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Abstract

Friedreich ataxia (FRDA) is typically caused by homozygosity for an expanded GAA triplet-repeat in intron 1 of the FXN gene,
which results in transcriptional deficiency via epigenetic silencing. Most patients are homozygous for alleles containing

> 500 triplets, but a subset (~20%) have at least one expanded allele with < 500 triplets and a distinctly milder phenotype.
We show that in FRDA DNA methylation spreads upstream from the expanded repeat, further than previously recognized,
and establishes an FRDA-specific region of hypermethylation in intron 1 (~90% in FRDA versus < 10% in non-FRDA) as a
novel epigenetic signature. The hypermethylation of this differentially methylated region (FRDA-DMR) was observed in a
variety of patient-derived cells; it significantly correlated with FXN transcriptional deficiency and age of onset, and it
reverted to the non-disease state in isogenically corrected induced pluripotent stem cell (iPSC)-derived neurons. Bisulfite
deep sequencing of the FRDA-DMR in peripheral blood mononuclear cells from 73 FRDA patients revealed considerable
intra-individual epiallelic variability, including fully methylated, partially methylated, and unmethylated epialleles.
Although unmethylated epialleles were rare (median = 0.33%) in typical patients homozygous for long GAA alleles with

> 500 triplets, a significantly higher prevalence of unmethylated epialleles (median = 9.8%) was observed in patients with at
least one allele containing < 500 triplets, less severe FXN deficiency (>20%) and later onset (>15 years). The higher
prevalence in mild FRDA of somatic FXN epialleles devoid of DNA methylation is consistent with variegated epigenetic
silencing mediated by expanded triplet-repeats. The proportion of unsilenced somatic FXN genes is an unrecognized
phenotypic determinant in FRDA and has implications for the deployment of effective therapies.
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Introduction

Friedreich ataxia (FRDA) is the most common recessive ataxia
and is clinically characterized by progressive limb and gait
ataxia, dysarthria, weakness, fatigue and cardiomyopathy (1).
The vast majority of patients (95%) inherit an expanded GAA
triplet-repeat sequence in intron 1 of the FXN gene from each
parent (2). Whereas non-FRDA alleles contain <30 triplets,
the expanded GAA sequence in FRDA ranges from 100 to
1500 triplets. The expanded GAA sequence results in FXN
transcriptional deficiency (5-30% of non-FRDA levels) (3-6),
which in turn causes deficiency of frataxin (7), a protein required
for efficient Fe-S cluster biogenesis and mitochondrial oxidative
phosphorylation (8-10). Most FRDA patients are homozygous for
long GAA triplet-repeats that contain > 500 triplets (usually, 600-
1200 triplets) (2,11-15). Such patients present with a typically
progressive FRDA phenotype, with age of symptom onset in the
early teens, and premature mortality in their 30s or 40s (11-
18). However, a substantial minority (~20%) of patients have
at least one expanded allele with <500 triplets. They usually
have less severe FXN transcriptional deficiency compared with
typical FRDA patients (4-6), and a generally milder phenotype,
including later onset, slower progression, lower prevalence of
cardiomyopathy and longer lifespan (11-20). Indeed, most of
the correlation that is observed between the length of the
GAA triplet-repeat and either FXN transcriptional deficiency
or a number of phenotypic measures of disease severity stems
from the bimodal distribution of FRDA patients, molecularly
distinguished by the presence/absence of at least one allele with
<500 triplets. In addition to the milder phenotype, those with
relatively short expanded alleles also show remarkable inter-
individual variability in FXN transcriptional deficiency, age of
onset and rate of disease progression (5,6,11,16,19).

Epigenetic silencing in a manner similar to position effect
variegation (PEV) was observed in a transgenic mouse model
containing a GAA-200 repeat linked to an upstream reporter
gene (21). Variegated expression manifested as proportions of
cells showing either reporter gene repression or lack of repres-
sion, and repression was associated with increased nucleosomal
density and reduced promoter accessibility (21). Following this
seminal discovery, various signatures of repressive chromatin,
including histone trimethylation (H3K27me3, H3K9me3) and
hypoacetylation, were identified at the FXN locus in FRDA
patients (22-33), as was increased nucleosomal density and
reduced promoter accessibility (30). Repressive chromatin in
FRDA spreads upstream from the expanded GAA triplet-repeat
in intron 1, extending up to the FXN promoter, and contributes
to FXN transcriptional silencing via a combination of deficient
initiation and elongation (6,27-30,34,35). Although there is
incontrovertible evidence for epigenetic silencing of the FXN
gene in FRDA, there is as yet no evidence of variegated silencing.
This is partly due to the inability of conventional chromatin
immunoprecipitation assays to achieve single-molecule/single-
cell resolution. However, it could also be because the most
common expanded alleles in FRDA contain > 500 triplets, and
variegated silencing was noted with a relatively short GAA
repeat (200 triplets) (21). It therefore remains to be determined if
the subset of atypically mild FRDA patients who have expanded
GAA alleles with <500 triplets have PEV-like silencing, i.e.
variable spreading of epigenetic silencing signals that result
in a proportion of somatic FXN genes being spared.

