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Abstract

Friedreich ataxia (FRDA) is a member of the Repeat Expansion Diseases, a group of genetic
conditions resulting from an increase/expansion in the size of a specific tandem array. FRDA
results from expansion of a GAA/TTC-tract in the first intron of the frataxin gene (FXN). The
disease-associated tandem repeats all form secondary structures that are thought to contribute to
the propensity of the repeat to expand. The subset of these diseases that result from a CGG/CCG-
repeat expansion, such as Fragile X syndrome, also express a folate-sensitive fragile site
coincident with the repeat on the affected chromosome. This chromosome fragility involves the
generation of chromosome/chromatid gaps or breaks, or the high frequency loss of one or both
copies of the affected gene when cells are grown underfolate stress or as we showed previously, in
the presence of an inhibitor of the ATM checkpoint kinase. Whether Repeat Expansion Disease
loci containing different repeats form similar fragile sites was not known. We show here that the
region of chromosome 9 that contains the FXN locus is intrinsically prone to breakage in vivo even
in control cells. However, like FXS alleles, FRDA alleles show significantly elevated levels of
chromosome abnormalities in the presence of an ATM inhibitor, consistent with the formation of a
fragile site.
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1. Introduction

Friedreich ataxia (FRDA) belongs to a group of genetic conditions known as the Repeat
Expansion Diseases. These diseases all arise from a poorly understood process that results in
an expansion or increase in the size of a tandem repeat tract. In the case of FRDA the repeat
unit is GAA/TTC and the repeat tract is located in the first intron of the frataxin (FXN) gene,
a gene situated at 9921.1. Expansion results in epigenetic modifications that down-regulate
the transcription of affected alleles [1-5]. The result of this downregulation is a progressive
neurodegeneration that leads to gait and balance difficulties that often results in patients
becoming wheelchair-bound at an early age. FRDA has a high early mortality resulting from
an associated hypertrophic cardiomyopathy [6].

All of the repeats associated with the Repeat Expansion Diseases form secondary structures
that are thought to play a role in expansion and in some cases these secondary structures are
also thought to be responsible for the underlying pathology [7] Those Repeat Expansion
Diseases resulting from expansion of CGG/CCG-repeat tracts, such as Fragile X syndrome
(FXS), are also associated with the expression of a fragile site coincident with the repeat [8—
12]. Fragile sites are often characterized as chromosomal regions with constrictions, gaps or
breaks that are visible during metaphase in cells grown in the presence of specific chemical
inducers (reviewed in [13]). One hallmark of these regions is that they are prone to
chromosome rearrangement and translocation. Many fragile sites have been described in
human genomes some of which are common, being found in large segments of the
population, whilst rare fragile sites are only seen in a restricted group of individuals. The
chemicals that induce fragility at a particular site are thought to reflect the properties of the
DNA sequence of that site. For example, chemicals that affect the intranuclear levels of
dCTP induce fragility at CGG/CCG-repeats, whilst A/T-specific DNA ligands such as
distamycin A induce fragility at long A/T-rich repeat tracts [14]. While the molecular basis
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of chromosome fragility is still not completely understood, the prevailing idea is that
individual loci are fragile because they are slow to complete replication, either because they
impede replication fork progression in some way or are located in regions that only replicate
slowly and late, and that this effect is exacerbated in the presence of inducers that further
delay the completion of replication such that cells enter mitosis before replication is
complete. While many categories of fragile sites have been described that are induced by
folate-stress, distamycin, bromodeoxyuridine, 5-azacytidine or aphidicolin, it is possible that
there are fragile sites for which a specific inducer has not yet been identified.

