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Frataxin deficiency alters gene expression in Friedreich
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Abstract

Background: Friedreich's ataxia (FRDA) is an autosomal recessive disease,
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whereby homozygous inheritance of an expanded GAA trinucleotide repeat ex-
pansion in the first intron of the FXN gene leads to transcriptional repression of
the encoded protein frataxin. FRDA is a progressive neurodegenerative disorder,
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but the primary cause of death is heart disease which occurs in 60% of the pa-
tients. Several functions of frataxin have been proposed, but none of them fully
explain why its deficiency causes the FRDA phenotypes nor why the most af-

*Department of Neurology, Morsani fected cell types are neurons and cardiomyocytes.

College of Medicine, University of
South Florida, Tampa, Florida, USA

Methods: To investigate, we generated iPSC-derived neurons (iNs) and cardio-
myocytes (iCMs) from an FRDA patient and upregulated FXN expression via len-
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Results: RNA-seq and differential gene expression enrichment analyses demon-
strated that frataxin deficiency affected the expression of glycolytic pathway genes
in neurons and extracellular matrix pathway genes in cardiomyocytes. Genes in

L . these pathways were differentially expressed when compared to a control and
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restored to control levels when FRDA cells were supplemented with frataxin.
Conclusions: These results offer novel insight into specific roles of frataxin defi-

ciency pathogenesis in neurons and cardiomyocytes.
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1 | INTRODUCTION

frataxin (Campuzano et al., 1996; Campuzano et al., 1997;
Cossee et al., 1997). FRDA is the most common inherited

Friedreich'sataxia (FRDA)isan autosomal recessive neuro- ataxia, with a prevalence of 1 in 50,000 Caucasians and a

degenerative disease with a progressive course. Most cases
are caused by a GAA trinucleotide repeat expansion (above
66 repeats in the first intron of the frataxin gene (FXN,
OMIM:606829)), resulting in transcriptional repression of

carrier frequency of 1:60 to 1:100 (Campuzano et al., 1996;
Cossee et al., 1997; Delatycki et al., 2000). Neurological
symptoms typically appear in the first decade of life due
to sensory neuron degeneration in the dorsal root ganglia,
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the cerebellar, and the spinocerebellar tracts (De Biase
et al., 2007; Koeppen & Mazurkiewicz, 2013). Neuronal
degeneration leads to loss of balance and coordination,
sensory loss, muscle weakness, and dysarthria (Koeppen
& Mazurkiewicz, 2013).

FRDA is considered a multisystem disorder; however,
that impacts the central and peripheral nervous systems,
the musculoskeletal system, the heart, and the pancreas
(Keita et al., 2022). Common musculoskeletal features in-
clude scoliosis, pes cavus, and talipes equinovarus. About
half of the FRDA patients display glucose intolerance, and
studies have found that diabetes mellitus is more preva-
lent in these patients, with estimates between 1% and
32% (Cnop et al., 2012; Finocchiaro et al., 1988; Gucev
et al., 2009; Isaacs et al., 2016).

Approximately 60% of the patients with FRDA de-
velop progressive cardiac disease that appears similar to
primary hypertrophic cardiomyopathy (HCM) but is char-
acterized by more progressive cardiac fibrosis, systolic
dysfunction, and arrhythmias (Gunal et al., 1996; Harding
& Hewer, 1983; Kawai et al., 2000). In most cases, the elec-
trocardiogram (ECG) displays repolarization abnormali-
ties that come in the form of T-wave inversion or flattening
in lateral or inferior leads and ST-segment elevation or de-
pression. Typical echocardiographic findings involve in-
creased end-diastolic septal and posterior wall thicknesses
and left ventricular hypertrophy. 20% of FRDA patients
present reduced ejection fraction in the second to third de-
cade of life, usually after the neurological disease is well
established (Koeppen et al., 2015; Pousset et al., 2015).
Cardiac involvement in FRDA patients is variable how-
ever and has been reported in some instances to precede
neurological dysfunction, while in other cases, cardiac
disease is never manifest (Hanson et al., 2019; Zesiewicz
et al., 2020). This unpredictable discordance between
neurological and cardiac disease onset suggests different
pathophysiological mechanisms and cell-type susceptibil-
ity to GAA repeat expansion and frataxin deficiency.

There are multiple proposed functions of frataxin in-
cluding involvement in iron homeostasis, cellular redox
reaction regulation, iron-sulfur cluster biogenesis, and
heme synthesis (Adamec et al., 2000; Adinolfi et al., 2009;
Becker et al., 2002; Yoon & Cowan, 2003, 2004). However,
none of them fully explain why its deficiency generates
the various FRDA phenotypes. Among the possibilities are
that frataxin may play different roles in neurons and car-
diomyocytes and that the GAA expansion itself may have
a pathological role independent of frataxin (Al-Mahdawi
et al., 2008; Castaldo et al., 2008). It is also unclear why de-
ficiency of ubiquitously expressed frataxin selectively af-
fects neurons and myocardium (Koutnikova et al., 1997).

Presently, there is no approved effective therapy to
prevent or reverse FRDA pathology (Aranca et al., 2016;

Zesiewicz et al., 2020). Therefore, generating reliable cel-
lular models that recapitulate FRDA-related molecular
processes is important for studying disease mechanisms,
and identification of therapeutic targets and disease bio-
markers (Hick et al., 2013). Cells derived from FRDA
patients are a relevant cell model as they carry the com-
plete FXN locus with the GAA expansion and regulatory
sequences. Since intact neurons and cardiomyocytes are
not routinely accessible from patients, the ability to dif-
ferentiate human induced pluripotent stem cells (iPSCs)
into iNs and iCMs to generate model systems derived from
patient cells that closely mimic the disease is crucial for
FRDA. Here, we generated iPSCs from peripheral blood
mononuclear cells (PBMCs) derived from an FRDA pa-
tient to study iNs and iCMs. Since FRDA is a progressive
disease, taking years to manifest, by studying newly differ-
entiated neurons and cardiomyocytes (with and without
re-introducing frataxin), we biased towards early molec-
ular processes in frataxin deficiency, independent of the
GAA expansion. Our results suggest that frataxin absence
may specifically affect glycolysis in neurons and the extra-
cellular matrix in cardiomyocytes. These findings provide
insights into possible pathological differences between the
two tissues in FRDA.

