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Exenatide induces frataxin expression
and improves mitochondrial function in
Friedreich ataxia

Mariana Igoillo-Esteve,' Ana F. Oliveira,’ Cristina Cosentino,’ Federica Fantuzzi,"* Céline Demarez,’
Sanna Toivonen,' Amélie Hu,? Satyan Chintawar,2 Miguel Lopes,’ Nathalie Pachera,’ Ying Cai,’
Baroj Abdulkarim,” Myriam Rai,? Lorella Marselli,* Piero Marchetti,* Mohammad Tariq,®
Jean-Christophe Jonas,* Marina Boscolo,® Massimo Pandolfo,? Décio L. Eizirik,"” and Miriam Cnop™®

'ULB Center for Diabetes Research and *Laboratory of Experimental Neurology, Université Libre de Bruxelles, Brussels,
Belgium. *Endocrinology and Metabolism, Department of Medicine and Surgery, University of Parma, Parma, Italy.
“Department of Clinical and Experimental Medicine, University of Pisa, Pisa, Italy. *Pole of Endocrinology, Diabetes
and Nutrition, Institute of Experimental and Clinical Research, Université Catholique de Louvain, Brussels, Belgium.
®Division of Endocrinology, Erasmus Hospital, Université Libre de Bruxelles, Brussels, Belgium. ’Indiana Biosciences

Research Institute, Indianapolis, Indiana, USA.

Friedreich ataxia is an autosomal recessive neurodegenerative disease associated with a high
diabetes prevalence. No treatment is available to prevent or delay disease progression. Friedreich
ataxia is caused by intronic GAA trinucleotide repeat expansions in the frataxin-encoding FXN
gene that reduce frataxin expression, impair iron-sulfur cluster biogenesis, cause oxidative

stress, and result in mitochondrial dysfunction and apoptosis. Here we examined the metabolic,
neuroprotective, and frataxin-inducing effects of glucagon-like peptide-1 (GLP-1) analogs in in vivo
and in vitro models and in patients with Friedreich ataxia. The GLP-1 analog exenatide improved
glucose homeostasis of frataxin-deficient mice through enhanced insulin content and secretion in
pancreatic f cells. Exenatide induced frataxin and iron-sulfur cluster-containing proteins in f§ cells
and brain and was protective to sensory neurons in dorsal root ganglia. GLP-1 analogs also induced
frataxin expression, reduced oxidative stress, and improved mitochondrial function in Friedreich
ataxia patients’ induced pluripotent stem cell-derived p cells and sensory neurons. The frataxin-
inducing effect of exenatide was confirmed in a pilot trial in Friedreich ataxia patients, showing
modest frataxin induction in platelets over a 5-week treatment course. Taken together, GLP-1
analogs improve mitochondrial function in frataxin-deficient cells and induce frataxin expression.
Our findings identify incretin receptors as a therapeutic target in Friedreich ataxia.

Introduction

Friedreich ataxia (FRDA) is an autosomal recessive neurodegenerative disease with a prevalence of 1/30,000
in Whites. Most patients are homozygous for a GAA trinucleotide repeat expansion in the first intron of the
frataxin-encoding FXN gene; a few are compound heterozygous for an expanded GAA repeat and an FXN
loss-of-function mutation (1). Most normal FXN alleles have 8-9 repeats, a few up to 30-35, while expanded
alleles contain from 70 to over 1700 repeats that interfere with FXN transcription by heterochromatin silenc-
ing (2-4). Longer repeats lead to more severe repression of frataxin expression (65%-95% decreased com-
pared with healthy controls), such that most residual frataxin in patients with FRDA derives from the allele
with the shorter GAA repeat (GAA1), the length of which correlates inversely with age of onset and directly
with disease severity (1, 5, 6). The mitochondrial protein frataxin is involved in iron-sulfur cluster (ISC) bio-
genesis, and reduced frataxin expression leads to impaired function and/or expression of ISC-containing
enzymes, iron accumulation in the mitochondrial matrix, oxidative stress, and mitochondrial dysfunction
(7, 8). Besides the neurologic manifestations that include progressive gait ataxia, dysarthria, instability, oculo-
motor abnormalities, and loss of proprioception (9, 10), most patients with FRDA develop impaired glucose
tolerance or diabetes (11-13) and hypertrophic cardiomyopathy, the latter being the main cause of premature
death (6, 10, 14). Frataxin deficiency causes early loss of large dorsal root ganglia neurons followed by neuro-
nal loss in the cerebellar dentate nucleus and other nervous system regions (15, 16), as well as dysfunction and
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apoptosis of insulin-producing pancreatic f cells (13, 17). Advances in the understanding of FRDA patho-
physiology have so far not translated into treatments to prevent, delay, or revert disease manifestations. Anti-
oxidants such as high-dose coenzyme Q,, plus vitamin E or idebenone (18) failed to show efficacy in clinical
trials (19-21). Other approaches tried to enhance frataxin transcription or translation. Interferon-y (22), eryth-
ropoietin (23), or epigenetic modifiers such as histone deacetylase inhibitors (HDACis) (4, 24) showed prom-
ising frataxin induction in in vitro and in vivo models, but the former 2 failed to reach endpoints in clinical
trials (25, 26) and the latter requires pharmacologic optimization to improve efficacy and reduce toxicity (27).

Incretins are gut hormones secreted in response to food intake. Glucagon-like peptide-1 (GLP-1) is
generated by posttranslational cleavage of preproglucagon in enteroendocrine L cells from the ileum and
colon, whereas glucose-dependent insulinotropic polypeptide (GIP) is secreted by duodenal K cells (28).
GLP-1 is also produced by preproglucagon neurons in the brainstem (29). It can be released in response
to non-nutrient stimuli, including neurotransmitters, neuropeptides, and hormones. GLP-1 and GIP have
very short half-lives in the circulation (less than 7 minutes) due to dipeptidyl peptidase IV-mediated degra-
dation. Long-acting GLP-1 analogs, such as exenatide and liraglutide, and dual GLP-1 and GIP agonists
have been developed to treat type 2 diabetes (30, 31). GLP-1 and GIP receptors are expressed on f cells,
as well as in brown fat, heart, kidney, and brain (32). GIP and GLP-1 analogs stimulate cAMP forma-
tion through binding to their G protein—coupled receptors and activate intracellular signaling pathways
that enhance insulin synthesis and glucose-induced insulin secretion and prevent  cell apoptosis (33-36).
Besides these beneficial effects on B cells, the drugs have cardiovascular (37) and neuroprotective actions
(38, 39). We have previously shown that the cAMP inducer forskolin and incretin analogs [D-Ala?]-GIP
and exenatide reduce apoptosis in frataxin-deficient 3 cells and neurons in vitro, by decreasing oxidative
stress and inhibiting the mitochondrial pathway of apoptosis (13, 17). In the course of these experiments,
we serendipitously found that cAMP induction enhances frataxin protein expression in vitro in clonal rat §
cells. Given the potential therapeutic relevance of these findings, the aim of this study was to evaluate the
metabolic, neuroprotective, and frataxin-inducing effect of exenatide in in vivo and in vitro FRDA models.
We also performed an open-label pilot clinical trial with GLP-1 analogs in patients with FRDA to assess
whether the frataxin-inducing effect could be safely obtained in vivo.

