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Abbreviations and acronyms

FA — Friedreich’s Ataxia

FXN — Frataxin (gene/protein)

FA-DMR - Friedreich’s Ataxia—Differentially Methylated Region
CRISPR - Clustered Regularly Interspaced Short Palindromic Repeats
CRISPRa - CRISPR activation

dCas9 — dead Cas9

VP160 / VP64 / VPR — activation domains derived from VP16 (transcriptional activator from
Herpes Simplex)

sgRNA - single guide RNA

ZF | ZFA | ZFAs — Zinc Finger / Zinc Finger Activator(s)
AAV — Adeno-Associated Virus

NLS — Nuclear Localization Signal

iPSC(s) — induced Pluripotent Stem Cell(s)

NPC(s) — Neural Progenitor Cell(s)

DRG(s) — Dorsal Root Ganglion (Ganglia)

CTRL - Control (healthy donor)

DIV — Days In Vitro

hFXN/mFXN — human/murine Frataxin

ISC(s) — Iron—Sulphur Cluster(s)

ETC — Electron Transport Chain

ROS - Reactive Oxygen Species

RNA-seq — RNA sequencing

RT-gPCR - Reverse Transcription quantitative Polymerase Chain Reaction
PCA — Principal Component Analysis

FDA — Food and Drug Administration

EMA — European Medicines Agency

AAV — Adeno-Associated Virus (vettore virale)



CHAPTER 1
General introduction

1. Proprioception

Proprioception is the sense that enables the perception of body and limb position and movement in
space (Sherrington CS, 1906). This “sense of self” originates in the musculoskeletal system, where
proprioceptors, muscle spindles and Golgi tendon organs (GTOs), detect muscle stretch and tension
(Jami L, 1992; Matthews PBC, 1972). These signals are transmitted via afferent axons of
proprioceptive sensory neurons, whose cell bodies reside in the dorsal root ganglia (DRGs), to the
central nervous system (CNS). In the CNS, proprioceptive signal is either transmitted to a spinal
reflex circuit, for rapid and unconscious motor response, or, at the same time, to upper centers of
motor control, in cerebellum and cortex, to elaborate a conscious response to the peripheral stimulus
(Proske U, Gandevia SC, 2018.; Riemann BL, Lephart SM, 2002.; Tuthill JC, Azim E, 2018). Through
the spinal reflex circuit, the action potential generated by the proprioceptive neurons is instantly
transmitted to the a-motorneurons innervating the extrafusal fibers of the same muscle, to
immediately stabilize posture and adapt to unexpected external factors. In parallel, the signal is
transmitted to the upper motor centers through ascending pathways, such as the cerebello-thalamo-
cortical pathway and the dorsal column—medial lemniscus cortical pathway (Horne MK, Butler EG.
1995, Ivanusic JJ et al. 2005, Loutit AJ et al. 2021). Once the target organ has been reached by the
signal, this is elaborated and a response is sent back to the a-motorneurons, contacting the muscle.
This feedback loop allows the muscle to contract with a strength that is directly proportional to the
intensity of the stretch recorded by the proprioceptors, in order to avoid possible damages to the
tissue and to ensure a proper positioning of the body in the surrounding space (Kréger S et al.,
2018). Proprioceptive information tells us about the contractile state of our muscles and, therefore,
it is essential for the coordination of any movement, normal gait and steady posture. Since this sense
is vital for motor control, pathological conditions in which it is impaired result in prominent sensory
and motor deficits, culminating in ataxic symptoms (Dietz V et al., 2002). Congenital absence of
proprioception results in developmental alterations of head movements control and walking, an early
impairment of fine motor skills, sensory ataxia with unsteady gait, inability to maintain balance with
eyes closed (Romberg’s sign) and an absence of tendon reflexes (Behunova J et al., 2019; Delle
Vedove A et al., 2016; Haliloglu G et al., 2017; Mahmud AA et al., 2017; Masingue M et al., 2019;
Smith LJ et al., 2018). In this condition, secondary senses, such as visual and vestibular systems,
can help compensate for proprioceptive lack, ensuring the possibility to perform coordinated
voluntary movements. Interestingly, recent evidence highlighted the involvement of proprioceptive
system also in the realignment and proper healing of fractured bones (Blecher R et al., 2017) as well

as for the maintenance of spine alignment (Blecher R et al., 2017, 2018; Kroger S et al., 2018).
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1.1 Muscle spindle