Increased DNA methylation has also been observed in the
immediate vicinity of the expanded GAA triplet-repeat in FRDA
(23,24,33,36,37), but its extent and magnitude at the FXN locus
remain incompletely characterized. The FXN promoter, similar
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to two-thirds of all human promoters, is associated with a CpG
island that spans the 5 untranslated region, exon 1 and the
proximal part (5 end) of intron 1 (Fig. 1A). The high prevalence
and density of CpG sites between the expanded GAA repeat and
the FXN promoter, which is mostly comprised of the CpG island
and its shore, make this region a suitable target for spreading of
DNA methylation, especially since repressive chromatin forms
in this region in FRDA. If DNA methylation were to spread
upstream of the expanded GAA repeat in FRDA, the resulting
heterochromatin formed in conjunction with repressive histone
marks would present a formidable block to transcriptional elon-
gation, as is known to occur in FRDA. DNA methylation could
conceivably also impact transcriptional initiation if it were to
involve the CpG island and/or FXN promoter.

In a large and representative cohort of FRDA patients,
we show that DNA methylation spreads upstream from
the expanded repeat, considerably further than previously
recognized, and establishes an FRDA-specific differentially
methylated region (FRDA-DMR), just downstream of the FXN CpG
island. This indicates that in FRDA a region of heterochromatin
is formed upstream of the expanded GAA triplet-repeat in intron
1 consisting of various repressive histone marks plus DNA
hypermethylation. It is noteworthy that in FRDA an R-loop is
also known to form in this region of intron 1 (38,39). Moreover,
bisulfite deep sequencing of the FRDA-DMR permitted detailed
characterization of the epiallelic variability among individual
somatic FXN genes in FRDA. Consistent with a PEV-like silencing
mechanism, we found that the prevalence of FXN genes that
have escaped from DNA methylation (unmethylated epialleles),
while rare in typical FRDA patients, was relatively high among
those patients with at least one expanded allele containing
<500 triplets. The prevalence of these unmethylated epialleles
predicted the severity of FXN transcriptional deficiency and age
of symptom onset, and therefore serves as a discriminatory
epigenetic signal that distinguishes the two major phenotypic
groups of FRDA patients. These data support a model in which
the proportion of FXN genes lacking silencing signals in somatic
cells plays a role in phenotypic determination, and that the
milder and variable phenotype in FRDA patients with at least
one short expanded allele likely stems from a mechanism
resembling variegated silencing.

Results

DNA methylation spreads upstream from the expanded
GAA triplet-repeat to establish the FRDA-DMR

To determine if DNA methylation spreads upstream from the
expanded GAA repeat in FRDA, five key regions were selected
to cover CpG dinucleotides between the FXN promoter and the
GAA repeat in intron 1 (Fig. 1A) Amplicon 1 represented the FXN
TSS/promoter, amplicons 1 and 2 represented the CpG island,
amplicons 3 and 4 represented the CpG island shore, and ampli-
con 5 represented the region adjacent to the Alu element within
which the GAA triplet-repeat is located [Fig. 1A; vertical lines
denote each of the 98 CpGs spanning this interval (note: the last
three CpGs map within the left arm of the Alu element, and #95
is the last one analyzed in amplicon 5); Supplementary Material,
Table S1 lists the FXN gene coordinates of all five amplicons
and the CpGs they contain]. Other groups have previously found
evidence of increased methylation in FRDA involving mostly
CpGs that map within amplicon 5 (23,24,33,36,37). DNA methy-
lation was analyzed in all five amplicons by bisulfite treatment
of genomic DNA isolated from peripheral blood mononuclear
cells (PBMCs), lymphoblastoid cell lines (LBCLs) and primary
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Figure 1. DNA methylation spreads upstream from the expanded GAA triplet-repeat to establish the FRDA-DMR. (A) Schematic of the FXN gene shows the locations of
the five amplicons (amp1l-amp5) used for DNA methylation analysis, relative to CpG sites (vertical black lines), transcriptional start site (TSS, at —59), CpG island (light
blue box), exon 1 (Ex 1) and the GAA repeat in intron 1 (triangle). The FRDA-DMR, represented by amp3, is indicated by a black dashed box. The numbering of CpG sites
starts in the promoter region and continues through to 95 at the end of amp5. The three CpGs downstream of 95, located within the Alu element (orange box), were
not analyzed in this study. The exact positions of amps 1-5, and the CpGs contained within them, are listed in Supplementary Material, Table S1. (B) DNA methylation
(%), calculated from n = 1000 reads at the CpGs in amp2-amp5, is shown for FRDA (white bars; red trendline) and non-FRDA (black bars and trendline) in both PBMCs
(n = 3 each) and LBCLs (n = 2 each). Upstream spreading of DNA methylation in FRDA tapers off at the 3’ end of amp2 (3’ end of the CpG island). Amp3 is uniformly
hypermethylated in FRDA and almost devoid of methylation in non-FRDA, thus establishing the FRDA-DMR just downstream of the CpG island. (C) Bisulfite sequencing
reads (n = 300) of the 11 CpGs contained in the FRDA-DMR (amp3), assayed for methylation in cis, are stacked vertically and sorted with highest methylation at the
bottom (black dash = methylated CpG). Representative results shown for non-FRDA, FRDA and heterozygous carriers (HET) from PBMCs (left) and LBCLs (right) show that
the FRDA-DMR is hypermethylated in FRDA (>90% versus < 10% in non-FRDA), and heterozygous carriers have approximately half methylated and half unmethylated

FXN strands.

fibroblasts from FRDA and non-FRDA controls followed by deep
sequencing (n = 1000 sequence depth per amplicon; Fig 1B and
Supplementary Material, Fig. S1). High levels of DNA methylation
were detected in FRDA, compared with non-FRDA controls, pri-
marily in the CpG island shore, represented by amplicons 3 and
4 (Fig. 1B and Supplementary Material, Fig. S1). Although ampli-
cons 4 and 5 showed that at least some CpGs had substantial
methylation even in non-FRDA cells, amplicon 3 was uniformly
hypermethylated in FRDA and almost devoid of methylation in
non-FRDA cells (Fig. 1B and Supplementary Material, Fig. S1).
This indicates the establishment of an FRDA-specific differen-
tially methylated region (FRDA-DMR) just downstream of the
FXN CpG island (dotted boxes in Fig. 1A and B).