Results
Glucose homeostasis in knockin-knockout mice. The frataxin-deficient knockin-knockout (KIKO; B6.Cg-Fxn™ M
Fxn™Pnd/ Ty mouse has a 230 GAA repeat expansion in 1 Fxn allele and an Fxn knockout in the other (40).
Because this mouse has a mild phenotype (41, 42), we exposed it to the metabolic stress of high-fat
feeding. Wild-type (WT) and KIKO mice were randomized to receive regular (10% kcal fat) or high-fat
diet (60% kcal fat). After 15 weeks, mice were again randomized to receive vehicle (white and gray boxes
in Figure 1 and Supplemental Figure 1, respectively; supplemental material available online with this
article; https://doi.org/10.1172/jci.insight.134221DS1) or exenatide (see section below for the effect of
treatment) for 12 weeks while continuing the diet (Figure 1A and Supplemental Figure 1A). At the end
of the dietary intervention, body weight was not different between WT and KIKO mice within each diet
group (Figure 1B and Supplemental Figure 1B). There was a trend for KIKO mice to be insulin resistant,
with somewhat less glucose lowering during the ITT and higher HOMA-IR (Figure 1, C-E), in keeping
with the previously reported insulin resistance gene expression signature in KIKO liver and skeletal
muscle (42). High-fat diet induced weight gain in both genotypes (P < 0.001, Supplemental Figure 1B).
As a result, insulin sensitivity decreased 2-fold in WT mice (P < 0.01, Supplemental Figure 1, C-E); the
decrease was nonsignificant in KIKO mice (that tended to be less insulin sensitive to start with). Fasting
glycemia and intraperitoneal (IP) glucose tolerance were similar between genotypes (Figure 1, F-H,
and Supplemental Figure 1, F-H). High-fat feeding impaired glucose tolerance of both genotypes (P <
0.001, Supplemental Figure 1, G and H). Insulin levels, the insulinogenic index, and § cell function were
comparable in KIKO and WT mice; high-fat diet increased fasting and stimulated insulin levels during
the IPGTT in both genotypes (P < 0.05; Figure 1, I-K; and Supplemental Figure 1, I-K), consistent with
an adaptation to insulin resistance. Overall, the metabolic phenotype of KIKO mice is mild compared
with the more severe phenotype of patients with FRDA, who are insulin resistant and develop impaired
glucose tolerance and diabetes as a consequence of § cell failure (13).

Exenatide improves glucose tolerance and f3 cell function in KIKO mice. We next examined the metabolic impact
of 12-week exenatide treatment in KIKO and WT mice (red boxes in Figure 1 and Supplemental Figure 1).
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Exenatide did not affect body weight in chow- or high-fat diet—fed mice of either genotype, and it did not
change insulin sensitivity (Figure 1, B-E, and Supplemental Figure 1, B-E). Exenatide tended to improve
fasting glycemia of chow-fed KIKO mice (Figure 1F), and it improved glucose tolerance of both genotypes
(Figure 1, G and H). Exenatide improved the insulinogenic index and § cell function of KIKO, but not WT,
mice (Figure 1, J and K). A similar beneficial effect was observed in high-fat diet-fed KIKO mice: exenatide

improved the insulinogenic index and f cell function, but this did not occur in WT mice (Supplemental Fig-

ure 1, I-K). Taken together, the GLP-1 analog exenatide improves glucose homeostasis of frataxin-deficient

mice through enhanced P cell function.
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Exenatide enhances insulin secretion and content of frataxin-deficient islets. Mouse islets were isolated at
the end of the experiment to examine insulin content and ex vivo insulin secretion. Exenatide tended to
enhance basal insulin secretion and insulin content of KIKO mouse islets (Figure 1, L and M). In islets
from high fat—fed KIKO mice, exenatide increased high glucose—stimulated insulin secretion and insulin
content (Supplemental Figure 1, L and M). Exenatide did not improve ex vivo insulin secretion or con-
tent in islets from WT mice on either diet (Figure 1, L and M, and Supplemental Figure 1, L and M).
The enhanced insulin secretion and content in KIKO islets is in keeping with the beneficial in vivo effects
of exenatide in KIKO mice.

Exenatide induces frataxin expression in cerebrum and cerebellum of KIKO mice. We previously demonstrated
that exenatide, [D-Ala?]-GIP, and forskolin protect B cells from apoptosis (13). In the course of these studies,
we unexpectedly observed that these agents upregulate frataxin protein in frataxin-competent clonal rat [ cells
(Supplemental Figure 2). We therefore examined whether exenatide treatment positively modulates frataxin
expression in KIKO mouse cerebrum, cerebellum, heart, and islets, the main disease-relevant tissues in FRDA.
Twelve-week exenatide treatment tended to induce frataxin protein expression in KIKO mouse cerebrum and
cerebellum, as assessed by Western blot and ELISA (Figure 2, A-F). Exenatide did not affect frataxin expres-
sion in WT cerebrum and cerebellum (Figure 2, C and F). In keeping with the trend for frataxin induction,
exenatide tended to enhance expression of the ISC-containing protein ferrochelatase in KIKO cerebrum and
cerebellum (Supplemental Figure 3, A and B). To measure frataxin expression in dorsal root ganglia is techni-
cally not possible, so we assessed neuronal cell area instead as a measure of sensory neuron health. Neurons in
dorsal root ganglia from KIKO mice were smaller compared with those of WT mice, and this was normalized
by exenatide treatment (Figure 2, G and H). The GLP-1 receptor is expressed in islets and heart (Supplemental
Figure 3C), but, in contrast with our findings in rat  cells (Supplemental Figure 2), exenatide did not affect
frataxin protein expression in KIKO or WT islets or heart (Supplemental Figure 3, D-G). The frataxin-induc-
ing effect of exenatide in cerebrum and cerebellum seemed to be independent of transcription because frataxin
mRNA expression was unchanged (Supplemental Figure 3, H and I). In summary, in vivo exenatide treatment
mildly induces frataxin and ISC-containing ferrochelatase expression in cerebrum and cerebellum of fratax-
in-deficient mice, and it is protective to sensory neurons in dorsal root ganglia.

