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Abstract

In mammals, the silencing step of the X-chromosome inactivation (XCI) process is initiated by the
non-coding Xist RNA. Xist is known to be controlled by the non-coding Xite and Tsix loci, but the
mechanisms by which Tsix and Xite regulate Xist are yet to be fully elucidated. Here, we examine
the role of higher order chromatin structure across the 100-kb region of the mouse X-inactivation
center (Xic) and map domains of specialized chromatin in vivo. By hypersensitive site mapping and
chromosome conformation capture (3C), we identify two domains of higher order chromatin
structure. Xite makes looping interactions with Tsix, while Xist makes contacts with Jpx/Enox,
another non-coding gene not previously implicated in XCI. These regions interact in a
developmentally specific and sex-specific manner that is consistent with a regulatory role in XCI.
We propose that dynamic changes in three-dimensional architecture leads to formation of separate
chromatin hubs in Tsix and Xist that together regulate the initiation of X-chromosome inactivation.
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INTRODUCTION

X-chromosome inactivation (XCI) evolved to compensate for gene dosage in sexually
dimorphic species. In mammals, XX females and XY males achieve dosage compensation by
the transcriptional silencing of one X chromosome in each diploid female cell (Lyon, 1961).
In the embryo proper, the choice of which X chromosome is to be silenced occurs randomly,
with both the maternal and paternal X chromosome having an equal chance of being
inactivated. However, in the extra-embryonic tissues, a parent-of-origin effect is observed
where the paternal X chromosome is preferentially silenced. Both mechanisms result in one
active X chromosome (Xa) and one inactive X chromosome (Xi), which are then stably
maintained through subsequent cell divisions.
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The molecular players in XCI have been defined over recent years and many are located within
a 100-kb region on the X chromosome, known as the X-inactivation center (Xic) (Lee et al.,
1999b). Non-coding elements within the Xic are responsible for the three steps of random XClI,
including counting of the X-to-autosome ratio, choice of which X chromosome to inactivate,
and silencing of the Xi (reviewed by (Plath et al., 2002)). The Xist gene encodes a large, non-
translated RNA that is transcribed from the inactive X chromosome and ‘coats’ the Xi in cis,
inducing chromosome-wide gene silencing (Brockdorff et al., 1992; Clemson et al., 1996;
Penny et al., 1996). Xist is negatively regulated by its antisense partner, Tsix (Lee, 2000; Lee
et al., 1999a; Sado et al., 2001), also a non-coding, nuclear RNA. Tsix is in turn regulated by
Xite, an upstream locus that produces several non-coding transcripts and harbors several strong
DNase | hypersensitive sites (DHS) (Ogawa and Lee, 2003).

Murine embryonic stem (ES) cells have provided an excellent model system for the
investigation of XCI and the roles of Xite, Tsix and Xist. In this system, Xist and Tsix RNAs
are transcribed at low levels from both X chromosomes in undifferentiated ES cells. Upon
differentiation, Tsix expression is extinguished on the future Xi (Lee etal., 1999a). Conversely,
Xist expression is up-regulated in cis during the same developmental phase, suggesting that
Tsix antagonism is responsible for Xist regulation. Tsix expression persists on the Xa until
slightly later in development and Xist expression is prevented in cis. However, the exact mode
of action of Tsix on Xist is currently still unclear. A number of possibilities exist whereby the
process of antisense transcription through the Xist locus may prevent Xist expression in
undifferentiated cells, including promoter blocking, transcriptional interference or alterations
in chromatin structure. Recent evidence argues for a role of Tsix RNA-directed chromatin
change (Navarro et al., 2005; Sado et al., 2005; Sun et al., 2006), in which Tsix RNA, coupled
to anti-parallel transcription through the Xist promoter, results in recruitment of specific
regulatory factors and chromatin modifications to the Xist promoter.

Thus, while long-range interactions between Tsix and Xist clearly exist, the three-dimensional
(3-D) nature of such interactions has yet to be addressed. Higher order chromatin interplay has
been implicated in other epigenetic systems, such as s-globin (Patrinos et al., 2004; Tolhuis et
al., 2002), Ty2 and interleukin genes (Lee et al., 2005), and H19/Igf2 loci (Kurukuti et al.,
2006; Murrell et al., 2004), where looping interactions among locus control regions (LCR),
enhancers, and co-clustered genes determine the pattern of gene expression. At the Xic, only
two enhancers have been identified so far. DNase I hypersensitive site (DHS) mapping and
transient transfection enhancer assays showed that one such enhancer resides at Xite (Ogawa
and Lee, 2003). Current models posit that the Xite enhancer enables Tsix to persist allele-
specifically on the future Xa. A second enhancer lies within the 5’ end of Tsix itself and is
essential for high level expression of Tsix in ES cells (Stavropoulos et al., 2005). Although
Xist is also developmentally regulated, transcriptional enhancers have not yet been described
for this gene. How these regulatory elements interact with Tsix and Xist in 3-D space is not
known.

