
displayed characteristic homeotic transformations of posterior
abdominal segments. Stable y1w1; RC; CTCFy+1/CTCF9 and
y1w1; RC; CTCFy+1/CTCFP35.2 lines were established. After ex-
tensive interbreeding, the y1w1; RC; CTCFy+1/CTCF9 stock was
used to segregate the y1w1; RC; CTCF9 flies by tracking the loss
of transgenic yellow that marks the CTCFy+1 allele. The same
stock was used to derive y1w1; RC; CTCFy+1 flies by repeated
crossing to y1w1; CTCFy+1/TM6B, Tb females.

Immunostaining of embryos, larval nerve cords, and
pupal epithelia

Primary antibodies used were mouse monoclonal anti-Ubx
(Ubx FP3.38, 1:20 dilution, Developmental Studies Hybrid-
oma Bank), goat polyclonal anti-Abd-A (dH-17, 1:50, Santa
Cruz Biotechnology, sc-27063), mouse monoclonal anti-Abd-B
(1A2E9, 1:10, Developmental Studies Hybridoma Bank) and
rabbit anti-GFP (1:50, Abcam). Secondary antibodies were
donkey antimouse Alexa Fluor 488, donkey anti-goat Alexa
Fluor 555, donkey antirabbit Alexa Fluor 488, goat antirabbit
Alexa Fluor 488 (Molecular Probes), and goat antimouse
Alexa Fluor 555 (Abcam) used at 1:300 dilution. The immu-
nostaining was done essentially as described by Patel (1994)
and Wang and Yoder (2011). To control for immunostaining
variability, homozygous (mutant) and heterozygous (control)
embryos and larval nerve cords were stained simultaneously
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in the same vial. Fluorescent images were acquired with a
Leica TCS SPE confocal microscope and the images recon-
structed from Z-stacks using accompanying software. The
images were classified as heterozygous or homozygous for
the mutation according to GFP expression from a balancer
chromosome and the embryonic developmental stage was
determined based on the gut morphology. The stage 16 and
stage 17 embryos were compared side by side. The effect of
mutations on the embryonic immunostaining was assessed with
a blind test. An independent evaluator was presented a set of
unmarked pictures and asked to sort them into two groups
based on intensity of the Abd-B immunostaining in posterior
epidermis. For each blind test, 14–40 embryos were examined.
With �80% accuracy, the mod(mdg4)m9/mod(mdg4)m9 and
Cp190P1 mod(mdg4)m9/Cp190P1 mod(mdg4)m9 mutant em-
bryos were placed in the low staining group.

Preparation of adult fly cuticles

Adult or pharate adult flies were collected and boiled for
8–10 min in 10% KOH, washed with 13 PBS, dehydrated
with 70% and 95% ethanol and stored in 100% glycerol.
The cuticles were mounted on microscope slides and photo-
graphed with a Nikon SMZ1500 stereomicroscope equipped
with DS-Fi1 digital camera.

Fly stocks and genetic analyses

Flies were maintained at 25� on the standard medium. The
CP1903, CP190EN15, CP190P1, CTCF9, CTCFP35.2 CTCFy+1,
CTCFGE24185, mod(mdg4)u1, mod(mdg4)neo129, Fub, and
Su(Hw)v,P[w+,RpII15]/su(Hw)f,Ubx mutant stocks were
generously provided by C. Y. Pai, J. W. Raff, K. A. Maggert,
V. G. Corces, R. Renkawitz, R. Dorn,W. Bender, P. G. Georgiev,
and D. Dorsett. The CTCFEY15833 flies were obtained from the
Bloomington Drosophila Stock Center (BDSC, 21162) and
mod(mdg4)GS23019 from the Kyoto Drosophila Genetic Resource
Center (DGRC, 204647). Thew1118; P[RS3]mod(mdg4)CB-6686-3

and w1118; P[RS5]mod(mdg4)5-HA-1224 stocks (DGRC, 124182
and 125151) were used to generate the mod(mdg4)m9

deficiency.
The CTCFy+1 allele was generated by imprecise excision of

the P[EPgy2]CTCFEY15833 transposon but was not fully char-
acterized (Gerasimova et al. 2007). To map the deletion
breakpoints, the junction between the remaining part the
transgenic white reporter gene and the adjacent genomic
DNA was PCR amplified using the qm-fw1 and white-fw3
primers and the PCR product sequenced (Figure S1A, Table
S2). The unpublished CTCF9 allele generated in the labora-
tory of K. A. Maggert was not molecularly characterized. To
partially characterize the CTCF9 molecular lesion, the DNA
from CTCF9/CTCFy+1 early pupa was extracted and analyzed
by PCR with the following primer sets: CTCFrev1/CTCFfw2,
CTCFrev3/CTCFfw3, CTCFrev2/CTCFfw4, and CTCFrev4/
CTCFfw5 (Table S2). This analysis indicates that the CTCF9

allele is a deletion that removes a region that extends at least
between positions 7347182 and 7348943 of chromosome 3R
(Figure 1B, Figure S1B).

