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Transient colocalization of X-inactivation centres
accompanies the initiation of X inactivation

Christian P. Bacher', Michele Guggiari?, Benedikt Brors', Sandrine Augui?, Philippe Clerc’, Philip Avner’,

Roland Eils“**>¢ and Edith Heard?>¢

The initial differential treatment of the two X chromosomes
during X-chromosome inactivation is controlled by the X-
inactivation centre (Xic). This locus determines how many

X chromosomes are present in a cell (‘counting’) and which
X chromosome will be inactivated in female cells (‘choice’).
Critical control sequences in the Xic include the non-coding
RNAs Xist and Tsix, and long-range chromatin elements.
However, little is known about the process that ensures

that X inactivation is triggered appropriately when more

than one Xic is present in a cell. Using three-dimensional
fluorescence in situ hybridization (FISH) analysis, we
showed that the two Xics transiently colocalize, just before

X inactivation, in differentiating female embryonic stem
cells. Using Xic transgenes capable of imprinted but not
random X inactivation, and Xic deletions that disrupt random
X inactivation, we demonstrated that Xic colocalization is
linked to Xic function in random X inactivation. Both long-
range sequences and the Tsix element, which generates the
antisense transcript to Xist, are required for the transient
interaction of Xics. We propose that transient colocalization of
Xics may be necessary for a cell to determine Xic number and
to ensure the correct initiation of X inactivation.

Mammalian X chromosome inactivation involves the differential treat-
ment of two identical chromosomes within the same nucleoplasm. The
initial target of this differential treatment is the Xic. For X inactivation
to occur, cells must register the presence of at least two Xics"?. Only a
single X chromosome remains active in a diploid cell; all extra X chro-
mosomes are inactivated. Inactivation is triggered by accumulation of
the Xist transcript (the gene is located in the Xic region), which coats and
inactivates chromatin in cis. The mechanisms underlying recognition of
the number of Xics and the differential treatment of the two Xics have yet
to be described. The product of antisense transcription of Xist (T5ix) and
cis-regulatory sequences are involved in the choice and counting func-
tions of the Xic (for reviews see refs 3, 4). Deletion of the 65-kb region

located 3’ of Xist affects choice, leading to non-random inactivation
of the chromosome carrying the deleted allele®. The 65-kilo base (kb)
deletion also affects counting, as X inactivation is triggered even in cells
with only one X chromosome®. Further delineation of this region has
been achieved using a Cre-lox mediated DNA re-insertion strategy®, but
little is known about the actual mechanisms that mediate counting and
choice. Furthermore, although the 3" region of Xist is clearly important
for correct random X inactivation, transgenic studies have shown that
the Xic sequences tested to date may not be sufficient for Xic function
and/or recognition. Large single-copy Xist transgenes cannot trigger cis-
inactivation or inactivation of the endogenous X chromosome during
embryonic stem cell differentiation’, despite containing the counting
and choice elements 3” of Xist. These transgenes may not be recognised
by cells as ectopic Xics when present as a single-copy insertion. A pos-
sible explanation may be that the Xics have to associate with a nuclear
compartment, and/or transiently interact with each other, to exchange
information and to coordinate the subsequent random X-inactivation
process”®. Nuclear mis-localization may thus prevent a single-copy trans-
gene from being ‘sensed’ as an additional Xic and this would mean that
X inactivation is not triggered. Interactions between unlinked, but coor-
dinately regulated chromosomal loci, or colocalization of genes within
specific nuclear compartments, may be important for gene regulation’**.
In the case of X inactivation, nuclear compartmentalization was one of
the earliest models proposed to explain the differential treatment of the
two X chromosomes in the same nucleus'.

