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The choice mechanisms that determine the future inactive X chromosome in somatic cells of female
mammals involve the regulated expression of the XIST gene. A familial C(—43)G mutation in the XI/ST promo-
ter results in skewing of X chromosome inactivation (XCI) towards the inactive X chromosome of heterozy-
gous females, whereas a C(—43)A mutation found primarily in the active X chromosome results in the
opposite skewing pattern. Both mutations point to the existence of a factor that might be responsible for
the skewed patterns. Here we identify this factor as CTCF, a conserved protein with a 11 Zn-finger (ZF)
domain that can mediate multiple sequence-specificity and interactions between DNA-bound CTCF
molecules. We show that mouse and human Xist/XIST promoters contain one homologous CTCF-binding
sequence with the matching dG-contacts, which in the human XIST include the —43 position within the
DNase | footprint of CTCF. While the C(—43)A mutation abrogates CTCF binding, the C(—43)G mutation
results in a dramatic increase in CTCF-binding efficiency by altering ZF-usage mode required for recognition
of the altered dG-contacts of the mutant site. Thus, the skewing effect of the two —43C mutations correlates
with their effects on CTCF binding. Finally, CTCF interacts with the XIST/Xist promoter only in female human
and mouse cells. The interpretation that this reflected a preferential interaction with the promoter of the active
Xist allele was confirmed in mouse fetal placenta. These observations are in keeping with the possibility that
the choice of X chromosome inactivation reflects stabilization of a higher order chromatin conformation
impinging on the CTCF-XIST promoter complex.

INTRODUCTION soma of eutherian mammals whereas it is parent-of-origin-

dependent in the extra-embryonic tissues (3,4). Genetic dissec-
To mediate dosage compensation, one of the two X chromo- tion has revealed that X inactivation involves a complicated
somes of female mammals is inactivated (1,2). This process, set of events that culminates in the activation of XIST on the
which is called X inactivation, is normally random in the future inactive X chromosome (5). The XIST transcript
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subsequently coats the chromatin fiber to irreversibly induce
the inactive state along the bulk of the chosen X chromosome
in somatic cells (6,7).

Although the mechanisms underlying the activation of XIST
remain poorly understood, they are likely to involve the anti-
sense non-coding transcript 7six (8), because deletion of the
Tsix gene or regulatory elements controlling 7six expression
leads to skewed X inactivation (8,9). In a more recent
study, Ogawa and Lee (10) functionally characterized the
‘X-inactivation intergenic transcription elements’ (Xite)
region. Xite is candidate enhancer element possibly regulated
by tandem CTCF-binding sites in a chromatin-insulator within
the Tsix/DXPas34 region (11). The mouse T7six/DXPas34
region contains more than 40 CTCF motifs, whereas the cor-
responding region of the human X chromosome has more
than 10 similar sites (11). X Chromosome inactivation (XCI)
is not affected only by the regions of Xist. Further characteriz-
ation of the 5" end of the Xist locus revealed specific zones of
non-coding transcription where a series of targeted deletions
and mutations also results in a pattern of XCI skewing
similar to that resulting from deletions in the Xife or Tsix/
DXPas34 regions (12). Thus, there are perhaps several
additional candidate regions on both sides of Xisz, which
together may define a regulated balance between sense and
antisense transcription across Xist prior to the onset of
random X inactivation.

However, a similarly skewed X inactivation could be
achieved more directly by modulating the activity of
the XIST promoter itself. Although familial X7ST mutations
are rarely found in humans, it has been nevertheless possible
in a few cases to link an extreme skewing for inactivation of
one X chromosome to germline mutations of a particular
region in the XIST promoter. For example, all females belong-
ing to two unrelated families demonstrated preferential inacti-
vation of X chromosomes carrying identical cytosine to
guanine germline substitutions at the same —43 position
upstream of the XIST transcriptional start site C(—43)G
mutation (13). While suggesting that this mutation may hit a
binding site for a transcriptional factor(s) important for
proper regulation of the XIST promoter, the value of these
findings remains unclear until such a factor(s) have been
identified.

Intriguingly, another substitution of adenosine at the same
cytosine at —43 position of the XIST promoter [C(—43)A
mutation], on the ring X chromosome of a 3.5-year-old girl
with short stature, facial dimorphism and developmental
delay, was associated with escape from X inactivation (14).
Because this mutation occurs at the same dC-base as the
C(—43)G mutation, but is associated preferentially with
the active X chromosome, we hypothesized that the opposite
choices of XCI converged on the regulation of affinity for a
trans-acting factor specifically recognizing the X/ST promoter.
Using an experimental protein-binding screen for the region of
XIST promoter (from +31 to — 1080 position) and chromatin
immunoprecipitation (ChIP) analysis, this factor is identified
here as CTCF.

CTCF is a highly conserved chromatin protein already
implicated in a remarkably diverse number of functions
including regulation of imprinted genes in soma and of
XCI in mice (11,15,16). Different functions of CTCF appear

to be mediated by binding to highly dissimilar ~50 bp-long
target sequences by engaging varying combinations of its 11
Zn-fingers (ZFs) in establishing specific DNA base contacts.
Because CTCF-contacting DNA base motifs have no single
consensus that would allow one to reliably predict novel
CTCF target sites (15), we initially utilized recombinant
CTCF to map and characterize its interactions with the wild-
type and mutant human X/S7 promoters in vitro. In addition,
we studied binding of CTCF to the wild-type human and
mouse XIST/Xist promoters in vivo. We demonstrate here
that CTCF binds with a similar, relatively modest affinity to
the same region of sequence homology in mouse, rabbit,
horse and human X/ST wild-type promoters (17), although
the C(—43)G and C(—43)A mutations display increased and
absence of CTCF binding, respectively.

On the basis of the fact that CTCF efficiently interacts with
itself to mediate site-specific heterodimerization of CTCF—
DNA complexes (18) and the fact that CTCF is in vivo associ-
ated with the active Xist promoter of only the inactive X
chromosome, we discuss the possibility that the inherited
point mutations at position —43 of the XIST promoter may
pre-empt XCI choice by facilitating the formation of a
higher order chromatin conformation permissive for XIST
transcription.

RESULTS

The mouse/human Xist/XIST promoters are specifically
recognized by the multivalent 11 ZF DNA binding
domain of CTCF

Attempts to predict CTCF-binding sequences, solely based
on homology with the known targets, often results in finding
of such sequences among numerous genomic regions pre-
viously tested experimentally negative for CTCF binding
(19). Therefore, we carried out a direct systematic search for
CTCF-binding sites by using recombinant CTCF protein an
electrophoretic mobility shift assays (EMSA) with two sets
of eight consecutive overlapping DNA probes. One set of
EMSA probes spanned the XIST promoter of human origin
(Fig. 1B), whereas a similar set of probes covered the promo-
ter from Mus musculus domesticus (Fig. 1C).

