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Abstract
Abnormally expanded DNA repeats are associated with several neurodegenerative diseases. In Friedreich’s ataxia (FRDA),
expanded GAA repeats in intron 1 of the frataxin gene (FXN) reduce FXNmRNA levels in averaged cell samples through a poorly
understood mechanism. By visualizing FXN expression and nuclear localization in single cells, we show that GAA-expanded
repeats decrease the number of FXNmRNAmolecules, slow transcription, and increase FXN localization at the nuclear lamina
(NL). Restoring histone acetylation reverses NL positioning. Expanded GAA-FXN loci in FRDA patient cells show increased NL
localization with increased silencing of alleles and reduced transcription from alleles positioned peripherally. We also
demonstrate inefficiencies in transcription initiation and elongation from the expanded GAA-FXN locus at single-cell
resolution. We suggest that repressive epigenetic modifications at the expanded GAA-FXN locus may lead to NL relocation,
where further repression may occur.

Introduction
An abnormal GAA trinucleotide repeat expansion in intron 1 of the
frataxin gene (FXN) causes Friedreich’s ataxia (FRDA;OMIM229300),
a progressive neurodegenerative disease and the most common
form of recessive ataxia (1). FXN alleles in healthy individuals con-
tain <36 GAA repeats, whereas in FRDA patients GAA expansions
ranging from 70 to 1700 GAA repeats lead to FXNmRNA deficiency
and subsequent reduced levels of frataxin, anuclear-encodedmito-
chondrial protein essential for life (1,2). GAA expansion-mediated
transcriptional dysregulation occurs due to the generation of un-
usual DNA structures such as triplexes or sticky DNA (3,4), R-
loops (5,6) and heterochromatin (7,8), which lead to increased
DNA methylation at specific CpG sites (9–11), reduced histone
acetylation (H3/H4ac) and increased levels ofmethylated histones

H3K9me2 and H3K9me3 (8,10). It has been suggested that these
epigenetic changes surrounding the GAA expansion impair RNA
polymerase II (RNAPII) elongation (12), but also spread upstream
towards the FXN promoter, inducing a non-permissive chromatin
configuration for transcription initiation, altering nucleosome po-
sitioning and preventing binding of insulator CCCTC-binding fac-
tor (CTCF) (6,13–15). However, these studies only provide the
probable state of the FXN gene, as these observations come from
experiments in which the outputs of bulk cell cultures are aver-
aged. A dissection of the silencing mechanism in FRDA in situ, in
which FXN localization and expression are quantified at single-
cell level, is crucial to improve our understanding of the under-
lying pathogenesis and ultimately to design effective therapies
for FRDA.
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Studies indicate that the radial positioning of a gene within
the nucleus correlates with its transcriptional output, but
whether a gene is transcribed due to its position or its position
is determined by its transcriptional state is the subject of current
research (16–19). In particular, genomic DNA interactions with
the nuclear periphery (NP) can actively contribute to gene repres-
sion (20–22). However, this is not a general phenomenon (20,23),
rather is gene-specific, and may depend on multiple parameters
such as transcription factor accessibility, promoter strength,
existence of insulator elements and pre-existing chromatin
marks, which may counteract the mechanisms underlying tran-
scription repression. The nuclear lamina (NL) tends to be in con-
tact with heterochromatin and is associated with markers of
gene repression, such as enrichment in histone modifications
H3K9me2 and H3K27me3 and depletion of activating histone
marks and RNAPII occupancy (reviewed in ref. 24). Given that
the expanded FXN heterochromatic state is coupledwith gene re-
pression,we askedwhere GAA-expanded FXN alleles are found in
the nucleus, and how their location impacts on repression.

Here, we report a single-cell analysis of FXN repression in
which we identify the NL as a novel and key player in FXN tran-
scriptional impairment and silencing. Using a multidisciplinary
approach including analysis in both fixed and living single
cells, we show that expandedGAA repeats increase FXN position-
ing at the NL, leading to decreased numbers of FXNmRNAmole-
cules and slower transcription kinetics in an FXN-GAA-MS2 cell
model. We observe the same abnormal repositioning to the NL
in carrier and FRDA patient cells and show that this tightly corre-
lates with a marked decrease in the number of actively expres-
sing FXN alleles. Furthermore, we show that those few active
expanded FXN alleles located at the NL express at a significantly
lower level than the alleles located in the interior of the nucleus.
Finally, we demonstrate that expanded GAA repeats predomin-
antly disrupt FXN transcription initiation. The mechanisms we
describe may extend to other genetic diseases mediated by
repeat expansions within regions of non-coding DNA.

Results
GAA repeat expansion increases FXN-GAA-MS2
positioning at the NL

To investigate the link between FXN localization and expression
at the single-cell level, we modified our previously described re-
porter model (25), which carries the whole 80 kb FXN locus with
its native promoter, including exons 1–5b and all regulatory ele-
ments necessary to achieve physiologically relevant FXN expres-
sion, a luciferase reporter gene in exon 5a and the presence of
either six GAA repeats or a ∼310 GAA repeat expansion in intron
1. To fluorescently label the transgenic FXN mRNA and quantify
the effect of the expansion on FXN transcription, we inserted 24
repeats of MS2 protein-binding sites (MBS) into exon 2 by hom-
ologous recombination, generating pBAC-FXN-MS2-Luc and
pBAC-FXN-GAA-MS2-Luc (Fig. 1A). We used site-specific integra-
tion to generate several stable human clones of FXN-MS2-Luc
and FXN-GAA-MS2-Luc cell lines carrying a single copy of each
vector in the same integration site in chromosome 1 (25) (Supple-
mentaryMaterial, Fig. S1A–D), because this allows a direct single-
allele comparison of normal and expanded FXN loci. We selected
FXN-MS2-Luc clone 2 and FXN-GAA-MS2-Luc clone 22 (referred to
throughout the text as FXN-MS2-Luc and FXN-GAA-MS2-Luc, re-
spectively) for the following studies, as these best represented
the average reduction in FXN mRNA (Supplementary Material,
Fig. S1E) and protein levels (Supplementary Material, Fig. S1F)

in screened clones. The ∼310 GAA repeat expansion in the FXN-
GAA-MS2-Luc cell line recapitulates the characteristic FXN gene
repression seen in FRDA byaltering the FXN epigenetic landscape
(25) and reducing FXN mRNA levels by 62% and frataxin protein
levels by 52% (Fig. 1B).

FXN transgene localization in FXN-MS2-Luc and FXN-GAA-
MS2-Luc lines was determined by immunofluorescence in situ hy-
bridization (Immuno-FISH), using co-localized probes for the vec-
tor backbone and FXN loci to distinguish the transgene from the
three additional endogenous FXN loci (25) present in each clone
(Fig. 1C). We found FXN at the NL in ∼44% of FXN-GAA-MS2-Luc
cells compared to only ∼10% of FXN-MS2-Luc cells. Treatment
with the histone deacetylase inhibitors (HDACi) nicotinamide
and compound 106—previously shown to upregulate FXN expres-
sion and increase histone acetylation levels and DNAse I accessi-
bility at the expanded FXN locus in FRDA patient cells (26,27)—
repositioned only FXN-GAA-MS2-Luc away from the NL (Fig. 1D),
but increased transgene FXN mRNA levels in both cell lines
(Fig. 1E), suggesting a complex interplay between FXN
repression and intranuclear localization.

