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Three-dimensional topology of DNA in the cell nucleus provides a level of transcription regulation beyond the
sequence of the linear DNA. To study the relationship between the transcriptional activity and the spatial
environment of a gene, we used allele-specific chromosome conformation capture-on-chip (4C) technology to
produce high-resolution topology maps of the active and inactive X chromosomes in female cells. We found that
loci on the active X form multiple long-range interactions, with spatial segregation of active and inactive
chromatin. On the inactive X, silenced loci lack preferred interactions, suggesting a unique random organization
inside the inactive territory. However, escapees, among which is Xist, are engaged in long-range contacts with
each other, enabling identification of novel escapees. Deletion of Xist results in partial refolding of the inactive X
into a conformation resembling the active X without affecting gene silencing or DNA methylation. Our data point
to a role for Xist RNA in shaping the conformation of the inactive X chromosome at least partially independent of
transcription.
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The spatial organization of DNA in the cell nucleus is
nonrandom and provides opportunities to facilitate DNA
metabolic processes like transcription and replication.
Each chromosome in a mammalian nucleus occupies
a distinct spatial territory in the nuclear space, with the
larger and gene-poor chromosomes adopting a more pe-
ripheral location, and smaller, gene-rich chromosomes
adopting a more internal position inside the nucleus
(Croft et al. 1999; Bolzer et al. 2005). Individual chromo-
somal segments also have preferred genomic neighbors in
nuclear space, resulting in the spatial segregation of
active from inactive chromatin and setting up the three-
dimensional (3D) structure of chromosomes (Simonis
et al. 2006; Lieberman-Aiden et al. 2009). It has been
argued that the nuclear positioning of genomic regions
follows probabilistic rules and will therefore differ from
cell to cell. It is dependent on not only the properties of
the region itself, but also the characteristics of proximal

regions on the linear chromosome template (Misteli
2001; de Laat and Grosveld 2007). Although factors have
been identified that are involved in organizing and main-
taining loops between enhancers and genes (Drissen et al.
2004; Kagey et al. 2010), little is known about factors
involved in higher-order chromosome folding. The fact
that active genes come together in nuclear space strongly
suggests that transcription shapes the 3D organization of
the genome (Osborne et al. 2004; Schoenfelder et al. 2009;
Papantonis et al. 2010). However, transcription inhibition
studies often fail to produce significant conformational
changes (Tumbar et al. 1999; Palstra et al. 2008; Muller
et al. 2010). Aside from transcriptional activity, spatially
segregated active and inactive chromatin domains differ
in epigenetic marks (such as DNAmethylation) as well as
in bound trans-acting proteins. Because all of these
factors may impact on chromosome topology and vice
versa, separating cause and effect remains challenging.
Monoallelically expressed gene loci provide a useful

model system to study the relationship between genome
topology, transcriptional activity, and chromatin modifi-
cations. They are identical in DNA sequence, coexist
in the same cell, and experience the same trans-acting
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environment, yet their chromatin composition, bound
transcription factors, and expression status are com-
pletely different. Provided one can distinguish the two
alleles, monoallelically expressed genes offer a unique
opportunity to assess the impact of transcriptional activity
and chromatin composition on nuclear and chromosomal
organization. One of the most extreme and particularly
intriguing examples of monoallelic gene expression is
found on the mammalian female X chromosomes. In
mammalian cells, one X chromosome is inactivated to
achieve dosage compensation between male and female
cells. Random X-chromosome inactivation (XCI) takes
place during early embryonic development and is initi-
ated by up-regulation of the Xist gene on the future
inactive X chromosome (Xi) (for review, see Senner and
Brockdorff 2009; Barakat and Gribnau 2010). Xist encodes
an untranslated RNA, and its accumulation on the X
chromosome in cis creates a silent nuclear compartment
that excludes RNA polymerase II and associated tran-
scription factors (Chaumeil et al. 2006). Upon accumula-
tion of Xist RNA, various proteins involved in silencing
are recruited to the X chromosome, including Polycomb
group (PcG) protein complexes PRC2 and PRC1. Along
with this recruitment, a change in chromatin features is
observed, with depletion of histone modifications linked
with gene activity such as acetylation of H3K9 (H3K9ac)
and an increase of heterochromatin marks such as trime-
thylation of H3K27 (H3K27me3) and methylation of
H4K20 (H4K20me1). Subsequently, the Xi becomes late-
replicating and incorporates histone variants such as
macro-H2A, and promoter sequences undergo CpGmeth-
ylation, the final outcome of which is that most genes on
the Xi are stably silenced. Interestingly, some genes can
escape from inactivation (Disteche 1995; Yang et al.
2010). Conditional deletion of Xist shows that, once es-
tablished, Xist RNA no longer seems to be required
to maintain XCI (Csankovszki et al. 1999; Wutz and
Jaenisch 2000). Intriguingly, after establishment of XCI,
loss of Xist does compromise PRC2 recruitment and
macro-H2A incorporation, but silenced genes remain in-
active (Csankovszki et al. 1999; Kohlmaier et al. 2004;
Zhang et al. 2007; Pullirsch et al. 2010), presumably be-
cause epigenetic marks such as CpG methylation remain.
A possibility not yet explored is that the 3D organization
of the inactive X chromosome is important for mainte-
nance of gene silencing. Indeed, although Xist RNA
appears to result in spatial reorganization of the inactive
X chromosome as seen under the microscope, it is not
clear whether this is relevant for the initiation or mainte-
nance of the inactive state.
The topology of the X chromosome and its position in

the nucleus may well play a role in its expression status
in various dosage compensation strategies. For example,
in Drosophila, dosage compensation is achieved by up-
regulating the male X chromosome via the dosage com-
pensation complex (DCC). This up-regulation is accom-
panied by male-specific folding of the X chromosome,
which is dictated by the clustering of high-affinity bind-
ing sites (HAS) for the DCC (Grimaud and Becker 2009).
Such a folding pattern was suggested to promote an

efficient distribution of the DCC on the male X chromo-
some. Similarly, chromosome topology might be impor-
tant in contributing to the spread of gene silencing via
Xist RNA along the entire X chromosome in cis in
mammalian cells. In the mouse, Xist is located on the
acrocentric X chromosome ;100 Mb away from the cen-
tromere and ;65 Mb away from its telomere. Nothing is
known about how Xist RNA spreads or coats the X
chromosome. It may proceed linearly along the chromatin
fiber and/or diffuse to X-linked regions that are in spatial
proximity to the site of Xist RNAproduction. The latter can
be expected to greatly enhance the efficiency of this process
at both the initiation and maintenance phases of XCI.
Most of our current knowledge of mammalian X-chro-

