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Abstract

Frataxin deficiency in Friedreich’s ataxia results from transcriptional downregulation of the FXN gene caused by expansion of
the intronic trinucleotide guanine-adenine-adenine (GAA) repeats. We used multiple transcriptomic approaches to determine the
molecular mechanism of transcription inhibition caused by long GAAs. We uncovered that transcription of FXN in patient cells is
prematurely terminated upstream of the expanded repeats leading to the formation of a novel, truncated and stable RNA. This
FXN early terminated transcript (FXN-ett) undergoes alternative, non-productive splicing and does not contribute to the synthesis
of functional frataxin. The level the FXN-ett RNA directly correlates with the length of the longer of the two expanded GAA tracts.
Targeting GAAs with antisense oligonucleotides or excision of the repeats eliminates the transcription impediment, diminishes
expression of the aberrant FXN-ett, while increasing levels of FXN mRNA and frataxin. Non-productive transcription may represent a
common phenomenon and attractive therapeutic target in diseases caused by repeat-mediated transcription aberrations.

Introduction
Friedreich’s ataxia (FRDA) is an autosomal recessive
disease primarily caused by biallelic expansion of the
guanine-adenine-adenine (GAA) trinucleotides located
in intron 1 of the FXN gene (1,2). Although only a
few GAA repeats are typically present in FXN loci of
unaffected individuals, in FRDA patients this polypurine–
polypyrimidine tract expands to hundreds of GAAs and
can reach as many as ∼1700 copies (1,3).

Since the discovery of the gene in 1996, the cause
of the disease was determined, i.e. downregulation of
FXN expression, making FRDA an example of a loss of
function disease (1). In ∼96% of patients, frataxin—the
protein encoded by the FXN gene, does not carry any
mutations; instead, the severe decrease of its levels leads
to this progressive multisystem disorder (4,5). As deter-
mined in various tissues, frataxin levels in FRDA patients
may decrease to a few percent relative to the amount
detected in unaffected individuals (6–8). There is a strong
correlation between mature FXN mRNA expression and
the length of the expanded GAA repeats, especially the

shorter of the two alleles (termed GAA1) (9,10), how-
ever, the direct mechanism of the transcriptional imped-
iment is unknown. It is not clear whether transcription
machinery is properly assembled on the promoter, how
transcription progresses from initiation to elongation at
FXN and what is the actual role of long GAAs in tran-
scriptional downregulation of FXN in FRDA (11). Our
prior studies, based on comprehensive RNA–seq, demon-
strated an impediment of transcription elongation in
intron 1 of FXN in FRDA cells (10). Contrary to numerous
other repeat expansion disorders, an effect of the repeat
expansions on intron retention has not been detected
in FRDA samples (12), suggesting that traversing the
expanded GAAs rather than later transcript maturation
steps is impaired in FRDA.

Prior chromatin immunoprecipitation (ChIP) studies
demonstrated a change of the chromatin environment
at the FXN gene linked to expansion of the GAA repeats
(13–15). Histone modifications associated with active
transcription in unaffected control samples are replaced
with those characteristic for transcriptionally silenced
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DNA in FRDA cells. These changes are localized to the
regions upstream and downstream of the repeats and do
not spread toward the FXN promoter/transcription start
site (TSS) region (10,14–16). Furthermore, increased CpG
methylation has been detected in a small differentially
methylated region (DMR) in intron 1 of FXN upstream
of the expanded GAAs (17). Again, the promoter and
associated CpG island are not differentially methylated
between control and FRDA samples. Combined, results
of prior studies suggest that transcription is initiated
less efficiently in FRDA cells and events downstream of
the TSS are responsible for transcriptional deficiency in
cells harboring expanded GAAs (10,16,18,19). Considering
that the earlier described chromatin/DNA changes
occur within the relatively short distance separating
the TSS from GAAs (∼1.5 kb), the logical question
is: what is the fate of a transcript produced by RNA
polymerase II (Pol II) molecules traversing an unfavorable
chromatin environment, possible non-canonical DNA
and DNA–RNA structures or simply homogeneous long
tracts of GAA triplets that could span over 4000 bp?
Answering this question is essential not only for a better
understanding of the molecular events leading to FXN
deficiency and FRDA but, more importantly, for the
judicial design of potential therapeutic strategies based
on reactivation of endogenous FXN transcription.

Herein, by applying various unbiased transcriptome
analyses, in combination with genome editing and anti-
sense oligonucleotide (ASO) treatment, we demonstrated
that Pol II is recruited to the FXN promoter in FRDA
cells, however, transition to productive elongation is
hampered in these cells harboring expanded GAAs.
Furthermore, combined RNA-seq, precision nuclear
run-on sequencing (PRO-seq) and massive analysis of
cDNA ends sequencing (MACE-seq) analyses showed
the presence of a transcription termination zone in
intron 1, upstream of the expanded GAAs indicating
premature termination of RNA synthesis. We revealed
that this premature termination results in forming a
short, stable and aberrantly spliced transcript termed
FXN early terminated transcript (FXN-ett). Targeting
long GAA repeats with GAA-specific ASOs or excision
of the expanded GAA repeats significantly increased
FXN mRNA transcription and abrogated the formation
of the aberrant, short transcript. Results of this work
represent the first evidence that expanded repeats, likely
via non-canonical stable DNA/DNA–RNA conformations
or formation of a phase-separated domain, redirect the
transcription program and stimulate the formation of an
alternatively spliced and polyadenylated transcript, thus
resulting in further decrease of the mature functional
FXN mRNA and frataxin.

Results
Recruitment of RNA polymerase II to the FXN
promoter is unaffected in FRDA cells
Our prior studies demonstrated that the promoter region
required for efficient transcription of the human FXN

gene extends from approximately 80 bp upstream of the
TSS, through exon 1 into approximately 115 bp of intron
1 (20). The GAA tract is located 1340 bp from the exon 1—
intron 1 junction, thus in proximity to the TSS. Consider-
ing that full maturation of the transcription machinery
is achieved several thousand base pairs downstream of
the TSS (21), expanded GAAs are encountered by an
immature transcription complex. In addition, our prior
analyses of RNA-seq data demonstrated that the tran-
scription elongation rate at intron 1 of FXN is decreased
in the presence of the expanded GAA repeats (10).

To determine the transcriptional status of the FXN
locus, we first performed ChIP experiments using an
antibody specific for total Pol II, followed by next-
generation sequencing. We utilized induced pluripotent
stem cells (iPSCs) derived from control and FRDA
fibroblasts (FRDA 1 and CTRL 1, Supplementary Material,
Table S2), with confirmed GAA expansions of ∼600
repeats on both alleles and decreased FXN mRNA/protein
levels compared with CTRL 1 cells (Fig. 1A–C). Frataxin
is a ubiquitously expressed gene with iPSCs expressing
a relatively high level of the FXN mRNA, albeit still
significantly decreased by expanded GAAs (Fig. 1B).
Therefore, they represent a good model to determine
the transcription dynamics at the FXN locus in both
control and FRDA cells. ChIP-seq analysis revealed
similar occupancy of the FXN gene promoter region by
Pol II in CTRL and FRDA cells, indicating that recruitment
of the transcription machinery to the FXN promoter
region is not affected in FRDA (Fig. 1D). Discrete bimodal
distribution of Pol II reads (22) at the TSS and proximal
pausing site was observed in both FRDA 1 and CTRL 1
samples (Fig. 1E). Our prior studies demonstrated that
the FXN promoter sequence includes exon 1 and an adja-
cent fragment of intron 1 (20). This fragment, critical for
transcription, was occupied by Pol II in FRDA and CTRL
cells. However, in controls an additional region spanning
∼70 bp and extending further into intron 1 of FXN was
observed (Fig. 1E, blue bar). This region may represent Pol
II transitioning into the active elongation phase in cells
lacking expanded GAA repeats and indicates extended
Pol II pausing in FRDA cells. As expected, Pol II ChIP-
seq signal across the entire gene is low, not allowing
for a detailed analysis of transcription progression
at FXN.