Molecular structure of themod(mdg4)m9 allele was confirmed
by partial sequencing of the 5.7-kb PCR product amplified with
Long PCR Enzyme Mix (Thermo Scientific) and mod-fw2 and
mod-rev primers (Table S2). We note that the mod(mdg4)m9

chromosome still contains two FRT sites and 39 part of mini-
white between them (Figure S1C). The third chromosome of
the originalmod(mdg4)GS23019fly stock (DGRC, 204647) carried
unrelated lethal mutation. Segregating this mutation by re-
combination with wild-type chromosomes revealed that
flies homozygous for the mod(mdg4)GS23019 allele are via-
ble. The mod(mdg4)GS23019 allele results from the insertion
of the P[GSV7] transposon (Toba et al. 1999) in the begin-
ning of the open reading frame within the second exon
of the mod(mdg4) gene (Figure 1D). PCR with p395 and
modLrev primers (Table S2) and sequencing of the PCR
product revealed orientation of the P[GSV7] insertion and
showed that the ATG sequence of the 59 P-element end from
the P[GSV7] transposon restores the open reading frame of
the mod(mdg4) gene with loss of only the first eight amino
acids (Figure S1D). We hypothesize that in the absence of
GAL4 the UAS-hsp promoter of the P[GSV7] transposon
drives low level expression of the restored mod(mdg4)
open reading frame and leads to production of some functional
protein. Consistent with this hypothesis, adding the ubiquitous
source of GAL4 (y1 w*; P[w+mC Act5C-GAL4]17bFO1/TM6B,
Tb1 from BDSC, 3954), which enhances the expression from
the UAS-hsp promoter, rescues the lethality and sup-
presses homeotic transformations of mod(mdg4)GS23019/
mod(mdg4)m9 flies.

To assess the effects of mutations on female fertility, the
same number (20–30) of homozygous or heterozygous fe-
males were mated with 10–15 heterozygous males. The fe-
males were deemed to have reduced fertility if the cross
yielded much fewer progeny (fivefold or greater reduction)
than the heterozygous control. To assess the lethality stage,
chromosomes carrying mutant alleles were balanced over
TM6B marked with Tb. Progression of animals homozygous
for a mutation was monitored following the Tb phenotype.
Stages of pupal lethality were defined according to (Bainbridge
and Bownes (1981). Mutations that arrested development at
stages P1–P4 were classified as early pupal lethality; those
that stopped development at stages P12–P15 were desig-
nated as late pupal lethality. When mutants died at pharate
adult stage all adult structures were formed and the animals
often tried to escape the pupal case but died during the
process. No fewer than 100 mutant flies were examined to
determine a lethal stage. To describe quantitative character-
istics of homeotic transformations 20–50 mutant males and
females were examined. In cases of pharate adult lethality,
these were often extracted from pupal cases.

Enhancer-blocking assay

Pigmentation of wing blades and abdominal stripes of the
body cuticle was scored in 3-day-old females by using a five-
grade pigmentation scale (Morris et al. 1998), with pigmen-
tation scores of 1 and 5 corresponding to null and wild-type
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phenotypes, respectively. To document phenotypes, flies
were photographed using a Nikon SMZ1500 stereomicro-
scope and DS-Fi1 digital camera.

Computational analyses

Normalized ultrahigh-coverageHi-C data (Schuettengruber et al.
2014) were downloaded from Gene Expression Omnibus (GEO)
(accession no. GSE61471). The squarematrix of contact frequen-
cies between 5000-bp fragments covering the bithorax complex
was constructed using customPerl script and the contact frequen-
cies were plotted with heatmap.2 and colorRampPalette func-
tions from the gplots and RColorBrewer R packages.