The muscle spindles are the main proprioceptors that can be found in the organism (Matthews PB,
2015; Proske U, Gandevia SC, 2012). In humans, their number is around 50000 (Banks RW, 2006).
They consist of specialized incapsulated muscle fibers (called intrafusal fibers), oriented in parallel
to the other (extrafusal) muscle fibers. Human intrafusal fibers can be up to 8 mm long and each
spindle can be composed of 8-20 fibers (Kiehn O, 2016; Macefield VG, Knellwolf TP, 2018; Proske
U, Gandevia SC, 2012). Intrafusal fibers can be distinguished as nuclear bag or nuclear chain fibers,
according to the positioning of their multiple nuclei (Kroger S, Watkins B, 2021). Muscle spindle
function is to sense alterations in muscle stretch and communicate this information to the CNS
(Matthews PB, 2015). Indeed, the muscle spindle is innervated by multiple neuronal terminations, in
particular by two kinds of neurons: afferent sensory neurons and efferent motorneurons. The sensory
neurons terminals can be divided into type la primary fibers, that form the annulospiral wrapping
around the central part (equatorial) of the intrafusal fibers, and type Il secondary fibers that, when
present, contact the region flanking the equatorial one. The two types display different velocity of
conduction of the signal (Banks RW, 2015). Additionally, intrafusal fibers are innervated by y- and $3-
motorneurons efferents. y-motorneurons, the best characherized and more abundant, represent the
30% of motorneurons in the ventral horn of the spinal cord. These terminals enter the muscle spindle
together with the sensory axons, but then they form cholinergic synapses exclusively with the polar
regions of the fibers, where most of the sarcomeres are localized. The endplates formed by y-
moteroneurons inside the muscle spindle are different from the neuromuscular junctions formed by
a-motorneurons with the extrafusal fibers, however they have common features such as their
cholinergic nature, junctional folds and a basal lamina filling the synaptic clefts (Banks RW, 1994;
Manuel M, Zytnicki D, 2011; Zhang Y et al., 2015).

The mechanism by which all these elements work in synergy, to control the proprioceptive inputs
and generate a response, relies on a series of auto-regulatory feedback that could be explained as
follows. Upon muscle stretch, an action potential is generated in the sensory neurons afferents with
a frequency corresponding to the entity of the event (De-Doncker L et al., 2003). The signal is
transmitted to the CNS, where a co-activation of a- and y-motorneurons happens. y-motorneurons
induce the contraction of the sarcomeres in the polar regions of the intrafusal fibers, generating a
shortening of the fibers themselves and a stretch of the non-contractile equatorial region, with a
consequent increased firing rate of the sensory terminals. In the meantime, as previously said, also
a-motorneurons synapses are activated and the extrafusal fibers contraction is obtained (Proske U,
1997). This complex system guarantees a continuous adjustment of the mechanical sensitivity of the
spindle, throughout the succession of muscle lengths and stretch velocities that usually takes place
during a movement. Muscle spindle formation starts during embryonic development. In humans,
muscle spindles are detectable from week 11 of gestation (Deriu F et al., 1996; Mavrinskaya LF,

1968; Przedpelska-Ober E, 1982). Immature intrafusal fibers maturation begins with the formation
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of physical contact between sensory neurons axons and primary myotube. At this point the two
elements start exchanging signals that favour reciprocal survival and maturation. More in detail,
axons terminals secrete Neuregulin-1 (Nrg-1) factor which, through ErbB2 receptor, activates a
pathway that leads to the induction of the transcriptional program for mature intrafusal fibers
(Andrechek ER et al., 2002; Cheret C et al., 2013; Hippenmeyer S et al., 2002; Zelena J, 1994;). At
the same time, muscle fibers release neurotrophin-3 (NT-3) that, binding to the tropomyosin receptor
kinase C (TrkC), promotes the survival of proprioceptive sensory neurons. Indeed, it was
demonstrated that muscle specific NT3- overexpression results in an increased number of sensory
neurons afferents and muscle spindles (Ernfors P et al., 1994; Klein R et al., 1994; Smeyne RJ et
al., 1994; Wright DE et al., 1997).

1.2 Dorsal root ganglia (DRGs)

In vertebrates, all the somatosensory pathways begin with the activation of sensory neurons, which
sense the input from the periphery and transmit it to the CNS. They are responsible for
mechanoception (sensing pressure), nociception (feeling pain), thermoception (sensing
temperature) and proprioception (sensing body position in space) (Nascimento Al et al, 2018). Their
cellular bodies (somas) are grouped inside the dorsal root ganglia (DRGs), structures located
alongside the spinal cord. Humans have 31 pairs of spinal nerves formed by sensory fibers whose
somas are in the DRGs (Haberberger RV et al, 2019). Interestingly, sensory neurons have a peculiar
pseudo-unipolar morphology, first described in 1886 by His (His W, 1886). Indeed, they have a single
protrusion called stem-axon that, inside the DRG, bifurcates into a peripheral and a central axon
branch. As reported above, the stimulus from the periphery generates an action potential that
propagates towards the spinal cord through the peripheral axonal branch. It enters the CNS, along
the central axonal branch, through the dorsal horn of the spinal cord and, once there, it follows either

ascending or descending pathways (Giuffrida R, Rustioni A, 1992).

