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human inactive X chromosome
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The human X-linked macrosatellite DXZ4 is a large tandem repeat located at Xq23 that is packaged into het-
erochromatin on the male X chromosome and female active X chromosome and, in response to X chromo-
some, inactivation is organized into euchromatin bound by the insulator protein CCCTC-binding factor
(CTCF) on the inactive X chromosome (Xi). The purpose served by this unusual epigenetic regulation is un-
clear, but suggests a Xi-specific gain of function for DXZ4. Other less extensive bands of euchromatin can be
observed on the Xi, but the identity of the underlying DNA sequences is unknown. Here, we report the iden-
tification of two novel human X-linked tandem repeats, located 58 Mb proximal and 16 Mb distal to the macro-
satellite DXZ4. Both tandem repeats are entirely contained within the transcriptional unit of novel spliced
transcripts. Like DXZ4, the tandem repeats are packaged into Xi-specific CTCF-bound euchromatin. These
sequences undergo frequent CTCF-dependent interactions with DXZ4 on the Xi, implicating DXZ4 as an epi-
genetically regulated Xi-specific structural element and providing the first putative functional attribute of a

macrosatellite in the human genome.

INTRODUCTION

Estimates of repeat DNA content in the human genome range
from half (1) to over two-thirds (2). These elements include
the tandem repeats that consist of homologous DNA
sequences that are organized into a head to tail arrangement.
The size of the individual repeating unit can range from the
simple microsatellite repeat of 1—6 bp that are found scattered
throughout our genome (3), to much larger repeat units of
several kilobases (kb) that typically occupy a handful of
chromosomal locations (4). The copy number of the individual
repeat units is generally polymorphic from one individual to
the next (5) accounting for why many of the smaller tandem
repeats became the marker of choice for genetic studies (6),
and explaining why some of the larger tandem repeats
remain underrepresented or incomplete in the various builds
of the human genome (7,8), a situation that is compounded
by the inherent difficulty in the assembly of repetitive
sequences (9).

Some of the largest tandem repeats in the human genome
are the macrosatellites, also referred to as the megasatellites

(4). The different macrosatellite repeats typically exist at
one or two chromosomal locations such as the TAF11-like
macrosatellite that is specific to chromosome 5p15.1 (10,11)
or RS447 located at chromosomes 4p15 and 8pter (12). The
macrosatellites are composed of individual repeat units of
several kb in size and can consist of only a few to over one
hundred individual repeat units. To date, only a few have
been characterized in detail (4,10,11,13—16). What purpose
these sequence elements have in our genome is unknown,
but their contribution to disease susceptibility is clearly
demonstrated by the link between contraction in the copy
number of the 4935 macrosatellite D4Z4 and onset of facios-
capulohumeral muscular dystrophy (17).

Among the macrosatellites, one that is the subject of intense
investigation in our laboratory is the X-linked repeat DXZ4.
DXZ4 is composed of between 12 and 100 three-kb repeat
units arranged in tandem at Xq23 (13,15). X-linkage means
that in females, DXZ4 is exposed to the epigenetic process
of X chromosome inactivation (XCI). XCI is the mammalian
form of dosage compensation that serves to balance the
levels of X-linked gene expression between the sexes (18).
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XCI occurs very early in development (19) and gene silencing
is achieved at the chosen inactive X chromosome (Xi) through
repackaging its chromatin into facultative heterochromatin
(20). In response, however, DXZ4 adopts an unexpected chro-
matin organization that differs from that of the flanking
chromosome. In males and on the female active X chromo-
some, DXZ4 is packaged into heterochromatin characterized
by histone H3 trimethylated at lysine-9 (H3K9me3) (21-23)
and DNA CpG hypermethylation (13,22). In contrast, DXZ4
on the Xi is packaged into euchromatin characterized by
histone H3 dimethylated at lysine 4 (H3K4me2) (21,22,24)
and CpG hypomethylation (13,22) and is bound by the zinc
finger proteins CCCTC-binding factor (CTCF) (22,25) and
Yin Yang-1 (YY1) (26). At metaphase, DXZ4 can readily
be detected on the Xi as the most intense signal of
H3K4me2 at Xq23 (24) at the distal edge of an extensive
band of heterochromatin characterized by the histone variant
macroH2A1 and proximal to a band of H3K9me3 (24,27).
At interphase, H3K4me2 distribution clearly reveals DXZ4
as an intense focus or ‘dot’ (25) within the hypo-H3K4me?2
territory of the Xi (21). Furthermore, the numerous bands of
macroH2A1 and H3K9me3 that give the chromosome a
striped pattern at metaphase by immunofluorescence (28)
appear at interphase as two distinct chromosomal territories
(27). Given that the multifunctional protein CTCF (29) plays
a central role in the organization of chromosomal territories
at interphase (30,31), it is conceivable that Xi-specific CTCF
association with euchromatic DXZ4 at the boundary between
two different heterochromatin territories could contribute to
the organization of the Xi chromatin at interphase. However,
this would likely require the presence of additional Xi-specific
CTCF bound sequences elsewhere on the Xi. While bands of
H3K4me2 have been reported at the distal edge of other
macroH2A1 bands on the Xi (24), the sequence identity and
binding of CTCF at these bands are unknown.