mosome folding is based on fluorescence in situ hybrid-
ization (FISH) studies interrogating the position of genes in
relation to the chromosomal territory (Dietzel et al. 1999;
Chaumeil et al. 2006; Clemson et al. 2006). It was found
that the core of the Xist territory is composed mainly of
repetitive sequences, while genic sequences reside more
on the edge of the territory. During XCI, genes that are
inactivated are relocated from the edge to occupy a more
internal position, while escapees remain looped out or at
the outer edge of the Xist domain, in contact with the
transcription machinery (Chaumeil et al. 2006). Xist was
found to be crucial for this relocalization, as Xist RNA
lacking the critical repeat A region did accumulate on the
X in cis but was unable to induce gene silencing (Wutz
et al. 2002) or gene relocalization (Chaumeil et al. 2006).
Although microscopy-based studies have been informa-

tive to study 3D genome organization, more recently de-
veloped techniques based on chromosome conformation
capture (3C) (Dekker et al. 2002) have enabled amuchmore
detailed and comprehensive view of chromatin folding and
chromosome organization in the nucleus. While 3C ana-
lyzes interactions between single, selected DNA fragments
(one versus one), adapted versions of 3C allow for increased
throughput analyses, with chromosome conformation
capture-on-chip (4C) analyzing interactions between one
versus all (Simonis et al. 2006), chromosome conformation
capture carbon copy (5C) analyzing many versus many
interactions (Dostie et al. 2006), and HiC analyzing all
versus all (Lieberman-Aiden et al. 2009; Rodley et al.
2009; Duan et al. 2010). All Cmethods are based on fixing
the 3D genome inside living cells, digesting theDNA, and
ligating the cross-linked fragments to each other. By
quantifying ligation products, a measure of colocalization
frequency can be obtained by either PCR, microarrays, or
next-generation sequencing (NGS). 4C and HiC are the two
methods for generating genome-wide interaction profiles.
For a given throughput, HiC provides a low-resolution 3D
map of all genomic interactions, while 4C gives a highly
detailed interaction map for a single locus.
Here, we designed a strategy to allele-specifically direct

4C technology to active X chromosome (Xa)- and Xi-
associated gene loci in differentiated female mouse neu-
ral precursor cells (NPCs) to gain detailed insight into the
folding of the X chromosome in its euchromatic or hetero-
chromatic state. We provide the first high-resolution in-
teraction maps of the active and inactive X chromosomes
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and demonstrate that the Xa and Xi fold very differently,
with inactive loci on the Xi being unique in having lost
their preference to colocalize with a defined subset of other
chromosomal loci. This random organization of inactive
genes within the inactive X-chromosome territory is in
sharp contrast to the more defined positions of escapees,
which we found preferentially colocalizing and at the
periphery of the Xi domain. In fact, the 4C interaction
profiles of escapees allowed novel escape genes to be
identified in the cell type studied. By deleting the Xist
locus in the same cells, we demonstrate that Xist de-
pletion results in partial refolding of the Xi to a structure
that looks more reminiscent of the Xa’s conformation.
This change in chromosomal organization is not accom-
panied by overt changes in transcriptional activity or
DNA methylation on the Xi. Our data demonstrate how
a long noncoding RNA impacts on chromosome folding
in a manner that is at least partially independent of
transcription and DNA methylation.

Results

Allele-specific 4C analysis discriminates between
the active and inactive X chromosome in NPCs

We applied 4C technology to enable a detailed study of
the conformational differences between the active and
inactive X chromosome in female cells. 4C technology
allows for screening the genome in an unbiased manner
for DNA regions that interact in the nuclear space with
a locus of choice. Based on validation of interaction
frequencies of >100 pairs of loci, both within and between
chromosomes, by high-resolution cryo-FISH (Simonis
et al. 2006; Palstra et al. 2008; data not shown), we
demonstrated previously that this strategy robustly iden-
tifies contacting chromosomal regions. To direct the
analysis specifically to either the active or inactive X
chromosome, we used clonal F1 cell lines that had
inactivated either the Mus musculus (SVJ129) or the
Mus musculus castaneus (CAST) X chromosome (see
below). Single-nucleotide polymorphisms (SNPs) creating
allele-specific restriction sites were used for the exclusive
degradation of the 4C template of one of the alleles,
thereby enabling amplification and analysis only of the
other allele (Fig. 1A,B; Supplemental Fig. S1A–C; further
details in the Materials and Methods). Dedicated micro-
arrays (Simonis et al. 2006) as well as NGS were used in
combination with 4C for the analysis of DNA interac-
tions (see the Materials and Methods). The two strategies
yielded highly similar results (Supplemental Fig. S1D,E),
but 4C in combination with NGS, or 4C-seq, offers sev-
eral advantages, the most important being the higher pu-
tative coverage and, theoretically, an unlimited dynamic
range, providing increased sensitivity and better resolu-
tion. Thus, 4C-seq provides highly detailed interaction
maps for selected genomic loci.
In vitro differentiation of female embryonic stem cells

(ESCs) is accompanied by the random inactivation of one
the X chromosomes in a process that recapitulates the
molecular events of in vivo X inactivation (for review, see

Barakat and Gribnau 2010). XCI is completed at the stage
when ;7-d-old embryoid bodies (EBs) are formed. As EBs
contain mixtures of cells from all germ layers and 4C (and
other 3C-basedmethods) provides an approximation of the
average chromatin structure present in all cells analyzed,
we continued differentiation until NPCs were obtained
(Supplemental Fig. S2A). NPCs show clear Xist RNA
domains (Supplemental Fig. S2B) that are highly enriched
in H3K27me3 (Supplemental Fig. S2C). Moreover, DNA
methylation of promoters was observed on ;50% of the
X-linked alleles analyzed (Supplemental Fig. S2D). To-
gether, this is indicative of complete XCI. XCI is random,
but, once established, it is stably propagated to daughter
cells. We confirmed this by selecting NPC clones from
single cells, which exclusively inactivated either their X129

or the XCAST chromosome (Supplemental Fig. S2E). Using
these NPC clones, we were thus able to direct 4C analysis
specifically to the active or inactive X chromosome.