1.2.1 Somatosensory neurons subtypes

DRG neurons are a strongly heterogeneous cell population and, for this reason, still today a clear
and unique classification has not been reached. According to their functionality, they can be classified
as mechanoceptors, proprioceptors, nociceptors and thermoceptors (Meltzer S et al., 2021). Large-
diameter axon neurons are generally defined as Aa fibers and they are mainly proprioceptors,
characterized by fast conduction speed. Proprioceptors can be subdivided into other three classes.
The group la and Il proprioceptive neurons innervate muscle spindles, while group If innervates

Golgi tendon organs and they are sensitive respectively to changes in muscle stretch and tension

6



(Tuthill JC, Azim E, 2018; Zampieri N, de Nooij JC, 2021). Among the large-diameter and large-body
neurons, can be found also a group of low-threshold mechanoceptors (LTMR). Their myelinated fast-
conductive fibers, referred to as AR fibers, respond to mechanical stimuli from the skin such as skin
vibration, hair deflection and skin stretch (Zimmerman A et al.,2014). Intermediate cell body size and
A fibers neurons, with medium velocity of conduction, are again a mixed group of sensory neurons.
In this class, it is possible to find neurons sensitive to thermal stimulation, mechanical forces and
chemical irritants acting on the skin or internal organs. For example, Ad -LTMRs, belonging to this
group, are sensitive to skin indentation and hair deflection. On the other hand, Ad -high threshold
mechanoceptors (Ad -HTMR) respond to high force mechanical inputs (Sharma N et al, 2020).
Finally, there are small body size and small axon diameter sensory neurons. Their axons are the
ones with the slowest conduction velocity and they are called C fibers. DRG neurons with C fibers
include thermoceptors, nociceptors, mechanoceptors, pruriceptors which collectively report tissue
damage, thermal stimuli, soft mechanical inputs acting on hairy skin and the presence of pruritogens

factor on the skin or certain internal organs (Cranfill SL, Luo W, 2021). An important group of neurons

with small caliber is represented by nociceptors. Historically, nociceptors were classified as either
peptidergic or non-peptidergic (Basbaum Al et al., 2009). Peptidergic nociceptors secrete the

neuropeptides CGRP and substance P, while the non-peptidergic ones express the neurotrophic
factor Ret. Small diameter nociceptors can also be distinguished upon the expression of several ion
channels such as TRPV1, TRPA1, TRPM8 and ASICs channels. C fibers-LTMRs are responsive to
hairy skin stimuli (Zotterman Y, 1939) and, in humans, to affective touch (Olausson H et al, 2010)

(Figure 1).
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Figure 1. Somatosensory neurons projections. The cell bodies of somatosensory neurons are located in
the dorsal root ganglia (DRG), positioned next to the spinal cord. These DRG neurons exhibit a pseudo-
unipolar structure, with a single axon that splits into two branches, one projecting toward the periphery and the
other toward the spinal cord. On the right, the main types of peripheral target tissues innervated by specific
DRG neuron subtypes are illustrated. Also shown are the general, though simplified, lamination patterns of
their central projections within the spinal cord. Notably, AR low-threshold mechanoreceptor (LTMR) fibers and
proprioceptors possess central branches with multiple collaterals that extend along the rostral-caudal axis of
the spinal cord, as well as an additional branch that travels upward through the dorsal column, often reaching
the dorsal column nuclei in the brainstem (adapted from Meltzer S et al., 2021).

1.2.2 Somatosensory neurons development

The heterogeneity of DRG neurons and the difficulty in creating a clear and unambiguous
classification is the reflection of the wide range of stimuli that the human organism can respond to.
The complexity of this system rises from the developmental cues that lead the neurogenesis of
somatosensory neurons. In the following paragraph, the process through which the DRG neurons
acquire their mature identity will be illustrated.

DRG neurons and all the peripheral nervous system (PNS) glia originate from the neural crest cells
(Le Douarin N et al.,1991). Neurons and glia in the CNS, on the other hand, originate from the neural
tube (Rowitch DH, 2004). Neural crest cells are located dorsally to the neural tube and they migrate
ventrally, to form the DRG, between E8.5 and E10 in mouse, in response to signaling cues from the
neural tube (Kasemeier-Kulesa JC et al., 2005; Serbedzija GN et al., 1990). The identity of the future
DRG neurons is determined through two specifying waves characterized by the activation of the
transcription factors Neurogenin 1 and 2 (Ngn1/2). During the first wave, neural crest cells start to
express Ngn2. The so defined transcriptional program gives rise mainly, but not only, to
proprioceptive neurons positive for TrkC and mechanoceptive neurons positive for TrkB and Ret.
The Ngn1-dependent second wave generates small diameter TrkA-positive nociceptive,
mechanoceptive and thermoceptive neurons. Finally, a third and late wave of neurogenesis at E12
(in mouse) happens, starting from the progeny of the boundary cap cells which locates transiently
on the top of the neural tube. This final wave brings to the specification of TrkA, TrkB and TrkC
sensory neurons (Nascimento Al et al., 2018) (Figure 2). As already mentioned, from this process
also PNS glia is generated. In the PNS the main glial cells are the Schwann cells and the satellite
glial cells (SGCs). Similarly to DRG neurons, also glia is specified from neural crest cells and
boundary cap cells. SGCs are present only in the DRGs and they interact with the body and the
initial segment of the axons of the sensory neurons. Every DRG neuron is surrounded by one or
multiple SGCs sheets and each neuron with its SGCs form a separate unit from the other neurons,
thanks also to the presence of connective tissue among them. Conversely, Schwann cells are
responsible for the wrapping of the distal portion of the neuronal axons both in the PNS and the CNS
(Nascimento Al et al., 2018). One of the main features of the somatosensory neurons is their unique

