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Insulator sequences guide the function of distantly located
enhancer elements to the appropriate target genes by
blocking inappropriate interactions. In Drosophila, five
different insulator binding proteins have been identified,
Zw5, BEAF-32, GAGA factor, Su(Hw) and dCTCF. Only
dCTCF has a known conserved counterpart in vertebrates.
Here we find that the structurally related factors dCTCF
and Su(Hw) have distinct binding targets. In contrast, the
Su(Hw) interacting factor CP190 largely overlapped with
dCTCF binding sites and interacts with dCTCF. Binding of
dCTCF to targets requires CP190 in many cases, whereas
others are independent of CP190. Analysis of the bithorax
complex revealed that six of the borders between the
parasegment specific regulatory domains are bound by
dCTCF and by CP190 in vivo. dCTCF null mutations affect
expression of Abdominal-B, cause pharate lethality and a
homeotic phenotype. A short pulse of dCTCF expression
during larval development rescues the dCTCF loss of
function phenotype. Overall, we demonstrate the impor-
tance of dCTCF in fly development and in the regulation of
abdominal segmentation.
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Introduction

Eukaryotic genomes are highly organized into functional
units containing individual genes or gene groups together
with the corresponding regulatory elements. Regulatory ele-
ments may be separated from the transcriptional start sites by
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several thousands of base pairs. These functional units need
to be insulated from each other in order to prevent illegiti-
mate interactions of enhancers with other transcriptional
units. Furthermore, a single regulatory element may control
several genes, or several distinct regulatory elements may
control the activity of a single gene in time and space. Again,
a functional constraint for the appropriate regulator/gene
interaction needs to be achieved. Insulator elements with
enhancer blocking activity fulfill this function, such that only
appropriate promoters and genes are activated (Holdridge
and Dorsett, 1991; Geyer and Corces, 1992; Chung et al, 1993;
Gaszner and Felsenfeld, 2006). In vertebrates, there is only
one factor currently known that binds to enhancer-blocking
elements and prevents the inappropriate activation by adja-
cent enhancers: CTC binding factor (CTCF) (Ohlsson et al,
2001). Binding sites for CTCF have been shown to be involved
in gene repression (Baniahmad et al, 1990; Lobanenkov et al,
1990), in gene activation (Vostrov and Quitschke, 1997) and
in enhancer blocking (Bell et al, 1999; Hark et al, 2000;
Kanduri et al, 2000; Szabo et al, 2000; Lutz et al, 2003;
Burke et al, 2005). Furthermore, vertebrate- and mammalian-
specific functions, such as X-chromosome inactivation and
control of the epigenetic DNA methylation state, seem to
involve CTCF (for reviews see Lee, 2003; Lewis and Reik,
2006).

In sharp contrast to vertebrates, the genome of Drosophila
is much more compacted, primarily due to shorter distances
between genes. Therefore, the need for insulators to separate
genes is likely greater than in vertebrates. Indeed, five
different insulator binding proteins have been identified in
Drosophila. These are Zw5, BEAF-32 (Zhao et al, 1995;
Gaszner et al, 1999), GAGA factor (Ohtsuki and Levine,
1998; Belozerov et al, 2003), Su(Hw) (Gerasimova et al,
1995) and a Drosophila orthologue of CTCF that we have
identified (Moon et al, 2005). The function of enhancer
blocking has evolved such that Drosophila utilizes several
proteins and probably multiple mechanisms for enhancer
blocking and insulation (Kuhn et al, 2003). However, with
the exception of dCTCF, none of the other known Drosophila
insulator proteins have a counterpart found to be conserved
in vertebrates. Su(Hw), a 12-zinc-finger factor, resembles the
11-zinc-finger protein dCTCF with respect to the overall
domain structure. Detailed study of Su(Hw) has revealed
that a 350-bp DNA sequence of the gypsy insulator binds a
protein complex consisting of at least three components,
Su(Hw), Mod(mdg4)67.2 and CP190. Su(Hw) and CP190
can bind DNA directly via their zinc-finger domains, whereas
Mod(mdg4)67.2 does not bind DNA directly, but is recruited
to the gypsy insulator sequence through physical interactions
with Su(Hw) and CP190 (Pai et al, 2004). Several hundred
endogenous binding sites for Su(Hw) are found throughout
the Drosophila genome (Gerasimova and Corces, 1998;
Parnell et al, 2006; Ramos et al, 2006).

Another perspective on the requirement for insulators
comes from the fact that many genes are controlled by several
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regulatory elements needed for tissue- and cell-specific ex-
pression. For example, the three Drosophila homeotic genes
of the bithorax complex (BX-C), Ultrabithorax (Ubx), abdom-
inal A (abd-A) and Abdominal-B (Abd-B), are regulated by a
cis-regulatory region comprising more than 300kb. This
region is subdivided into nine distinct regulatory domains
controlling the three homeotic genes individually and speci-
fically with respect to particular parasegments (Lewis, 1978;
Sanchez-Herrero et al, 1985; Maeda and Karch, 2006).
A striking feature of this complex regulatory region is the
colinearity of regulatory domains controlling gene expression
from the thoracic segment T3 through the abdominal seg-
ments A1-A9 (parasegments PS5-PS14). Of the eight bound-
aries between the nine regulatory domains, three have been
functionally identified as chromatin insulators with enhancer
blocking activity. These are Miscadastral pigmentation
(Mcp), Frontabdominal-7 (Fab-7) and Frontabdominal-8
(Fab-8) (Maeda and Karch, 2006). The GAGA factor was
shown to be required for the enhancer blocking function of
Fab-7 (Schweinsberg et al, 2004). Previously we demon-
strated that dCTCF binding sites are required for the function
of Fab-8 (Moon et al, 2005), and that dCTCF is associated
with all but one of the known or predicted insulators of BX-C
(Holohan et al, 2007).