We set out to examine whether the Xic locus shows any signs of non-
random spatial distribution in the nucleus that may reflect, or underlie,
its specific functions in controlling X inactivation. Several embryonic
stem cell lines, at various stages of in vitro differentiation were examined
(Table 1 and see Supplementary Information, Fig. S1). Two-dimensional
analysis of differentiating female embryonic stem cells using DNA FISH
to simultaneously detect the Xic and the X chromosome, or RNA FISH
to detect Xist transcription, suggested that the two Xics come into very
close proximity during the initiation of X inactivation (Fig. 1a, b). To
assess this observation more accurately, three-dimensional FISH and
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Table 1 Embryonic stem cell lines

Cell line Genotype Counting and choice Tsix transcription Cis inactivation Reference or source
HM1 XY Yes Yes NA Gift from E. Wagner
CK35 XY Yes Yes NA Ref. 7

PGK1 (PGK12.1) XX Yes Yes Yes Ref. 27

HP310 XX Yes Yes Yes Ref.5
D102 XXA65ko No No* Yes Ref.5
c.16.1 XXA465Kb=+ 16k No Yes Yes Ref.16
53BL XY +XicTen=! No Yes No Ref.7
L412 XY +XicTen1 Yes Yes Yes Ref.7

NA, not applicable. *No Tsix transcription on the deleted (XX265°) allele only.

tailored image analysis were performed (Fig. 1 and see Supplementary
Information, Fig. S2) on female embryonic stem cells (PGK and HP310,
see Table 1) and mouse embryonic fibroblasts (MEFs). The Xic loci were
detected using DNA FISH, and the X chromosome undergoing inactiva-
tion was identified using Xist RNA FISH. Close proximity of the two Xic
loci (within an interval of 0-1 pum) was detected in a fraction (8-15%)
of both female embryonic stem cell lines, at days 1.5-2 of differentiation
(Fig.2). Male embryonic stem cells containing multicopy yeast artificial
chromosome (YAC) Xic transgenes (L412, Table 1) that were previously
shown to induce cis-inactivation and counting’ also showed colocaliza-
tion between the endogenous Xic and the transgenic locus (Fig.2). In
MEFs, where X inactivation is fully established, and in undifferentiated
embryonic stem cells with two active X chromosomes, close proximity
of Xics was shown in <3% of cells, which corresponds to background
fluctuations’. The significance of the Xic-Xic proximity detectable only
during early embryonic stem cell differentiation was confirmed using
quantile-quantile plot analysis. This was performed by running each
data set against the MEF distribution (data not shown) or against a
random point population of simulated points in a virtual cell (Fig.3,
see Methods). A shift to shorter than expected inter-Xic distances was
found for PGK, HP310 and L412 embryonic stem cell lines, particularly
at 1.5-2 days of differentiation, whereas no such shift was observed for
the female MEF control (Fig. 3). FISH analysis also revealed that the Xic
locus tends to occupy a very peripheral position in the nucleus in all cell
lines tested (see Supplementary Information, Fig. S3). Furthermore, for
the majority of Xic colocalization events (inter-Xic distances of < 1pum),
the distance of each of the two Xics from the nuclear envelope was found
to be within a range of 0.1-0.8 um (data not shown), indicating that
Xic-Xic colocalisation tends to occur close to the periphery.

We next examined when exactly Xic-Xic colocalization occurs rela-
tive to Xist RNA accumulation. In the majority (>90%) of nuclei, where
the Xic—Xic distance was <1 um, Xist RNA had not yet accumulated (see
Supplementary Information, Fig. S4). Therefore, Xic colocalization pre-
cedes accumulation of Xist RNA on one of the two X chromosomes,
suggesting that colocalization may be linked to the initiation of X inac-
tivation. To assess the functional significance of Xic-Xic colocalization,
embryonic stem cell lines that are defective in Xic function were ana-
lysed. A male cellline, 53Bl, carrying a single copy XicYAC transgene that
includes Xist and130 kb of upstream and 310 kb of downstream sequence,
integrated at chromosome 13 was examined. Single-copy Xist transgenes
are incapable of inducing random X inactivation (either cis-inactivation
or inactivation of the endogenous X) during embryonic stem cell differ-
entiation’, although they can efficiently induce imprinted X inactivation®.
During the induction of imprinted X inactivation, however, the counting

and choice functions of Xic are not normally used, as they are over-rid-
den by a parent-specific imprint on Xist. We postulated that the lack of
function of these single-copy transgenes during random X inactivation
may be linked to their incapacity to be registered by the cell as a second
Xic. The expected distance distribution relative to the nuclear periphery
was observed for both the transgenic and endogenous Xics (data not
shown). However, when inter-Xic distances were measured in 53BlI cells
during differentiation, a marked absence of colocalization between the
two Xic signals was observed (Fig.2). Quantile-quantile plot analysis
revealed that inter-Xic distances for the 53Bl line were similar to a ran-
dom simulation (Fig. 3a). However, a significant shift from the inter-Xic
distance distributions seen for female embryonic stem cell lines was found
(Fig. 3b). The complete absence of Xic colocalization in the 53Bl line cor-
relates with the inability of this transgene to induce counting, choice and
cis-inactivation during embryonic stem cell differentiation.