CTCF sites can be missed by conventional EMSA with
DNA probes made as 20—60 bp long double-stranded oligonu-
cleotides. These probes are too short to accommodate binding
of the 11 ZF domain that generates ~50—60 bp long DNAse |
footprints on each strand with each individual ZF (plus the
linker) requiring up to 5—6 bases of DNA for the efficient
binding (20). Therefore, each set of 32p_end-labeled DNA
probes used in Figure 1 was designed to include a 120—
250 bp long overlapping DNA fragments. In addition, the
overlapping of DNA fragments were designed such that an
additional flanking DNA around ~50bp of a putative
CTCF-binding sequence would become included in one of
two consecutive fragments.

In both screens (Fig. 1B and C), sequence-specific binding
of CTCF was detected only to DNA fragment no. 8, which
in both human and mouse species contains the XIST/Xist
transcriptional start site. The DNA sequences of the binding
fragments showed ~78% overall homology in several
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Figure 1. CTCF binding to the human X/S7 promoter region containing
C(—43)G or C(—43)A mutations associated with familial skewing of the
XCI, and to the similar region in the mouse Xist promoter. (A) Schematic
map of the human XIST locus with the region of minimal promoter character-
ized by Hendrich et al. (17) and other functionally relevant regulatory
elements reviewed by Heard (36). (B) Depiction of overlapping DNA frag-
ments used in the EMSA for the search of CTCF-binding sites in human
XIST minimal promoter. Below the map, eight panels from the same EMSA
gel show the outcome of the binding reactions with each *>P-DNA probe
and in vitro translated (IVT) luciferase protein (control) or IVT 11 ZF of
CTCF protein (CTCF). (C) A similar map to (B), but for DNA fragments
from the mouse Xist promoter, prepared and used for EMSA as described
earlier. Note that only sequences present in the X/S7/Xist fragments 8 (high-
lighted in red) contain a single CTCF-binding site and no non-specific back-
ground as suggested by the lack of additional shifted bands. The arrowheads
point to the same-mobility specific DNA—protein complexes (panels 8). All
pictures taken from the same film exposed to dry EMSA gel are shown
altogether by placing images of each free **P-DNA probe (F) to the bottom
of each panel.

species, including human, mouse, rabbit and horse (17). A
multi species sequence alignment of mammalian X7ST promo-
ter presented by Hendrich et al. (17) revealed within fragment
8 several near-identical nucleotide motifs, or phylogenetic
footprints, that are the likely binding sites for conserved tran-
scriptional factors (21). Because CTCF alone cannot account
for all of these potential binding sites, it is possible that
several other conserved factors in addition to CTCF may inter-
act with the XIST promoter region around and immediately
upstream of the transcriptional start site.
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CTCEF is preferentially associated in vivo with the
active XIST promoter on the inactive X chromosome in
human somatic cells, and with the homologous region
of mouse Xist allele of the paternally inherited inactive
X chromosome in female mouse placentas

To ascertain the in vivo relevance of our in vitro observations,
we examined the interaction between CTCF and the XIST pro-
moter of the inactive X in human somatic cells of female and
male origin. Figure 2A shows the results of the ChIP assays
with primary cultures of human mammary epithelial cells
(HMEC) and normal human dermal fibroblast (NHDF)
derived from healthy adult men and women. As positive
control for in vivo CTCF binding, we used human c-MYC
oncogene 5'-insulator site (N-site), known to be constitutively
occupied by CTCF in normal cells (15,22). This experiment
revealed that only female human cells, regardless of their
origin, had CTCF bound to Xist promoter in vivo. In contrast,
the control (N-site) has been pulled down equally well by
CTCF antibody from both male and female cells. This result
could be extended to freshly isolated peripheral blood leuko-
cytes (PBLs) from healthy male and female donors for ChIP
analyses. Figure 2B illustrates a 6—7-fold enrichment of
DNA ChIPed with CTCF antibody from female PBLs,
whereas there was no enrichment in ChIP analyses of male
PBLs.

To examine more closely the possibility of a specific in vivo
association between CTCF and the Xist allele of only inactive
X chromosome in mammalian female cells, we turned our
attention to the female mouse placenta, a tissue that exhibits
selective inactivation of the paternal X chromosome. Dis-
persed, formaldehyde-crosslinked placental cells were
subjected to ChIP analysis using affinity-purified rabbit poly-
clonal antibodies against the C-terminal portion of CTCF
(23). Figure 2C shows results of the ChIP assays comparing
a positive, internal control, the maternal H7/9 ICR allele that
interacts constitutively with CTCF in vivo (23), with the Xist
promoter region positive for CTCF binding in the in vitro
EMSA (Fig. 1C). These results show that the CTCF antibody
pulled down both the H79 ICR and the Xist promoter frag-
ments from female placenta, whereas only the H/9 ICR
could be recovered in CTCF ChIP material derived from the
male placenta.

These results agree well with the ChIP data from the human
cells, reinforcing the possibility that CTCF was associated
with the Xist promoter sequence of only the inactive
X chromosome. To directly examine this contention, CTCF
ChIP DNA samples derived from female placenta of inter-
specific M. musculus and M. spretus crosses were sequenced
directly. This approach exploited an A/C polymorphism at
position — 88 upstream of the transcriptional start site of the
Xist gene in M. musculus (C57BL/6J) compared with
M. spretus allowing us to distinguish a maternally inherited
allele from a paternally inherited allele in mouse placentas
from female F1 mice. Figure 2D shows that the CTCF anti-
body pulled down only the paternally inherited allele
(M. spretus), confirming our supposition that CTCF is associ-
ated only with the Xist promoter of the inactive X chromo-
some in female mouse placentas and, by extrapolation, also
to female humans.
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Figure 2. CTCF in vivo occupancy on the active wild-type Xis#/XIST promo-
ter. (A) ChIP of male and female NHDF and female HMEC. For each ChIP,
sonicated chromatin was immunoprecipitated with either anti-CTCF anti-
bodies or control (pre-immune) antibodies and then analyzed by PCR as
described (37,38) with the pairs of primers for the human XIST promoter
CTCF site (XIST) and for the Myc-N insulator site (MYC) (15). Each panel
shows representative results of three independent PCR analyses of an IP.
(B) Real-time PCR analysis of ChIP DNA from peripheral blood lymphocytes
(PBL) of male and female donors and HMEC. This ChIP has been performed
using mixture of nine anti-CTCF monoclonal antibodies (Supplementary
Material). The data were similar to that obtained with polyclonal antibodies
(data not shown) but monoclonals gave far superior reproducibility and thus
were much better to use for quantitative PCR. Each data point indicates the
average of three independent PCR analyses of an IP with the standard devi-
ation shown by the error bars. Fold enrichment is calculated as described in
Materials and Methods. (C) CTCF-specific ChIP analyses were performed
in male and female fetal M.m. musculus x M. spretus placentas (E14.5). On
the left (Male) and on the right (Female) panels, which depict results of one
from at least three representative ChIP experiments, the degree of immuno-
purification was visualized on DNA gels used to monitor the yield from the
semi-quantitative hot PCR reactions designed and performed for the control
region (H19 ICR) and the test (Xist) sites essentially as described earlier for
the H/9 ICR by Kanduri et al. (23). A non-immune sera (no ab) was used
as a control for a non-specific background generated in the ChIP procedures
with CTCF antibodies (CTCF ab), whereas partially degraded total mouse
DNA (Genomic DNA) was used to verify quantitative PCR conditions pre-
liminary adjusted separately for the ChIP assays with two different primer
pairs for the mouse #/9 ICR and Xist CTCF-binding regions. (D) Direct
sequencing analysis of DNA from CTCF-containing chromatin fractions,
obtained by the ChIP with female placentas of the E14.5 progeny from
inter-crossed hybrids between M. musculus and M. spretus. The arrows on
the sequencing readout diagrams point to the C/A polymorphism, which
served to distinguish between CTCF-unbound maternally inherited allele
from CTCF-bound paternally inherited allele.