The mode of action of enhancers or LCR elements on gene promoters located at large distances
is the subject of intense debate. The ‘tracking’ model postulates that proteins bound to LCRs
and enhancers track linearly along the DNA helix and scans surrounding sequences for
promoter elements (Li et al., 1999). By contrast, the ‘linking’ model proposes that enhancer-
bound proteins recruit additional protein factors, which then sequentially extend towards the
promoter. Finally, the ‘looping” model posits that random collisions between regions of the
flexible chromatin fiber enable an enhancer to come into direct contact with a gene promoter
in three-dimensional space, thereby looping out all intervening DNA sequences (Bulger and
Groudine, 1999). The ‘chromosome conformation capture’ (3C) technique (Dekker et al.,
2002) has lend strong support to the concept of looping chromatin in cis (Kurukuti et al.,
2006; Lee et al., 2005; Murrell et al., 2004; Patrinos et al., 2004; Tolhuis et al., 2002), as well
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as to the idea of interaction in trans between chromosomes (Ling et al., 2006; Lomvardas et
al., 2006; Spilianakis et al., 2005; Xu et al., 2006). In principle, an enhancer or an LCR element
at the Xic might employ one or several of these mechanisms.

Here, to determine how critical elements interact during the process of XClI, we combine DHS
identification and the 3C technique to map higher order chromatin structures at the Xic. We
find several domains of interactions between Xist, Tsix and Xite that are regulated in a
developmentally specific manner. We thus provide a first glimpse of dynamic three-
dimensional architectural changes that accompany the onset of XCI.

MATERIALS AND METHODS

Cell lines and culture

Mouse embryonic stem cell lines J1 (40XY, 129Sv/J)(Li et al., 1992) and 16.7 (40XX, 129 x
[M.castaneus x 129] (Lee and Lu, 1999)) were maintained on gelatin-treated tissue culture
flasks with a feeder layer of y-irradiated mouse embryonic fibroblasts (obtained from d13.5
embryos) in Dulbecco modified Eagle medium plus 15% fetal bovine serum (heat inactivated)
and 500U/ml Leukemia Inhibitory Factor (LIF). Embryoid bodies were differentiated by
suspension culture for 4 days without LIF and maintained thereafter under adherent conditions
for 6 days. Primary fibroblasts were obtained from d13.5 embryos and maintained in DMEM
plus 10% FBS.

DNase | Hypersensitive Site (DHS) Mapping

DHS mapping was performed essentially as previously described (Ogawa and Lee, 2003).
Briefly, 1 x 108 trypsinized cells were washed with PBS, pelleted, and resuspended in 10 ml
ice-cold Nuclear Isolation Buffer (NIB) (0.32 M sucrose, 3 mM CaCl,, 2 mM MgOAc, 10 mM
Tris-HCI (pH7.5), 0.1 mM EDTA, 1 mM DTT). One-twentieth volume of NIB + 0.3% NP-40
was added and the suspension was subsequently dounced 15 times with pestle B. Nuclei were
centrifuged at 400 x g and resuspended in ice-cold NIB at 0.2 mg/ml as determined by total
nucleic acid content. For ES cells, DNase | (Worthington) was added to aliquots at a final
concentration of 0 — 10 pg/ml, and samples were subsequently incubated at 37°C for 2 min.
For fibroblasts, final concentration of DNase | was 0 — 80 ug/ml and samples were incubated
for 5 min. Digestions were terminated by adding an equal volume of 2 xstop solution (1% SDS,
0.6 M NaCl, 20 mM Tris-HCI (pH7.5), 10 mM EDTA, 0.2 mg/ml Proteinase K) and incubated
overnight at 37°C. DNA was precipitated with 1.25 M NH40Ac, resuspended, and digested for
Southern analysis.

For Southern blotting, panels A, C and D were digested with EcoRlI; panels B and D with
BamHI. Probes used were positions a) 108150-108354, b) 113059-113266, ¢) 114507—
114718, d) 124506-124723 and e) 91198-91433 from GenBank AJ421279.

Chromosome conformation capture

Chromosome conformation capture experiments were carried out as described in Splinter et
al (Splinter et al., 2004) with minor modifications and appropriate controls (Dekker, 2006).
Briefly, 107 cells were cross-linked with 2% formaldehyde at room temp for 10 minutes. Cross-
linking reactions were terminated by addition of glycine to the final concentration of 125 mM.
Nuclei of crossed linked cells were purified by incubating the cells with lysis buffer (10 mM
Tris 7.4, 10 mM NaCl, 3 mM MgCl,, and 0.5% NP-40 with protease inhibitor cocktail) twice
on ice for 4 minutes, then washed with 5 ml of ice-cold PBS. The purified nuclei were
resuspended in 760 pl restriction buffer consisting of 80ul of 10X restriction buffer H (GE
Healthcare) and 680 ul H»O, and incubated with mild agitation at 37°C for 1 hour with 12 pl
20% SDS. Reactions were treated with 18 pl of Triton-X100, incubated at 37° C for 1 hour
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and subjected to restriction enzyme digestion with 240U of BamHI and 200U of BglIl at 37°
C for 2 hours. An additional 120U of BamHI and 100U of Bglll was carried out at 37°C
overnight. The digested samples were treated with 40 pl of 20% SDS at 65°C for 20 min to
inactivate restriction enzymes. Samples were transferred to 9.2 ml 1X ligase buffer containing
1% triton X-100 and incubated at room temperature for 1 hour and then incubated with 1600U
of T4 DNA ligase at 16°C for 4.5 hours and additional 0.5 hour at room temperature. Ligated
samples were treated with 3 ul of proteinase K (20 mg/ml) at 65°C overnight to reverse cross-
linking, and then treated with 2 ul RNaseA (10 mg/ml) at 37°C for 1 hour. Genomic DNA was
extracted with phenol/chloroform and precipitated with NaOAc and isopropanol. Precipitated
DNA was washed with 1 ml 75% ethanol and resuspended with 600ul H,O. To estimate
genomic DNA concentration, 5 pl of each sample were analyzed on a 0.8% gel and visualized
by EtBr staining. About 40 ng of genomic DNA was used for each 25 ul PCR reaction.