GAA-expanded repeats decrease the number of FXN
mRNA molecules and slow transcription kinetics in
single FXN-GAA-MS2 cells

To further understand FXN repression, we analysed the transcrip-
tional output of individual transgenic FXN alleles in FXN-MS2-Luc
and FXN-GAA-MS2-Luc cells byRNAFISHusing a probehybridizing
to the MBS sequence. Single FXN-MS2-Luc mRNA molecules were
identified as sharp signals above non-specific fluorescence HEK
cell background in accordance with previous studies demonstrat-
ing single-molecule resolution of this technique (Supplementary
Material, Fig. S2) (28–30). The insertion of the MBS in exon 2 al-
lowed us to identify all fluorescence spots as mature FXN mRNA
molecules, considering transcription sites were not distinguish-
able. FXN-GAA-MS2-Luc cells contained ∼5 ± 2 mRNAs per cell,
and FXN-MS2-Luc cells contained ∼9 ± 4 mRNA per cell (Fig. 2A),
therefore ∼310 GAA repeats reduce the number of mature mRNA
molecules by 44% at single-cell level. This quantification is in
agreement with oligonucleotide array assays previously showing
the majority of mRNAs are present at <10 copies per cell (31).

We then followed the kinetic behaviour of FXN-MS2-Luc and
FXN-GAA-MS2-Luc transcription using fluorescence recovery after
photobleaching (FRAP) (30). Nascent transcripts were detected as
fluorescent spots as they were bound by MS2-YFP fusion protein
and visualized in real time (Supplementary Material, Video S1
and S2). Recovery of fluorescence indicates new transcripts are
actively synthesized at the transcription site (Fig. 2B). FRAP curves
showed that the time required to reach steady state after photo-
bleaching was different between the two cell lines. FXN-MS2-Luc
cells showedhalf-time of recovery (t1/2) = 12.90 swith full recovery
= 120 s (Fig. 2C and Supplementary Material, Video S3), whereas
FXN-GAA-MS2-Luc cells showed slower kinetics t1/2 = 48.10 s with
full recovery = 260 s (Fig. 2C and Supplementary Material, Video
S4). Since we found no difference in FXN mRNA stability in FXN-
GAA-MS2-Luc and FXN-GAA-MS2-Luc cells (Fig. 2D) (12), RNA FISH
and FRAP data indicate that the GAA expansion decreases the
amount of FXN-GAA-MS2-LucmRNAmolecules by impeding RNA-
PII transcription initiation and/or elongation. We could not distin-
guish between the two events given the placement of the MBS in
exon 2, where the FRAP readout is obtained.

To elucidate the link between FXN localization and repres-
sion, we analysed the fluorescence intensities of active trans-
genes in living FXN-MS2-Luc and FXN-GAA-MS2-Luc cells. The
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fluorescence intensity of transcription sites was significantly
lower when transgenes were expressed at the NP compared
with the interior in both FXN-MS2-Luc and FXN-GAA-MS2-Luc
cells (Fig. 2E). This indicates that both FXN transgenes express
when localized at NP, although they do so at lower levels.
When compared to active FXN-MS2-Luc transgenes, spot inten-
sity of FXN-MS2-GAA-Luc transgenes was significantly lower
only in the nuclear interior. Taken together with data from
Figure 1C, these data suggest that expanded GAA repeats in-
crease FXN-GAA-MS2-Luc positioning at theNL,where expression
levels are reduced when compared to the nuclear interior or with
FXN-MS2-Luc expression levels in the nucleoplasm.

Expanded FXN alleles localize more frequently at the NL
in carrier cells

Reporter transgenes are a powerful tool to reveal mechanisms of
gene expression, however their expression may be influenced by
the local environment of the integration site (32). FXN-MS2-Luc
and FXN-GAA-MS2-Luc transgenes are integrated in chromosome
1, and given that the native FXN is located in chromosome 9, we
asked whether our findings from chromosome 1 would replicate
in amore physiologically relevant context. We first analysed FXN
localization in its native genomic environment in carrier-derived
lymphoblastoid cells (GM14519) carrying 9 and 1285 GAA repeats

Figure 1. The expanded GAA repeat FXN transgene associates with the NLmore frequently in an FXN-GAA-MS2-Luc cell model. (A) Schematic representation of the pBAC-

FXN-MS2-Luc and pBAC-FXN-GAA-MS2-Luc vectors. Each vector carries either six or ∼310 GAA repeats in intron 1, an array of 24 MBS in exon 2 and expresses an FXN-

luciferase fusion protein. (B) FXN-MS2-Luc clone 2 and FXN-GAA-MS2-Luc clone 22 mRNA expression (left) was determined by qRT-PCR using qFXN-Luc primers and

showed a significant reduction in FXN-GAA-MS2-Luc clone 22 mRNA levels, as determined by unpaired two-tailed Student’s t-test (****P < 0.0001). Data are mean ± SEM

(n = 3). Luciferase assay (right) showed a significant reduction in FXN-MS2-luciferase protein levels in FXN-GAA-MS2-Luc clone 22 cells, as determined by unpaired two-

tailed Student’s t-test (**P < 0.01). Data are mean ± SEM (n = 3). (C) 3D Immuno-FISH detection of FXN-MS2-Luc and FXN-GAA-MS2-Luc association with the NL

(pseudocoloured white in merged image). Transgenes were identified by co-localization of FISH signals from FXN loci (green) and the vector backbone (red) in FXN-

MS2-Luc and FXN-GAA-MS2-Luc cells (left). Nuclei were identified by DAPI staining (blue). Arrows show endogenous (white) and transgene (red) alleles. Comparison of

the proportion of transgenes contacting the NL showed a significant difference in FXN-MS2-Luc and FXN-GAA-MS2-Luc cells (right) (****P < 0.0001, as determined by

Fisher’s two-tailed exact test, n = 140 cells per condition). Data are mean ± SEM from two independent FISH experiments. Association of FISH signals with the NL was

analysed using ImageJ: image stacks were analysed manually, and association was determined by eye when FXN FISH signals were touching or superimposing the NL

signal at a given z-section. Images are maximum projections of z-stacks covering the signals. Scale bar: 2 µm. (D) Treatment with nicotinamide (10 m) or compound

106 (10 µ) for 48 h significantly decreased FXN-GAA-MS2-Luc interaction with NL (**P < 0.01, ***P < 0.001, ****P < 0.0001, as determined by Fisher’s two-tailed exact test,

n = 140 cells per condition). Data are mean ± SEM from 2–3 independent FISH experiments. (E) FXN-MS2-Luc mRNA expression after incubation with HDACi for 48 h was

determined by qRT-PCR using qFXN-Luc primers (25). Data were normalized to GAPDH mRNA levels. Results are relative to FXN-MS2-Luc DMSO. Two-way analysis of

variance (ANOVA) with Sidak’s correction test showed a significant difference in the two cell lines when comparing with the DMSO control of each line (*P < 0.05;

**P < 0.01). Data are mean ± SEM from three independent experiments.
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in each FXN allele, respectively. Each carrier cell exhibited a 55%
reduction inmRNA comparedwith healthy cells (Supplementary
Material, Fig. S3). Co-detection of a DNA probe for FXN with a
(GAA)15 or (TTC)15 oligo signal allowed discrimination of the ex-
panded allele and a direct intracellular comparison of the normal
and the expanded FXN allele, with distance measurements for
each allele to the NP by 2D and 3D FISH (33,34). We found that
the expanded FXN allele localized preferentially closer to the

NP than the normal allele (Fig. 3A and B). To further analyse the
observed difference in nuclear positioning, we then assessed FXN
association with specific nuclear subdomains known to either (i)
suggest the transcriptional status of a gene, such as nuclear
SC35-enriched speckles and chromosome territories (CT), or
(ii) interact with heterochromatin, such as the nucleolus and
theNL (21,35–39). FXN never looped out of chromosome 9 nuclear
territory in 2D FISH experiments (Fig. 3C), demonstrating that this

Figure 2. The GAA repeat expansion reduces FXN-GAA-MS2-Luc transcriptional output and impedes transcription in fixed and living FXN-GAA-Luc cells. (A) Quantification
of FXN-MS2-Luc mRNA molecules in FXN-MS2-Luc and FXN-GAA-MS2-Luc cells by RNA FISH. FXN-MS2-Luc mRNA molecules were identified as sharp dots (arrows) above

background of non-specific fluorescence using an MS2-Cy3 probe (red in merged images) in FXN-MS2-Luc (top images) and FXN-GAA-MS2-Luc (bottom images) cells.