Expanded GAA repeats affect the transition from
initiation to productive elongation
Total Pol II occupancy does not reflect the actual engage-
ment of the transcriptional apparatus in mRNA synthe-
sis. Determination of the presence of Pol II phospho-
rylated at the serine 5 (S5P) and serine 2 (S2P) posi-
tions of the C-terminal domain (CTD) is an indicator
of active transcription initiation/elongation (23,24). ChIP-
seq analyses of the same FRDA 1 and CTRL 1 iPSCs
demonstrated significant decreases of both Pol II S5P
and S2P signals at the FXN promoter region in patient
cells (Fig. 1F and G). This indicates that expanded GAA
repeats located ∼1 kb from the distal end of the FXN
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Figure 1. GAA repeats affect transition from the transcription initiation to productive elongation. (A) Size of the GAA repeats determined by PCR. Analysis
of two control (CTRL 1) and two Friedreich’s ataxia (FRDA 1) clones of the same iPSC line are shown. Both mutated FXN alleles harbor ∼600 GAAs. (B)
Expression of FXN mRNA measured in FRDA 1 and CTRL 1 cells by qRT-PCR. Data from two independent qRT-PCR experiments are shown. Statistical
significance was determined using the Student’s t- test. (C) Western blot analysis of frataxin protein expression in FRDA 1 and unaffected CTRL 1 iPSCs.
Analysis of two independent clones is presented. GAPDH represents a loading control. Mature FXN migrates below the 14 kDa marker; asterisk denotes
the intermediate form of frataxin, prior to the final maturation cleavage. (D) Total RNA Pol II ChIP-seq tracks at the FXN gene (schematic of the gene
shown below tracks). Read density was normalized by MACS2. Data for control iPSCs are shown in black and for FRDA in red. Promoter region is boxed,
dashed line indicates location of the GAA tract. (E) Magnification of the ChIP-seq tracks at the FXN promoter region for total Pol II reactions. (F) ChIP-seq
tracks for Pol II phosphorylated at serine 5 (Ser 5P) and 2 (Ser 2P) of the CTD. Data for control iPSCs are shown in black and for FRDA in red. Independent
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promoter affect the transition from the bound, inactive
state complex to a transcriptionally active complex. To
further evaluate the progression of transcription through
the FXN locus in detail, we conducted precision run-
on sequencing (PRO-seq) analyses in the presence of
transcription initiation [triptolide (TRP)] and elongation
[flavopiridol (FP)] inhibitors (Fig. 1H) (25). In agreement
with ChIP-seq data, PRO-seq results revealed a lower
abundance of active transcription in the promoter region
of vehicle-treated FRDA cells compared with controls
(Fig. 1I and J; DMSO lanes). Interestingly, in two entirely
independent experiments, a noticeable increase of the
PRO-seq signal was detected in intron 1 of FXN in patient
iPSCs when compared with controls (Fig. 1I and J). Treat-
ment with FP demonstrated that both FRDA and CTRL
cells can actively initiate FXN transcription (increased
signal at the promoter after FP treatment), although PRO-
seq signal in CTRL iPSCs was significantly greater than
FRDA cells. As expected, treatment with TRP resulted
in an accumulation of PRO-seq reads at a transcription
termination region (3’UTR) of FXN in both CTRL and
FRDA iPSCs. However, similar to results obtained with
vehicle treated cells, a lasting signal was detected within
intron 1 of FXN, exclusively in FRDA iPSCs (Fig. 1J, boxed
region). This is rather unexpected, as 50 min treatment
with TRP typically allows transcribing Pol II to progress
through the entire gene body to the transcription termi-
nation region as illustrated in CTRL cells. These results
suggest a significant inhibition of the progression of the
Pol II machinery at intron 1 containing the expanded
GAAs or premature termination of transcription at this
region.

RNA-seq profiling reveals RNA accumulation
upstream of the expanded GAAs in different
FRDA cell types
Accumulation of the actively transcribing Pol II at intron
1 should result in a detectable buildup of the RNA-
seq reads at FXN in FRDA cells. Indeed, analysis of
RNA-seq data obtained from FRDA 1 and CTRL 1 iPSCs
(Fig. 2A and C) and primary fibroblasts (Fig. 2B and D)
revealed accumulation of sequencing reads in intron
1, predominantly upstream of the expanded GAAs in
FRDA cells. In addition, reexamination of previously
published RNA-seq data obtained from FRDA and
CTRL cardiomyocytes corroborates this finding (26).
The intronic reads are also detected in control cells,
although fewer than FRDA cells, especially relative to
the overall decreased FXN transcription in patient cells
(Fig. 2A and B).

GAA expansion induces aberrant transcription
termination
To further investigate the source of intronic RNA-seq and
PRO-seq signals, we conducted a MACE-seq. Deep MACE-
seq allows for precise differential gene expression anal-
yses and enables the identification of novel transcripts
and alternative polyadenylation (APA) signals in a strand-
specific manner. MACE-seq of FRDA 1 and CTRL 1 iPSCs
demonstrated, as expected, a strong PA signal at the
3’UTR (∼350 nt downstream of the Stop codon) resulting
from termination of canonical, full-length FXN mRNA
(Fig. 3A). In addition, in FRDA cells, a signal upstream of
the expanded GAA repeats was detected with an inten-
sity comparable to the 3’UTR PA site signal (Fig. 3B). Bioin-
formatic analyses of the MACE-seq data indeed defined
the peak upstream of the GAAs as an APA signal (Supple-
mentary Material, Table S3). This data shows that a short,
polyadenylated transcript that prematurely terminates
upstream of the GAAs is preferentially accumulated in
FRDA cells.

Reports of a polyadenylated antisense transcript over-
lapping with exon 1 and the 5’UTR of FXN exist (27,28),
therefore we determined strand-specificity of the MACE-
seq signal at FXN. No reads derived from the reverse
strand (i.e. RNA transcribed in the opposite direction to
FXN) were mapped (Fig. 3C), confirming that the short
transcript terminated upstream of the GAAs is synthe-
sized in the same direction as the full-length FXN mRNA.

Prematurely terminated FXN transcript is
alternatively spliced
Next, to confirm expression of the short, prematurely
terminated transcript and determine its sequence, we
utilized the 3′ rapid amplification of cDNA ends (3’
RACE) approach. We identified a single, predominant
∼900 bp long 3’ RACE product in CTRL cells. The length
of this fragment is as expected for canonical FXN mRNA,
considering the location of the FXN exon 1 primer and
the known position of the major PA site in the FXN
3’UTR (Fig. 4A). Parallel analyses in FRDA iPSCs revealed
a shorter ∼700 bp PCR product in addition to the ∼900 bp
band (Fig. 4A). This 700 bp product is about half the
length of the transcript predicted based on the APA
identified upstream of the GAA repeats (Fig. 3; distance
between the beginning of intron 1 and the first GAA
is 1339 bp). The same 3’ RACE patterns were observed
in multiple FRDA cell lines, derived from different
patients (Fig. 6E). Next, we determined the sequence of
the transcript by cloning individual gel-extracted PCR
products into a TA cloning vector and performing Sanger

ChIP reactions for each sample-antibody pair were performed 3–5 times, DNA was combined before NGS library preparation and sequencing. Promoter
region is boxed, dashed line indicates location of the GAA tract. (G) Magnification of the ChIP-seq tracks at the FXN promoter region for Pol II CTD
Ser 5P and Ser 2P. (H) Illustration of TRP and FP effects on Pol II progression. (I) Effect of elongation inhibitor FP on FXN transcription determined by
PRO-seq. DMSO reactions represent vehicle controls. Black tracks represent CTRL 1 and red tracks FRDA 1 iPSCs. Schematic of the FXN gene is shown in
the following. PRO-seq signal was normalized between all samples as described in Methods section. The region of intron 1 enriched in PRO-seq reads
in FRDA is indicated by a box. (J) Inhibition of transcription initiation by TRP results in accumulation of PRO-seq reads in the 3’UTR as well as in intron
1 (indicated by a box). DMSO reactions represent vehicle controls. Black tracks are CTRL 1 and red tracks are FRDA 1 iPSCs. Schematic of the FXN gene
is shown in the following.
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Figure 2. Accumulation of RNA upstream of the expanded GAAs in FRDA cells. (A) RNA-seq tracks of the FXN gene in CTRL iPSCs (black) and FRDA
iPSCs (red). Dashed line indicates position of the GAA repeats. FXN gene schematic is shown in the following. (B) RNA-seq tracts displaying reads from
the FXN gene in two CTRL (black) and two FRDA (red) primary fibroblast lines. (C, D) magnifications of the boxed regions of FXN upstream of the GAA
repeats shown in (A) and (B), respectively. All sequencing was conducted using polyA capture, reads were mapped using STAR aligner and signals were
normalized by DESeq2.