Positive control templates were made by digesting prJL2 with BamHI and Bglll and then
random re-ligation of the restriction fragments. To mimic the complexity of the genomic DNA
obtained from 3C experiments, the controls PCR reactions were performed with the mixture
of 2.0 pg of positive control template (see below) and 40 ng of control genomic DNA that was
processed in parallel with other 3C samples, except that the formaldehyde crosslinking step
was omitted. Amplification of specific PCR products was strictly formaldehyde-cross-linking
and ligation-dependent (data not shown). All PCR reactions were performed with hot-start Taq
DNA polymerase (AmpliTag, Applied Bioscience) and with 34-36 cycles of amplification,
where all the amplifications were in the exponential range. PCR reactions amplifying un-
rearranged genomic DNA were also carried out as described above but with only 26 cycles of
amplification. To obtain quantitative information, amplifications were performed in the
exponential phase as confirmed by decreases in PCR product levels as the concentrations of
templates decreased by successive 3-fold dilutions (Fig. 2B, 3B, and data not shown). The
relative crosslinking efficiency was calculated at least from duplicate PCR analyses of 2
independent 3C preparations (average of at least 4 sets of PCR analyses). PCR primer
sequences used for 3C analysis are available on request.

To create a pool of all possible interacting products as control, we digested an 80-kb P1
construct, ©JL2 (Lee et al., 1999b), with BamHI and Bglll and randomly ligated the resulting
fragments. To mimic the complexity of the mammalian genome during the PCR step, we
digested female fibroblast genomic DNA with BamHI and Bgl This control was included in
all 3C experiments. As a control for cross-linking efficiency, we carried out PCR using primers
that amplify the GAPDH locus (cloned, digested, and randomly ligated to create all pairwise
combinations as above) using primers GAPDH-a (5'-ACACAGGCAAAATACCAATG-3")
and GAPDH-b (5'-GAATGCTTGGATGTACAACC-3") and found that the cross-linking
efficiency of various samples was similar (Fig. 2A). Positive controls for inter-chromosomal
(Ch7:ChX) were prepared by mixing the PCR fragments of GAPDH locus and X chromosome,
digesting with Bglll and BamHlI, and then randomly ligating the restriction fragments. No
detectable inter-chromosome crosslinking were detected after 40 cycles of PCR amplification.

The relative cross linking frequency between the anchor fragment and the fragment of interest
(f(x)) was normalized to the cross linking frequency between the anchor fragment and its
adjacent 5’ fragment. The relative cross linking frequency can be expressed as

(Fx)=[IS(X:A)/IC(X:A)]/[IS(Y:A)/IC(Y:A)]

Where IS(X:A) is the intensity of PCR products amplified from ligation products between the
anchor fragment A and any given fragment X in the rearranged genomic DNA of ES cells; IC
(X:A) is the intensity of PCR products amplified from ligation products between the anchor

fragment A and any given fragment X in the positive control template; [IS(Y:A) is the intensity
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of PCR products amplified from ligation products between the anchor fragment A and the
fragment (fragment ') that yield the fewest ligation products in the rearranged genomic DNA
of ES cells; IC(Y:A) is the intensity of PCR products amplified from ligation products between
the anchor fragment A and the fragment Y in the positive control template.

Multiple clusters of DNAse | hypersensitive sites within the Xic

Previous studies showed that clustering of regulatory elements tend to occur at or around DHS
(Tolhuis et al., 2002). At the Xic, DHS have previously been located at the Xist promoter
(Hendrich et al., 1997; Navarro et al., 2005; Sado et al., 2005; Sheardown et al., 1997), at the
5'end of Tsix (Stavropoulosetal., 2005), and all across Xite (Ogawa and Lee, 2003). To identify
additional DHS within the Xic, we carried out DHS assays across regions that were not
previously studied. We performed DHS assays in male and female ES cells in the pre-XCI
state of the undifferentiated cells (d0) and the post-XClI state represented by differentiated ES
cells (d12).

The analysis revealed multiple new DHS (Fig. 1). Within Xist, we found several clustered DHS.
At the promoter, we observed three sites, two of which showed developmental-and sex-specific
regulation (Fig. 1A), consistent with previous analysis (Hendrich et al., 1997;Navarro et al.,
2005;Sado et al., 2005;Sheardown et al., 1997). While DHS-a, DHS-b and DHS-c were present
in dO in both male and female cells, DHS-b and DHS-c only persisted in the d12 female cells.
In addition, we found novel DHS within exon 1 (Fig. 1B), the first intron (Fig. 1C), and the
last intron (Fig. 1D).

