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Disappearance of the Barr body is considered a hallmark of cancer, although whether this corresponds to genetic loss or to

epigenetic instability and transcriptional reactivation is unclear. Here we show that breast tumors and cell lines frequently

display major epigenetic instability of the inactive X chromosome, with highly abnormal 3D nuclear organization and global

perturbations of heterochromatin, including gain of euchromatic marks and aberrant distributions of repressive marks such

as H3K27me3 and promoter DNA methylation. Genome-wide profiling of chromatin and transcription reveal modified

epigenomic landscapes in cancer cells and a significant degree of aberrant gene activity from the inactive X chromosome,

including several genes involved in cancer promotion. We demonstrate that many of these genes are aberrantly reactivated

in primary breast tumors, and we further demonstrate that epigenetic instability of the inactive X can lead to perturbed

dosage of X-linked factors. Taken together, our study provides the first integrated analysis of the inactive X chromosome

in the context of breast cancer and establishes that epigenetic erosion of the inactive X can lead to the disappearance of the

Barr body in breast cancer cells. This work offers new insights and opens up the possibility of exploiting the inactive X chro-

mosome as an epigenetic biomarker at the molecular and cytological levels in cancer.

[Supplemental material is available for this article.]

There is increasing evidence that epigeneticmodifications, such as
changes in DNA methylation, chromatin structure, noncoding
RNAs, and nuclear organization, accompany tumorigenesis (De
Carvalho et al. 2012; for review, see Shen and Laird 2013). Even tu-
morswith relatively normal karyotypes can showdramatically per-
turbed nuclear structures (Huang et al. 1997; for review, see Zink
et al. 2004). In theory, epigenetic changes could lead to inactiva-
tion of tumor suppressor genes, aberrant expression or function
of oncogenes, ormore global gene expression changes that perturb
genome function, thereby contributing to cancer progression.
However, despite the possible use of epigenetic changes as prog-
nostic markers (Elsheikh et al. 2009) or even as therapeutic targets
(e.g., Schenk et al. 2012; Zhang et al. 2012), the full extent of epi-
genetic changes in cancer remains poorly explored.

The inactive X chromosome (Xi), also known as the Barr
body, provides an outstanding example of an epigenetic nuclear
landmark that is disrupted in cancer. The disappearance of the
Barr body in breast tumors was noted many decades ago (Barr

and Moore 1957; Perry 1972; Smethurst et al. 1981). To date,
only genetic instability had been clearly demonstrated as a cause
for Barr body loss (Ganesan et al. 2002; Sirchia et al. 2005;
Vincent-Salomon et al. 2007; Xiao et al. 2007; and for review,
see Pageau et al. 2007). Past work had implicated BRCA1, a major
hereditary factor predisposing to breast and ovarian cancer devel-
opment and a key player in the maintenance of genome integrity
(for review, see O’Donovan and Livingston 2010), in promoting
XIST RNA coating of the Xi and its epigenetic stability (Ganesan
et al. 2002; Silver et al. 2007). However, subsequent work in
BRCA1-deficient tumors indicated that Barr body loss was usually
due to genetic loss of the Xi and duplication of the Xa rather than
to Xi reactivation and epigenetic instability (Sirchia et al. 2005;
Vincent-Salomon et al. 2007; Xiao et al. 2007). BRCA1-deficient
cancers are usually of the basal-like carcinoma (BLC) subtype, a
high-grade, genetically unstable, invasive ductal carcinoma.
Indeed, when the genetic status of the X chromosome was ex-
plored in BLCs (Richardson et al. 2006), genetic instability/loss
of the Xi was found to be a frequent event in both sporadic and
BRCA1−/− associated BLCs. Luminal (A and B, expressing
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hormonal receptors) andHER2 (encoded by ERBB2) amplifiedmo-
lecular subtypes of invasive ductal carcinoma are more genetically
stable and show less frequent loss of the inactive X chromosome
(Perou et al. 2000; Turner and Reis-Filho 2006). However, little is
known about the epigenetic status of the inactive X in breast can-
cers and the extent to which epigenetic instability might account
for Barr body disappearance in some cases.

X-chromosome inactivation (XCI) ensures dosage compensa-
tion for X-linked gene products between XX females and XYmales
(Lyon 1961). It is a developmentally regulated process that de-
pends on the action of a noncoding RNA, Xist (X-inactive-specif-
ic-transcript), which becomes up-regulated on one of the two X
chromosomes, coating it in cis and inducing gene silencing. Xist
RNA accumulation on the future inactive X rapidly creates a silent
nuclear compartment that is depleted of RNA Polymerase II (RNA
Pol II), transcription factors, and transcription (as detected by
Cot-1 RNA). X-linked genes become repressed during the early
stages of XCI (Chaumeil et al. 2006; Clemson et al. 2006; Chow
et al. 2010).Xist RNA also induces a cascade of chromatin changes,
involving Polycomb group proteins and other complexes, and
results in various histone modifications, such as the hypoacetyla-
tion of histones 3 and 4, trimethylation of histone 3 lysine 27
(H3K27me3), and the loss of di- and trimethylation at histone 3
lysine 4 (H3K4me2/3) (Csankovszki et al. 1999; Heard et al.
2001; Boggs et al. 2002). Promoter DNA methylation of X-linked
genes occurs downstream fromXistRNAcoating,with gene-specif-
ic timing of promoter methylation (Gendrel et al. 2013). The Xi
adopts a unique three-dimensional (3D) chromosome organiza-
tion that is dependent onXist RNA (Splinter et al. 2011; for review,
see Chow andHeard 2010). Furthermore, the chromatin landscape
of the inactive X has been investigated in adult human cells and
seems to be divided into large blocks of H3K9me3 or H3K27me3
(Chadwick 2007; Chadwick and Willard 2004). In somatic cells,
the majority of X-linked genes are stably repressed on the Xi,
with spontaneous reactivation of single genes being observed at a
frequency of <10−8, presumably due to synergistic epigenetic
mechanisms (Csankovszki et al. 2001). However, a subset of genes
can escape XCI in somatic cells (Carrel and Willard 2005; Kucera
et al. 2011; Cotton et al. 2013). In cancer, aberrant escape from
XCI has previously been speculated to occur (Pageau et al. 2007;
Agrelo and Wutz 2010; Carone and Lawrence 2013; Yildirim et al.
2013).However, the extent towhich thenormally stable epigenetic
state of the Xi is perturbed in cancer has never been systematically
explored.

The X chromosome is of interest from a cancer perspective.
First, several of the approximately 1000 genes located on the X
have been implicated in cancer, including the cancer/testis (C/T)
genes (Grigoriadis et al. 2009); tumor suppressors such as AMER1
(also known as WTX), FOXP3 (Bennett et al. 2001; Rivera et al.
2007); chromatin remodelers related todisease, e.g.,ATRX; or chro-
matinmodifying factors, e.g., KDM6A (also known asUTX ), PHF8,
HDAC8 (Nakagawa et al. 2007; for reviews, see Agrelo and Wutz
2010; Portela and Esteller 2010). A few of these genes are known
to escape X inactivation in normal cells (e.g., KDM6A), but most
are normally stably repressed on the inactive X. In the cases of
AMER1 and FOXP3, tumorigenesis has been linked to clonal expan-
sion of cells in which the wild-type copy is on the inactive X in fe-
male patients heterozygous for a mutation (Bennett et al. 2001;
Rivera et al. 2007).