Effects of exenatide on FRDA patients’ induced pluripotent stem cell-derived f cells. To assess the effect of incretin
analogs in a patient-relevant model, we generated and differentiated FRDA patients’ induced pluripotent stem
cells (iPSCs) into pancreatic  cells using a 7-stage protocol and neurons (see section below). Fibroblasts were
obtained from a 26-year-old male FRDA patient with 1180/980 FXN GAA repeats. His symptoms started
before age 10 years with gait instability, followed by progressive trunk and limb ataxia and dysarthria. At
onset, tendon reflexes were absent and he had bilateral Babinski sign. He used a wheelchair before age 20;
dysarthria, upper limb ataxia, and weakness continued to worsen. He developed optic atrophy and severe
hearing loss. He had hypertrophic cardiomyopathy but no heart failure or diabetes. Using episomal vectors,
his fibroblasts were reprogrammed into the iPSC line HEL135.2. HEL135.2 iPSCs expressed pluripotency
markers OCT4, SSEA4, and TRA1-60; had exogenous transgenes silenced (demonstrated by absent PCR
amplification of the episomal vector oriP/EBNA-1 backbone); successfully differentiated into endoderm,
mesoderm, and ectoderm germ layers in an embryoid body assay; and had normal 46,XY karyotype (Supple-
mental Figure 4, A-D). The 7-stage differentiation of HEL135.2 into f cells was efficient, resulting in 58% f
cells and few a or insulin and glucagon double-positive cells (Figure 3, A and B). Key differentiation markers
followed a pattern consistent with pancreatic, endocrine, and f cell development, reaching mRNA levels that
were overall comparable to clonal insulin-producing EndoC-BH1 B cells and primary human islets (Supple-
mental Figure 5) and similar to those of control iPSCs differentiating into f cells (data not shown). These
iPSC- cells had frataxin protein expression levels of around 35% of healthy control cell line HEL115.6 (Fig-
ure 3C). Exenatide treatment mildly induced frataxin expression after 72 hours (Figure 3C). We next mea-
sured NAD(P)H autofluorescence in FRDA iPSC-f cells, as an indicator of production of metabolic coupling
factors by glucose metabolism. Glucose increased NAD(P)H autofluorescence with a larger effect from 0 to
36 mg/dL than from 36 to 360 mg/dL glucose, and the mitochondrial uncoupler carbonyl cyanide-p-trifluo-
romethoxyphenylhydrazone (FCCP) (which reoxidizes mitochondrial NADH and NADPH) rapidly reduced
NAD(P)H autofluorescence in the aggregates (Figure 3D), indicating that the iPSC-f cell mitochondria were
metabolically active. NAD(P)H autofluorescence was modestly increased by exenatide (Figure 3D). High
glucose induced insulin secretion in iPSC-§ cells, and a more potent induction was seen with glucose plus
forskolin; insulin secretory function was comparable after exenatide treatment (Figure 3E).
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Figure 2. Exenatide induces frataxin expression in KIKO mouse cerebrum and cerebellum and increases dorsal root ganglia neuronal cell area. WT or KIKO
mice were treated with saline (Veh) or exenatide (Ex) for 12 weeks. Frataxin protein in cerebrum (A-C) and cerebellum (D-F) was examined by Western blot
(A, B, D, E) and mouse frataxin ELISA (C and F) (n = 5-12 per group). (A and D) Representative Western blot, where each lane corresponds to an indepen-
dent mouse. (B and E) Densitometric quantification of the blots. Frataxin protein was normalized to the geometric mean of proteins GAPDH and a-tubulin
(Western blot) or to total protein (ELISA). Data points correspond to individual mice. The median is shown by a horizontal line in the box plots; 25th and 75th
percentiles are at the bottom and top of the boxes; and whiskers represent minimum and maximum values. *g < 0.05 Ex vs. Veh; #g < 0.05, and ##g < 0.01
KIKO vs. WT by Kruskal-Wallis test followed by Benjamini, Krieger, and Yekutieli correction for multiple comparisons. (G and H) Effect of exenatide on dorsal
root ganglia neuronal area. (G) Representative image of a spine section and magnified dorsal root ganglia neurons (original magnification, x4, and inset,
x10). (H) Distribution of dorsal root ganglia neuronal cell area (5-6 animals per group) measured by Image) (NIH) in WT and KIKO mice treated or not for 12
weeks with exenatide (10-23 pictures per group). The data are shown as a nonlinear fit of cell distribution. ***P < 0.001 Ex vs. Veh for comparison of the
curves by nonlinear regression analysis using extra-sum-of-squares F test.

Incretin analogs induce frataxin protein in FRDA patients’ iPSC-derived neurons. We next examined the effects
of incretin analogs on frataxin in patient neurons. We used previously characterized iPSCs from 2 patients
with FRDA, FA135 and FA141 (2 clones of each), that carry 800/600 and 900/400 GAA repeats, respec-
tively (43). The iPSCs were differentiated using a protocol that maintains and expands neural progenitors
in the form of neurospheres and generates a mixture of neurons and astrocytes (17, 43, 44). At the end
of differentiation the cells expressed low but detectable GLP-1 receptor levels (Supplemental Figure 6A).
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Figure 3. Frataxin expression and
function of an FRDA patient’s
iPSC-derived pancreatic  cells
treated with exenatide. FRDA
patient iPSCs (HEL135.2, 980 GAA
repeats in the smaller FXN allele)
were differentiated into f cells.

(A) Immunofluorescent staining
for insulin (shown in green) and
glucagon (shown in red) at the end
(stage 7) of differentiation. Nuclei
are stained with DAPI (blue). (B)
Quantification of single or double
hormone-positive cells (n = 8).

(C€) Frataxin protein quantified by
ELISA in control and FRDA iPSC-B
cells treated or not (Veh) for 24 or
72 hours with exenatide (50 nM, Ex
50) (n = 3-6 per group). *P < 0.05 Ex
vs. Veh by paired 2-tailed t test. (D)
NAD(P)H autofluorescence of FRDA
iPSC-P cells treated or not with
exenatide for 24 hours. NAD(P)H
data are shown as mean + SEM for
6 aggregates from 3 preparations.
*P < 0.05, and ***P < 0.005 Ex vs.
Veh by 2-way ANOVA for matched
data followed by Bonferroni's
correction for multiple comparisons.
(E) High glucose- and high glucose
plus forskolin-stimulated insulin
secretion by FRDA iPSC- cells
treated or not with exenatide for 24
hours (n = 6). Data are corrected for
total protein. *P < 0.05, and **P <
0.01 by paired 2-tailed t test with
Tukey’s correction for multiple com-
parisons. Data points correspond to
individual experiments. The median
is shown by a horizontal line in the
box plots; 25th and 75th percentiles
are at the bottom and top of the
boxes; and whiskers represent mini-
mum and maximum values.

Differentiated cells were then exposed to vehicle, exenatide, [D-Ala?]-GIP, forskolin, or benzamide HDACi
109, previously shown to enhance frataxin expression (44). Treatment for 72 hours with 50 or 500 nM exenati-
de, the GIP analog, or forskolin significantly induced frataxin protein expression, to the same extent as HDACi
(Figure 4, A and B). There was no consistent additive effect when exenatide and HDACi were combined
(Figure 4, A and B). In line with the mouse data, frataxin mRINA expression was not changed by forskolin or

incretin analogs (Supplemental Figure 6B), which is suggestive of posttranscriptional frataxin induction.

insight.jci.org

The expression of ISC-containing proteins aconitase and NADH dehydrogenase ubiquinone
oxidoreductase Fe-S 3 (NDUFS3) is reduced in iPSC-derived neurons from patients with FRDA (44).
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Similar to HDACi 109 (44), exenatide treatment induced aconitase and NDUFS3 expression in FRDA
iPSC-neurons (Figure 4C). Lipoic acid synthase is another ISC-containing enzyme required for the activity
and stabilization of pyruvate dehydrogenase (PDH), oxoglutarate dehydrogenase (OGDH), and branched-
chain ketoacid dehydrogenase, thereby being an essential cofactor for mitochondrial metabolism (45). The
lipoic acid—bound forms of PDH and OGDH are reduced in FRDA iPSC-derived neurons (44). Interest-
ingly, exenatide enhanced lipoic acid—containing OGDH and PDH expression (Figure 4C). Collectively,
these results show that exenatide induces frataxin expression and ISC availability in patient neurons.