Shared long-range interactions between active genes
and between inactive genes present on the active
X chromosome

To understand conformational changes imposed on the X
chromosome by the noncoding RNA Xist, we first ana-
lyzed the active X chromosome. Four genomic loci, or
‘‘viewpoints,’’ were initially chosen because they are
embedded in different prototypical chromosomal contexts
with respect to gene activity, gene density, or their ability
to escape XCI (Fig. 1C). We started by investigating the
nuclear environment of two active X-linked genes (MeCP2
and Jarid1C), which are located in different gene-dense
regions of the X chromosome. Both genes were engaged in

Figure 1. Outline of the allele-specific 4C approach to in-
terrogate X-chromosome folding. (A) Schematic outline of the
allele-specific 4C approach. Restriction fragment length poly-
morphisms (RFLPs) were identified and used to direct the 4C
analysis to either the 129SVJ or the CAST allele. (B) 4C PCR
products using allele-specific primers (Jarid1C, 129SVJ-specific)
and primers not designed around a RFLP (Hbb-b1) separated on
an agarose gel. (C) Four genes with different characteristics,
representing different genomic environments, were chosen as
viewpoints for the 4C analysis. An alternative allele-specific 4C
approach and details concerning the use of NGS to analyze the
4C data can be found in Supplemental Figure S1.
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many DNA interactions in cis across the entire X chro-
mosome (Fig. 2A), as well as in trans (Fig. 2B). Each gene
was also found to contact the other gene, despite being
separated almost 80 Mb on the linear DNA template. In

fact, the two genes sharedmany of their interacting regions
in cis as well as in trans (Fig. 2C; Supplemental Table S1).
Characterization of the cis-interacting regions revealed
that they were, on average, 490 kb in size and enriched
for other active genes that also locate in gene-dense regions
of the X (Supplemental Fig. S3A,B). Furthermore, con-
tacted regions show an enrichment of SINE repeats and
a depletion of LINE repeats, which is typical for gene-dense
regions (Supplemental Fig. S3C). Regions that were located
on other chromosomes, contacted by the two genes,
showed similar characteristics (data not shown).
Two other genes analyzed—Pcdh11x and Slitrk4—were

located in gene-poor regions, with Pcdh11x being active
and Slitrk4 being inactive in NPCs. Both were found to be
engaged in many specific long-range interactions in cis
(Fig. 2A), but formed few specific contacts with other
chromosomes (Fig. 2B). In contrast toMeCP2 and Jarid1C,
interactions with the inactive Slitrk4 were mostly with
other inactive, gene-poor sequences on the X. Corre-
spondingly, these regions were enriched in LINEs and
depleted for SINEs. Surprisingly, Pcdh11x, which is
thought to be an active gene (Mikkelsen et al. 2007),
contacted regions with similar characteristics of inactiv-
ity and, in fact, shared many of its interacting partners
with the inactive Slitrk4 gene (Fig. 2C). However, when
analyzed by RNAFISH, Pcdh11xwas found to be active in
only 13% of cells, implying that this gene is, in fact,
inactive in most cells analyzed at a given time by 4C. For
comparison, MeCP2 and Jarid1C loci were detected as
active by RNA FISH in >95%of the cells (data not shown).
Collectively, the data show that, irrespective of its
activity and chromosomal context, each gene is engaged
in many specific long-range DNA interactions across its
chromosome. Active genes far apart on the chromosome,
located in gene-dense regions, interact with each other
and share a distinct set of interactions with other active
genes in cis and in trans. ‘‘Inactive’’ genes separated on
the chromosome and located in gene-poor regions simi-
larly share interactions, but now with other inactive
regions. This spatial segregation of active from inactive
chromatin is also illustrated by the anti-correlation found
for 4C profiles of inactive genes versus active genes (Fig.
2C,D). The applied Spearman’s rank correlation analysis
values similarity between the interaction profiles of two
experiments by comparing the calculated Z-scores
(depicted in the domainograms). Active, gene-dense re-
gions clearly show more interchromosomal DNA inter-
actions than the more inactive gene-poor regions. This is
in agreement with gene-dense active chromatin being
more often looped out or at the periphery of the chromo-
some territory than inactive regions (Mahy et al. 2002a).

Inactive genes are positioned randomly inside
the territory of the inactive X chromosome

Having established an understanding of Xa conformation
of the active X inNPCs, we next focused on the inactive X.
First, we confirmed that the two genes analyzed above—
MeCP2 and Pcdh11x—were indeed both subject to silenc-
ing on the Xi in NPCs (Supplemental Fig. S2E; data not

Figure 2. Long-range interactions engaged by the different
viewpoints separate active from inactive chromatin on the
active X chromosome. (A) Spider plots combined with domaino-
grams depict long-range interactions identified with the four
different viewpoints on the active X chromosome. Significant
interactions are depicted in the spider plot by the different
colored lines, each color representing a different viewpoint.
Small black bars below the spider plot represent genes located
on the X chromosome. Significance of interaction is indicated by
the range in color used in the domainogram below each spider
plot; black is low significance (P = 1) and yellow represents high
significance (P = 10�10) of interaction. (B) Interactions with other
chromosomes are depicted in Circos plots; each line represents
a trans interaction. Chromosomes are plotted around the circle.
Colors indicate the chromosomes that were contacted. (C) Cis

interactions from A merged into one figure for comparison.
Interactions are represented by the colored bars (MeCP2, blue;
Jarid1C, red; Slitrk4, gold; and Pcdh11x, green). The colored
asterisk indicates the position of each viewpoint on the X
chromosome. (D) Spearman’s correlation calculated comparing
4C profiles of Pctk1Xa, Slitrk4Xa, Pcdh11xXa, and Jarid1CXa to
MeCP2Xa. Further characterization of the identified interacting
regions can be found in Supplemental Figure S3.
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shown). To our surprise, 4C revealed that the two genes
showed a near complete loss of specific long-range con-
tacts on the Xi (Fig. 3A). The same was found for Slitrk4,
which is inactive on both Xi and Xa in NPCs. Whereas
captured sequences on the Xa tend to cluster at specific
regions, indicative of the formation of specific contacts,
the long-range captured sequences of all three silenced loci
on the Xi are distributed much more randomly. This was
not due to limited restriction digestion efficiency, which
was similar for active and inactive genes across the Xi (data
not shown). It was also not caused by an inability of the Xi-
linked inactive genes to reach outside their local chroma-
tin structure, as, comparedwith their counterpart genes on
the Xa, they all capture a relatively higher number of
sequences over large (>1 Mb) versus short (<1 Mb) dis-
tances in cis (Supplemental Fig. S4B). The random distri-
bution of long-range captured sequences on the Xi suggests
that inactivated loci on the Xi no longer reside in preferred
3D genomic neighborhoods. This loss of specific contacts
has not been observed in previous 4C or HiC studies
(Simonis et al. 2006; Lieberman-Aiden et al. 2009), and in
this study was exclusive for inactive loci on the Xi, since
inactive loci on the Xa (Fig. 2A) as well as on autosomes
(data not shown) did show normal interactions.