Although reactivation of X-linked genes has been previously
hypothesized to occur in a cancer context (Spatz et al. 2004), few
actual examples have been reported, presumably due to the tech-

nical challenges in specifically detecting the Xi. For example, dele-
tion of Xist was reported to lead to hematological dysplasia and
leukemia inmice; however, the allele-specific transcriptional activ-
ity of the inactive X chromosome and its heterochromatin struc-
ture were not examined (Yildirim et al. 2013). In another study,
reactivation of the X-linkedMPP1 gene and disruptedXIST expres-
sion were reported in an ovarian cancer cell line (Kawakami et al.
2004). In breast tumors, DNA hypomethylation and abnormal ex-
pression of a single X-linked gene analyzed,VBP1,was detected on
the Xi (Richardson et al. 2006). A systematic analysis of the tran-
scriptional and epigenetic status of the Xi in breast tumors has
been lacking however. Here we perform an integrated analysis of
gene expression, chromatin status, and nuclear organization of
the inactive X chromosome in breast cancer, using allele-specific
and single-cell approaches.

Results

Aberrant nuclear organization of the inactive X chromosome

in breast cancer cells

To evaluate the status of the inactive X chromosome in different
types of breast cancer, we selected three cell lines that represent
the main breast cancer molecular subtypes: ZR-75-1 (luminal),
SK-BR-3 (HER2+), and MDA-MB-436 (Basal-Like Carcinoma
[BLC], BRCA1 null). WI-38 (embryonic lung fibroblasts) and
HumanMammary Epithelial Cells (HMECs) were analyzed in par-
allel as nonmalignant (“normal”) female primary cells. Using RNA
FISH, we found that ZR-75-1 and MDA-MB-436 cell lines possess
one XIST RNA domain, whereas SK-BR-3 cells have two domains.
X-chromosome paint DNA FISH combined with XIST RNA FISH,
and 3D microscopy revealed that XIST RNA signals overlapped
to a great extent with the X chromosome DNA in both normal
and tumor cell lines. However, punctate XIST RNA signals beyond
the X-chromosome territory could be detected in the tumor
cell lines, particularly in ZR-75-1 and MDA-MB-436 (Fig. 1A;
Supplemental Fig. S1A). RT-qPCR revealed thatXISTwas expressed
at slightly lower levels in the tumor cell lines, and the associated
RNA FISH signal was slightly weaker and was more dispersed in
the breast cancer cell lines (Supplemental Fig. S1B,C,E). Important-
ly, all of the tumor cell lines revealed a markedly weaker DNA en-
richment of the Barr body (Supplemental Fig. S1D,E).

Given the complex genomes of breast cancer cells, we inves-
tigated the precise genetic constitution of the active and inactive
X chromosomes using single nucleotide polymorphism array
(Human SNP Array 6.0) analysis and DNA FISH (Fig. 1B; Supple-
mental Fig. S1F). ZR-75-1 contains three X-chromosome seg-
ments, each carrying an XIC/XIST locus, but XIST RNA coated
only one of them, suggesting the presence of two Xa chromo-
somes and one Xi (in agreement with allelic imbalance of the
XIC locus). SK-BR-3 possesses four X-chromosome fragments,
each with an XIC locus, but only two are associated with XIST
RNA. MDA-MB-436 displayed the most complex situation, with
six X-chromosome fragments visible by DNA FISH on metaphase
spreads, but with only two XIC loci and one XIST RNA domain
(Fig. 1A,B; Supplemental Fig. S1F). We also evaluated X-chromo-
some constitution in these cell lines through the expression of
two X-linked genes: KDM5C, known to escape from XCI, and
HUWE1, subject to XCI (Cotton et al. 2013). Our observations
concur with the expected expression profiles in the two normal
and three cancer cell lines, i.e., KDM5C is expressed from all X
chromosome fragments that carried the gene, and HUWE1 is
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expressed only from the non-XIST RNA-coated X fragments that
carried it (Supplemental Fig. S1G). Thus, all three tumor cell lines
contain at least one fragment of an Xi chromosome.

We then investigated whether XIST RNA-coated Xi frag-
ments were depleted for RNA Pol II and Cot-1 RNA as previously

described for the Xi in female somatic cells (Chaumeil et al.
2006; Clemson et al. 2006; Chow et al. 2010). In WI-38 and
HMEC cells, both Cot-1 RNA and RNA Pol II were excluded
from the XIST domain, which was associated with a DAPI-dense,
heterochromatic Barr body. However, all tumor cells showed a

Figure 1. The XIST-coated X-chromosome silent compartment is severely disrupted in breast cancer cell lines. (A) Z-projections of sequential 3D RNA/
DNA FISH show examples of XIST RNA coating (red) and X-chromosome territories (white or outlined) in normal (WI-38 and HMEC) and breast cancer
cell lines (ZR-75-1, SK-BR-3, and MDA-MB-436). Scale bar, 5 µm. (B) Human SNP Array 6.0 (Affymetrix) genomic analysis (Popova et al. 2009) shows the
copy number and allelic imbalance of X-chromosome fragments in breast cancer cell lines. The XIC locus is indicated with a green dotted line. (C)
Immuno-RNA FISH using anti-RNA Pol II antibody, XIST/Cot-1 RNA FISH, and DAPI staining show the level of exclusion of RNA Pol II and Cot-1
RNA, as well as the level of chromatin compaction (i.e., Barr body) on XIST RNA domains (arrowheads) in normal and breast cancer cell lines. On
the right, line scans (white arrows) show the relative levels of Cot-1 RNA (green), RNA Pol II (black), and DNA density (blue) at the XIST domain (black
bar). Scale bar, 5 µm.
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frequent absence of a DAPI-dense Barr body and a defective
depletion of Cot-1 RNA and RNA Pol II within the XIST domain
(Fig. 1C; Supplemental Figs. S1H–K, S2A,C). Together, these re-
sults reveal major aberrations of nuclear organization and chro-
mosome condensation of the XIST RNA-coated X chromosome
in breast cancer cells.

Aberrant chromatin hallmarks of the inactive X chromosome

in breast cancer cell lines

We next investigated whether heterochromatic hallmarks of the
Xi were preserved. Detection of H3K27me3 by IF combined with
XIST RNA FISH revealed a marked lack of H3K27me3 enrichment
at the XIST-coated chromosome in all three tumor cell lines (Fig.
2A). In HMECs, H3K27me3 is about twofold more enriched
on the Xi than on the non-XIST-coated genome (Fig. 2B;
Supplemental Fig. S2A,B). In tumor cells, the lowest enrichment
was found in ZR-75-1 and MDA-MB-436 with a median of 1.25
and 1.37-fold, respectively, whereas for SK-BR-3 it is 1.68 (Fig.
2A,B; Supplemental Fig. S2I). Decreased H3K27me3 enrichment
at the XIST domain was further supported by super resolution
structured illumination microscopy (SIM) (Fig. 2C). Indeed, ZR-
75-1 and MDA-MB-436 showed the lowest degree of XIST and
H3K27me3 colocalization with a Pearson colocalization coeffi-
cient of 0.15, whereas SK-BR-3 had a coefficient at 0.35. HMEC
and WI-38 displayed colocalization coefficients of 0.44 and 0.45,
respectively (Supplemental Fig. S2D).