Work in yeast has demonstrated that, like the FXS repeats [15, 16], the FRDA repeats
impede DNA replication [17] and are fragile [18], as measured in an assay for chromosome
breaks. Furthermore, studies in yeast also demonstrate that chromosomal breakage and
rearrangements at GAA-repeats are induced in replication-deficient cells [19]. However,
breakage of both repeats occurs at frequencies that are many orders of magnitude lower than
that of typical fragile sites in humans. It is thus unclear to what extent the events in yeast
reflect chromosome fragility in humans. To see whether FRDA repeats are also prone to
breakage in humans we took advantage of our observation that an inhibitor of the ATM
checkpoint kinase is able to increase fragility at the FX fragile site (FRAXA) [20] as well as
at a number of common fragile sites [21]. It is likely to do so because inhibition of the G2/M
checkpoint allows cells to enter mitosis before the problem with replication of the FXS
allele is resolved. Here we show that the region of chromosome 9 that contains the FXN
gene shows evidence of past chromosome rearrangement and translocation even in normal
cells that may be related to the proximity of the FXN gene to the pericentric
heterochromatin. However, in addition to these events, FRDA alleles but not normal alleles
show a significant increase in chromosome abnormalities when the ATM checkpoint kinase
is inhibited.

2. Materials and Methods

2.1 Cell lines and Reagents

Lymphoblastoid cell lines from normal (GM06865, GM06895, GM15851) individuals and
those with FRDA (GM15850 and GM16209) were obtained from Coriell Cell Repository
(Camden, NJ). GM06865 and GM06895 have 9 and 15 repeats on each allele respectively
[5]. GM15851 is unaffected brother of GM15850 and has <10 GAA-repeats [22]. GM15850
has 650 repeats on one allele and 1030 repeats on the other, while GM16209 has 800 repeats
on both alleles. Lymphoblastoid cells were grown in RPMI 1640 supplemented with 10%
FBS and 1x antibiotic-antimycotic liquid consisting of penicillin, streptomycin and
fungisone (Life Technologies, Carlsbad, CA).

A BAC clone containing the FXN locus (RP11-876N18) was obtained from Empire
Genomics (Buffalo, NY). This clone contains a 205 kb fragment corresponding to bases
71,641,920-71,846,939 of chromosome 9 of the GRC37/hg19 assembly (70,831,739 to
71,036,759 of GRC36/hg18 assembly) including the entire FXN gene and ~71% of the TJP2
gene. The ATM kinase inhibitor KU55933 was obtained from Calbiochem (now EMD-
Millipore, Temecula, CA) and dissolved in DMSO. It was used at a final concentration of 10
uM for 20-22 hours.
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2.2 Fluorescence in situ hybridization (FISH) to metaphase spreads

2.2.1. Probe preparation—RP11-876 N18BAC DNA was labeled with Biotin-Nick
Translation mix (Roche Applied science) as per the manufacturer’s instruction. The probe
(100-200 ng) was mixed with 10 pg of human Cotl DNA (Life Technologies) and 1 pg of
Salmon sperm DNA (Sigma-Aldrich) and ethanol precipitated. The pellet was resuspended
in 7 pl of deionized formamide (Sigma-Aldrich) and incubated at 37°C for 1 hour with
shaking. Seven microliters of master mix containing 20% Dextran sulfate (Millipore) and
2X SSC (Quality Biological, Inc., Gaithersburg, MD) was added to the probe and incubated
at 37°C for 1 hour with shaking. The probe was denatured at 80°C for 8 minutes and pre-
annealed at 37°C for 1 hour without shaking before using it in the hybridization reaction.