Deep sequencing to assess methylation of the 11 CpGs in
amplicon 3 in cis permitted analysis of the FRDA-DMR in individ-
ual FXN DNA strands, i.e. somatic FXN epialleles. The epiallelic
distribution (n = 300 stacked strands; black dash = methylation;

sorted with highest methylation at the bottom) in FRDA and
non-FRDA controls clearly indicates that the FRDA-DMR is hyper-
methylated in FRDA (>90% vs. < 10% methylation, respectively;
Fig. 1C). Additionally, the approximately equal proportion in het-
erozygous carriers of methylated and unmethylated epialleles
indicates that hypermethylation of the FRDA-DMR occurs in
cis with the expanded GAA repeat. A traditional methylation-
sensitive polymerase chain reaction (MS-PCR) assay confirmed
that the FRDA-DMR is hypermethylated in FRDA, and a quantita-
tive MS-PCR assay additionally confirmed the ~ 50% methylation
level in heterozygous carriers (Supplementary Material, Fig. S2).

The high level of intronic DNA methylation in FRDA tapers off
sharply at the 3’ edge of the CpG island, with the other CpGs in
amplicon 2, i.e. further into the CpG island, remaining unmethy-
lated (Fig. 1B and Supplementary Material, Fig. S1). Additionally,
all of the CpG sites in amplicon 1 were equally unmethylated
in FRDA and non-FRDA cells (Supplementary Material, Fig. S3).
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Altogether, these data indicate that the upstream spread of DNA
methylation from the expanded GAA repeat in FRDA establishes
a hypermethylated FRDA-DMR at the junction of the CpG island
and shore, and both the CpG island and FXN TSS/promoter
remain unmethylated.

The FRDA-DMR is variably hypermethylated in FRDA
patients

Polymorphic variability in hypermethylation of the FRDA-DMR
was investigated in PBMCs from a consecutive series of 73 FRDA
patients (Supplementary Material, Table S2), all of whom were
homozygous for expanded GAA repeats (Supplementary Mate-
rial, Table S3). This cohort size resulted in reasonable ascer-
tainment of the GAA allelic variability typically seen in FRDA
(11-15); 22% and 78% had a GAA1 allele (ie. the shorter of
two expanded alleles) of <500 and > 500 triplets, respectively
(Fig. 2A). The median level of FRDA-DMR methylation for the
entire cohort was 90%, and a majority of FRDA patients (85%)
had methylation levels of >80% (Fig. 2B). In contrast, the level
of FRDA-DMR methylation in non-FRDA individuals (n = 10) was
<10% (Supplementary Material, Fig. S4; similarly, low levels of
methylation were also seen in HEK293T and Hela cells), and
in heterozygous carriers (n = 3) it was ~65% (Fig. 2B). Although
hypermethylation of the FRDA-DMR is the norm in FRDA, 15%
of patients had relatively lower levels of methylation, ranging
from 56 to 80% (83% = 25th percentile) (Fig. 2B). Stratification
by repeat length showed that typical FRDA patients, with both
expanded alleles containing > 500 triplets, uniformly (98%) had
> 80% methylation (Fig. 2C). In contrast, a substantial number
of those who had a GAA1 allele size of <500 triplets (63%) had
< 80% methylation (Fig. 2D).

Unmethylated epialleles are characteristic of FRDA
patients with relatively short expanded alleles

The methylation status of the 11 CpGs within the FRDA-DMR,
assayed in cis, in 300 individually sequenced FXN molecules
revealed three types of epialleles: fully methylated (with all
11 CpGs methylated), unmethylated (<2 CpGs methylated)
and partially methylated (with >2 and <11 CpGs methylated)
(Fig. 2C and D). Patients with >80% methylation had a high
prevalence of fully methylated epialleles (and low levels of
unmethylated epialleles), and those with < 80% methylation had
a higher prevalence of unmethylated epialleles (and relatively
low levels of fully methylated epialleles) (Fig. 2C-E). Indeed,
when methylation was below 80%, epiallelic variability was
mostly driven by the prevalence of unmethylated epialleles,
and variability above 80% was mostly driven by the prevalence
of fully methylated epialleles (Fig.2E). Partially methylated
epialleles did not show any particular pattern, other than
a decrease in prevalence at very high methylation levels,
indicating that increase in methylation above 90% occurs
via replacement of partially methylated epialleles by fully
methylated epialleles (unmethylated epialleles were essentially
nonexistent above 90% methylation) (Fig. 2E).

As expected, the level of methylation in the FRDA-DMR corre-
lates well with GAA repeat length (Fig. 2F). Most of the variability
in total methylation is seen when the combined size of both
expanded alleles (GAA1 + GAA2) is <1500 triplets, and this
is mostly due to patients with a GAA1 allele of <500 triplets
(Fig. 2F). However, the distinguishing feature of FRDA with a
GAA1 allele of <500 or >500 triplets was the relative preva-
lence of unmethylated epialleles (median = 9.8% versus 0.33%,
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respectively; Mann-Whitney test P < 0.0001; Fig. 2G). It was rare
for someone with a GAA1 allele of > 500 to have > 5% unmethy-
lated epialleles (95% had < 5%; Fisher’s exact text, P < 0.0001).
In contrast, those with a GAA1 allele of <500 triplets had a sig-
nificantly higher chance of having >5% unmethylated epialleles
(81% of such patients; Fisher’s exact text, P < 0.0001) (Fig. 2G).