sequencing. Bands 1 and 2 (Fig. 4A and B) represent
the longer fragment (common for FRDA and CTRL
cells), whereas band 3 designates a shorter, FRDA-
enriched product. Sequencing of 80 individual clones
revealed that the longer transcript (bands 1 and 2)
represents predominantly canonical full-length FXN
mRNA containing exons 1 to 5 (Fig. 4C, isoform Type I
and Supplementary Material, Fig. S1). Contrarily, most

transcripts (23 out of 25 clones sequenced) in FRDA
cells represented by the shorter PCR product (band
3) encode RNA containing exon 1, a fragment of FXN
intron 1 and terminate upstream of the expanded GAAs
(Fig. 4C, isoform Type IV). Interestingly, the intronic part
of this transcript lacks the first 683 nt, immediately
downstream of the end of exon 1 (Fig. 4C and D and
Supplementary Material, Fig. S2), thus explaining the
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Figure 3. MACE-seq identifies a novel, FRDA-enriched polyadenylated transcript at the FXN locus. (A) Deep MACE-seq tracks obtained from CTRL (black)
and FRDA (red) iPSCs. An excess of 80 M sequencing reads was generated per sample and mapped using STAR aligner. Peaks represent putative 3’ ends
of polyadenylated transcripts. Termination signal of the canonical, full length FXN mRNA is located in the 3’UTR. Bioinformatic analyses identified the
presence of an alternative polyadenylated RNA terminated upstream of the expanded GAAs (see also Supplementary Material, Table S3). A schematic
of the FXN gene is shown in the following. The dashed line indicates the location of the GAA repeats and the boxed region is magnified in (B). (C)
Verification of directionality of the transcripts generated within the FXN locus. All forward strand reads are shown in blue and reverse in green. No
antisense transcript could be detected at the FXN locus in FRDA or CTRL iPSCs. Proposed location of FAST-1 antisense RNA (27) relative to the FXN
mRNA 5’UTR, exon 1 and GAA repeats is shown. Scale of the image is indicated below and examples of reads mapped to the forward and reverse strand
in two RNAs, SPEN and ZBTB17, transcribed in opposite directions.

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddac134#supplementary-data


Human Molecular Genetics, 2022, Vol. 31, No. 20 | 3545

discrepancy between the length of the expected (∼1.4 kb)
and experimental (∼0.7 kb) PCR product obtained
from the FXN transcript terminated upstream of the
expanded GAA repeats. This result also indicated that the
truncated FRDA-enriched transcript (FXN-ett) undergoes
alternative splicing that removes a fragment of 683 nt
proximal to exon 1 (Fig. 4D and Supplementary Material,
Fig. S2). Additionally, examination of RNA-seq data from
FRDA iPSCs revealed the presence of reads contain-
ing sequences resulting from the alternative splicing
event (Supplementary Material, Fig. S3). The splicing
machinery utilizes a canonical exon1/intron 1 splice
donor site and recognizes the downstream alternative
acceptor (SA) site. In silico alternative splicing prediction
using Alternative Splice Site Predictor (29) identified
the sequence at position 683 nt of intron 1 as the
most likely alternative splice acceptor site in the region
upstream of the GAAs (Supplementary Material, Fig. S4).
Additionally, RNA structure analysis (mFold) (30) of the
entire RNA fragment from the TSS to GAAs localizes this
alternative SA in a single-stranded, accessible stem loop
structure (Supplementary Material, Fig. S5). In addition
to the predominant variants I and IV, rare FXN transcript
isoforms, with modified 3′-ends downstream of exon 4
were identified in our sequencing experiments (Fig. 4C,
isoforms Type II and III). All variants represented by a
single clone were excluded from further analyses. In
conclusion, we identified an FRDA-enriched transcript,
FXN-ett, that is alternatively spliced and prematurely
terminated in direct proximity to the expanded GAAs.

FXN-ett level correlates with the length of the
longer of the two GAA alleles
Based on the FXN-ett splicing information, we established
a qRT-PCR assay to quantitatively measure its expression
in FRDA and CTRL cells (Fig. 5A and B). A set of primary
FRDA (14 lines) and control (12 lines) fibroblast lines from
our FRDA Cell Line Repository was used to determine
FXN-ett expression. As demonstrated before, FRDA
fibroblasts express significantly (P < 0.0001) less FXN
mRNA than controls (as measured by exon 3-exon 4
qRT-PCR assay, Fig. 5A and C), however, they exhibit
significantly higher levels of the FXN-ett RNA (Fig. 5D,
P = 0.0048). FRDA is an autosomal recessive disease with
most known cases (∼96%) attributed to the expansion
of GAA repeats on both FXN alleles (1,4). A convention
has been adopted terming the shorter of the two
expanded alleles GAA1 and the longer GAA2 (9). To our
knowledge, FRDA traits (clinical symptoms or molecular
characteristics (e.g. disease onset, FXN mRNA and protein
level, etc.) correlate significantly with the length of the
shorter tracts (GAA1) (9,31). Likewise, the FXN mRNA
expression level in the set of FRDA fibroblasts analyzed
in this study correlates well with GAA1 (Fig. 5E). On the
contrary, the level of FXN-ett correlates with the number
of repeats in GAA2, not GAA1 (Fig. 5F and G). This is, to
our knowledge, the first example of a trait in FRDA that
shows a stronger correlation with the longer of the two

expanded alleles. Moreover, this indicates that GAA tracts
of longer lengths are likely to promote early termination
of FXN transcription upstream of the GAAs and facilitate
the production of FXN-ett.

FXN-ett is stable, expressed in different cells and
in FRDA humanized transgenic mice
To establish the relevance of FXN-ett expression to FRDA,
we sought to determine FXN-ett expression in other cell
types, including patient-derived tissues. Quantitative RT-
PCR analyses showed that FXN-ett is highly upregulated
in cardiac autopsy tissue obtained from FRDA patients
compared with an unaffected control (Fig. 5H). In addi-
tion, FXN-ett could be readily detected in iPSC-derived
neurons and cardiomyocytes (Fig. 5I). Finally, we also
tested whether FXN-ett is present in FRDA humanized
transgenic mice. We detected this transcript in the heart,
spinal cord, cerebrum and cerebellum from the YG8s
800 mice (FRDA mouse model expressing human frataxin
from a single copy YAC transgene harboring ∼800 GAAs
in FXN intron 1) (32), but not in wild type mice (Fig. 5J).
Lastly, we established that the FXN-ett RNA is stable with
∼6 h half-life as determined in two different FRDA pri-
mary fibroblast lines (Supplementary Material, Fig. S6).
Taken together, these results indicate wide expression of
a stable FXN-ett RNA in patient tissues and cell lines and
in a FRDA animal model harboring expanded GAAs.