pseudo-unipolar morphology. During embryonic development, the not still mature DRG neurons are
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bipolar, then the cell body elongates and this gives origin to the stem axon from which the two axonal
terminals (central and peripheral) protrude and generate the peculiar T shape (Matsuda S et al.,
2000).

Migration routes that Migration routes that
generate DRG neurons generate glial cells

Dorsal root entry zone
with boundary-cap cells

Neural
crest cells

Neural tube . . .
Motor exit point with boundary-cap cells

e
1stwave of neural crest cells
2"d wave of neural crest cells

Boundary cap cells

Figure 2. Somatosensory neurons development. Migration pathways of neural crest cells (shown in red)
and boundary cap cells (shown in green) give rise to dorsal root ganglion (DRG) neurons (left) and glial cells
(right). Neural crest cells detach from the dorsal neural tube and generate DRG neurons through two
overlapping waves of neurogenesis. A third wave arises from boundary cap cells, transient intermediate
progenitors located at the dorsal root entry zones and future motor exit points. Both neural crest cells and
boundary cap cells contribute to the formation of DRG neurons and peripheral glial cells. The timeline of
neurogenesis in lumbar DRGs of the mouse is also illustrated (From Nascimento Al et al., 2018).

1.3 Cerebellum

The human cerebellum (“little brain”) is an important part of the central nervous system (CNS) both
in size and neural processing power. The cerebellum connects to the brainstem via three roots: the
superior, middle, and inferior peduncles. It has a unique and perfectly organized structure. The cortex
is divided into three transverse lobes: anterior and posterior lobes are separated by the primary
fissure, and the smaller flocculonodular lobe is separated by the posterolateral one. The anterior and
posterior lobes are folded into a series of lobules and further folded into folia. Longitudinally, it can
be divided into a central part called vermis, because of its worm-like shape, and two lateral

paravermis regions which give rise to the lateral emispheres (Aminoff MJ, Daroff RB, 2014).



The cerebellar cortex contains five cell types organized in layers. The most prominent cell type of
the cortex is the y-aminobutyric acid (GABA)ergic Purkinje cells. Their inhibitory axons, contacting
the deep cerebellar nuclei, represent the only output from the cerebellar cortex. Each cortical region
projects systematically to the underlying deep nuclei. The lateral hemisphere projects predominantly
to the Dentate Nucleus; the paravermis projects to the Interpositus Nucleus, which in humans is
divided into globose and emboliform nuclei; and the vermis projects to the fastigial nucleus. The
flocculonodular cortex projects to the Dieter’s Nucleus, a more lateral deep cerebellar nucleus
(Aminoff MJ, Daroff RB, 2014). Charles Sherrington, in 1900, defined the cerebellum as the “head
ganglion” of the proprioceptive system, considering its central role in elaborating the somatosensory
information coming from the DRG neurons. Indeed, anatomically, once reached the CNS, the
sensory inputs from the periphery are sent to upper centers. More precisely, two pairs of
spinocerebellar tracts originate from the DRG neurons terminals exiting the spinal cord: the dorsal
spinocerebellar tract (DSCT) and the ventral spinocerebellar tract (VSCT), carrying information from
the hindlimbs and lower trunk, and the cuneo- and rostro-spinocerebellar tracts, carrying information
from the forelimbs and upper trunk. The DSCT arises from Clarke’s Nucleus, located posteriorly in
the spinal cord, and provides fast-adapting cutaneous and muscle mechanoreceptor information to
the cerebellum via the inferior peduncle. The VSCT arises from more lateral cells of the spinal gray
matter and carries muscle spindle, cutaneous, and particularly Golgi tendon organ inputs via the
superior cerebellar peduncle. In the cerebellum, mossy and climbing fibers, the terminal part of the
ascending tract, form excitatory glutamatergic synapses with the Purkinje cells in the granule layer
of the cerebellar cortex. The so activated Purkinje cells generate output signals that are sent to the
deep cerebellar nuclei. From here some cerebellar outputs relay via the thalamus to the motor cortex,
where the motor command is elaborated. Other outputs follow the indirect pathway that involves the
red nucleus and vestibular nuclei in the brainstem, which in turn project to the motor cortex (Aminoff
MJ, Daroff RB, 2014). At this point, the motor instructions are sent back to the spinal cord through
the corticospinal (or pyramidal) tract by the pyramidal neurons in the V layer of the motor cortex. In
the ventral horn of the spinal cord, the motor stimulus reaches a-, B- or y-motorneurons, the last
hierarchical element in movement control (Figure 3). As explained in paragraph 1.1, each type of
motorneuron is responsible for contacting specific areas of the muscle fibers. As said so far, the
movement is finely regulated by motor cortex outputs, but a fundamental role is also played by the
simpler and faster reflex arc. The reflex arc consists in the synaptic interaction of sensory neurons
directly with a-motorneurons. When the signal from the periphery travels along the central axon of
the DRG neurons it can be sent not only to the Clarke’s Nuclei, to follow ascending pathways, but
also directly to the a-motorneurons, that immediately induce the muscle contraction. This system
ensures a rapid adaptation to unexpected changes in muscular tone and prevents possible tissue