The analysis also revealed another hypersensitive site approximately 10 kb upstream of the
Xist promoter (Fig. 1E). This DHS is located at the 5’ end of another non-coding gene known
as Jpx or Enox (Chureau et al., 2002;Johnston et al., 2002) and appears to be constitutive in
differentiating male and female ES cells (Fig. 1E). Its constitutively hypersensitive profile is
consistent with the gene’s biallelic status in female cells and constitutive expression profile
during development (Chureau et al., 2002;Johnston et al., 2002). Combined with previous
analyses, these data showed that the 100 kb region of the mouse Xic has multiple DHS in all
non-coding loci, many of which are clustered (Fig. 1F). Analysis by the MAR-Wiz (v1.5)
prediction software revealed that several DHS clusters lay close to potential matrix attachment
regions (MARS) (Fig. 1G), two of which were predicted to be conserved from mouse to humans.
At Jpx, the MAR-like sequence lay immediately downstream of the promoter and DHS. At
Xist, one coincided with DHS cluster 2 and another with the intronic cluster 4. At Tsix, the
putative MAR lay in the major promoter and coincided with DHS cluster 6. Thus, although
the existence of MARs is an in silico prediction, the MAR and DHS data together suggest that
specialized chromatin reside in discrete domains within the Xic.

3C analysis reveals an Xist-Jpx interaction domain

To look for 3-D interactions among Xic domains in vivo, we utilized the ‘chromosome
conformation capture’ (3C) technique, which identifies two regions of interacting DNA by
cross-linking chromatin in vivo (Dekker et al., 2002; Tolhuis et al., 2002). Prior to analysis of
samples, multiple control experiments were performed to test for cross-linking efficiency, the
quantitative nature of PCR, and equal PCR efficiencies of the primer pairs used (Dekker,
2006). As a control for cross-linking efficiency, we carried out PCR using primers that amplify
the rearranged GAPDH locus (Spilianakis and Flavell, 2004) and found similar cross-linking
efficiencies among all samples, whereas no cross-linking was seen in the negative control PCR
between Gapdh and Xist or Tsix (an example is shown in Fig. 2A). For analysis of test samples,
cells were treated with formaldehyde to cross-link interacting loops of DNA, the DNA was
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digested by BamHI and Bglll to release separate complexes that were not cross-linked, and the
resulting fragments diluted to promote intra-molecular reactions during ligation. We then
carried out semi-quantitative PCR analysis on ligation products to determine whether two non-
contiguous Xic sequences interact by 3-D looping. The quantitative nature of the PCR was
ensured by carrying out the analysis in the exponential phase of amplification, as confirmed
by appropriate decreases in product levels in serial dilutions of template (an example is shown
in Fig. 2B; described in full in the Methods section). To create a pool of all possible interacting
products as control, we digested an 80-kb P1 construct, ©JL2 (Lee et al., 1999b), with BamHI
and Bglll, and randomly ligated the resulting fragments (Fig. 2C, panel e). For all 3C analyses
below, at least 2 PCR analyses have been carried out for each of 2-3 independent cross-linking
experiments. Representative results are shown throughout.

To look for Xist promoter interactions, we carried out 3C with an Xist promoter primer as the
invariant ‘anchor’ (Fig. 2C, grey shading, red arrow) and a second, variable primer situated in
distinct restriction fragments across the Xic region. We found that the overall interaction pattern
in undifferentiated (d0) male and female cells was very similar, as all PCR amplifications with
the Xist promoter anchor primer yielded similar band intensities across the Xist locus (Fig. 2C,
compare panels a to ¢). However, the interaction frequency seemed to decrease 3’ of the last

Xist exon (exon 8), as the PCR bands from the Tsix/Xite region were consistently less intense
(separated by a dotted red line). In contrast, the control amplification performed in parallel was
essentially equal across all Xic regions (Fig. 2C, panel €). These results suggested that, in dO

ES cells, chromatin within the Xist gene body and the immediate upstream region is in close

contact as compared to chromatin lying downstream in the Tsix/Xite region.

We next looked for interactions that showed dynamic changes in a sex- or developmentally
specific manner and found several noteworthy changes. The close contacts in the region in
between Jpx and Xist varied during cell differentiation and between XX and XY cells. In male
ES cells, differentiation led to a significant and reproducible loss of the interactions on d4 (data
not shown) and d10 (Fig. 2C panel d). In female cells, differentiation also resulted in a
reproducible decrease in interactions, though not to the same extent as seen in the male cells
(Fig. 2C panel b). These observations indicated that the region spanning Jpx and Xist forms a
compact structure in pre-XClI cells (d0), a time when Xist is at a basal transcriptional state but
is poised to undergo full transcriptional activation (Navarro et al., 2005;Sado et al., 2005;Sun
et al., 2006). The structure becomes relaxed on the single Xa in differentiated male cells,
correlating with Xist expression. The partial loss of interactions in post-XCI female cells
suggested differences between Xa and Xi, with the compact structure maintained on one but
not the other X. Alternatively, a partial loss of compaction may occur on both Xs.

Given the chromosome conformation in the Jpx-Xist domain, we looked for specific contact
points in this region and noticed further interactions that showed differentiation- and sex-
specific dynamics. In particular, the contact between the Xist promoter and fragment iii, which
carries the 5" end of Jpx, occurred in both dO male and female cells; however, while the
interaction was reproducibly sustained in d10 female cells, the contact was specifically lost in
d10 male cells (Fig. 2C, fragment iii: b versus d).