CRISPR-Cas9 excision of the expanded GAAs
restores FXN expression and decreases FXN-ett
expression
Data presented earlier indicate that a block imposed
by the expanded GAAs drives premature transcription
termination (PTT) and formation of the FXN-ett RNA. To
confirm this, we excised both expanded GAA tracts from
intron 1 of FXN using CRISPR/Cas9 editing. The gRNAs
were designed downstream of the FXN-ett splice acceptor
site to avoid interference with potential alternative splic-
ing (Supplementary Material, Fig. S7). The cut sites are
located 392 bp upstream and 976 bp downstream of the
GAA repeats (Fig. 6A). Editing was confirmed by junction
PCR, GAA repeat PCRs as well as DNA sequencing (Sup-
plementary Material, Fig. S7). We edited two different
FRDA iPSC lines (FRDA 2 and 3) and two independent
�GAA clones were obtained for each line (Fig. 6B and C;
Supplementary Material, Fig. S7). Excision of the intronic
GAAs from both alleles resulted in robust increase of
FXN expression both at the mRNA and protein levels
in all four edited clones (Fig. 6B and C). Removal of the
GAA expansion almost completely abolished formation
of the early terminated FXN-ett RNA in all edited clones
(Fig. 6D). Furthermore, results of the 3’ RACE experi-
ment conducted using parental and GAA-edited lines
revealed absence of the FXN-ett band, confirming that the
expanded GAAs are responsible for the transcriptional
impediment during early elongation and formation of the
aberrantly spliced, prematurely terminated FXN-ett RNA.

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddac134#supplementary-data
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Figure 4. FXN-ett is alternatively spliced and enriched in FRDA cells. (A) Results of 3’ Rapid Amplification of cDNA Ends PCR performed using FRDA
and CTRL iPSCs. Results of two independent experiments are shown. NoRT represents control reactions lacking reverse transcriptase. L—1 kb Plus DNA
ladder (BioLine). Bands indicated by 1, 2 and 3 were excised from the agarose gel, cloned and sequenced. (B) Isoforms of the FXN transcripts identified by
DNA sequencing of 80 clones. Three independent 3’RACE/cloning experiments were conducted. Only isoforms represented by two or more independent
clones are shown. Isoforms I and II were identified by sequencing the longer PCR products (bands 1 and 2), isoforms III and IV were identified only in
the shorter PCR product (band 3). Isoform I represents canonical FXN mRNA (Supplementary Material, Fig. S1). The pie chart illustrates proportions of
different isoforms identified in the experiment but it is not a quantitative representation of relative abundance of different isoforms transcribed at the
FXN locus. (C) Schematic illustrations of isoforms I-IV. Transcript regions (exons, introns, 3’UTR) are not shown to scale. Lengths of the 3’UTR, intron
4 and intron 1 are measured from the end of the preceding exon. Spliced fragments in isoforms III and IV are depicted by a thin line. Isoform IV—the
predominant 3’ RACE product identified in band 3 was termed FXN-ett. (D) DNA sequencing result of the FXN-ett transcript. A junction between the
last nucleotide of exon 1 (165 nt relative to ‘A’ of the ATG initiation codon) and 848 nt of the transcript (relative +1 nt ‘A’ of the ATG) revealed splicing
of a 683 nt fragment of intron 1. The full sequences of the FXN-ett transcript as well as the canonical Type I isoform are presented in Supplementary
Material, Figs S1 and S2.
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Figure 5. FXN-ett is expressed in different FRDA cells and correlates with GAA repeat length. (A) Location of the qRT-PCR primers used to detect FXN-ett
(orange) and canonical FXN mRNA (blue). (B) Example of the FXN-ett RT-PCR product (lanes 1–5); L- represents 100 bp ladder (Bioline) (C) Expression of
the FXN mRNA is reduced in FRDA fibroblasts (gray symbols) compared with CTRL lines (green symbols). All qRT-PCR reactions were performed using
RNA extracted from 12 different CTRL and 14 different FRDA fibroblast lines. Statistical significance (P < 0.05) was determined by Student’s t-test. (D)
FXN-ett is highly upregulated in FRDA fibroblasts. The same samples described in (C) were used for FXN-ett qRT-PCR analyses. (E) An inverse correlation
between GAA1 repeat size (shorter of the two expanded GAA alleles) and FXN mRNA expression in 14 FRDA fibroblast lines analyzed in (C). The r2 value
for the fit of each line is shown. (F) FXN-ett RNA expression directly correlates with the length of GAA2 (longer of the two expanded GAA alleles) in
FRDA fibroblasts and does not correlate with GAA1 length (G). The r2 value for the fit of each line is shown. (H) FXN mRNA and FXN-ett expression
in CTRL and FRDA autopsy heart tissues. c—unaffected control (green symbol), fa and fb—samples obtained from two different FRDA patients (gray
symbols). (I) FXN-ett is detected in cortical neurons (iN) differentiated from FRDA (f) and control (c) iPSCs as well as FRDA iPSC-derived cardiomyocytes
(iCm). L—100 bp ladder. (J) FXN-ett is expressed in the humanized transgenic FRDA YG8s(GAA) > 800 mouse heart (h), spinal cord (s), cerebellum (cb)
and cerebrum (b). Amplification of FXN-ett RNA in FRDA (ff) and control (cf) fibroblasts is shown as positive control and wild type mouse tissues served
as negative controls.
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Figure 6. Excision of the pathogenic expanded GAA repeats and ASO treatment increases FXN mRNA expression and alleviates formation of the early
terminated transcript. (A) Schematic illustration of the exon 1—intron 1 region of the FXN gene. The exact locations of the gRNA and Cas9 cut sites
(gUP—upstream of the GAA tract, gDW—downstream of the GAAs) are shown. Image not drawn to scale. Details regarding sequence and validation of
the edited iPSC clones are presented in Supplementary Material, Figure S7. (B) Excision of the expanded GAAs from both alleles of FXN increases FXN
mRNA expression to the level observed in unaffected controls (green symbols) and approximately 3-fold higher than in parental (P), unedited cells (gray
symbols). Two independent edited �GAA clones are shown for each FRDA iPSC line: for FRDA 2—3B12 and 3C7; for FRDA 3—2B1 and 2D3. Expression
of the FXN mRNA in CTRL 1 and FRDA 1 are shown as reference. Results of two independent experiments with two parental and 4 edited clones are
shown; Student’s t-test was used to determine statistical significance. (C) Western blot analysis of frataxin expression in parental (P) and edited FRDA
iPSCs. Both edited clones for FRDA 2 and FRDA 3 iPSCs are shown. Signal from mature frataxin is indicated by αFXN. Asterisk designates the 19 kDa
intermediate form of frataxin. Ponceau S staining is shown as a loading control. (D) Expression of the FXN-ett RNA in parental (P, gray symbols) and edited
FRDA 2 and FRDA 3 cells (green symbols). For comparison, levels of FXN-ett RNA in FRDA 1 and unaffected CTRL 1 is shown. Results of two independent
experiments with two parental and four edited clones are presented; Student’s t-test was used to determine statistical significance. (E) Results of 3’
RACE reactions performed using parental (P) and isogenic edited �GAA FRDA 2 and �GAA FRDA 3 iPSC lines. Arrowheads indicate migration of FXN-ett
detected only in parental, unedited cells. L designates 1 kb ladder (Bioline). (F) Effect of a GAA targeting gapmer ASO (Gap17, green symbols) on expression
of FXN mRNA (left image) and FXN-ett RNA (right image). Anti MALAT 1 gapmer (39) was used as a control (gray symbols). Two different FRDA primary
fibroblast lines (F4 and F7, see Supplementary Material, Table S2) were transfected with 3 nM ASO and RNA expression was determined using qRT-PCR.

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddac134#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddac134#supplementary-data


Human Molecular Genetics, 2022, Vol. 31, No. 20 | 3549

Targeting expanded GAAs with ASOs decreases
FXN-ett expression and elevates FXN levels

It has been demonstrated that interfering with non-
canonical DNA and/or DNA–RNA structures formed by
expanded GAAs via repeat-targeting ASOs increases FXN
expression (33–38). We hypothesized that direct targeting
of the expanded GAAs will facilitate a greater rate of
Pol II passage through the expanded GAAs, resulting in
increased production of FXN mRNA and decreased levels
of FXN-ett RNA. Indeed, transfection of FRDA primary
fibroblasts with Gap17 gapmer ASO (39) increased FXN
mRNA expression relative to the control ASO, MALAT-
1 (Fig. 6F). In agreement with our predictions, releasing
the block imposed by the expanded repeats resulted in a
significant decrease of the FXN-ett RNA level, suggesting
that DNA and/or DNA/RNA conformations adopted by
expanded GAAs impede progression of FXN transcription
(Fig. 6F).