Depletion of euchromatic histone modifications is another
hallmark of the Xi. Using IF combined with XIST RNA FISH, we
found that H3K9 and H4 acetylation were present within the
XIST RNA domain in tumor cells in contrast to normal cells (Fig.
2D,E; Supplemental Fig. S2E,F,I). The H3K4me2mark was less per-
turbed, being globally absent from the Xi, except in ZR-75-1 cells
(Supplemental Fig. S2G–I). Similar results were obtained for
H3K4me3 staining (with, for example,median at 0.69 and 0.71, re-
spectively, for HMEC andMDA-MB-436) (data not shown). Closer
examination by SIM revealed that H3K9ac and XIST RNA signals
were intermingled in the majority of breast cancer nuclei (Fig.
2F), whereas H3K4me2 was largely but not completely depleted
within the XIST RNA compartment (Supplemental Fig. S2J). SIM
of RNA Pol II also revealed substantial intermingled overlap with
XIST RNA domains (Supplemental Fig. S2K). Thus, there is a major
disruption of chromatin hallmarks over the XIST RNA-coated
chromosome, most strikingly in ZR-75-1 and MDA-MB-436 cell
lines. We confirmed that XIST is always expressed from only one
allele, excluding the possibility of aberrant XIST expression and
coating of the Xa instead of the Xi (Supplemental Fig. S3A). In
summary, the heterochromatic structure of the Xi is disrupted in
the three tumor cell lines to variable extents. The variability in
Xi perturbation between cells was not found to be linked to a spe-
cific stage of the cell cycle (Supplemental Fig. S3B–D). Furthermore
the global levels of histonemodifications in the different cell lines
did not correlate with the aberrant chromatin status of the Xi
(Supplemental Fig. S3E).

To specifically compare the chromatin status of the Xi and Xa
in the tumor cell lines, we used metaphase spreads to monitor
chromatin marks by IF followed by X-chromosome paint DNA
FISH as described (Fig. 3; Keohane et al. 1996; Chaumeil et al.
2002). In all tumor cell lines, we could readily distinguish Xa
from Xi fragments using H3K27me3, H4ac, and H3K4me2 (Fig.
3A–C). The only exception was MDA-MB-436, where from the

two main Xi fragments, only the XIC-linked (and XIST-coated)
fragment is enriched for H3K27me3 (Fig. 3C,D; Supplemental
Fig. S3F), whereas the other (non-XIC-linked) X fragment lacked
H3K27me3 enrichment, although it was still depleted for H4ac
and H3K4me2. Thus, the XIC is required for H3K27me3 enrich-
ment but is dispensable for depletion of euchromatin marks on
the Xi in these cancer cells (Fig. 3A,B). We also noted from the
analysis of metaphase spreads that in MDA-MB-436 and SK-BR-3
cells, where the Xi is translocated to an autosomal region,
H3K27me3 enrichmentwas seen beyond theX chromosomepaint
signal, implying that it can spread aberrantly into autosomal re-
gions (Fig. 3C).

Reactivation of X-linked genes on the inactive X chromosome

in breast cancer cell lines

We next assessed whether the heterochromatic disruption of the
Xi observed in breast tumor cell lines corresponded to aberrant ab-
normal transcriptional activity from the Xi. To take advantage of
SNPs that lie within introns of genes, we used an allele-specific
transcriptional analysis based on nascent RNA hybridization to
Human SNP Array 6.0 (henceforth called RNA SNP6) (Fig. 4A,B;
Supplemental Fig. S4A; Gimelbrant et al. 2007). Due to the ran-
domness of the XCI, clonal populations of cells are required to
investigate Xi status. This was the case for all three tumor cell lines
and for subclones derived fromprimaryWI-38 cells (Supplemental
Fig. S4B–E). In both WI-38 clones and the tumor cell lines, we
saw the expected overall biallelic expression from autosomal
regions (Chromosome 2 is shown as an example in Fig. 4A;
Supplemental Fig. S4F). On the other hand, the X chromosome
showed a globallymonoallelic expression pattern inWI-38 clones,
with the exception of genes in the pseudoautosomal regions that
are known to behave as autosomes and to escape fully from XCI
(Fig. 4B; Supplemental Fig. S4G). In tumor cells, we observed a gen-
erally monoallelic expression pattern from the X chromosome,
although several regions showed biallelic expression, particularly
inMDA-MB-436 cells (Fig. 4B). A gene-based analysis detected sev-
eral previously described X-linked escapees (including DHRSX,
TRAPPC2, CD99, or KDM6A) (Carrel and Willard 2005; Kucera
et al. 2011; Cotton et al. 2013), confirming the efficiency of this
approach. We used known escapees and genes subject to XCI
(Carrel andWillard 2005; Cotton et al. 2013) to define a threshold
to consider that a given X-linked gene is expressed from inactive
and active alleles. Thus, we defined “cancer-specific” escapees as
genes reactivated in at least one of the three cancer cell lines, but
strictly expressed from the Xa in WI-38 clones and/or identified
previously as subject to XCI (Fig. 4C).With these stringent criteria,
we identified five, five, and nine “cancer-specific” escapees in the
ZR-75-1, SK-BR-3, andMDA-MB-436 cells, respectively. To increase
the number of informative X-linked genes evaluated, we also per-
formed an RNA-seq analysis on mRNA from two additional WI-38
clones and the three tumor cell lines. We identified six, one, and
15 “cancer-specific” escapees in the ZR-75-1, SK-BR-3, and MDA-
MB-436 lines, respectively (Fig. 4D). We validated Xi-linked reacti-
vation for several of these genes (Supplemental Figs. S4H–J, S5A).
In conclusion, although RNA SNP6 and RNA-seq analyses do not
necessarily reveal exactly the same “cancer-specific” escapees
(15%–23% overlap was found, depending on cell line) due to the
different SNPs assessed by the two methods (mainly intronic and
mainly exonic, respectively), the combination of both techniques
allowed us to identify 10 (9% of informative X-linked genes), five

Barr body epigenetic erosion in breast cancer

Genome Research 491
www.genome.org



(8%), and 20 (13%) Xi-linked genes as being abnormally reactivat-
ed in ZR-75-1, SK-BR-3, and MDA-MB-436 cell lines, respectively
(Fig. 4E; Supplemental Table S1).

The preceding allele-specific analysis could not identify genes
that are fully silenced in somatic cells and reactivated from only
one allele in cancer cells, such as members of the C/T antigen