Germline mutations of the CTCF target sequence in the
XIST promoter in families with skewed X inactivation

The cytosine at position —43 of the XIST promoter may play
an important role in the X inactivation process: X chromo-
somes harboring a cytosine to guanine C(—43)G mutation at
this position were preferentially inactivated in females of
two unrelated families (13). Conversely, a cytosine to adeno-
sine mutation at the same position, C(—43)A on the ring X
chromosome of a young girl, was associated with escape
from X inactivation (14). Because these mutations are
located in the middle of fragment § of the XIST promoter,
which is conserved among mammals and contains a target
for CTCF, it seemed possible that these mutations might
affect CTCF binding.

To examine this possibility, we used EMSA to test a 140 bp
fragment of the human X7ST promoter from — 108 to +31 con-
taining a wild-type sequence or the same fragment with either
the C(—43)G or the C(—43)A mutation (Fig. 3A). While the
C(—43)G mutation dramatically enhanced the affinity of
CTCF binding when compared with the wild-type probe,
CTCF binding was abolished by the C(—43)A mutation
(Fig. 3B). This result observed with in vitro translated CTCF
protein was also seen with nuclear extracts from various
cells (Fig. 3B and data not shown). The specificity of CTCF
binding in nuclear extracts was confirmed by a super-shift
EMSA with CTCF antibodies (Fig. 3B). Promoter fragments
with either the wild-type sequence or the C(—43)G mutation
were efficiently bound by CTCF and the resulting CTCF—
DNA complexes were super-shifted with antibodies against
CTCF (Fig. 3B). In sharp contrast, no CTCF—DNA inter-
actions could be detected with a fragment containing the
C(—43)A mutation or the ‘dG-contacts mutation’ shown in
Figure 3. The latter mutation was designed to eliminate
CTCF binding by mutating a string of six major CTCF-
contacting guanines (Fig. 3A). Those guanines were identified
as bases involved in recognition of X/S7 by the 11 ZF domain
of CTCF by DMS methylation interference assay (Fig. 5).
Thus, the C(—43)A mutation eliminates CTCF binding as
efficiently as the designed dG-contacts mutation that destroys
the CTCF-recognition sequence.

Figure 4 presents data from competitive EMSA carried out
to compare binding affinities of CTCF to the wild-type and to
the C(—43)G-mutated XIST promoter regions. A ~100-fold
excess of unlabeled cold DNA fragment bearing the
C(—43)G mutation to the labeled wild-type DNA probe com-
pletely abolished formation of the normal CTCF DNA
complex (Fig. 4A, lane 3). Under similar conditions, the frag-
ment with the C(—43)A mutation had no effect on CTCF
binding to the wild-type XIST site (Fig. 4A, lane 8). Similar
experiments performed with a labeled EMSA probe containing
the C(—43)G mutation showed that an excess of the wild-type
competitor DNA fragment resulted in only a marginally
decreased formation of the complex produced by the probe
with the mutation (Fig. 4A, lane 13). No competitive effect
on this complex was observed with the cold C(—43)A DNA
(Fig. 4A, lane 16). Moreover, in EMSA experiments with
increasing amounts of cold DNA fragment containing a
high-affinity CTCF-binding site, DMD4 from the mouse
HI19 ICR (23), the labeled mutant C(—43)G XIST probe was
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Figure 3. Effects of the C(—43)G, C(—43)A and dG-contacts mutations on
CTCF binding to the XIST promoter. (A) The wild-type —108 to +31
sequence of the human XIST in the double-stranded DNA fragments used
for EMSA. The positions and type of the natural skewing germline mutations
are indicated by the arrows, whereas the dG-contacts mutation (made as
explained in the text within the CTCF-footprint depicted by the double-
sided arrow underneath of the sequence) is shown by bars pointing to each
mutated guanine. (B) From left to right, the results of EMSA are shown for
the wild-type, C(—43)G, C(—43)A and dG-contacts mutant X/S7 minimal
promoter fragments, incubated with IVT luciferase (control), recombinant
CTCF (IVT CTCF) and K562 nuclear extract without (NE) and with a-anti-
CTCF antibodies (NE + a-CTCF ab). Arrows show super-shifts in the lanes
with anti-CTCF antibodies, thereby confirming specific CTCF binding to
both wild-type and C(—43)G mutant X/ST promoter probes.

much more efficient in competing for CTCF than the labeled
wild-type XIST probe. On the basis of pair-wise comparisons
of the DNA-bound CTCF bands in EMSA lanes 4-7 of
Figure 4A with lanes 12—15, it is seen that an estimated
100-fold more cold H/9 DMD4 competitor DNA was required
to inhibit CTCF from binding to the C(—43)G mutant
probe than to the wild-type XIST probe. These data indicate
that the C(—43)G mutation results in a significantly enhanced
binding of CTCF to the XIST minimal promoter.

These data were additionally supported by the results shown
in Figure 4B. In that set of experiments, a radioactive high-
affinity probe of the chicken FII insulator (24) was titrated
with cold wild-type and C(—43)G mutant fragments. The
wild-type fragment was not very efficient in competing with
the FII fragment, whereas the C(—43)G mutant fragment com-
pletely abolished formation of hot probe—CTCF complexes,
even at lowest concentration used. Titration with a cold FII
fragment is shown as a control in Figure 2C.

Differences in the base-contacting points in
CTCF-DNA complexes formed with the wild-type
and mutated XIST promoters