Discussion
A block in transcription progression caused by expanded
GAA repeats has been recurrently postulated as the
mechanism of FXN mRNA deficiency in FRDA. However,
neither direct evidence for a repeat-induced transcrip-
tion block nor the exact underlying cause of the imped-
iment has been conclusively demonstrated in patient
cells. These two outstanding issues separate us from a
complete understanding of the molecular basis of FRDA
pathogenesis and possibly, from successful therapies
that would specifically reactivate FXN expression in
patient cells.

Herein, we comprehensively addressed the first of
these two challenges and, using a battery of unbiased
approaches and different FRDA model systems and
patient samples, we showed that transcription progres-
sion is indeed affected at the FXN locus resulting in the
GAA-length dependent formation of an aberrant, early
terminated and alternatively spliced transcript, FXN-ett.
Interestingly, PTT in FRDA occurs immediately upstream
of the expanded GAAs and correlates with the length of
GAA2, the longer of the two expanded GAA alleles.

This fact is unusual as practically all disease charac-
teristics (both molecular and clinical) defined thus far
correlate with GAA1 length (5,10,40), but not unexpected.
Long GAAs are likely to significantly contribute to aber-
rant transcription termination and formation of FXN-
ett when compared with shorter GAA tracts that are, in
turn, responsible for expression of residual, canonical
FXN mRNA in FRDA cells.

In vitro studies on long polypurine-polypyrimidine
tracts indicate that GAA-TTC repeats can adopt sta-
ble triple helical DNA structures (41–43). Further-
more, evidence exists that triple stranded DNA–RNA

confirmations (R-loop like) are formed in FRDA cells
(35,44,45), however, recent controversies on the antibody-
based methods used to detect R-loops indicate that
formation of RNA–DNA hybrids at expanded GAAs
may need to be verified by additional methods (46–
48). Both stable triplexes and R-loops can impede Pol
II movement and stimulate PTT (49–51). The expanded
GAAs in FRDA frequently exceed 1000 triplets equal-
ing more than 3000 bp of typically uninterrupted
polypurine-polypyrimidine DNA. In addition, it has
been shown in different model systems that GAA
expansion causes changes in the local chromatin
environment, predominantly increased representation
of histone marks associated with heterochromatin,
such as H3K9me3 (13,14). This is accompanied by
accumulation of heterochromatin proteins HP1 alpha
and gamma (HP1α and HP1γ ) upstream of the GAA
repeats in FRDA cells when compared with controls
(27), revealing a possibility that binding of these proteins
to the GAAs (or non-canonical DNA/DNA–RNA confor-
mations adopted by these sequences) may facilitate
transcriptional repression. Recent studies showed that
human HP1α can form phase-separated condensates
(52–54). Accumulation of HP1α, its self-organization and
interaction with histone H3K9me3 (overrepresented in
FXN intron 1) can lead to formation of heterochromatin
phase-separated condensates at the expanded GAAs
that efficiently repel transcription machinery (55). These
condensates are likely to be dispersed, at least to a
certain extent, during DNA replication, allowing for
transcription machinery to traverse expanded GAAs
more efficiently during DNA synthesis compared with
non-dividing, terminally differentiated cells. Therefore,
contribution of the FXN-ett may be underestimated in
studies conducted predominantly in dividing cells or in
immature iPSC-derived neurons or cardiomyocytes. Data
from patient tissues presented here demonstrate that the
transcription defect maybe more severe in terminally
differentiated FRDA cells, resulting in enhanced PTT,
formation of the FXN-ett, and ultimately profound FXN
mRNA downregulation. Limited frataxin expression data
available from terminally differentiated tissues are in
line with these findings (6,7). This is also consistent
with observations made in animal FRDA models showing
progressive, age-dependent decreases of Fxn expression
in disease-relevant tissues (56).

Transcription elongation rate is linked to upstream
events occurring on nascent RNA, and frequently the
speed of transcription determines the ‘window of
opportunity’ for processes of alternative splicing or
polyadenylation (57). This model can be directly applied
to the FXN gene harboring expanded GAA repeats, as
our prior work indicated that transcription elongation
speed is decreased in intron 1 in FRDA cells (10).

Significance was calculated using Student’s t-test. Sequences of the ASOs and incorporated chemical modifications are listed below and in (39). Orange
designates 2’-O-methoxy-ethyl bases (2’-MOE); m—methylated C, black—phosphorothioate backbone, underlined—phosphodiester backbone.
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Transcription deceleration creates an opportunity for
the use of strong alternative splicing signals resulting
in generation of aberrantly spliced FXN-ett. In addition,
presence of the GAA-mediated impediment stimulates
the use of alternative PA and premature termination
of transcription. Greater speed of transcription through
FXN in control cells, not affected by expanded GAAs,
limits the opportunity for alternative splicing and
polyadenylation, hence resulting in synthesis of the full
length, canonical FXN mRNA (Fig. 7A and B). Targeting
the expanded GAA region with ASOs or GAA-specific
polyamides was demonstrated to interfere with non-
canonical DNA/DNA–RNA conformations and increased
expression of the FXN mRNA (35,58). More efficient
progression of the transcription machinery through the
GAA repeat region reduced opportunities for alternative
splicing and formation of FXN-ett (Fig. 7C). Lastly, removal
of the intronic GAA tracts (on both FXN alleles) using
CRISPR/Cas9 excision resulted in restoration of FXN
mRNA expression to the level observed in control
cells and dramatically reduced FXN-ett levels, thus
directly linking early transcription termination and
formation of FXN-ett to the presence of a long GAA tract
(Fig. 7D). Importantly, our editing strategy removed the
expanded GAA region and flanking sequences, however
the alternative SA site utilized to form FXN-ett was not
affected (Supplementary Material, Fig. S7).

An additional possible contributor to the alternative
splicing and early transcription termination at FXN in
FRDA cells is DNA methylation, as the link between
splicing and DNA methylation has been well established
(59,60). Recently, a DMR was identified in intron 1 of
FXN, upstream of the GAAs. This DMR, spanning 10 CpGs
(∼200 bp) immediately upstream of the SA of FXN-ett,
is almost completely methylated in patients’ DNA when
compared with unaffected controls (17). Mechanistically,
a significant increase of DNA methylation in the FRDA-
DMR may lead to enrichment of methyl-CpG binding
protein 2 occupancy, recruitment of histone deacetylases
and consequently alter Pol II kinetics to promote alterna-
tive splicing of the FXN-ett RNA.

What could be the consequences of FXN-ett synthesis?
The most obvious direct impact of PTT on frataxin levels
is unproductive utilization of the transcriptional machin-
ery resulting in generation of a non-functional transcript,
therefore decreasing the expression of full length FXN
mRNA. Considering the shorter half-life of FXN-ett
relative to FXN mRNA, quantitative analyses of its
expression suggest that most of the FXN transcriptional
activity may be directed toward synthesis of this aberrant
transcript. Overall, successful transcription of an entire
gene is a rather rare event. It has been determined that
only ∼1% of initiation events result in mRNA production
and an overwhelming majority of initiations results in
PTT at the promoter (61,62). At FXN, this low success rate
is further exacerbated by PTT caused by expanded GAAs,
resulting in profound downregulation of the FXN mRNA.
The process and its consequences are strongly associated

with the length of the pathogenic GAA region. Another
possibility exists that FXN-ett forms stable DNA/RNA
hybrid-like interactions with chromatin at the FXN gene,
actively impeding progression of upstream transcription
machineries. Closer examination of the FXN-ett half-life
data suggests that blocking transcription by actinomycin
D reduces levels of FXN-ett to ∼50% of the starting
amount within ∼4 h, while further treatment (up to 8 h)
does not reduce the level of this transcript. This is not
observed for the MYC mRNA control. Such decay kinetics
suggests that a fraction of FXN-ett may be resistant to
degradation, perhaps owing to stable interaction with
chromatin at the FXN locus.