Figure 2. H3K27me3 and H3K9ac profiles associated with XIST-coated X chromosomes are impaired in breast cancer cell lines. (A) Z-projections of 3D
immuno-RNA FISH show representative examples of the level of H3K27me3 enrichment (green) on XIST RNA domains (red) in normal (WI-38 and HMEC)
and breast cancer cell lines (ZR-75-1, SK-BR-3, andMDA-MB-436). NB: In MDA-MB-436, the highly H3K27me3 enriched bodies visible in each nucleus do
not belong to the X chromosome (nor in metaphase [Fig. 3C] or in interphase [Supplemental Fig. S3F]). (B) Boxplot shows the levels of H3K27me3 en-
richment on XIST domains relative to the rest of the nucleus. Numbers of analyzed nuclei are shown above the x-axis. For details on quantification method
see Supplemental Figure S2A,B. (C ) High-resolution immuno-RNA FISH shows representative examples of H3K27me3 enrichment (green) on XIST RNA
domains (red) in normal and breast cancer cell lines. Insets for H3K27me3, XIST RNA, and merge are shown below each cell line. (D) Single section of
3D immuno-RNA FISH shows representative examples of the level of H3K9ac depletion (green) on XIST RNA domains (red) in normal and breast cancer
cell lines. (E) Boxplot shows the levels of H3K9ac depletion on XIST domains relative to the rest of the nucleus. The numbers of analyzed nuclei are shown
above the x-axis. For details on the quantification method, see Supplemental Figure S2A,C. (F ) High-resolution immuno-RNA FISH shows representative
examples of H3K9ac depletion (green) on XIST RNAdomains (red) in normal and breast cancer cell lines. Insets for H3K9ac, XIST RNA, andmerge are shown
below each cell line. (Boxplots) Upper whisker represents 90%, upper quartile 75%, median 50%, lower quartile 25%, and lower whisker 10% of the data
set for each cell line. (∗∗∗) P < 0.001; (∗∗) P < 0.01; (∗) P < 0.05 using the Student’s t-test. All data sets are compared with HMEC data set. Scale bar, 5 µm.
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Figure 3. The inactive X chromosome is still epigenetically distinguishable from its active counterpart. (A) Representative examples of immunofluores-
cence show the status of H4ac (white) depletion/enrichment on X chromosomes (X-paint DNA FISH, red) onmetaphase spreads from normal (WI-38) and
breast cancer cell lines (ZR-75-1, SK-BR-3, and MDA-MB-436). On the right, MDA-MB-436 cells carry six X-chromosome fragments with a “2-by-2” ho-
mology, as assessed by the presence or absence of the NXT2 (white) or XIC loci (green), and line scans show H4ac enrichment variation between these
X-fragments and the neighboring autosomal regions. As expected, one X chromosome (Xi) lacks H4ac staining in normal WI-38 cells (and HMEC, not
shown). ZR-75-1 and SK-BR-3 cell lines harbor a reduced H4ac staining on one and two X chromosomes, respectively, in agreement with the number
of XIST-coated X chromosomes shown in Figure 1A. In MDA-MB-436 cells, homologous X-chromosome fragments (two containing the XIC locus, two
containing the NXT2 locus, and two with none of them) display opposite H4ac staining, suggesting that there is still one inactive and one active X chro-
mosome linked to those loci, although fragmented. (B) Representative examples of immunofluorescence show the status of H3K4me2 (white) depletion/
enrichment on X chromosomes (X-paint DNA FISH, red) on metaphase spreads from normal and breast cancer cell lines. On the right, line scans show
H3K4me2 enrichment variation between the six X-fragments (for details, see A) and the neighboring autosomal regions in MDA-MB-436 cells. In each
tumoral cell line, H3K4me2 depletion patterns follow the H4ac profiles found in A. (C) Representative examples of immunofluorescence show the status
of H3K27me3 (white) enrichment on X chromosomes (X-paint DNA FISH, red) inmetaphase spreads from breast cancer cell lines. ZR-75-1 and SK-BR-3 cell
lines harbor an accumulation of H3K27me3 on one and two X chromosomes, respectively, in agreement with the number of XIST-coated X chromosomes
shown in A. In MDA-MB-436 cells, H3K27me3 staining was only enriched on the X-chromosome fragment, where the XIC region lies. Indeed, RNA/DNA
FISH analysis showed that this X fragment corresponds to the one coated by XIST RNA in interphase cells, which is not the case for the other fragments
(Supplemental Fig. S3F). In SK-BR-3 and MDA-MB-436 cell lines, H3K27me3 spreads into the autosomal fragments translocated to the XIC-containing
fragment. (D) Schematic view of H4ac, H3K4me2, and H3K27me3 patterns on X-chromosomes in the three tumor cell lines.
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family that show aberrant expression in cancer cells (Grigoriadis
et al. 2009). By assessing the overall expression of C/T members,
we found increased expression of several C/T antigens in the

cancer cell lines but not in normal cells (Supplemental Fig. S5B).
For one C/T antigen gene (MAGEA6), we used RNA FISH to
show that this aberrant expression usually originated from the

Figure 4. Abnormal reactivation of the inactive X chromosome in breast cancer cell lines. (A,B) RNA SNP6 analysis shows the expression status of an au-
tosomal chromosome, as example Chromosome 2 (A), and the X chromosome (B) in normal (WI-38) and breast cancer cell lines (ZR-75-1, SK-BR-3, and
MDA-MB-436). Red bars indicate biallelic expression, and blue bars indicate monoallelic expression. The bar length represents the number of expressed
informative SNPs on a 50-SNP sliding window. Gray rectangles correspond to noninformative regions due to loss of heterozygosity (LOH). TwoWI-38 sub-
clones (#1 and #28), carrying an inactive X chromosome of opposite parental origin, show clearmonoallelic expression fromeither thematernal or paternal
X chromosome confirming the clonality of the subclones (see Supplemental Fig. S4B). Allele-specific PCR analysis also confirmed the clonality of the three
breast tumor cell lines (see Supplemental Fig. S4C–E). (C) RNA SNP6 analysis shows levels of X-linked gene allelic expression. X-linked genes known as sub-
ject to XCI (Carrel and Willard 2005; Cotton et al. 2013) and/or considered as monoallelically expressed in WI-38 clones (i.e., for each informative gene,
<2/3 of the SNPs were observed as biallelically expressed) are shown on the boxplots. (D) RNA-seq analysis shows levels of X-linked gene allelic expression.
X-linked shown on the boxplots are known to be subject to XCI (Carrel and Willard 2005; Cotton et al. 2013) and/or are considered as monoallelically
expressed in WI-38 clones (i.e., for each informative gene, the allelic expression ratio is <40, i.e., expressed <20% on one of the two alleles). (E)
Summary of the informative genes identified by the RNA SNP6 and RNA-seq approaches. Genes “known as subject to XCI” or “known to escape from
XCI” refer to previous studies (Carrel and Willard 2005; Cotton et al. 2013). WI-38 data correspond to the two clones.
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active rather than the inactive X in tumor cells (Supplemental Fig.
S5C).

In order to assess allelic expression of specific genes at the sin-
gle-cell level, we developed RNA FISH probes for several X-linked
escapee genes, bypassing the issue of uninformative SNPs.We con-
firmed that HDAC8 is expressed from the XIST RNA-associated Xi
chromosome only inMDA-MB-436 and SK-BR-3 cells (Supplemen-
tal Fig. S5D), whereas TBL1Xwas expressed fromXi only in ZR-75-
1 (Fig. 5A). We also confirmed that APOOL and SYTL4 are only es-
caping from XCI in MDA-MB-436 by RNA FISH (data not shown).
ATRXwas used as a control gene that is subject toXCI in all five cell
lines (Supplemental Fig. S5E).

We then investigated the degree to which reactivation could
impact on gene dosage for TBL1X, one of the “cancer-specific” es-
capees in ZR-75-1 cells. Using IF against TBL1X combined with
RNA FISH, we correlated the protein levels of TBL1X to its expres-
sion from the Xi (Fig. 5B). On average, in ZR-75-1, the IF signals
appear highly heterogeneous but also stronger than the four other
cell lines (in agreementwith the RNA level) (Fig. 5C; Supplemental
Fig. S5F).Wenoted thatMDA-MB-436 cells also showed slightly in-
creased protein levels, consistent with overall TBL1X expression
levels in this cell line, which must be due to higher expression of
the single active allele (on the Xa) in this cell line. To determine
whether thehigher protein levels in ZR-75-1 are due to reactivation
of TBL1X on the Xi or to overexpression of the active alleles on the
Xa (as in MDA-MB-436), we quantitated the IF signal in cells that
do, or do not, show TBL1X transcriptional reactivation on the Xi
(Fig. 5D). Significantly more TBL1X staining was seen in ZR-75-1
nuclei that displayed TBL1X reactivation (Fig. 5E). We also sorted
ZR-75-1 cells by FACS based on TBL1X staining intensity (Fig. 5F)
and observed significantly more biallelic expression of TBL1X in
cells with the highest levels of TBL1X protein staining (Fig. 5G).

