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Expansion of a GAA-TTC repeat in the first intron of the
frataxin (FXN) gene causes an mRNA deficit that results in
Friedreich ataxia (FRDA). The region flanking the repeat on
FRDA alleles is associated with more extensive DNA methyla-
tion than is seen on normal alleles and histone modifications
typical of repressed genes. However, whether these changes
are responsible for the mRNA deficit is controversial. Using
chromatin immunoprecipitation and cell lines from affected
and unaffected individuals, we show that certain marks of ac-
tive chromatin are also reduced in the promoter region of the
FXN gene in patient cells. Thus, the promoter chromatin may
be less permissive for transcription initiation than it is on nor-
mal alleles. Furthermore, we show that the initiating form of
RNA polymerase II and histone H3 trimethylated on lysine 4, a
chromatin mark tightly linked to transcription initiation, are
both present at lower levels on FRDA alleles. In addition, a
mark of transcription elongation, trimethylated H3K36, shows
areduced rate of accumulation downstream of the repeat. Our
data thus suggest that repeat expansion reduces both tran-
scription initiation and elongation in FRDA cells. Our findings
may have implications for understanding the mechanism re-
sponsible for FRDA as well as for therapeutic approaches to
reverse the transcription deficit.

Friedreich ataxia (FRDA), an autosomal recessive disorder
with early onset, is the most common inherited ataxia (1). In
addition to ataxia, diabetes and hypertrophic cardiomyopathy
are also commonly seen, with congestive heart failure being a
frequent cause of early mortality. The disorder results from
mutations in the frataxin (FXN) gene. Most affected individu-
als have large expansions of a GAA-TTC repeat in intron 1 of
both FXN alleles (1). Expanded alleles produce lower than
normal amounts of FXN mRNA, resulting in a deficiency of
frataxin, a protein essential for mitochondrial iron metabo-
lism (1). In general, the repeat number is directly related to
the age of onset and the severity of symptoms (2).
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Brain, peripheral blood leukocytes, and lymphoblastoid
cells from individuals with FRDA all show a similar FXN
mRNA deficit, and the region flanking the repeat in these cells
is aberrantly methylated and enriched for histone modifica-
tions characteristic of genes that are transcriptionally re-
pressed (3—7). Because the repeat is relatively close to the pro-
moter, the repeat-mediated chromatin changes could affect
transcription initiation if they were to spread to the promoter.
This could produce a promoter chromatin configuration that
was less permissive for transcription initiation (8). Because
intragenic DNA methylation can reduce transcription elonga-
tion (8), repeat expansion may also affect the ability of RNA
polymerase II (RNAPII) to transcribe through the intron.

An alternative explanation for the FXN mRNA deficit in
FRDA has been suggested based on the observation that long
GAA-TTC repeats block transcription elongation on unchro-
matinized templates in vitro or when propagated in bacteria
(9-12). This phenomenon has been attributed to the ability of
these repeats to form triple-stranded DNA structures during
transcription that trap RNA polymerase on the template.
Should this mechanism operate at the FXN locus in FRDA
cells, the major effect would presumably be downstream of
transcription initiation.

To better understand how repeat expansion affects tran-
scription, we have extended our previous chromatin immuno-
precipitation studies on affected and unaffected alleles to in-
clude a variety of additional marks of active chromatin and of
the initiating form of RNAPIIL. Our data suggest that problems
with both transcription initiation and elongation contribute
significantly to the FXN mRNA deficit responsible for FRDA
pathology. Our data provide clues to the molecular basis of
repeat-mediated disease pathology in FRDA as well as a clear
rationale for the use of chromatin-modifying agents in the
treatment of this disorder.