To verify these results, we carried out the reciprocal 3C analysis by anchoring a primer at the
5’ end of Jpx, just downstream of the promoter (Fig. 2D). A relatively high crosslinking
frequency was seen for adjacent fragments as expected for closely linked regions, but the
frequency dropped further upstream at fragment vi. Significantly, however, the frequency
increased again at fragment vii, the fragment that spans the Xist promoter. This is a reproducible
pattern observed in two PCR tests on two independent cross-linking experiments. Therefore,
the 5’ ends of Jpx and Xist make contact. We furthermore found that, while the contact was
preserved in female cells on d4 and d10 and in fibroblasts (Fig. 2D), the contact was lost in
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male cells on d4, d10 and in fibroblasts. Together, these data demonstrated that an interaction
between the 5’ end of Jpx and the Xist promoter takes place only in cells that trans-activate
Xist or are poised to do so. A loss of the Jpx-Xist interaction strictly correlated with repression
of the Xist gene on Xa.

Tsix and Xite form a distinct interaction domain

Because the above analysis indicated that Tsix and Xite do not participate in the Xist-Jpx
interactions, we next asked whether Tsix and Xite formed their own interaction domain. Indeed,
3C examination showed a similar ‘domain’ structure spanning Xite and Tsix using quantitative
PCR assays (Fig. 3A,B). In d0 female ES cells, significant peaks of interaction could be
observed throughout Xite and the 5" half of Tsix (Fig. 3A). The interaction abruptly ceased at
the last exon of Xist (Fig. 3A). Two interactions yielded 10- to 30-fold higher cross-linking
frequencies above background, one involving the Tsix promoter and the 1.2 kb Xite enhancer,
and the other involving the Tsix promoter and the 3’ end of Xist (Fig. 3C,D).

To confirm the interaction between the Tsix promoter and Xite, we anchored a primer in Xite
and carried out the reciprocal 3C analysis (Fig. 4A). Because the Xite DHS span several
kilobases (Ogawa and Lee, 2003;Stavropoulos et al., 2005), we tested anchors in two BamHI-
Bglll fragments and obtained similar results for each (Fig. 4B,C). As expected, the reciprocal
analysis identified an interaction between the Xite enhancer and the Tsix promoter in the case
of both tested anchors. The developmentally specific nature of these interactions suggests that
the contacts occur in vivo and are not artifacts of the 3C technique.

Current models postulate that the Xite enhancer acts on Tsix only at the onset of XCI and not
in post-XCI cells (Ogawa and Lee, 2003; Stavropoulos et al., 2005), as Tsix expression is
extinguished shortly after XCI takes place. Consistent with this idea, the contact between the
Xite enhancer and the Tsix promoter occurred in dO and d4 cells, but was sharply reduced on
d10 (Fig. 3,4, and data not shown). These results were also consistent with the loss of the
Tsix promoter DHS (Stavropoulos et al., 2005) and the weakening of multiple DHS in Xite
(Ogawa and Lee, 2003) in differentiated ES cells. Thus, an interaction between Xite and Tsix
during XCI may enable one X-chromosome to persist as Xa. Indeed, the same interaction was
observed for the single Xa of male ES cells (Fig. 3D). Combined, these data showed that
Xite makes critical contacts with Tsix in cells where the antisense gene is highly expressed and
that the contacts are lost once the window of XCI is past. Because the contact occurs in 3-D
between discontiguous elements, we propose that the Tsix promoter and the Xite enhancer
engage each other through ‘looping” interactions, coming together in space to form a
‘chromatin hub’ which enables the antisense gene to persist briefly on the future Xa.

Comparative analysis of 3C profiles for the Jpx-Xist and Xite-Tsix domains highlight a striking
interaction boundary within the last exon of Xist. A sharp boundary near exon 8 was easily
discerned when viewed either proximally (Fig. 2) or distally (Fig. 3). When the anchor primer
was placed in the Tsix promoter, strong interactions could be observed across Tsix and Xite,
but all interactions abruptly decreased beyond Xist exon 8 (Fig. 3A and C). When an anchor
primer was placed in the Xist promoter, the interactions likewise ceased beyond Xist exon 8
(Fig. 2C). The fact that this chromatin border coincided with DHS5 (Fig. 1D,F) raised the
possibility that the 3" end of Xist could harbor a distinct physical structure to separate the Jpx-
Xist domain from that of Xite-Tsix.

Curiously, this border region demonstrated strong contacts with both the Xist promoter and the
Tsix promoter. In undifferentiated male and female ES cells, the Tsix promoter consistently

showed robust interaction with the Xist exon 8 fragment (Fig. 3C). The Xist promoter similarly
made contacts with Xist exon 8 (Fig. 2C). Also notable was the fact that these interactions were
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lost during and after XCI. The region around Xist exon 8 may therefore function as an
interaction boundary between the Xite-Tsix and Jpx-Xist chromatin domains.