In addition to the mechanistic insight on the FRDA FXN
transcriptional defect, FXN-ett, as a novel, FRDA-enriched
RNA, represents a very attractive target for therapeutic
intervention. Presently, we do not have evidence for a
direct pathogenic role of FXN-ett, however formation of
this stable transcript may interfere with transcription
of the full-length canonical FXN pre-mRNA thus reduc-
ing overall transcriptional output of the FXN locus in
FRDA cells. If FXN-ett forms stable interactions with chro-
matin, its targeting and cleavage by specifically designed
gapmer ASOs could stimulate mRNA decay pathways
clearing the DNA template for subsequent Pol II com-
plexes and enhancing the probability of productive FXN
transcription. Importantly, owing to alternative splicing,
FXN-ett harbors a unique RNA sequence, different from
the canonical FXN pre-mRNA, thus enabling its specific
targeting. An alternative, or perhaps even more attractive
therapeutic strategy, owing to the current state of the
ASOs used in the clinic, is the aberrant, non-productive
splicing of the FXN mRNA resulting in formation of FXN-
ett. Recently, a dose-dependent increase of productive
transcription and protein levels was observed after tar-
geting different types of non-productive splicing events
(63). Hence, a strategy of blocking non-productive splic-
ing of the FXN-ett RNA may lead to a natural upregulation
of FXN transcription and increase of frataxin production.

In conclusion, identification of a disease-enriched,
early terminated transcript at FXN not only represents
a significant step forward in understanding molecular
pathology of the disease but also opens completely
novel and disease-specific possibilities for therapeutic
intervention.

Materials and Methods
Cell lines and cell culture conditions
Protocol for derivation of human primary fibroblasts
was approved by Institutional Review Board (IRB) at the
University of Alabama at Birmingham (IRB N131204003).
All the human FRDA and control fibroblast lines were
obtained and cultured as described before (35). Briefly,
biopsy material was washed 2–3 times with ∼5 ml HBSS
with 1X penicillin and streptomycin (Thermo Fisher
Scientific), cut into small pieces and incubated in an
enzyme mixture containing Collagenase IV 1 mg/ml,

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddac134#supplementary-data
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Figure 7. Suppressing expanded GAA-induced early transcription termination by different therapeutic strategies. (A) Model of FXN transcription in
control cells harboring short GAA repeats. Mainly canonical, full-length FXN mRNA is synthesized. (B) In FRDA cells with expanded GAAs, transcription
of the FXN mRNA is reduced and the level of short, early terminated FXN-ett RNA is increased. (C) Gapmer ASO targeting GAAs alleviates the transcription
block, decreases the amount of FXN-ett RNA while elevating the level of full-length FXN mRNA. (D) Excision of the GAAs removes the transcriptional
impediment, restores FXN mRNA synthesis and eliminates FXN-ett RNA expression.

dispase 1 mg/ml (Stem Cell Technologies) and 0.05%
trypsin EDTA (Thermo Fisher Scientific) for 30 min at
37◦C with gentle shaking. Digested biopsy fragments
were transferred to 15 ml conical tubes. A double
volume of complete media [DMEM/F12 (Thermo Fisher
Scientific), 2 mM glutamine, 20% FBS (Hyclone), 1X
penicillin/streptomycin and 1X of non-essential amino

acids (Thermo Fisher Scientific)] was added prior to
centrifugation. Pellets were resuspended in complete
media and plated onto gelatin-treated 6-well plates.
Typically, outgrowths of fibroblasts were observed 7–
14 days after initial plating. Established cultures were
maintained in DMEM media containing 15% FBS and 1X
non-essential amino acids at 37◦C, 5% CO2.
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Reprogramming of fibroblasts into iPSC was approved
by UAB (IRB-300003993). The iPSC lines used in this
study were reprogrammed using retroviral expression
of reprogramming factors (FRDA 1 and CTRL 1 iPSCs)
or using a Sendai virus approach (FRDA 2 and FRDA 3).
Retrovirus reprogramming of fibroblasts was performed
as we described before (64). In brief, fibroblasts were
transduced with retroviral vectors encoding Oct3/4, Sox2,
Klf-4 and c-Myc transcription factors. After 3–4 weeks of
culture, iPSC colonies were manually picked and trans-
ferred to Matrigel (hESC-qualified Matrix BD)-coated
24-well plates containing mTeSR1 medium (Stem Cell
Technologies) supplemented with 10 μM ROCK inhibitor
Y27632 (Stemgent). Long-term culture of iPSCs was
conducted under feeder-free conditions in the mTeSR1
media according to manufacturer recommendations.

Sendai virus reprogramming of FRDA iPSCs was
performed using CytoTune iPS 2.0 Sendai Reprogram-
ming Kit (Thermo Fisher Scientific) according to the
manufacturers’ instructions. 70–80% confluent fibrob-
last cultures were transduced with CytoTune™ 2.0 KOS,
CytoTune™ 2.0 c-Myc, and the CytoTune™ 2.0 Klf4
viruses at an appropriate MOI. After 24 h media was
replaced with fresh fibroblast media followed by com-
plete media changes every other day. Seven days after
transduction, cells were re-plated on vitronectin-coated
plates in fresh fibroblast media. Media was exchanged
24 h later for Essential 8™ medium (Thermo Fisher
Scientific) followed by daily media changes. Colonies
typically appeared 16–21 days after transduction. After
21 days, colonies were manually picked and transferred
to Matrigel coated 48-well plates containing mTeSR1
medium supplemented with 10 μM ROCK inhibitor
Y27632 (Stemgent). Long-term culture of iPSCs was
conducted under feeder-free conditions in mTeSR1
media according to manufacturer recommendations.

Drosophila S2 cells (Thermo Fisher Scientific) used as
spike-in control for PRO-seq experiments were grown in
Schneider’s Drosophila medium supplemented with 10%
FBS at room temperature in ambient CO2 as a semi-
adherent monolayer in tissue culture flasks.

RNA isolation, qRT-PCR, mRNA half-life
Total RNA from cell pellets was isolated using the RNeasy
Mini Kit (Qiagen). All research involving patient/patient
tissues was approved by the IRB at The University of
Alabama at Birmingham (IRB Protocols: N160923005 and
N160922011). Autopsy specimens of heart were obtained
from the FRDA tissue repository maintained at the Vet-
erans Affairs Medical Center in Albany, NY, USA. Frozen
heart tissue was homogenized by grinding thoroughly
in liquid nitrogen followed by homogenization (Dounce)
50 times in RLT buffer, then the lysate was applied to
RNeasy Mini Kit to extract total RNA. All extracted RNA
was treated with TURBO DNA-free kit (Thermo Fisher).
The qRT-PCR reactions were performed in triplicate with
the Power SYBR Green RNA-to-CT 1-Step Kit (Thermo

Fisher Scientific). Control reactions without reverse tran-
scriptase (NoRT) were always included. Reactions were
performed using StepOne Plus or ViiA 7 Real Time PCR
instruments (Applied Biosystems). All primers used for
qRT-PCR are listed in Supplementary Material, Table S4.

For mRNA half-life analyses, cells were treated with
5 μg/ml actinomycin D (Sigma-Aldrich). RNA was iso-
lated at t = 0, 0.5, 1, 4 and 8 h and relative expression
of FXN-ett RNA was analyzed by qRT-PCR. Myc-mRNA
was used as a positive control. Half-life was calculated
according to (65).

Western blot
Cell lysates were prepared using Passive Lysis Buffer
(Promega) supplemented with Protease Inhibitor Cocktail
(Millipore-Sigma). After three freeze–thaw cycles, the
lysates were centrifuged at 13 000 g for 15 min at 4◦C.
Protein concentration was determined spectrophotomet-
rically using Protein Assay Dye Reagent (Bio-Rad). Twenty
micrograms of whole cell extract were electrophoresed
on NuPAGE 4–12% Bis-Tris gels (Thermo Fisher Scientific)
and then transferred onto 0.2 μm nitrocellulose mem-
brane (Bio-Rad). Membranes were stained with Ponceau
S and imaged using a Chemi Doc MP Imaging System
(Bio-Rad). Frataxin was detected using anti-FXN at 1:1000
(Proteintech) for 12 h at 4◦C. Actin was detected using
anti-ACTIN monoclonal antibody (Santa Cruz) at 1:2000
for 12 h at 4◦C. Horseradish peroxidase-conjugated
rabbit anti-mouse immunoglobulin (GE Healthcare
Life Science) and donkey anti-rabbit immunoglobulin
(GE Healthcare Life Science) were used as secondary
antibodies and incubated for 1 h at room temperature
at 1:5000. Signal was quantified using Image Lab 6.0.1
software (Bio-Rad).