2.2.2 Cell treatment and hybridization—Lymphoblastoid cells from control and
FRDA patients cells were treated with either DMSO or 10 pM KU55933, an ATM inhibitor,
in duplicate for 20-22 hours. The cultures were then treated with 100 ng/ml KaryoMAX®
Colcemid™ solution (Life Technologies) for two hours at 37°C and metaphase spreads
prepared by dropping the solution onto microscope slides according to standard procedures.
The slide was treated with 1 pl of pretreatment solution (Dako North America, Inc.,
Carpinteria, CA) diluted in ml of 1X TBS pH 7.5 (Quality Biological, Inc.) and incubated at
room temperature for 10 minutes. The slide was washed with 1X TBS and then dehydrated
in a chilled ethanol series, 70%, 85% and 100% and air-dried. The slide was then denatured
at 70°C for 5 minutes in denaturing solution (70% formamide/2X SSC pH 7.0), passed
through the ethanol series again and air-dried. Fourteen microliters of the pre-annealed FISH
probe was added and the spread covered with a 22x22 mm coverslip that was then sealed
with Elmer’s rubber cement (Electron Microscopy Sciences, Hatfield, PA). Hybridization
was carried out at 37°C overnight in a moist chamber. The slide was then washed three
times in a prewarmed solution of 50% formamide/2X SSC (pH 7.0) for 5 minute each at
45°C, followed by three washes with prewarmed 0.1X SSC at 60°C for 5 minutes each. The
slides were then dipped in 4XSSC/0.1% Tween 20 solution, and incubated with 200 pl of
blocking solution (3% BSA/4X SSC/0.1% Tween 20) in a moist chamber at 37°C for 30
minutes. Excess blocking solution was removed by dipping the slide in 4XSSC/0.1% Tween
20. The slide was then incubated with 200 pl of alexa-555-streptavidin (Life Technologies)
diluted 1:200 in 1%BSA/4X SSC/0.1% Tween 20 in a moist chamber for 45 minutes at
37°C in the dark. After washing three times with prewarmed 4X SSC/0.1% Tween 20 and
twice with 2X SSC, the slide was mounted with fluorogel (Electron Microscopy
Sciences)solution containing 10 pg/ml DAPI, sealed and stored in dark prior to microscopy.
Images were acquired on a Leica DM5500B microscope (Leica Biosystems Inc., Buffalo
Grove, IL) using iVision-Mac™ (4.5.2) software (BioVision Technologies, Exton, PA). For
each experiment a total of 100 metaphase spreads were analyzed. FISH signals that were
slightly different in intensity, either stronger or fainter than the normal signal, were not
scored as abnormal.

2.3 Sequence analysis

The sequence contained in the RP11-876N18 BAC clone was aligned with the human
genome sequence (UCSC; hgl9). To determine the extent of DNA flexibility of the probe
region, we generated a Python script (TwistFlex) that summed the average fluctuations in
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the twist angle for each of the possible dinucleotides as previously described (http://
margalit.huji.ac.il/TwistFlex/Home.html;[23]). The analysis was performed in overlapping
windows of 100 bp. Dinucleotide values were summed along the window and averaged by
the window length. The data was plotted as a custom track in the UCSC Genome Browser.
Windows with values of >13.7° were considered as flexibility peaks in accordance with
previous definitions [23]. Custom tracks were also generated for the ORIs from the
GSM927238 dataset [24]. The bed file associated with the Dataset was converted to hg19
using the liftOver tool (UCSC Genome Bioinformatics) and the ORI peaks called using the
MACS program [25]. These peaks were then processed into a Custom Track for viewing on
the UCSC Genome Browser. A script was written to generate 20 randomly selected intervals
the same size as RP11-876N18 from the autosomes, excluding regions from the
centromeres. Ten intervals from this list that contained at least one gene and lacked any
major segmental duplications were used for further analysis. Using the Repeat Masker data
table from the UCSC Genome Browser (http://genome.ucsc.edu/) and the fast a sequence
from Ensembl (http://www.ensembl.org/index.html), the total number of SINEs, the
maximum number of SINEs in any 2 kb region were calculated. The TwistFlex
characteristics for each region were also calculated as described above. The CpG islands for
each interval were visualized in the UCSC genomic browser and the number determined
manually. The number of ORIs in each region present in HeLa cells was determined
manually using IGViewer and the custom track generated from the GSM927238 dataset
described above [24].

3.1 The region of chromosome 9 carrying the FXN gene is prone to chromosomal
rearrangements in both control and patient cells

We examined the FXN locus in control and patient cells using a BAC probe that contained a
205 Kb region of chromosome 9. This region includes the entire FXN gene and ~71% of the
adjacent tight junction protein 1 (TJP2) gene located at 9g21.11. At the FMR1 locus
chromosomal rearrangements are only detected in cells from individuals with FXS in
response to induction of the fragile site [20], whereas both normal and FRDA patient cells
showed a high frequency of chromosomal abnormalities involving the 9921 region even
under normal growth conditions (Fig. 1). To quantify the FISH abnormalities, each sister
chromatid was scored separately since the FISH signals were not always concordant. Of the
abnormal FISH signals observed 76-90% represented duplications and the remainder
deletions. Chromosomal breakage or translocations were only very rarely seen. Examples of
discordant FISH signals are displayed in Fig 1B with 1B(i) showing a chromosome with one
normal chromatid and one chromatid showing a duplication of the FXN region, 1B(ii)
showing a chromosome with one normal chromatid and a chromatid with a large deletion of
the FXN region and 1B(iii) showing a chromosome with one chromatid that has a
duplication of the probe region and a sister chromatid with a deletion of that region. The
high instance of these chromosomal abnormalities is consistent with the presence of a
constitutively expressed fragile site or some other recombination prone sequence in the
FXN-TJP2region even on normal chromosomes.
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3.2 The FXN locus is not enriched for factors typically associated with fragile sites