Exenatide induces frataxin and alleviates oxidative stress and mitochondrial dysfunction in FRDA patients’ iPSC-de-
rived sensory neurons. We have previously shown that forskolin, [D-Ala?]-GIP, and exenatide protect fratax-
in-deficient B cells and neurons from apoptosis by decreasing oxidative stress (13, 17). Recent developments
in iPSC differentiation make it possible to generate functional sensory neurons using a 1-step protocol (46).
‘We implemented this technology to differentiate sensory neurons from FRDA patients’ iPSCs FA135 and
HEL135 and also used 2 previously characterized control iPSCs, HEL115.6 and HEL46.11 (47, 48). At the
end of the 8-day differentiation, most cells expressed sensory neuron—specific markers Brn3a, peripherin,
and ISL1 and neuron-specific cytoskeletal marker -tubulin III, showing sensory neuron lineage; expression
of these markers was confirmed at the mRINA level (Figure 5A and Supplemental Figure 7, A-E). As expect-
ed, the patient iPSC-derived neurons expressed low frataxin mRNA and protein compared with healthy con-
trol neurons (Figure 5B and Supplemental Figure 7F). In keeping with the findings in iPSC-derived neurons
and astrocytes, 72-hour exenatide treatment induced frataxin protein expression in FRDA patient iPSC-de-
rived sensory neurons (Figure 5B), while not modifying frataxin mRNA expression (Supplemental Figure
7F). The patients’ sensory neurons had enhanced oxidative stress compared with control cells, and this was
reverted by exenatide treatment (Figure 5C). By Seahorse assessment of mitochondrial function, patient
iPSC-derived sensory neurons had impaired basal respiration, ATP production, and maximal respiratory
capacity compared with control cells (Figure 5, D-G). Exenatide improved these parameters, pointing to
improved mitochondrial function (Figure 5, D-G). Taken together, we demonstrate that exenatide induces
frataxin, reduces oxidative stress, and improves mitochondrial function in FRDA 1PSC-derived sensory neu-
rons, supporting the therapeutic potential of GLP-1 analogs in this neurodegenerative disease.

Exenatide increases frataxin protein expression in patients with FRDA. To evaluate whether GLP-1 ana-
logs induce frataxin expression in patients with FRDA, we performed an open-label pilot trial of 5-week
liraglutide or exenatide treatment followed by a 4-week washout (Figure 6A). The primary objective was
to assess the frataxin-inducing effect of GLP-1 analogs in peripheral blood mononuclear cells (PBMCs)
and platelets, as well as drug safety and tolerability; the secondary objective was to evaluate changes in
FRDA clinical rating scales. Sixteen participants, none of them known to have diabetes, were enrolled
(baseline characteristics in Table 1).

PBMC and platelet frataxin expression has previously been used as an FRDA biomarker (49, 50): these
cells are easily accessible and have GLP-1 receptor expression levels comparable to iPSC-neurons (Supplemen-
tal Figure 6A). Because frataxin protein is challenging to quantify (51), frataxin was measured using 3 methods,
namely Western blot, lateral flow dipstick immunoassay, and ELISA. As expected, PBMCs and platelets from
patients with FRDA showed reduced frataxin mRNA and protein expression compared with unaffected indi-
viduals (Supplemental Figure 8, A—C). Frataxin protein levels in patients’ PBMCs and platelets were inversely
correlated to GAA1 (Supplemental Figure 8, D-F), supporting the use of frataxin protein as a biomarker in
these cells. Because of technical issues with platelet and PBMC sample collection and storage resulting in
insufficient sample quality, frataxin expression could not be assessed in the liraglutide arm of the trial. In the
exenatide arm, frataxin expression was assayed in platelet and PBMC samples. Exenatide led to a modest
increase in frataxin protein expression in platelets, as shown using dipstick immunoassay (Figure 6, B and C),
Western blot (Figure 6, D and E), and ELISA (Figure 6, F and G). This increase was confirmed when platelet
frataxin levels from the 3 assays were averaged (Figure 6, H and I). Frataxin levels in samples from the 5-week
exenatide treatment period were well correlated between different assay methods, with the best correlation for
dipstick and Western blot (Supplemental Figure 9A). The response to treatment was heterogeneous and varied
from no induction in patients with smaller GAA repeat expansions (280 and 580) to a 20%—40% increase in
frataxin protein after 4 weeks of treatment in patients with more than 800 GAA repeats (Figure 6, H and I).

No changes in frataxin protein expression were observed in PBMCs during exenatide treatment
(Supplemental Figure 10, A-G), whereas frataxin mRNA expression increased significantly (Supple-
mental Figure 10, H and I). It is plausible that PBMCs represent a less suitable cell type than platelets for
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Figure 4. Exenatide induces frataxin protein and ISC- or lipoic acid-containing proteins in FRDA patients’ iPSC-derived
neurons. From iPSC-derived neurons from 2 patients with FRDA (FA135 and FA141), 2 clones (CI1 and CI2) were treated or
not (Veh) for 72 hours with forskolin (20 mM, FK), [D-Ala?]-GIP, _ (100 nM, GIP), exenatide (50 or 500 nM, EXx), or HDAC, (5

142
mM) alone or combined with exenatide. (A and B) Frataxin protein expression. (A) Representative Western blot and (B)

densitometric quantification of the blots (n = 6-15 per condition). The results were normalized to a-tubulin and expressed
as fold change from untreated samples. (C) Expression of aconitase, NDUFS3, and lipoic acid-containing forms of 0GDH
and PDH was examined by Western blot and normalized to GAPDH (n = 4). Data are represented using box plots. The
horizontal line in the box corresponds to the median; 25th and 75th percentiles are at the bottom and top of the box; and
whiskers indicate minimum and maximum values. Data points represent independent experiments. Patients and clones
are shown in different colors; the smaller GAA expansion size in FXN is shown in brackets. *g < 0.05, **g < 0.01, and ***g
< 0.001 treated vs. untreated by Kruskal-Wallis test followed by Benjamini, Krieger, and Yekutieli correction for multiple
comparisons; P < 0.05 Ex 500 vs. Veh, by paired 2-tailed t test.

frataxin protein measurement, as suggested by the poorer correlation between different assays to mea-
sure frataxin in PBMCs (Supplemental Figure 9B) compared with platelets (Supplemental Figure 9A).
The sensitivity to detect small changes in frataxin protein may thus be less in PBMCs.