Nonlinear regression curve-fit comparison showed a significant difference between the distribution of FXN-MS2-Luc mRNA molecules in FXN-MS2-Luc and FXN-GAA-

MS2-Luc cells (P < 0.0001, F = 33.31, d.f. = 3, 21, n = 63 cells per line) (right). Images are maximum projections of z-stacks covering the signals. (B) Live-cell fluorescence
video frames taken before and at indicated times after photobleaching of the transcription site. Scale bar: 2 µm. (C) FRAP recovery curves and fitted exponential curves

show a difference in transcription kinetics (P = 0.0048, F = 4.434, d.f. = 3, 210, n = 5 cells per line). (D) Degradation of FXN-MS2-Luc mRNAwas analysed by qRT-PCR using

qFXN-Luc primers in FXN-MS2-Luc and FXN-GAA-MS2-Luc cells after treatment with Actinomycin D for 24 h. Data were normalized to β-actin mRNA. Comparison of

fitted exponential decay curves shows no difference between the two cell lines (P = 0.5979, F = 0.6351, d.f. = 3, 32). FXN-MS2-Luc mRNA half-life was ∼4 h. Data are

mean ± SEM (n = 3). (E) Quantification of fluorescence intensities of active transgenes in living FXN-MS2-Luc and FXN-GAA-MS2-Luc cells. Spot intensity of active FXN

transgenes above MS2-YFP background was significantly lower in the nuclear interior in FXN-GAA-MS2-Luc cells when compared with FXN-MS2-Luc cells (***P < 0.001),

and significantly lower when alleles were expressing at the periphery than in the nuclear interior in the two cell lines, as determined by one-way ANOVAwith Sidak’s

multiple comparisons test (****P < 0.0001, *P < 0.05, n = 15 cells per line).
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does not account for the observed difference in nuclear localiza-
tion.We found no evidence suggesting the expanded and normal
FXN alleles associated differently with nuclear speckles (Fig. 3D)

or with heterochromatin surrounding nucleoli (Fig. 3E). However,
when we analysed FXN positioning at the NL, we found an
increased number of expanded FXN alleles contacting with the

Figure 3. Expanded FXN allele localizes closer to the NP and sits at the NL in carrier cells (GM14519). Each allele was detected with a DNA probe for FXN (green in merged

image) and the expanded allele was identified by co-localization with a (GAA)15 or (TTC)15 oligo signal (red) (left). Nuclei were identified by DAPI staining (blue). Arrows

indicate normal (white) and expanded (red) alleles. (A and B) Distance measurements between FISH signals, and the NP were measured and normalized by the local ray

between the nuclear centre and periphery passing through the FISH signal (right). The expanded FXN allele (1285 + 50 GAA repeats) localized preferentially closer to the

NP than the WT (9 GAA repeats) (*P = 0.0153, as determined by Wilcoxon matched-paired two-tailed test; data are mean ± SEM from three independent hybridizations,

n = 147) in 2D (A) and 3D DNA FISH analysis (B) (*P = 0.0254, as determined by Wilcoxon matched-paired two-tailed test; data are mean ± SEM from three independent

hybridizations, n = 107). (C) FXN (white) did not loop out of chromosome 9 territories (green) in 2D FISH experiments. Data are mean ± SEM, n = 136 cells from three

independent hybridizations. (D and E) 3D Immuno-FISH detection of FXN association with nuclear SC35-enriched speckles (D) and nucleoli (E) showed no significant

difference between alleles, as determined by Fisher’s two-tailed exact test (Speckles: P = 0.4942, n = 86 cells from two independent hybridizations; nucleoli: P = 0.3607,

n = 156 cells from two independent hybridizations) (F) 3D Immuno-FISH detection of FXN association with the NL (pseudocoloured white). Comparison of the proportion

of cells with only one allele contacting with the NL revealed the mutation induced a significant increase in co-localization with the NL, as determined by Fisher’s two-

tailed exact test (***P = 0.0005). Data are mean ± SEM from two independent hybridizations (n = 166). Images are maximum projections of z-stacks covering the signals.

Association of FISH signals with subnuclear domains or chromosome territories was analysed using ImageJ: image stacks were analysed manually and the association

was determined by eye when FXN FISH signals were touching or superimposing the signal from a specific subnuclear domain at a given z-section. Scale bar: 2 µm.
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NL when compared with the normal allele (Fig. 3F). Taken to-
gether, these data suggest that GAA repeat expansions increase
FXN positioning at the NL in carrier-derived cells.

NL is a key player in FXN transcriptional impairment
and silencing

Wenext analysed FXN localization at theNL in healthy (GM15851)
and patient-derived cells (GM16209) using Immuno-FISH
(Fig. 4A). The patient cell line contains two FXN alleles carrying
800 GAA repeats each and was chosen to avoid differing behav-
iour of each locus due to different repeat size. Eight-hundred
GAA repeats decreased mRNA levels by ∼83% (Supplementary
Material, Fig. S3). The distribution of cells with FXN FISH signals
contacting with the NL was significantly different in the two cell
lines (Fig. 4B). We found one or both FXN alleles localized at the
NL in a small proportion of healthy cells (∼37 and ∼14%, respect-
ively), with ∼49% of cells containing both FXN alleles in the nu-
cleoplasm. In contrast, the majority of FRDA cells presented
both or one allele contacting with the NL (∼43 and ∼36%, respect-
ively), with only 21% of FRDA cells containing both FXN alleles in
the nucleoplasm.When datawere analysed at allele level instead
of cell level, ∼60% of expanded FXN alleles were found at the NL
compared with only ∼33% of normal FXN alleles (Fig. 4B). These
data suggest that the GAA expansion increases the probability
of an allele to be found at the NL in FRDA cells, in agreement
with data presented in Figures 1C and 3F.

To further dissect FXN repression, we analysed nascent FXN
RNA synthesis at a single-cell level, using probes hybridizing
with the upstream region of the GAA repeats (Fig. 4C). Figure 4D
shows ∼46% of healthy cells contained two FXN alleles expres-
sing, and ∼30 and ∼24% of cells with either one or no expressing
FXN allele, respectively. We found a higher proportion of FRDA
cells (51%) containing both FXN alleles not expressing, followed
by ∼27 and ∼22% of cells with either one or both FXN alleles ex-
pressing, respectively. Analysing these data at allele level instead
of cell level, we found that∼61% of normal FXN alleleswere active
compared to only ∼35% of expanded FXN alleles (Fig. 4D). These
data suggest that the mutation increases the probability of an
allele being silenced. Collectively, data from Figures 1C, 2A, E,
3F, 4B andD indicate a clear link between expanded FXN position-
ing at the NL and GAA-mediated transcriptional repression.
Furthermore, these results confirm the existence of biological
variability within cell populations and highlight the importance
of single-cell studies (40).