Various factors have been proposed to characterize fragile sites including a certain CpG-
island density [26], highly AT-rich sequences, the presence of sequences with non-B-DNA
forming potential or the enrichment for regions with high flexibility [23]. Other factors such
as a paucity of origins of replication (ORIs) or impaired replication dynamics [27-29],
whether the locus is late replicating and enrichment for Alu repeats [30] or simple sequence
repeats [26] have also been suggested to be important determinants of chromosome fragility.

We therefore examined the sequence of the probe region in some detail. This region has a
G/C-content of 44.3% with 5 very small CpG islands distributed more or lessevenly across
the region. This compares to the average G/C content of chromosome 9 of 41.4%. It has a
number of relatively strong ORIs within 100 Mb that are seen in many different cell types
including HelLa (Fig. 2). Relatively few flexibility peaks are seen (Fig. 2) as assessed by our
implementation of the Twistflex algorithm[23] as described in the Materials and Methods
(Section 2.3).

This region does contain a variety of repeated sequences of various types (Fig. 2 and 3).
Since simple repeats are prone to deletion during cloning in bacteria and very long repeats
are difficult to map to the genome accurately, the possibility of the presence of longer
repeats cannot be definitively excluded. However, none of the simple repeats in this region
in the hg19 build of the human genome are unusual either in terms of length or sequence.
The region covered by the probe and particularly the intergenic region is enriched for a
variety of different SINEs and LINEs. In particular, RepeatMasker analysis (http://
www.repeatmasker.org/cgi-bin/WWEBRepeatMasker) showed that Alu elements make up
48% of the intergenic region compared to 21% and 10% of the next two intergenic regions
centromeric to FXN. Furthermore, 71% of the FXN-TJP2 intergenic region was made up of
different repeated sequence family members compared to 56% and 50% of the two more
centromeric intergenic regions.

A number of other repeated sequences were seen in this region. There is a segmental
duplication involving a 2284 bp region of the FXN 3’ UTR and part of the last intron of the
suppressor of cancer cell invasion (SCAI) gene at 9933.3. There is also a 1058 bp sequence
located in the intergenic region between FXN and TJP2 that is 94% homologous to a region
of 9p24.1, and >88% homologous to sequences on chromosomes 3, 7, 8, 10 and 12. The
region of homology on 9p24.1 corresponds to the last 3 exons of the adenylate kinase 3
(AK3) gene suggesting that the other loci represent integration sites of a partial AK3
pseudogene. The last intron of the FXN gene also contains a 226 bp region homologous to
part of the repeat unit of the SATR2 minisatellite.

Comparison of the region corresponding to the RP11-876N18 probe with 10 randomly
selected genomic intervals of the same size showed that the probe region is not significantly
different from any of these intervals with respect to many of the factors thought to be
associated with fragile sites (Table 1). Specifically, it has a %GC of 44.3% compared to the
average for the randomly chosen intervals of 45%, an average number of CpG islands (n=5)
and an average number of SINEs per 2 kb window (n=7). The overall SINE density was
modestly higher than normal (1.4-fold). However, the ORI density was 1.2-fold lower than
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average and the average flexibility was also lower than average (5 peaks compared to an
average of 12).

3.3 The FXN locus is very close to the pericentric heterochromatic region of chromosome

9

The FXN gene is less than 850kb from the pericentromeric region of chromosome 9. This
region is the longest stretch of pericentric heterochromatin of any chromosome. It has many
unsequenced gaps that are often flanked by long segmental duplications (indicated by the
arrowheads in Fig. 3; [31]). It is also enriched for satellite repeats including a,  and satellite
I11 sequences. The unusual length of this region and the high density of these repeats is
thought to account for the very high frequency of structural variation of chromosome 9 seen
in the general population [32].