Escaping genes cluster and locate to the periphery
of the Xist domain

Unlike silenced genes, Jarid1C, a gene well known to
escape the XCI process, formed multiple long-range in-

teractions on the Xi (Fig. 3A). Moreover, Jarid1C and
other escapees (see below) were the only genes on the Xi

to show many specific interactions with regions on other
chromosomes. This is consistent with the previous
observation of repositioning of silenced chromatin to
a more internal position of the Xi compared with es-
capees, which are positioned at the periphery or outside of
the Xist RNA domain (Dietzel et al. 1999; Chaumeil et al.
2006). As active genes are known to be able to come
together in nuclear space (Fig. 2A; Simonis et al. 2006;
Lieberman-Aiden et al. 2009), we wondered whether
contacts in cis were made with other genes escaping
XCI. Indeed, the few genes known to escape XCI—such as
Utx, Eif2s3x, Xist, and MidI, the latter located in the
pseudoautosomal region—were located within regions
contacted by Jarid1CXi (Fig. 4A). This prompted us to
investigate whether we could identify other escapees
based on the 4C interaction profile of Jarid1C on the Xi.
Employing a database of SNPs between 129/SvJ and
CAST (Frazer et al. 2007), we tested eight other regions
contacted by Jarid1CXi for the presence of escapees by
cDNA analysis (see the Materials and Methods for de-
tails). All of them contained at least one escapee, whereas
all analyzed genes residing in noncontacted regions did
not escape XCI (Fig. 4A; Supplemental Table S2).
One of themost distal contactsmade by Jarid1C is with

Pctk1, a gene located in a gene-dense area;128 Mb away
on the linear template. When analyzed, we found that
Pctk1 also escapes XCI (Fig. 4A). We used this gene and
Xist, well known for its activity on the Xi, as new
viewpoints for further querying the structure of chroma-
tin that escapes XCI. Like Jarid1C, Pctk1 and Xist are
engaged in many long-range interactions across the entire
inactive X chromosome. Most interactions were shared
between the interrogated escaping genes (Fig. 4C), pro-
viding more evidence for the concept of escapees being
capable of meeting each other in the nuclear space. Both
Jarid1C and Pctk1 showed many interchromosomal in-
teractions when analyzed from the Xi, even more than
when analyzed from the Xa chromosome (Fig. 3B; data not
shown), confirming that these escapees preferentially lo-
cate at the periphery or outside of the nuclear territory
occupied by the inactive X (Chaumeil et al. 2006; Clemson
et al. 2006). RNA FISH experiments using probes against
nascent transcripts have shown that most genes tran-
scribe in bursts and are active only part of the time
(Osborne et al. 2004; Chubb et al. 2006). This would
suggest that interaction frequencies between discontinu-
ously transcribed genes will be much higher when
measured by nascent RNA FISH compared with DNA
FISH, if such contacts are dependent on ongoing tran-
scription. We found no obvious differences when interac-
tion frequencies between pairs of genes on the inactive X
were measured by RNA or DNA FISH, even for genes
that are active <65% of the time. This argues that the
colocalization of escapee loci may not be dependent on
ongoing transcription (Supplemental Fig. S5D,E). We
further noticed that the regions contacted by Jarid1C
and Pctk1 on the Xi were not necessarily the same as
those contacted on the Xa. In fact, Spearman’s rank

Figure 3. Allele-specific 4C analysis reveals dramatic changes
in chromosome conformation on the inactive X chromosome.
(A) Spider plots combined with domainograms depict long-range
interactions identified on the inactive X chromosome. (B) Trans
interactions of the different viewpoints are depicted in Circos
plots; each line represents a trans interaction. Detailed analysis
of the distribution of captured sequences on the Xi can be found
in Supplemental Figure S4.
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correlation analysis comparing the Xi and Xa for the same
locus (Supplemental Fig. S6) revealed that the cis in-
teraction profiles of escapees were as dissimilar as those
of the nonescaping genes. Collectively, these data argue
for a unique topology of the inactive X in which randomly
folded inactive chromatin makes up the core, while
escapees are positioned at the periphery of the Xi terri-
tory. The trans interaction profiles of escapees on the Xa

and Xi, on the other hand, showed a high percentage of
overlap (Supplemental Table S1), arguing that the two X
chromosomes in female cells do not adopt different
positions relative to autosomes.

Deletion of Xist causes partial refolding of the inactive
X to a structure reminiscent of the active X
chromosome without affecting its inactive state

The X chromosome is particularly suited for studying
factors that dictate chromosome shape, as its conforma-
tion completely changes upon the expression of the long
noncoding Xist transcript. Xist is crucial for initiation,

but is not required for maintenance of XCI. In order to
assess whether Xist RNA dictates X chromosome con-
formation, even after the initiation phase of XCI, we used
a similar conditional knockout strategy to ablate Xist in
NPCs (Fig. 5A) as was published before (Csankovszki
et al. 1999; Kohlmaier et al. 2004; Pullirsch et al. 2010).
After inducing deletion of Xist and subsequent culturing
of the XistKO NPCs for 2 wk (cell numbers increased >10
fold), analysis of DNA and RNA levels revealed that
;80% of the cells harbored a recombined Xist locus
(Fig. 5B,C; Supplemental Fig. S7A). As reported previ-
ously, the knockout of Xist showed a dramatic reduction
in Ezh2 and H3K27me3 accumulation on the inactive X
(Fig. 5D,E). This occurred without changing DNA meth-
ylation levels on the Xi, or reactivating expression of
silenced genes (Fig. 5F,G).
To determine the consequences of Xist depletion on the