damages caused by excessive stretch (Aminoff MJ, Daroff RB, 2014).
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Pons
Cerebellum
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Figure 3. Spino-cerebellar pathways. Proprioceptive primary somatosensory axons originating from joints,
tendons, and ligaments, represented here by group Ib afferents from Golgi tendon organs, terminate on
neurons that give rise to the ventral spinocerebellar tract (VSCT) and the rostral spinocerebellar tract (RSCT),
which carry information from the lower and upper body, respectively. Meanwhile, proprioceptive axons from
muscle spindles, represented by group la afferents, synapse onto neurons located in Clarke’s nucleus and the
lateral (external) cuneate nucleus of the medulla, which give rise to the dorsal spinocerebellar tract (DSCT)
and the cuneo-cerebellar tract for the lower and upper body, respectively. The DSCT, RSCT, and cuneo-
cerebellar tracts remain on the same (ipsilateral) side of the body, while the VSCT crosses the midline twice,
first at the anterior white commissure of the spinal cord and again within the cerebellum (James A. Perkins,
MS, MFA-Netter Collection).



2. Friedreich’s ataxia (FA)

2.1 Clinical aspects

FA is the most prevalent autosomal recessive hereditary ataxia, with an estimated prevalence of
approximately 1 in 40,000 individuals within the Caucasian population (Koeppen AH, 2011; Pandolfo
M, 2009). The disease typically manifests during childhood or adolescence, with an average age of
onset between 10 and 15 years. Progressive motor impairment often leads to wheelchair
dependence within 10-15 years of symptom onset. The mean life expectancy is around 36 years,
with cardiomyopathy representing the leading cause of mortality. The hallmark clinical features of FA
include limb and gait ataxia, resulting from progressive neurodegeneration. Additional neurological
manifestations comprise dysarthria, areflexia, and loss of vibration and proprioceptive senses
(Corben LA, 2010). The neurodegenerative process predominantly affects large sensory neurons
within the DRGs, especially proprioceptive neurons, the Dentate Nucleus of the cerebellum, and the
corticospinal tracts (Harding IH, 2020). Patients may also experience visual impairment, hearing
loss, urinary urgency, and neuropathic pain. Visual loss is associated with degeneration of the optic
nerve and thinning of the retinal ganglion cell layer, whereas hearing loss arises from auditory
neuropathy. Neuropathic pain, on the other hand, results from sensory neuron degeneration (Keita
M et al., 2022). Although FA is classically defined as a neurodegenerative disorder, it is now
recognized as a multisystemic disease. Cardiac involvement is particularly prominent and represents
the major life-limiting complication, accounting for approximately 60% of deaths.
Electrocardiographic and echocardiographic abnormalities are common, with about 85% of patients
showing T-wave repolarization anomalies (Payne RM, 2011). The most frequent cardiac phenotype
is concentric left ventricular hypertrophy, which may progress to myocardial fibrosis. Atrial
arrhythmias, particularly atrial fibrillation, are also frequently observed (Lynch DR, 2012). In addition
to cardiac and neurological symptoms, FA patients frequently present with skeletal deformities, such
as scoliosis and pes cavus, which occur in approximately 55-75% of cases. Pes cavus is
characterized by an exaggerated and rigid plantar arch that fails to flatten under load, thereby
impairing gait and foot function (Delatycki MB, 1999). Endocrine involvement is also frequent, as up
to 10% of FA patients develop diabetes mellitus over time, reflecting the systemic metabolic
disturbances associated with frataxin deficiency (Keita M et al., 2022). To date, no curative therapy
exists for Friedreich’s ataxia. Management remains primarily symptomatic and supportive. In 2023,
the U.S. Food and Drug Administration (FDA) approved the first disease-modifying treatment,
Omaveloxolone, which was subsequently approved by the European Medicines Agency (EMA) in
2024. Omaveloxolone acts downstream of frataxin deficiency by activating the transcription factor
NRF2, which binds to antioxidant response elements (AREs) in DNA to induce the expression of

cytoprotective and antioxidant genes (Abeti R et al., 2018). This mechanism helps mitigate oxidative
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stress, one of the principal pathological hallmarks of FA. Nevertheless, despite this advancement, a

definitive curative treatment remains unavailable (Keita M et al., 2022).