The CTCF, Cp190, Su(Hw), andMod(mdg4)67.2 genomic
binding profiles (ChIP/input ratios) were fromSchwartz et al.
(2012). The genomic binding profile (read density) of all
Mod(mdg4) isoforms was derived from ChIP-seq mapping
by Van Bortle et al. (2012). Briefly, fastq files were down-
loaded from GEO (accession no. GSM892322) and reads
aligned to the Dm3 2006 Drosophila melanogaster reference
genome with bowtie2 (Langmead and Salzberg 2012) using
default parameters. The reads were further tested for strand
correlation, extended accordingly, and read density profiles
generated using Pyicos (Althammer et al. 2011).
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Figure S1. Structures of the CTCFy+1, CTCF9 , mod(mdg4)m9 and mod(mdg4)GS23019  alleles. A. The 

CTCFy+1 allele is a 3.3kb deletion induced by mobilization of the P[EPgy]CTCFEY15833 transposon 

(GERASIMOVA et al. 2007). It still contains large portion of the P[EPgy]CTCFEY15833 transposon with 

functional yellow gene and nonfunctional white gene. The deletion removes the 3’ part of the white 

gene and the 5’ P-element end of the transposon, the entire CTCF gene and a small part of the 3’ 

UTR of the adjacent qm gene. Shown below is the sequence of the junction between the deletion 

breakpoints. In addition to the DNA sequences of the qm 3’ UTR (grey) and the 3’ end of the white 

gene (red) it includes 20 nucleotides of an unknown origin. B. The extent of the CTCF9 deletion was 

partially mapped by PCR with amplicons indicated to the right. None of the amplicons give a product 

in PCR with genomic DNA of CTCFy+1 / CTCF9 flies. This indicates that at least 1.7kb from the central 

part of the CTCF gene is removed by CTCF9. However, the exact breakpoints of the CTCF9 deletion are 

unknown. C. The mod(mdg4)m9 deletion was induced by FRT recombination. It still contains portions 

of the P[RS5]5-HA-1224 and P[RS3]CB-6686-3 transposons. The left 5’ P-element end and the 3’part 

of the white gene are from the P[RS5]5-HA-1224 transposon and the right 5’ P-element end is from 

the P[RS3]CB-6686-3 transposon. D. The molecular structure of the mod(mdg4)GS23019 allele. Note 

that the ATG sequence of the 5’ P-element end from the P[GSV7] transposon (black arrow) restores 

the open reading frame of the mod(mdg4) gene with loss of the first 8 amino acids (shown with one 

letter code). The UAS-hsp70 promoter of the P[GSV7] transposon may drive expression of the 

resulted synthetic mod(mdg4) open reading frame. 
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Figure S2. Additional evidence of genetic interactions between the CTCF and 
mod(mdg4) alleles. Shown are cuticles of female flies of indicated genotypes. Note much 
stronger homeotic transformation of segments A7 and A8 in the CTCFy+1 mod(mdg4)GS23019/ 
CTCFEY15833 mod(mdg4)m9 mutants compared to flies with individual mutations in CTCF or 
mod(mdg4) or a combination of the weaker CTCFEY15833 and mod(mdg4)GS23019 alleles. Extra 
bristles are indicated with arrows and the position of the tergite of segment A8 (t8) is marked 
with an arrowhead. 
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Figure S3. Ectopic expression of the abd-A gene in abdominal segment A1 of Cp190 

mutant pupae. The images show corresponding parts of developing adult epithelia (small 

diploid cells) from wild type (A) and Cp1903/Cp1903 (B) pupae. In wild-type pupae the Abd-A 

and Ubx - positive cells do not mix and segregate along the A1 - A2 segmental boundary. In 

Cp190 mutants the A1 segment has patches of cells (the most obvious marked with white 

dashed lines) that express Abd-A. The cells that express Abd-A have low Ubx expression. 

Individual cells are best seen in the blowup (zoom) of the upper right quarters of the merged 

images. 
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Figure S4. The schematic of the yellow enhancer blocking assay. Tested class 12 

insulator binding fragments (here exemplified with Fub element, red rectangle) are cloned in 

the FRT cassette placed between the upstream wing and body-specific transcriptional 

enhancers (green oval) and the promoter of the yellow reporter gene. The constructs are 

integrated in the ZH-51D landing site by φC31 mediated recombination for comparison of 

enhancer-blocking effects within the same chromatin environment and then mobilized by P-

element transposition to test how the ability to block is affected by different chromatin 

environments. 
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Figure S5. Effects of mutations in different insulator protein coding genes on the 
enhancer-blocking by Fub element. A. Loss of CTCF function mildly suppresses the 

enhancer blocking by Fub. Arrows indicate stronger pigmentation of abdominal stripes in the 

CTCF mutant flies compared to the Fub-attB-mobile flies on wild-type background (center). 