Here we addressed whether dCTCF and Su(Hw) mediate
similar molecular functions and biological effects, and
whether dCTCF plays a functional role in the BX-C, which
is finely subdivided by regulatory domain borders. We
demonstrate that the overall binding pattern of Su(Hw) is
distinct from dCTCF and that, in contrast to Su(Hw), a
dCTCF-null mutation causes pharate lethality and hypo-
morphic mutations result in a homeotic phenotype. Despite
these differences, both factors interact with CP190.

Results

dCTCF binds to many interbands without overlap with
Su(Hw) binding sites

dCTCF and Su(Hw) are similar factors in that both are multi
zinc-finger proteins and both mediate enhancer blocking. To
test whether both factors target to identical genomic sites, or
whether separate sets of target sites are accessed, we ana-
lyzed the pattern of dCTCF bound to polytene chromosomes
of third instar larvae. We used two different antibodies
directed against the N-terminal or the C-terminal domain of
dCTCF (Moon et al, 2005). Both antibodies resulted in the
same pattern, when carefully compared in independent stain-
ing experiments with each other and with GFP signals from a
CTCF-eGFP line (not shown). Analysis of the overall distribu-
tion of dCTCF showed that approximately 300 to 400 dCTCF
target sites (CTS) are bound (Figure 1). The heterochromatic
chromocenter region is essentially free of dCTCF binding.
Close inspection at higher magnification revealed that all
bound CTSs are located in interband regions. In many
cases, when the chromosomal quality allowed high-resolu-
tion analysis, a location of the CTS at the interband/band
border or at a puff border is evident (Figure 1B and C). Next
we analyzed the distribution of binding sites for Su(Hw)
relative to dCTCF. The Su(Hw) antibody stains several hun-
dreds of sites located in interbands as well. At low magnifica-
tion, only few sites seem to colocalize, which may be caused
by both factors bound to the same target or by low resolution
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of separate targets. Upon magnification and inspection of
high-quality regions, no colocalization could be detected
(Figure 1G-I). Therefore, we conclude that at least for the
polytene chromosomes, almost all dCTCF targets are different
from those of Su(Hw).

CP190 and dCTCF binding sites overlap and both factors
interact in vivo

We wondered whether dCTCF and Su(Hw) might share
cofactors despite the differences in target site specificity.
The protein Mod(mdg4) has been shown to be required for
Su(Hw) function (Ghosh et al, 2001) and an analysis of
Mod(mdg4) distribution over the polytene chromosomes
revealed only a partial colocalization with dCTCF (not
shown). In contrast, when we tested the binding pattern of
CP190, another cofactor required for the function of Su(Hw)
(Pai et al, 2004), we found that many of the CP190 sites are
CTSs as well (Figure 1J-0). Indeed, analysis at high resolu-
tion revealed that the majority of CTSs are bound by CP190
(Figure 10).

The CP190 protein contains three classical C2H2 zinc-
finger motifs and an N-terminal BTB/POZ domain. Both
domains could potentially be involved in chromatin binding.
On the other hand, chromatin binding might be achieved by
interaction with other factors, such as dCTCF. We therefore
tested for a possible interaction of dCTCF with CP190
using co-immunoprecipitation. Precipitation of CP190 from
Schneider cell extracts resulted in the detection of dCTCF
(Figure 2A). To confirm the interaction we expressed a FLAG-
dCTCF fusion protein in Schneider cells and precipitated with
either an antibody against CP190 or an antibody against
FLAG (Figure 2B and C). The CP190 precipitate contained
endogenous dCTCF as well as FLAG-dCTCF in the same ratio
as the input, suggesting that both dCTCF proteins are simi-
larly associated with CP190. Furthermore, the reverse experi-
ment using FLAG precipitation demonstrated that dCTCF and
CP190 interact in vivo.

dCTCF mutants show a homeotic phenotype and
pharate lethality
We first tested the effect of dCTCF depletion from Schneider
S2 cells by RNAi knockdown (Supplementary Figure).
However, we could not detect any change in cell number or
cell size after dCTCF depletion. Therefore, we wondered
whether dCTCF may play a role in Drosophila development.
The available deficiency Df(3L)pbl-X1 does not take out
dCTCF (data not shown). Therefore, we generated a 16-kb
deletion (Df(3L)0463) by recombination between FRT con-
taining P-elements (Parks et al, 2004; Thibault et al, 2004)
within the quemao gene at 65F5-F6 and within the bhringi
gene at 65F7 (PBac{WH}qm/®'%** and P{XP}bhr?'*%%). The
deletion is recessive lethal and takes out dCTCF, pastrel,
CG8583, Sh3beta and the 5 region of bhringi (Figure 3A).
In addition, we checked three different transposon elements
residing within the dCTCF locus (Figure 3B). GE22007 and
CTCFF¥1%833 each with a P-EP or a P-element positioned 15 or
35bp downstream of the transcription start site of dCTCF
show a 50-70% reduced amount of CTCF as determined in
third instar larvae and in adults (Table I; Figure 3C). The
reduction in protein amount is also seen in salivary gland
polytene chromosomes, where the number of CTCF-bound
sites is reduced to about 50% . Trans-heterozygotes GE22007/