To investigate the nature of the link between Xic colocalization and X
inactivation further, a female embryonic stem cell line (D102, derived
from the HP310 line’; see Table1), carrying a 65-kb deletion within
one of the two Xics, was analysed . In D102 cells, X inactivation is no
longer random, as the deleted X**** chromosome is always chosen for
inactivation on differentiation. The Xic counting function the X465
chromosome is also disrupted, as in X2*Q or X****Y embryonic
stem cells (containing only one X chromosome), the X*%*** chromo-
some undergoes inactivation on differentiation®, unlike wild type XO
or XY cells, where X inactivation is never observed. Strikingly, no Xic
colocalizations (that is, distances between 0-1 pm) were observed at any
stage of differentiation in this cell line (Fig. 2). Quantile-quantile plot
analysis confirmed the difference in distributions of inter-Xic distances
between D102 and HP310 cells (Fig. 3). In fact, the Xiclociin D102 cells
seem to be even further away from each other than expected. The 65-kb
region 3’ of Xist (which includes counting elements, and the promoter
and 5" end of Tsix) must therefore be important for the Xic interac-
tions observed in female embryonic stem cells. To define which part of
this region may be important for Xic colocalization, the ¢.16.1 cell line
derived from D102 (Table 1) was analysed. In this line, 16 kb of sequence
3” of Xist (up to and including the Tsix promoter) was reinserted using
Cre-lox-mediated targeting'®. Tsix transcription is reconstituted in
c.16.1 cells, although X inactivation remains non-random, with only
the targeted allele being inactivated's. When inter-Xic distances were
measured, Xic-Xic colocalization was found to be completely re-estab-
lished in this cell line, at days 1.5 and 2 of differentiation, with frequen-
cies comparable to HP310 (the original parental line of D102; Fig.2).
Thus, we concluded that the incapacity of the D102 line to show close
Xic-Xic proximity during differentiation was due to the absence of the
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Figure 1 Nuclear location of the Xic and Xist RNA in differentiating embryonic
stem cells. (a) Female embryonic stem cells differentiated for 2 days were
analysed by DNA FISH using an X-chromosome paint (red) and an Xic probe
(green). Nuclei were counterstained with DAPI (blue). (b) Xic colocalization in
female embryonic stem cells at day 1.5 after differentiation. The insert shows
a three-dimensional projection of the original DAPI DNA counterstained
image with Xist RNA signals (green). (c) Raw data obtained by confocal
microscopy on female embryonic stem cells following Xist RNA-Xic DNA

16-kb region immediately 3" of Xist and that the Tsix transcription unit
was necessary for colocalization to occur. The observation that although
Xic colocalization is reconstituted, X inactivation remains non-random
in this cell line, suggests that colocalization of Xics may be necessary,
but is not sufficient, for counting and choice.

Using high-throughput three-dimensional FISH and large-scale
image analysis, we have demonstrated that the two Xics transiently
come into close proximity during the initiation of random X inactiva-
tion. Colocalization may involve either a direct physical interaction, or
alternatively positioning within a common nuclear sub-compartment.

LETTERS

Xist RNA FISH

Xic DNA-Xist RNA FISH

FISH. Three of of the 60 sections acquired for this nucleus are shown.

The distance between these sections along the z axis was approximately
0.4um. (d) Before visualization, DAPI-stained nuclei were pre-processed and
segmented to allow isosurface extraction (see Supplementary Information,
Fig.S2). The nuclei were cut open to visualize the Xist-Xic signals (green and
red, respectively). The insert shows a three-dimensional projection of original
DAPI DNA counterstained images overlaid by the Xist RNA signal and Xic
DNA signal (red; lower right only), respectively. Scale bars represent 2 pm.