2 | METHODS

2.1 | Ethical compliance

Written informed consent was obtained from the patient.
The study was approved by the Institutional Review Board
of the University of South Florida (IRB: Pro00033948)
and was conducted according to the Principles of the
Declaration of Helsinki.

2.2 | Cell reprogramming and
iPSC culture

We recruited a 34-year-old male with FRDA through
the Friedreich Ataxia Neurology Clinic at the University
of South Florida, Morsani College of Medicine. Clinical
information about the subject is provided in Table 1.
PBMCs from the FRDA subject were reprogrammed
into iPSCs using the CytoTune™-iPS 2.0 Sendai
Reprogramming Kit (A16517, Thermo Fisher). The
iPSCs were cultured in mTESR plus medium (100-
0276, STEMCELL Technologies) on Matrigel-coated
plates (354277) and passaged every time they reached
60% confluency using EDTA 0.5mM. They were main-
tained at 37°C, 5% CO,, and 85% relative humidity, and
the medium was changed every other day. The control
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TABLE 1 Patient clinical information

Age of onset
cardiac

Age of onset
First neurological neurological Neurological status at

First cardiac

symptom

GAA

ECG Other symptoms

symptom

28

enrollment

symptom

8

Ethnicity expansion symptom

Age

Gender

Scoliosis, kyphoscoliosis,

Chest pain TWI

Wheelchair-bound, slurred

Difficulty walking

1092 & 781

34years Caucasian

Male

Osteoarthritis of

spine

speech, lack of coordination,

Balance problem

Abbreviation: TWI, T wave inversions.
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cell line was purchased from ATCC (ACS-1026, from a
Caucasian male) and cultured as described above. The
FRDA-iPSC characterization and validation of the path-
ogenic GAA trinucleotide were previously described
(Angulo et al., 2021).

2.3 | Neuron differentiation

For neuron differentiation, we used a Gibco media
system (Figure 1a). For neural induction, iPSCs were
seeded to reach 15%-20% confluency on Matrigel-coated
plates after 1 day of splitting them. mTESR plus medium
was exchanged at this confluency for a pre-warmed neu-
ral induction medium (A1647801, Thermo Fisher). This
medium was replaced every 2days until day 7. By day-
7, the iPSCs have differentiated into Neural Stem Cells
(NSCs). NSCs were dissociated with StemPro Accutase
(A1110501, Thermo Fisher), expanded using neural
expansion medium (A1647801+ 12634010, Thermo
Fisher), and characterized before further differentiation
(Figure 1b—e). After expanding NSCs to passage 1, they
were dissociated and seeded on Matrigel-coated plates
with neural differentiation medium (A3653401, Thermo
Fisher) to achieve neuron differentiation. This medium
was replaced every 2 days. Neurons were observed 7 days
after neuron media was added. Their characterization is
shown in Figure 1c-e.

2.4 | Cardiomyocyte differentiation

iPSCs derived from the FRDA subject and control
were differentiated into iCMs with the STEMdiff™
Cardiomyocyte Differentiation Kit (# 05010, STEMCELL
Technologies) per manufacturer's protocol (Figure 2a).
Briefly, iPSCs were seeded on Matrigel-coated plates
with mTESR plus medium until they reached ~95% con-
fluency. Then, the medium was changed to STEMdiff™
Cardiomyocyte Differentiation Medium A with matrigel
(1:100) for 2 days, followed by STEMdiff™ Cardiomyocyte
Differentiation Medium B for 2days, and STEMdiff™
Cardiomyocyte Differentiation Medium C for 4days.
They were subsequently maintained in STEMdiff™
Cardiomyocyte Maintenance Medium, and the medium
was changed every other day. iCMs were purified with
a metabolic-selection method using glucose starvation
(RPMI-glucose + B27) (11879020, 17504044, Thermo
Fisher) for 5days as previously described (PMID:
25867738). For downstream experiments, iCMs were
dissociated with cardiomyocyte dissociation media (#
05025, STEMCELL Technologies). iCM characterization
is shown in Figure 2b-d.
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iNSCs and iNs characterization. (a) Protocol diagram for neuron differentiation. (b) Immunostaining of control and patient

iPSC-derived neural stem cells (iNSCs) showed expression of the markers NESTIN (green) and SOX2 (red). Nuclei were stained with DAPI
(blue). Scale bar 50 pm. (¢) Immunostaining of control and patient iNs showing expression of neuron markers of DCX (green) and MAP2

(red). Nuclei were stained with DAPI (blue). Scale bar 50 um. (d) PCR analysis of the GAA repeat region in the FXN gene using genomic
DNA extracted from iNSCs and iNs from control and FRDApatient. (¢) qPCR quantification of FXN mRNA levels in iNSCs and iNs from
control and FRDApatient. Data are expressed as means + SD of three independent experiments. *p <0.05. *FA means FRDA.

2.5 | Immunofluorescence analysis

Cells were fixed in 4% PFA (28,908, Thermo Fisher) for
15min at room temperature, permeabilized with 0.2%
Triton X-100 (T8787, Sigma Aldrich) for 10 min, and

blocked for 30min with 1% of BSA (Sigma-Aldrich)
with 22.52 mg/ml glycine (BP381-500, Fisher Scientific)
in PBST (phosphate-buffered saline with 0.1% Tween
20). For staining, antibodies were diluted in 1% BSA in
PBST. Samples were incubated overnight at 4°C with
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iCMs characterization. (a) Protocol diagram for cardiomyocyte differentiation. (b) Immunostaining of control and patient

iCMs showing expression markers a-actinin (green) and tropomyosin (TPM) (red). Nuclei were stained with DAPI (blue). Scale bar 50 pm.
(c) PCR analysis of the GAA repeat region in the FXN gene using genomic DNA extracted from iCMs from control and patient. (d) gPCR
quantification of FXN mRNA levels in iCMs from control and FRDA patient. Data are expressed as means + SD of three independent

experiments. *p <0.05. *FA means FRDA.

primary antibodies. Cells were washed three times
with cold PBS and incubated at room temperature for
1 h with secondary antibodies. Then they were washed
three times with cold PBS, counterstained with NucBlue
Reagent DAPI (R37606,Thermo Fisher), and mounted
with ProLong Diamond Antifade Mountant (P36961,
Thermo Fisher). Samples were imaged with a Keyence
BZ-X800 fluorescence microscope and analyzed using
Image J. Primary, and secondary antibodies are listed
in Table S1.