RESULTS

Identification of large novel tandem repeats at 56 and
130 Mb on the X chromosome that map to bands of
H3K4me2

H3K4me?2 at DXZ4 was originally identified through the obser-
vation of an intense signal of H3K4me2 on the long arm of the
X chromosome at the distal edge of a major chromatin band
characterized by the histone variant macroH2A1 (24). Promin-
ent H3K4me?2 signals at the tip of Xp are expected as this
region corresponds to the pseudoautosomal region of the X
that is shared with the Y chromosome (32). It is not dosage
compensated resulting in gene expression from both the Xa
and Xi (33) accounting for the euchromatin signal. Additional
weaker bands of H3K4me?2 are observed on the metaphase Xi
that are conserved in primates (34); the most consistent
signals were located at Xp11.21 and Xq26.2 (Fig. 1A). Like
DXZ4, these signals reside at the distal edges of macroH2A1
bands relative to the Xp telomere (Fig. 1B). Given that DXZ4
is a macrosatellite, we sought to determine whether other tan-
dem repeat DNA could underlie the H3K4me2 signals at
Xpl11.21 and Xq26.2. Using the UCSC genome browser (http://
genome.ucsc.edu), we extracted large DNA fragments from

each chromosomal band and aligned them pairwise against a
repeat-masked version of the same sequence. At both locations,
DNA sequences displaying extensive tandem repeat organiza-
tion were identified at 56 Mb (X56) and 130 Mb (X130)
(Fig. 1C). To confirm that these sequences corresponded to
the locations of the H3K4me?2 signals, we used a bacterial arti-
ficial chromosome (BAC) clone encompassing each tandem
repeat to perform fluorescence in situ hybridization (FISH) on
anti-H3K4me2 immunostained metaphase chromosomes. Both
probes were inseparable from the H3K4me2 signals (Fig. 1D).

DXZ4 is composed of between 12 and 100 uninterrupted
3.0 kb repeat units that share 99% DNA sequence identity
between adjacent monomers. Repeat units are 62% GC and
<5% is repetitive, consisting of three polymorphic microsatel-
lite repeats (13,15). In contrast, both X56 and X130 are less well
organized. X56 spans 52.0 kb, is 54% GC and is composed of an
imperfect ~5.4 kb repeat unit that is arranged in tandem ~10
times, with between 68 and 100% sequence identity between ad-
jacent repeats. Approximately 15% of the tandem array is repeat
masked with 9.6% corresponding to interspersed repeats (7.3%
LINE) and 5.5% simple and low complexity repeats. X130
spans 70.0 kb, is 41% GC and is the least well-conserved
tandem repeat of the three. No obvious consensus repeat unit
is readily defined, with stretches of ~2.0 kb sharing 68—85%
nucleotide identity throughout the interval. X130 has higher
repeat content (46.2%) with most of that accounted for by inter-
spersed repeats (20.4% SINE and 16.7% LINE). The reduced
homogeneity at the X56 and X130 tandem repeats relative to
DXZ4 is reflected in the more dispersed nature of the pair-wise
alignments shown in Figure 1C.

Universal expression of spliced transcripts spanning the
X56 and X130 tandem repeats from the Xa