Its function may be to allow a cell to sense that more than one Xic
is present in a cell and to ensure that random X inactivation occurs.
This sensing step is likely to be an upstream event in the X-inactiva-
tion initiation process, as it occurs just before Xist RNA accumulation.
Taken together, our analysis of Xic transgenes and deletions suggests
that although it is not sufficient (c.16.1 cells), colocalization is likely
to be necessary (53BL cells) for correct counting and choice to occur.
It is not currently known whether Xic colocalization is dependent on
autosomal ploidy, as counting is**. We have demonstrated that colo-
calization between Xics requires long-range sequences that are absent
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Figure 2 Xic colocalization in differentiating embryonic stem cells.

Xic colocalization (or cross talk) events were detected in wildtype

female (PGK1, HP310), female counting-deficient (D102, c¢.16.1), and
transgenic male (53BL, L412) embryonic stem cells. A striking increase
in Xic crosstalk events was observed for PGK1, HP310 and L412cell lines
at days 1.5 and 2.0 after induction of X-chromsome inactivation.

from a 460-kb Xic transgene, although their absence can be compensated
for in a multi-copy array of this transgene. Thus, at least part of the
region required for crosstalk must be present in the 460-kb sequence. We
have also shown that the presence of the region immediately 3" of Xist,
including the Tsix promoter, is required for colocalization to occur. Tsix
transcription may be important for this process, either at the RNA or
chromatin level7-'°. However, it cannot be sufficient, as in undifferenti-
ated female embryonic stem cells, Tsix is transcribed and yet there is no
significant Xic colocalization.

The transient Xic colocalization we have observed within a restricted
developmental time window seems to be specific to this region of the X
chromosome and to its particular functions in random X inactivation

A general decrease in crosstalk events and an absence of Xic approximation
events within the distance range of 0—1 ym was observed in 53BI and
D102 cells. S, simulated distribution of 1,000 calculated Xic distances
from a random and uniform distribution within a simulated cell nucleus;
MEF, control experiment using male or female MEF populations; d, days
after the start of differentiation.

for several reasons: First, Xic multi-copy transgenes on autosomes also
display Xic colocalization; second, the 65-kb deletion 3 of Xist abol-
ishes this Xic colocalization, suggesting Xic specificity rather than an
X-chromosome wide phenomenon; third, other genomic loci that have
been examined to date do not show this type of colocalization (data not
shown). Furthermore, our preliminary data suggests that the imprinted
Snrpn gene, previously found to show transient homologous associa-
tions during late S phase in T cells®, shows no homologous association
in embryonic stem cells at 1.5 days of differentiation (S. A., M. G. and
E. H., unpublished observations). However, imprinted loci may have no
reason to transiently interact during embryonic stem cell differentiation,
as their mono-allelic expression patterns are established before this stage
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Figure 3 Analysis of inter-Xic distance distributions using quantile-quantile
plots. (a) Visualization of the Xic distance distributions using quantile-quantile
plots for the indicated embryonic stem cell lines analysed (at days 1.5 and

2 of differentiation) against a simulation of 1,000 randomly determined Xic
distance distributions. Closer than expected proximity between the two Xic's
was observed in PGK, HP310 and c.16.1 cell lines (indicated by a shift of
the points above the 45° reference line), whereas a complete lack of the short
Xic inter-distance population was observed in the 53BL and D102 cell lines
(indicated by a shift of the points below the 45° reference line).

(b) Comparison of wild type XX embryonic stem cell lines (HP310 and PGK)
against the transgenic 53BlI (single copy) and L412 (multicopy) cell lines, and

of development. In this context, trans-interaction of Xics is also unlikely
to be necessary for imprinted paternal X inactivation, where counting
and choice functions are not initially required, given the presence of a
germ line imprint repressing the maternal Xist gene. The capacity of
single-copy transgenes to induce imprinted", but not random X inacti-
vation’ supports this assertion.