However, the pigmentation of CTCF mutants is notably weaker than that of the Fub-attB-

mobile flies after Fub excision (left). Note that flies photographed for this panel are 2 days 

old to provide appropriate comparison with CTCF9/CTCFP35.5 mutants that die around this 

stage. This explains the overall lighter color of cuticles and wing blades compared to other 

images. B. Photographs of fly abdomens illustrate that, unlike the excision of the Fub 

element or the mutant Cp190 background, mutations in Su(Hw) and mod(mdg4) genes show 

no effect on the enhancer blocking by Fub. 
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Figure S6. Cp190 mutation does not do affect the downregulation of Abd-B 

expression in the mod(mdg4) mutant embryos. Stage 17 embryos of indicated genotypes 

were immunostained with antibodies against Abd-B. Representative images indicate that 

immunostaining of Cp190P1/Cp190P1 embryos is no different from that of the matching 

heterozygous control. The mod(mdg4)m9/mod(mdg4)m9 and the Cp190P1, mod(mdg4)m9/ 

Cp190P1, mod(mdg4)m9 embryos display weaker immunostaining of posterior embryonic 

epidermis compared to heterozygous control, but we see no evidence that the Cp190P1 

mutation enhances or suppresses the reduction of Abd-B expression by mod(mdg4)m9. 



Table S1. The list of PCR primers for amplification and cloning of Class 12 insulator binding sites into 

yellow-attB-mobile vector. 

Fab2fw     (XbaI)* CTTCTCTATCTAGACCCTAACACTTTTGTGAATCCGTA 

Fab2rev   (NotI) CTTCTCTAGCGGCCGCAAGTGCACGTTTTGATGAGCTG 

12d2-for  (XbaI) ACTTCTAGAATACCCATTACTAGAG 

12d2-rev  (XbaI) GCAGAGTCTAGAAGTCCAATGTGGA 

12d3-for  (NheI) CTTAAGCTAGCCACTTGTTTGTAAG 

12d3-rev  (NheI) GATATGCTAGCTACTGCCATAACCA 

12d4-for  (NheI) CGTCGCTAGCATGACCTTCCACCTTG 

12d4-rev  (NheI) TTGCGCTAGCCCAGAGCGATCC 

12d6-for  (Aor51HI) GTTTAGCGCTGGATTCATTAATTTGCC 

12d6-rev  (Aor51HI) AGGCAGCGCTCGGGGAAACTTTTTT 

12r1-for  (NheI) ATTTGCTAGCCATTTGATTCTGCTTT 

12r1-rev  (NheI) ATCGCTAGCGACGTTTTGTGCTCC 

12r3-for  (NheI) TGAGTGCTAGCTCATGGGATTGC 

12r3-rev  (NheI) GACAAGAGCTAGCATGTTTCTATGG 

12r4-for  (XbaI) AACTTCTAGAACTCAGACACGCAAAC 

12r4-rev  (XbaI) GACAGGTCTAGATATACACAGACGA 

12r5-for  (NheI) CGGATGCTAGCAAATCGCTGGAC 

12r5-rev  (NheI) AATGGGCTAGCACTGTGGGACGAATG 

 

* the primers contain sites for indicated restriction endonucleases used for cloning 



Table S2. The list of PCR primers used for mapping molecular lesions of the mutant alleles. 

CTCFfw1 ATAACAAATCCAGCCTGCCCTA 

CTCFfw2 ATTACAATTGGTCGTTGCGAGA 

CTCFfw3 CGTGGTCAGTACAGCCACCAAT 

CTCFfw4  AAGTACCAATGCGACATCTGCAA 

CTCFfw5  CAACTCCAAGATCAGTGCCAAAA 

CTCFrev1 GTGCCGGTACTTTGACCACTAA 

CTCFrev2 CCTGCTCAATCATATCCATCAGCT 

CTCFrev3  GCATGTCATTGGCACATCAGAG 

CTCFrev4  TTTTAGTTTCGCCCAACGAATG 

qm-fw1 TTCAGCTCCAACAAGGAGGAC 

qm-fw2 ATAGCGCCAGCATCACGCAGT 

qm-rev1 GATCTGGTTCGACTGCGTGAT 

y2ex-endfw CAACAACATAGGGCAACAGCGG 

mod-fw2  CAGCAATCTCGTCGCCTGGTA 

mod-rev CGCGAGTCACAGTAGACAAGGAA 

modLrev GGCTGACGTTGTTCAGGAATACT 

white-rev3 CCAAAAAGATGAGGCCAATCAAG 

white-fw3 AGAAAGGAAGCGTCTGGCATTC 

p395  (P-element) TCCGCACACAACCTTTCCTCTCAAC 

p394  (P-element) CGCTGTCTCACTCAGACTCAATACGAC 
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