To further elucidate the interplay between the repressive en-
vironment at the NL and FXN repression, we analysed RNA FISH
spot intensities from active FXN alleles in Figure 4D as an indica-
tion of the quantity of transcript being synthesized at each tran-
scription site relative to its interior or peripheral nuclear position
(Fig. 4E). The signal variability of the technique was assessed by
comparing RNA FISH intensities between replicates. Spot inten-
sities were comparable among replicates (Supplementary Mater-
ial, Fig. S4A), and background intensity was not significantly
different in nuclei of healthy and FRDA patient cells (Supplemen-
tary Material, Fig. S4B). We found that FXN RNA FISH spot inten-
sity was significantly lower when FXN alleles were expressed in
the NP compared with the interior in both healthy and FRDA
cells. This indicates that the NP was not incompatible with FXN
expression because FXN RNA FISH signals could be seen at the
periphery in both healthy and FRDA cells, albeit at lower inten-
sities. Strikingly, RNA FISH spot intensity in FRDA cells was
significantly lower than in healthy cells both in the interior and
at the periphery. When collectively considering with the data in

Figures 3F, 4B and D, we conclude that several factors combine to
diminish transcription from the expanded FXN gene. The ex-
panded FXN gene has a significantly increased likelihood of
being positioned at the periphery (Figs 3F and 4B) and markedly
reduced probability of being transcribed at all (Fig. 4D). Crucially,
when transcription does occur at the expandedGAA-FXN locus, it
is at a significantly reduced level both in the nucleoplasm and es-
pecially at the periphery (Fig. 4E). The NP can therefore be seen as
a generally less supportive environment for FXN transcription,
but the combined effect of expansion with peripheral relocation
results in a catastrophic reduction in transcriptional output.

Expanded GAA repeats impair preferentially FXN
transcription initiation in single FRDA cells

To analyse the effect of the mutation at the initiation and elong-
ation stages of FXN transcription at single-cell resolution, probes
hybridizing with the promoter after the transcription start site
(TSS) and regions upstream and downstream of GAA repeats
were included in our RNA FISH analysis (Fig. 5A and B). Healthy
FXN alleles showed the expected decrease in transcription elong-
ation throughout the analysed regions (Fig. 5C and D), confirming
previous real-time reverse transcription-polymerase chain reac-
tion (qRT-PCR) analysis (6,41). However, when compared with
healthy alleles, expanded FXN alleles showed a ∼19% decrease in
RNA levels at the TSS site, demonstrating a marked reduction in
FXN transcription initiation (Fig. 5C). We also observed a ∼20% de-
crease at the regionupstreamof GAA repeats and a∼22% decrease
at the downstream region ofGAA repeats.We thennormalized the
data in Figure 5C to exclude the effect of (i) transcription initiation
at theTSS and (ii) elongation through the regionsupstreamofGAA
repeats and found that expanded FXN alleles showed a small but
significant decrease in FXN mRNA synthesis only downstream
and not upstream of the GAA repeat expansion when compared
with the same regions in healthy alleles (Fig. 5D), demonstrating
that transcription elongation through expanded GAA repeats is
also affected. Taken together, these data indicate that GAA repeat
expansions diminish FXN mRNA synthesis predominantly by
impairing FXN transcription initiation, but also by impairing
elongation through the expansion.

Discussion
Gene relocation can be driven by chromatin remodelling coupled
with orwithout transcription changes (19). Through these experi-
ments, we demonstrate that the GAA expansion-mediated im-
pairment of FXN expression is the result of a complex interplay
of multiple factors contributing to different extents to decreased
FXN transcriptional activity (Fig. 6). Among these factors, we
identify the NL, a location known to be a generally repressive en-
vironment, as a novel major player in FXN silencing in FRDA.
Using a variety of models, we found a marked increase in ex-
panded FXN positioning at the NL and a concomitant reduction
in the number of active FXN alleles, suggesting that FXN localized
at the NL leads to FXN silencing. We have also identified a small
proportion of expanded FXN alleles sitting at the NL which are
transcriptionally active, however these show significantly re-
duced expression when compared with alleles in the nuclear in-
terior. We observed two distinct events affecting FXN expression.
First, we observed that the GAA repeat expansion impairs FXN
transcription regardless of FXN localization in the nuclear inter-
ior or periphery. Second, although the proportion of normal and
expanded FXN alleles positioned at the NL is remarkably differ-
ent, we found that the NL reduces the expression of normal
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Figure 4. GAA repeat expansion increases FXN localization at the NL, reduces the number of active FXN alleles and downregulates transcription from active FXN in FRDA

cells (GM16209). (A) 3D Immuno-FISH detection of FXN loci association with the NL in healthy (top images) and patient-derived (bottom images) cells. Each allele was

detected with a DNA probe for FXN (green in merged image), and the NL was detected with an antibody for Lamin B1 (white). Nuclei were identified by DAPI staining

(blue). Arrows indicate alleles. Association of FISH signals with the NL was analysed using ImageJ: image stacks were analysed manually and the association was

determined by eye when FXN FISH signals were touching or superimposing the signal from the NL at a given z-section. (B) Histogram (left) showing the distribution of

cells with FXN FISH signals contacting with the NL was significantly different in the two cell lines, as determined by Chi-squared test (P < 0.0001, χ2 = 63.056, d.f. = 2).

When data were analysed at allele level instead of cell level (right), the proportion of FXN alleles positioned at the NL is significantly different when comparing the

localization of the expanded and normal FXN alleles (****P < 0.0001, as determined by Fisher’s two-tailed exact test). (C) Schematic representation showing the relative

position to TSS and labelling of the DNA oligo probe set used in nascent RNA FISH experiments. (D) Nascent RNA FISH detection of FXN expression in healthy and

patient-derived cells (top). Each allele was detected with a mix of 41 DNA oligos hybridizing with the region upstream of the GAA repeats (pseudocoloured red in

merged image). Histogram (bottom left) showing the distribution of cells with RNA FXN FISH signals was significantly different in the two cell lines, as determined by

Chi-squared test (P < 0.0001, χ2 = 75.424, d.f. = 2). When data were analysed at allele level instead of cell level (bottom right), the proportion of active FXN alleles is

significantly different when comparing the expanded and normal FXN alleles (****P < 0.0001, as determined by Fisher’s two-tailed exact test). Data are mean ± SEM

from three independent hybridizations (n = 187–202 cells). (E) Nascent RNA FISH detection of FXN expression in healthy and patient-derived cells (top) showing

different signal intensities of internal versus peripheral nascent RNA loci. Detection was performed as described in (D). Box plot (bottom) showing the RNA FISH spot

intensity of active FXN alleles above the threshold was significantly lower in the interior and at the periphery in FRDA versus healthy nuclei (****P < 0.0001) and

significantly lower when alleles were expressing at the periphery than in the nuclear interior in the two cell lines, as determined by one-way ANOVA with Tukey’s

multiple comparisons test (****P < 0.0001, n = 245 signals). Images are maximum projections of z-stacks covering the signals. Scale bar: 2 µm.
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and expanded FXN at the NP to a similar extent, demonstrating
that the repressive action of the NL is irrespective of a GAA ex-
pansion. This leads us to a consideration of the order of molecu-
lar events occurring at the expanded FXN locus. One of the initial
steps in FXN repression is the binding of nascent FXN mRNA to
the GAA repeat expansion as the gene is being transcribed, a fea-
ture sharedwith the CGG repeat expansion disease Fragile X Syn-
drome (6,42). These RNA/DNA hybrids (R-loops) have been

previously shown to form on both transgenic and endogenous
expanded FXN loci in cell lines used in this study (6). R-loops im-
pair RNAPII elongation and trigger epigenetic changes, such as
H3K9me2 repressive marks through recruitment of G9a methyl-
transferase (6). The effects of inhibition of histone deacetylases
were interesting in this regard. FXN transcription from both nor-
mal and expanded alleles is upregulated by enforced acetylation
by similar amounts, yet results in significantmovement from the