DXZ4 is transcribed from a promoter element contained
within each tandem repeat unit (22). DXZ4 transcript can be
detected in both sexes and in all human tissues examined
(15). In females, most transcript originates from the Xa, a
feature that is conserved in macaque (34). Close examination
of the genomic locus for X56 and X130 reveals several
GenBank messenger RNA (mRNA) for each that is annotated
as Reference Sequence Gene LOC550643 at X56 and
LOC286467 for X130. At X56, the primary transcript spans
~90 kb and three exons are spliced together into a 0.7 kb
mRNA (Fig. 2A, top map). The X56 mRNA contains a short
open reading frame (ORF) that encodes a hypothetical 71
amino acid peptide. At X130, the primary transcript spans
130kb and 13 exons are spliced into a 2.8 kb mRNA
(Fig. 2A, bottom map). As with X56, the X130 mRNA con-
tains a short ORF that is predicted to encode a hypothetical
peptide of 181 amino acids. Interestingly, both mRNA initiate
transcription on one side of the tandem repeat (proximal for
X56 and distal for X130) and proceed across the full repeat
before terminating on the opposite side. To confirm expression
of X56 and X130, PCR was performed on complementary
DNA (cDNA) synthesized from total RNA isolated from 20
different human tissues. Like DXZ4 (15), both X56 and
X130 spliced mRNA were universally expressed, albeit with
low levels in adult liver (Fig. 2B). Comparable levels of tran-
script could be detected in male and female samples (Fig. 2C).
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Figure 1. Mapping of two novel tandem repeats at X56 and X130 to H3K4me2 bands on the inactive X chromosome (Xi). (A) Metaphase Xi showing H3K4me2
(red) merged with DAPI (blue). Signals at X56/X130 indicated by white arrowheads. (B) As above showing H3K4me2 (green) and macroH2A1 (red). White
arrows indicate X56/130 proximal macroH2A1 bands. (C) Relative chromosomal location of X56/DXZ4/X130 and pairwise alignments of the corresponding
DNA sequences (X56 = 56 78137056 833 369; DXZ4 = 114959 731115 005 842; X130 = 130859 561—-130929 560; Hg19 coordinates). Pairwise align-
ments generated using YASS (57) using default alignment settings. (D) Metaphase Xi H3K4me?2 distribution (green) merged with X56/X130 DNA FISH
(red). Images in (A) were captured using a Zeiss Axiovert 200M, whereas the images in (D) were captured using a DeltaVision pDV with deconvolution,
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A In order to determine if X56 and X130 were also expressed
promoter . X56 qﬁb—g‘o from the Xi, RNA FISH was performed in combination with
= . a probe to the X inactive specific transcript (XIST) in order

5'\)\/’/” to define the territory of the Xi (35). RNA FISH signals for
X56 and X130 were detected but were distant from and did
- X130 Promoter not overlap the XIST territory, suggesting that transcription
of both is likely restricted to the Xa (Fig. 2D). Examination
of histone modifications using the UCSC genome browser
B (http://genome.ucsc.edu) (36) indicated a broad peak of
BM CE WB FB FL histone H3 trimethylated at lysine 4 (H3K4me3) within the
i, SRR . ST . R vicinity of X56 and X130 exon 1 (data not shown).
X56 H3K4me3 is associated with active promoters (37). We there-
= — — fore cloned upstream of a promoterless luciferase reporter
:i—-i—.[—- _mao gene the DNA sequence immediately 5’ of exon 1 of X56
and X130. Lysates from cells transfected with either construct
T = F = % = "% = % - consistently gave >200-fold increase in luciferase activity
f j X56 relative to the promoterless luciferase construct confirming
s the location of the promoter for X56 and X130 (Fig. 2E).
- ot 0
Chromatin characterization of X56 and X130 reveal
T R R TR TR SR Xi-specific CTCF bound euchromatin
X56 H3K4me?2 is a characteristic of DXZ4 chromatin on the Xi
imm—u_ X130 (22). To determine whether H3K4me2 at X56 and X130 was
restricted to the Xi in the same manner as DXZ4, we per-
formed chromatin immunoprecipitation (ChIP) on several in-

F =~ F = "% = "% = & = dependent normal diploid male and female cell lines. Like
X56 that of DXZ4, the presence of H3K4me2 was female specific

“—“ -- _- (Fig. 3A). Our interpretation of these data is that the tandem
X130

repeats at X56 and X130 show signatures of euchromatin on
c the Xi only. Given the similarity of genomic and chromatin or-

46, XY 46,XX ganization of X56 and X130 to that of DXZ4, we looked for
evidence of CTCF association with both tandem repeats. Ini-

W + - W + - W + - W + -
__—_ X56 tially, we took a bioinformatic approach and examined the
__—_ w13 Publicly available ENCODE data for CTCF ChIP combined