2.6 | GAA repeat analysis

Genomic DNA from cells was isolated using the QIAamp
DNA Mini and Blood Mini kit (51104, Qiagen). DNA con-
centration and purity were determined with the Cytation
5 reader (Agilent Technologies).

Amplification of GAA repeat expansions in the FXN
gene was performed by PCR using primers GAA_F:
5'-GGCTTGAACTTCCCACACGTGTT and GAA_R: 5'-A
GGACCATCATGGCCACACTT, as previously described
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(Long et al., 2017). Reactions utilized the Failsafe PCR
System with mix D (FS99100). The thermal cycler was
programmed as follows: 94°C for 3 min, 20cycles of 94°C
for 205, 64°C for 30s, and 68°C for 5 min, followed by 9
cycles of 94°C for 205, and 68° for 5 min, each subsequent
elongation step increased by 15s. The last step was 68°C
for 7 min. The amplification products were resolved on
1% agarose gels stained with SYBR Safe DNA Gel Stain
(cat. S33102, Thermo Fisher). The length of an expanded
GAA repeat was determined using the base pair size called
function, of Image Lab 6.0 (BioRad). The GAA length was
calculated by subtracting the length of the PCR primers
and GAA flanking sequences from the number of base
pairs of the PCR product and dividing the difference by
three. [Number of GAA repeats = (length of base pairs
of a PCR product—498)/3]The reference sequence used is
NG_008845.2.

2.7 | Reverse transcription and qPCR
Cells were lysed using buffer RLT (Q79216, Qiagen) and
homogenized with QiaShredder (79656, Qiagen). RNA
was extracted with the RNAeasy Mini Kit (74194, Qiagen).
For the reverse transcription, 2 pg of RNA were mixed
with 4ul of Superscript IV VILO Master Mix (# 11755050,
Thermo Fisher) and DEPC water to 20 ul. Samples were
incubated for 10 min at 25°C, then for another 10 min at
50°C, and 5 min at 85°C. The resulting cDNA was used
for qPCR.

For qPCR, cDNA was amplified on the StepOnePlus™
system (Applied Biosystems, 4376600) using TagMan Fast
Advanced Master Mix (# A44360, Thermo Fisher) and
Tagman Gene expression probes FXN (# Hs01075496_
ml), GAPDH (# Hs02786624_gl1). The expression of
mRNAs was normalized to the expression of glyceralde-
hyde 3-phosphate dehydrogenase (GAPDH) mRNA. Data
were analyzed using the comparative Ct method (Livak &
Schmittgen, 2001).

2.8 | Frataxin lentivirus transfer
plasmid generation

The pcDNA3.1-hFrataxin-HA plasmid (31895) was ob-
tained from Addgene. The following primers (forward)
5'-GCTCGCTAGCGCCACCATGTGGACTCTCGGGCG
-3’ and (reverse) 5-GCCCGGATCCTCAAGCATCTTTT
CCGGAATAGGCC-3" were synthesized (Sigma-Aldrich)
and used to generate a frataxin-containing PCR product
(without Human influenza hemagglutinin [HA]-tag)
flanked by NHEI (5’ end) and BAMHI (3’ end) restric-
tive sites. This PCR product was digested with restriction

endonucleases NHEI and BAMHI and gel purified with
the DNA Gel Extraction Kit (T1020S, NEB). The Lentiviral
NanoLuc control expression vector plasmid (113450,
Addgene) was obtained from Addgene and gel purified
using the Monarch® DNA Gel Extraction Kit (T1020S,
NEB) after being digested with restriction endonucleases
NHEI and BAMHI to remove both the NanoLuc insert and
the amino-terminal MYC epitope tag. T4 ligase was used
to conjugate the gel-purified insert into the gel-purified
backbone of the plasmid (Figure 3a). Final expression
plasmids were verified by Sanger Sequencing (Eurofins
Genomics).

2.9 | Frataxin lentivirus production
HEK?293T cells were plated in Poly-d-lysine (A3890401,
Thermo Fisher) coated 60mm dishes in 5 ml media
without antibiotics (RPMI-1640 supplemented with
FBS, 11875093 and 16140, Thermo Fisher) so that the
next day the confluency was around 70%. The day after
plating, cells were transfected using the Lipofectamine
3000 transfection reagent (L3000001, Thermo Fisher)
according to the manufacturer's instructions. 1.25pg
of envelope plasmid pCMV-VSV-G (8454, Addgene),
1.25 pg of packaging plasmid psPAX2 (12260, Addgene),
and 2.5 pg of frataxin lentivirus transfer plasmid were
used for transfection. The day after transfection, the
media was replaced with 5 ml of media with antibiot-
ics (15070063, Thermo Fisher). Two days later, the
media (containing lentivirus) was collected and filtered
through a 0.45 um filter (25-245, Genesee Scientific)
and stored at 4°C. 5ml of new media with antibiotics
was added to the transfected cells. Two days later, the
media was collected and filtered through a 0.45pum fil-
ter and mixed with previously collected media. Samples
were aliquoted and frozen at —80°C until further analy-
sis and transduction.

2.10 | Frataxin lentivirus titer and
transduction

To determine the lentivirus titer, we used the Lenti-X
GosStix Plus (631280 Takara), following the manufac-
turer's recommendations. Briefly, the GoStix Plus app
was downloaded on a mobile device, and the lot number
of the kit was entered. Since our lentivirus sample was
unconcentrated, we tested the sample undiluted and in
a 1:2 dilution to ensure a reading within the standard
curve range. Following the prompts within the app,
20l of the lentiviral supernatant (diluted and undi-
luted) were applied to the Lenti-X GoStix Plus cassette
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FIGURE 3 Frataxin lentivirus validation. (a) Diagram of the modified frataxin lentiviral transfer plasmid. (b) qPCR quantification of
FXN mRNA levels in frataxin lentivirus transduced and non-transduced control iNs and iCMs. Data are expressed as means + SD of three
independent experiments. *p <0.05. (c) Detection of frataxin in capillary western blot (Wes) assay in transduced and non-transduced control

iNs and iCMs. (d) Immunostaining of control transduced and non-transduced iNs showing expression of FXN (green) and neuronal marker

DCX (red). (e) Immunostaining of control transduced and non-transduced iCMs showing expression of FXN (green) and cardiomyocyte

marker ¢TnT (red). *FA means FRDA.

sample well. Then, 80 pl of Chase Buffer were added to
the sample well and allowed to appear in the cassette
window. The lateral flow test was allowed to run for
10 min. Finally, the cassette was scanned with the app,
which used the standard curve to calculate the titer (i.e.,
a GoStix Value [GV] equivalent to ng/ml p24) based on
the band's intensity.