To identify potential changes in contact guanine nucleotides
recognized by CTCF in human wild-type and mutant XIST
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Figure 4. Competition EMSA experiments with wild-type, C(—43)G and
C(—43)A mutant X/ST minimal promoters. (A) EMSA reactions were
carried out to compare relative binding of CTCF with the wild-type and
with the C(—43)G-mutated XIST promoter regions in the presence or
absence of cold (unlabeled) competitor DNA fragments. Lanes 1 and 9
(control) present EMSA with IVT luciferase. Lanes 2 and 10 (no competitor)
present EMSA results with the recombinant CTCF in the absence of competi-
tors. Lane 3 [C(—43)G] shows outcome from the competition by a 100-fold
molar excess of unlabeled C(—43)G mutant probe for binding of CTCF to
end-labeled wild-type XIST probe. Lane 11 (wild-type) shows outcome from
the competition for binding of CTCF to the labeled C(—43)G-mutated
probe with a 100-fold molar excess of unlabeled wild-type probe. Lanes 4,
5, 6 and 7 (500x, 100x, 10x and 1x, respectively) show results of the
competition for binding of CTCF to the labeled wild-type XIST probe with
a 500-, 100-, 10- and 1-fold molar excess of unlabeled DMD4 fragment (for
the length and sequence of the DMD 4) (23). Results of the similar compe-
tition experiments but with the labeled C(—43)G mutant fragment used as
EMSA probe are shown in lanes 12, 13, 14 and 15 (500x, 100x, 10x and
1x, respectively) with decreasing molar excess of the cold DMD4 fragment.
Lanes 8 and 16 [C(—43)A] show a competition with 100-fold molar excess of
unlabeled C(—43)A mutant probe for binding of CTCF to either wild-type or
C(—43)G-mutated labeled probes, respectively. (B) Results of a similar com-
petitive EMSA experiments but with the labeled chicken FII insulator probe in
place of the hot XIST probes, and with unlabeled DNA fragments from either
the wild-type or the C(—43)G-mutated X/ST promoter regions. (C) Results of
the control self-competition EMSA experiments with the chicken FII insulator
probe. Naming of the EMSA gel lanes is similar to that in (A) and (B). On
all panels, black triangles represent decreasing amounts of unlabeled
competitor.
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fragments, we carried out DMS-methylation interference
assays for both strands of each DNA fragment. Guanine resi-
dues essential for the CTCF—DNA interaction are signifi-
cantly reduced or excluded from the bound (B) DNA probe
lane when compared with the unbound or free (F) probe
lane (Fig. 5A). CTCF-contacting guanines for both wild-
type and mutant probes are located within the DNA sequence
from positions —44 to —36 upstream from the transcription
start site (4 1), revealing that the C(—43)G mutation hits the
core of the CTCF-binding site. In comparing major CTCF-
contacting guanines in the wild-type sequence and in the
C(—43)G-mutated sequence, we noted that the C to G substi-
tution creates a new contact nucleotide for CTCF binding in
the top strand, and also results in elimination of one of the
many dG-contacts in the bottom strand (Fig. 5A). Thus, this
mutation alters the pattern of CTCF-contacting DNA bases,
thereby yielding a new CTCF-binding sequence. Taken
together with the observation that the XIST promoter fragment
with the C(—43)A mutation did not bind CTCF, this result
documents that the two types of germline mutations at posi-
tion —43 of the XIST promoter are associated with drastic
but opposite effects on CTCF—DNA interactions at this site.

To define which region of the EMSA positive fragment is
covered by CTCF, we performed DNase I footprinting
assays. Figure 5B shows that with the wild-type probe,
CTCF protects a region of ~30 bp from nuclease attack on
the top strand and ~40 bp on the bottom strand. Both top
and bottom strands of the footprints showed several sites of
accessibility to nuclease attack within the normal DNA-
CTCF complex, which are not detected in the DNA—-CTCF
complex formed with DNA bearing the C(—43)G mutation.
Nuclease hypersensitive sites, marked ‘HS’ in Figure 5B, are
induced by CTCF binding at two positions inside and at the
flanks of the footprints on both the wild-type and the mutant
probes. CTCF protects more sequence on the top strand of
DNA containing the C(—43)G mutation than is found with
the wild-type XIST promoter region.

The observation that different amounts of CTCF protein
were required for protection of wild-type and C(—43)G
mutant promoters is in further keeping with increased CTCF
binding to the C(—43)G mutant X/ST promoter. Although
one footprint unit of recombinant CTCF protein (see Materials
and Methods for definition of the ‘footprint unit’) resulted in
the complete protection of the C(—43)G mutant site from
nuclease attack, the same amount of CTCF protein did not
protect the wild-type XIST promoter region from the DNase
I attack (data not shown). However, increase in CTCF to
DNA ratio, as shown in Figure 5B, generated a visible
DNase I footprint on the bottom and top strands of the wild-
type XIST promoter region, but the pattern of protection was
not as strong as with the C(—43)G mutant XIST promoter
region, thereby suggesting a difference in CTCF—DNA
complex formation and in affinity of the two sites. These
results are summarized in Figure 5SB—D.

Figure 5E represents the alignment of mouse and human
Xist promoters in the region of the CTCF footprint. The align-
ment was obtained by the GCG-package Best Fit program for
maximal nucleotide identity in the two sequences, with a
10 bp incremental extension in the 5’ direction starting from
the first 10 bp window set for the +1 to +11 positions.

The program generated this alignment for the two CTCF-
binding DNA fragments from human and mouse promoters
used in our EMSA analyses (Fig. 1). The alignment is dis-
played only for the top strands in the 5’ to 3’ direction corre-
sponding to the 5 flanking regions of XIST7/Xist promoters
immediately upstream of the transcriptional initiator (INR)
start site conserved in human, mouse, rabbit and horse Xist
promoters (17).

In contrast to the alignment of longer Xist-promoter
sequences by Hendrich ef al. (17), the alignment optimized
for 84 bp demonstrates that all dG-contacts essential for
CTCF binding on both strands in the human XIST promoter
are conserved in the mouse Xist promoter, including the
guanine at position —43 marked in red as a capital C in the
top strand and underlined. Moreover, the nucleotide affected
by the germline mutations belongs to the core of critical
CTCF ZF-contacting bases of the wild-type human site,
whereas the best fit alignment indicated that the same critical
core motif of CTCF-contacting nucleotides is conserved in the
wild-type mouse (M. musculus) Xist promoter. Note that both
the number and arrangement of the aligned ZF-contacting
bases depicted in capital letters in Figure SE follow very
well the stereo-chemical rules for DNA recognition by
CTCF-like ZFs (25) provided that (i) approximately 4-5
nucleotides can indeed be engaged by one single finger of
CTCF into binding to both mouse and human Xist/XIST
sites, as was previously demonstrated for another CTCF site
by analyzing the effects of CTCF ZF-deletions on the total
length of DNase I CTCF-footprint in the APP-promoter
(20), and (ii) a certain flexibility for having one or two non-
contacting nucleotides between the groups of the dG-contacts
made by the two neighboring ZFs is allowed by the presence
and by the fitting positioning of non-canonical long inter-
finger linker-regions in CTCF, as previously suggested by
Kim and Pabo (26).

Reasoning that a different pattern of DNA protection by
CTCF seen with wild-type and C(—43)G mutant promoter
sequences might result from different CTCF conformations
upon binding to the wild-type and to the mutant XIS7T DNA
fragments, we next examined which particular sets of individ-
ual ZF from the 11 ZF DNA-binding domain are engaged in
the binding of CTCF to these two target sequences.