Therefore, in contrast with the relative homogeneity of high
FRDA-DMR methylation (~90%) and low prevalence of unmethy-
lated epialleles (0-5%) in individuals with both expanded alleles
containing > 500 triplets, FRDA patients with a GAA1 allele of
<500 triplets have lower overall methylation (<80%) and a higher
prevalence of unmethylated epialleles (typically > 5%; up to 32%),
albeit with considerable inter-individual variability. The higher
prevalence of unmethylated FXN epialleles in the FRDA-DMR is
a novel epigenetic feature of FRDA patients with at least one
expanded allele containing <500 triplets.

Role of FXN methylation and unmethylated epialleles in
transcriptional deficiency in FRDA

FXN transcript levels were measured in the initial 50 (of 73)
FRDA patients recruited for this study (Fig. 3A). The median FXN
transcript level in this cohort, relative to heterozygous carriers
(n=3; set at 50%), was 15%, with most patients expressing <20%
(22% = 75th percentile). FRDA-DMR methylation in this subset
of patients (Fig. 3B), with a median value of 89% (range: 56—
97%), was comparable to the larger FRDA cohort of 73 (Fig. 2A;
median = 90%; range: 56-97%; Mann-Whitney test P=0.53), indi-
cating that it is a representative subpopulation. Methylation
levels were measured at all CpG sites spanning amplicons 2-5,
and these were individually assessed for correlation with FXN
transcript levels in FRDA. This unbiased approach revealed that
FXN transcript levels correlated specifically with all of the CpG
sites within the FRDA-DMR (CpG #72-82; Fig. 3C), and this cor-
relation weakened and eventually disappeared at CpGs outside
the FRDA-DMR, thus localizing the correlation within the FRDA-
DMR. A CpG site in the vicinity of the expanded GAA repeat that
was previously shown to correlate with FXN deficiency (37) was
also detected in our cohort (#90 in Fig. 3C).

FXN transcript level in FRDA was inversely correlated
with methylation in the FXN-DMR (Fig. 3D). Those with both
expanded alleles of > 500 triplets formed a homogeneous group
with high levels of methylation (>80%) and < 20% FXN transcript.
In fact, most of the correlation between methylation and FXN
transcript was effectively driven by the subset of FRDA patients
with a GAA1 allele of <500 triplets (Fig.3D, Supplementary
Material, Table S4). FXN transcript levels also correlated well
with the prevalence of unmethylated epialleles in the FRDA-
DMR (Fig. 3E). However, again, this correlation was mostly driven
by the subset of patients with GAA1 alleles of <500 triplets, who
had a much higher prevalence of unmethylated epialleles (>5%)
and higher FXN transcript levels (>20%) (Fig. 3E, Supplementary
Material, Table S4). In contrast, fully methylated epialleles did
not show any appreciable correlation with FXN transcript levels
in patients with a GAA1 allele size of <500 or > 500 triplets
(Supplementary Material, Table S4). These data indicate that the
correlation between GAA repeat length and FXN transcriptional
deficiency is largely a function of those patients with a GAA1
allele of <500 triplets and can be explained, at least in part (R? =
0.5-0.6), by the level of FRDA-DMR methylation, and specifically
the prevalence of unmethylated epialleles in the FRDA-DMR.

In FRDA, the repeat length is known to correlate with FXN
transcript levels (4-6), and because it also correlates with
FRDA-DMR methylation, multiple regression [least absolute
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compared with patients with a GAA1 of > 500 triplets (median = 9.8% vs. 0.33%; Mann-Whitney test P < 0.0001).

shrinkage and selection operator (LASSO)] was performed to
determine the relative contribution of FXN DNA methylation on
FXN transcriptional deficiency. In addition to the length of the
GAA repeats (GAA1, GAA2, GAAl1l + GAA2), FXN methylation
was analyzed both within the FRDA-DMR and immediately
upstream, as it encroaches into the FXN CpG island (M1-5 in
Fig. 3C). This revealed that methylation of the 5 portion of
the FRDA-DMR (M4) explained half of the variability in FXN
transcript levels in FRDA, ie. quantitatively similar to the
predictive value of the expanded GAA repeats (Fig. 3F). This is of
particular interest because GAA repeat length is presently the
only known quantitative correlate of transcriptional deficiency
in FRDA. This indicates that FRDA-DMR methylation provides
additional predictive value over GAA repeat length alone, and
perhaps contributes to FXN transcriptional deficiency by ways
that are both dependent on and independent of repeat length.

Role of FXN methylation and unmethylated epialleles in
determining age of onset in FRDA

Age of onset was recorded for 71 of the 73 study participants.
The median age of onset was 11 years, and 22% of the patients in