Figure 5.GAA repeat expansion disrupts transcription initiation and elongation in FRDA cells (GM16209). (A) Schematic representation showing the relative position to TSS

and labelling of the threeDNAoligo probe sets used to detect transcription initiation and elongation in RNA FISH experiments. (B) FXNRNA FISHdetection of transcription

initiation after the transcription starting site (TSS probe set in green) and elongation through the regions upstream (pseudocoloured red) and downstream

(pseudocoloured white) of the GAA repeats. Nuclei were identified by DAPI staining (blue). Arrows indicate alleles. Images are maximum projections of z-stacks

covering the signals. Scale bar: 2 µm. (C) Data were normalized to the TSS of healthy cells. When compared with the same region in healthy alleles, expanded FXN

alleles showed a ∼19% decrease at the TSS, a ∼20% and a ∼22% decrease at the regions upstream and downstream of GAA repeats, respectively. This data

demonstrates GAA repeat expansions reduce FXN transcription initiation by 19% and elongation downstream of expanded GAA repeats by 3% (*P = 0.0119, **P = 0.003,

****P < 0.0001, as determined by Fisher’’s two-tailed exact test, n = 218–226 cells per line). Data are mean ± SEM from three independent FISH experiments. (D) Data of

each line in (C) were normalized to their TSS, thus excluding the effect of transcription initiation (left) and elongation through the region upstream of GAA repeats

(right). Expanded FXN alleles show a significant difference in the region downstream of the GAA repeats when comparing with the same region in healthy alleles

(*P < 0.05, **P < 0.01, as determined by two-way ANOVAwith Sidak’s multiple comparisons test). Data are mean ± SEM from three independent FISH experiments.
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NL of only the expanded alleles. The mechanism of retention at
the NL of these expanded repeat structures is therefore highly
sensitive to HDAC inhibition. However, the expanded alleles are
unable to achieve the same level of upregulation as their normal
counterparts. This could be the result of a different extent of his-
tone acetylation achieved by normal and expanded alleles fol-
lowing treatment with HDAC inhibitors, which could be caused
by reduced accessibility of compacted FXN alleles. However, the
observed difference in FXN upregulation could also imply that
other structural changes such as R-loop formation contribute to
transcriptional dysregulation and that the trigger event is in-
duced by structural and epigenetic changes to the DNA followed
by an increased likelihood of retention at the NL.

It seems plausible that, once a locus adopts an abnormal DNA
structure and becomes modified by specific markers, it is more
likely to be retained at the NL after mitosis (43). There are several
mechanisms that could be involved. Genome contacts with the
NL during interphase are generally dynamic, but confined to a
narrow zone near the NL. Peripheral siting of chromatin after
mitosis is largely determined by a stochastic mechanism and
directly linked to cellular or allelic variation in H3K9me2 levels
where G9a methyltransferase acts as a regulator of NL contacts
(44). The NP is enriched in heterochromatin and the presence of
HP1, whose binding is promoted by methylation at lysine 9, may

help to regulate the post-mitotic binding of inner nuclear mem-
brane proteins (43). There are also spatial considerations. The
FXN locus is located between two lamina-associated domains
(LADs)—NL-interacting chromosome regions demarcated by the
insulator protein CTCF that present heterochromatic histone
modifications and low expression levels—in lung fibroblasts
(45) and various neural cell types (46). LAD topology has yet to
be assessed in the lymphoblastoid cell lines used in this study,
but as different cell types present remarkable LAD similarities
(46), it is tempting to speculate that FXN is also in an interLAD
in lymphoblastoid cells. Given the severe depletion of CTCF in
the 5′ UTR of the expanded FXN in FRDA (13), we speculate that
the boundary between FXN and the LAD located upstream is in-
efficient, leading to the inclusion of expanded FXN inside the
LADs and increased proximity to the NL, possibly through re-
cruitment of NL-associated HDACs and G9a methyltransferase
(6). It would be interesting to explore the LAD layout over this re-
gion in FRDA versus healthy individuals, and whether interrup-
tion of the boundary CTCF elements can allow consolidation of
the two flanking LADs. A further spatial contribution could be
that even normal FXN can stochastically contact the NL, consid-
ering the intranuclear mobility of chromatin (47) and the FXN na-
tive location on the usually peripheral chromosome 9. Indeed, we
observe that transcription from the normal allele is

Figure 6. Model of GAA repeat-mediated FXN repression and the repressive role of NL in FXN transcriptional impairment. The euchromatic state of normal FXN alleles

allows physiological levels of expression (I). Expanded GAA repeats trigger R-loop formation and locally recruit HP1 (13), G9a methyltransferase (6) and class I (8) and

III (27) HDACs, causing epigenetic changes that contribute to transcriptional dysregulation (II). These GAA expansion-mediated structural and epigenetic changes may

lead to FXN relocation to theNL—a location known to be a generally repressive environment and enriched inHDAC andhistonemethyltransferase activity—where further

repression (III) and silencing (IV) occur. ONM, outer nuclear membrane; INM, inner nuclear membrane; CM, cell membrane.
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downregulated to an equivalent degree when located at the NP.
FXN retention may result in a molecular interaction with the
NL, as lamina-associating sequences are enriched in a GAGA
motif which is bound by the transcriptional repressor cKrox asso-
ciated with HDAC3 and inner nuclear membrane Lap2β (22). It
would be interesting to knockdown cKrox in FRDA patient cells
and analyse whether expanded FXN alleles at the NL relocalize
to the nuclear interior. These events in turn could act through a
positive feedback mechanism by mediating further impairment
or silencing since the NL is enriched in HDAC and histone
methyltransferase activity. Given the shared features of DNA re-
peat expansions, we hypothesize that the NL may play a role in
heterochromatin-mediated transcriptional dysregulation in
other repeat-expansion diseases and it would be interesting to
interrogate the nuclear location of other repeat expansion loci.
Although we show a marked degree of repression at the NP, one
striking finding is that of transcriptionally active FXN alleles sit-
ting at the NL, confirming what others have shown that the NP
creates a repressive environment, but is not incompatible with
expression (20,23). Our findings support the existence of NL het-
erogeneous microdomains composed of nuclear pore complexes
and different lamin subtypes (24) able to impact differently on
gene expression.

Non-coding triplet repeat expansions can mediate gene re-
pression of other genes in cis (48,49). There is evidence suggesting
that PIP5K1B is downregulated in FRDA lymphocytes and fibro-
blasts (50). The PIP5K1B locus is located ∼26 kb upstream of FXN
and encodes phosphatidylinositol 4-phosphate 5-kinase β type
I, an enzyme functionally linked to actin cytoskeleton dynamics.
This gene is highly expressed in the brain, but also in the heart
and lungs to a lesser extent (51), thus partially overlapping with
tissues where FXN is expressed (1). Two other genes, PRKACG and
TJP2, are located immediately upstream the 5′ end and down-
stream the 3′ end of the FXN locus, respectively, and show no dif-
ferences in expression in FRDA patient cells (50). Information on
the FXN locus interaction in trans is not yet available and is be-
yond the scope of our study. However, it would be interesting to
analyse the expanded FXN localization in FRDA-relevant tissues,
such as cardiomyocytes and sensory neurons, and assess expres-
sion levels of potential spatial FXN-interacting genes.