EXPERIMENTAL PROCEDURES

Cell Lines and Reagents—Lymphoblasts from individuals
without FRDA (GMO06895, GM06865, and GM06906) and
those with FRDA (GM04079, GM 15850, GM16207,
GM16209, and GM16243) were obtained from the Coriell
Cell Repository (Camden, NJ). The repeat numbers in these
patient cell lines are 340/420, 650/1030, 280/830, 800/800,
and 670/1170, respectively. Lymphoblasts were grown in
RPMI 1640 medium supplemented with 10% fetal calf serum
and 1X antibiotic-antimycotic under standard conditions
(Invitrogen). The following antibodies (catalogue numbers
given in parentheses) were purchased: H4K5Ac (07-327),
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TABLE 1
Primers used in this study
F, forward; R, reverse; LK, linker.

5" to 3’

Primers for ChIP PCRs
Promoter F CCCCACATACCCAACTGCTG
Promoter R GCCCGCCGCTTCTAAAATTC
Exon13’'end F AGCAGCATGTGGACTCTC
Exon 1 R2 TGGGCTGGGCTGGGTGACGCCAGG
Up GAAF GAAACCCAAAGAATGGCTGTG
Up GAAR TTCCCTCCTCGTGAAACACC
Down GAAF CTGGAAAAATAGGCAAGTGTGG
Down GAA R CAGGGGTGGAAGCCCAATAC
Exon 2 F GCCTCAACCAGATTTGGAAT
Exon 2 R GCCCAAAGTTCCAGATTT
GAPDH exon 1 F TCGACAGTCAGCCGCATCT
GAPDH intron 1 R CTAGCCTCCCGGGTTTCTCT
MYO-D exon1F CCGCCTGAGCAAAGTAAATGA
MYO-D exon 1 R GGCAACCGCTGGTTTGG

Primers for reverse transcription

LK exon 1 3’ end actggagcacgaggacactCAGG

TCGCATCGATGTC
LK exon 2 actggagcacgaggacactGCCC
AAAGTTCCAGATTT
Exon 1 R2 TGGGCTGGGCTGGGTGACGCCAGG
Primers for SYBR Green PCR
LK primer ACTGGAGCACGAGGACACT
Exon 3 F CAGAGGAAACGCTGGACTCT
Exon 4 R AGCCAGATTTGCTTGTTTGG
GUSF CTCATTTGGAATTTTGCCGATT
GUSR CCGAGTGAAGATCCCCTTTTTA
Exon2 F GCCTCAACCAGATTTGGAAT
Exon13'endF AGCAGCATGTGGACTCTC

H3K4Me2 (07-030), H3K9Ac (07-352), H3K9Me2 (07-441),
H3K4Me3 (04-745), and normal rabbit IgG (12-370) from
Millipore (Temecula, CA), antibody to RPB1 subunit of yeast
RNA polymerase II (8WG16 clone) (W0011) from NeoClone
Biotechnology, and anti-H4K16Ac (39167) from Active Motif
(Carlsbad, CA). Antibodies to the RNAPII C-terminal do-
main, repeat YSPTSPS (phospho-Ser-5) (ab5131) and
YSPTSPS (phospho-Ser-2) (ab5095), and H3K36Me3
(ab9050) were from Abcam (Cambridge, MA). Rabbit preim-
mune serum, used as a control for chromatin immunoprecipi-
tation with the H4K16Ac antibody, was purchased from Santa
Cruz Biotechnology (Santa Cruz, CA). Primers were pur-
chased from Integrated DNA Technologies (Coralville, IA).
The sequences of the primers used in this study are given in
Table 1.