our cohort had an age of onset >15 years (Fig. 4A). The analysis
of methylation at all individual CpG sites spanning amplicons
2-5 showed that the age of onset correlated specifically with
all of the CpG sites in the FRDA-DMR (CpG #72-82; Fig. 4B), in
a manner that mimicked the correlation with transcript levels
(Fig. 3C). CpGs in the vicinity of the expanded GAA repeat that
were previously found to correlate with age of onset in FRDA
(36,37) were also detected here (CpG #89, #90 and #94; Fig. 4B).
Age of onset in FRDA was inversely correlated with total methy-
lation in the FXN-DMR (Fig. 4C), which is mostly driven by the
prevalence of unmethylated epialleles in the FRDA-DMR (Fig. 4D,
Supplementary Material, Table S5). In contrast, fully methylated
epialleles did not show any appreciable correlation with age of
onset in patients with a GAA1 allele size of <500 or > 500 triplets
(Supplementary Material, Table S5). Those with both expanded
alleles containing > 500 triplets formed a homogeneous group
with earlier age of onset <15 years, high levels of methylation
(>80%) and low prevalence of unmethylated epialleles (0-5%)
(Fig. 4C and D). Conversely, those with a GAA1 allele of <500
triplets were more variable, showed later ages of onset (>15
years), lower levels of methylation (<80%) and higher prevalence
of unmethylated epialleles (>5%) (Fig. 4C and D). Indeed, it was
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Figure 3. FRDA-DMR methylation is predictive of FXN transcriptional deficiency in FRDA. (A) The range of FXN transcript levels in 50 FRDA patients, relative to three
heterozygous carriers (HET; set to 0.5). (B) The range of FRDA-DMR methylation level in the cohort of 50 patients, relative to three heterozygous carriers (HET) and
three non-FRDA controls (the heavy dotted line, and the two light dotted lines in the violin plots represent the median and 25th/75th percentiles, respectively). (C)
Bar graph showing R? values (Pearson) for the correlation of residual FXN transcript levels in the 50 patients with methylation at each CpG site in amps 2-5. Note the
clustering of CpG sites showing significant correlation (blue bars), with R? values ~0.5, in the FRDA-DMR (dashed box). TEvans-Galea et al. (37) reported significant
correlation of FXN transcript deficiency with methylation at CpG #90. (D) FXN transcript deficiency in FRDA is inversely correlated with FRDA-DMR methylation and
(E) directly correlated with the prevalence of unmethylated epialleles, and in both cases this correlation is mostly driven by patients with a GAA1 of <500 triplets. (F)
LASSO regression analysis determined that FRDA-DMR methylation and repeat lengths contribute equally to FXN deficiency in FRDA. Multiple regression considered
GAA1, GAA2, GAA1 + GAA2 and DNA methylation in and around the FRDA-DMR (see boxes indicating M1-5 in C; the CpGs included were M1 = 68-82, M2 = 68-71, M3 =
72-82, M4 = 72-78, M5 = 79-82). Methylation in M4 and the total repeat length (GAA1 + GAA2) were the strongest drivers of FXN transcript deficiency.

highly unlikely for someone with <80% methylation or >5%
unmethylated epialleles to have an age of onset <10 years, which
otherwise comprised 44% of our cohort. These data indicate that
age of onset is explained, at least in part (R? ~ 0.5), by the level
of FRDA-DMR methylation and the prevalence of unmethylated
epialleles in the FRDA-DMR.

Expanded repeat-dependent hypermethylation of the
FRDA-DMR in FRDA neurons

Differentiated neurons from iPSCs of three FRDA patients
(homozygous for the expanded GAA repeat; Supplementary
Material, Fig. S5) and three non-FRDA controls (40) were tested
for hypermethylation of the FRDA-DMR. FRDA neurons showed
very high levels of methylation in the FRDA-DMR (>90%),
absence of unmethylated epialleles and a substantial number
of fully methylated epialleles (44-63%) (Fig.5A). Non-FRDA
controls, in contrast, had much lower levels of methylation (19-
32%), absence of fully methylated epialleles and a substantial
number of unmethylated epialleles (34-66%) (Fig. 5B). Neurons
from a seamlessly corrected, isogenic iPSC control (40) showed
a methylation pattern that was identical to the non-FRDA

state (Fig. 5C; FA3* is homozygous for GAA-6, and otherwise
genetically identical to FA3, which is homozygous for expanded
repeats with 510 and 720 triplets; Supplementary Material,
Fig. S5). This indicates that hypermethylation of the FRDA-
DMR is dependent on the expanded GAA repeat. Neurons from
non-FRDA controls were noted to have a higher proportion
of partially methylated epialleles compared with other cell
types (PBMCs, lymphoblastoid cells and fibroblasts) from non-
FRDA controls. However, partially methylated epialleles were
equally prevalent in FRDA and non-FRDA neurons, and the main
distinguishing feature of the two phenotypic states was the
reciprocal distribution of fully methylated and unmethylated
epialleles (Fig. 5D).

Discussion

FXN DNA methylation in FRDA has been evaluated prior to
this study (23,24,33,36,37). However, in previous studies methy-
lation analysis was limited to the region flanking the expanded
GAA repeat, thus largely focusing on the CpGs represented in
amplicon 5 in our study. Consequently, FRDA-specific hyper-
methylation of the FRDA-DMR has remained undetected. The
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present study of 73 individuals, with a representative size range
of expanded GAA alleles, is the first comprehensive analysis
of FXN DNA methylation spanning key portions of the FXN
gene implicated in gene silencing in FRDA. Deep sequencing
of the FRDA-DMR as a single amplicon further increased the
informativeness of our dataset by allowing the visualization
of methylation patterns in a large number of individual FXN
DNA strands. These may be considered surrogates for individual
FXN genes, and therefore reflective of the distribution of FXN
epialleles in somatic cells. The obvious caveat of this assumption
is that the same ‘gene’ may be represented more than once as a
result of in vitro reamplification, although this pitfall may have
been somewhat mitigated by the analysis of a large number
of individual strands afforded by the deep sequencing assay.
Altogether, our dataset allowed analysis of the extent of DNA
methylation in the proximal part of the FXN gene and provided a
glimpse into the distribution of epiallelic variability in individual
somatic FXN genes/cells, in a large cohort that accounted for the
natural diversity of expanded GAA alleles in FRDA.