3D structure of the X chromosome, we performed allele-
specific 4C, as before, on XistKO and control NPCs. We
analyzed DNA interaction profiles of the aforementioned
escapees Pctk1 and Jarid1C, as well as the silenced genes
Slitrk4,MeCP2, Pcdh11x, and Sox3 (Chr X, 58.1 Mb). The
latter was found as an interaction partner of active genes
on the Xa, but is subject to X inactivation and appeared
ignored by these and other genes on the Xi chromosome.
Upon depletion of Xist, the two escapees were found to
contact the same (but larger) regions as well as additional
ones, including the regions containing MeCP2 and Sox3.
This suggests they may re-engage in specific contacts
after removal of Xist (Fig. 5H). Indeed, both MeCP2 and,
to a lesser degree, Sox3—as well as two other inactive
genes, Pcdh11x and Slitrk4—were all found to partially
regain their preference for specific genomic neighbor-
hoods when Xist expression was lost from the inactive
X chromosome. We noted that many of the regained
interactions appeared to be similar to those found on the
active X chromosome, and therefore asked whether de-
pletion of Xist leads to refolding of the Xi into the ground-
state configuration of the active X chromosome. A Spear-
man’s rank correlation analysis revealed that, indeed,
when Xist is no longer expressed, the silenced genes on
the Xi adopt interactions more reminiscent of those seen
on the Xa (Fig. 5I; Supplemental Fig. S7B). This was the
case for not only silenced genes, but also one of the
escapees: Pctk1. On the other hand, Jarid1C showed no
such changes. Taken together, these data demonstrate
that depletion of Xist results in partial refolding of the Xi

chromosome into a structure more reminiscent of the Xa.
Changes seen in overall chromosome topology have

frequently been correlated to changes in gene activity.
Indeed, this led to the idea that the act of transcription
might be crucial for the nuclear positioning of active
genes (Sexton et al. 2007; Cook 2010). Although drug-
induced transcription inhibition experiments have usu-
ally failed to show appreciable changes in chromosome
topology (Tumbar et al. 1999; Palstra et al. 2008; Muller
et al. 2010), these experiments could not formally exclude
that an initial act of gene transcription prior to drug
treatment might be the force driving gene positioning.
The conditional Xist knockout system used here is

Figure 4. Escaping genes cluster in nuclear space. Jarid1CXi-
interacting regions contained other escapees. (A) Genes known
to escape XCI—(from left to right) Utx, Eif2s3x, Xist, and
MidI—are indicated by arrowheads below the chromosome.
The location and size of these regions are represented by the
scaled black bars. The gel pictures show the result of the allele-
specific cDNA analysis performed on the indicated genes (gray)
located within the Jarid1CXi-interacting regions. Other genes
present in the interrogated region are drawn in black. The
asterisk indicates the PCR product of transcripts originating
from the Xi. Map3k7ip3 and Drp2 locate outside Jarid1CXi-
interacting regions and were found silenced on Xi. (B) Spider plot
depicting long-range interactions of Pctk1Xi (top) and XistXi

(bottom). (C) Bars representing long-range cis interactions on
the Xi from Xist, Jarid1C, and Pctk1 are plotted for comparison.
Asterisks indicate the position of the interrogated genes on the
X chromosome. 3D FISH analysis confirming the interactions
identified by 4C can be found in Supplemental Figure S5A–C.
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unique in that it is known to retain gene silencing, yet
appears to affect gene positioning. To further exclude that
genes reactivate in our system, we used an allele-specific
transcription assay for 11 additional X-linked genes, nine
of which are silenced and two genes escaping XCI. Only
one gene, Atp7a, showed slight derepression, as reported
previously (Zhang et al. 2007). All others—including
MeCP2, Sox3, and Slitrk4 loci—showed an identical

silent status on the Xi with or without Xist expression
(Supplemental Fig. S7C). Our data thus demonstrate that
the detailed folding of the inactive X chromosome is very
much reliant on Xist RNA, even in cells where XCI is
complete. The role of Xist RNA on Xi chromosome
conformation may be either direct or due to the down-
stream recruitment of PcG and/or macro-H2A. Our data
demonstrate that this function of Xist RNA is indepen-
dent of gene transcription and DNAmethylation, neither
of which is affected after deletion of Xist.

Discussion

Chromosome topology and X inactivation

The 3D conformation of the X chromosome and its
position in the nucleus have been implicated in initiation
and maintenance of X inactivation. In order to better
understand the interplay between DNA topology and
XCI, detailed structural maps of both the inactive and
active X chromosomes are needed. Here, we provide the
first high-resolution interaction maps of the active and
inactive X chromosomes in somatic cells that have stably
established X inactivation. FISH experiments showed
previously that escapees tend to locate at the periphery
of the Xist RNA territory. In agreement with this, using
4C, providing high-resolution molecular interactionmaps,
we consistently found these genes to be engaged in many
interchromosomal contacts. In contrast, silenced genes on
the Xi, which are believed to reside preferentially inside
the inactive Xist RNA domain, are found engaged in very
few interchromosomal interactions. Importantly, we also
show that escapees tend to contact each other, including
the highly active Xist locus (see below), as well as the
active pseudoautosomal region at the tip of the X chro-
mosome. We were able to use the DNA interaction maps
of escapees to identify a total of 19 genes that escapeXCI in

Figure 5. The inactive X chromosome partially refolds to the
active X chromosome upon conditional deletion of Xist. (A)
Schematic representation of the Xist knockout strategy. (B)
Allele-specific quantitative PCR (qPCR) result, measuring re-
combination efficiency. (C) The quantification of the Xist RNA
FISH applied on XistKO and XistCON NPCs. A representative
example of the FISH experiment is shown in Supplemental
Figure S7A. (D,E) Quantification of Ezh2 and H3K27me3 clouds,
respectively, identified by immunofluorescence applied on
XistKO NPCs. (F) Bisulfite sequencing result of X-linked gene
promoters in both the control NPCs and XistKO NPCs. Open
circles represent nonmethylated CpGs, while methylated CpGs
are represented by the filled dots. (G) Allele-specific expression
analysis of four X-linked genes in control NPCs and XistKO

NPCs. Allelic transcript contribution is visualized by separating
digested RT–PCR products using a RFLP-recognizing restriction
enzyme on an agarose gel (see also Supplemental Fig. S7). (H)
Spider plots depicting long-range interactions of Pctk1Xi and
MeCP2Xi identified in the control NPCs (top) and XistKO NPCs
(bottom). (I) Spearman’s rank correlation calculated comparing
the 4C profiles identified in the control NPCs and XistKO NPCs
with the corresponding Xa profile of the indicated viewpoints
(see also Supplemental Fig. S7).
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NPCs (Supplemental Table S2). Previously, only a few
escapees had been discovered in mice. The highest
reported number of escaping genes came from a recent
RNA sequencing study that identified 13 escapees in a cell
line cultured from mouse embryonic kidneys (Yang et al.
2010). We confirm that nine of these escapees interact
with both Jarid1c and Pctk1 in NPCs. Further allele-
specific expression analysis of interacting genes led to
the identification of another 10 genes that are active on the
Xi chromosome in NPCs (Supplemental Table S2).
Some of the escaping genes identified (Usp9x, Pctk1,

and Fmr1) can be classified as tissue-specific genes,
showing that tissue-specific factors may impact on the
mechanisms underlying escape from XCI in mice, as was
found previously in human (Prothero et al. 2009). Es-
capees appear to be distributed randomly along the X
chromosome, with some in gene deserts and others in
areas dense with silenced genes. This supports the idea
that, in mice, the ability to escape is a gene-intrinsic
property (Li and Carrel 2008; Yang et al. 2010). The
situation is slightly different in humans, where many
more genes can escape XCI and many escapees are
clustered on the short arm of the human X chromosome
(Carrel and Willard 2005).
The fact that, during the XCI maintenance phase, the