To determine the optimal concentration of lentivi-
ral supernatant to transduce FRDA iNs and iCMs, we

assessed several dilutions of the lentivirus (Figures 4a
and 5a). The cells were transduced on day 15, and the
media was changed the following day to remove residual
lentivirus. On day 30, iNs and iCMs were lysed, and the
RNA was extracted. RT-PCR was performed to evaluate
the FXN level compared to control and non-transduced
FRDA cells. The concentration for transduction was de-
cided based on that producing the closest FXN mRNA to
control cells.



ANGULO ET AL.

MWI LEY_Molecular Genetics & Genomic Medicine

(a) (b)
FXN Cytotoxicity
c 20 Elms
9 >
8 1.5 9 0
o o
% 1.0 2
< % 05
% 0.5 x
S 0.0 8 0.0
Q
NI
A WS
VK
SO %
NN \e N
(d) (e)

wisl

ICI“V)IVIIUI‘V)IV'
ol T T o m o mo T
|>|)>I>|)>|)>I>
[ e
- N w

ATP %eneralion from ADP -

PyruX

Nucleoside diphosphate phosphorylation -
Nucleotide

Purine ribonucleoside diphosphate metabolic process -

Purine nucleoside diphosphate metabolic process -

Ribonucleoside diphosphate metabo
Nucleoside diphosphate metabol

Extracellular membrane-bounded organelle -

(c)
iNs_FA LtvsiNs_FA

= Down
u Up

iNs FA LtvsiNs_FA

—log(padj)
3

-0
-Gl

Protein binding -

Monosaccharide binding -
Carbohydrat(e3 kinase activity -

lucose binding -

_ Signaling receFtor binding -
Fructose-bisphosphate aldolase activity -
Vascular endothelial growth factor receptor 1 binding -

Glycolytic procesps b

ate metabolic process -
DP metabolic process -

phosphorylation -

process -
process -
extracellular exosome -

extracellular vesicle -

55

Extracellular organelle - M cosp
Extracellular space - Gocc
Extracellular region - GO:MF

Vesicle - HP

Endomembrane system -
Cytoplasm-
Ficolin—1-rich granule -

Glycﬂ sis / Gluconeogenesis -

F-1 signaling pathway -
Carbon metabolism -

Biosynthesis of amino acids -
Fructose and mannose metabolism -
Pentose phosphate pathway -
Somatic sensory dysfunction -

uscle weakness -

Decreased amplitude of sensory action potentials -
Abnormal peripheral nervous system morphology -
Reduced tendon reflexes -

Abnormal peripheral action potential amplitude -

Peripheral neuropathy -

Distal muscle weakness -

FIGURE 4 Frataxin lentivirus transduction in FRDA iNs and RNA-seq analysis. (a) PCR quantification of FXN mRNA levels of
transduced FRDA iNs with different lentivirus dilutions to determine the optimal concentration for transduction (1/50 dilution equivalent
to 5.4 ng/ml of p24). Data are expressed as means + SD of three independent experiments. *p <0.05. (b) Cytotoxicity assay to determine if the
chosen concentration for transduction was toxic to iNs. Data are expressed as means + SD of three independent experiments. *p <0.05. (c)
Venn diagram illustrating the differentially expressed genes between transduced and non-transduced FRDA iNs. (d) a heatmap illustrating
the expression of 127 genes DE in both groups (transduced and non-transduced FRDA iNs). Three independent replicates are shown per
group (e) enrichment analysis of DE genes in transduced and non-transduced iNs using g:Profiler. We included results from the gene
ontology, KEGG, and human phenotype ontology databases. *FA means FRDA.

211 | Cytotoxicity assay

To determine whether forced expression of frataxin re-
sulted in cell toxicity we used the Cell Counting Kit-8
(CCK8) (96992, Sigma-Aldrich). 5000 cells/well (iNs
and iCMs) were seeded in a 96-well plate. Cells were
transduced with frataxin lentivirus, and 2weeks later,
the cytotoxicity assay was performed. 10 pl of the CCK8
solution was added to each well of the plate containing
transduced, non-transduced cells, and control without
cells. After 2 h of incubation at 37°C, the absorbance
was measured at 450nm using the Cytation 5 reader
(Agilent Technologies). This assay was repeated three

times, using a minimum of 6 wells per condition each
time.

2.12 | Capillary western blot

Cells were lysed using RIPA buffer (89900,Thermo Fisher)
with protease and phosphatase inhibitors (78430,Thermo
Fisher). Lysates were sonicated and centrifuged for 15 min
at 15,000 rpm. Protein concentration was determined with
a Bradford assay (23236, Thermo Fisher). Capillary west-
ern analyses were performed using the ProteinSimple
Wes® System. Samples were diluted with 0.1x Sample
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FIGURE 5 Frataxin lentivirus transduction in FRDA iCMs and RNA-seq analysis. (a) gPCR quantification of FXN mRNA levels of
transduced FRDA iCMs with different lentivirus dilutions to determine the optimal concentration for transduction (1/10 dilution equivalent
to 27ng/ml of p24). Data are expressed as means + SD of three independent experiments. *p <0.05. (b) Cytotoxicity assay to determine if the
chosen concentration for transduction was toxic to iCMs. Data are expressed as means + SD of three independent experiments. *p <0.05.

(c) Venn diagram illustrating the DE genes between transduced and non-transduced FRDA iCMs. (d) a heatmap illustrating the expression
of 417 genes DE in both groups (transduced and non-transduced FRDA iCMs). Three independent replicates are shown per group (e)
enrichment analysis of DE genes in transduced and non-transduced iCMs using g:Profiler. We included results from the gene ontology and

KEGG databases. *FA means FRDA.