Our findings underline the potential importance of trans-interactions
for mono-allelic gene regulation, which in the case of X inactivation, has
an impact on gene expression on a chromosome-wide scale. The exact
nature and duration of the interaction between the two Xics in living
cells has yet to be examined. Given the recent evidence that co-ordinately
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the deleted D102 and c.16.1 cell lines, at days 1.5 and 2 of differentiation.
The quantile—quantile plots of PGK against HP310 distributions, for each day,
lay approximately along the 45° reference line, and thus indicated that they
have similar distributions. The slight shift towards shorter inter-Xic distances
for PGK cells at day 1.5 after induction of differentiation was explained by
the slightly slower inactivation kinetics observed for HP310 cells. The L412
line showed a very similar distribution to the other female lines. A lack of any
close proximity between the two Xic loci was observed in 53BL and D102 cells
when compared with wild-type PGK and HP310 cells. The complemented
c.16.1 cells showed no shift when compared to the female HP310 cell lines,
indicating that close proximity of the Xics was restored in this line.

regulated genes on non-homologous chromosomes can become juxta-
posed in mammalian cells>'?, it will be important to define how wide-
spread homologous locus interactions are in mammals and whether they

O

correlate with random, mono-allelic expression patterns.

METHODS

Cell lines and cell culture. Female mouse embryonic fibroblasts, prepared from
13.5 d embryos were cultured in DMEM with GlutMAX (GIBCO-Invitrogen,
Cergy Pontoise, France) supplemented with 10% fetal bovine serum (FBS;
GIBCO-Invitrogen). Male and female embryonic stem cell lines were grown
either on monolayers of mitomycinc C-treated feeder cells (HP310, D102, c.16.1,
53Bl and L412) as previously described®’; or on gelatin-coated flasks or plates
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(feeder-free PGK12.1 and HM1) as previously described?'. Embryonic stem cells
were maintained in an undifferentiated state in DMEM with GlutMAX, 15% fetal
calf serum (GIBCO), 0.1 pM 2-mercaptoethanol (Sigma, St Louis, MO), and 1000
U ml™ leukaemia inhibitory factor (LIF). Differentiation of embryonic stem cells
was induced by pre-adsorbing feeders (in the case of feeder-dependent embryonic
stem cell lines’), removing LIF and using 100 nM all-trans-retinoic acid (RA,
Sigma) in DMEM supplemented with 10% FBS, and 0.1 M 2-mercaptoethanol.
Differentiation medium was changed daily. All cells were grown at 37°C in 8%
CO,. Feeder-free male HMI cells were a gift from E. Wagner; feeder-free female
PGK12.1 cells were a gift from N. Brockdorff.

RNA and DNA FISH. Fibroblasts or embryonic stem cells cultured on gelatin-
coated coverslips were fixed in 3% paraformaldehyde for 15 min at room tem-
perature. Permeabilization of the cells was performed on ice in PBS containing
0.5% Triton X-100, and 2mM vanadyl ribonucleoside complex (New England
Biolabs, Ispswich, MA) for 3.5 min. The coverslips were rinsed twice and kept in
70% ethanol. Before FISH, the coverslips were dehydrated through an ethanol
series (70%, 90%, 100%), air-dried and then rehydrated in 2x SSC. The DNA
was then denatured in 50% formamide, 2x SSC for 40 min at 80°C in an oven.
The coverslips were then placed in ice cold 2x SSC, rinsed once and simultane-
ous RNA-DNA FISH was performed. The Xist probe used was a 19-kb genomic
fragment derived from a lambda clone (510) that covers most of the Xist gene’.
The Xic probe (YAC PA-2) has previously been described’. Probes were labelled
by nick translation (Abbott-Vysis, Rungis, France) with spectrum green or red-
dUTP (Vysis). Hybridization used 0.1 pg of probe (per coverslip) precipitated with
10 ug of salmon sperm and resuspended in 50% formamide, 2x SSC, 20% dextran
sulfate, 1 mg ml~' BSA (New England Biolabs), 200 mM vanadyl ribonucleoside
complex (VRC), overnight at 37 °C. After three washes in 50% formamide with
2x SSC and three washes in 2x SSC at 42 °C, DNA was counterstained for 2 min
in 0.2 mg ml™' DAP], followed by a final wash in 2x SSC. Samples were mounted
in 90% glycerol, 0.1x PBS, 0.1% p-phenylenediamine at pH9 (Sigma).