Real-time PCR Analysis of FXN Transcription—Total RNA
was purified from cells using the TRIzol® reagent (Invitrogen)
according to the manufacturer’s instructions. Reverse tran-
scription with either random hexamers or strand-specific
primers was done on DNase I-treated RNA using SuperScript
III first strand synthesis kit from Invitrogen as per the manu-
facturer’s recommendation. Strand-specific primers were
used that contained a linker sequence at the exon 1 and exon
2 as described previously (13). Real-time PCR was then done
with Power SYBR® Green PCR master mix (Applied Biosys-
tems, Foster City, CA) using a primer homologous to the
linker sequence and exon-specific primers. PCR with RNA
that had not been reverse-transcribed produced no product,
demonstrating that the PCR product obtained using this
strategy was not due to contaminating DNA. Primer se-
quences are listed in Table 1.
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Chromatin Immunoprecipitation Assays—The ChIP assay
kit from Millipore was used for histone ChIPs according to the
manufacturer’s instructions with slight modifications as de-
scribed previously (14). For RNAPII ChIP assays, modified wash
steps were used: 1X with low salt wash buffer (Millipore) for 5
min, 1X with wash buffer II (50 mm HEPES-KOH, pH 7.5, 500
mMm NaCl, 1 mm EDTA pH 8.0, 1% Triton X-100, 0.1% sodium
deoxycholate) for 3 min, 1X with wash buffer III (10 mm Tris,
pH 8.0, 250 mm LiCl, 1 mm EDTA, pH 8.0, 0.5% IGEPAL-CA630,
0.5% sodium deoxycholate) for 3 min followed by two washes
with Tris-EDTA, pH 8.0, for 5 min each. The amount of FXN
DNA immunoprecipitated was determined using quantitative
real-time PCR, a Power SYBR Green PCR master mix, and prim-
ers specific for different regions of the gene (Table 1). The im-
munoprecipitated material was normalized to 5% of input and
expressed relative to GAPDH. For RNAPII ChIPs, the back-
ground at MyoD was subtracted from the final values. The ChIP
experiments were performed at least in triplicate, and each PCR
reaction was done in triplicate. Student’s ¢ test was used to calcu-
late the p values (GraphPad Software, Inc., La Jolla, CA).

RESULTS

Repeat Expansion Results in Reduced Levels of a Subset
of Marks of Active Chromatin on the Promoter of FRDA
Alleles—To study the extent of the repeat-mediated chroma-
tin changes on FRDA alleles, we examined a number of marks
typical of active chromatin in three regions of the FXN gene
in cells from unaffected individuals and those with FRDA.
These regions comprise a promoter segment located immedi-
ately upstream of a previously identified transcription start
site (TSS), referred to as TSS1 (15), and the previously de-
scribed Up GAA and Down GAA regions that flank the FRDA
repeat (3), as illustrated in Fig. 1A. We found that in addition
to reduced levels of marks of active chromatin in the region
immediately flanking the GAA-TTC repeats, some of these
marks were also reduced in the promoter region of FRDA
alleles. Specifically, in four patient cell lines, all five marks of
active chromatin examined, H4K5Ac, H4K16Ac, H3K9Ac,
H3K14Ac, and H3K4Me2, were significantly lower in the Up
GAA and Down GAA regions than in cells from unaffected
individuals (Fig. 1). Furthermore, although no differences
were seen in the levels of H3K9Ac and H3K14Ac in the pro-
moter region, levels of H4K16Ac, H4K5Ac, and H3K4Me2
were significantly lower on patient alleles. Notably, although
the difference between the levels of these chromatin marks in
unaffected and affected cells was much less than in the re-
gions flanking the repeat (2—3-fold as compared with 8 —10-
fold), the differences were still significant. Because our finding
of altered chromatin in the promoter region in lymphoblas-
toid cells is different from previously published reports (3,
16), we tested two additional cell lines from individuals with-
out FRDA, GM06895 and GMO06906, to assess whether these
differences could be attributed to variation in the levels of
these marks on unaffected alleles. Although the absolute level
of each histone modification did differ in each of these cell
lines, the same trend was found for all the chromatin marks
tested (data not shown).
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FIGURE 1. Association of active histone marks with the promoter, Up GAA, and Down GAA region of the frataxin gene in unaffected (GM06865) and
FRDA cells (GM15850, GM16243, GM16209, and GM04079). A, schematic representation of the FXN gene showing the positions of the regions analyzed
by real-time PCR in ChIP assays. B, chromatin immunoprecipitated with indicated antibodies was normalized to 5% of input and expressed relative to

GAPDH. Error bars indicate S.D.