Buffer. Then four parts of the diluted sample were com-
bined with 1 part of 5x Fluorescent Master Mix (which
contains 5x sample buffer, 5x fluorescent standard, and
200mM DTT) and incubated at 95°C for 5min. After that,
the samples, blocking reagent, primary, HRP-conjugated
secondary antibodies, and chemiluminescent substrate
were dispensed into assigned wells in a 13-well assay
plate. After plate loading, the separation electrophoresis
and immunodetection steps occurred in the fully auto-
mated capillary system (Protein Simple). Primary and sec-
ondary antibodies are listed in Table S1.

2.13 | RNA-SEQ, differential expression
analysis, and enrichment analysis

RNA was isolated as described in the reverse transcrip-
tion and qPCR method section. The concentration and
purity of the RNA were determined with the Cytation 5
reader (Agilent Technologies). RNA from 3 biological rep-
licates of each study group were sequenced at Novogene
Co. Ltd for RNA-Seq and differential expression analysis.
Briefly, 1 pg RNA per sample was used as input material
for the RNA sample preparations. Sequencing libraries
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were generated using NEBNext® Ultra II TM RNA Library
Prep Kit for Illumina® (E7770S, NEB) following the manu-
facturer's instructions, and index codes were included to
assign sequences to each sample. Library quality was eval-
uated on the Agilent Bioanalyzer 2100 system (Agilent
Technologies). Clustering the index-coded samples was
performed on a cBot Cluster Generation System using PE
Cluster Kit cBot-HS (PE-401-3001, Illumina). After cluster
generation, the library preparations were sequenced on an
Ilumina platform, and paired-end reads were produced.
Raw data reads of FASTQ format were processed with
fastp.

Clean reads were obtained by removing reads con-
taining adapter and poly-N sequences and low-quality
reads. Q20, Q30, and GC content of the clean data
were calculated. These clean reads were used for all
downstream analyses. The reference genome and gene
model annotation files were downloaded from genome
website browser (NCBI/UCSC/Ensembl). Paired-end
clean reads were aligned to the reference genome
using the Spliced Transcripts Alignment to a Reference
(STAR) software, and FeatureCounts was used to count
the read numbers mapped of each gene. RPKM of each
gene was calculated based on the length of the gene
and read counts mapped to this gene. Differential ex-
pression analysis (DEA) was performed using the
DESeq2 R package. The resulting p values were ad-
justed using Benjamini and Hochberg's approach to
control the False Discovery Rate (FDR). Genes with
an adjusted p < 0.05 found by DESeq2 were assigned as
differentially expressed (DE). For enrichment analysis,
the DE genes were submitted to g:Profiler, a web server
that interprets and maps genes to the corresponding
enriched pathways based on well-established data
sources. We included Gene ontology, which annotates
genes to biological processes, molecular functions, and
cellular components; Kyoto Encyclopedia of Genes
and Genomes (KEGG), which annotates genes to path-
ways; and Human Phenotype Ontology which pro-
vides human disease phenotype associations. Finally,
Ingenuity Pathway Analysis (IPA) software (Qiagen)
was used to visualize the significant networks of the
most enriched pathways.

2.14 | Statistical analysis

Data are presented as mean + standard deviation (SD)
as indicated. Statistical significance was determined
by Student's t test (two-tailed) for two groups and one-
way ANOVA for multiple groups with post hoc test
Bonferroni. Statistical significance was defined as a
value of p <0.05.

3 | RESULTS

3.1 | Generation of neurons and
cardiomyocytes from FRDA and control
iPSCs

To study the most relevant cells affected in FRDA, we
generated iNs and iCMs from iPSCs derived from a
FRDA subject and an unrelated control. The patient
is a 34-year-old Caucasian male presenting a GAA ex-
pansion of 1092 and 781 repeats in the intron 1 of FXN
(NG_008845.2:2.6725GAA[(781-1092)]). He was first di-
agnosed with FRDA at 8-years of age due to walking dif-
ficulties. His first cardiac symptom manifested at the age
of 28 with chest palpitations. At the time of enrollment in
this study, he was a wheelchair user and presented sev-
eral neurological, cardiac, and other symptoms typical of
FRDA, summarized in Table 1. iPSCs from a control sub-
ject were purchased from the ATCC company, who was a
31-year-old Caucasian male at the time of PBMC donation.
These cells have <10 GAA repeats in the FXN gene (Angulo
et al., 2021). To differentiate the iPSCs into neurons, they
were first induced into Neural Stem Cells (Figure 1a).
These cells were expanded and characterized before the
final differentiation into neurons. NSCs from both FRDA
subject and control express the NSC markers Nestin and
Sox2 (Figure 1b) and continue to divide. The GAA expan-
sion is preserved in the FRDA subject's NSCs (Figure 1d).
FXN mRNA level as assayed with RT-PCR demonstrates
NSCs from the FRDA subject exhibited markedly reduced
FXN than control NSCs (Figure 1le), corresponding to
FRDA pathogenesis. Neuron differentiation started when
NSCs were in passage 1, and fully differentiated neurons
were observed at day 7 (Figure 1a). These cells expressed
neuronal markers DCX and MAP2 and displayed the typi-
cal neuronal morphology of rounded cells with elongated
processes connecting them (Figure 1c). The FRDA sub-
ject's neurons also preserved the GAA expansion and had
significantly lower levels of FXN compared to those derived
from the control (Figure 1d,e). iPSCs from FRDA subject
and control were differentiated into iCMs and purified as
described in methods until further analysis. These iCMs
expressed cardiac markers a-actinin and Tropomyosin and
exhibited spontaneous contractions (Figure 2b). The FRDA
iCMs maintained the GAA expansion and expressed lower
levels of FXN than control CMs (Figure 2c,d).