Chromosome conformation in Tsix mutants

We observed some of the most dynamic changes in the fragment containing the Tsix major
promoter and the repeat element, DXPas34 (Courtier et al., 1995). DXPas34 has been noted
for its multiple Ctcf-binding sites (Chao et al., 2002), its differentially methylated domains in
sperm and oocytes (Boumil et al., 2006), and its role in X-chromosome counting and choice
(Cohen et al., 2007; Lee, 2005; Vigneau et al., 2006). In transcription assays in vitro,
DXPas34 is absolutely required to enhance Tsix transcription (Stavropoulos et al., 2005). To
determine whether DXPas34 may mediate the Tsix-Xite interactions, we analyzed two recently
generated alleles of Tsix (Cohen et al., 2007). First, we tested the ADXPas34 allele, which
specifically deletes the repeat element without affecting the Tsix major promoter and
surrounding sequences (Fig. 5A). In female cells carrying a targeted deletion of DXPas34, the
mutated X-chromosome down-regulates Tsix and is favored to be inactivated (Cohen et al.,
2007). Male ES cells were used in order to examine the mutated Xic in isolation. The
ADXPas34 allele retains all the restriction sites of the wild-type allele, thus allowing us to
compare data obtained from mutant and wild-type cells. By anchoring the 3C assay at the
Tsix promoter (Fig. 5B) or the Xite enhancer (Fig. 5C), we found that deleting DXPas34 did
not significantly alter the chromosome conformation profile anywhere within the Xic at any
time of differentiation. Therefore, DXPas34 is not absolutely required for the formation of the
developmentally-regulated clustering of Xite with the Tsix promoter. Nor is DXPas34
necessary for Tsix’s interaction with the interaction boundary.

We next tested the gain-of-function allele, AP¢o, an allele that carries a Neo insertion in place
of a deleted Tsix promoter. This deletion/insertion allele unexpectedly resulted in Tsix
hyperactivity and the constitutively active state of the linked X-chromosome (Cohen et al.,
2007) — a neomorphic allele believed to stem from the ectopic enhancer activity conferred by
the Pgk1-driven Neo cassette. Heterozygous females carrying this mutation show non-random
inactivation of the wild-type X, thereby providing an excellent opportunity to test how the
Tsix-Xite interaction is altered either as a cause or consequence. We carried out allele-specific
analysis of the AP,eq mutation in female heterozygotes — an assay made possible by two
adjacent BamHlI sites created by the Neo insertion (Fig. 6A). Intriguingly, while the overall 3C
profile was relatively unchanged (Fig. 6B), the allele-specific 3C assay at position ii showed
that Xite contacted both Tsix alleles on d0 but preferentially engaged the APp¢ allele upon
differentiation (Fig. 6C). This correlated with the gain-of-function in Tsix and constitutive
activity of the AP,eo chromosome in differentiating ES cells. By contrast, the wild-type allele
of the APeo/+ mutant could not sustain its interaction with the Xite enhancer during
differentiation, correlating with the inability of the wildtype X to remain active. These results
demonstrate a correlation between positive Xite-Tsix interactions and the choice of the linked
X-chromosome to be Xa. They therefore raise the possibility that the 3D interactions may
mediate the stimulation of Tsix by Xite.

DISCUSSION

Long-range interactions have previously been demonstrated in several mammalian loci with
complex patterns of gene regulation. In mouse and human, adult B-globin genes interact with
DHS of the LCR located 40-60kb away by looping out the intervening sequence (de Laat and
Grosveld, 2003; Patrinos et al., 2004; Tolhuis et al., 2002). These interactions regulate gene
expression by the formation of an “active chromatin hub’ (ACH), a permissive higher order
structure for developmentally-specific expression states (Tolhuis et al., 2002). Similar ACH
formation has been reported for the mouse a-globin locus (Zhou et al., 2006). Here, we propose
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that the XCI regulation by the non-coding genes also involves formation of ACH (Fig. 7).
According to our model, the Xic would be partitioned into two compact hubs prior to XCI.
ACH-1 would encompass Xist and Jpx (Fig. 2A) and define a hub that directs silencing on the
future Xi. ACH-2 would encompass all of Xite and the 5" half of Tsix (Fig. 3A) and define a
hub that blocks silencing on the future Xa. The transition between ACH-1 and -2 is sharp,
perhaps made possible by an interaction boundary comprising specialized chromatin. It appears
that this interaction boundary makes contacts with elements on both sides -- the Xist promoter
proximally (Fig. 2) and with the Tsix promoter distally (Fig. 3).

Each ACH structure would be a physical framework in which specific looping interactions can
occur. We suggest that Jpx may be a positive regulator of Xist, consistent with previous analysis
showing that a 30-kb region upstream of Xist is required to transactivate Xist (Lee et al.,
1999b). In ACH-1, the Xist promoter contacts Jpx in the pre-XCI state when the Xist gene is
poised for transcriptional activation but has not been stimulated in full. Events after cell
differentiation would then allow a more productive Jpx-Xist interaction for full Xist expression.
In males where XCI is absent, ACH-1 and the Xist-Jpx interaction are lost upon cell
differentiation. We suggest that ACH-2 forms the basis of contact between the Xite enhancer
and Tsix promoter described previously (Ogawa and Lee, 2003). These contacts occur before
XCI (d0, Fig. 3A) and persists briefly at the onset of XCI (d4). The significance of these
interactions is supported by the gain-of-function APy, allele of Tsix, in which Xite becomes
constitutively associated with the 5’ end of Tsix (Fig. 6) and the neomorphic Tsix allele
constitutively represses Xist and XCI.