Xist locus interacts with escapees is interesting when
considering the mechanisms of Xist RNA spreading. If
diffusion through the nucleoplasm plays a role in the
efficient spreading of Xist RNA across the X chromo-
some, it is striking that the regions spatially close to the
source of Xist RNA production are not necessarily those
that become silenced by Xist. It emphasizes that escapees
must have powerful mechanisms to counteract Xist-
induced repression. Escapees are distributed randomly
across the entire X chromosome, implying that most will
be flanked on the linear chromosome by sequences
sensitive to repression by Xist. These sequences will
automatically be dragged along when an escape gene
loops toward the Xist locus. One could speculate that
this 3D organization helps Xist spreading across the X
chromosome at this stage of development, when X in-
activation has long been established.
Our study reports for the first time that silenced genes

fail to show preferred neighboring sequences in cis. This
has not been reported before, as inactive regions on
autosomes (Simonis et al. 2006; Lieberman-Aiden et al.
2009) and on the active X (this study) so far invariably
were found to be engaged in specific contacts with other
inactive regions elsewhere on their chromosomes. This
novel type of organization may be a reflection of highly
dynamic interactions inside the inactive X domain, but
will also be found when a gene’s spatial orientation to
other chromosomal parts is relatively stable but different
for each cell in the population analyzed. We speculate
that the latter organization may be expected if chromo-
somal regions show little differences in their epigenetic
landscape (see below). It will be interesting to determine
whether this type of random organization of genes within
the chromosome territory also occurs during other stages
of differentiation and/or at other parts of the genome.

Transcription and the shape of the inactive
X chromosome

Our study provides further evidence supporting the
correlation between a gene’s expression status and its
exact position relative to other genomic regions in the
nucleus (Fraser and Bickmore 2007). The outstanding
question now is whether transcription and genome to-
pology are causally related. Previous genome-wide DNA
topology studies provided detailed evidence for the spa-
tial segregation of active and inactive chromatin inside
the cell nucleus (Simonis et al. 2006; Lieberman-Aiden
et al. 2009). It was additionally suggested that function-
ally related genes preferentially come together in the
nuclear space (Schoenfelder et al. 2009), although this was
not immediately clear from other studies on the same
genes (Simonis et al. 2006). Two extreme models may
explain the link between transcription and chromo-
some conformation. One proposes that genes need to
migrate to specific nuclear locations for their transcrip-
tion (Chakalova and Fraser 2010). Another possibility is
that chromosome structure and transcription are inde-
pendent parameters that both follow some physical
properties of chromatin. The structure of the inactive X
chromosome, with escapees locating peripheral and si-
lenced genes more inside the chromosome territory, is
compatible with both models for nuclear organization.
Our observation that escapees tend to interact with each
other, though, seems to be further evidence for the idea
that active genes meet at dedicated transcription sites.
However, the fact that, with RNA and DNA FISH, the
same percentage of interaction between pairs of escapees
is measured (Supplemental Fig. S5D) suggests that the
loci that are not actively transcribing meet as frequently
as the transcribing loci. For example, the escaping genes
Pctk1 and Fmr1, located on the Xi, are both active only
60% of the time (Supplemental Fig. S5E). Assuming that
they independently control their bursts of transcription
(Chubb et al. 2006), this means that only ;36% of the
cells will have both alleles transcribed at the same time
on the same chromosome. Although located 40Mb apart,
they show an interaction on the Xi in 20% of the cells, as
measured by DNA FISH. If this were accounted for
exclusively by the actively transcribed alleles, RNA FISH
would yield a much higher interaction frequency within
the 36% of cells transcribing both genes. However, this
is not the case, with RNA and DNA FISH measurements
in cells showing the two (active) alleles do not differ
significantly (23% vs. 20%). The data therefore suggest
that escapees colocalize in the nucleus irrespective of
their transcriptional status, but perhaps due to chromatin
features of these genes.
Experiments that try to address the causal relationship

between nuclear positioning and transcription often ma-
nipulate the one factor and analyze its consequences for
the other. Gene repositioning from the nuclear interior to
the periphery via induced anchoring to the nuclear
lamina is one such experiment. In one study, this was
found to have no effect on a reporter’s ability to activate
transcription (Kumaran and Spector 2008); in another
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study, it was found to cause gene silencing (Reddy et al.
2008); and in a third study, it was found to repress some
genes while not affecting others (Finlan et al. 2008). A
similar lack of coherent results is apparent from studies
that use transcription inhibitors to study the impact of
transcription on gene positioning. Some studies reported
(minor) DNA topological changes upon transcription
inhibition (Mahy et al. 2002b; Branco and Pombo 2006;
Naughton et al. 2010), while others, including a 4C
study (Palstra et al. 2008), failed to measure an effect of
transcription on DNA structure (Tumbar et al. 1999;
Muller et al. 2010). Inherently, such studies may not be
well suited to address this relationship though. The
chemical and heat-shock treatments that block transcrip-
tion also induce other types of cellular stress, making
it difficult to unambiguously relate observed conforma-
tional changes to changes in transcription. Vice versa,
not observing an effect does not exclude that an early act
of transcription prior to (drug) treatment was responsible
for setting up the 3D structure measured. Nuclear repo-
sitioning independent of changes in transcription has
been observed before, but only for some individual loci
and measured relative to nuclear landmarks like the
chromosome territory or nuclear lamina (Morey et al.
2008; Peric-Hupkes et al. 2010). Our data provide high-
resolution molecular interaction maps that uncouple
topological changes from transcription on a chromo-
some-wide scale. Following depletion of Xist, we found
that genes present on the inactive X chromosome
remained transcriptionally silent, but that the inactive
X chromosome shows profound changes in its shape,
adopting a structure reminiscent of the active X chro-
mosome. This observation suggests that Xist-induced
X-chromosome topology does not play a role in main-
tenance of XCI. A recent study generated chromatin
compaction profiles of the human active and inactive
X chromosome. Only minor compaction differences be-
tween the two chromosomes were found at the 30-nm
scale. However, the volume of the Xa, normally larger
than that of the Xi, was demonstrated to become similar
to the Xi volume after transcription inhibition (Naughton
et al. 2010). Our detailed DNA interaction maps of the
active and inactive X chromosomes suggest that, al-
though similar in size, the two X chromosomes in the
study are likely to be folded very differently. Collectively,
our data show that gene interactions and chromosome
folding are at least partially independent of gene expres-
sion. A remaining possibility is that Xist depletion allows
for reloading of RNA polymerase II molecules onto in-
active genes that cannot complete gene transcription;
such paused polymerase molecules may then be respon-
sible for the newly gained long-range DNA interactions.
Alternatively, or in parallel, factors other than polymer-
ase may play an important role in shaping the inactive X
chromosome.