While late replication has been suggested to be a common feature of fragile sites, high
resolution time-sensitive maps of replication patterns shows that the FXN region actually
replicates early in many cell types including normal lymphoblastoid cells where replication
is initiated in G1 (Fig. 4; [33]). In contrast, replication of the FMR1 locus that forms a
fragile site in individuals with FXS is initiated late in S phase and only finishes in G2 even
in normal cells.

3.4 Inhibition of the ATM kinase increases the frequency of chromosomal abnormalities in
the FXN region only in FRDA patient cells

Since ATM inhibition has been shown to increase the frequency of common fragile sites as
well as the FRAXA fragile site, we treated control and FRDA patient cell lines with ATM
inhibitor (ATMi) KU55933 and scored the frequency of chromosomal aberrations. No
significant changes in the number of chromosomal abnormalities in the FXN region were
seen in control cell lines treated with the ATMi when normalized to the number of
abnormalities seen in the absence of inhibitor (Fig. 5).

In contrast, treatment of FRDA patient cells with the ATMi resulted in a significant increase
in the number of abnormal chromosomes observed. In the case of GM15850 the frequency
of ATM-dependent chromosomal abnormalities was 9.3%, while in GM16209 it was 7.5%.
This would suggest that the expanded GAA/TTC repeat that causes FRDA is prone to
chromosome breakage that is ATM-sensitive. Inhibition of ATM did not have a significant
effect on the proportion of duplications and deletions observed.

4. Discussion

We show here that the 205 kb region that spans the FXN gene is prone to chromosomal
rearrangements in both control and FRDA patient cells (Fig. 1). Our analysis of the FXN
region for features thought to be characteristic of fragile sites did not reveal any clear factor
that would make it recombination prone other than its proximity to the pericentric
heterochromatic region of chromosome 9 (Fig. 2 and 3). The pericentromeric
heterochromatic region of chromosome 9 is the largest of any autosome. It contains very
little unique DNA being comprised primarily of repeats including a, B and satellite 111 DNA.
There are also large blocks of duplications within and between the two pericentromeric
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regions along with matches to pericentromeric and non-pericentromeric sequences on other
chromosomes [34]. This highly repetitive region has been suggested to be responsible for
the very high frequency of structural variations seen on this chromosome: this region is
heteromorphic in up to 50% of Caucasians and pericentric inversions are also common [32].
Many of these structural variations are not associated with any deleterious consequences.
Thus not only is this region recombination prone, but without a penalty for these events,
they may well accumulate in cells in tissue culture. It may be that some events triggered in
this region also involve the FXN-TJP2 region thus accounting for the high frequency of
rearrangements that were seen with our probe.

In addition to evidence of previous chromosome breakage and rearrangement seen in both
normal and FRDA cells (Fig. 1), inhibition of ATM, a treatment known to increase the
frequency of expression of a number of known fragile sites, significantly increased the
number of chromosomal abnormalities observed in FRDA cells but not in normal ones (Fig.
5). This suggests that there may be two sources of the chromosomal rearrangements
involving the FXN locus, one that is common to all cells and presumably reflects sequences
other than the expanded repeat and one that is specific to cells with the expanded repeat. The
spontaneously occurring chromosomal rearrangements may have accumulated in the culture
over time with those rearrangements compatible with cell viability persisting. Thus it is
difficult to estimate the true frequency with which such events occur. However, it is possible
to do so for the ATM-sensitive rearrangements. In the case of the two FRDA cell lines
tested, these rearrangements occurred at a frequency of 7.5-9.3% per cell division (Fig. 5).
While the frequency with which fragile sites are expressed varies widely depending on the
specific site as well as the growth conditions, the level of ATM-dependent chromosomal
abnormalities we observe at the FXN locus is comparable to the frequency of expression of
many common fragile sites [35-37].

The chromosome abnormalities that we observed are consistent with a high frequency of
breaks in the region. The fact that duplications predominate might indicate that repair occurs
by homologous recombination rather than non-homologous end-joining. While the 9g21.1
region has not previously been shown to contain a fragile site, it has been implicated in a
number of chromosome aberrations including triplications [38], partial tetrasomy of
chromosome 9 [39-43] and a paracentric inversion/duplication [44]. A 269 kb inverted
duplication associated with progressive non-syndromic hearing loss (DFNA51) has also
been described in which one breakpoint occurs upstream of TJP2 in the region covered by
the probe [45].