2.2 Frataxin gene and mutation

The Frataxin (FXN) gene, which is mutated in FA, spans approximately 95 kilobases and is located
on chromosome 9921.11. The gene comprises seven exons, of which six (exons 1, 2, 3, 4, 5a, and
5b) contain coding sequences. The major FXN transcript is approximately 1.3 kilobases in length
and includes exons 1 through 5a, although additional minor alternatively spliced transcripts have
also been identified (Campuzano V et al., 1996). FXN expression is ubiquitous across tissues, but
its abundance varies both spatially and temporally. In adult humans, the highest transcript levels are
detected in the heart and spinal cord, followed by the liver, skeletal muscle, and pancreas
(Jiralerspong S et al., 1997). FA is caused primarily by a pathological expansion of GAA triplet
repeats located within intron 1 of the FXN gene (Campuzano V et al.,, 1996). In the general
population, this region is polymorphic and typically contains fewer than 40 GAA repeats. In contrast,
affected individuals harbor between 56 and 1700 repeats. Approximately 96% of FA patients are
homozygous for this GAA expansion, whereas the remaining ~4% are compound heterozygotes,
carrying an expansion on one allele and a point mutation on the other (Galea CA et al., 2016).
Following the identification of the causative mutation, it was demonstrated that the expanded GAA
tract induces transcriptional silencing of the FXN gene (Bidichandani Sl et al., 1998). Consequently,
FXN expression is markedly reduced, with residual protein levels in patients ranging from 10% to
30% of normal. The severity of clinical manifestations correlates directly with the number of GAA
repeats on the shorter expanded allele, while the age of disease onset shows an inverse correlation
(Durr A et al., 1996).

2.4 Molecular mechanisms of FA

Since the identification of the causative mutation in FA, the molecular mechanisms underlying FXN
gene silencing have remained only partially elucidated. Nevertheless, considerable research efforts
have been devoted to uncovering the epigenetic and structural events responsible for the
transcriptional repression of the gene (Gottesfeld JM, 2019). Extensive biochemical analyses have
demonstrated that the expanded GAA-TTC repeat tract within intron 1 of FXN can adopt non-
canonical DNA conformations. /n vitro studies using plasmids harboring long GAA-TTC repeats
revealed the formation of triplex (H-DNA) structures, consisting of two purine (R) GAA strands and
one pyrimidine (Y) TTC strand, flanked by a single-stranded pyrimidine-rich region. These RRY

configurations exhibit a strong propensity to form “sticky DNA” conformations that can impede the
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progression of the transcription machinery, thereby inhibiting gene expression (Sakamoto N et al.,
1999). Alternative mechanisms of transcriptional repression have also been proposed. One
hypothesis involves the formation of DNA-RNA hybrid structures (R-loops). Gromak and colleagues
demonstrated that FXN alleles in FA patients exhibit a high accumulation of R-loops, suggesting that
their formation could represent an early event triggering heterochromatin assembly and subsequent
transcriptional silencing (Groh M et al., 2014). In parallel, Bidichandani’s group proposed a distinct
RNA-mediated mechanism involving the antisense transcript FAST-1 (FXN Antisense Transcript 1).
This transcript overlaps the CTCF (CCCTC-binding factor) insulator site within the FXN locus,
potentially interfering with CTCF binding and promoting heterochromatin formation. Overexpression
of FAST-1 resulted in reduced FXN expression, supporting this model, although the upstream
mechanisms responsible for the increased FAST-1 levels observed in FA remain unclear (De Biase
| et al., 2009). It is now widely accepted that heterochromatin formation plays a central role in FXN
silencing and FA pathogenesis. Early evidence from Festenstein and colleagues demonstrated that
the expanded FXN locus exhibits hallmark features of heterochromatin, including increased histone
3 lysine 9 di- and tri-methylation (H3K9me2/3), histone 3 lysine 27 tri-methylation (H3K27me3), and
histone hypoacetylation (Saveliev A et al., 2003). DNA methylation has also been implicated in this
repressive epigenetic landscape. Rodden and co-workers identified a Friedreich’s ataxia—specific
differentially methylated region (FA-DMR) within intron 1, characterized by approximately 90%
methylation in FA samples compared with <10% in controls. This hypermethylation pattern was
consistently observed across multiple patient-derived cell types and correlated strongly with reduced
FXN transcription and earlier disease onset (Rodden LN et al., 2021). In general, DNA methylation
acts as a signal for the recruitment of transcriptional repressor complexes through methyl-CpG
binding proteins, which recruit histone deacetylases (HDACs). HDAC-mediated histone
deacetylation of lysine residues on histone tails facilitates subsequent histone methylation by histone
methyltransferases (HMTs), primarily at H3K9 and H3K27. These modifications promote the binding
of heterochromatin protein 1 (HP1) to H3K9me2/3 and Polycomb group proteins to H3K27me3,
leading to chromatin condensation and stable transcriptional silencing of the FXN locus (Chan PK et
al., 2013; Soragni E et al., 2015) (Figure 4).
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Figure 4. FA molecular mechanisms. (A) In cells from unaffected individuals, the FXN gene, characterized
by short GAA-TTC repeat sequences, is organized within open, transcriptionally active chromatin. (B) In
contrast, in cells from individuals with Friedreich’s ataxia (FA), the FXN gene is embedded in compact
heterochromatin. Several mechanisms have been proposed to explain how expanded GAA-TTC repeats
induce heterochromatin formation. These include the formation of unusual DNA structures such as triplex DNA
or sticky DNA,; the presence of R-loops that recruit silencing complexes; short RNA transcripts that guide RNA
interference machinery to the site; and an antisense transcript known as FAST-1, which interferes with the
chromatin boundary protein CTCF, promoting heterochromatin spread. Collectively, these mechanisms can
result in silencing of the FXN promoter and impede transcription elongation through the repeat region (from
Gottesfeld JM, 2019).