Local epigenetic erosion affects genes that escape

XCI in cancer

To investigate further the underlying causes of Xi gene reactiva-
tion in cancer cells, we investigated the chromatin status of “can-
cer-specific” escapees at the molecular level. First, the DNA
methylation status ofmultiple X-linked gene promoters was inves-
tigated using EpiTYPER analysis (Sequenom) (Supplemental Fig.
S6A). All escapees (normal or “cancer-specific”) showed low levels
of DNA methylation at their promoters (e.g., KDM5C, HDAC8).
However, we noted that some genes subject to XCI (i.e., only ex-
pressed from the Xa) in cancer cell lines, nevertheless showed
low promoter methylation (e.g., TBL1X in SK-BR-3 cells or
HDAC8 in ZR-75-1). This suggests that they might be more prone
to reactivation in a cancer context, with outright reexpression
from the Xi in only some cell lines.

We also performed chromatin immunoprecipitation and se-
quencing (ChIP-seq) on normal and cancer cell lines to assess
Xi chromatin status. We investigated H3K27me3 (associated
with the inactive state of the Xi), H3K4me3 (enriched at transcrip-
tional start sites [TSSs] of active genes), andRNAPol II. The compar-
ison of quantile-normalized H3K27me3 profiles revealed major
changes for the X chromosomes between normal and tumor cells
(Fig. 6A). In HMECs, low-resolution chromosome-wide profiles
exhibited apatternof domains that is highly reminiscent of thedis-
tinct nonoverlapping regions of the humanXi previously reported
for H3K9me3 and H3K27me3 (Chadwick 2007; Chadwick and
Willard 2004). Indeed, comparing the H3K9me3 and H3K27me3
data from the ENCODE Project Consortium (2012) with our

H3K27me3 ChIP-seq data sets, these different types of heterochro-
matin domains are readily detectable in normal HMEC andWI-38
cells (Supplemental Fig. S6C; data not shown). In contrast, the or-
ganization of these H3K27me3-enriched domains was found to
be heavily perturbed in ZR-75-1 and MDA-MB-436. In ZR-75-1
cells, the X chromosome displays a global, nearly uniform pattern
ofH3K27me3,withnodiscernable enricheddomains (Fig. 6A). The
analyzable parts of the X in SK-BR-3 cells (where an Xi is retained)
are much less perturbed, apparently respecting the H3K27me3 do-
mains. These results are in linewith the reorganization of the Xi in
interphase cells by IF/FISH (Fig. 2A–C). The X chromosome in
MDA-MB-436 shows aheavily segmentedH3K27methylation pro-
file, as (1) the beginning of the short arm shows no H3K27me3
marks (evident consequence of the loss of the Xi fragment); (2)
the rest of the short arm displays significant H3K27me3 enrich-
ment, although the profile is rather different from that seen for
HMEC; (3) the region surrounding the XIC shows a profile similar
to that seen innormal cells; and (4) the regionspanningXq21.33 to
the end of the long arm, which is no longer linked to the XIC (see
Fig. 3), does not display discernable H3K27me3 domains; in partic-
ular, the two highly enriched domains visible in normal cells are
lacking (Fig. 6A, reddotted rectangles). To further consolidate these
observations, we compared the variation of H3K27me3 signals
along the X chromosome between HMEC and the other four cell
lines (WI-38 and the three tumor cell lines). Highly variable
H3K27me3 patterns across the X chromosome were observed in
the tumor cell lines, and several regions for which an Xi copy was
still present showed a drastic decrease in H3K27me3 levels (e.g.,
the Xq21.33-Xq24 region in ZR-75-1 and MDA-MB-436) (Fig.
6C). On the other hand, much less pronounced variation in
H3K27me3 distributions on the Xi was observed when HMEC
and WI-38 cells were compared, despite their divergent tissue ori-
gins (lung fibroblasts versus mammary epithelial cells) (Fig. 6C).
Importantly, in the breast cancer lines, the perturbations were
not unique to the Xi, as we also noted aberrant H3K27me3 land-
scapes across autosomal regions of cancer cells (e.g., Chromosome
17onSupplemental Fig. S6B), indicating that this is a genome-wide
characteristic of tumor cells. Thus, we conclude that both genome-
wide and Xi-specific distributions of H3K27me3 are severely dis-
rupted in breast tumor cell lines. Although this is partly due to ge-
netic changes (Xi translocations and regional losses), the Xi
epigenomic landscape is clearly disorganized, consistent with our
aforementioned observations using IF.

Next, we assessed patterns of H3K4me3 and RNA Pol II
around the TSS of X-linked genes, and noted that the escapees
identified in each cell line displayed a generally higher enrichment
of RNA Pol II and H3K4me3 than X-linked genes that were ex-
pressed only from the Xa (Supplemental Fig. S6D,E). Similarly,
“cancer-specific” escapees generally exhibited higher enrichment
at their TSS in the cell lines where they escaped compared to
HMECs (Fig. 6D; Supplemental Fig. S7A) with a few exceptions
(e.g., CFP, FLNA, and MOSPD1 in MDA-MB-436 cells displayed
no obvious differences in TSS profiles) (Supplemental Fig. S7B).
We also noted that “cancer-specific” escapees, such as HDAC8 or
NXT2, exhibit additional and/or enlargedH3K4me3 sites in tumor
cells when compared to HMEC (Supplemental Fig. S7B).

As H3K27me3 is normally rather broadly distributed on the
Xi, rather than being TSS centered (Marks et al. 2009; Simon
et al. 2013), we examined the local environment of genes that
normally escape XCI (e.g., KDM5C and SMC1A) or are silenced
on the Xi (e.g., HUWE1) and found them to display the expected
low and high enrichments, respectively (Fig. 6B, center panel).
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For “cancer-specific” escapees (TBL1X in ZR-75-1, HDAC8 in
MDA-MB-436 and SK-BR-3), no obvious systematic correlation
between local H3K27me3 levels and escape/silencing could be

seen (Fig. 6B, left and right panels). Although the global disorga-
nization of H3K27me3 domains in tumor cell lines is not neces-
sarily reflected locally at the level of genes, H3K27me3

Figure 5. Reactivation of X-linked genes in breast cancer cell lines can lead to an increase of protein amount. (A) Z-projections of 3D RNA FISH show
representative examples of TBL1X expression (red) at XIST domains (white) in normal (WI-38 and HMEC) and breast cancer cell lines (ZR-75-1, SK-BR-3,
and MDA-MB-436). In ZR-75-1 cells, arrowheads indicate active X chromosomes and the arrow the XIST-coated chromosome. On the right, bar graph
shows levels of TBL1X expression from XIST domains, with reactivation in ZR-75-1 cells. (B) Immunostaining shows TBL1X protein (green). The dynamic
range (DR) of the brightness and contrast of each image (ImageJ) is indicated below. (C ) Boxplot shows the intensity of TBL1X immunostaining for each cell
line. The upper whisker represents themaximum value, upper quartile 75%,median 50%, lower quartile 25%, and lower whisker theminimum value of the
data set. The number of nuclei analyzed is indicated above the x-axis. (∗∗∗) P < 0.001 using the Student’s t-test. WI-38, ZR-75-1, SK-BR-3, andMDA-MB-436
are compared with HMEC. (D) The inset of two ZR-75-1 nuclei from C shows a combination of TBL1X protein immunofluorescence staining (green) and
RNA FISH for TBL1X (red) and XIST (gray). In the left nucleus, where TBL1X is expressed only from the active X chromosome, the IF signal intensity is
1140 a.u., whereas in the right nucleus, where both Xa and Xi TBL1X alleles are expressed, the intensity is as high as 1560 a.u. (E) Boxplot shows the levels
of TBL1X signal intensity either in the whole cell population (bulk; left box) or in cells in which TBL1X is expressed only from the active X chromosome
(middle box) or when TBL1X is expressed from all X chromosomes (right box). The upper whisker represents the maximum value, upper quartile 75%, me-
dian 50%, lower quartile 25%, and lower whisker theminimum value of the data set. Nuclei number analyzed is indicated above the x-axis. (F ) Cell sorting of
ZR-75-1 cells based on TBL1X signal intensity. An IgG antibody has been used as negative control. (G) Bar graph shows the level of TBL1X expression from
the XIST-coated X chromosome by pyrosequencing at SNP rs16985675. Left bar represents the gDNA control, which is in agreement with the allelic im-
balance (i.e., one Xi allele and two Xa alleles). Data represent the mean values ±SEM. (∗∗∗) P < 0.001; (∗∗) P < 0.01; (∗) P < 0.05 using the Student’s t-test.
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disorganization may nevertheless affect long-range regulatory
landscapes, creating a context favoring escape in concert with ad-
ditional events.