The reduced levels of marks of active chromatin seen on
the promoter would be consistent with the recent finding that
the FXN promoter in the brains of two individuals with FRDA
was enriched for two repressive chromatin marks, H3K9Me2
and H3K9Me3 (5), and that fibroblasts from two different
FRDA individuals also show enrichment for H3K9Me2 and
another repressive chromatin mark, H3K27Me3, in a region
slightly closer to the frataxin open reading frame (ORF) than
the region we examined (17). Taken together, these observa-
tions suggest that the repeat-mediated chromatin changes
seen in intron 1 do extend into the promoter. Thus, in princi-
ple, repeat expansion could contribute to the FXN mRNA
deficit in FRDA cells via an effect on transcription initiation.

The Major FXN Transcription Start Site Is Located 62 bp
Upstream of the ORF in Lymphoblastoid Cells—In addition to
TSS1, which was defined on the basis of a clone isolated from
a 5’ rapid amplification of cDNA ends experiment (15), a vari-
ety of other FXN cDNA clones with different 5" ends have
also been described (18). Given that some chromatin marks
have a restricted distribution with respect to the TSS, we car-
ried out primer extension on RNA isolated from normal and
patient cells using a primer within the open reading frame to
define the major TSS in lymphoblastoid cells. Very long expo-
sures of the gel-resolved primer extension products showed
no detectable bands in the region of TSS1. Instead, a single
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product terminating 159 bases downstream of TSS1 was the
major product seen. We refer to this putative TSS, which is 62
bp upstream of the ORF, as TSS2 (Fig. 2, left panel). Thus, the
most prevalent transcript from the FXN gene originates closer
to the ORF than TSS1, at least in lymphoblastoid cells. The
same putative TSS was seen in both unaffected and affected
individuals. In contrast to what is seen in most mammalian
promoters, TSS2 was not associated with either a TATAA
box (19, 20) or an Initiator (Inr) element (21).

Further support for the idea that transcription initiates
closer to the ORF can be seen in the distribution of histone
H3 trimethylated at lysine 4 (H3K4Me3) on normal alleles.
Although H3K4Me2 has a broad distribution within active
genes, H3K4Me3 levels are highest immediately downstream
of transcription initiation (22—24). As can be seen in Fig. 34,
when a primer pair from the TSS1 region was used to interro-
gate chromatin immunoprecipitated with an antibody specific
to H3K4Me3, the levels of this mark were much lower than
what is seen when a primer pair within the open reading
frame, close to TSS2, is used. This supports the idea that TSS2
is closer to the start of transcription than TSS1. Because
H3K4Me3 deposition is directly related to the activity of the
initiating form of RNAPII, its levels are thought to more
clearly reflect the extent of transcription initiation than some
other chromatin modifications (25—28). The levels of
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FIGURE 2. FXN transcription start site in lymphoblastoid cells. Left panel, sequencing gel showing the product of primer extension with end-labeled Exon
1 R2 primer and RNA from unaffected (UN) and FRDA cells using SuperScript Il reverse transcriptase according to standard procedures. G, A, T, and C lanes
represent the sequencing reactions from the corresponding region of DNA in plasmid FXN81658 (4) using the same primer. MW, pBR322 DNA digested

with Mspl. Right panel, DNA sequence of the 5" end of the FXN locus showing the position of previously reported transcription start site, TSS1 (15), and the
transcription start site TSS2 identified in this study. The numbers alongside the sequence indicate the position of bases with respect to the first base of the
open reading frame, which is shown in the open box. The sequence between the two brackets is the sequence —221 to —121 bases upstream of the frataxin
open reading frame, which we showed previously to be important for FXN promoter activity in muscle cells (32). The region highlighted in gray corresponds

to the remnants of an ancient L2 repeated DNA element.

H3K4Me3 on patient alleles were ~50% of that seen on the
unaffected controls. Given that these patient cells have FXN
mRNA levels that are 20 -30% of that of unaffected individu-
als (Fig. 3B), the reduced level of H3K4Me3 suggests that a
transcription initiation problem may account for a large pro-
portion of the FXN mRNA deficit in FRDA.