The data indicate that DNA methylation spreads upstream
from the expanded GAA repeat in FRDA and forms a distinct

region of DNA hypermethylation at the junction of the FXN
CpG island and its shore. How this hypermethylated FRDA-DMR
contributes to FXN gene silencing is presently unclear. However,
the discovery that DNA hypermethylation overlaps with markers
of repressive chromatin in the CpG island shore (22-30) provides
further evidence of heterochromatin formation in FRDA. This
heterochromatin plus an R-loop structure also known to form
in the CpG island shore (38) are likely to pose a formidable
block to transcriptional elongation, which is known to occur in
FRDA (6,27-30,34,35). Additionally, CpG island shore methylation
plays a role in regulating transcription (41-43), and there is some
evidence that the FXN CpG island shore contains regulatory
elements (44). Therefore, the hypermethylated FRDA-DMR could
possibly interfere with FXN transcriptional regulation. It is note-
worthy that with almost no CpG to TpG conversion throughout
much of primate evolution (Supplementary Material, Fig. S6), the
FRDA-DMR has essentially remained unmethylated over tens of
millions of years, thus highlighting the anomaly of the hyperme-
thylated state seen in FRDA. However, because the FXN TSS/pro-
moter and CpG island are largely spared from DNA methylation
(except for limited FRDA-specific encroachment at the 3’ end of
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Figure 5. FRDA-specific and expansion-dependent hypermethylation of the FRDA-DMR in neurons. (A) The FRDA-DMR is hypermethylated in iPSC-derived neurons
from three FRDA patients (FA1, FA2, FA3), as compared with (B) three non-FRDA controls (N1, N2, N3). The expanded GAA alleles in the three patient-derived neurons are
as follows: FA1 = 550/720; FA2 = 620/620; FA3 = 510/720. (C) The methylation pattern in neurons from a seamlessly corrected, isogenic iPSC control (FA3*) reverted to the
non-FRDA state. FA3* is homozygous for GAA-6, and otherwise genetically identical to FA3. (D) FRDA neurons have no unmethylated epialleles and a high prevalence of
fully methylated epialleles. Neurons from non-FRDA controls and from the isogenically corrected control showed the reciprocal pattern of absence of fully methylated

epialleles and a higher prevalence of unmethylated epialleles.

the CpG island; Supplementary Material, Fig. S7), it is uncertain
if DNA hypermethylation contributes directly to the known defi-
ciency of FXN transcriptional initiation in FRDA (5,28,30,34,45).
Unfortunately, the hypermethylated FRDA-DMR was resistant
to our attempts to induce demethylation via the treatment of
patient-derived cells in culture with 5-azacytidine and 5-aza-2'-
deoxycytidine (decitabine/DAC), and also via knockdown of DNA
methyltransferases.

Our data also show that the majority of FRDA patients,
those with > 500 triplets in both expanded alleles, are relatively
homogeneous in terms of having high levels of methylation
(~90%) and a low prevalence of unmethylated epialleles
(0-5%) in the FRDA-DMR. However, unmethylated epialleles
seem to be a defining feature of the subset of FRDA patients with
GAA1 alleles containing <500 triplets. We previously showed
by small pool PCR analysis of thousands of individual FXN
molecules that somatic instability in PBMCs results in reversion
to non-FRDA allele lengths (<60 triplets) in 0.29% cells, and
very large contractions (to < 167 triplets) in 2.3% cells (46). This
indicates that homozygous reversion would be seen in <107°
somatic cells, and homozygosity for large contractions would
be seen in <1073 somatic cells. This level of reversion is too
low to account for the ~10% unmethylated epialleles we see
in FRDA patients with a GAA1 allele containing <500 triplets.
Furthermore, expanded alleles with <500 triplets typically
undergo small length changes compared with GAA1 alleles
with > 500 triplets, which show a relatively strong bias for large
contractions (46). However, methylation levels show an opposite
pattern, i.e. high prevalence of unmethylated epialleles in FRDA
patients with a GAA1 of <500 triplets and very low prevalence
of unmethylated epialleles when the GAA1 allele contains > 500
triplets. It is therefore unlikely that the higher prevalence of
unmethylated epialleles observed in FRDA patients with GAA1
alleles containing <500 triplets is due to somatic instability of
the expanded GAA triplet-repeat.

So far, the length of the GAA repeat, especially the GAA1 allele
with <500 triplets, is the strongest known predictor of the age
of onset, accounting for ~50% of the variability (11-15,19). This
is likely because of the repeat length-dependent transcriptional
deficiency seen in FRDA, which is also mostly determined by

GAA1 alleles containing <500 triplets (4-6). Our data indicate
that it is the prevalence of unmethylated epialleles that drives
the predictive value of FRDA-DMR methylation in determining
FXN transcript levels and age of onset in FRDA, explaining ~ 50%
of the variability. An implication of this observation is that
unmethylated epialleles do not contribute to FXN transcriptional
deficiency in the way that fully methylated epialleles do. This is
suggestive of a PEV-like silencing model, i.e. somatic mosaicism
for functionally silenced and non-silenced epialleles (21,47). That
unmethylated epialleles are more prevalent in people with a
GAA1 allele of <500 triplets is also consistent with the obser-
vation of PEV-like silencing in a transgenic mouse model with
a GAA-200 allele (21). Our data therefore support the existence
of PEV-like silencing in FRDA, with its clinical impact being the
milder phenotype in patients with relatively short expanded
alleles (<500 triplets) and make a case for single-cell analysis to
search for direct evidence of variegated silencing.