Finally, we monitored allele-specific enrichment of
H3K4me3, RNA Pol II peaks, and H3K27me3 enrichment across
genes with informative SNPs. HUWE1 revealed exclusively mono-
allelic enrichment for all threemarks, consistentwith its silence on

the Xi in all lines (Supplemental Fig. S7C), whereas escapees
SMC1A and DDX3X and several “cancer-specific” escapees dis-
played biallelic H3K4me3 and RNA Pol II, with monoallelic
H3K27me3 (Supplemental Fig. S7C,D). Thus, for informative es-
capees in the three cancer cell lines, H3K27me3 is observed on
one allele, whereas both alleles show signs of active transcription
(H3K4me3 and RNA Pol II occupancy).

Figure 6. Chromatin landscape of the inactive X chromosome is disrupted in breast cancer cell lines. (A) Scheme of H3K27me3 enrichment (ChIP-seq)
across the whole X chromosome. Red and green domains represent H3K27me3 and H3K9me3 enriched regions, respectively, as identified in normal
human cells (Chadwick 2007). Regional loss of inactive X is indicated (and depicted by gray region). The two main enriched H3K27me3 domains’
loss in ZR-75-1 and MDA-MB-436 are depicted by the two red dotted rectangles. (B) H3K27me3 enrichment is detailed for three regions of the X chro-
mosome carrying genes subjected (S) or escaping XCI (E). (C) Dot plots show variation of H3K27me3 enrichment along the X chromosome (1-Mb bins)
of the three tumoral cell lines and WI-38 relative to HMEC. (D) TSS-centered plots (±1.5 kb) show RNA Pol II and H3K4me3 enrichment for the “cancer-
specific” escapees (cf. Supplemental Table S1) of each tumoral cell line (red line) and HMEC (green line). The number of genes analyzed is indicated
below each plot.
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Perturbation of the inactive X chromosome is also found

in primary breast tumors

We next assessed whether epigenetic disruption of the Xi also oc-
curs in primary breast tumors. Due to the cellular heterogeneity in
such samples, as well as the variable presence of normal stromal
cells, we focused on single-cell techniques (IF and RNA FISH) to
investigate the Xi. We analyzed seven tumors using a tumor
stamp technique with fresh samples (see Methods) to evaluate
the degree of enrichment of H3K27me3 at sites of XIST RNA accu-
mulation (Fig. 7A; Supplemental Fig. S8). H3K27me3 enrichment
on the Xi in tumors was highly variable, showing almost no en-
richment in four of the seven tumors analyzed: T1, T2, T4, and
T4meta. This confirmed our observations from cell lines that Xi

chromatin status is frequently disrupted in breast cancer. We
also noted that H3K27me3 enrichment within a XIST RNA
domain was not necessarily accompanied by a depletion of RNA
Pol II (e.g., tumors T1 and T2) (Fig. 7A; Supplemental Fig. S8A).
We also noted a significant decrease in DNA enrichment at the
level of the XIST RNA domain in primary tumors (Supplemental
Fig. S8E,F). Taken together, these results demonstrate that the
Xi shows significant chromosome disorganization and chromatin
disruption in primary breast tumors, similarly to the tumor cell
lines described above and that suggesting that disappearance of
the Barr body in certain breast cancers is indeed due to epigenetic
instability.

We next assessed whether the aberrant chromatin status of
the Xi also translated into X-linked gene reactivation by assessing

Figure 7. The inactive X chromosome is reactivated in primary breast tumors. (A) Z-projections of 3D RNA FISH show representative examples of expres-
sion of HDAC8 (red) and ATRX (green) (left) or TBL1X (red) andMAGEA6 (green) (middle) at XIST domains (gray) in healthy breast tissue and invasive ductal
carcinoma (IDC; Luminal A Grade III tumor). On the right, Z-projections of super-resolutive 3D immuno-RNA FISH show representative examples of the level
of H3K27me3 enrichment (green) and RNA Pol II depletion (red) on XIST RNA domains (gray) in healthy and tumoral breast tissues. Arrowheads indicate
the XIST domains. Quantification of RNA Pol II exclusion and H3K27me3 enrichment at XIST domains have been carried out on images acquired with a
confocal spinning-disk microscope. Scale bar, 10 µm. (B) Summary of the XIST domain positive (domains in >10% of the nuclei) and negative tumors
among the 41 primary breast tumors studied. (C) Summary of the number of tumors harboring HDAC8, ATRX, or TBL1X expression at XIST domain (as-
sessed by RNA FISH). A gene showing expression within the XIST domain in >5% of the nuclei is considered as reactivated in this tumor. (D) The table
recapitulates the number of XIST positive tumors with Xi-linked gene reactivation according to their molecular subtypes: Luminal, HER2 amplified, or
Basal-like (BCL).
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XIST together with HDAC8, ATRX, MAGEA6, and TBL1X expres-
sion on fresh tumor stamps (including those analyzed above) or tu-
mor-tissue cryosections. These genes were chosen because (1) they
are robustly detected by RNA FISH; (2) they are “cancer-specific”
escapees in some tumor cell lines (except ATRX and MAGEA6);
and (3) HDAC8 and ATRX lie in proximity to each other and to
XIST (within a few megabases), thus minimizing their chances of
being separated by translocations and facilitating RNA FISH analy-
sis in tumors. We analyzed 41 primary breast tumors with corre-
sponding normal tissue for 15 of them (examples shown in Fig.
7A; Supplemental Fig. S8). Thirty-five tumors were XIST-positive,
with at least one XIST RNA domain in ≥10% of nuclei (Fig. 7B).
The number, organization, and intensity of XIST RNA domains
varied substantially between tumors and even among cells of the
same tumor (Supplemental Fig. S8). For X-linked genes, aberrant
reactivation from the Xi was considered to occur if ≥5% of nuclei
harbored a nascent RNA FISH signal at or within a XIST RNA
domain of a given sample. With these criteria, we found 28%,
20%, and 29% of tumors displayed aberrant HDAC8, ATRX, and
TBL1X expression from the inactive X, respectively (Fig. 7C).
Note that in healthy breast tissue, we never observed >1% of nu-
clei showing X-linked gene RNA FISH signal within the XIST
RNA domain. Furthermore, we did not observe higher degrees of
reactivation for any of these three X-linked genes in particular can-
cer subtypes, although only a limited number of HER2+ and basal-
like tumors were analyzed (Fig. 7D). We also analyzed the cancer/
testis antigen family 1, member 6MAGEA6 gene, which is normal-
ly silent on both Xa and Xi. None of the primary tumors showed
reactivation from the Xi, although in some tumors, MAGEA6
expression was detected from the presumed Xa (Fig. 7A;
Supplemental Fig. S8B–D), similarly to our data in breast cancer
cell lines. In summary, RNA FISH analysis of 35 XIST-positive pri-
mary breast tumors of the luminal, HER2+, and basal-like sub-
types, revealed that all three X-linked genes tested, HDAC8,
TBL1X, and even ATRX, show Xi reactivation in a significant pro-
portion of tumor cells in stark contrast to the situation in healthy
breast tissue from the same patient.