Formation of CTCF-DNA complexes on the XIST
promoter containing the wild-type sequence or the
‘skewing mutation’ in the —43 target site is mediated by
dissimilar contributions of different ZF subsets

We have previously demonstrated that CTCF uses different sets
of ZFs to bind different DNA sequences (15). Here, we per-
formed EMSA of the human and mouse wild-type and human
C(—43)G mutant XIST promoters with five N-terminally ZF
truncated and six C-terminally ZF truncated in vitro translated
products of the 11 ZF domain of CTCF, one-by-one from each
side of this DNA-binding domain (27) (Fig. 6). The results are
summarized in three panels (Fig. 6 A—C) with each of the 11
boxes representing one individual ZF for C- and N-terminal
consecutive ZF deletions separately. A black box depicts
that a particular ZF is dispensable for the binding to the parti-
cular site, a gray box indicates incomplete loss of binding and
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Figure 5. Characterization of CTCF—DNA complexes formed with the wild-type and C(—43)G mutant XIST promoter fragments by DNase I footprinting and
DMS interference assays. (A) Methylation interference assays with the wild-type and the C(—43)G mutant X/S7 minimal promoter probes and the full-length
CTCF. These assays identify individual DNA G-bases that cannot be modified by DMS without loosing or reducing CTCF binding. F, free (unbound) DNA
probes, separated from the CTCF-bound (B) probes. DNA bases marked with bars are essential for CTCF binding. DMS-methylated dGN*- residues preferen-
tially associated with CTCF—DNA complexes are indicated by filled arrowheads. Open arrowhead points to the conformation-change in the bottom strand of the
binding site. Wild-type C(—43)G-pair is indicated by an arrow named ‘wt’, whereas the mutant GC-pair is highlighted in red and indicated by an arrow named
‘Mut.” (B) In vitro DNAse 1 footprinting of wild-type and C(—43)G mutant X/S7 minimal promoter fragment no. 8 with recombinant CTCF. All lines and letters
marked in red color correspond to C(—43)G mutant XIST promoter, whereas those marked by a blue color correspond to wild-type XIST promoter. The ‘A, C, G,
T’ depict the Maxam—Gilbert sequencing ladders. FP, the footprint regions protected from nuclease attack. HS, DNase I hypersensitive sites induced upon CTCF
binding. The black triangle shows the increasing amount of footprint units of recombinant CTCF protein (see Materials and Methods) required for protection
from nuclease attack. The numbers under triangle indicate the amount of footprint units added to the binding reaction. Results obtained with each strand of the
C(—43)G-mutated probes are marked with red-colored asterisks, whereas black-filled squares show footprinting results on each strand of the wild-type probe. (C)
Sequence of the wild-type XIST promoter with black circles showing contact nucleotides necessary for CTCF binding and with blue lines showing the regions
protected from DNase I (FP). Violet vertical arrows point the sites of internal accessibility to nuclease inside of the wt DNA—CTCF complex. (D) Sequence of
C(—43)G-mutated XIST promoter with black circles showing contact nucleotides for CTCF binding and with red lines showing the regions protected from DNase
I (FP). The mutated contact nucleotide at —43 position is marked in red. The numbers indicate nucleotide positions relative to the +1 transcriptional start site of
the XIST gene. (E) An optimal alignment of mouse and human Xisz promoters in the region of CTCF footprint. The alignment is displayed only for the top strands
in the 5’ to 3’ direction corresponding to the 5'-flanking regions of X/ST/Xist promoters. The INR motif is shown in red capital letters. Because only the top
strands are depicted, all CTCF-contacting Gs from the bottom strand of the DNase I footprint on the wt human site are emphasized as capital ‘Cs’. Identical
nucleotides are outlined in red font, whereas the differences are indicated in blue font. Four nucleotides, opposite to four single nucleotide gaps introduced
to achieve the highest percent identity, are shown in black font, with the cytosine in the —43 position marked in red and underlined. No similarly significant
homology was found immediately upstream of + 100 position.
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Figure 6. CTCF utilizes different combinations of ZFs for interaction with the wild-type and C(—43)G-mutant X/S7 minimal promoter. Two numbers that label

each gel-lane indicate the first and the last ZF of each truncated form of the 11-

finger CTCF DNA binding domain. Full-length 11-ZF polypeptide (lanes 1-11)

and six C-terminal ZF-truncations (lanes 110 and 1-5) and five N- terminal ZF-truncations (lanes 2—11 and 6—11) were synthesized in vitro as described in
Materials and Methods. Equal amounts of the CTCF proteins containing different groups of ZFs were analyzed by EMSA with human and mouse X/ST wild-type,
and with the C(—43)G-mutated probes. The positions of the unbound (F) and protein-bound (B) DNA probes are indicated. (A—C) The results of EMSA for each
CTCEF target are summarized in two 11 box panels to schematically depict either C-terminal or N-terminal consecutive ZF deletions in the upper and lower
cartoons, respectively. Each box represents an individual ZF. Black boxes show that CTCF ZF can be deleted from the 11 ZF domain without significantly
losing CTCF binding to the given DNA, gray boxes indicate incomplete loss of binding, whereas white boxes indicate ZFs that were essential for the

CTCF-DNA interaction.

hence only modest contribution for binding, whereas white
boxes indicate ZFs which are absolutely essential for the
CTCF binding to each site.

The wild-type promoters of both humans and mice showed
practically identical modes of ZF utilization for CTCF binding
(Fig. 6). For instance, C-terminal finger 8 is required for
binding to both human and mouse XIST, because deletion of
this ZF completely abolished CTCF binding of constructs
1-7,1-6 and 1-5 to the human and mouse wild-type promo-
ters. In contrast, C-terminal fingers 8 and 7 are not important
for binding to the promoter with the C(—43)G mutation,
whereas deletion of ZF 6 only partially reduced CTCF
binding to this fragment (Fig. 6). On the other hand, N-terminal
fingers 1 and 2 are dispensable for CTCF binding to the pro-
moter with the C(—43)G mutation, but they significantly
reduced CTCF binding to the human and mouse wild-type pro-
moters. We, therefore, conclude that although the pattern of
ZF utilization has been stable since the divergence of a
common ancestor between mouse and human, a single muta-
tion at the XIST promoter associated with skewed
X inactivation dramatically changes the ZF utilization. We
propose that this change in pattern directly or indirectly
leads to conformational changes of CTCF that may be of func-
tional importance.

Increased CTCF affinity to the C(—43)G mutant
XIST promoter is paralleled by gain of
enhancer-blocking activity

We have earlier demonstrated that the binding of CTCF to a
single target generally correlates with the enhancer-blocking

activity of a target in an affinity-dependent manner (28). By
extrapolation, changes in CTCF-binding efficiency induced
by the —43 XIST site mutations identified in vitro by
DNAse [ footprinting and EMSA might be accompanied
with similar changes in insulator properties. To this end, frag-
ments (—308 to +31) with human and mouse wild-type, with
C(—43)G and C(—43)A germline mutations and with the
designer dG-contact mutations were inserted (in the same
orientations) between the B-globin LCR enhancer and the neo-
mycin reporter gene (Fig. 7). Following transfection and neo-
mycin selection, we scored for numbers of colonies. In this
assay, the insulator strength is inversely proportional to the
numbers of surviving cells that register as neomycin-resistant
colonies (24). Figure 7 shows that mouse and human wild-type
CTCF-binding region, or the C(—43)A and dG-contacts
mutant XIST promoter fragments, do not noticeably reduce
the number of colonies when compared with the transfection
control used in the enhancer-blocking assay. In a sharp con-
trast, the same transfection-selection assay with the same
plasmid except introducing of the C(—43)G mutation results
in a significantly reduced colony numbers. This result
strengthens the link between CTCF-binding efficiency and
functional properties at the XIST promoter.