Here, we have focused on the nuclear location of and tran-
scription from the expanded FXN gene at the single-cell level.
We find an increased retention of the expanded FXN gene at
theNL.We showthat a higher proportion of expanded FXN alleles
are inactivewhen comparedwith normal alleles andwe have de-
monstrated reduced transcription from the expanded alleles that
are active. We provide a single-cell quantification showing that
expanded GAA repeats impair expression predominantly at the
initiation stage of transcription, but also block RNAPII elongation.
It is the combination of these factors which together reduce the
levels of frataxin protein to cause disease. Our work provides
new mechanistic insights into the molecular causes of FRDA
which may extend to other genetic diseases mediated by repeat
expansions within regions of non-coding DNA.

Materials and Methods
Cell culture

Epstein Barr virus-transformed lymphoblastoid cell lines
GM14519 (from an FRDA clinically unaffected carrier, alleles
with 1285 + 50 and 9 GAA repeats), GM15851 (from an unaffected
individualwith normal range of GAA repeats) andGM16209 (from
an FRDA clinically affected individual, both alleles with 800 GAA

repeats) were obtained from the Human Genetic Cell Repository
of the Coriell Institute (USA) and propagated in RPMI 1640 me-
dium supplemented with 15% fetal bovine serum (FBS) and
2 m -glutamine. HEK FRT cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% FBS,
2 m -glutamine, 100 U/ml penicillin/streptomycin and
100 µg/ml Zeocin (Life Technologies). FXN-MS2-Luc and FXN-
GAA-MS2-Luc clonal cell lines were propagated in complete
DMEM medium (see above) supplemented with 100 µg/ml
Hygromycin B (Life Technologies). Actinomycin D (ActD) time
course was performed by adding dimethyl sulphoxide (DMSO)
or 8 µg/ml ActD to the media of FXN-MS2-Luc and FXN-GAA-
MS2-Luc clonal cell lines before lysing cells every 4 h up to 24 h
for RNA extraction. FXN-MS2-Luc and FXN-GAA-MS2-Luc cells
were treated with DMSO, nicotinamide (10 m) or compound
106 (10 µ) for 48 h before RNA extraction and Immuno-FISH.

Vector construction and stable cell line generation

pBAC-FXN-GAA-MS2-Luc was generated from the pBAC-FXN-
GAA-Luc vector (25) which carries the whole 80 kb FXN locus
with exons 1–5b of the FXN gene, an insertion of the luciferase
gene in exon 5a and an ∼310 GAA repeat expansion in intron
1. A selection/counter-selection homologous recombination
protocol based on RedET recombination (GeneBridges) was
used. The recombination using the rpsL-neo and the pSC101-
BAD plasmids was carried out in two steps in E. coli according
to themanufacturer’s instructions. In the first step, a PCR product
containing the rpsL-neo cassette flanked by 55 bp homology
arms to either side of exon 2 was used to insert the cassette.
The replacement of the rpsL-neo cassette in the second step of
recombination by 24 MS2 Binding Sites in exon 2 was performed
as follows. A plasmid containing exon 2 with an engineered
BamHI restriction site and flanking homology arms (147 bp up-
stream and 172 bp downstream of exon 2) was purchased from
GeneArt (Life Technologies). The 24 MS2 Binding Sites were ex-
cised by BamHI/BglII digestion from pCR4-24XMS2SL-stable (52)
(Addgene plasmid 31865) and inserted in exon 2 at the BamHI
site (Exon2-MBS). The rpsL-neo cassette was replaced with a
PCR product containing the Exon2-MBS sequence flanked by
homology arms, generating pBAC-FXN-GAA-MS2-Luc. To gener-
ate pBAC-FXN-MS2-Luc, the ∼310 GAA repeats in intron 1 in
pBAC-FXN-MS2-Luc were replaced by the rpsL-neo cassette amp-
lified with primers carrying 58 bp homology arms to sequences
immediately upstream and downstream of GAA repeats. The
rpsL-neo was then replaced with a PCR product containing six
GAA repeats amplified from the genomic DNA of GM15851
using GAA-F and GAA-R primers (1). Successful construction
was confirmed by PCR, restriction enzyme digestion followed by
pulsed-field gel electrophoresis and sequencing. Cre-loxP-
mediated retrofitting of pBAC-FXN-MS2-Luc and pBAC-FXN-GAA-
MS2-Luc vectors to pH-FRT-Hy was performed as previously
described (53). Stable clonal cell lines were obtained by transfect-
ing HEK FRT cells with either pBAC-FXN-MS2-Luc or pBAC-FXN-
GAA-MS2-Luc together with Flp recombinase-encoding plasmid
pOG44 (Life Technologies), generating the lines FXN-MS2-Luc and
FXN-GAA-MS2-Luc, respectively. Stable selection was performed
with 100 µg/ml hygromycin (Life Technologies). Stable clones
were expanded and characterized as previously described (25).

Amplification of GAA repeats

Genomic DNA from FXN-GAA-MS2-Luc and FXN-MS2-Luc clonal
cell lines was isolated using Illustra Tissue and Cells
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GenomicPrep Mini Spin Kit (GE Healthcare), according to the
manufacturer’s instructions. PCR amplification of the GAA repeat
sequence was carried out on 200 ng of genomic DNA using pri-
mers 147F and 602R (54) and Expand Long Template DNA Poly-
merase (Roche) as previously described (1,55). PCR products
were visualized on a 1% agarose gel. The GAA repeat sequences
were sequenced to check for interruptions.

PCR, qPCR and copy number assay

Vector integration and copy number determination were per-
formed as previously described (25). The integration of pBAC-
FXN-MS2-Luc and pBAC-FXN-GAA-MS2-Luc at the docking site
was assessed by PCR analysis using primers pSV40-F and
Hygro-R. Copy number was determined by real-time PCR, using
the relative standard curve method. The upstream region of the
GAA repeats in intron 1 of the FXN gene was amplified and nor-
malized by GAPDH. The number of transgene copies was deter-
mined by comparison with the acceptor cell line HEK FRT as
reference sample, which carries three endogenous FXN loci (25).

qRT-PCR

Total RNA from HEK FRT, FXN-MS2-Luc and FXN-GAA-MS2-Luc
clonal cell lines and from the lymphoblastoid-derived cell lines
GM15851, GM14519 and GM16209 was extracted using RNeasy
Mini Kit (Qiagen) and treated with RNase-free DNase (Qiagen).
cDNAwas synthesized from 1 µg of total RNA using random pri-
mers (Life Technologies) and SuperScript III Reverse Transcript-
ase (Life Technologies) as previously described (25). Three
independent cDNA samples per cell line were quantified in
triplicate by real-time PCR using the SYBR Green PCR Master
Mix (Applied Biosystems). FXN-MS2-Luc mRNA expression was
determined using primers qFXN-Luc-F and qFXN-Luc-R (25) nor-
malized by GAPDH. FXN mRNA expression was detected using
primers FXN-F and FXN-R (8) normalized by β-actin.

Luciferase assay

To assay luciferase expression, 1.5 × 106 cells of FXN-MS2-Luc and
FXN-GAA-MS2-Luc clonal cell lines were used as previously de-
scribed (25). Cells were seeded in 6-well plates, washed in phos-
phate-buffered saline (PBS) and lysed in lysis buffer (25 m

Tris–PO4, pH 7.8, 2 m CDTA, 10% glycerol and 1% Triton-X 100)
for 20 min at 4°C. Seventy-five microlitres of lysates were mixed
with 100 μl of luciferase assay buffer (15 m MgSO4, 15 m

KPO4, pH 7.8, 4 m ethylene glycol tetraacetic acid, pH 7.8,
2 m adenosine 5′-triphosphate and 2 m dithiothreitol) and
50 μl of -luciferin (0.3 mg/ml). The relative light units of lucifer-
ase of each cell line were determined using the Dynex MLX 96
Well Plate Luminometer and were normalized by total protein
concentration, determined using bicinchoninic acid solution
(BCA, Sigma).