Confocal microscopy. Fixed cell imaging was carried out on a confocal laser scan-
ning microscope TCS SP2 AOBS (Leica Microsystems, Wetzlar, Germany) using
a x 63 oil immersion objective with 1.4 optical apperture (HCX PL APO Ibd.BL
X 63/1.4,#506192, Leica Microsystems). A diode laser (A =405 nm) was used for
excitation of DAPI counterstain. An argon (A =488 nm) and a helium-neon laser
(A=543 nm) were used for spectrum green (Xist RNA) probe and spectrum red
(Xic DNA probe) excitation, respectively. Three-dimensional image stacks with
an image format of 1024 x 1024 pixel and constant voxel sizes of 0.058 um x 0.058
umx 0.204 pm were acquired. The number of z-stacks was adjusted according
to the heights of the cell nuclei resulting in an average amount of 40 two-dimen-
sional images for each cell nucleus. The DAPI stained chromatin, Xist probes and
Xic-DNA probes were acquired in parallel at constant scanning speed of 800 Hz.
The laser intensities were adjusted to an optimal signal-to-noise ratio and kept
constant for all imaged slides. For this purpose the acousto-optical beam splitters
were set to 35% for the diode laser and to 40% for the argon and helium-neon
laser. The photo multiplier settings where adjusted to 499.7 volts for the diode
laser, 650.3 volts for the argon and 628.6 volts for the helium-neon lasers.

Segmentation of cell nuclei. Image processing was carried out using our in-
house developed image analysis platform, TIKAL?, running on a high-perform-
ance computing cluster. Segmentation of cell nuclei was performed automatically.
Segmentation results were checked manually and confirmed for each individual
cell nucleus. This manual step was necessary to identify and avoid false seg-
mentation due to hybridization artifacts and to eliminate oversegmented cells.
Oversegmentation was a result of the tendency of embryonic stem cells to grow
in closed colonies and the insufficient resolution of the microscope to resolve the
nuclear borders at a nanometer scale. To achieve optimal segmentation results,
the image analysis process was broken down into two parts (Fig. 1). The first part
involved finding of a region of interest that included a cell nucleus. The second step
of the analysis was the segmentation of the nucleus in the region of interest.

The selection of the region of interest was fully automated by reducing image
noise by two-dimensional median filtering followed by maximum intensity projec-
tion of the whole image stack. The two-dimensional image obtained was segmented
using a neighborhood connected threshold region growing filter (NCTRG, ITK
toolkit; Kitware, Inc., Clifton Park, NY) integrated into TIKAL. The NCTRG filter
is an extension of the standard connected region growing filter using mathematical

morphology erosion. The reason for considering neighborhood intensities in the
erosion process, instead of only the current pixel intensity, is that small structures
are more likely to be segmented. The basic approach of the NCTRG algorithm is to
start from a seed region that is considered to be inside the object to be segmented.

For our automated segmentation we used an inverted approach; that is, we
segmented regions not belonging to objects (background) and finally inverted
the resulting image to obtain the binary nuclei regions. This strategy has several
advantages, in particular the selection of a seed point is independent of the actual
position of the cell nucleus in the image; that is, selection of the seed point can
always be in the left upper corner of the image. Another advantage to segmenting
the background is low intensity fluctuations within the background areas resulting
in smooth object borders. High reliability of this inverted segmentation approach
was crucial for application in a fully automated high-throughput setting.

After obtaining a segmented two-dimensional representation of the whole
image area, individual binary cell nuclei were selected and used as template to
define regions of interest in each individual image of the three-dimensional stack.
The region of interest was then processed by contour preserving and noise reducing
three-dimensional anisotropic diffusion filtering” followed by NCTRG in three
dimensions using the same background segmentation strategy as described above.
As a result, we obtain accurately segmented cell nuclei in three-dimensions.