An intriguing observation is the occurrence of an interaction boundary at the 3’ end of Xist, a
region of the Xic that has not yet been scrutinized. For some time, Xist was thought to terminate
in exon 7 (formerly exon 6) (Brockdorff et al., 1992), but later characterization showed that
Xist extends an additional 3 kb or so and includes a small exon 8 (Hong et al., 1999). However,
the function of the last intron and exon has been unclear, as truncating Xist after exon 7 does
not apparently affect the ability of Xist to initiate X-chromosome silencing (Clerc and Avner,
1998). Therefore, while intron 7 and exon 8 are not required for the silencing event, they may
be involved in the upstream regulation of Xist. The interaction boundary may prevent chromatin
from one ACH from looping or oozing into the adjacent ACH. We do not currently know
whether the interaction boundary is congruent to the chromatin boundary elements and
insulators defined in other systems (Bell et al., 1999; Ohlsson et al., 2001). At the Xic, such a
chromatin boundary may function by preventing the oozing of active chromatin from Xite-
Tsix to Xist-Jpx, and vice versa. It may function additionally by sequestering Xist and Tsix and
releasing them for productive contacts only upon cell differentiation. The boundary structure
raises the question of whether any direct communication can occur between the Jpx-Xist and
Xite-Tsix domains. Using 3C, we failed to detect any significant interaction between them, but
such looping contacts may too transient to be detected by the 3C method. We also cannot
exclude the possibility that interactions may occur by tracking or linking, rather than looping.
Finally, the existence of two distinct structure-function domains raises the possibility of a
‘global control region’ (GCR), one which controls multiple domains within a cluster of genes,
as has been proposed for the HoxD/Evx2 gene clusters (Spitz et al., 2003).

Specific proteins responsible for mediating cis-interactions at the Xic have yet to be identified.
One candidate is Ctcf, a factor that has been implicated in formation of an active chromatin
hub (ACH) at the H19/1gf2 imprinted locus (Kurukuti et al., 2006; Ling et al., 2006) and the
B-globin locus (Splinter et al., 2004). At the murine Xic, Ctcf binds multiple sites near the major
Tsix promoter (Chao et al., 2002; Donohoe et al., 2007) within the fragment defined by 3C as
a point of contact for the Xite enhancer. Furthermore, Ctcf binds the Xist promoter (Pugacheva
et al., 2005) in the domain of contact for Jpx. Removing DXPas34 -- the major Ctcf-binding
elements in Tsix -- does not affect the formation of the interaction between the Tsix promoter
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and the Xite enhancer. However, as Ctcf sites in Tsix also lie outside of DXPas34, the residual
Ctcf sites may be sufficient for looping interactions.

In the future, we must consider the relationship of looping interactions in cis to chromosome-
pairing interactions in trans. The Tsix/Xite domain that defines ACH-2 is known to be critical
for homologous chromosome pairing (Bacher et al., 2006; Xu et al., 2006). Significantly, the
timing of pairing interactions coincides with the appearance and disappearance of the Tsix-
Xite hub. Futhermore, the pairing interaction is now known to involve Ctcf (Xu et al., 2007).
Therefore, one interesting possibility is that the Tsix-Xite hub may first promote and then
prevent pairing events during the initiation phase of XCI. The delineation of higher order
chromatin structure at the Xic is therefore a critical step towards elucidating how the noncoding
elements of the Xic regulate many aspects of XCI.
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Figure 1. Specialized chromatin structures within the Xic.

(A-E) A schematic of the location of DHS identified is shown above each set of panels.
Southern blots show chromatin digested, from left to right, with DNase concentrations 0, 0.5,
1, 2.5, 5, 10 pg/ml. Unless stated otherwise in the text, identical results were generated for
female cells (data not shown). The restrictions enzyme sites are marked as black lines and the
positions of the probes shown in red. Constitutively active DHS are shown by dark grey
arrowheads, DHS observed in undifferentiated ES cells are indicated by green arrowheads. (F)
Summary of DHS described in this study and previously. Within cluster 2, DHS “a’ corresponds
to HS3, DHS ‘b’ corresponds to HS1 and DHS ‘¢’ to HS5 (Sado et al., 2005; Sheardown et
al., 1997). (G) MAR predication software shows four major peaks of MAR potential greater
than 0.6. MAR criteria analyzed included origin of DNA replication, AT- and TG-richness,
curved and kinked DNA and topoisomerase |1 recognition. The window width was set to 300,
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the slide distance was 50 and the run length was set to 3. Asterisks indicate conservation to
human sequence. A schematic of the Xic is shown below to specify the MAR locations.
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Figure 2. Xist and Jpx form an interaction domain within the Xic
3C analysis of chromatin from female (EL16.7) and male (J1) ES cells. Grey dashed lines
indicate BamHI and Bglll digestion sites and each restriction fragment tested is numbered
below. Note that the smallest BgllI-BamHI fragments are not represented because of their size.
Control PCRs are shown for all of the restriction fragments tested using the digested P1
construct. (A) PCR assays determine relative intra-chromosomal crosslinking efficiency of the