DISCUSSION

The convergence of C— A and C— G mutations at the same
(—43) position upstream of the XIST+1 transcription start
site and their association to opposite patterns of XCI (13,14)
potentially provides an important opening with respect to
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Figure 7. Enhancer-blocking activity of wild-type and mutant XST promoter
fragments. Human and mouse wild-type, C(—43)G, C(—43)A and dG-con-
tacts mutant forms of the X/ST 340 bp promoter fragments were inserted to
the Sac I site positioned between the enhancer and Neo reporter gene in the
pJC 5-4 construct. The original pJC 5-4 plasmid (24) was used as positive
control for insulator activity. The pJC 5-4 vector without any insert at the
Sacl site was used for normalization of background colony numbers. The
error bars represent the standard deviation of three or four independent trans-
fections with each vector.

our understanding of the X inactivation mechanism. Indeed,
the identification of a factor that binds to this region, which
is affected by these mutations, will provide an important
handle to uncover this phenomenon. On the basis of ChIP,
EMSA, DNase I footprinting and methylation interference
assays, we argue here that this factor is identical to CTCF.
Not only do these mutations map to an ~40 bp long CTCF-
binding sequence within a string of guanines at —44 to —36
positions involved in establishing the DNA—protein contacts
necessary for the specific interaction with CTCF, but CTCF
also interacts with the Xist promoter in only female human
and mouse cells. This could be explained by the
demonstration here that CTCF associates to the preferentially
active Xist allele in female mouse placenta. Taken together
with a cluster of CTCF-binding sites in the chromatin insulator
region earlier mapped at the 3’ end of Xist (11), these findings
suggest a dual function for CTCF in the X inactivation
process.

Human Molecular Genetics, 2005, Vol. 14, No. 7 961

The changes in the affinity of CTCF for the wild-type and
mutant X/ST promoters might be explained by our obser-
vations of how distinctively each of the two mutations affected
critical CTCF-contacting DNA bases. The C(—43)A mutation
removed one base from the recognition site, whereas the
C(—43)G mutation altered two CTCF-contacting bases by
creating a new dG-contact in the top strand and removing
another dG-contact from the bottom strand. The competitive
EMSA titration experiments showed that the newly created
XIST site with the C(—43)G mutation has a higher affinity
for CTCF than two previously characterized insulator sites
with extremely strong CTCF binding. One explanation to
account for this effect is based on the observation that
enhanced affinity of artificial poly-ZF proteins could be
achieved by adjusting and selecting slightly longer linkers
between six CTCEF-like C2H2-class fingers (26). Because
CTCF contains several similarly longer and non-canonical
linkers, these may allow CTCF to bind to different DNA
sequences in distinctly different ways (15) providing necess-
ary flexibility to make different number of contacts, and to
form structurally distinct complexes with varying stability.
Moreover, the combination of ZF used for binding the wild-
type and C(—43)G mutant XIST promoters differed rather
significantly. Therefore, it is most likely that the interaction
with the C(—43)G mutant site involves different ZF subsets
for reaching a near-ideal ‘fitting’ of the new dG-contacts to
the stereo-chemical rules (25).

Although neither the wild-type nor the C(—43)A mutant
XIST promoter displayed any significant chromatin insulator
function, the C(—43)G mutant XIST promoter was very
potent in preventing enhancer—promoter communications.
Because the chromatin insulator function could be assigned
to the mutant XIST promoter fragment that is associated
solely with the inactive X chromosome and hence an active
XIST, it is possible that the insulator protects from repressive,
upstream cis elements in the affected patients (17). Alterna-
tively, and not mutually exclusive, the CTCF target site in
the XIST promoter might facilitate the recruitment of the
pre-initiation RNA polymerase complex to enhance XIST tran-
scription. This possibility is supported by the demonstration
that CTCF is a component of the RNA polymerase II holoen-
zyme complex and that a range of intergenic CTCF-binding
sites throughout the mouse genome display extensive
binding to pol II, as determined by double ChIP on chip
assays (Chernukhin et al., unpublished data). However, as
indicated by any direct effect of the mutations on XIS7 promo-
ter-directed transcription using transient transfection assays of
plasmid DNA (data not shown), this possibility might apply
only in the context of higher order chromatin conformations.

The skewed X inactivation profiles in patients with the point
mutations at the pivotal —43 position of the XIST promoter
suggest an interference with the random choice of XCI in
affected patients. By extrapolation, the choice mechanism in
normal somatic cells might be governed by the regulated affi-
nity between CTCF and the wild-type XIST promoter. The
Tsix transcript itself may be an important component of this
process, because the Tsix transcriptional process which
extends beyond the Xist promoter (8) could interfere with
CTCF—Xist promoter interactions on both X chromosomes
in females prior to the onset of the inactivation process.
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Another parameter in this process might be the cooperativ-
ity of CTCF target sites in this region, as CTCF target sites
within the H/9 imprinting control region have been
shown to interact in a cooperative manner via heterodimeriza-
tion (18). If so, the choice process could involve the
transformation of an initially weak CTCF target site into a
strong site by cooperative interactions between CTCF in Xist
and neighboring CTCF target sites at the choice/imprinting
center in the 7six gene (11). This possibility is in keeping
with the demonstration here that CTCF is stably associated
with the Xist promoter of only the inactive X chromosome
and that CTCF has an essential role in mediating higher
order chromatin conformations. The CTCF-dependent close
physical proximity between the /9 ICR and a differentially
methylated region (DMR)1 might be essential for the silencing
of the maternal Igf2 gene as well as the coordination of
regional epigenetic marks (Tiwari ef al., submitted for publi-
cation). The existence of CTCF target sites within the
DMRI1 (Tiwari et al.,, submitted for publication) might
enable formation of the H/9 ICR-DMRI1 complex via
CTCEF heterodimers. This proposal is in keeping with our dem-
onstration that heterodimeric CTCF-DNA complexes
organize interactions within the H7/9 ICR (18). By extrapol-
ation, CTCF might be involved in the choice mechanism by
generating one kind of chromatin conformation on the active
X chromosome from T7six and another on the inactive X
chromosome from Xistz.

Another possibility for the choice mechanism is involve-
ment of testis-specific CTCF-paralog BORIS (29). It shares
the same 11 ZF-DNA recognition domain with CTCF, but
has absolutely no homologies to CTCF in ZF-flanking
N- and C-terminal domains. Male germ cells deficient in
both CTCF and me-dC content and undergoing resetting of
epigenetic marks at 479 ICR CTCEF sites (18,23,29) are posi-
tive for BORIS. Moreover, BORIS is active in undifferentiated
but not in differentiated ES cells (data not shown). Taken
together, these observations raise an interesting possibility
that BORIS may participate in the choice mechanism for
XCI, being expressed at the ‘right place at right time’.

In conclusion, our results indicate a close association
between the choice of the future inactive X chromosome
and binding properties of a CTCF target site in the XIST pro-
moter. Regardless of the underlying mechanisms, it is remark-
able that a point mutation at a single but pivotal CTCF target
site on one of the X chromosomes can be linked to the acti-
vation or inactivation of the opposite chromosome in
humans. We postulate here that this process requires the
CTCF-dependent organization of higher order chromatin con-
formation that impinges on the stability of the CTCF—-XIST
promoter complex during early stages of X inactivation.