©2007 European Molecular Biology Organization



The role of dCTCF in development
M Mohan et a/

Figure 1 dCTCF binds to several hundred loci on polytene chromosomes, different from those bound by Su(Hw), but overlapping with CP190
signals. Immunostaining of salivary gland polytene chromosomes with o-dCTCF, a-Su(Hw) and o-CP190. (A-C) dCTCF (green) detected on
interband or at band/interband transitions, flanked by bands stained with Hoechst 33342 (blue). Examples are pointed out (arrows) at higher
magnification for chromosomes 3L (B) and X (C). Chromocenter (‘C’) of two nuclei, and the 2B puff (dashed circle) are negative for dCTCF.
(D-I) a-dCTCF (green) and a-Su(Hw) (red) generate non-overlapping staining (F, I, merged). Higher magnification of the tip of 3L (G-I). (J-0)
a-dCTCF (green) and «-CP190 (red) show overlapping localization. Merged picture of the whole chromosome set (L) indicates colocalization
(orange signals). The enlarged view of the tip of the 3L chromosome (M-0) identifies colocalization in the split view (O, arrows).

Df(3L)0463 and CTCFFY'%33/Df(3L)0463 are without pheno-
type (Table I). Finally, GE24185 has a P-EP element located at
the nucleotide triplet coding for amino acid 158. Few F1
homozygotes showed spreading of wings by 30-45° (Table I).
The GE24185/Df(3L)0463 trans-heterozygotes showed a
highly penetrant mild (60°) held out wing phenotype, various
homeotic transformations (see below) and sterility in both

©2007 European Molecular Biology Organization

males and females. Protein extracts prepared from 10 salivary
glands showed a weak band, running at ~90kDa when tested
with the C-terminal antibody, but no specific band is detect-
able with the N-terminal antibody (Supplementary Figure
1C). Salivary gland polytene chromosome staining showed
detectable dCTCF, although at a dramatically reduced number
of sites (25% of wild type) using the antibody against the
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C-terminus of the dCTCF protein (Table I), whereas the
antibody against the N-terminus of dCTCF did not show
any signal. Similarly, RNA analysis by RT-PCR showed the
presence of a transcript in reduced amount (Supplementary
Figure 1B). Taken together, these data suggest that insertion
of the P-element results in the reduced expression of a
truncated dCTCF protein that is recognized by the C-term-
inal-specific antibody in a Western blot, and on polytene
chromosomes. This small amount appears to be highly con-
centrated on a subset of binding sites (see also below).

A IP
Inp Ctrl CP190
dCTCF —
' . —130 kDa
B IP
Inp  Ctrl CP190
|
CP190 —> | " d
—170 kDa
FLAG-dCTCF — | s ww [—130kDa
dCTCF —> | &+
C IP

Inp  Ctrl FLAG

FLAG-dCTCF —> |-_ il . 130 kDa

—170 kDa

Figure 2 Co-immunoprecipitation of dCTCF and CP190. (A, B)
Whole-cell extracts from S2 cells were precipitated with a-CP190
antibody and the precipitates were analyzed by SDS-PAGE and
subsequent Western blotting with «-CP190 or «-dCTCF. CP190
coprecipitates dCTCF (A) and FLAG-dCTCF, as well as endogenous
dCTCF (B). (C) a-FLAG antibody was used in the IP, and «-CP190 or
o-FLAG for detection in Western blot. Control: precipitation with
mouse IgG; input: 10% in panel A, 4% of extract in panels B and C.

To create amorphic alleles by imprecise excision, we
performed jump-outs from all three insertions. When homo-
zygous, all of these mutants died at the pharate stage, with
about 50% being very short lived (up to 12-24 h) but able to
eclose (Table I). Immunoblot analysis of single larval protein
extracts showed no dCTCF protein and polytene chromosome
squashes were completely negative (not shown). Similarly,
absence of dCTCF was observed when these lines were
crossed to Df(3L)0463 (Figure 3C). Thus, these mutations
were considered to be amorphic dCTCF alleles. For further
analysis we concentrated on jump-out strain CTCF*3*¢, which
we molecularly characterized to carry a deletion from nucleo-
tide —537 upstream of the transcriptional start site to position
+ 15 (Figure 3B).

Careful inspection of the adults revealed a number of
homeotic transformations in the GE24185 homozgygotes, in
GE24185/Df(3L)0463 and even more severe in the amorphic
mutants (Figure 3D). Some of the GE24185 homozygous
males showed mild and patchy pigmentation of the abdom-
inal segment A4, and formation of a small A7 tergite. They
also showed various degrees (0-30°) of genital region rota-
tion. This later phenotype is similar to a known homeotic
mutation in the bithorax locus (Estrada et al, 2002). All
GE24185/Df(3L)0463 males showed larger patches of pig-
mentation in A4 and formation of a small A7 tergite (Figure
3D and E). Cuticle preparations also showed a number of
additional phenotypes. The dCTCF’*%S/Df(3L)0463 males
have lost pigmentation in small patches toward the anterior
of the AS tergite, indicating that AS is nominally transformed
into A4 (Figure 3E). Interestingly, AS sternite is banana
shaped, which is a feature of the A6 sternite (Figure 3E).
Hence, A5 shows anterior to posterior transformation, as well
as posterior to anterior transformation. We also found up to
eight bristles in the A6 sternite in the cuticle preparations,
which are not seen in wild type. The genital region was
extended out of the abdomen and rotation was more severe,
from 60° to 120° (Figure 3D). Furthermore, GE24185/
Df(3L)0463, as well as dCTCFP*%/Df(3L)0463 females exhi-
bit an A7 transformation. In the former case the bristles have
lost their orientation, which in wild type is toward the mid
axis. In the latter case the transformation is more apparent,
as indicated by more bristles on the A7 sternite (up to 11
compared with eight in wild type), and by their vertical
downward orientation (Figure 3E).