To extend our findings, we analyzed publicly available data
for biallelic expression of X-linked genes, using a data set for
which both RNA-seq and DNA SNP6 data were available (Shah
et al. 2012). After we filtered out tumors of “poor” quality (see
Supplemental Methods) and those contaminated by normal cells
(Popova et al. 2009), we identified 25 BLC tumor samples with a
heterozygous X chromosome, suggesting they likely retained an
inactive X or at least some region of the Xi (Supplemental Fig.
S9A; Supplemental Table S2). Among these tumors, we identified
183 informative genes, of which 78 were expressed biallelically
and 105 monoallelically. Almost half of these biallelically ex-
pressed genes are subject to XCI in healthy human cells (Supple-
mental Fig. S9B; Cotton et al. 2013). Furthermore, in agreement
with our findings in the three tumor cell lines, TBL1X, NXT2,
and DOCK11 were among the 14 genes that were biallelically
expressed in at least two primary breast tumors (Supplemental
Fig. S9C). We identified no obvious correlation between the de-
gree of “cancer-specific” escape from XCI and the BRCAness
of the tumor (as defined in Popova et al. 2012; Supplemental
Table S2).

In summary, our analysis of Xi transcriptional status in a total
of about 140 primary breast tumors of the luminal, HER2+, and
basal-like subtypes, using both RNA FISH and RNA-seq analyses,
revealed that multiple X-linked genes are reactivated on the inac-
tive X chromosome.

Discussion

We have conducted an in-depth investigation of the nuclear orga-
nization, chromatin status, and chromosome-wide transcriptional
activity of the inactive X chromosome in breast cancer cell lines
and primary tumor samples. We can conclude that a frequent
cause of Barr body loss in breast cancer is due to the global pertur-
bation of its nuclear organization and disruption of its heterochro-
matic structure. Furthermore, the aberrant epigenomic landscapes
we have uncovered for the Xi in breast cancer cells are accompa-
nied by a significant degree of sporadic gene reactivation, which
in some cases can lead to aberrant dosage at the protein level
(Supplemental Fig. S10A).

Epigenetic erosion of the Barr body in breast cancer

Epigenetic perturbations of the inactive X chromosome were
found at multiple levels in breast cancer. Based on microscopy,
XIST RNA coating was often found to be highly dispersed, with
variable H3K27me3 enrichment, and a marked absence of an
RNA Pol II-depleted nuclear compartment. Based on ChIP-seq, ab-
normal presence of both RNA Pol II and H3K4me3was observed at
“cancer-specific” escapees, reminiscent of the chromatin organiza-
tion of the normally escapees fromXCI in noncancer cells (Kucera
et al. 2011; Cotton et al. 2013). Importantly, however, virtually all
informative “cancer-specific” escapees displayed simultaneously
repressive (H3K27me3) and active (H3K4me3, RNA Pol II recruit-
ment) chromatin marks (see Supplemental Fig. S7D), suggestive
of bivalent chromatin, as observed in ES cells (Bernstein et al.
2006), which may reflect, or even underlie, metastable states of
gene expression from the Xi in a cancer context. The Xi was also
severely perturbed at a more global chromatin level, with aberrant
distributions of H3K27me3 and acetylation of H3 and H4 present
in interphase breast cancer cells. The disruption of H3K27me3 do-
mains that we observed based on ChIP-seq in breast cancer cell
lines may reflect the nuclear disorganization of the Xi, as it has
been shown that H3K27me3 enriched domains in normal cells
tend to be clustered together in interphase and most likely partic-
ipate in the specific chromosomal and nuclear organization of the
Barr body (Chadwick and Willard 2004). Nevertheless, despite
these global and local epigenetic perturbations in all the breast
cancer cell types examined, the Xi could still be distinguished
from the Xa. For example, although the degree of enrichment
for H3K27me3 on the Xi is lower in cancer cells when compared
to HMEC and WI-38 cells, it is still higher than the mean enrich-
ment found over the rest of the genome (Fig. 2B; Supplemental
Fig. S10B). Similarly, although exclusion of Cot-1 RNA, RNA Pol
II, and euchromaticmarks is not complete on theXi in cancer sam-
ples, somedegree of exclusion is nevertheless detectable in a subset
of cells. Furthermore, “cancer-specific” escapees (like normal es-
capees) were never expressed to the same levels as their counter-
parts on the active X.

Possible causes of the epigenetic instability of the inactive

X chromosome in breast cancer

Epigenetic instability of theXi appears to occur across a broad spec-
trum of breast cancer types with no obvious specificities for partic-
ular molecular subclasses. For example, elevated genetic
instability, such as in BRCA1 null and basal-like breast tumors
(Richardson et al. 2006; Vincent-Salomon et al. 2007) cannot ex-
plain the marked epigenetic instability that we found in all sub-
types. We believe that the underlying causes of the structural
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and transcriptional lability of the Xi in cancer are probably a result
of both genetic and epigenetic defects. For example, the slightly
lower levels of XIST expression that we observed in most cases
might lead to less efficient chromosome coating and contribute
to the disruptionof the silent nuclear compartment normally pres-
ent in somatic cells (Chaumeil et al. 2006; Clemson et al. 2006), as
well as to the aberrant distribution of H3K27me3 and other chro-
matin marks. Furthermore, the precise combination of epigenetic
factors that ensure the inactive state of different genes on the inac-
tive X chromosome in somatic cells is still very much an open
question. Indeed, our study revealed that the rather global epige-
netic misregulation in tumor cells results in rather sporadic X-
linked gene reactivation, and escape from silencingmay be depen-
dent on a gene’s local environment, as neighboring genes can
behave very differently in a cancer context. For example, the
NXT2 gene was found to show aberrant transcription, whereas
its close neighbor, NUP62CL, remained silent in MDA-MB-436
cells, although both lie in a non-XIST-coated/H3K27me3 depleted
region of the Xi (Supplemental Table S1).

Consequences of Xi erosion in breast cancer cells

The epigenetic instability of the Xi in breast cancer, which can re-
sult in aberrant X-linked gene expression, might in some cases
contribute to a selective advantage for cancer cells. Indeed, several
“cancer-specific” escapees identified here have previously been
shown to be involved in cancer, such asHDAC8, which is implicat-
ed in cellular transformation (Oehme et al. 2009) and metastasis
formation (Park et al. 2011). TBL1X, for which we demonstrated
increased protein dosage in the context of its aberrant reactivation
from the Xi, belongs to a complex with HDAC3 that is directly
linked to several forms of cancer (Spurling et al. 2008; López-
Soto et al. 2009; Kim et al. 2010; Müller et al. 2013; Miao et al.
2014). Aberrant dosage of such X-linked chromatin-associated
factors could easily be imagined to lead to pleiotropic effects in a
cancer context, promoting or enhancing more genome-wide mis-
regulation. Further studies will be required to explore the extent to
which X-linked gene reactivation might contribute to cancer
progression.