Chromatin immunoprecipitation sequencing
Chromatin immunoprecipitation sequencing (ChIP-seq)
was performed according to a previously published pro-
tocol (15) with some modifications. 5 × 106–1 × 107

cells were cross-linked with 1% formaldehyde for 10 min
and quenched in 125 mM glycine for 5 min at room
temperature. Cells were washed twice with ice-cold PBS
and collected by scraping from the cell culture dish.
Nuclei were isolated by homogenizing (Dounce) 25 times
in Farnham Lysis buffer (5 mM PIPES, pH 8.0, 85 mM KCl,
0.5% NP-40 and freshly added protease inhibitor cock-
tail) on ice. Chromatin shearing was performed using
a Bioruptor XL sonicator (Diagenode) in RIPA Buffer (1X
PBS, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS and
freshly added protease inhibitor cocktail). Immunopre-
cipitations were carried out overnight with appropriate
antibodies as indicated in Supplementary Material, Table
S1 and Protein A/G-agarose beads (Life Technologies).
The next day, beads were washed 5 times with LiCl IP
wash buffer (100 mM Tris, pH 7.5, 500 mM LiCl, 1%
NP-40, and 1% sodium deoxycholate) and once with TE
buffer (10 mM Tris–HCl, pH 7.5, 0.1 mM Na2EDTA). Chro-
matin fragments were eluted from the beads with IP

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddac134#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddac134#supplementary-data
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elution buffer (1% SDS, 0.1 M NaHCO3) at 65◦C. Crosslinks
were reversed by overnight incubation at 65◦C in the
presence of 200 mM NaCl followed by 3 h treatment
with 0.5 mg/ml proteinase K. DNA was purified by phe-
nol/chloroform and precipitated with 100% ethanol in
the presence of GlycoBlue (Thermo Fisher Scientific).
Sequencing libraries were prepared using TruSeq ChIP
Library Preparation Kit (Illumina, San Diego, CA) and
sequenced on an Illumina 2500 Genetic Analyzer at the
UAB Heflin Center for Genomic Sciences.

FP and TRP drug treatment of FRDA and control
iPSC
Induced pluripotent stem cells cultured to ∼80% con-
fluence were treated by (300 nM, FP) or (500 nM, TRP).
DMSO was used as vehicle control. Cells were collected
after 50 min of incubation by scraping on ice for PRO-seq
analyses.

Precision nuclear run-on and sequencing
PRO-seq was performed according to the previously pub-
lished protocol (25) with some modifications. Cells were
harvested by scraping into ice-cold PBS, collected by brief
centrifugation and then resuspended in ice-cold PBS. At
this point cells were counted and supplemented with 5%
drosophila S2 cells as a spike–in for normalization. After
centrifugation, cell pellets were resuspended in ice-cold
Dounce homogenization buffer (10 mM Tris-Cl, pH 7.4,
300 mM sucrose, 3 mM CaCl2, 2 mM MgCl2, 0.1%Triton X-
100, 5 mM DTT, protease inhibitors and 4 units per ml of
RNase inhibitor). Next, cells were homogenized (Dounce)
50 times in lysis buffer on ice and nuclei were collected
by centrifugation. Nuclei were washed two times with
Dounce homogenization buffer. After the last wash, the
supernatant was discarded and nuclei were resuspended
in storage buffer (10 mM Tris–HCl, pH 8.0, 25% glycerol,
5 mM MgCl2, 0.1 mM EDTA and 5 mM DTT) and snap-
frozen in liquid nitrogen.

Nuclear run-on (NRO) reactions were performed by
adding 100 μl of nuclei (5x106) to 100 μl of preheated
(37◦C) 2x NRO master mix (10 mM Tris–HCl, pH 8.0, 5 mM
MgCl2, 300 mM KCl, 1 mM DTT, 250 μM ATP, 250 μM
GTP, 250 μM UTP, 0.5 μM CTP, 50 μM biotin-11-CTP, and
1% Sarkosyl), and mixed by pipetting 15 times, then
incubated at 37◦C for 3 min. Reactions were stopped with
Trizol LS, and RNA was extracted once with chloroform
followed by ethanol precipitation in the presence of 1 μl
GlycoBlue. Pellets were washed with 75% ethanol once
and re-dissolved in DEPC-treated H2O.

RNA fragmentation was conducted using base hydrol-
ysis. Enrichment in RNA fragments that incorporated
biotin-CTP was performed as follows: fragmented RNA
samples were mixed with pre-washed streptavidin beads
and incubated at room temperature for 30 min. Beads
were collected using a magnetic separator, washed
two-times with ice-cold high-salt wash buffer (50 mM
Tris–HCl pH 7.4, 2 M NaCl and 0.5%Triton X-100 in
DEPC-treated H2O), two times with binding buffer (10 mM

Tris–HCl pH 7.4, 300 mM NaCl and 0.1% Triton X-100), and
once with low-salt wash buffer (5 mM Tris–HCl pH 7.4 and
0.1% Triton X-100). Next, RNA was recovered from beads
using Trizol/chloroform extraction and precipitated with
ethanol as described before. RNA pellets were dissolved
in RNA adaptor ligation solution (10 μM VRA3 RNA
adaptor, 1 mM ATP, 10% PEG, 4 U of RNase inhibitor, 1 U
of T4 RNA ligase I and 1x T4 RNA ligase buffer) and
incubated 4 h at 20◦C. Subsequently, a second biotin
enrichment step was performed as described earlier.
After precipitation, RNA pellets were dissolved in 5 μl
of DEPC-treated H2O, heat-denatured briefly at 65◦C for
20 s, and placed on ice.

Next, the 5′ cap was removed from RNA fragments
using 5 U RNA 5′ pyrophosphohydrolase, and 5’ OH ends
were converted to 5′ phosphate by treatment with 25 U T4
polynucleotide kinase. RNA was extracted with Trizol
and chloroform, precipitated and dissolved in DEPC-
treated H2O. 5′ RNA adaptor ligation was conducted by
incubation of RNA with RNA ligation mixture (10 μM
VRA5 RNA adaptor, 1 mM ATP, 10% PEG, 4 U of RNase
inhibitor, 1 U of T4 RNA ligase I and 1x T4 RNA ligase
buffer) for 4 h at 20◦C. This step was followed by a
third biotin RNA enrichment as described before. Finally,
RNA pellets were dissolved in 10 μl DEPC-treated H2O
and used for reverse transcription. 10 μl of the RNA
obtained after the third biotin-enrichment step was
mixed with 1 μl of 12.5 mM dNTPs and 0.5 μl 100 μM
RP1 reverse-transcription primer, incubated at 70◦C for
2 min and immediately transferred on ice for 2 min and
supplemented with 6 μl of RT buffer (5 mM DTT, 40 U
of RNase inhibitor and 1 x First-strand synthesis buffer).
After 5 min incubation at 37◦C, 1.5 μl of Superscript III
RT enzyme was added to a total volume of 20 μl and
reverse transcription was carried out for 15 min at 45◦C,
followed by 40 min at 50◦C, 10 min at 55◦C and 15 min at
70◦C.