No serious adverse events occurred during the study. The most common side effects were nausea and
decreased appetite (Table 2), as described for exenatide or liraglutide therapy at the rapidly titrated doses.
The GLP-1 analogs led to an average of 1.5 kg body weight loss, which was regained after washout (Table 3).
In this nondiabetic population of patients with FRDA, HbA1c dropped by 0.2% over the 5-week treatment
period (Table 3). There was no change in the neurologic deficit of patients after 5-week exenatide or liraglu-
tide treatment, as assessed by the Scale for the Assessment and Rating of Ataxia, Inventory of Non-Ataxic
Symptoms, and Activities of Daily Living scales (Table 3).

Discussion

There are currently no disease-modifying therapies for FRDA, and treatment remains symptomatic and
supportive. We have previously demonstrated that cAMP induction prevents apoptosis and reduces oxi-
dative stress in frataxin-deficient B cells and neurons (13, 17). In this study, we set out to investigate
the therapeutic potential of GLP-1 analogs for FRDA using in vitro and in vivo disease models. The
data show that 12-week exenatide treatment in vivo improves B cell insulin secretory function in KIKO
mice, mildly induces frataxin and ISC-containing protein expression in cerebrum and cerebellum, and
confers sensory neuroprotection in dorsal root ganglia. In vitro in FRDA patients’ iPSC-derived neu-
rons and sensory neurons, generated using 2 differentiation protocols, exenatide induces frataxin, induces
ISC availability, reduces oxidative stress, and improves mitochondrial function. Based on these promising
preclinical findings, we assessed the frataxin-inducing effect in a pilot study in patients with FRDA and
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Figure 5. Exenatide alleviates oxidative stress and mitochondrial dysfunction in FRDA patients’ iPSC-derived sensory neurons. Sensory neurons
were differentiated from iPSCs from 2 healthy controls (CT1and CT2) and 2 patients with FRDA (FA135 CI1 and HEL135.2). At the end of differentia-
tion cells were treated for 72 hours with PBS (Veh) or exenatide (Ex, 500 nM) in neurobasal medium. (A) Representative immunofluorescence of CT1
cells during sensory neuron differentiation (images are representative of 7 similar experiments; more images are shown in Supplemental Figure 7A).
Pictures were taken at original magnification x20. Expression of sensory neuron markers Brn3a and peripherin was examined at day 8 and neu-
ron-specific cytoskeleton marker B-tubulin |1l at day 8 and after 72-hour culture in neurobasal medium (NB). (B) Frataxin protein expression was ana-
lyzed by ELISA and normalized to total protein (n = 4-6 per group). (C) Oxidative stress was measured with hydroxyphenyl fluorescein (HPF) probe.
(D-G) Mitochondrial respiration was assessed by XFp Extracellular Flux Analyzer (Seahorse, n = 5-7 per group). (D) Oxygen consumption rate (OCR)
profiles of control and FRDA patients’ sensory neurons in basal condition and after injection (arrows) of the ATP synthase inhibitor oligomycin, the
mitochondrial uncoupler FCCP, and the metabolic poisons rotenone and antimycin A. (E-G) OCR measures were used to calculate basal respiration,
ATP production, and maximal respiratory capacity. The horizontal line in the box corresponds to the median; 25th and 75th percentiles are at the
bottom and top of the boxes; and whiskers indicate minimum and maximum values. Data points represent independent experiments. Patients are
shown in different colors; the smaller GAA expansion size in FXN is shown in brackets. #*P < 0.05, and ##P < 0.01 CT vs. FRDA Veh by unpaired 2-tailed
t test; *P < 0.05, and **P < 0.01 FRDA Veh vs. FRDA Ex 500 by paired 2-tailed t test.
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Figure 6. Exenatide induces frataxin protein in FRDA patients’ platelets. (A) Schematic representation of the clinical trial. BID, twice daily. (B, D, F, H)
Spaghetti plots of the changes in frataxin expression relative to baseline (Bs) in platelets over 5-week exenatide treatment followed by 4-week washout.
Frataxin protein was measured by dipstick (B and C), Western blot (D and E), and ELISA (F and G). Panels H and I represent average frataxin expression
measured by Western blot, dipstick, and ELISA. Colored lines represent individual patients (n = 7), with the smaller GAA repeat length in FXN shown for
each at the top of panel B. The thick black lines indicate mean + SEM for each time point. (C, E, G, I) Statistical analysis: dashed lines indicate nonpara-
metric trend line fitted to the mean for each data point (solid black line) and 95% confidence intervals generated by bootstrapping (n = 1000). *P < 0.05 for
a sustained increase in frataxin protein expression calculated by Fisher’s transformation.

showed that 5-week exenatide treatment induces frataxin expression in patients’ platelets. We propose that
2 main mechanisms of action underlie the putative beneficial effects of GLP-1 analogs in FRDA, namely
improvement of oxidative stress and frataxin induction.

The insulinotropic effect of GLP-1 analogs relies on cAMP-mediated protein kinase A activation
that increases insulin biosynthesis and secretion. GLP-1 analogs also have cytoprotective effects that
may be beneficial for frataxin-deficient cells: they improve mitochondrial function, reduce expression
of the proapoptotic thioredoxin-interacting protein Txnip, inhibit c-Jun N-terminal kinase, activate
protein kinase A, and exchange protein activated by cAMP-dependent signaling, leading to enhanced
expression of the antioxidant enzymes glutathione peroxidase, manganese superoxide dismutase,
and catalase and thereby reducing oxidative stress (52—57). The metabolic studies in KIKO and WT
mice showed that frataxin-deficient animals have greater responses to GLP-1 analogs, with clearer
improvement in f cell function (Figure 1 and Supplemental Figure 1). Frataxin-deficient mice might
have a better response to GLP-1 analogs through alleviation of oxidative stress, which is present in
patients with FRDA and frataxin-deficient § cells and neurons and contributes to cellular dysfunction
and death (17, 58, 59). Prolonged oxidative stress reduces insulin gene expression and insulin content
and causes f cell dysfunction (60, 61). Our data indicate that high-fat feeding reduces insulin con-
tent, and this was partially restored by exenatide in KIKO mice (Supplemental Figure 1M). We have
previously demonstrated that forskolin improves mitochondrial oxidative status in frataxin-deficient
B cells (17) and show here that exenatide alleviates oxidative stress in FRDA patients’ iPSC-derived
sensory neurons (Figure 5).