X56 v XIST X130 v XIST

13 1211 0 98 7 L 54 3 2
3

Figure 2. Genomic organization and expression of X56 and X130. (A) Sche-
matic maps showing the location of the tandem array (large white box indi-
cated above by the X56 and X130 double-headed arrow) and transcriptional
units at each location. The location of the promoter is indicated by the labelled
red box and exon structure for the X56 (3 exons) and X130 (13 exons) tran-
scripts are indicated directly beneath each map. The scale is given above
each schematic and regions represented are X chromosome coordinates 56
755370-56 845001 bp for X56 and 130 835 825—-130 965 880 bp for X130
based on Hgl9. (B) Expression of X56 (671 bp product, PCR between
exons | and 3) and X130 (301 bp product, PCR between exons 1 and 3) in
cDNA prepared from total RNA extracted from a broad range of human
tissues. Samples include cDNA template prepared with reverse transcriptase
(+) and without (—). Tissues are: BM, bone marrow; CE, cerebellum; WB,
whole brain; FB, fetal brain; FL, fetal liver; HE, heart; LI, liver; LU, lung;
PR, prostate; SG, salivary gland; SM, skeletal muscle; SP, spleen; TE,
testis; TH, thymus; TR, trachea; UT, uterus; CO, colon; SI, small intestine;
SC, spinal cord; ST, stomach. (C) Expression of X56 and X130 in male
(1139 and 1140) and female (h\TERT-RPEI and IMR90) cDNA. Samples as
above, also showing a no-template water control (W). (D) RNA FISH analysis
of X56 and X130 expression (green signals indicated by white arrow heads)
relative to XIST RNA (red signal indicated by white arrow) in hTERT-RPEI
cells merged with DAPI (Blue). Images represent deconvolved sections. (E)
Bar-chart indicating luciferase activity in 293 cell extracts 72 h after transfec-
tion with the promoterless luciferase vector (pGL4.10) or the same vector con-
taining an 852 bp fragment from the putative X56 promoter or 760 bp
o fragment from the putative X130 promoter. Fold activation of luciferase activ-

pGL4“10 . X56-pGL4,1q X130-pGL4.10 itygis shown to the feft relative to tlile promoterless vector. Data represent repli-

Firefly luciferase expression construct cated experiments each performed in triplicate.
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Figure 3. Chromatin characterization of the X56 and X130 intervals. (A)
H3K4me2 ChIP assessed by PCR to X56, DXZ4 and X130 for two independ-
ent males and females. W, water; IN, input; IP, anti-H3K4me2/CTCF; RS,
rabbit serum. Beneath these three are ChIP PCR for the GAGE locus as a
negative control for H3K4me2 and CTCF. The sequence of oligonucleotides
used for PCR is listed in Supplementary Material, Table S1. (B) CTCF
ChIP Seq profiles covering intervals of DXZ4, X56 and X130 for three inde-
pendent male and three independent female samples. Images were extracted
from the UCSC Genome Browser (http://genome.ucsc.edu) that display data
from the Encode histone modifications by Broad Institute ChIP Seq (36).
Regions displayed correspond to DXZ4 (114959 731115005 842), X56
(56781 370-56 833 369) and X130 (130859 561-130 929 560). Coordinates
are based on human genome build Hgl9. The peaks shown represent signal
enrichment calculated from the density of sequence tags overlapping a
25 bp window. For each region (DXZ4, X56, and X130), the males (XY)
are shown at the top, followed by the females (XX). Scale and chromosome
coordinates are given above each profile. (C) CTCF ChIP assessed by PCR
as for part (A).
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with high-throughput sequencing. Like DXZ4, both X56 and
X130 show female-specific CTCF association (Fig. 3B).
CTCF ChIP assayed by PCR confirmed female specificity
(Fig. 30).

Xi-specific long-range intrachromosomal interactions
between DXZ4 and the 56 Mb and 130 MB tandem repeats

CTCF is implicated in many functions, including mediating
long-range chromatin interactions (38). Given the Xi-specific
association of CTCF with DXZ4, X56 and X130, we hypothe-
sized that the three sequences interact specifically on the Xi.
To test this hypothesis, we first performed FISH with DXZ4
and X56 or X130 in seven independent male and eight
female cell lines. DXZ4 signal rarely overlapped with X56
or X130 in males but overlapped in a significant number
of female cells at one set of alleles (P = 0.0001 for DXZ4-
X56; P <0.0001 for DXZ4-X130 using the two-sample
t-test) (Fig. 4A). To confirm that the pair of overlapping
signals corresponded to cis interactions on the Xi, we per-
formed FISH with X56 and X130 combined with H3K4me2
in a female cell line. In 100% of cells (n = 102), overlap
between X56 and X130 occurred within the hypo-H3K4me2
territory of the Xi at the DXZ4 ‘dot’ (25) (Fig. 4B). Further-
more, these data indicate that the DXZ4 H3K4me2 ‘dot’ actu-
ally corresponds to various combinations of the H3K4me2
signals originating from DXZ4, X56 and X130, as well as po-
tentially other, as yet to be defined, Xi H3K4me?2 signals (24).