MATERIALS AND METHODS
Tissue and cell materials

Fetal mouse placenta derived from M.m. musculus x M.
spretus interspecific crosses was dissected under microscope
and tissue cells dispersed prior subsequent analyses. The
male and female fetal placentas (E14.5) were discriminated
by PCR-based genotyping. Live primary cultures (at passages

2—4) of HMEC and NHDF derived from healthy adult men
and women, purchased from Clonetics and Cambrtex, were
used in ChIP assay to show an association between CTCF
and the human XIST promoter. In addition, we used freshly
isolated PBLs from normal adult XX versus XY blood.
Blood (100 ml) was drawn by authorized personnel at the
Red Cross Donor Facility (Rockville, MD, USA) from
healthy male and female volunteers of 30—40 years of age,
and PBL fraction purified using LSM (Mediatech Cellgro,
VA, USA) according to the manufacturer’s instructions.
Approximately 100 million cells from isolated male and
female PBL suspensions were taken for each preparation of
fixed chromatin for each ChIP. Minor modifications for ChIP
analyses with human cells included addition to all buffers
immediately before use of protease inhibitors as recommended
by a manufacturer (Sigma; Cat. no. P-8340).

Chromatin immunopurification analyses

DNA and protein components of mouse or human chromatin
were cross-linked in situ by incubation of dispersed cells
in 1% formaldehyde for 10 min at 37°C. The DNA—protein
complexes were immunopurified using anti-CTCF antibody
(Upstate) or a mixture of nine anti-CTCF MABs (Supplemen-
tary Material) and protein A4 Fast Flow Sepharose beads
(Pharmacia-Upjohn) as described earlier (23).

The immunopurified DNA from mouse tissues was PCR
amplified with primers spanning the Xist promoter: sense
primer 5-CACGCGTCATGTCACTGAGCTTACGTACCTC
-3’; antisense primer 5-GAACCGCACATCCACGGGAAAC
GAG-3'. PCR conditions were 95°C for 5 min, 29x (94°C for
45 s, 62°C for 1 min, 72°C for 45 s). As an internal control to
allow comparison between the formaldehyde cross-linked
samples, the CTCF target site no. 3 within the /9 ICR was
amplified using primers: sense primer 5'-CTCAGTGGTCGA
TATATGGTTT-3'; antisense primer 5'-TGAGTCAAGTTCT
CTTGGTTC-3'. PCR conditions were 95°C for 3 min,
28x%(94°C for 40's, 54°C for 40's, 72°C for 40 s). The PCR
products were analyzed on a 1.5% agarose gel and visualized
by SYBR® Green. To distinguish the maternally inherited
allele from the paternally inherited one in mouse placentas
from female progeny of two different strains, the CTCF chro-
matin immunopurification (ChIP) material from the inter-
specific cross was subjected to sequencing exploiting an A/C
polymorphism at position —88.

The immunopurified DNA of human origin was PCR ampli-
fied with primers spanning the XIST promoter: sense primer
5'-caaatcacaaagatgtccggctttcaatcttctagge-3’ and antisense primer
5'-aagcttccageeccgagagagtaagaaatatggetg-3'. As positive con-
trols for the human XIST site in CTCF ChIP analyses, we
used well known human ¢-MYC oncogene 5'-insulator site
(N-site) that was amplified by using primers: sense primer
5'-cctgaaagaataacaaggaggtggctggaaacttg-3’'and antisense primer
5'-gcaaattactcctgectecaggectttg-3'.

Quantitation of ChIP DNA was performed by real-time
PCR analysis using the ABI Prism 7900 Sequence Detection
System according to Applied Biosystem’s SYBR® Green
PCR Master Mix Protocol. Real-time PCR was carried out
in triplicate of ChIP, control and input DNA samples at the
following thermal cycling parameters 95°C for 10 min and

220z ¥snBny |z uo 3senb Ad 099929/€56/./t | /o1one/Bul/woo"dno-olwapede/:sdiy woly pepeojumod



40 cycles of 95°C for 15s and 60°C for 1 min. Data were
collected at 60°C and analyzed by applying comparative Ct
method as described in ABI User Bulletin (Biosystems,
updated 04/2001 #933) and in Litt ez al. (30). Fold enrichment
for a particular target sequence was determined by calculation
of ratio of the amount of the target sequence in immunopreci-
pitation (IP) to the amount of the target sequence in input (In)
DNA. Briefly, we used the equation

Xo(IP) _ 2CrdP)—c ()
Xo(h‘l)

where Xj is the initial DNA concentration of a target sequence
in IP and In and Cr is a number of cycles required to reach
final concentration of target DNA X,, which is inversely
related to the initial target sequence concentration X, and
determined by using ABI SDS 2.1 software.

Sequencing of mouse Xist promoter

To find a sequence polymorphism(s) at or near the CTCEF-
binding site, we analyzed the DNA sequence of mouse Xist
minimal promoter from five strains of mice [129X1/Sv]
mouse_(Xce-a); C57BL/6J mouse_(Xce-a); BALB/cJ mouse_
(Xce-b); CAST/EiJ] mouse_(Xce-c); and SPRET/Ei mouse_
(Xce-d)] with the previously characterized strain-specific
haplotypes of the ‘X-controlling element’ (Xce) from isolated
DNA purchased from the Jackson Laboratory. Mouse DNA
from all mouse strains was amplified from position —32 to
+690 relative to the Xist transcriptional start site by sense
primer: 5'-GACAGTTCTTTTAAGTTAGCAGTGTCTCTGG
GG-3’ and antisense primer 5-GAACCGCACATCCACGGG
AAACGAGC-3'. The amplification protocol was as follows:
denaturation at 95°C for 5 min, followed by 35 cycles at
95°C for 1 min, 66°C for 1 min, 72°C for 1 min and final exten-
sion 72°C for 10 min. The primers used for PCR amplifications
were designed based on the high-quality wild-type XIC/Xic
sequence annotations (31). The nucleotide sequences were sub-
mitted to GenBank with accession nos AY618353 for
129X1/Sv] mouse_(Xce-a); AY618354 for C57BL/6J mouse_
(Xce-a); AY618355 for BALB/cJ mouse_(Xce-b); AY618356
for CAST/EiJ] mouse_(Xce-c); AY618357 for SPRET/Ei
mouse_(Xce-d).