Distance measurements. An automated segmentation of the Xic FISH signals
was not possible owing to their variable intensity and size. Manual selection and
segmentation of the Xic signal was therefore performed after segmentation of
cell nuclei. This also allowed detection and correction of possible segmentation
artefacts in the DAPI channel; for example, overlapping nuclei. To estimate the
distance of the Xist-Xic region to the periphery and the inter Xist—Xic distance,
we implemented a new module in TIKAL. This module is capable of finding the
closest distance of two segmented objects in different channels. For this purpose
the Xic signal was automatically pre-processed by reducing noise using two-
dimensional median filtering followed by three-dimensional anisotropic diffu-
sion filtering. Segmentation was obtained using NCTRG with a seed point in
a background region. The segmentation results were manually cross validated
against the original raw Xist-Xic data and if necessary corrected to avoid false
segmentation. After this data validation, the centre of mass of each segmented
signal was obtained automatically. The shortest Euclidian distances of the centre of
mass to the closest segmented nuclear peripheral voxel were calculated. The inter
Xic distance was obtained by measuring the three-dimensional Euclidean distance
of the two segmented Xist—Xic centres of mass within the cell nucleus.

Statistical analysis, simulation and plots. Statistical analyses were performed in
R (http://www.r-project.org/). For coherence, the distributions were compared
with two non-parametric tests, namely Wilcoxon and Kolmogorov-Smirnov**?.
Both tests showed similar results for the analysis. Cutoff threshold for similar
distribution was the 95% quantile.

Simulations of random data points and quantile-quantile plot generation were
performed in R (http://www.r-project.org/) and are described in more detail
below. Live cell-line plots and bar plots were generated with Sigmaplot.

For data simulation, random points with equal density distribution in a unit
sphere were generated. For this purpose the volumes of all segmented nuclei were
combined and the median volume calculated, which resulted in an approximation
of a hypothetical cell nucleus with a radius of 7.2 um. To simulate the Xic distance
from the nuclear periphery, 1,000 random spots within this sphere were gener-
ated by individually selecting the x, y and z, coordinates from a random uniform
distribution number generator provided by the R program. Finally, the shortest dis-
tances to the nuclear periphery were calculated by correlating the obtained three-
dimensional points to the previously determined simulated nuclear radius. Similar
procedures were chosen for the simulation of distances between two hypothetical
Xic signals. Individual uniformly distributed x, y and z coordinates (2 x 1,000) were
generated followed by calculation of the Euclidean distance between two three-
dimensional coordinates resulting in 1,000 simulated inter-Xic distances.

The quantile-quantile plot is a graphical technique for determining whether
two data sets come from populations with a common distribution. The method
plots the quantiles of the first data set against the quantiles of the second data
set. If the two sets come from a population with the same distribution, the points
should fall approximately on a line with a slope of one. The larger the deviation
from this reference line, the greater the evidence that the two data sets originated
from populations with different distributions.
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Note: Supplementary Information is available on the Nature Cell Biology website.
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Xu, Y., Zhu, K., Hong, G., Wu, W,, Baudhuin, L. M., Xiao, Y. & Damron,
D. S. Sphingosylphosphorylcholine is a ligand for ovarian cancer G-pro-
tein-coupled receptorl. Nature Cell Biol. 2, 261-267 (2000).

We wish to retract this paper due to concerns about data presented in
Fig. 1. The principal data in question are the calcium profile data in
Fig. la. These data were obtained by Dr. Kui Zhu (joint first author), at
the time a research fellow in the laboratory of Dr. Yan Xu (senior author),
in the Lerner Research Institute of the Cleveland Clinic Foundation. The
original data used to compose Fig. 1 cannot be located. The first peaks
in the upper and lower panels of Fig. 1a show high homology, although
different ligands were used in the two experiments.

An institutional inquiry panel and an investigation panel were formed
to determine the possibility of misconduct on the part of Dr. Kui Zhu in
two related papers (Kabarowski, J. H. et al. Science 293, 702-705 (2001)
and Zhu, K. et al. J. Biol. Chem. 276, 41325-41335 (2001). The committee
found Dr. Zhu guilty of data fabrication and scientific misconduct related
to these two publications. The very strong similarity of the two traces
in Fig. 1 and the lack of original data suggest that similar misconduct
occurred by Dr. Zhu in this Nature Cell Biology publication.

Owing to the serious concerns about the validity of the data published
in the paper, we would like to retract this paper. We deeply regret any
inconvenience this publication has caused for others. All authors, apart
from Dr. Kui Zhu, have signed this retraction. Dr. Zhu did not return
a signature.
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