Evidence of Reduced Transcription Initiation Is Seen on
FRDA Alleles—To confirm that transcription initiation is in-
deed impaired on FRDA alleles, we determined the enrich-
ment of TSS1 and TSS2 on the affected and unaffected alleles
with two different antibodies to RNAPIL The first antibody
we tested is specific to RNAPII phosphorylated on serine 5
(Ser(P)-5), the initiating form of RNAPII (29). As can be seen
from Fig. 3C, levels of this form of RNAPII are higher on the
promoter and exon 1 regions tested than the Up GAA region.
This was true of both affected and unaffected cells. However,
FRDA cells showed ~50% less enrichment for the form of
RNAPII detected by this antibody, consistent with the
H3K4Me3 data and the idea that initiation occurs less fre-
quently on FRDA alleles.

Further support for an effect on transcription initiation was
obtained with 8W@G16, an antibody to a subunit of yeast RNAPII
(30). This antibody recognizes a more complex array of human
RNAPII isoforms than the first antibody, including those phos-
phorylated at Ser-5. As with the first RNAPII antibody, we saw
strong enrichment for the epitopes recognized by the 8WG16
antibody in exon 1 on unaffected alleles with ~50% less enrich-
ment being seen on FRDA alleles (Fig. 3D). The distribution of
8WG16 epitopes was narrower than those detected with the
Ser(P)-5 antibody with significantly more enrichment being seen
in the TSS2 region than the TSS1 region.

A Transcription Elongation Problem May Also Contribute
to Reduced FXN mRNA—To assess the contribution of a
block to transcription elongation to the mRNA deficit in
FRDA, we first looked for evidence of a transcript that was
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truncated in the vicinity of the repeat by comparing the levels
of exon 1 and exon 2 in both affected and unaffected individu-
als. To avoid any potential contribution from the antisense
transcript produced from the FXN locus (17), we used strand-
specific RT-PCR to examine the levels of FXN mRNA specific
to exon 1 and exon 2 in unaffected and FRDA cells. When a
primer pair located downstream of TSS2 was used to compare
the levels of exon 1 using quantitative PCR, a 4—5-fold higher
product yield was seen in unaffected individuals as compared
with individuals with FRDA (Fig. 4, upper panel). This was
comparable with the difference in total FXN mRNA seen with
primers from exons 3 and 4 (Fig. 3B). The levels of exon 2 were
also 4 -5 times higher in unaffected cells (Fig. 4, lower panel).
Thus, no patient-specific decline in exon 2 levels relative to those
of exon 1 was detected. However, it was apparent that the abso-
lute yield of PCR product from exon 2 was 3—4-fold lower than
that of exon 1 in both affected and unaffected cells despite the
very similar efficiency of amplification seen when DNA was used
as a template. Thus, it may be that transcription termination
occurs frequently on both normal and patient alleles in the re-
gion downstream of the exon 1 primer pair.

Because a truncated transcript might be unstable, we used a
second approach to assess an effect of the repeats on tran-
scription elongation. We first tested antibodies to RNAPII
phosphorylated at Ser-2, the elongating form of RNAPIIL. Un-
fortunately, although enrichment was seen on a highly tran-
scribed gene (GAPDH), we did not get a good enrichment on
the FXN locus even on normal alleles due, perhaps in part, to
the low transcription rate of the gene. However, trimethyla-
tion of H3K36 occurs co-transcriptionally in a manner de-
pendent on the level of elongating RNAPII (31). Thus, this
histone modification is considered a reasonable proxy mea-
sure of the amount of elongation. We found that H3K36Me3
levels rose more slowly in FRDA cells than they did in cells
from unaffected individuals, with no significant accumulation
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FIGURE 3. Transcription initiation in FRDA cells. A, the abundance of H3K4Me3 on different regions of the FXN gene in unaffected and FRDA cells relative
to its abundance on GAPDH. The differences in the levels of H3K4Me3 in unaffected and FRDA cells were only significant for the exon 1 region (p < 0.05).