Next, cDNA fragments were amplified by PCR. The
optimization of PCR conditions and selection of the
appropriate number of cycles was performed precisely
as described in (25). After optimization, a full-scale
PCR amplification was performed using entire cDNA
obtained in the reverse transcription step, 250 μM
dNTPs, 250 nM RP1 primer, 250 nM RPI-n primer, 2 U of
Phusion DNA polymerase, 1 M betaine, 1 X HF buffer).
PCR products were resolved on 8% native PAGE TBE
gels. The fragment of the gel with DNA size marker
was stained with ethidium bromide and based on this,
PCR fragments in the range between 140 bp up to
350 bp were excised from the gel, eluted overnight in gel
elution buffer (10 mM Tris–HCl, pH 8.0, 0.5 mM NH4Ac,
10 mM MgAc2, 1 mM EDTA and 0.1% SDS). Eluates were
filtered through Spin-X Filters to remove gel debris,
followed by phenol:chloroform extraction and ethanol
precipitation. Gel-purified PCR products (PRO-seq library)
were dissolved in 12 μl H2O and sequenced at the UAB
Heflin Center for Genomic Sciences using Illumina TRU-
seq-compatible sequencing platform.
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Massive analysis of cDNA ends sequencing
MACE-seq was performed by the GenXPro GmbH
company (Frankfurt, Germany) using the MACE-seq
kit according to the instructions of the manufacturers.
Briefly, 100 ng total RNA was reverse-transcribed to cDNA
using an anchored oligo(dT) primer that preferentially
hybridizes to the proximal end of poly(A) tails. Then,
cDNA was randomly fragmented by sonication to an
average size of 150 nt and a second adapter, carrying a
unique molecular identifier (TrueQuant adapter), was lig-
ated to the fragmented DNA according to manufacturer’s
recommendations. Using primers specific for the two
adapters, cDNA molecules carrying both adapters were
PCR amplified in an exponential fashion (10 cycles).
Fragments of 50–300 bp were sequenced using the
NextSeq500 platform (Illumina).

3’ RACE, TA cloning and Sanger sequencing
3’ RACE was performed using FirstChoice® RLM-RACE Kit
(Thermo Fisher Scientific) according the manufacturer’s
instructions. 1 μg of DNase-treated total RNA was reverse
transcribed with M-MLV Reverse Transcriptase at 42◦C
for 1 h using the 3’ RACE adaptor oligonucleotide. Sub-
sequently, PCR amplification was performed with a FXN
specific primer and 3’ RACE adaptor primer in the follow-
ing conditions: 3 min at 94◦C, 35 cycles of 30 s at 94◦C, 60 s
at 60◦C, 90 s at 72◦C followed by 7 min at 72◦C. Sequences
of 3’ RACE adaptor oligonucleotide and PCR primers are
listed in Supplementary Material, Table S4.

PCR products were analyzed on 1% agarose gels
and selected DNA fragments were excised, purified
with QIAquick Gel Extraction Kit (Qiagen), cloned into
sequencing vectors using TOPO TA/Sequencing PCR4 kit
(Thermo Fisher Scientific) and transformed to One Shot®

Mach1™-T1R competent cells (Thermo Fisher Scientific).
Plasmids carrying 3’ RACE products were sequenced at
the UAB Heflin Center for Genomic Sciences. Sequencing
results were analyzed using SnapGene software (GSL
Biotech LLC).

CRISPR/Cas9 editing of the GAA repeats
Excision of the expanded GAA tracts from both alleles
of the FXN gene (homozygous excision) was achieved
using CRISPR/Cas9 editing. 1 × 106 FRDA 2 or FRDA 3
iPSCs (Supplementary Material, Table S2) were trans-
fected with 2 μg of pX330-U6-Chimeric_BB-CBhhSpCas9
(Addgene #42230) encoding SpCas9 and expressing
gRNAs (gUP gRNA and gDW gRNA; Supplementary
Material, Fig. S7) using a Human Stem Cell Nucleofector
Kit (Lonza). Three days after nucleofection, single
cells were seeded at clonal density in mTeSR medium
supplemented with CloneR (STEMCELL Technologies)
and cultured for 4 days. Colonies were picked manually
after 10–14 days. After expansion, genomic DNA was
isolated from individual clones and screened for:
upstream junction (UP_jct primers); downstream junc-
tion (DW_jct primers), upstream/downstream repaired
junction (UP_DW_jct primers) and for the presence of

the expanded GAA repeats (GAA primers). All primers are
listed in Supplementary Material, Table S4; their local-
ization and amplicon size are schematically depicted
in Supplementary Material, Figure S7. GAA PCR was
performed as we described in (7). All other PCR reactions
were conducted in a 25 μl reaction volume under the
following conditions: initial denaturation 95◦C for 2 min
followed by 35 cycles of 95◦C for 30 s, 60◦C for 30 s and
72◦C for 45 s, final extension 72◦C for 7 min. Products
were resolved on 1% agarose gels, DNA fragments
were excised from the gel, purified with QIAquick Gel
Extraction Kit (Qiagen), and then cloned and sequenced
as described before (Supplementary Material, Fig. S7).
Karyotype analysis was conducted by Cell Line Genetics
(Madison, WI). Both heterozygous and homozygous
edited clones were generated, but only homozygous were
used in this study.

Design and transfection of oligonucleotides
All gapmer oligonucleotides (sequences and modifica-
tions indicated in Fig. 6F) were gifts from Ionis Pharma-
ceuticals. Primary fibroblast lines were seeded on 6-well
plates at a density of 2 × 105 cells per well 24 h before
transfection. Lipofectamine 2000 (Thermo Fisher) was
used to deliver oligonucleotides at 3 nM final concentra-
tion as described in (39). Transfected cells were harvested
after 48 h for FXN mRNA and FXN-ett RNA expression
analyses.

Statistical analysis
When possible, a minimum of two biological replicates
(different patient/control samples) or three independent
experiments were conducted. For qRT-PCR experiments,
three technical replicates were performed for each bio-
logical replicate and data was analyzed relative to ACT
or GAPDH normalizers. Primers for all qRT-PCR reactions
are listed in Supplementary Material, Table S4. Statistical
significance of changes observed between samples was
determined by Student’s t-test or analysis of variance
utilizing GraphPad Prism v6. For western blots, signals
were quantified using Image Lab 6.0.1 software (Bio-Rad)
and shown relative to GAPDH or Ponceau S signal.

Analysis of next-generation sequencing data
Pro-seq

All analyses were conducted as described in (25). Briefly,
sequencing reads were filtered for read quality and col-
lapsed to remove duplicates using the fqtrim package,
with the following read parameters: -C -A -q 20 -m 80
-P33. This indicates that a read must have a minimum of
80% of its reads at a qual score greater than or equal to
80. Filtered reads were then aligned using STAR aligner
(—runThreadN 20, ver 2.4.2a). The .sam output was con-
verted to bam using samtools view -b -S, and the .bam
format was converted to bed (bedtools-2.17.0). Read nor-
malization for downstream visualization and analysis
was done by using bed tools to calculate the mean read
density among a subset of 581 long genes, as previously

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddac134#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddac134#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddac134#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddac134#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddac134#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddac134#supplementary-data
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddac134#supplementary-data
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described in (25). The .bed files were then converted to
.bedgraph according to this normalization factor, con-
verted to .tdf (IGVTools) and visualized in IGV.

ChIP-seq

Reads were aligned using BWA 0.7.12 and filtered to
remove duplicates. Minimum mapping quality was set to
30. Peaks were identified using MACS2 2.1.1. and visual-
ized using Partek Flow (Partek).

RNA-seq

Reads were aligned using STAR—2.5.3a and quantified
with Cufflinks. Differential gene expression analysis
to determine FXN mRNA levels was performed using
DESeq2 3.5. Results were visualized using Partek Flow
(Partek).

MACE-seq

Analyses were conducted blindly by GenXPro GmbH. Raw
data was preprocessed using Cutadapt to eliminate poly-
A-tails as well as bad-quality base reads. FastQC was
used to assess the quality of sequencing after trim-
ming. Cleaned reads were mapped using Bowtie2 (66).
Quantification of mapped reads to each gene was per-
formed using HT-seq (67). ENSEMBL-GTF data was used
to provide genomic locations for quantification as well as
additional data for annotation (such as gene name, gene
description, GO-Terms etc.). APA-determination was per-
formed according to (68). APA sites in FXN were visualized
using Partek Flow (Partek).
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Supplementary Material is available at HMGJ online.
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