3.2 | Forced expression of frataxin in
iPSC-derived neurons and cardiomyocytes

To study the role of frataxin deficiency in iPSC-derived iNs
and iCMs from the FRDA-subject, we sought to restore its
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expression level by transducing them with frataxin lentivi-
rus (Figure 3a). Prior studies have found that high levels of
frataxin can be toxic to cells (PMID: 29794127) (Belbellaa
et al., 2020; Huichalaf et al., 2022; Vannocci et al., 2018).
Therefore, we modified a transfer plasmid with a weak
constitutive promoter (UbC) (113,450, Addgene) (Qin
et al., 2010) to better control frataxin overexpression
(Figure 3a). To test this frataxin lentivirus, we first trans-
duced iPSC-derived iNs and iCMs from control. We har-
vested the cells for analysis 2weeks post-transduction to
ensure that FXN overexpression was not an early transient
event. To evaluate the mRNA level of FXN, we performed
RT-PCR and obtained a more than 10-fold increase in
transduced Ns and CMs compared to non-transduced cells
(Figure 3b). We also determined that the FXN mRNA was
being translated into protein. Capillary western blot dem-
onstrated an increased frataxin protein in both iNs and
iCMs (Figure 3c). To verify that the overexpression of FXN
was evenly distributed among the cells, we performed im-
munofluorescence staining of frataxin, co-stained with
a neuron or cardiac marker (DCX and cTnT, respec-
tively) on transduced and non-transduced iNs and iCMs.
Staining showed that frataxin is overexpressed broadly
in transduced iNs and iCMs (Figure 3d,e) Therefore, we
concluded that transduction with this frataxin lentivirus
is suitable to overexpress frataxin in iPSC-derived iNs and
iCMs and can be used to complement the frataxin level in
FRDA cells.

3.3 | Determination of frataxin
lentivirus titer and optimal concentration
to transduce patient’s iNs and iCMs

Prior studies have shown evidence that restoring the levels
of frataxin to normal levels improves phenotypes of FRDA
(Chandran et al., 2017; Lim et al., 2007; Sacca et al., 2011).
Prior to examining if our introduction of FXN-lentivirus
could achieve corrective changes we ascertained that our
frataxin overexpression method would result in frataxin
levels in FRDA-iPSCs as close as possible to control lev-
els. To maintain reproducibility in all the experiments, we
determined the lentivirus titer using an assay quantifies
the amount of p24 capsid protein present in lentiviral su-
pernatants, which correlates directly with infectious viral
titer. We obtained 270ng/ml of p24 for the frataxin len-
tivirus. Then we transduced the FRDA subject iNs and
iCMs with different dilutions and measured the frataxin
expression with RT-PCR relative to control cells to opti-
mize the desired amount for transduction (Figures 4a and
5a). We chose a lentivirus dilution of 1/50 (5.4 ng/ml of
p24) to transduce the FRDA iNs and 1/10 (27ng/ml of
p24) to transduce the FRDA iCMs. A cytotoxicity assay
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was performed to determine that this chosen amount was
not toxic to iNs and iCMs. We did not observe any differ-
ence in the number of living cells between transduced and
non-transduced iNs and iCMs (Figures 4b and 5b).

3.4 | Transcriptome profiling identifies
differentially expressed genes in frataxin
transduced and FRDA iPSC-derived
neurons and cardiomyocytes

To identify gene expression patterns for FRDA and spe-
cifically which genes are regulated solely by frataxin levels
in iNs and iCMs, we performed transcriptional profiling
using RNA-seq in frataxin transduced and non-transduced
cells derived from the FRDA patient. For transduced cells,
RNA from 3 biological replicates was collected 2weeks
after transduction when iNs and iCMs were 30-days old
(from time of differentiation). For non-transduced cells,
the RNA from 3 replicates was collected on the same
day, when they were 30-days old. Differential expression
analysis between FRDA transduced and non-transduced
cells was performed, and the genes with an adjusted
p<0.05 were assigned as DE. 127 genes were DE between
transduced and non-transduced FRDA-derived iNs, of
which 37 were upregulated, and 90 were downregulated
(Figure 4c, and Table S2). For iCMs, 417 genes were DE,
320 were upregulated with lentivirus transduction, and 97
were downregulated (Figure 5c, and Table S3). Heatmaps
representing the differentially expressed genes showing
the 3 replicates are shown in Figures 4d and 5d.

3.5 | Functional enrichment analysis of
differentially expressed genes of FRDA
iPSC-derived neurons and cardiomyocytes

To elucidate the potential biological function of the DE
genes of iNs and iCMs derived from the FRDA subject,
we performed functional enrichment analysis. The top
overrepresented biological processes and pathways for
iPSC-derived iNs and iCMs from the patient are shown
in Figures 4e and 5e. For iPSC-derived iNs, the most sig-
nificant processes were related to carbohydrate metabo-
lism, such as Glycolysis (GO:0006096), ATP generation
(G0:0006757), and ADP and Pyruvate metabolic processes
(G0:0046031, GO:0006090). According to previous studies,
FRDA patients have abnormal glucose metabolism and
exhibit a higher risk for diabetes (Finocchiaro et al., 1988;
Gucev et al., 2009; Isaacs et al., 2016; Worth et al., 2015).
Additionally, lower levels of ATP that are restored with in-
creased frataxin levels have been shown in FRDA patients
and models of FRDA (Bolinches-Amoros et al., 2014;
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Heidari et al., 2009; Li et al., 2015; Lodi et al., 1999).
Regarding the biological pathways based on the KEGG da-
tabase, Glycolysis and Gluconeogenesis (KEGG:00010) is
the most significant, but HIF-1 (KEGG:04066) and Carbon
metabolism (KEGG:01200) are also enriched among other
related pathways. Finally, from human phenotype ontol-
ogy which annotates genes to phenotypic abnormalities
encountered in human disease, we obtained features of
FRDA such as sensory dysfunction (HP:0003474), mus-
cle weakness (HP:0001324), and peripheral neuropathy
(HP:0009830).

From iPSC-derived iCMs, the most significantly en-
riched terms were related to the processes and components
of the extracellular matrix, such as extracellular matrix or-
ganization (G0:0030198) and collagen fibril organization
(G0:0030199). Cardiac Fibrosis, which is the consequence
of extracellular matrix remodeling from pathological pro-
cesses, has been observed in FRDA patients even before
overt cardiac disease has developed (Hanson et al., 2019).
There is also enrichment for extracellular matrix path-
ways, including extracellular matrix-receptor interaction
(KEGG:04512) and focal adhesion (KEGG:04510).