Other large tandem repeat DNA exists on the human X
chromosome (39). The GAGE locus, located at Xpl1.23
(40), rarely interacted with DXZ4; male and female samples
did not differ significantly (P = 0.4077; Table 1), indicating
that the interactions we observed among DXZ4, X56 and
X130 were not a general feature of tandem repeats on the
Xi. Furthermore, the frequency of observed interaction
between DXZ4 and X130 was not related to their close phys-
ical proximity, because FISH with a BAC probe at a compar-
able distance proximal to DXZ4 rarely colocalized with DXZ4
and revealed no significant difference between the sexes
(P =0.3863; Table 1). To confirm chromatin interactions
between DXZ4 and X56/X130, we used the procedure of
chromosome conformation capture (3C). Oligonucleotide
primers were designed to HindlIl fragments of DXZ4, X56
and X130 that are bound by CTCF (Supplementary Material,
Fig. S1). PCR products were only observed for female
samples (Supplementary Material, Fig. S2) that, upon cloning
and sequencing, were confirmed to be DXZ4-X56 or
DXZ4-X130 hybrids. Quantification confirmed frequent
female-specific interactions between CTCF-bound sequences
at X56/X130 and DXZ4 (Fig. 5).

Intrachromosomal interactions between DXZ4 and X130
are mediated by CTCF

Given the importance of CTCF in mediating higher-order
chromatin organization in the genome (31), we sought to de-
termine whether CTCF mediates the Xi-specific interactions
we observe by reducing the levels of the CTCF protein
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Figure 4. Interactions between DXZ4-X56 and DXZ4-X130. (A) FISH analysis of DXZ4 (green) and X56 or X130 (red) in male (46,XY) or female (46,XX)
nuclei counterstained with DAPI. Signals are indicated by white arrowheads. The percentage of nuclei with FISH signals comparable with the examples given are
indicated graphically to the right of the image. Independent male (1—7) and female (1-8) cell lines and number of nuclei scored are indicated in Supplementary
Material, Table S2. (B) Two representative examples of H3K4me2 (blue) combined with DNA FISH to X130 (green) and X56 (red). Beneath each example is a

blow-up of the Xi territory.

using small-interfering RNA (siRNA; Fig. 6A). Relative to a
mock transfection, interaction frequencies between DXZ4
and X130 were significantly lower (P = 0.0044) but not
when the procedure was performed with an unrelated siRNA
(P =0.6149) (Fig. 6B). Others have reported a reduction in
the levels of H3K4me2 at CTCF-binding sites when CTCF
protein levels are reduced by siRNA (41). We found that
CTCF RNAIi resulted in a significant reduction in the
number of nuclei showing overlap between Xi DXZ4 and
the H3K4me?2 signal (P = 0.0136, Supplementary Material,
Fig. S3), consistent with a role for CTCF in maintaining
local euchromatin (38).

DISCUSSION

We report the identification and characterization of the DNA
sequence (X56 and X130) underlying two H3K4me2 signals
that reside at the distal edge of macroH2A1 bands on the
Xi. Like DXZ4 (13), X56 and X130 correspond to large
tandem repeat DNA that each are bound by CTCF specifically
on the Xi. Both X56 and X130 are transcribed, but unlike
DXZ4 (22) both transcripts are spliced and transcription initi-
ates from a defined promoter outside of the tandem repeat that
drives transcription across the repeat before terminating at a
sequence on the opposite side. Similar to DXZ4 (15), tran-
scription of X56 and X130 appears to be a feature of the Xa
allele. It is possible that transcription of X56 and X130 is dir-
ectly linked to CTCF association. Perhaps the process of tran-
scription across the tandem repeat prevents CTCF binding,
whereas the lack of transcription from the Xi permits

association, acting as the switch between the epigenetic
states of the Xa and Xi alleles. Given the short ORF for
both and the fact that both are only predicted proteins it is con-
ceivable that both are long non-coding RNAs (42), a possibil-
ity that warrants further investigation.

Intriguingly, DXZ4 on the Xi makes frequent contact with
X56 and X130, suggesting that similar to its role in mediating
long-range inter- and intra-chromosomal interactions through-
out the genome (31), CTCF could provide a structural role for
the Xi mediated through DXZ4. CTCF RNAI significantly
reduced interactions between DXZ4 and X130 to a degree
comparable with that described by others investigating long-
range CTCF-mediated chromatin interactions (31). However,
not all interactions were lost. One possible explanation could
be that as tandem repeats, DXZ4 and X130 possess numerous
CTCF-binding sites. Even a substantial reduction in protein
levels might still result in enough residual CTCF to maintain
interactions. Alternatively, more than just CTCF might be
involved in establishing and maintaining interactions with
DXZ4. Other factors are known to mediate chromatin
looping such as SATBI1 (43), or the cohesin complex that
colocalizes with many CTCF sites throughout the genome
(44-46). Given that cohesin has been reported at DXZ4
(47), we favor this as a possible explanation for the residual
interactions seen in the CTCF RNAi-treated cells.