B, FXN mRNA level in unaffected and FRDA cells relative to GUS. Real-time PCR for FXN mRNA was done with primers exon 3 F and exon 4 R as described
previously (3). G, relative abundance of DNA immunoprecipitated with an antibody specific to RNAPII phosphorylated at Ser-5 in unaffected and FRDA cells.
The asterisks indicate those regions of patient alleles that are significantly different from the corresponding regions of both unaffected alleles tested at p =
0.05 or better. D, relative abundance of DNA immunoprecipitated by the 8WG16 antibody to RNAPII in unaffected and FRDA cells. The asterisks indicate
those regions of patient alleles that are significantly different from the corresponding regions of both unaffected alleles tested at p = 0.05 or better. Error

bars in all panels indicate S.D.

of H3K36Me3 on FRDA alleles (Fig. 5). In particular, there
were much lower levels of H3K36Me3 on the Down GAA
region relative to the Up GAA region that could be consistent
with a repeat-mediated effect on transcription elongation.

DISCUSSION

The data in this study provide information relevant to both
the normal functioning of the FXN gene and the aberrant ex-
pression from FRDA alleles. We have shown, using a combi-
nation of primer extension to map the 5" end of the transcript
and chromatin immunoprecipitation with antibodies to pro-
teins that are enriched close to the start of transcription, that
the major TSS (TSS2) on the normal FXN gene is located
closer to the frataxin ORF than previously appreciated, at
least in lymphoblastoid cells. This finding is consistent with
our previous work using reporter assays in muscle cells (32),
in which we showed that there was significant promoter activ-
ity located in the sequences downstream of TSS1. This work
showed that the most important regions for the positive regu-
lation of the FXN promoter in muscle cells are located be-
tween —221 and —121 bases upstream of the start of the
frataxin ORF (Fig. 2, right panel, bracketed sequence). This is

FEBRUARY 11, 2011+VOLUME 286+NUMBER 6

the only significant region of homology between primates and
rodents and represents the ancient remnant of an L2-like ele-
ment, a family of long interspersed repeated DNA elements
(32). Taken together, these data suggest that the major TSS in
both lymphoblastoid and muscle cells lies closer to the
frataxin ORF than previously appreciated. Examination of the
region in the vicinity of TSS2 suggests that, unlike TSS1 that
colocalizes with an Initiator (Inr)-like element, TSS2 is not
associated with TATA-like or Initiator elements, motifs typi-
cal of most mammalian promoters. Our identification of this
TSS should help facilitate a better understanding of the fac-
tors important for the optimal expression from this unusual
promoter.

In addition, our observation of the higher yield of exon 1
relative to exon 2 in both normal and patient cells (Fig. 4) sug-
gests that transcription frequently terminates downstream of
exon 1 even in normal cells. Because normal cells contain a
GAA-TTC repeat tract that is far too short to cause triplex
DNA or Sticky DNA formation, a repeat-mediated basis for
this transcription termination seems unlikely. Because intra-
genic methylation can affect transcription elongation (8), the
elongation problem seen in cells from unaffected individuals
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FIGURE 5. The abundance of H3K36Me3 on different regions of the FXN
gene in unaffected and FRDA cells. The amount of DNA immunoprecipi-
tated with an antibody to H3K36Me3 was determined as described under
“Experimental Procedures” and is shown relative to GAPDH. Error bars indi-
cate S.D.

may be related to the DNA methylation present in the region
upstream of the FRDA repeat even on normal alleles (4). An
alternative explanation for this termination is suggested by
the broader distribution of epitopes that are recognized by
antibodies to RNAPII phosphorylated at Ser-5 as compared
with the 8WG16 antibody (Fig. 3). This phenomenon has
been attributed to an isoform of RNAPII that carries, in addi-
tion to the Ser-5 modification, other modifications that pre-
vent recognition by 8WG16 (33). Such an RNAPII isoform is
often seen on inducible genes and would be consistent with
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the observation that iron is a positive regulator of FXN ex-
pression (34). Because such genes often generate transcripts
that terminate near the first exon junction (35), the high fre-
quency of premature transcription termination on both nor-
mal and FRDA alleles may be related to some conserved prop-
erty of this class of genes.