Table 1. Baseline characteristics of patients with FRDA

Sex

1D-01
ID-02
ID-03
ID-04
ID-05
ID-06
1D-07
ID-08
ID-09
ID-11
1D-12
1D-13
ID-14
1D-15
ID-16
1D-17
Mean
+ SEM

<l 1 s i T » -l ¢ -+ e s B s Gl 1 |

Age
(years)

19
20
45
50
27
39
29
32
30
23
21
44
29
24
46
33

GAA GAA Ageat Ageat Disease Systolic Diastolic Pulse Chol HDL LDL Triglycerides
onset diagnosis duration BP BP (bpm) (mg/dL) (mg/dL) (mg/dL) (mg/dL)
(years) (years) (years) (mm) (mm)
845 980 8 12 M 110 67 108 160 40 106 70
500 800 12 13 8 130 80 121 132 53 61 91
480 650 20 24 21 140 74 86 204 48 136 100
850 850 10 14 40 109 66 70 147 47 77 13
250 800 16 16 n m 76 110 196 56 106 168
650 850 14 16 25 148 99 74 131 46 64 100
612 780 15 20 9 10 67 67 139 58 71 51
412 545 19 24 8 10 64 78 158 63 87 41
750 912 16 22 8 106 70 81 152 46 93 65
700 980 14 16 7 123 80 7 154 39 92 13
816 1016 14 18 3 121 77 62 172 47 12 64
912 112 7 13 31 123 77 57 21 52 137 10
1000 1234 M n 18 121 74 70 140 57 77 33
834 300 13 13 1 137 100 107 176 53 102 108
280 780 30 37 9 136 87 71 253 37 164 262
580 720 1 13 20 137 82 72 220 65 135 99

32+3 654+56 869+43 14+1 18+2 15+3 123+3 773 825 172+9 50+2 1017 99 +14

Participants 01-09 were in the liraglutide arm and participants 11-17 in the exenatide arm. BP, blood pressure; Chol, cholesterol; F, female; GAA, GAA
repeat expansion number of the smaller (first column) and larger (second column) FXN alleles; M, male.
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Table 2. Adverse events reported during the 5-week liraglutide or exenatide treatment

Adverse event

W1
Nausea 4
Vomiting 2
Constipation 2
Dysgeusia 1
Epigastric pain 3
Reduced appetite 5
Diarrhea 0
Patient dropout 0

Liraglutide (n = 9) Exenatide (n =7)

W2 W3 W4 W5 % W1 W2 W3 W4 W5 %
4 4 6 4 78 5 5 4 3 2 86
1 0 1 0 33 1 2 1 1 1 29
2 2 2 2 44 0 0 0 0 0 0
2 2 2 2 22 0 0 0 0 0 0
3 3 3 2 44 0 0 0 0 0 0
5 5 5 5 67 2 1 0 1 0 43
0 1 2 0 33 0 1 1 0 0 14
0 1 0 0 1 0 0 0 1 0 14

Data show the number of patients in the treatment arm experiencing a side effect at the indicated week (W); % shows the percentage of patients
reporting the adverse event at least once during treatment. The reason for dropout in the liraglutide arm was a nonserious adverse event; the reason for
dropout in the exenatide arm was not related to an adverse event.

A beneficial impact of GLP-1 analogs was reported in a model of Wolfram syndrome 2, an autoso-
mal recessive disease caused by mitochondrial membrane protein nutrient-deprivation autophagy factor-1
(NAF1, also known as CISD2) deficiency (62). NAF1 is involved in ISC transfer into apoproteins. Its
deficiency in f cells leads to mitochondrial iron accumulation, mitochondrial dysfunction, oxidative stress,
and reduced insulin secretion and content, defects that were partially corrected by exenatide (62). Mito-
chondrial iron accumulation is a hallmark of FRDA (63), but whether GLP-1 analogs improve this remains
to be determined. GLP-1 analogs increase 3 cell antioxidant capacity by inducing NF-E2-related factor
(NRF2), a master regulator of redox homeostasis, and its target, glutathione reductase (56). NRF2 signal-
ing is defective in frataxin deficiency models and in patients with FRDA (64—66), and NRF2 inducers have
been proposed as neuroprotective drugs for FRDA (67). GLP-1 analog-mediated NRF2 induction may be
beneficial for frataxin-deficient 3 cells and neurons.

The present data also show that cAMP induction by exenatide, forskolin, and GIP induces frataxin
protein expression in rat, mouse, and human cells without affecting frataxin mRNA (Figure 2, Figure 3,
Figure 4, Figure 5, Figure 6, Supplemental Figure 3, Supplemental Figure 6, and Supplemental Figure
7). Exenatide has been shown to enhance selected protein synthesis in mouse pancreas without modify-
ing gene transcription (68); the mechanism(s) remains to be elucidated. The frataxin induction by cAMP
inducers, even if modest, may be sufficient to beneficially affect FRDA pathophysiology and hence be
clinically relevant. Indeed, in patients with FRDA, higher frataxin protein levels associate with less
severe phenotype, and heterozygous carriers of an FXN GAA repeat expansion, who have half of nor-
mal frataxin levels (range 30%—-80%), remain asymptomatic (69). In in vitro and in vivo rodent models,
GLP-1 analogs induced expression of frataxin and its downstream targets. The same effects were seen in
FRDA patient iPSC-derived sensory neurons, together with improved mitochondrial function. Exenatide
administration to patients with FRDA led to modest platelet frataxin protein induction (Figure 6). The
response in this pilot study was heterogeneous, with a hint to better responses occurring in patients with
larger GAA1 repeat expansions (i.e., less frataxin expression and more severe disease). The study was
neither designed nor powered to assess this, but future incretin analog trials could evaluate whether GAA
repeat size predicts therapeutic response, and this might guide patient stratification. Some of the vari-
ability in the data may be related to the sensitivity of frataxin protein assay methods. The study was not
designed to assess beneficial effects of GLP-1 analogs on neurologic manifestations of FRDA because it
was very short and did not include a placebo group. Besides the well-known gastrointestinal side effects,
there were no adverse events, suggesting that these molecules can safely be tested in larger trials.

The choice of an incretin analog to treat FRDA should take into consideration the drug’s crossing of
the blood-brain barrier. Several reports describe that exenatide and GLP-1 analogs with higher molecular
weight (through linkage with fatty acids and/or carrier proteins) can directly access the brain, especially
the hypothalamus (70, 71). The magnitude seems, however, limited from liraglutide levels measured
in cerebrospinal fluid (72). More data are needed to assess this for different GLP-1 analogs. Through
inhibitory effects on inflammation and apoptosis, GLP-1 and/or GIP analogs have been shown to confer
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Mouse islet isolation and ex vivo glucose-induced insulin secretion

Islets were isolated by injecting Medium 199 (Gibco, Thermo Fisher Scientific) containing 1 mg/mL colla-
genase from Clostridium histolyticum (MilliporeSigma) into the bile duct. Dissected pancreas was incubated
for 17 minutes at 37°C to ensure digestion. After 3 washes with Medium 199 containing 10% FBS, islets
were separated from exocrine tissue by density gradient Histopaque-1077 (MilliporeSigma). Islets were
washed twice and handpicked for insulin secretion studies. After 30 minutes’ incubation in Medium 199
containing 100 mg/dL glucose and 10% FBS, islets were washed with Krebs-Ringer bicarbonate HEPES
solution, and insulin secretion was induced by sequential 1-hour incubations in Krebs-Ringer bicarbonate
HEPES containing 30 or 300 mg/dL glucose. Insulin was measured by ultrasensitive mouse insulin ELISA
and total protein by Bradford assay (Bio-Rad).