The dCTCF*3°¢ phenotype can be rescued by brief
dCTCF expression at the larval stage

In order to demonstrate that the phenotype seen in the
various dCTCF mutants is caused by the loss of dCTCF, we

Figure 3 dCTCF mutations cause homeotic phenotypes. (A) View of the gbrowse genome browser (FlyBase) showing CTCF and its
neighboring genes, and the two FRT elements PBac{ WH}qm'®®** and P{XP}bh1°*®3 used to generate Df(3L)0463 (long horizontal arrow).
(B) Schematic representation of the dCTCF gene; locations of exons I-IV (thick horizontal arrows), of the transposons GE22007, GE24185 and
EY15833, and of the deleted fragment in CTCF**¢ are shown. (C) Western analysis of wild type (+/+), P-element and jump-out mutants.
Single fly extracts from third instar larvae and young adults were loaded on each lane and probed with N- and C-terminal-specific dCTCF
antibodies. Tubulin antibody was used as control. (D) Morphological defects of the indicated dCTCF mutants. Appearance of patchy
pigmentation in A4 indicates a partial transformation to A5 (white arrow). Twisting of the male genital region (black arrows). (E) Cuticle
preparations of the abdomen of the indicated male mutants show a patchy appearance of pigmentation in A4 tergite (arrowhead), and small
white patches in AS tergite toward the anterior side of the segment. Loss of pigmentation in A5 indicates transformation into A4. The more
compact A5 sternite in wild type has elongated into a banana shape in the mutants. This indicates transformation of A5 to A6 segment. Up to
eight bristles were seen in the sixth sternite (thin arrow), and a small seventh segment (thick arrow) is present. Females show transformation of
A7, with an increased number of bristles of the seventh sternite, showing a different orientation.
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generated rescue strains. First we produced genomic dCTCF
transgenic flies by cloning the 5084-bp sequence spanning
the dCTCF gene from a site within the quemao gene and
extending to within the pastrel gene. We reasoned that the
regulatory sequences for dCTCF expression in this gene
dense region would most likely be framed by the two

The role of dCTCF in development
M Mohan et a/

flanking genes (Figure 3A). A single integration of genomic
dCTCF on the second chromosome (gCTCF) was able to
rescue CTCFP%/Df(3L)0463, CTCFP3%-%/CTCFP3%°, GE24185/
Df(3L)0463 and GE24185/GE24185. We found a majority of
the flies fully rescued, with a few showing various degrees of
held out wings and that were unable to walk properly. The
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Table I dCTCF mutants

Genotype dCTCF expression® Phenotype®

P-strains

GE22007/GE22007 W (50-70%) wt; F2 embryos die at various stages from secondary mutations (~5/200
survivors)

GE22007/Df(3L)0463 Not determined wt

EY15833/EY15833 W (50-60%); P (50%) wt

EY15833/Df(3L)0463 Not determined wt

GE24185/GE24185 W (0%); P (25%) with Reduced viability (66%); embryos from F2 homozygotes do not eclose; held

C-terminal antibody out wings (30% of survivors); male genitalia rotated up to 30° (10%); males:

A4 patchy pigment, partial loss of pigment in A5, eight bristles on sixth
sternite, small seventh tergite (10-20%)

GE24185/Df(3L)0463 W (0%); P with Held out wings (100%); male and female sterile; male genitalia rotated by

Jump-out strains
P30.6/P30.6°

P30.6/Df(3L)0463
P35.2/P35.2°
ES.5/ES.54
R10.3/R10.3¢
RI15.4/R15.4°

C-terminal antibody
(25%)

W (0%); P (0%)

W (0%); P (0%)
W (0%)
W (0%)
W (0%)
W (0%)

40°-120° (100%); males: A4 patchy pigment, partial loss of pigment in AS
tergite, eight bristles on sixth sternite, small seventh tergite (100%); females:
bristles on A7 sternite have lost orientation (100%)

Pharate lethal (100%); male genitalia rotated by 40°-90° (100%); males: A4
tergite with patchy pigmentation, AS tergite shows a few white spots, AS
sternite is elongated into a banana shape, eight bristles on sixth sternite,
small seventh tergite (100%); females: A7 sternite with up to 11 bristles
pointing vertically downwards (100%)

as P30.6/P30.6

as P30.6/P30.6

as P30.6/P30.6

as P30.6/P30.6

as P30.6/P30.6

wt, wild type.

4(W) single fly western with the percentage of expression relative to wild type; (P) polytene chromosome staining with the percentage of the
number of sites relative to wild type.
®Phenotype with percentage of penetrance within the surviving group.

“Jump-out from GE22007.
4Jump-out from EY15833.
¢Jump-out from GE24185.

rescued flies were fertile and we could establish a breeding
stock of gCTCF/gCTCF,;GE24185/GE2418S5.