Importantly, in addition to the aberrant reactivation of genes
on the inactiveX, aberrant silencing of several genes that normally
escape XCI, such as RAB9A, BCOR, RPL39, or PNPLA4 was also ob-
served in tumor cell lines. BCOR mutations have already been im-
plicated in some cancers (Zhang et al. 2012). Aberrant repression
of such genes in a cancer context might be due to sporadic epimu-
tation or to impaired protection fromXCI through perturbation of
boundary elements (Filippova et al. 2005). Finally, we also showed
that abnormal activation of cancer/testis Antigen genes, which are
known to be aberrantly expressed in cancer, was from the active
rather than the inactive X chromosome in one case (MAGEA6),
pointing to differences in the stability of silent genes on the active
versus the inactive X chromosomes in cancer.

Consequences of genetic instability on the epigenetic status

of the Xi in cancer cells

Our study also reveals how chromosomal rearrangements, such as
deletions or translocations can have an impact on the epigenetic
status of a chromosome through loss of the XIC from an inactive
X fragment and/or juxtaposition of the XIC to an autosome. We
found such a scenario in the MDA-MB-436 cell line, where loss
of the XIC from an Xi fragment resulted in reduced H3K27me3

enrichment on the Xi, as expected from previous reports demon-
strating that PRC2 is recruited (directly or indirectly) to the Xi
via XIST RNA (Wutz et al. 2002; Plath et al. 2004; Maenner et al.
2010). However, the H3K27me3 profile on this Xi fragment is
not equivalent to a euchromatin region, indicating that other
mechanismsmay act to maintain an intermediate heterochromat-
ic organization. Furthermore, loss of XIST RNA coating and re-
duced H3K27me3 was not sufficient to result in notably higher
rates of sporadic gene reactivation of the inactive X-chromosome
fragment when compared to Xi fragments carrying an XIC and ex-
pressing XIST (Supplemental Fig. S10A). This is presumably
because other marks, such as hypoacetylation of H4, hypomethy-
lation of H3K4, and promoter DNAmethylation, are not fully per-
turbed and can propagate the inactive state. Thus, although XIST
RNA and PRC2-associated chromatin changes may participate in
maintaining the inactive state, they do not appear to be essential
in the context of this particular cell line.We alsomade the intrigu-
ing observation that in X:autosome translocations involving an Xi
fragment still carrying an XIC and expressing XIST RNA,
H3K27me3 enrichment could be found to spread into the autoso-
mal sequences adjacent to theXIC (for example in the SK-BR-3 and
MDA-MB-436 cell lines) (Fig. 3C). Although we were not able to
evaluate whether this results in aberrant gene silencing, such a
spread of heterochromatin into autosomal regions as previously
shown (Cotton et al. 2014) could clearly have important implica-
tions in a cancer context by inducing functional LOH for critical
genes such as tumor suppressors.

In conclusion, the perturbed transcriptional and chromatin
status of the inactive X chromosome that we have identified in
the context of breast cancer opens up several important clinical
perspectives. Today, there is still no rapid and efficient way to eval-
uate the epigenetic instability of tumor cells in a clinical context
(Portela and Esteller 2010). In theory, detection of X-linked gene
reactivation and aberrant chromatin status using IF and RNA
FISH in breast tumors could provide valuable biomarkers to assess
epigenetic status and/or to evaluate responsiveness of tumors to
drug treatments (Huang et al. 2002). Whether the same degree of
Xi epigenetic instability will be found in other types of cancer re-
mains an interesting question for the future.

Methods

RNA, DNA FISH, and immunofluorescence

ForXIST RNA FISH, a combination of two probes covering 16 kb of
XISTmRNAwas used (Okamoto et al. 2011). For nascent transcript
detection by RNA FISH, the following BAC (CHORI) probes were
used: HDAC8 (RP11-1021B19), TBL1X (RP11-451G24), ATRX
(RP11-42M11), HUWE1 (RP11-155O24), and KDM5C (RP11-
258C19). The correct chromosomal location of BACs was first ver-
ified using DNA FISH on metaphase spreads. A FISH probe for
MAGEA6 was generated by cloning the genomic sequence in
pCR-XL-TOPO vector. Human Cot-1 DNA (Invitrogen) was used
for Cot-1 RNA FISH. Probes were labeled by nick translation
(Vysis) with Spectrum Red-dUTP, Spectrum Green-dUTP, or Cy5-
dUTP following the manufacturer’s instructions. RNA and DNA
FISH were performed as described previously (Chaumeil et al.
2008). For more details see Supplemental Methods.

Microscopy

Images were generated using a Nikon confocal spinning disk mi-
croscope fitted with a 60×/1.4 OIL DIC N2 PL APO VC objective.
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For super resolution imaging, structured illumination (3D-SIM)
was performed using a DeltaVision OMX microscope (GE
Healthcare).

Human SNP Array 6.0 DNA and nascent RNA experiments

DNA copy number profiles

Genomic profiling was performed at Institut Curie using Affyme-
trix Human SNP Array 6.0; cell files were processed by Genotyping
Console 3.0.2 (Affymetrix, reference model file HapMap270, ver-
sion 29). Human SNP Array 6.0 data were mined using the previ-
ously described and validated GAP method (Popova et al. 2009).
Segmental absolute copy numbers and allelic contents (major al-
lele counts) were detected. R scripts and full details of the applica-
tion are available at http://bioinfo-out.curie.fr/projects/snp_gap/
and have been previously reported (Popova et al. 2009). For
more details see Supplemental Methods.

Nascent RNA allelic expression

Preparation of samples and analysis of nascent RNA were per-
formed as described previously (Gimelbrant et al. 2007). Briefly,
we purified nuclei of assessed cell lines (Nuclei Pure Isolation Kit,
Sigma) and subsequently purified nuclear RNA (by classical phe-
nol:chlorophorm extraction). Then, we hybridized cDNA ob-
tained by reverse transcription of nuclear RNA of each sample
onto Affymetrix Human SNP Array 6.0. Data was normalized by
Genotyping console, and raw single-SNP intensities were taken
as allelic expression of corresponding genes. Each SNP was charac-
terized by (1) global expression level score; (2) allelic expression
ratio score; and (3) genomic status (loss or retention of heterozy-
gosity score), which were summarized into a biallelic andmonoal-
lelic expression status. Genome-wide biallelic and monoallelic
expression profiles were obtained by cumulating SNP status in a
50-SNP window and at gene level.

Primary tumors

A hematein-eosin-safran (HES)–stained tissue section was made in
each primary tumor to evaluate tumor cellularity and diagnosis.
Characterization of the tumor samples was completed by the de-
termination of estrogen receptor, progesterone receptor, ERBB2,
cytokeratin 5/6, and epidermal growth factor receptor (EGFR) sta-
tus determined by immunohistochemistry done according to pre-
viously published protocols (Azoulay et al. 2005). All experiments
were performed in accordance with the French Bioethics Law
2004-800, the French National Institute of Cancer (INCa) Ethics
Charter, and after approval by the Institut Curie review board
and the ethics committees of our institution (“Comité de
Pilotage of the Groupe Sein”). In the French ethics law, patients
gave their approval for the use of their surgical tumor specimens
for research. Data were analyzed anonymously.

For details on experimental procedures used for cell culture,
DNA methylation analysis, Sanger sequencing, real-time PCR, al-
lele-specific PCR, pyro-sequencing, RNA sequencing analysis,
and chromatin immunoprecipitation analysis, see Supplemental
Methods.

Data access

All high-throughput data from this study have been submitted to
the NCBI Gene Expression Omnibus (GEO; http://www.ncbi.nlm.
nih.gov/geo/) under accession number GSE62907.
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