Plasmid constructs

The PCR fragment of the human, CTCF-positive XIST
minimal promoter was cloned into the pCRII-TOPO vector
(Invitrogene) resulting in the wtXIST-pCRII-TOPO plasmid.
The PCR fragment was amplified from position —309 to
+31 relative to the XIST transcriptional start site by sense
primer: 5-GTTATGGAGGATTTTAGCATTAATTATTG-3’
and antisense primer 5-CCAGCCCCGAGAGAGTAAGAA
TATG-3'. The Sacl sites at the 5" end of primers were intro-
duced to facilitate the subcloning of the fragment into either
the enhancer-blocking plasmid or the luciferase-reporter
pGL-2 plasmid. The amplification protocol was as follows:
denaturation at 95°C, 5 min, followed by 35 cycles at 95°C
for 30 s, 64°C for 30 s, 72°C for 1 min, final extension 72°C
for 10 min.
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Both the naturally occurring C(—43)G and C(—43)A
mutations and the artificial GCCCCCC/AAAGCTT mutation
(named dG-contacts mutation) were generated in the
wtXIST-pCRII-TOPO plasmid by the QuikChange site-
directed mutagenesis kit (Stratagene). DNA sequencing on
Li-Cor Sequencer confirmed the accuracy of the cloning as
well as the mutagenesis of the insert. These plasmids [wild-
type, the C(—43)G and C(—43)A mutations and the dG-
contacts mutation] from the XIST-pCRII-TOPO-based
vectors were used for generating of insulator constructs, and
as the templates for DNase | footprinting and methylation
interference analyses.

The insulator assay series of plasmids were generated on the
basis of pJC 5-4 plasmid as has been described earlier (32).
The HS4 globin insulator was inserted into Sacl site of the
parent plasmid between an enhancer and the mouse y-globin
promoter—Neo reporter gene. To substitute this Sacl HS4
insulator with the wild-type, C(—43)G mutant, C(—43)A
mutant and ‘dG’ mutant XIST promoter fragments, the
inserts were cut out by Sacl enzyme from the corresponding
pCRII-TOPO-based constructs described earlier, and ligated
into the Sacl site of the pJC 5-4 plasmid. To normalize the
colony number, we used pJC 5-4 vector with deleted HS4
globin insulator.

Nuclear extracts and in vitro transcription—translation

Full-length human CTCF and the 11 ZF CTCF-binding
domain were in vitro translated from pET-7.1 and pET-11
ZF, respectively (33), using the TnT reticulocyte lysate-
coupled in vitro transcription—translation system (Promega).
Twelve plasmids with sequentially truncated ZFs of the
CTCF-binding domain (from amino acid position 236—622
of the human CTCF protein) were in vitro synthesized in the
presence of 338-Met (27). Nuclear extracts were prepared
from K562 and other cell lines by using the 2 x NUN extrac-
tion solution as described elsewhere (34). Partially purified
recombinant CTCF was obtained from Pichia pastoris
extract by single step SP cation exchange chromatography
as described previously (20). Fractions of 0.5 ml were col-
lected and CTCF-binding activity was monitored by EMSA
with CTCF target from the APP promoter (20). The fraction
containing peak binding activity was used for DNase I foot-
printing to determine the minimal amount (1 pl) of recombi-
nant CTCF protein sufficient to fully protect CTCF-binding
site in the APP promoter from the nuclease attack. In the
experiments with the XIST promoter, 1 pl of this fraction
was taken as ‘one CTCF footprint unit’.

Electrophoretic mobility shift assays

Eight consecutive fragments of the human X7ST minimal pro-
moter from position —1080 to +31 relative to +1 start site
and eight consecutive fragments of the mouse Xist minimal
promoter from position —1020 to 434, one-by-one covering
partially overlapping promoter DNA sequences of interest,
were PCR amplified. The fragments were simultaneously
end-labeled on either strand during amplification by using
pairs of 20—28 bp long primers that were end-labeled at
their 5 ends using **P-y-ATP and T4 polynucleotide kinase.
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The DNA-—protein binding incubation was carried out in a
buffer containing standard phosphate-buffered saline with
5mMm MgCl,, 0.1 mMm ZnSO4 1 mMm dithiothreitol, 0.1%
Nonidet P-40 and 10% glycerol in the presence of poly (dI—
dC) plus poly (dG)-poly (dC). The nuclear extract-based
EMSA was performed in the presence of unlabeled double-
stranded oligonucleotides containing Spl like sites and
‘G-string’-binding factors as described (35). To reach the
same shift mobility for in vitro translated CTCF and nuclear
extract’s CTCF, we added 10 pl of a TnT reticulocyte lysate
to the nuclear extract-based binding reaction. For ‘super-
shift’ assays, an antibody against the C-terminal domain of
CTCF (Upstate Biotechnology) was used. The EMSA reaction
mixtures of a 20 pl final volume were incubated for 30 min at
room temperature followed by electrophoresis on 5% non-
denaturing polyacrylamide gels.

The competition assay was performed with wild-type,
C(—43)G and C(—43)A mutant XIST fragments PCR ampli-
fied by sense primer: 5-CAAATCACAAAGATGTCCGGC
TTTC-3’ and antisense primer 5-CCAGCCCCGAGAGAG
TAAGAATATG-3' from wt XIST-, C/G- and C/A-mut.Xist-p-
CRII-TOPO plasmids, respectively. The specificity of the pro-
tein—DNA interactions were assessed by adding 100-fold
molar excess of unlabeled wild-type or C/G mutant probes
in reactions with full-length CTCF and end-labeling C/G
mutant or wild-type PCR fragments, respectively. The
C(—43)A mutant was used as cold competitor in reaction
with full-length CTCF and end-labeling wild-type and C/G
mutant PCR fragments in 100-fold molar excess. Finally, the
well-characterized CTCF-binding site, site no. 3 from the
human H/9 imprinting control region (23), was used with a
500-, 100-, 10- and 1-fold molar excess of cold probe.

DNase I footprinting and methylation interference assay

We performed DNase I footprinting and methylation interfer-
ence analyses with in vitro translated, full-length CTCF and
the 141 bp XIST wild-type and C(—43)G mutant promoter
fragments amplified by sense primer: 5-CAAATCACAAA
GATGTCCGGCTTTC-3' and antisense primer 5-CCAG
CCCCGAGAGAGTAAGAATATG-3' from wtXIST- and
C/G-mut.XIST-pCRII-TOPO plasmids, respectively. Both
fragments were labeled at their 5 ends on either the top or
the bottom strand. Following gel purification, the fragments
were either incubated with CTCF and then partially digested
with DNase I or partially methylated at guanine residues by
dimethyl sulfate and then incubated with CTCF, as has been
described (27).

Insulator assay

Insulator assays were performed in human K562 erythroleuke-
mia cells as has been described (24). All plasmid DNAs, pre-
pared by using Qiagen Maxiprep Kit, were linearized with
Sall, phenol—chloroform extracted and ethanol-precipitated.
In total, 100 ng of linear plasmid DNA was mixed with 10’
of K562 erythroleukemia cells and electroporated at a pulse
field strength of 200 V and 960 wF capacitance with no resis-
tor. The transfected cells were grown in 20 ml DMEM
medium containing 10% fetal bovine serum without G418 at

37°C for 24 h. The following day, the cells were seeded on
150 mm tissue culture plates in soft agar prepared by standard
procedure with DMEM + FBS containing 750 pg/ml of G418.
Finally, the numbers of G418-resistant cell colonies formed
during 3 weeks of neomycin selection were counted. In this
assay, which was repeated at least three times, the relative
numbers of colonies reflect the potency of an insert to block
enhancer-mediated activation of the Neo-driving promoter.

SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG Online.
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