Furthermore, we tested whether a pulse of dCTCF expres-
sion during larval development would be sufficient for the
rescue or whether the flies might need a continuous supply of
dCTCF. We generated UASdCTCF-EGFP transgenic flies by P-
element transgenesis, and established lines with insertions on
the X, second and third chromosomes. On driving UASdCTCF-
EGFP in wild-type background with ubiquitous drivers such
as tubulin-gal4 or actin-gal4, we found early embryonic
lethality (data not shown). In order to express a moderate
and controlled amount of dCTCF, we used a hsp70Gal4 driver
line, and gave a single heat shock (37°C) for 20 min at various
stages of development. We found that a single heat shock at
24, 48 or 72 of development was sufficient to phenotypically
rescue the majority of flies with a dCTCF?*%%/Df(3L)0463 or a
GE24185/Df(3L)0463 genetic background. Fertility tests of the
rescued flies revealed that both males and females were
fertile. A few flies still showed a very mild held out wing
phenotype and some had a disorganized bristle pattern on the
dorsal abdomen. Heat shock at the pupal stage could not
rescue all the mutant phenotypes (not shown). Thus, a short
pulse of dCTCF expression is sufficient to generate pheno-
types close to wild type.

Many, but not all dCTCF binding sites depend on CP190
Because we found that CP190 and dCTCF colocalize on
polytene chromosomes and interact in vivo, we asked
whether the overall amount of dCTCF protein might be
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changed in CP190-deficient third instar larvae. A Western
blot analysis of both Cpl90' homozygotes (deficient in
CP190) and wild-type larval extracts showed that the amount
of dCTCF is reduced in CpI190" homozygotes (Figure 4A).
Next we wanted to know whether the reduced amount of
dCTCF caused by the loss of CP190 affects dCTCF binding on
the polytene chromosomes. We found that the total number
of dCTCF labeled sites is reduced in the Cp190' mutant,
whereas the number of CP190 sites was not affected by
dCTCF mutants (not shown and below). As mentioned
above, the analysis of dCTCF binding in the two hypomorphic
mutants CTCFEY1°833/CTCFEY1%833 and GE24185/GE24185 re-
vealed that that the number of bound sites is reduced to
about 50 and 25%, respectively (Table I). By close inspection
of the chromosomes we found that the set of dCTCF sites
missing in the CP190 or in the dCTCF mutants overlap but are
not identical. This is exemplified with the first 12 CTS at the
tip of chromosome 3L (Figure 4B-I). We find four types of
sites: (a) those binding dCTCF only, affected by both hypo-
morphic dCTCF mutations, but not by CP190" (site 6 in Figure
4G-J), (b) sites binding dCTCF only, and neither affected by
hypomorphic dCTCF mutations nor by CP190’ (site 1), (c)
sites binding both proteins, and dCTCF binding affected by
CP190' and dCTCF mutations (sites 2-4 and 10-12) and (d)
sites colocalizing with both factors, but dCTCF binding not
affected by either mutation (sites 5 and 7-9). Threshold
effects caused by reduced dCTCF amounts do not seem to
be problematic for this analysis. For example, sites 2, 10 and
12 are strong in wild type and are lost in the mutant, whereas
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weak wild-type sites (e.g., sites 1 and 5) are still bound
in dCTCF mutants. This may indicate that, depending on
the binding site, both factors cooperate in binding. Thus,
different sites vary in their requirement for CP190/dCTCF
cooperation.

dCTCF binding to the BX-C locus is lost in hypomorphic
dCTCF mutants

Previously we demonstrated that dCTCF binding sites are
required for the function of Fab-8 (Moon et al, 2005), and that
dCTCF is associated with all but one of the known or
predicted insulators in embryo and Schneider cell chromatin
(Holohan et al, 2007). As dCTCF loss of function mutants
show a homeotic phenotype, one would predict that the
dCTCF occupancy of the CTSs (Figure 5A) is lost or reduced
in the case of the GE24185/Df(3L)0463 genotype, which
shows a dramatic loss of dCTCF signals on polytene chromo-
somes (see above; Table I). Whether the BX-C locus remains
bound by dCTCF cannot be analyzed on the level of salivary
gland polytene chromosomes, since this region is strongly
under-replicated and not clearly analyzable (Moshkin et al,
2001). Therefore, we precipitated chromatin from wild-type
and GE24185/Df(3L)0463 third instar larval brains with the
dCTCF antibodies (Figure SA-C). Clearly, all 10 dCTCF bind-
ing sites within BX-C (Holohan et al, 2007) are bound by
dCTCF in larval chromatin of wild-type brains (Figure 5B).
Sites BXC-67 and BXC-168 are not or only weakly bound. In
contrast to wild-type larval chromatin, mutant larval brains
show no dCTCF occupancy except for BXC-14, where some
residual dCTCF binding to chromatin can be seen (Figure 5C).
A control precipitation with an antibody specific for histone
H3 resulted in similar PCR signals for most of the sites in the
wild-type as well in the mutant background.

As we have found an interaction and colocalization of
dCTCF and CP190 (Figures 1, 2 and 4), we asked whether
CP190 might be present at dCTCF-sites within the BX-C locus.
We performed ChIP analysis with a CP190-specific antibody
(Figure SD). Clearly, all of the CTSs are positive for CP190. In
contrast, a negative control sequence (Su(var)3-9) did not
show any CP190 association, supporting the specificity of the
CP190 ChIP experiment. Therefore we conclude that dCTCF
and CP190 do occupy similar target sites in the BX-C.