Neuronal size in dorsal root ganglia

Mouse lumbar spine sections were fixed in 4% formalin for 72 hours, washed under running water, and
immersed for 48 hours in decalcifying solution consisting of equal parts of 8% hydrochloric acid and 8%
formic acid (refreshed after 24 hours). Samples were rinsed in water, immersed in neutralizing ammonia
solution for 30 minutes, and washed under running water for 24 hours. Cassettes were immersed in 70%
isopropanol and stored at 4°C until paraffin embedding. Sequential sections, 6 um thick, were stained with
hematoxylin and eosin (MilliporeSigma), and digital images of cross-sectional areas of dorsal root ganglia
were obtained. The number and area of 50-450 dorsal root ganglia neuronal cells per mouse from 4-5 mice
per group were quantified by 2 blinded users with Imagel.

iPSC culture and differentiation into  cells

Skin fibroblasts from a 26-year-old male patient with FRDA were reprogrammed into iPSCs using 3 episo-
mal vectors with oriP/EBNA-1 backbone containing reprogramming factors OCT3/4, SOX2, KLF4, L-MYC,
LIN2S, and p53 shRNA. iPSCs were cultured in Matrigel-coated plates (Corning BV, Life Sciences) in E8
medium (Life Technologies) and passaged with 0.5 mM EDTA (Life Technologies) twice weekly. iPSCs were
differentiated into B cells as described (47) with slight modifications. Briefly, iPSCs were plated at high density
(3 x 108 cells/well) in E8 medium containing 5 uM ROCK inhibitor (STEMCELL Technologies). Differentia-
tion was initiated at confluence (after 24-48 hours). Until pancreatic progenitor stage (stage 4), cells were differ-
entiated in Matrigel-coated wells, after which they were detached and plated into 400-um diameter microwell
plates at 750 cells/microwell (AggreWell, STEMCELL Technologies) to form islet-like aggregates. The differ-
entiation was continued in microwells. Between days 0 and 15 of differentiation, medium was freshly prepared
and changed daily; from day 16 until the end of differentiation, medium was refreshed every second day.

Human islets and EndoC-BH1 cells

Human islets from nondiabetic organ donors (n = 5, age 63 £ 7 years, body mass index 27 + 2 kg/m?, caus-
es of death 2 cerebral hemorrhage, postanoxic encephalopathy, cardiovascular disease, and trauma) were
isolated by collagenase digestion and density gradient purification (76). In these islets the percentage of f
cells, assessed by insulin immunofluorescence, was 43% * 7%. Human EndoC-H1 cells (77), provided by
R. Scharfmann (Cochin Institute, Paris, France), were cultured as described (78). Cells were tested monthly
to rule out mycoplasma contamination.

iPSC differentiation into neurons and sensory neurons

Two previously characterized FRDA iPSC lines (FA135, FA141, 2 clones of each) (43), 1 newly repro-
grammed FRDA iPSC line (HEL135.2), and 2 previously characterized control iPSC lines (HEL46.11
and HEL115.6) (47, 48) were used for neuronal differentiation, as previously described (17, 43). For
sensory neuron differentiation (46), iPSCs were cultured to 60%—-70% confluence, dissociated with
accutase for 5 minutes, pelleted at 250 g for 3 minutes, plated on Matrigel-coated plates at 26,000 cells/
cm?, and cultured in E8 medium with 5 uM ROCK inhibitor for 24 hours. Differentiation medium
DMEM-F12 containing 10% KnockOut Serum Replacement (Thermo Fisher Scientific), 0.3 pM LDN-
193189 (Cellagen Technology), 2 uM A83-01 (Cellagen Technology), 6 uM CHIR99021 (STEMCELL
Technologies), 2 uM R04929097 (Cellagen Technology), 3 M SU5402 (Tocris), and 0.3 pM retinoic
acid (MilliporeSigma) (46) was changed every second day. After 8 days most cells reached the sensory
neuron state. Exenatide was added to neurobasal maintenance medium supplemented with 10 ng/mL
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neurotrophin 3 (PeproTech), 20 ng/mL brain-derived neurotrophic factor (PeproTech), 20 ng/mL nerve
growth factor (PeproTech), and 20 ng/mL glial cell-derived growth factor (Bio-Techne) (46).

Protein extraction

Total protein was extracted from mouse tissues and iPSC-neurons in RIPA buffer (MilliporeSigma) con-
taining protease inhibitors (cOmplete, EDTA-free protease inhibitor cocktail, Roche). Tissues were homog-
enized using T10 basic Ultra-Turrax disperser (IKA). Mouse islets and iPSC-neurons were sonicated in
Bioruptor NGS (Diagenode). Total extracts were clarified by centrifugation (14,000 g for 10 minutes at
4°C), and protein was quantified by BCA method (Thermo Fisher Scientific).

Pilot clinical trial

Study design. The study was a small, single-center, open-label, active-comparator, 2-armed, parallel-group
intervention trial using liraglutide (Victoza, Novo Nordisk) or exenatide (Byetta, AstraZeneca) in patients
with FRDA. The study was conducted at the Erasmus Hospital and had an 11-week duration: 2 weeks for
screening visit, obtaining informed consent, collecting 2 baseline blood samples to measure frataxin expres-
sion, and educating on drug self-administration; 5-week GLP-1 analog treatment; and 4-week washout.
The primary objective was to assess the frataxin-inducing effect of exenatide or liraglutide in patient blood
samples, collected weekly during treatment and after 2 and 4 weeks of washout, and to evaluate safety
and tolerability. Frataxin protein and mRNA expression before, during, and after treatment was assessed
in PBMCs and platelets by lateral flow dipstick immunoassay, ELISA, Western blot, and real-time PCR.
Drug safety and tolerability were assessed by weekly visits and hematology and chemistry tests at the start
and end of treatment. The secondary objective was to evaluate changes in FRDA clinical rating scales,
using the Scale for the Assessment and Rating of Ataxia, Inventory of Non-Ataxic Symptoms, and Activi-
ties of Daily Living scales, before and at the end of treatment and after washout.

Recruitment. Patients were contacted via neurologists in reference centers and through the Europe-
an Friedreich’s Ataxia Consortium for Translational Studies and Friedreich’s Ataxia Research Alliance
patient consortia in Europe. Sixteen participants were enrolled, 9 in the liraglutide group and 7 in the exen-
atide group. Participant characteristics are summarized in Table 1.

Inclusion criteria. Male or female 18- to 70-year-old patients with FRDA diagnosis confirmed by genetic
testing, receiving stable doses of medications for 30 days prior to enrollment and for the duration of the
study, were included. Patients with insulin-treated diabetes, a history of acute or chronic pancreatitis, gas-
tric or other major bleeding, thyroid neoplasia, hypothyroidism, or hyperthyroidism were excluded, as were
patients who had previously experienced side effects from GLP-1 analogs or who had received another
investigational product in the past 28 days.