3.6 | Differentially expressed genes

in FRDA vs. control iPSC-derived

neurons and cardiomyocytes rescued with
forced frataxin expression

To further understand the role of frataxin deficiency in
FRDA, we investigated the DE genes of FRDA vs. con-
trol that are restored to control levels when patient cells
are transduced with frataxin. To test this, we performed
RNA-seq and DEA of FRDA iPSC-iNs and iCMs com-
pared to control iPSC-derived cells. We analyzed for the
FRDA genes that were corrected to control transcrip-
tion levels after frataxin lentivirus transduction. The
heatmaps showing the corrected genes for both iNs and
iCMs are shown in Figures 6 and 7a (Tables S2 and S3).
Then, we performed functional enrichment analysis
using these corrected genes to determine the overrepre-
sented biological pathways and processes. The most sig-
nificant enriched processes and pathways for iPSC-iNs are
Glycolysis (KEGG:00010, GO:0006096), ATP generation
(G0:0006757), and HIF-1 signaling (KEGG:04066). These
were overrepresented in our previous analysis of FRDA
vs. frataxin -transduced FRDA, which implicates frataxin
level directly into these pathways and processes.
Similarly, for iPSC-iCMs, the enriched processes in
these corrected genes are related to the extracellular matrix
like in the previous analysis. This means that the frataxin
deficiency is likely playing a role in these processes. IPA
from the most enriched pathways for the corrected genes

in iNs and iCMs shows network diagrams with the most
plausible connections to each other and genes in the IPA
knowledge base (Figures 6¢ and 7c). For iNs, the most rel-
evant DE genes belonging to glycolysis and gluconeogen-
esis included GPI (OMIM:172400), HK2 (OMIM: 601125),
TPII (OMIM:190450), ALDOA (OMIM: 103850), ENOI
(OMIM: 172430), LDHA (OMIM: 150000), PFKP (OMIM:
171840), and PKM (OMIM: 179050). The most relevant DE
genes belonging to extracellular space in iCMs are GDF15
(OMIM: 605312), HMOX1 (OMIM: 141250), and HSPG2
(OMIM: 142461).

4 | DISCUSSION
It is generally accepted that the loss of frataxin expression
is the cause of FRDA, although there remain several un-
resolved questions. Despite agreement on the correlation
of frataxin deficiency with FRDA, the mechanisms of dis-
ease pathogenesis, variability, and organ specificity are still
not fully understood (Cook & Giunti, 2017; Delatycki &
Bidichandani, 2019; Zesiewicz et al., 2020). GAA repeat ex-
pansion in FRDA is associated with altered heterochroma-
tin and DNA methylation that correlates with the extent
of the expansion, phenotype severity, and age of disease
onset, possibly independent of frataxin deficiency (Al-
Mahdawi et al., 2008; Castaldo et al., 2008), however study
of these effects has been largely restricted to the vicinity of
the FXN locus. Why neurons and cardiac tissue are pref-
erentially affected in FRDA despite the ubiquitous expres-
sion of frataxin has not been resolved. Whether FRDA
leads to dysfunction in nerve and heart muscle by the same
or different routes is also uncertain. Here, we sought to fur-
ther explore disease molecular processes by studying gene
expression consequences of frataxin deficiency and inter-
actions in relevant affected cells. Therefore, we performed
transcription analysis to investigate the FXN network in
iPSC- derived iNs and iCMs from an FRDA patient. iPSC-
derived cells provide information on the early gene expres-
sion perturbations associated with frataxin-deficiency.
Restoring frataxin was associated with a change in
the expression of 127 genes in iNs, primarily related to
processes and pathways involved in Glycolysis, ATP gen-
eration, and HIF-1. We also found genes annotated to phe-
notypic abnormalities related to FRDA, such as sensory
dysfunction, muscle weakness, and peripheral neuropa-
thy such as NDRG1, PLODI, PLD3, HK1, HSPBS8, SACS,
and MT-ATP6 (Figure 4e). These genes are downregulated
in the FRDA iNs (except SACS and MT-ATPé6 that are up-
regulated). Genes belonging to these processes and path-
ways were also differentially expressed when FRDA cells
were compared to an unrelated control. Furthermore,
they were restored to control levels when FRDA-derived
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FIGURE 6 Differentially expressed genes in FRDA vs. control iNs corrected by frataxin transduction. (a) Heatmap illustrating the
expression of DE genes in FRDA and control iNs that are restored to control level when transduced with FXN lentivirus. Three independent
replicates are shown per group. (b) Enrichment analysis of corrected genes using g:Profiler. We included results from the gene ontology

and KEGG databases. (c) Ingenuity pathway analysis (IPA) of the genes from the most enriched pathway of corrected iNs (glycolysis/
gluconeogenesis). IPA generated a network diagram with the most probable connections to each other and to additional genes in the IPA

knowledge base. *FA means FRDA.

iNs were supplemented with frataxin. The differentially
expressed genes from the most enriched pathways in cor-
rected iNs were GPI, HK2, TPI1, ALDOA, ENOI1, LDHA,
PFKP, and PKM (Figure 6b). Interestingly all these genes
were downregulated in FRDA-derived iNs.

GPI encodes for a member of the glucose phosphate
isomerase protein family. This protein performs distinct
functions; it acts as a glycolytic enzyme in the cytoplasm.
However, extracellularly, it operates as a neurotrophic
factor promoting survival of motor and sensory neurons'
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(Faik et al., 1988) the most affected neurons in FRDA.
Although this gene has not been associated with FRDA,
defects in this gene are associated with neurological im-
pairment (Romagnoli et al., 2003). HK2 catalyzes the first

essential step of glycolysis. It also plays a role in maintain-
ing the integrity of the outer mitochondrial membrane by
preventing the release of apoptogenic proteins from the
intermembrane space and consequent cell death (Chiara
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et al., 2008). Loss of mitochondrial membrane potential
and mitochondrial defects are phenotypes observed in
FRDA cells and is a sign of bioenergetic stress (Codazzi
et al., 2016; Hick et al., 2013; Lee et al., 2016). TPI1 en-
codes a metabolic enzyme important in glycolysis and glu-
coneogenesis. Deficiency of this enzyme causes anemia,
movement problems, increased susceptibility to infection,
and muscle weakness (Orosz et al., 2006).

Other downregulated genes that are part of energy me-
tabolism include ALDOA, ENO1, LDHA, PFKP, and PKM.
Cells with high energy demands, such as nerve cells and
heart muscle cells, are susceptible to cell death due to re-
duced energy caused by impaired glycolysis, and these are
the most affected cells in FRDA. ENOI can associate with
mitochondrial membrane, and it is essential for mem-
brane stability (Didiasova et al., 2019). LDHA deficiency is
associated with neuronal damage in Alzheimer's Disease
(Zhang et al., 2018). The IPA shows how these genes are
connected in a signaling network (Figure 6c), demonstrat-
ing the possibility that frataxin is involved in glycolysis
and other neuropathy-associated genes in FRDA.