A simple model of PEV-like silencing in FRDA is presented
in Figure 6. Ten cells per hypothetical person are shown, with
each semicircle representing a somatic FXN epiallele, which is
either methylated (shaded) or unmethylated. A non-FRDA con-
trol, heterozygous carrier and a typical FRDA patient with both
expanded alleles containing > 500 triplets show homogeneous
distributions of FXN epialleles, based on the normal allele (GAA-
8) remaining unmethylated and the expanded allele (GAA-800)
becoming fully and uniformly methylated (Fig. 6A). However, in
patients with at least one expanded GAA allele containing <500
triplets, a variable proportion of the cells contains unmethylated
FXN epialleles (Fig. 6B). In this model, cells with at least one
unmethylated FXN epiallele would be expected to function nor-
mally as in the case of all the cells in the heterozygous carrier.
If this model is even partially correct, then we have to contend
with a new explanation for the milder FRDA phenotype seen in
patients with shorter expanded alleles. So far, the assumption
has been that such patients uniformly express higher residual
FXN transcript levels per cell, but this model predicts that the
proportion of cells spared from epigenetic silencing may also
contribute to the FRDA phenotype. There are also implications
for the effective deployment of therapies designed to reactivate
the silenced FXN genes (22,33,35,39,48), and for protein/gene
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Figure 6. Model of variegated silencing in FRDA. Ten cells per hypothetical person are shown (circles), with each semicircle representing a somatic FXN epiallele
(methylated = shaded). (A) A non-FRDA control (GAA-8/8), heterozygous carrier (GAA-8/800), and a typical FRDA patient with both expanded alleles containing > 500
triplets (GAA-800/800) show homogeneous distributions of FXN epialleles, based on the normal allele (GAA-8) remaining unmethylated and the expanded allele (GAA-
800) becoming fully methylated. This is consistent with FRDA-DMR methylation of < 10% in non-FRDA, ~ 50% in heterozygotes and > 90% in typical FRDA patients, who
also have very few, if any, unmethylated epialleles. (B) FRDA patients with at least one allele containing < 500 triplets have FRDA-DMR methylation levels of 50-80% and
show a variable proportion of cells with unmethylated FXN epialleles. This model predicts that the proportion of cells spared from epigenetic silencing, i.e. variegated
silencing, is a determinant of the milder FRDA phenotype seen in FRDA patients with relatively short expanded repeats.

replacement therapies (49,50) in FRDA. The obvious goal of these
therapies is to raise the level of frataxin protein to at least the
levels seen in heterozygous carriers in all relevant cell types. This
model, if true, indicates that the correction of frataxin levels in
a proportion of cells may also be expected to yield measurable
phenotypic benefit.

Materials and Methods
Study participants and human samples

Peripheral blood samples were collected in purple-top/EDTA
tubes from 73 study subjects (with a confirmed DNA diagnosis
of FRDA with homozygous expanded GAA triplet-repeat alleles;
Supplementary Material, Table S2), 3 heterozygous carriers
and 10 unaffected individuals, at the Children’s Hospital of
Philadelphia (CHOP). Blood samples were shipped overnight
on ice via courier service for processing and analysis at the
University of Oklahoma Health Sciences Center (OUHSC) in
Oklahoma City. Research protocols were approved by the
institutional review boards at both institutions (CHOP IRB# 01-
002609 and OUHSC IRB# 8071). LBCLs (FRDA: GM16197, GM16798,
GM16210; non-FRDA controls: GM22647, GM22671; heterozygous
carrier: GM15849) and primary fibroblasts (FRDA: GMO03665;
non-FRDA: GM07492), were obtained from Coriell Institute for
medical research. iPSC-derived neurons (FRDA and non-FRDA)
and isogenically corrected iPSC neurons have been described
previously (40).

Isolation of DNA and RNA

PBMCs were isolated using Ficoll-Paque PLUS (GE Healthcare).
The ‘buffy coat’ containing PBMCs was carefully collected,
washed with phosphate buffered saline (PBS), incubated with
erythrocyte lysis buffer (Buffer EL, Qiagen), washed with PBS, and
incubated in lymphocyte growth medium (RPMI with Glutamax,
15% FBS, pen/strep) at 37°C in 5% CO, for 24-48 h. The average

yield was 0.72 million cells/ml of whole blood. Genomic DNA
was extracted using the DNeasy Blood & Tissue Kit (Qiagen).
Total RNA was extracted using the RNeasy Mini Kit (Qiagen).

Measurement of relative FXN transcript level

Total RNA (0.4 pg) was reverse transcribed using the QuantiTect®
reverse transcription kit (Qiagen). Transcript levels were quanti-
fied by real-time PCR with primers spanning the splice junction
of FXN exons 3 and 4, relative to expression of RPL27 using
the AACt method. Power SYBR green PCR Master Mix (Applied
Biosystems) was used on a Roche LightCycler® 96 System. Primer
sequences and reaction conditions were as previously described
(22,51).