The correct function of the BX-C locus requires dCTCF
Previously we have shown that the Fab-8 sequence harbors
two adjacent dCTCF binding sites, and that the mutation of
these sites causes loss of enhancer blocking in a reporter

Figure 4 Many, but not all dCTCF binding sites depend on CP190.
(A) Western analysis of dCTCF and tubulin in Cp190' larval extracts.
(B-F) Wild-type polytene chromosome 3L from third instar larval
salivary glands stained for DNA (B), CTCF (D), CP190 (E) and the
indicated merges are shown. Arrows point to all 12 CTSs as
identified in panel D, counted from the tip of chromosome 3L and
numbered. (G-I) Polytene 3L chromosomes from homozygote
genotypes EY15833, GE24185 and CP190', stained with DAPI and
for dCTCF. Numbered arrows point to the corresponding locations
as in wild type. (J) Analysis of the first 12 CTS at the 3L chromo-
some tip as numbered in panel D. Occupancy (+ ) for dCTCF and
for CP190 in different genotypes. The total number of CTSs on
chromosome 3 is given +the number of weak signals, which cannot
be interpreted.

©2007 European Molecular Biology Organization

The role of dCTCF in development
M Mohan et a/

assay. With the dCTCF mutants now available, we wanted to
confirm that Fab-8 enhancer blocking requires dCTCF. The
enhancers previously used for this analysis were only active
in embryonic tissues. As dCTCF is provided as a maternal
component (Moon et al, 2005), we decided to use a reporter
system where expression could be analyzed in the adult

A CP190" wt

NT-CTCF gﬁ
e

CP190 and DNA

t 9

EY15833

#h

ts5
GE24185

Genotype dCTCEF sites on tip of 3L CTSon3
Antbody 1 2 3 4 5 6 7 8 9 10 11 12
Wild type
CTCF + + + + 4+ o+ + o+ 121+/-10
CP190 - + + + + — + + + + + +
EY15833/EY15833
CTCF + + + + + — + + + + - = 60+/—4
CP190 ND ND ND ND ND ND ND ND ND ND ND ND
GE24185/GE24185
CTCF + - - - + + o+ o+ - 34+/-4
CP190 - + + + + — + + + + + +
cP190'/cP190’
CTCF + - - - + + + + + - - = 74+/-7
CP190 - - - - — — — — - — - -
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Figure 5 dCTCF binds to 13 sequences in the BX-C. (A) Summary of the dCTCF target sites (dCTSs:BXC-14-BXC-228) in the BX-C region on
chromosome 3R. Coordinates are corresponding to genome release 5.1. The genomic locus with nine regulatory domains (Maeda and Karch,
2006), and the Ubx, abd-A and Abd-B genes are shown. (B) dCTCF occupies all of the CTSs in larval chromatin. ChIP was performed with
chromatin from third instar larval brains with C- or N-terminal dCTCF-specific antibodies. Negative controls were preimmune serum or a non-
binding sequence (Fab8 5'-control). BXC-67 and BXC-168 are only bound in vitro (Holohan et al, 2007). (C) ChIP with mutant strain GE24185/
Df(3L)0463 chromatin from larval brains. All dCTS but BXC-14 are negative for dCTCF-specific precipitation. Control precipitation of histone
H3 shows precipitation with either chromatin from wild type (H3-wt) or mutant (H3-mut) extracts. (D) CP190 is present at all dCTSs of the
BX-C. Same extracts as in panel B were precipitated with CP190-specific antibody.

tissue. We chose the Fab-8 enhancer blocking line 60.85.1
(kindly provided by P Schedl), which is similar to nine other
lines showing enhancer blocking activity of Fab-8 (Barges
et al, 2000). The line harbors the Fab-8 boundary inserted in
between the white enhancer and the mini-white reporter on
the third chromosome. This line shows weak enhancer
blocking, resulting in reduced eye pigment (Figure 6Ad).
Any relief from enhancer blocking should increase eye
color. We found that a low, but significant relief in enhancer
blocking is seen in null CTCF background (CTCF?*%°:60.85.1/
Df(3L)0463) (Figure 6Aa and b). All trans-heterozygote
females (17 individuals) showed an increase in eye pigmen-
tation compared with nearly all heterozyogtes (49 of 51
showed weaker pigmentation). Next we analyzed whether a
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mutation in CpI190 has an effect on Fab-8 enhancer blocking.
We found that a single copy of Cp190" is sufficient to impair
enhancer blocking (Figure 6Ac and d). All of the Cp190*
heterozygote flies showed the increase in eye pigmentation.
Thus, Fab-8-mediated enhancer blocking requires both
dCTCF and CP190.

Given that dCTCF binds to 10 sites in the bithorax locus at
known or predicted insulators (see above), and since dCTCF
has an effect on the Fab-8 insulator (Moon et al, 2005), we
wondered whether the expression of Abd-B might be altered
in the absence of dCTCF. Abd-B is expressed in various
tissues and is important for organogenesis (Lovegrove et al,
2006). We expected that the high amount of maternal dCTCF
(Moon et al, 2005) might be functional in early stages of

©2007 European Molecular Biology Organization



+/+

Abd-B

DNA

O  Ventral section Middle section Dorsal section

+/+

|- -

The role of dCTCF in development
M Mohan et a/

CTCFP306
Abd-B DNA

-
- -
- -

CTCFP306

Figure 6 dCTCF affects Fab-8 insulator function and Abd-B expression. (A) Enhancer blocking assay using the Fab8 reporter line 60.85.1
(Barges et al, 2000) in dCTCF and Cp190 mutant females. 60.85.1 shows more pigmentation in null dCTCF background (a) compared with the
heterozygous CTCF mutation (b). In the presence of one copy of CP190", 60.85.1 shows higher amount of pigmentation (c) compared with wild-
type background (d). (B) Abd-B antibody detects expression in wild-type 3rd instar larval nerve cord in dorsal, middle and ventral optical
sections. The expression is reduced in CTCF***® homozygotes. Arrows mark the anterior Abd-B expression border in wild type and a
comparable region in the mutant. (C) Similar as in panel B, except that Abd-B staining was visualized by DAB reaction, which can be controlled

more accurately to reflect the antigen amount.