Factors shaping the inactive X chromosome

Recently, PcG proteins were found to mediate long-range
intrachromosomal interactions between cognate regions

tens of megabases apart in Drosophila (Bantignies et al.
2011). In addition, the PcG protein complex PRC1 has
been shown to alter large-scale chromatin structures
(Eskeland et al. 2010). The latter observations may be
relevant for X-chromosome folding as well. A scattered
presence of PcG proteins along the inactive regions of the
Xi chromosome may well account for the random orga-
nization of inactive chromatin that we observe inside the
Barr body. After all, preferential interactions are expected
to occur only when chromosomal regions differ suffi-
ciently from each other in chromatin composition and
associated factors. In addition to PcG proteins, macro-
H2A and, obviously, the long noncoding RNA molecule
Xist itself may play a direct role in shaping the inactive X
chromosome. The knockdown of such factors in NPCs
turned out to be difficult also because their depletion,
unlike that of Xist, causes genome-wide changes, rather
than X-specific, epigenetic, and expression changes. Fur-
ther deciphering the factors that shape the X therefore
awaits more sophisticated strategies. Collectively, our
data show that that the inactive X chromosome in female
cells adopts a unique 3D structure that is dependent on
Xist RNA and, at least partially, independent of transcrip-
tion and DNA methylation.

Materials and methods

Cell culture

NPCs were generated according to Conti et al. (2005) with slight
modifications. In brief, three independent 129SVJ/CAST ESC
lines (Luikenhuis et al. 2001; Jonkers et al. 2008; Csankovszki
et al. 1999) that remain XX upon differentiation were differen-
tiated in N2B27 (StemCell Recourses) for 7 d, followed by the
formation of neural spheres in N2B27 supplemented with EGF
and FGF (10 ng/mL). Three-day-old spheres were allowed to
attach to the culture dish to expand NPCs. After two passages,
cells were seeded in low density and colonies were picked and
analyzed for NPC identity using immunofluorescence (see below)
and proper XCI. A single clone was selected from each cell line
that exclusively had silenced the 129SVJ (23) or the CAST (13)
X chromosome. Cre-mediated Xist knockout was achieved by
first differentiating 129SVJ-Xist2lox/CAST ESCs (Csankovszki
et al. 1999) to NPCs. NPCs showing proper XCI were transfected
with pCMV-Cre-puro using Amaxa according to the manufac-
turer’s protocol, followed by transient puromycin selection for
2 d. XistKO NPCs were cultured an additional 12 d, with cell
numbers increasing >10-fold before analysis to dilute out stable
Xi markers.

4C analysis

To distinguish between the conformation of the Xa and Xi in
female cells, we designed an allele-specific 4C approach that is
outlined in Figure 1A. Comparing the DNA sequence of Mus

musculus domesticus and M. musculus castaneus employing
a database of SNPs (Frazer et al. 2007) or after PCR amplification
and sequencing, we confirmed/identified restriction fragment
length polymorphisms (RFLPs). Based on identified RFLPs, we
were able to design an allele-specific 4C strategy when applied
on SVJ129/CAST cells. The initial steps of the 4C procedure, as
published before (Simonis et al. 2006), remain unchanged. Cells
are cross-linked using formaldehyde, after which chromatin is
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digested and subsequently ligated under diluted conditions.
After reversal of the cross-links, the DNA is purified and ready
for the second restriction enzyme treatment. In order to design
an allele-specific 4C procedure, the viewpoint fragment is
chosen such that a RFLP is located in between the primers used
in the PCR amplification. As a consequence, only the allele that
is not digested by the second restriction enzyme can contribute
to the 4C PCR product and is analyzed by either dedicated
microarray or high-throughput sequencing. An example of the
allele-specific formation of 4C PCR product is shown in Figure
1B, where Jarid1C amplifies only from the SVJ129 template with
high efficiency. As a control, the Hbb-b1 primers, which were
not designed around a RFLP, were able to amplify similar
amounts of PCR product from both templates. An alternative
strategy that allows the use of a ‘‘RFLP-recognizing’’ restriction
enzyme that is sensitive to CpG methylation is depicted in
Supplemental Figure S1. Primer design and PCR product analysis
were adapted to include the use of Illumina sequencing (see also
Supplemental Fig. S1 for detailed information). SNPs and
primers used in the 4C analysis are listed in Supplemental Table
S3. All data obtained for the Xi and some for the Xa (MeCP2) were
verified in independent NPC clones, giving highly similar in-
teraction profiles (data not shown). RFLPs in Pcdh11x allowed
independent 4C analysis of both the Xi

129 and Xi
CAST chromo-

somes, which demonstrated that folding was highly similar
between the genetically distinct X chromosomes (data not
shown).

Data analysis

To identify interacting regions, we set up a standardized 4C-seq
data analysis work flow. The initial step in the 4C-seq analysis is
the alignment of the sequencing reads to a reduced genome of
sequences that flank HindIII sites (fragment ends) using cus-
tom PERL scripts. Due to their ambiguous nature in reporting
contacts, repetitive fragment ends were excluded from sub-
sequent analysis. The reduced genome was based on mouse
mm9. The data have been deposited in the Gene Expression
Omnibus (GEO) under accession number GSE29509. The pro-
portional distribution of reads identified in the different exper-
iments can be found in Supplemental Figure S4A.