Probes for DNA FISH

Human FXN gene was detected using either G248P87590H8 or
G248P89980G8 fosmid clones obtained from BACPAC Resources
Center (Children’s Hospital, Oakland Research Institute). Probes
were labelled by nick translation with digoxigenin (Roche). Brief-
ly, 1 µg of DNA from each fosmid clone was treated with 200 ng
RNase (Sigma) for 30 min at 37°C. After RNA removal, each
probe was mixed with 5 µl of nick translation buffer [(0.5 M
Tris–HCl, pH 8.0, 50 m MgCl2, 0.5 mg/ml bovine serum albumin
(BSA)], 5 µl of β-mercaptoethanol, 5 µl of deoxynucleotide

triphosphate mix (0.5 m deoxyadenosine triphosphate,
0.5 m deoxyguanosine triphosphate, 0.5 m deoxycytidine tri-
phosphate), 1 nmol of digoxigenin, 6 units of DNAse I (Roche) and
10 units of DNA polymerase I (Life Technologies) and incubated
for 2 h at 16°C. Unincorporated nucleotides were removed using
Illustra G-50 columns (GE Healthcare), according to themanufac-
turer’s instructions. In carrier cells, the expanded allele was
distinguished from the WT allele using biotinylated (GAA)15
or (TTC)15 oligos (Biomers). Chromosome 9 was detected
using a green XCyting 9 whole chromosome paint for HSA9
(MetaSystems).

2D DNA FISH

DNA FISH was performed on GM14519 carrier cell line as
described previously with slight modifications (56). Cells were
fixed in 3:1 methanol–acetic acid and treated with 100 μg/ml
RNase for 30 min at 37°C, washed in 2× SSC and dehydrated.
Cells were denatured in 70% formamide/2× SSC at 72°C for
2 min and dehydrated. Labelled oligos (100 ng) were denatured
in FISH hybridization buffer (Kreatech) at 90°C for 8 min and im-
mediately allowed to cool on ice. Labelled fosmid clones (100 ng)
were precipitated with 3 µg of human Cot-1 DNA (Life Technolo-
gies) and 20 µg of salmon sperm DNA (Sigma), denatured in FISH
hybridization buffer at 90°C for 8 min and were preannealed at
37°C for 8 min. Whole chromosome 9 paint (4 µl) was denatured
at 75°C for 2 min and combined with 8 μl of denatured oligo and
fosmid and applied onto the slide. Slides were hybridized over-
night at 37°C. After hybridization, slides were washed in 0.4×
SSC/0.3% Igepal for 2 min and then 1 min at room temperature.
Slides were blocked in 3% BSA/4× SSC for 30 min, biotin was de-
tected with streptavidin Cy3 (Jackson ImmunoResearch Labora-
tories, 1/200 dilution) and digoxygenin was detected with sheep
anti-digoxigenin FITC (Roche, 1/50 dilution) followed by rabbit
anti-sheep FITC (Vector Laboratories, 1/100 dilution) or mouse
anti-digoxigenin (Jackson ImmunoResearch Laboratories, 1/100
dilution) followed by Alexa Fluor 647 goat anti-mouse IgG (Life
Technologies, A-21236, 1/200 dilution) when the green whole
chromosome 9 paint was used. Cells were mounted in Vecta-
shield (Vector Laboratories) with 1 µg/ml 4′,6-diamidino-2-
phenylindole (DAPI) counterstain.

3D DNA FISH

3D DNA FISH was performed on GM14519 carrier cell line as
described previously with slight modifications (56). Cells were
washed in PBS and allowed to settle on poly--lysine-treated cov-
erslips for 5 min. Cells were fixed in 4% paraformaldehyde (PFA)/
25 m 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES) for 15 min and permeabilized in 0.5% Triton X-100 (Cal-
biochem) in PBS for 10 min. RNA was removed with 100 μg/ml
RNase in 2× SSC for 1 h at 37°C. Cells were denatured in 3 N HCl
for 20 min and neutralized in ice-cold PBS. Probes were prepared
as in the previous section, and slides were hybridized overnight
at 37°C. Cells were washed twice in 2× SSC at 37°C, once in 1×
SSC at RT for 30 min, and blocked in 3%BSA/4× SSC for 1 h. Probes
were detected as in the previous section. Cells were washed be-
tween layers in 4× SSC with 0.05% Tween-20. Coverslips were
mounted in Vectashield with 1 µg/ml DAPI counterstain.

Immuno-FISH

Immuno-FISH was performed on FXN-MS2-Luc and FXN-GAA-
MS2-Luc cells and on the lymphoblastoid cell lines GM14519,
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GM15851, and GM16209 as described previously with slight mod-
ifications (56). Adherent cells were seeded on poly--lysine-
treated coverslips and allowed to grow overnight. Suspension
cells were washed in PBS and allowed to settle on poly--lysine-
treated coverslips for 5 min. Cells were fixed in 4% PFA/25 m

HEPES for 15 min and permeabilized in 0.5% Triton X-100 for
10 min. Non-specific sites were blockedwith 10% FBS. Antibodies
were prepared in blocking solution. The NL was detected with
goat anti-lamin B1 (Santa Cruz, sc-6217, 1/200 dilution). Nuclear
speckles were detected with mouse anti-SC35 (Sigma, S4045,
1/1000 dilution). The nucleolus was detected with mouse anti-
nucleolin (Abcam, ab13541, 1/25 dilution). Secondary antibodies
used were Alexa Fluor 647 goat anti-mouse IgG (Life Technolo-
gies, A-21236, 1/1000 dilution) and Alexa Fluor 647 rabbit anti-
goat IgG (Life Technologies, A-21446, 1/500 dilution). After protein
detection, the slides were post-fixed in 4% PFA/25 m HEPES at
RT for 10 min. Cells were treated with 100 μg/ml RNase for 1 h
at 37°C, denatured in 3 N HCl for 20 min and neutralized in ice-
cold PBS. Probes were prepared as in the 2D DNA FISH section,
and slides were hybridized overnight at 37°C. Cells were washed
twice in 2× SSC at 37°C, once in 1× SSC at RT and blocked in 3%
BSA/4× SSC. Probes were detected as in the 3D DNA-FISH section.

RNA FISH

RNA FISH was performed on HEK FRT and FXN-MS2-Luc cell lines
as previously described (57) with minor modifications. Briefly,
cells were allowed to grow on poly--lysine-treated coverslips
overnight, washed in PBS and fixed in 4% formaldehyde (Electron
Microscopy Science) for 10 min at RT. Cells were permeabilized in
0.5% Triton X-100 for 6 min and washed in 50% formamide/2×
SSC for 5 min. Cells were hybridized overnight at 37°C with
10 ng Cy3-MS2DNAprobe (58) in 40 µl hybridizationmix contain-
ing 2× SSC, 3% BSA, 10% dextran sulphate (Sigma), 2 m vanadyl-
ribonucleoside complex (New England Biolabs), 40 µg tRNA
(Roche) and 50% formamide. Cells were washed once in 50%
formamide/2× SSC at 37°C for 10 min, once in 2× SSC for 10 min
at 37°C and once in 2× SSC for 5 min at RT. Cells were washed
briefly in PBS and mounted in Vectashield with 1 µg/ml DAPI
counterstain.