development of amorphic dCTCF mutants, and therefore
analyzed the expression at later stages. Abd-B immunostain-
ing in the larval nerve cord revealed an expression pattern in
parasegments PS10-PS14 (Figure 6B) that is very similar to
the expression pattern as seen by in situ hybridization
(Schmitt et al, 2005). The expression in homozygote
CTCFP3%¢ is clearly reduced when compared with wild type
as seen in fluorescent images (Figure 6B). We also performed
Abd-B staining followed by DAB reaction to control satura-
tion of signals, which can occur with fluorescent dyes.
Samples with the same reaction times are shown, and they
show a similar reduction of Abd-B staining in dCTCF mutants
(Figure 6C). Therefore, within the potential effects mediated
by dCTCF at the many binding sites throughout the genome,
Abd-B within the bithorax locus is one of the functional
dCTCF targets.

©2007 European Molecular Biology Organization

Discussion

Insulator elements with enhancer blocking activity establish
independent regulatory domains. An analysis of binding sites
(CTS) for the enhancer blocking factor dCTCF on salivary
gland polytene chromosomes resulted in the identification of
several hundred sites bound by dCTCF. All of these sites are
found in interbands, and when inspected more precisely are
often at the borders of interbands next to bands. Interbands
harbor active housekeeping genes or regulatory regions of
inactive genes, whereas bands contain the bodies of inactive
genes (Demakov et al, 2004). Interbands and bands differ in
chromatin composition and modification (Ebert et al, 2006).
Thus, there is a clear border between interbands and bands.
Any factors generating functional chromatin boundaries
would be expected to be localized to the interband/band
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transition. This is not only the case for dCTCF, as a similar
location has been found for Su(Hw) (Pai et al, 2004). Also,
BEAF-32 and ZwS5 are located in interbands at hundreds of
binding sites throughout the genome (Zhao et al, 1995;
Cuvier et al, 1998; Blanton et al, 2003; Parnell et al, 2006;
Ramos et al, 2006; Roy et al, 2006).

The obvious question was whether dCTCF has a redundant
function and therefore similar targets as the other Drosophila
enhancer blocking factors. We could not detect a significant
colocalization of dCTCF with either BEAF-32 (data not
shown) or with Su(Hw) on polytene chromosomes. This
may provide an explanation of how an organism with a
small genome, such as Drosophila, can prevent promiscuous
enhancer interaction with any nearby gene. Apparently, an
elaborate system of different enhancer blockers and barrier
factors fulfills the insulation of regulatory units.

The biochemical composition and function of insulator
complexes involving Su(Hw) have been studied in detail.
The best studied binding site is the gypsy transposon with a
350-bp sequence containing 12 binding sites for Su(Hw)
(Geyer and Corces, 1992). A functional complex of Su(Hw),
Mod(mdg4)67.2, CP190, and possibly other factors has been
documented (Capelson and Corces, 2005; Lei and Corces,
2006). Although there is no colocalization of Su(Hw) with
dCTCF on polytene chromosomes, and only partial colocali-
zation with Mod(mdg4) (data not shown), we were interested
in examining whether CP190 plays a role in dCTCF function.
We have shown that vertebrate CTCF is a centrosomal factor
during mitosis and a nuclear protein during interphase
(Zhang et al, 2004), and that CP190 (centrosome binding
protein) is associated with centrosomes as well. CP190 is
essential for viability, but is not required for cell division
(Butcher et al, 2004). CP190 knockdown in Schneider cells
has no effect, whereas a null mutation in flies leads to pharate
lethality. Here we have seen a similar phenotype after dCTCF
depletion in Schneider cells and pharate lethality in flies as
well. The centrosomal function of CP190 is not required for
the insulator activity in the context of Su(Hw) bound to gypsy
(Pai et al, 2004). The localization of CP190 on polytene
chromosomes overlaps with sites bound by Su(Hw) or by
Mod(mdg4)67.2. In addition, CP190 is found at loci devoid of
Su(Hw) or Mod(mdg4)67.2, suggesting that other factors
might recruit CP190 to these sites (Pai et al, 2004). There is
a significant overlap in dCTCF with CP190 binding sites. A
functional dependence is seen, as at many sites binding of
dCTCF depends on CP190. Although there is an overall
reduction in the dCTCF amount observed in the CPI90
mutant, differences in dCTCF occupancy in dCTCF and
CP190 mutants indicate a discrimination between CP190-
independent and -dependent sites. Furthermore, the pre-
viously characterized insulator Fab-8 (Barges et al, 2000) is
impaired in the absence of dCTCF (Moon et al, 2005) and by
the reduction of CP190.