Treatment. Participants were assigned to liraglutide or exenatide. There was no formal randomization
process. During the first week, the liraglutide group received a starting dose of 0.6 mg liraglutide once daily.
This dose was increased to 1.2 mg/kg during the following 2 weeks and 1.8 mg/kg for the last 2 treatment
weeks. The exenatide group received 5 pg exenatide twice daily during the first week of treatment and the
standard dose of 10 pg twice daily for the following 4 weeks.

PBMC and platelet sample preparation. Blood from patients with FRDA and 2 control individuals was col-
lected in sodium citrate tubes (BD Biosciences), and PBMCs and platelets were purified by differential cen-
trifugation and Ficoll gradient. For protein extraction, cells were lysed by sonication in ice-cold MitoSciences
extraction buffer (Abcam) with protease inhibitors (cOmplete, Roche). Cell extracts were cleared by centrifu-
gation at 14,000 g for 20 minutes at 4°C. Supernatant was stored at —80°C until frataxin protein quantification.

Frataxin protein quantification

MitoSciences dipstick assay (Abcam) was used to measure frataxin protein in PBMCs and platelets. We
used 10 pg total protein from PBMCs and 15 pg from platelets; dipsticks were quantified with Hamamatsu
immunochromato MS1000 Dipstick reader.

Human and mouse frataxin ELISAs (Abcam) were performed according to the manufacturer’s instruc-
tions. Samples were diluted in lysis buffer provided with the kit and equal sample volumes used in the assay.
Frataxin protein was normalized to total protein.

For Western blotting, 15-20 pg total protein was loaded on 14% SDS-polyacrylamide or 4%—15% pre-
cast Mini PROTEAN polyacrylamide gels (Bio-Rad). Proteins were transferred to nitrocellulose membranes,
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blocked with 5% nonfat milk, and incubated with antibodies against frataxin, GAPDH, B-actin, COX IV, aco-
nitase, NDUFS3, mitochondrial superoxide dismutase, and lipoic acid (to detect lipoic acid—containing PDH
and OGDH) (Supplemental Table 1). After incubation with secondary horseradish peroxidase—conjugated
antibodies, proteins were detected using SuperSignal West Femto chemiluminescence revealing reagent (Ther-
mo Fisher Scientific) in ChemiDoc XRS+ system and quantified by Image Lab software (Bio-Rad).

Immunofluorescence

Cells were fixed in 4% formaldehyde for 15-20 minutes, permeabilized with 0.5% Triton X-100 for 10 min-
utes, blocked with UltraV block (Thermo Fisher Scientific) for 8-10 minutes, and incubated with primary
antibodies (Supplemental Table 1) diluted in 0.1% Tween in PBS overnight at 4°C. Following incubation
with secondary antibodies for 30 minutes at room temperature, samples were mounted with Vectashield
with DAPI (Vector Laboratories) and covered with glass coverslips.

Detection of intracellular reactive oxygen species

Reactive oxygen species were measured with the oxidation-sensitive fluorescent probe HPF (Thermo Fisher
Scientific) in cells cultured in black-bottom plates. Cells were incubated with 10 uM HPF for 30 minutes
and washed twice with PBS, and fluorescence was measured in VICTOR multilabel plate reader (Perkin-
Elmer) using excitation and emission spectra of 485 and 535 nm.

Mitochondrial respiration

OCRs of sensory neurons were measured using XFp Extracellular Flux Analyzer (Seahorse Bioscience).
Cells were preincubated in Seahorse medium at pH 7.4 containing 7 mg/mL glucose and 2 mM Glutamax
for 1 hour at 37°C in a non-CO, incubator. Mitochondrial respiration was measured basally and after injec-
tion of 1.5 uM oligomycin, 2 puM FCCP, and 1 uM rotenone plus 1 uM antimycin A. Data were normalized
to total protein. Basal respiration was calculated by subtracting nonmitochondrial respiration from the last
measurement before oligomycin injection, ATP production by subtracting the minimum measurement after
oligomycin injection from the last baseline measurement, and maximal respiration by subtracting nonmito-
chondrial respiration from maximum measurement after FCCP injection.

mRNA extraction and real-time PCR

Total RNA from tissues and cells was extracted using RNeasy Plus Micro Kit (Qiagen). mRNA was
reverse-transcribed as described (17) and assessed by real-time PCR using Rotor-Gene SYBR Green on
Rotor-Gene Q cycler (Qiagen) or Q SYBR Green Supermix (Bio-Rad) on a MyiQ2 instrument (single col-
or, Bio-Rad). Gene expression was calculated as copies/uL using the standard curve approach. Standards
were prepared in conventional PCR. Expression was corrected for the geometric mean of reference genes
GAPDH and p-actin. Primer sequences are described in Supplemental Tables 2 and 3.

Insulin secretion and NAD(P)H autofluorescence in iPSC-derived B cells

For insulin secretion, 40 iPSC-f cell aggregates per condition were washed in glucose-free Krebs buffer (Uni-
vercell-Biosolutions), preincubated 30 minutes in 30 mg/dL glucose, and then incubated at low (30 mg/dL) or
high glucose (300 mg/dL) and high glucose plus forskolin (10 pM) for 1 hour. Insulin released to supernatant
and insulin content were analyzed by human insulin ELISA (Mercodia) and normalized to total protein (Bio-
Rad protein assay). For NAD(P)H measurements, aggregates were incubated for 2 hours in glucose-free, bicar-
bonate-buffered Krebs and then perifused (flow rate ~1 mL/min) with Krebs containing 0—360 mg/dL glucose.
NAD(P)H autofluorescence was recorded by microspectrofluorometry in 6 perifused aggregates as described (79).
Data were normalized to fluorescence levels measured 15 minutes after addition of 10 uM FCCP.

Statistics

Data are shown using box plots, with the median represented by horizontal line and 25th and 75th
percentiles at the bottom and top of the box. Comparisons between groups were performed by Kru-
skal-Wallis test followed by Benjamini, Krieger, and Yekutieli correction for multiple comparisons,
unpaired 2-tailed  test followed by Holm-Sidédk correction for multiple comparisons, or 1- or 2-way
ANOVA followed by unpaired or paired 2-tailed ¢ test with Bonferroni’s or Tukey’s correction for mul-
tiple comparisons. P < 0.05 or g < 0.05 was considered statistically significant.
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Study approval

Animal experiments were approved by the Commission d’Ethique du Bien-Etre Animal of the ULB
(reference 647N) and are in accordance with the Guide for the Care and Use of Laboratory Animals
(National Academies Press, 2011) from the Institute for Laboratory Animal Research, National
Research Council.

Human pancreata not suitable for clinical purposes were collected from nondiabetic, brain-dead organ
donors after obtaining written informed consent from next of kin and handled as described (80) with the
approval of the Ethical Committee, University of Pisa, in Pisa.

FRDA patient skin fibroblasts were obtained after written informed consent was given by patients with
approval by the Erasmus Hospital Ethics Committee.

The clinical trial with GLP-1 analogs in patients with FRDA was approved by the Erasmus Hospi-
tal Ethics Committee (reference P2014/311) and submitted to the European Clinical Trials Database
(EudraCT/CCB 2014-003598-41). Participants provided written informed consent prior to inclusion.
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