The promoters of normal and FRDA alleles show differ-
ences in the extent of their enrichment for marks of transcrip-
tionally permissive chromatin. Specifically, FRDA promoters
are associated with reduced levels of H4K5Ac and H4K16Ac
but not H3K9Ac and H3K14Ac. Because H3 acetylation is
thought to occur co-transcriptionally, it is unclear what sig-
nificance these modifications have upstream of transcription.
On the other hand, acetylation of H4 is thought to precede
transcription. Thus, the reduced H4 acetylation on the FRDA
promoter likely reflects a chromatin configuration that is less
permissive for transcription (36). In particular, H4K16 acety-
lation is thought to play an important role in maintaining an
open chromatin configuration (37).

We also found that FRDA alleles were associated with re-
duced levels of RNAPII that is recognized by an antibody that
is specific for the isoform phosphorylated at Ser-5. This result
is at odds with data published while this work was in progress
in which cells from an affected individual and his unaffected
sibling showed no significant difference in the region of TSS1
in the amount of DNA immunoprecipitated with the same
antibody (16). A number of explanations for this difference
are possible including the fact that maximal enrichment for
this form of RNAPII is seen in the vicinity of TSS2, and al-
though we always find a significant difference between af-
fected and unaffected alleles at TSS2, the difference is not
always significant at TSS1. The fact that another antibody that
recognizes the initiating form of RNAPII, 8WG16, also shows
lower levels of initiating RNAPII on FRDA alleles and that
levels of H3K4Me3, a histone modification characteristic of
the early phases of transcription initiation, are also lower than
normal would be consistent with our Ser(P)-5 RNAPII data.

Thus, our data suggest that there is a reduced efficiency of
transcription initiation on FRDA alleles for which the repres-
sive chromatin marks on the promoter are the most parsimo-
nious explanation. It seems reasonable to think that the effect
on transcription initiation might vary with repeat number and
be more marked on those alleles with a larger number of re-
peats that facilitate a broader spread of repressive chromatin
marks from intron 1.

A role for the repeat-mediated chromatin changes in the
FRDA transcript deficit is consistent with the fact that histone
deacetylase inhibitors increase transcription from FRDA alle-
les (3, 6, 38, 39). This idea has been challenged by the recent
demonstration that an inhibitor of H3K9 methylation does
not reactivate FRDA alleles. This has led to the suggestion
that the chromatin changes are not responsible for the FXN
mRNA deficit and thus that the histone deacetylase inhibitors
are acting indirectly to increase FXN transcription (16). How-
ever, it may be that H3K9 demethylation is not sufficient to
reverse all of the key determinants of repressive chromatin on
FRDA alleles. Our demonstration of a repeat-mediated effect
on transcription initiation lends support to the idea that the
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chromatin changes on FRDA alleles have consequences for
transcription and thus that histone deacetylase inhibitors may
be acting, at least in part, on the underlying cause of FRDA.

The lack of significant accumulation of H3K36Me3 down-
stream of the GAA-TTC suggests that a problem with tran-
scription elongation may also contribute to the mRNA deficit
in FRDA. The relative contribution of the elongation problem
and the initiation problem remains to be assessed. The ques-
tion of whether the elongation problem results from the chro-
matin changes in the body of the gene or the formation of
DNA structures that trap RNAPII on the template also re-
mains to be seen.

In conclusion, our data demonstrate that FRDA alleles
show problems with both transcription initiation and elonga-
tion and suggest that repeat-induced chromatin changes are
responsible for some, if not all, of the resultant FXN mRNA
deficit. This lends support to the idea that histone deacetylase
inhibitors, which are currently in clinical trials for the treat-
ment of FRDA, act directly to correct the underlying problem
caused by the expanded repeats. The contribution of any non-
chromatin-based effects of the repeat to the FXN mRNA defi-
cit remains an open question.
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