At interphase, the spatially distinct bands of macroH2A1
and H3K9me3 that are observed at metaphase (24,27,28)
appear to cluster together into a bipartite structure (27,28),
with one territory defined by macroH2A1 and the other by het-
erochromatin protein 1 (HP1) (25) that recognizes and binds to
H3K9me3 (48-50). Previously, we proposed that this
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Table 1. Frequency of interaction between DXZ4 and the GAGE locus (located at 49.3 Mb according to Hg19) or BAC clone RP11-402K9 (located at 99.3 Mb

according to Hg19), in various male and female cells

Cell line Sex Probe used with DXZ4 Non-interacting (%) Single-interacting (%) Double-interacting (%) n
hTERT-BJ1 M GAGE 100.00 0.00 — 66
GMO07030 M GAGE 93.80 6.20 — 127
GMO06982 M GAGE 97.73 2.27 — 132
IMR90 F GAGE 100.00 0.00 0.00 40
GM12802 F GAGE 89.60 10.40 0.00 125
GM21770 F GAGE 91.82 8.18 0.00 110
GMO07030 M RP11-402K9 90.40 9.60 — 121
GMO06982 M RP11-402K9 93.50 6.50 — 124
GMO07030 M RP11-402K9 96.70 3.30 — 125
GMO012802 F RP11-402K9 92.50 7.50 0.00 120
hTERT-RPEI F RP11-402K9 89.20 10.80 0.00 65
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Figure 5. Interaction frequencies between DXZ4-X56 and DXZ4-X130. Chromosome conformation capture analysis for (A) X56 v DXZ4 and (B) X130 v
DXZ4. Above each image is an ideogram of the X chromosome showing the location of the two regions being tested for interaction by 3C. Beneath the ideogram
is a graph showing a significant difference in the percentage of interaction relative to BAC controls between DXZ4 and two different regions of X56 (CF and DR)
and X130 (CF and ER) in two independent male (left side) and female (right side) samples (P = 0.0335 X56-CF; P = 0.0048 X56-DR; P = <0.0001 X130-CF
and X130-ER. P-values calculated using the two-sample #-test). Oligonucleotides used for PCR are listed in Supplementary Material, Table S1. Detailed restric-
tion maps for the regions tested are shown in Supplementary Material, Figure S1.

organization for the Xi was achieved through folding of the
chromosome to bring like-chromatin types together (27). In
light of the data we present here, we refine this model in the
schematic image shown in Figure 7. In this model, we
propose that euchromatic forms of DXZ4, X56 and X130
permit binding of CTCF to the Xi but not Xa alleles. Long-
range interactions between the CTCF bound tandem repeats
assist in segregating the HP1 and mH2A1 chromatin and
maintaining the bipartite organization, potentially accounting
for the alternate three-dimensional organization of the Xi rela-
tive to the Xa (51). A recent report investigating the spatial or-
ganization of the genome (30) revealed that CTCF is a
frequent feature at the boundary of topological domains.
Examination of the authors’ publically available data set for

DXZ4, X56 and X130 confirm that each of these DNA
sequences reside at boundary elements (Supplementary Mater-
ial, Fig. S4), supporting our model.

Numerous novel large tandem repeats have been described
in the human genome (4,10,11,13—17), but the purpose
these sequences serve in our genome remains unknown
despite a clear link to disease susceptibility (52). Collectively,
the data we present here support a role for the macrosatellite
DXZ4 as a Xi-specific structural element. Although the use
of siRNA has yielded insight into the relationship between
CTCF and DXZ4, the global impact of CTCF siRNA necessi-
tates more focused analysis intended to decipher the function
of DXZ4. With the advent of innovative genome-engineering
technologies (53,54), the logical next step is to manipulate the
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Figure 6. Intrachromosomal interactions are dependent on CTCF. (A) CTCF and b-actin western-blot analysis of whole-cell extracts from mock, untreated and
CTCF siRNA-treated hTERT-RPEI cells. (B) Change in the percentage of overlapping DXZ4 and X130 FISH signals in hTERT-RPEIcells treated with CTCF
siRNA or an with unrelated siRNA relative to mock-treated cells. Data represent two independent experiments scoring 53 + 67 mock-treated nuclei, 56 + 61
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H3K4me2 HP1 v mH2A1