RNA FISH on GM15851 and GM16209 cell lines was performed
as described previously (59) with minor modifications. Custom
Stellaris FISH probes TSS (20 oligos), UpGAA (41 oligos) and
DownGAA (41 oligos) were designed to hybridizewith the regions
TSS-exon1, upstream and downstream of the GAA repeats, re-
spectively (Supplementary Material, Table S1), according to the
manufacturer’s instructions. Cells were washed in PBS and
allowed to settle on poly--lysine-treated coverslips for 5 min.
Cellswere fixed in 3.7% formaldehyde/1× PBS for 10 min, permea-
bilized in 70% ethanol at 4°C for 1 h and washed in 10% forma-
mide/2× SSC at RT for 5 min. Hybridization was performed
overnight at 42°C with probes TSS (50 n), UpGAA (50 n) and
DownGAA (25 n) in 100 µl hybridization buffer containing
100 mg/ml dextran sulphate, 10% formamide in 2× SSC. Cells
were washed in 10% formamide/2× SSC at 42°C for 10 min. Cells
were washed briefly in PBS and mounted in Vectashield with
1 µg/ml DAPI counterstain.

Fluorescence recovery after photobleaching

FRAP experiments were performed using the UltraView Spinning
Disk system (PerkinElmer) mounted on an IX81 microscope
(Olympus) equipped with a 100× 1.3 NA objective, a FRAP unit
and an electron multiplying charge-coupled device (EMCCD)

camera (Hamamatsu Photonics) and driven by Volocity software
(PerkinElmer). HEK FRT and FXN-MS2-Luc cell lines were seeded
on collagen-coated glass-bottom dishes (MatTek) in complete
DMEM medium (see above) and transiently transfected with
NES-YFP-MS2-NLS (60) (a kind gift from Y. Shav-Tal). For nuclear
detection, NucBlue Live reagent was added to the cells 20 min be-
fore imaging. Cells were maintained at 37°C in a 5% CO2 humidi-
fied atmosphere using an on-scope incubator and an objective
heater (Tokai). Fluorescent spots inside the nucleus indicating
active FXN-MS2-Luc transcription sites were detected with the
YFP channel (514 nm laser). The nucleus was detected with the
DAPI channel (405 nm laser). z-stacks were acquired at 0.25 µm
intervals to cover the entire nuclear volume of each cell. Before
bleaching, three z-stacks of each cell were taken. The active tran-
scription site was bleached for 200 ms with the 514 nm laser
power set to 100%. Post-bleach recovery z-stacks images were
acquired with an exposure time of 50 ms every 20 s for 20 min.

Imaging acquisition and analysis

Images of fixed cells were obtained using the DV Elite system
based on an Olympus IX71 fully motorized wide-field deconvolu-
tion inverted microscope with a 100× objective 1.40 numerical
aperture (NA) fitted with a CoolSNAP HQ2 cooled charge-coupled
device (CCD) camera (Photometrics) driven by SoftWoRx 5.0 soft-
ware (Applied Precision). Several cell positions were chosen ran-
domly and recorded using the motorized stage. z-stacks were
acquired at 0.2 µm intervals to cover the entire volume of each
cell. Distance measurements between FISH signals and the NP
were calculated with NEMO software (61). Briefly, a region of
interest (ROI) was defined around each nucleus using an image
stack from the DAPI channel. The software applied several seg-
mentation filters (Median 3D, TopHat 3D, mathematical morph-
ology 3D) on raw image stacks for object detection. Objects
were detected by computing seeds as the brightest maximum
local pixels above a global threshold, and a local threshold was
then computed to aggregate neighbouring pixels to the seed.
For each cell, the distance of each allele to theNPwas normalized
by the local ray between the nuclear centre and periphery pas-
sing through the FISH signal. For relative positional analysis,
image stacks were deconvolved using the SoftWoRx 5.0 software.
Association of FISH signals with subnuclear domains or chromo-
some territories was analysed using ImageJ (http://imagej.nih.
gov/ij/): image stacks were analysed manually, and association
was determined by eye when FXN FISH signals were touching
or superimposing the signal from a specific subnuclear domain
at a given z-section. Images aremaximumprojections of z-stacks
covering the signals. Contrast-stretch and gamma adjustments
were made using Adobe Photoshop CS5 only for display in
Figures 3B, F and 4A.

RNA MS2 FISH signals were detected as described previously
(29) using StarSearch software (http://rajlab.seas.upenn.edu/
StarSearch/launch.html). Briefly, the program applied Laplacian
of Gaussian filters in three dimensions, taking into consideration
the size of thefluorescent spots to remove the non-uniformback-
ground while enhancing particles. After filtering, the program
calculated the number of spots detected for all possible thresh-
olds. After plotting this data, the graph showed a plateau region
corresponding to a broad range of thresholds over which the spot
count did not vary significantly. Spot counts calculated with
these thresholds matched the number of spots identified by
eye. In HEK FRT cells and cells from the FXN-MS2-Luc cell lines
that did not express the transgene, the plateau regionwas not ob-
served. The DIC channel was used to determine the cell edges.
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In RNA FISH experiments on GM15851 andGM16209 cell lines,
several cell positions were chosen randomly. z-stacks were
acquired at 0.2 µm intervals to cover the entire volume of each
nucleus. Images were analysed using ImageJ. For the analysis
of nascent RNA FISH signals using the UpGAA probe only, a
thresholdwas defined for both cell lines to eliminate non-specific
background. RNA fluorescent spots were identified either at the
nuclear rimor interior using theDAPI channel and their intensity
measured using the 3D Object Counter plugin (62). Identification
of RNA FISH signals using probes TSS, UpGAA andDownGAAwas
performed as described above. In addition to threshold determin-
ation, to distinguish true signals from background, the down-
stream signals were scored when co-localized with the
upstream signals. Because the TSS probe hybridizes to exon 1,
it could potentially label mature FXN mRNA. However, due to
its short length spanning, the TSS probe did not generate more
than two RNA FISH signals per cell. Therefore, all TSS RNA FISH
signals were identified as nascent transcript accumulating at
the transcription sites.

For live-cell experiments, HEK FRT and FXN-MS2-Luc cell lines
were seeded on collagen-coated glass-bottom dishes (MatTek) in
complete DMEMmedium (see above) and transiently transfected
withNES-YFP-MS2-NLS (60). For live-cell imaging of transcription
sites, cells were imaged in four dimensions (three dimensions
over time) using the DV Elite system based on an Olympus IX71
microscope with a 100× objective 1.40 NA fitted with an Evolve
EMCCD camera (Photometrics) driven by SoftWoRx 5.0 software
under physiological conditions inside an incubator at 37°C and
5% CO2.

FRAP image sequences were analysed with Volocity software
(PerkinElmer). Tracking of fluorescence spots was performed
using the manual tracking function on Volocity at each time
point. Relative intensity of each time point was calculated using

Irel ¼ ðT0 � B0Þ × It � Bt

Tt � Bt
× ðI0 � B0Þ

where T0 and Tt are the average intensity of an arbitrary area in
the nucleus before and after bleaching, respectively, and I0 and
It are the average intensity of the ROI before and after bleaching,
respectively. The background was subtracted from all measured
values. The formula accounted for fluorescence loss due to
bleachingmonitoring, andfinallyfluorescence intensitywasnor-
malized to 1 (63). Data from five cells per lines were collected in
three independent experiments, and the averaged FRAP mea-
surements were fitted with exponential curves. The diffusion of
MS2-YFP protein during FRAP analysis was ignored as the
diffusion rate of free MS2-YFP is very rapid, whereas the bound
MS2-YFP is associated with high affinity to the mRNA and does
not detach, diffuse and bind again at the transcription site (30).

Supplementary Material
Supplementary Material is available at HMG online.
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