GAPDH locus on chromosome 7, as well as inter-chromosomal cross-linking between

chromosomes 7 and X, of undifferentiated (d0) and differentiated (d10) female ES cells. (B)
Semi-quantitative PCR analyses of selected intra-chromosomal interactions. Interaction
between Xist promoter and Jpx promoter (iii), the immediate upstream fragment of the Xist
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promoter (vii), and the end of the Xist gene (xi) were further analyzed by PCR (37 cycles) with
a series of 3-fold dilution of input templates. The concentration of X chromosome was
measured by PCR (26 cycles) using the same templates with primers that amplified a region
in Xic free of BamHI and BgllI restriction sites. (C) Anchor primer within the fragment
containing the Xist promoter is indicated by the grey shaded region and a red arrow. The end
of the Xist gene domain is indicated with a red dashed line. Gray triangles indicate specific
PCR products. Multiple PCR bands in some of the lanes were due to incomplete digest of
restriction enzymes. (D) Anchor primer within the fragment containing the Jpx promoter is
indicated by the grey shaded region and a red arrow. The interaction with the Xist promoter
fragment (vii) is boxed. The size of the control fragment (iv) is slightly smaller due to the
presence of a cryptic restriction enzyme site within the P1 construct.
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Figure 3. Xite and Tsix form a second interaction domain within the Xic

3C analysis chromatin from female (EL16.7) and male (J1) ES cells. A schematic of the Xic
region tested is shown above each panel. BamHI and Bglll-digested restriction fragments are
shown as grey lines and the anchor primer regions as a grey box. (A) Representative gel image
of 3C analysis using the anchor primer localized to the DNA fragment bearing the Tsix promoter
and the rest of the Xic. (B) Semi-quantitative nature of the PCR demonstrated by 3-fold serial
dilutions of template for selected intra-chromosomal interactions, as indicated. (C) Average
relative cross-linking frequencies of female ES cells between the anchor fragment containing
the Tsix promoter and DXPas34 repeat region and the rest of the Xic. Blue and red lines indicate
the average relative crosslinking efficiency of undifferentiated (d0) and differentiated (d10)
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female ES cells, respectively. (D) Comparison of changes in chromosomal conformation in

male and female ES cell upon differentiation. Blue and red lines indicate the change in
crosslinking efficiency of male ES cells and female ES cells upon differentiation, respectively.
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(A) Representative gel images of 3C analysis using the anchor primer localized to the DNA

fragment bearing the Tsix promoter and the rest of the Xic.

(B) Relative cross-linking frequencies between the anchor fragment containing the 1.2kb
Xite enhancer and the minimal Xic region. (C) Relative cross-linking frequencies between the
anchor fragment containing fragment 5 to the Xite 1.2 kb enhancer and the minimal Xic region.
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Figure 5. Chromosome conformation in a Tsix loss-of-function and a gain-of-function mutant

3C analysis of chromatin from male (J1) mutant ES cells. A schematic of the Xic region tested
is shown above each panel. BamHI and BgllI-digested restriction fragments are shown as grey
lines and the anchor primer regions as a grey box. (A) Schematic of the genomic region
analyzed in the wild-type and ADXPas34 deletion male cell lines. (B) Relative cross-linking
frequencies between stable fragment containing the Tsix promoter and DXPas34 repeat region
and the rest of the Xic. (C) Relative cross-linking frequencies between stable fragment
containing the 1.2kb Xite enhancer and the minimal Xic region.
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Figure 6. Chromosome conformation in a gain-of-function mutant

3C analysis of chromatin from female (EL16) mutant ES cells. A schematic of the Xic region
tested is shown above each panel. BamHI and Bglll-digested restriction fragments are shown
as grey lines and the anchor primer regions as a grey box. (A) Schematic of the wild-type allele
and 4Py gain-of-function allele. The blue line of the wild type allele indicated the restriction
site present only in the wild type allele. The red lines in the APy, allele indicated the additional
Bglll and BamHI restriction sites in the mutant alleles. The anchor primer used is shown as
grey shaded areas. (B) Ethidium bromide-stained gels showing PCR products representing
interaction between the anchor fragment and various DNA fragments as indicated in (A). Wild-
type and 4Py¢, cells were analyzed at dO (before XCI) and d10 (after XCI). The red rectangles
indicated the interactions between the anchor fragment and the fragment bearing either the
wild type sequence or exogenous Neo promoter. Note that the doublet reflects interaction with
two alleles at position ii. (C) Higher resolution agarose gel analysis of allele-specific PCR
products ii amplified from undifferentiated (d0) and differentiated (d10) mutant ES cells.
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Figure 7. Dynamic chromosome conformation changes at the Xic during XClI

Model depicting changes in the structure of Xic during X chromosome inactivation. Prior to
XCl the Tsix and Xite form an active chromatin hub that promotes Tsix transcription, which in
turn prevents the full activation of Xist. During this time, Jpx makes contact with Xist in a state
that is “poised” for activation. Upon cellular differentiation, Tsix-Xite interactions disintegrate
on the future Xi, resulting in the loss of Tsix expression and enabling productive contacts
between Xist and Jpx. Xist is then fully transactivated. On the future Xa, the Xite-Tsix
interaction persists, thereby enabling continued expression of Tsix and permanent
downregulation of Xist (Ogawa and Lee, 2003). The Jpx-Xist interaction is lost. After the
establishment of XCI, the Xite-Tsix interaction is also lost, coincident with downregulation of
Tsix expression on Xa.

Dev Biol. Author manuscript; available in PMC 2009 January 15.