All statistical analysis was performed using the R program-
ming language (http://www.R-project.org). To avoid possible
PCR artifacts, we transformed the data to unique coverage (more
than one read per fragment end is set to 1). Because the coverage
declines as a function of the distance from the viewpoint (i.e.,
high coverage close to the viewpoint and low at larger distances),
we normalized the coverage for the background coverage. To this
end, we calculated Z-scores for a given window of fragment
ends i, of size w, based on the relative unique coverage in the
background window W (pW,I = covI/W, where covI is the number
of unique fragment ends covered in window I). We choose I such
that I >> i and i runs from½w/2� until N�½w/2�, where N is the
number of fragment ends on the chromosome. Window i spans
i � ½w/2� until i + ½w/2� for odd values of w and (i � w/2) + 1
until i + w/2 for even values of w. In general, I = i, except for
values where I < W and I > N � W, where I = W or I = N � W,
respectively. We calculated estimators for themean and standard
deviations (m and s) following the binomial distribution for every
window i given a window size w:

mw;i =w � pW ;sw;i =w � pW;i � ð1� pW;iÞ:

We use the relative unique coverage in window w (pw) to
calculate the Z-score:

zw;i =
pw;i � mw;i

sw;i
:

To identify regions of nonrandom 4C signals (i.e., contacted
regions) we used the false discovery rate (FDR). To this end, we
randomly permuted the data set 100 times and determined the
threshold Z-score at which the FDR was 0.01. For the trans

interactions, an FDR threshold of 0.01 was determined based on
100 random permutations of the data for every chromosome. A
window size of 500 was used; windows that exceeded the
threshold were scored as trans interactions.

The domainogram analysis was performed analogous to
de Wit et al. (2008), but using a matrix of probability scores based
on the matrix of Z-scores (zw, w = 2,3,. . .200). Probability scores
were calculated based on the normal distribution. A log10 trans-
formation of the probability score is used in the visualization.

Correlation analysis

Correlation analysis between different 4C experiments was
performed by calculating the Spearman’s coefficient of rank
correlation (r) between the set of Z-scores zw (collection of all
zw,i), between two 4C experiments over a range of values for
w. Supplemental Figure S7A depicts a visual example.

Genomic annotation

Gene density scores were calculated based on the RefSeq
annotation downloaded from the University of California at
Santa Cruz (UCSC) Table Browser (Karolchik et al. 2004). Repeat
density analysis was based on LINE and SINE annotation from
the Ensembl core version 59 (Flicek et al. 2011). Neural pro-
genitor expression data from Mikkelsen et al. (2007) was used
and can be downloaded under GEO accession number GSE8024.
Raw CEL files were normalized using RMA in the Bioconductor
affy package (Bolstad et al. 2003), and were subsequently com-
bined to one expression value. Probe locations were downloaded
from the UCSC Table Browser, and redundant probe locations
were removed from the data.

Immunofluorescence

ESCs and NPCs cultured on coverslips were fixed in PBS
containing 3% paraformaldehyde for 10 min and permeablized
in PBS/0.4% Triton X-100 for 5 min on ice. Blocking and
antibody hybridizations were performed for 2 h at room temper-
ature using PBS/10% fetal calf serum/0.05% Tween-20. Anti-
bodies used are as follows: for Oct4, ab19857 (Abcam); for
Nestin, ab6142 (Abcam); for Gfap, ab4648 (Abcam); for Tubu-
lin, ab7751 (Abcam); for EZH2, 612666 (BD Biosciences); for
H3K27me3, ab6002 (Abcam); for donkey anti-mouse IgG A594,
715-515-150 (Jackson); and for goat anti-rabbit IgG FITC, 111-
095-003 (Jackson). DAPI was used for DNA counterstaining.
Images were collected using a Leica DM6000 B microscope
equipped with a Leica DFC360 FX camera and Leica application
suite 2.2.1 software.

RNA FISH and DNA FISH

RNA FISH and DNA FISH experiments were performed as
described previously (Chaumeil et al. 2006), except cells were
fixed before permeabilization. The following BAC clones were
used as probes in the analysis: for Pctk1, RP23-362P12; for
Fmr, RP24-183G11; for Mecp2, RP23-77L16; for ChrX: 87.2 Mb,
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RP23-25P21; for Xist, CT7-399K20; for Taf1/Ogt, RP23-268G11;
for Chm, RP23-118M16; for Pcdh11x, RP23-20G23; and for
Jarid1C, RP24-148H21. For the generation of probes, 300 ng of
Sau3AI-digested BAC DNA was fluorescently labeled with Cy5
dUTP (NEL 579001 EA, Perkin Elmer), Spectrum Orange dUTP
(02N33-050, Enzo Life Sciences), or spectrum green dUTP
(02N32-050, Enzo Life Sciences) using the BioPrime Array
CGH genomic labeling system (Invitrogen) following the man-
ufacturer’s protocol. Specificity of the labeled probes was con-
firmed on metaphase spreads frommouse ESCs. 3D images were
collected using a Leica DM6000 B microscope equipped with
a 1003 objective and Leica DFC360 FX camera, taking z-steps of
0.2 mm. Leica application suite 2.2.1 software was used for both
image collection and deconvolution. 3D distance measurements
were taken of 100 nuclei per data point using ImageJ software.
Xist RNA costaining allowed us tomeasure distances of both the
Xa and Xi in the same nucleus. Measurements were taken only if
signals from both chromosomes could be identified.

Allele-specific expression analysis

Allele-specific expression analysis based on RFLPs between X129

and XCAST was performed as described before (Huynh and Lee
2003). In brief, RNA was isolated using TRIzol following the
manufacturer’s instructions. RNA was treated with DNase
and converted into cDNA using random primers (Promega).
PCR primers spanning a RFLP were used for the detection of
gene transcripts. PCR products were digested with the appropri-
ate restriction enzyme and separated by agarose gel electropho-
reses. Images were captured using a Typhoon 9410 scanner (GE
Healthcare) and analyzed using ImageQuant software. SNPs and
primers used in this analysis are listed in Supplemental Table S3.

Quantitative PCR (qPCR)

qPCR analysis was performed using MyIQ PCR machines and
MyIQ software (Bio-Rad) using standard SYBR Green incorpora-
tion to detect PCR products. The primers used are listed in
Supplemental Table S3.

Bisulfite sequencing

Bisulfite conversion was performed using the EZ DNA Methyl-
ation-Direct kit (Zymo Research). Primers were designed using
MethPrimer (Li and Dahiya 2002) and are listed in Supplemental
Table S3. Correct PCR products were isolated from agarose gel,
cloned into pGEMT-easy, and transformed. Forty-eight colonies
were picked and sequenced per condition. Sequencing data were
analyzed using QUMA analysis tool (http://quma.cdb.riken.jp),
including only sequences showing >90% identity and C–T
conversion.
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