2.3 Frataxin protein: function and dysfunction

The FXN gene encodes Frataxin, a 210-amino acid protein with a molecular mass of approximately
23 kDa. Translation of the FXN mRNA initially produces a cytosolic precursor protein, which is
subsequently imported into mitochondria via an N-terminal mitochondrial targeting sequence. Upon
translocation, the precursor undergoes an unusual two-step proteolytic processing by mitochondrial
processing peptidase (MPP), leading to the formation of the mature protein (Condo | et al., 2007;
Koutnikova H et al., 1998). In the first step, the full-length precursor is cleaved into an 18 kDa
intermediate form, which is then further processed into the mature 14 kDa protein. The mature FXN
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adopts a compact a/ fold comprising a twisted, six-stranded antiparallel B-sheet flanked by two o-
helices (a1 and a2). Negatively charged residues located on the helical surface coordinate iron
binding, whereas the uncharged residues of the B-sheet are thought to mediate protein—protein
interactions (Monfort S et al., 2022). In addition to the canonical mitochondrial isoform, a minor
fraction of FXN exists in extra-mitochondrial locations, specifically in the cytoplasm and nucleus,
arising from alternative splicing or alternative translation initiation events (Condo | et al., 2006;
Pianese L et al., 2002). These isoforms appear to enhance cellular fitness, as demonstrated by
improved mitochondrial respiration and survival in cells expressing them (Agrd M, Diaz-Nido J, 2020;
Condo | et al., 2006), although their precise biochemical roles remain to be clarified. To date, at least
three FXN isoforms (types I-lll) have been identified, resulting from alternative splicing. Type |
(FXN®1~210) represents the canonical mitochondrial isoform, consisting of 130 amino acids with a
molecular weight of approximately 14.2 kDa. Type Il (FXN78-219) contains 135 residues (14.9 kDa),
while type Il (FXN*?7210) comprises 164 residues (18.2 kDa). FXN Il and FXN Il localize
predominantly to the cytosol and nucleus, respectively, and display tissue-specific expression
patterns, FXN Il is enriched in the nervous system, whereas FXN Il is highly expressed in the heart
(Guo L et al., 2018; Xia H et al., 2012). The primary role of FXN is in the biosynthesis of iron—sulfur
clusters (ISCs), essential cofactors for numerous mitochondrial and cytosolic enzymes. Although its
exact molecular function has long been debated, recent evidence suggests that FXN does not serve
as an iron-storage or -chaperone protein, as initially proposed. Instead, FXN acts as a regulatory
component that enhances ISC biogenesis by accelerating persulfide transfer from the cysteine
desulfurase NFS1 to the scaffold protein ISCU (Bridwell-Rabb J et al., 2014; Gervason S et al., 2019;
Parent A et al., 2015). The core mitochondrial ISC biosynthetic complex comprises five proteins:
NFS1, FXN, ISCU, ISD11, and the acyl-carrier protein (ACP) (Fox NG et al., 2019). The process
initiates with sulfur extraction from cysteine, catalyzed by NFS1, generating alanine and a cysteine-
bound persulfide intermediate (Lill R, Mihlenhoff U, 2005). Sulfur is subsequently transferred from
NFS1 to ISCU, facilitated by electron transfer from FDX2/FDXR, which reduces the persulfide to
sulfide. FXN accelerates this sulfur transfer step (Gervason S et al., 2019; Parent A et al., 2015),
thereby enhancing the overall rate of ISCs formation. Although ISCs synthesis can occur in the
absence of FXN, the process becomes markedly inefficient, insufficient to meet cellular ISCs
demands. Consequently, FA patients, who retain only minimal amounts of FXN, exhibit reduced ISCs
production and the associated metabolic dysfunctions that compromise cellular homeostasis
(Monfort S et al., 2022). Once [2Fe-2S] clusters are assembled on ISCU, they are transferred to
glutaredoxin 5 (GLRX5) with the assistance of the chaperones HSC20 and HSPA9, and
subsequently incorporated into recipient apo-proteins. These include mitochondrial aconitase,
respiratory chain complexes I, I, and Il of the electron transport chain (ETC), and, more recently,
METTL17, a mitoribosomal assembly factor containing an ISC-binding pocket (Ast T et al., 2024).