Another perspective on the requirement of insulators
comes from the fact that many genes are controlled by several
regulatory elements that are required for tissue and cell-
specific expression. A prominent example is the Drosophila
BX-C. This is one of two Hox gene clusters, which contain
regulator genes controlling development. The BX-C is respon-
sible for the correct specification of the posterior thorax
segment (T3) and all of the abdominal segments (for review
see Maeda and Karch, 2006). Within BX-C, only three protein
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coding genes, Ubx, abd-A and Abd-B, are responsible for the
segment-specific development of organs and tissues. On the
other hand, nine separate groups of many mutations are
affecting segment-specific functions (Lewis, 1978). The bor-
ders of some of these domains are genetically defined by
elements Fab-6, Fab-7, Fab-8 and by Mcp (Hagstrom et al,
1996; Barges et al, 2000; Gruzdeva et al, 2005; Mihaly et al,
2006). Proteins involved in such a functional separation are
the GAGA factor in case of the Fab-7 element (Schweinsberg
et al, 2004), and dCTCF for the Fab-8 sequence (Moon et al,
2005). Recently we have demonstrated that six of the BX-C
domain junctions are bound by dCTCF (Holohan et al, 2007).
Consequently, if these would contribute to boundary func-
tion, gene activity within this locus should be changed.
Indeed, we find a homeotic phenotype and a reduced expres-
sion of Abd-B in larval nerve cord. If dCTCF plays a central
role in separating the different regulator domains in the BX-C
and elsewhere in the genome, it is difficult to predict the
dCTCF phenotype. The situation could be complicated as the
three BX-C genes are controlling realizator genes as well as
other regulators (Pearson et al, 2005; Jeong et al, 2006;
Lovegrove et al, 2006). Furthermore, individual BX-C genes
repress others, for example Abd-B as well as the miRNA iab-4
and bxd expression repress Ubx (Struhl and White, 1985;
Choi et al, 2000; Ronshaugen et al, 2005; Petruk et al, 2006).
In addition, other factors, such as CP190 and perhaps addi-
tional unknown factors may contribute to the enhancer
blocking function of dCTCF. For all of the CTS in the BX-C,
we find dCTCF and CP190 binding. Although both factors
clearly interact as seen by co-immunoprecipitation, CP190
may contact other DNA-bound factors as well, or may be
directly targeted to chromatin (Pai et al, 2004).

Thus, dCTCF shares several biochemical and functional
features with Su(Hw), but is clearly targeted to dCTCF-
specific sites. Overall, we show that dCTCF is important for
fly development, and has important functions in the regula-
tion of abdominal segmentation.

Materials and methods

Fly strains, transgenic flies and plasmid constructs

Fly crosses were maintained at 25°C on standard medium.
Hsp70Gal, actin-Gal4 and tubulin-Gal4 were from Bloomington
stock center. P(EPgy2) CTCF®Y1%833 was from the Genome Disruption
project and supplied by H Bellen. PBac{WH}qm/®'°** and
P{XP}bhr°'5%3 were provided by the Drosophila Stock Collection
at Harvard Medical School. GE24185 and GE22007 were purchased
from GenExcel. Cp190' was provided by WGF Whitfield and JW
Raff. For jump-outs from GE22007, EY15833 and GE24185 we
screened 59, 131 and 169 lines in the background of Df(3L)0463.
From these, 8, 2 and 7 lines showed lethality at pharate stage. At
least one pharate lethal line from each P-element was chosen for
further analysis. As both GE22007 and GE24185 have secondary
mutations (Table I), we performed complementation assays
between the different jump-out lines. Crossing females from
dCTCF%%or dCTCF"** (both generated from GE22007) to males
from dCTCF®>* (from EY15833), dCTCF**** or dCTCF*%3 (both
generated from GE24185) resulted in offspring with pharate lethality
in all cases (not shown), verifying that the phenotype is caused by
the loss of CTCF.

UASACTCF-EGFP and gCTCF transgenic lines were generated
with single inserts on different chromosomes. Heat shock was given
by immersing the tubes in a 37°C water bath. The Fab-8 reporter
stock was kindly provided by P Schedl. The eye color was
determined at identical times and photographed: 12 h after eclosion
for the dCTCF mutants and controls, and 48 h for the CP190 mutant
and control.

©2007 European Molecular Biology Organization



For plasmid construction see Supplementary data.

Co-immunoprecipitation, Western blot and chromatin
immunoprecipitation

Schneider cells were stably transfected with pRm-HA-FLAG-dCTCF.
A single cell clone was induced with 500 pM CuSO, for 24 h. Extract
preparation and immunoprecipitation were performed as described
(Eckey et al, 2007). CP190-specific antibody (clone Bx63; Frasch
et al, 1986; Whitfield et al, 1995) or FLAG-M2 antibody (Sigma) was
used for precipitation. SDS-PAGE and Western blot were performed
as previously described (Moon et al, 2005). o-Tubulin (DHSB) was
used at 1:2000, and -CP190 at 1:2000. Chromatin immunopreci-
pitation was essentially as described (Holohan et al, 2007), except
that larval brain tissue was used. For details see Supplementary
data.

Immunohistochemistry

Third instar larval brains were stained with o-Abd-B (DSHB)
following standard procedures. Hoechst 33342 was used to stain
DNA. DAB (Sigma, Deisenhofen) staining was performed as
described (Putz et al, 2005). Care was taken to perform the reaction
for the same amount of time in both wild type and mutants. For
salivary gland polytene chromosomes, flies were grown on semi-
defined medium (Flyfood-Bloomington) at 18°C. Polytene chromo-
some staining was performed as described (Saumweber et al, 1990).
To detect dCTCF we used either a-dCTCF N- or C-terminal antisera.
CP190 was detected with the Bx63 monoclonal antibody (Frasch
et al, 1986; Whitfield et al, 1988). Su(Hw) was detected with a rat
antibody kindly provided by V Corces. A Zeiss Apotome or a
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Deltavsion image restoration microscope was used to capture
images, and Photoshop was used to process images.

Abdominal cuticle preparations

Flies (3-4 days old) were Killed in ethanol and incubated in 10%
KOH solution for 1h at 65°C. Adult abdominal cuticles were cut
along the dorsal midline and mounted with a drop of Hoyer’s
medium (Jeong et al, 2006). The cuticles were flattened with a
coverslip and incubated for 3 h at 65°C.
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