H3K4me2=X130-X56

Figure 7. Model to explain the structural role of Xi-specific CTCF bound
DXZ4, X56 and X130. Far top left image is a female nucleus showing the dis-
tribution of H3K4me2 (green) and the hole with a ‘dot” at the Xi (white arrow
head). Bottom left image is a close up example of the Xi-hole with a ‘dot’ in
female cells showing the distribution of H3K4me?2 (blue) combined with DNA
FISH signals for X56 (red) and X130 (green). Far top right image shows the
nuclear distribution of mH2A1 (green) merged with HP1g (red) in a female
nucleus with the location of the Xi indicated by the white arrow-head. A
close up example of HP1g (red) and mH2A1 (red) at the Xi is shown at the
bottom in the middle. Directly above this is a schematic representation of
chromatin at and flanking DXZ4, X56 and X130 showing HP1, mH2A1 or
CTCF bound chromatin (red, green and blue squiggly lines, respectively).

array directly to probe DXZ4 function and shed light on this
enigmatic sequence.

MATERIALS AND METHODS
Cells

Telomerase immortalized cell lines hTERT-RPE1 (C4000-1
46,XX retinal pigment epithelia) and hTERT-BJ1 (C4001-1
46,XY foreskin fibroblast) were originally obtained from
Clontech. Both are now available from the American Type
Culture Collection (ATCC). The male hepatocellular carcin-
oma cell line HepG2 (HB-8065) and the female embryonic
kidney cell line 293 (CRL-1573) were obtained from ATCC

as were the fetal lung fibroblast primary cells IMR-90
(CCL-186, 46,XX) and WI-38 (CCL-75, 46,XX) and the
male primary fibroblast cells CCD-1139Sk (CRL-2708,
46,XY) and CCD-1140Sk (CRL-2714, 46,XY). B-
Lymphocyte cell lines were obtained from the Coriell Institute
for Medical Research (www.coriell.org/). Normal male cell
lines include: GM06982, GM07033, GM07026, GM07030
and GMO08729. Normal female cell lines include: GM21770,
GMO07059, GM12802, GMO08728 and GMO07011. All cells
were maintained as recommended by the suppliers.

Metaphase chromosome preparation, immunofluorescence
and FISH

Cytospun metaphase chromosomes were prepared and indirect
immunofluorescence performed essentially as described (24).
Indirect immunofluorescence combined with direct-labeled
FISH was performed as described previously (26). BACs
that were wused for generating FISH probes include:
RP11-818117 (X56 tandem repeat), RP11-754H22 (X130
tandem repeat), 2272M5 (DXZ4 repeat), RP11-281B18
(GAGE locus) and RP11-402K9. BACs were obtained from
Research Genetics (Life Technologies Corp.). Interphase
interactions defined by FISH (Figure 4) were scored as posi-
tive if the center of the two FISH signals were within
270 nm. Statistical significance was calculated using the two-
sample #-test with equal variance using GraphPad software
(www.graphpad.com). Antibodies used for indirect immuno-
fluorescence include rabbit anti-H3K4me2 (07-030; Millipore)
and rabbit anti-macroH2A1 (55). Alexa-Fluor® conjugated
secondary antibodies were obtained from Life Technologies
Corporation. DNA was counterstained using ProLong®™ Gold
antifade reagent supplemented with DAPI (Life Technologies
Corp.). Images were collected either using a Zeiss Axiovert
200 m fitted with an AxioCam MRm and were managed
using AxioVision 4.4 software (Carl Zeiss microimaging), or
on a DeltaVision pDV. Delta Vision images were deconvolved
with softWoRx 3.7.0 (Applied Precision) and compiled with
Adobe Photoshop CS2 (Adobe Systems).



Chromatin immunoprecipitation (ChIP)

ChIP was performed essentially as described (26), with the ex-
ception that B-lymphoblast cells were fixed for 5 min in a final
formaldehyde concentration of 0.75% instead of 1.0% for
10 min. Oligonucleotides used to assess ChIP by PCR are
given in Supplementary Material, Table S1, and were obtained
from Eurofins MWG Operon. Antibodies used for ChIP
include anti-CTCF (07-729; Millipore) and anti-H3K4me2
(07-030; Millipore). PCR was performed using either
OneTaq® 2x Master Mix (NEB) or HotStar Taq (Qiagen)
according to the manufacturers’ recommendations.

Chromosome conformation capture (3C)

3C was performed essentially as described (56). BAC clones
RP11-818117 (X56 tandem repeat), RP11-754H22 (X130
tandem repeat) and 2272M5 (DXZ4 repeat) were used to gen-
erate appropriate 3C controls. Quantitation of PCR products
was performed using a Chemidoc XRS and Quantity
One-4.6.5 1-D Analysis Software (Bio-Rad). Statistical sig-
nificance was calculated using the two-sample t-test with
equal variance using GraphPad software (www.graphpad.
com). 3C PCR products were verified as X56-DXZ4 or
X130-DXZ4 hybrids by TA cloning into pDrive (Qiagen) fol-
lowed by DNA sequence analysis.