Analysis of DNA methylation by bisulfite deep
sequencing

Genomic DNA (0.5 pg) was sonicated using the EpiShear Probe
Sonicator (Active Motif), and bisulfite converted using either the
Active Motif bisulfite conversion kit or the Zymo EZ DNA Methy-
lation Kit, following the respective manufacturer’s instructions.
Briefly, DNA was incubated with bisulfite reagent for 12 h at 50°C,
desulphonated and column purified. Five sets of primers were
designed, for each of five amplicons, to capture the CpG dinu-
cleotides between the FXN TSS/promoter and the GAA triplet-
repeat (see Fig. 1A; Supplementary Material, Table S1 lists primer
sequences, positions in the FXN gene, and the CpGs assayed
in each amplicon). Amplicons were designed to amplify the
antisense strand, post-bisulfite conversion. The forward primers
in each amplicon contain four ‘Ns’ (N = A/T/C/G) to increase
library diversity (Supplementary Material, Table S1). PCR was
performed with AmpliTaq Gold DNA Polymerase with Buffer II
(amplicons 1-4 = 2 mM MgCl,; amplicon 5 = 3 mM MgCl,; Applied
Biosystems) for 40 cycles using annealing temperatures ranging
from 50 to 56°C. Amplicons were column purified and pooled
in equimolar amounts for library preparation. Dual indexed
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libraries were generated (Nextera XT Index Kit v2 Set A, Illu-
mina) using low-cycle PCR (8 cycles) to incorporate the index
sequences (KAPA HiFi HotStart PCR Kit, Kapa Biosystems). Each
pool of indexed amplicons was purified (AMPure XP; Beckman-
Coulter) and quantified by the Qubit dsDNA Broad Range Assay
Kit (Invitrogen/Life Technologies), and further pooled in equimo-
lar amounts to make the final library. The quality and quantity
of the final library was analyzed using the Kapa Library Quan-
tification Kit (Kapa Biosystems) using real-time PCR. The library
was denatured in 0.1 N NaOH and diluted in HT1 hybridization
buffer (Illumina) to 1.4 pM. Due to the low nucleotide diversity of
bisulfite DNA, the library was spiked with denatured and diluted
(25%) PhiX genomic DNA (Illumina) to improve the efficiency of
base calling. The MiniSeq Mid Output 300-cycle reagent cartridge
(Mumina) was used for paired-end sequencing, and FASTQ files
were analyzed for DNA methylation.

Bioinformatics and display of methylation data

Raw FASTQ reads were trimmed (Trimmomatic), and the forward
and reverse reads were merged (bbmerge.sh), discarding inap-
propriate read lengths. The reads for each sample were aligned
to the in silico bisulfited reference amplicon sequences (Bowtie2),
and parsed using Samtools from the aligned BAM file. A random
subset of reads was selected from each BAM file. Samtools
mpileup was used to generate a VCF file for each amplicon of
each respective sample. Variants were constrained to the CpG
sites of interest in each amplicon using the bcftools call function.
A Perl script was used to generate a report of the percent methy-
lation (of n = 1000 reads) at each CpG site, for each sample. 1000
sequence reads per sample were used to calculate the percent-
age of methylated CpG dinucleotides at each CpG site in each
amplicon and plotted as histograms, with Lowess smoothing
to generate trendlines. Deep sequence analysis of FRDA-DMR
hypermethylation was displayed using a custom macro, which
assigned rows for each of n = 300 sequencing reads and columns
for each of the 11 CpG dinucleotides in amplicon 3 (which
represented the FRDA-DMR), marking each coordinate black if
methylated, and white if unmethylated. Individual reads (rows)
were sorted with the most methylation stacked at the bottom.
Epialleles were identified as follows: fully methylated with all
11 CpGs methylated, unmethylated with <2 CpGs methylated,
and partially methylated with >2 and <11 CpGs methylated.
Unmethylated epialleles were permitted to have up to 2 methy-
lated CpGs because of the occasional and sporadic methylation
seen in non-FRDA epialleles. Epiallele frequencies were calcu-
lated as percentages of the n = 300 individually sequenced DNA
strands representing the FRDA-DMR.

Quality control and validation of bisulfite deep
sequencing assay for FRDA-DMR methylation

Bisulfite conversion using either the Active Motif bisulfite con-
version kit or the Zymo EZ DNA methylation kit in a side-by-
side comparison of the same DNA samples resulted in <1.5%
standard deviation (SD), irrespective of high or relatively low
methylation levels in the FRDA-DMR. Input genomic DNA of
0.1/0.5/1.0 pg for bisulfite conversion of the same DNA sample
resulted in <1.5% SD (we used 0.5 pg to generate our results).
Reproducibility measurement, i.e. analysis of the same DNA
sample in two separate sequencing assays, resulted in < 3% SD,
using samples over a range of methylation levels. FRDA-DMR
methylation analysis at depths of n = 100/300/1000 resulted in
< 2.5% SD. With no statistical difference between n = 300 versus n
=1000 across multiple samples with widely varying methylation
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levels (Spearman correlation coefficient, p = 0.99), we used n =
300 to generate our FRDA-DMR data for enhanced multiplexing
and efficient utilization of sequencing resources. The relatively
homogenous population of FRDA patients with both expanded
alleles containing > 500 repeats (n = 57 patients) were queried
for any effect of age (at sample collection) or sex on FRDA-DMR
methylation. Males and females showed similar levels of methy-
lation (91% vs. 89%, not significant), and age showed minimal, if
any, correlation (R? = 0.16).

Statistical analyses

Statistical tests were performed using GraphPad, Prism v8. Chi
square and Fisher’s exact tests were employed to compare pro-
portions, as appropriate. Mann-Whitney was used to compare
medians of non-normally distributed datasets where appro-
priate. Linear correlation was evaluated with Pearson corre-
lation coefficient where appropriate, and the Benjamini and
Hochberg method of false discovery rate was used to account
for multiple comparisons. Second order polynomial (quadratic)
correlations were performed, showing 95% confidence intervals.
LASSO regression was performed to evaluate the relative roles of
expanded GAA alleles (GAA1, GAA2, GAA1 + GAA2) and methy-
lation in various regions (M1-M5, as depicted in Fig. 3C), using
FXN transcript level as the response variable, because of the large
number of covariates that may themselves be correlated. LASSO
regression was done using R version 3.5.0 (R core team, 2018) and
glmnet (version 2.0; ref. 52).

Supplementary Material
Supplementary Material is available at HMG online.
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