While the chromosome rearrangements we observe are consistent with chromosome fragility
they lack the constrictions, gaps or breaks in chromosomes or chromatids that are typically
seen in metaphase spreads of cells containing “classic” fragile sites. This may reflect the fact
that the FXN locus is replicated in late G1 or early S phase, much earlier in the cell cycle
than fragile sites like the Fragile X fragile site, FRAXA. Even the normal FMR1 allele
completes replication late in S phase or in G2 even in the absence of replication inhibitors
([46] and Fig. 4) and the FX alleles are known to complete replication even later [47-49].
Initiation of replication of the FXN region early in the cell cycle may give the cell more time
to “repair” the gaps or breaks before mitosis begins.
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The repeats responsible for FRAXA and those responsible for FRDA share many common
features including the ability to form secondary structures [50-58] and to block DNA
synthesis and cause chromosome breakage in yeast[15, 16, 18, 59]. The fact that long GAA/
TTC-repeats are also prone to breakage in mammalian cells raises the possibility that a
structural block to DNA synthesis is responsible for the chromosome fragility at both the
FMR1 and the FXN loci. Since CTG/CAG-repeats which are also associated with other
Repeat Expansion Diseases also impede DNA synthesis and show chromosome fragility in

yeast [60], they too may be prone to chromosome rearrangements in humans, along with

other disease-associated repeats that form similar structures.
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Highlights

e The region of chromosome 9 that contains the Frataxin (FXN) locus is prone to
breakage and rearrangements.

e Friedreich ataxia (FRDA) is caused by a GAA/TTC-repeat expansion in the
FXN gene

+ FRDA alleles are prone to chromosome rearrangements induced by an ATM
inhibitor.
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Fig. 1. Both normal and FRDA cells show a high frequency of spontaneous chromosomal
abnormalities in the region of the FXN gene

A) The percentage of abnormal chromosomes seen in normal and patient lymphoblastoid
cells. B) Examples of the chromosomal abnormalities observed in these cells. (i)
Chromosome with a duplication on one sister chromatid. (ii) Chromosome with a deletion
on one sister chromatid. (iii) Chromosome with a duplication on one chromatid and a
deletion on the other. Chromosomes were stained with DAPI (blue) and FXN signal is
shown in red. Chromosomal duplications made up 76-90% of the chromosomal
abnormalities with the remainder being deletions of some or all of the probe region.
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Fig. 2. Sequence characteristics of the FXN locus
A ~150 kb region that includes the FXN gene showing the locations and levels of simple

repeats, origins of replication, regions with twist flex peaks and %GC that were extracted
from the USCS database (http://genome.ucsc.edu/cgi-bin/hgBlat) using the Feb .2009
(GRCh37/hg19) assembly of the human genome or determined as described in the Materials
and Methods (Section 2.3).
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Fig. 3. Sequence characteristics of the pericentromeric region of Chromosome 9 immediately
centromeric to the FXN locus

The ~7,4 Mb of DNA centromeric to the FXN gene was analyzed using the USCS database
(http://genome.ucsc.edu/cgi-bin/hgBlat) browsing tools and the Feb .2009 (GRCh37/hg19)
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assembly of the human genome. The red arrowheads indicate sequence gaps.
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Fig. 4. Replication timing of the FXN and FMR1 loci
Information as to the replication timing of the two loci in the EBV-transformed normal

female lymphoblastoid cell line, GM12878, was extracted from the appropriate ENCODE

track in the USCS database. This data was obtained using the “Repli-seq” method [33].
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Fig. 5. FRDA cells show elevated levels of chromosomal abnormalities in response to ATM
inhibition

The percentage of ATM-sensitive chromosome abnormalities was obtained by subtracting
the abnormalities seen in mock treated cells from the abnormalities seen in ATMi treated
cells. P-values were calculated using the Fisher’s test. No significant change was seen in the

proportion of duplications to deletions on inhibition of ATM.
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