RNA interference (RNAi)

RNAIi was performed on hTERT-RPE1 cells using Dharma-
FECT™ 4 and ON-TARGETplus SMARTpool to human
CTCF (L-020165-00-0005), a non-targeting control
(D-001210-01), an unrelated siRNA to YY1 (L-011796-00)
and mock transfected where no siRNA was added. Transfec-
tions were performed according to the manufacturers’ recom-
mendations (Dharmacon, Thermo Scientific). A total of 5 x
10* or 6 x 10* cells (seeded into microtiter plates or onto
cover slips in microtiter plates for FISH) were transfected
with the above siRNAs three times over 72 h. Cells on cover
slips were processed for FISH as per usual (described
above) or collected for RNA and protein isolation. Levels of
CTCF RNA were consistently reduced by >82% as assessed
qRT-PCR using iQ™ SYBR Green Supermix on a CFX96
(Bio-Rad) using QuantiTect SYBR Green PCR primer sets
to CTCF (QT00045437) and GAPDH (QT01192646)(Qiagen).
Whole cell extracts were prepared from cell pellets by resus-
pension in lysis buffer for 15 min on ice [50 mm Tris (8.0),
150 mm NaCl, 1% NP-40 and 1.5 mm EDTA supplemented
with protease inhibitors] before removing insoluble material
by centrifugation at >20 000g at 4°C for 15 min. The super-
natant was transferred to a fresh tube before adding 1
volume of Laemmli loading buffer, heating at 90°C for
4 min and separating on a 5—20% Tris-glycine SDS polyacryl-
amide gel. Protein was transferred to PVDF membrane by
western blotting and specified proteins detected using standard
techniques. Detection of CTCF was achieved using a goat
polyclonal anti-CTCF antibody (G-8)(sc-271474, Santa Cruz
Biotechnology) or beta-actin using a rabbit polyclonal
anti-beta-actin (G046, Applied Biological Materials Inc.).
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Reverse transcription PCR and RNA FISH

RNA FISH was performed on hTERT-RPEI cells grown dir-
ectly on slides essentially as described (34). Spectrum Red
and Spectrum Green direct-labeled probes were prepared by
nick translation according to the manufacturers’ instructions
(Abbott Molecular). Probes consisted of a BAC clone to
X56 (RP11-818I17, covering 56 737 11656 945365 of the
X chromosome, Hgl9) and X130 (RP11-754H22, covering
130 809 347-130961 832 of the X chromosome, Hgl9). All
of the X56 transcript is contained within RP11-818117, and
all but exon-1 of the X130 transcript is contained within
RP11-754H22. Total RNA was isolated from cells using the
NucleoSpin RNA 1II kit (Machery-Nagel). First-strand cDNA
was prepared from 2 pg of total RNA with random hexamers
with and without M-MuLV reverse transcriptase (RT) accord-
ing to the manufacturer’s instructions (NEB). cDNAs prepared
with and without RT were used as templates for PCR with
either OneTaq® master mix (NEB) or HotStar Taq (Qiagen)
with the primers listed in Supplementary Material, Table S1.
Human tissue total RNA was obtained from Clontech
(636643). Residual genomic DNA was removed by pre-
treating the RNA with DNasel (Invitrogen) for 20 min at
room temperature, before heat inactivating the DNasel at
70°C in the presence of 2.5 mm EDTA for 15 min. First-strand
cDNA was prepared and assessed by PCR as described above.

Promoter luciferase assay

DNA fragments initiating in and extending upstream of X56
and X130 exon-1 were generated by PCR with Platinum®Taq
(Life Technologies Corp.) and cloned into pDrive (Qiagen).
Inserts were verified by DNA sequencing before subcloning
into the Nhel and Hindlll sites of pGL4.10[luc2] (Promega).
The promoterless pGL4.10[luc2] firefly luciferase reporter
construct and pGL4.10[luc2] containing putative X56 an
X130 promoter sequences were cotransfected in triplicate on
two separate occasions with the Renilla-luciferase expression
vector pGL4.74[hRluc/TK] (Promega) into 293 cells by
means of Lipofectamine 2000 (Life Technologies Corp.).
Cells were assayed for luciferase activity on a Glomax-20/20
Luminometer (Promega) 72 h after transfection with the dual-
luciferase reporter assay system, according to the manufac-
turer’s recommendations (Promega).

SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG online.
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