Previous studies in iPSC-derived iNs from FRDA
have shown lower ATP levels, decreased aconitase ac-
tivity, and reduced mitochondrial membrane potential
(Codazzi et al., 2016; Hick et al., 2013; Li et al., 2015).
Therefore, these phenotypes are consistent with our find-
ings. Interestingly, when compared to another transcrip-
tional profile study in FRDA iPSC-derived iNs, the only
shared process is the one related to extracellular matrix
(Lai et al., 2019). This discrepancy could reflect the vari-
ability between patients, controls, and techniques to over-
express frataxin. In the study by Lai et al, a combination
of HDAC inhibition and gene editing was used with iNs.
These methods focused on the GAA expansion instead of
just correcting the FXN level.

Restoring frataxin in iCMs led to changes in 417 genes,
which are related to processes and components of the ex-
tracellular matrix. Pathways analyses indicated that the
most significant enrichment is for the extracellular matrix
(Figure 5e). Our FRDA subject had mild cardiac symp-
toms, suggesting that cardiac involvement was in its early
phase.

Genes differentially expressed in a frataxin-dependent
manner in FRDA-iCMs were compared with control iCMs
were enriched in extracellular matrix and the plasma
membrane maintenance pathways. Potentially relevant
genes include GDF15, HMOX1, and HSPG2, which were
upregulated in FRDA iCMs. GDF15 encodes a secreted li-
gand of TGF-beta (also known as Macrophage inhibitory
cytokine-1). Several studies have associated GDF15 and
cardiac fibrosis. In addition to this, GDF15 also increases
in response to cellular and mitochondrial dysfunction.
It acts as an inflammatory marker and is a player in the
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pathogenesis of cardiovascular diseases, metabolic disor-
ders, and neurodegenerative processes (Foley et al., 2009;
Kempf & Wollert, 2009; Rochette et al., 2021; Yatsuga
et al., 2015). This correlation suggests that GDF15 may
have potential as a serum biomarker for FRDA-associated
heart disease (Kempf et al., 2007).

HMOX1 encodes for the heme oxygenase 1 enzyme,
which mediates the first step of heme catabolism. HMOX
upregulation has been implicated in increased ferroptosis
in diabetic atherosclerosis (Meng et al., 2021). Frataxin is
involved in iron regulation and heme synthesis with ferro-
ptosis as a newly proposed mechanism in FRDA (Turchi
et al., 2020), and 10%-30% of FRDA patients develop
diabetes (Cnop et al., 2012; Gucev et al., 2009). HSPG2
gene encodes for perlecan, a heparin sulfate proteoglycan
found in the extracellular matrix. Perlecan has been impli-
cated in various pathologies associated with extracellular
matrix remodeling, including diabetes, cardiovascular dis-
ease, and Alzheimer's disease (Martinez et al., 2018). The
IPA shows how these genes are connected in a signaling
network to other differentially expressed genes in the IPA
knowledge base (Figure 7c). This illustrates the possibili-
ties of frataxin interactions in cardiomyocytes involved in
remodeling the extracellular matrix in FRDA.

When comparing the differentially expressed genes
of FRDA iPSC-derived iCMs from this study with an-
other study in iCMs derived from an FRDA patient (Li
et al., 2019), we found that the shared dysregulated genes
belong to processes related to the extracellular matrix.
Some of the processes are supramolecular collagen fibril
organization, collagen fibril organization, extracellular
space, and extracellular matrix (Table S4). This further
supports the evidence that extracellular matrix remodel-
ing plays a role in developing cardiac disease in FRDA and
that frataxin dysregulation is involved in this process.

The goal of our study was to directly evaluate the role
of the frataxin-deficiency independent of the GAA ex-
pansion or effects of drugs. By doing this, we identified
key interactions of a frataxin network that may contrib-
ute to FRDA pathogenesis. Genes involved in glycolysis
seem to have an essential role in the neurological aspect of
FRDA, whereas genes related to the extracellular matrix
are fundamental for the development of cardiac disease.
This difference between iNs and iCMs may offer insights
into unique effects and susceptibilities of the neuros and
the heart in FRDA. The heart and neurons differ signifi-
cantly in their energy sources and susceptibility to nu-
trient deprivation. In the healthy human heart >95% of
the ATP is produced from oxidative phosphorylation in
the mitochondria. The preferred substrates are fatty acids
accounting for 70%-90% of ATP. Approximately 10%-
25% of myocardia ATP comes from oxidation of glucose,
lactate, amino acids, and ketone bodies. Glycolysis and
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the citric acid cycle account for about 5% of myocardial
ATP (Stanley et al., 2005; Taegtmeyer, 1994). Most car-
diac disease states (e.g., ischemia, heart failure, hyper-
trophy) exhibit reduced myocardial energy production
with a shift away from fatty acids-oxidation towards more
glucose-dependence (Neubauer, 2007). Central neurons
rely almost exclusively on glycolysis with full oxidation
of glycolytic products by oxidative phosphorylation in
the mitochondria (Dalsgaard, 2006; Yellen, 2018). Thus,
the perturbation of glycolytic pathway gene expression in
FRDA neurons may explain why the earliest manifesta-
tion of the disease is usually neurological while cardiac
pathology is later and more variable.

4.1 | Limitations of this study

It is interesting to observe that few genes and pathways
overlap when comparing this study to other RNA-seq
studies in FRDA-relevant cells. This could reflect the dif-
ferent techniques used to generate iNs and iCMs, to up-
regulate frataxin, the patient-to-patient variability, as well
as our study limitations. We did not use an isogenic cell
line as a control, and the results are from one patient.
Therefore, the generation of isogenic cell lines and studies
with multiple patients is vital in resolving which genes are
truly associated with the disease. We also did not observe
any physiologically relevant phenotype in the FRDA cells.
Therefore, the ability to mature the iPSC-derived cells to
generate phenotypes that could be corrected with frataxin
replacement will be critical in obtaining the complete pic-
ture of how FRDA develops.
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