Additional proteins utilize [2Fe-2S] clusters as precursors to form [4Fe—4S] clusters on ISCA
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scaffolds. Furthermore, the ISC assembly machinery produces a sulfur-containing compound,
termed “compound X,” which is exported to the cytosol to support the cytosolic iron—sulfur cluster
assembly (CIA) pathway responsible for extra-mitochondrial ISC formation (Monfort S et al., 2022)
(Figure 5). FXN expression itself is tightly regulated by various transcription factors, indicating its
potential role in modulating ISC biogenesis in response to cellular conditions (Guccini | et al., 2011;
Yandim C et al., 2013). Among these regulators is NRF2, a key mediator of the antioxidant response
(Sahdeo S et al., 2014). Activation of the NRF2—FXN axis during oxidative stress may promote ISC
synthesis to replace Fe-S proteins damaged by reactive oxygen species (ROS) (D’Autréaux B,
Toledano MB, 2007). Additionally, FXN expression is upregulated under hypoxic conditions through
activation by HIF-1a and HIF-2a (Guccini | et al., 2011). This induction likely supports mitochondrial
bioenergetics under low oxygen tension, consistent with observations that FXN-deficient human cells
can partially restore proliferation under hypoxia, correlating with recovery of ISCs levels (Ast T et al.,
2019). Moreover, ISCs synthesis appears to increase in response to intracellular iron availability via
FXN-dependent regulation, suggesting a feedback mechanism that balances iron utilization and
prevents mitochondrial iron overload (Monfort S et al., 2022). Given FXN’s central role in ISCs
production, reduced protein levels have profound effects on mitochondrial and cellular metabolism,
contributing to the neurodegeneration characteristic of FA. Deficiency in ISCs disrupts the activity of
Fe—S—dependent enzymes, including those of the respiratory chain, leading to oxidative stress and
dysregulation of mitochondrial iron homeostasis. As a compensatory response, iron import into
mitochondria increases in an attempt to sustain ISC synthesis; however, the lack of functional FXN
leads to pathological iron accumulation and oxidation. This, in turn, promotes excessive production
of ROS, triggering oxidative stress, lipid peroxidation, and ultimately cell death (Cook A, Giunti P,
2017). ROS accumulation is a hallmark of FA pathophysiology. It arises primarily through two
mechanisms. First, impaired electron flow through ETC complexes, due to defective ISCs—
containing enzymes, results in electron leakage and the formation of superoxide and other ROS
species. Second, elevated mitochondrial iron levels promote the generation of redox-active iron
aggregates that catalyze ROS production. Under physiological conditions, hydrogen peroxide (H,O,)
is detoxified by glutathione peroxidase in the presence of reduced glutathione (GSH). However, in
FA mitochondria, the high oxidative burden leads to excessive GSH consumption, impairing H,O,
detoxification (Paupe V et al., 2009). The resulting accumulation of H,O, fuels Fenton reactions, in
which ferrous iron (Fe?*) reacts with H,O, to produce highly reactive hydroxyl radicals (*OH). These
radicals are extremely cytotoxic, inflicting irreversible oxidative damage to proteins, lipids, and
nucleic acids (Cook A, Giunti P, 2017).
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Figure 5. Iron-sulphur clusters (ISCs) biosynthesis machinery. Mitochondrial Fe-S cluster biosynthesis is
initiated by the ISC machinery, which includes the scaffold protein ISCU, where [2Fe2S] clusters are
assembled; the cysteine desulfurase NFS1, which donates sulfur as a cysteine-bound persulfide; and
FDX2/FDXR, which reduces the persulfide to sulfide. FXN facilitates sulfide transferring from NFS1 to ISCU
and so [2Fe2S] cluster formation. The resulting cluster is transferred to GLRX5 with the aid of the ATP-
dependent chaperones HSC20 and HSPA9 and subsequently delivered to recipient apo-proteins. Conversion
of [2Fe2S] to [4Fe4S] clusters is mediated by the ISCA proteins. In addition, the ISC machinery synthesizes a
sulfur-containing compound (compound X) that is exported via the ABCB7 transporter to the cytosolic iron-
sulfur cluster assembly (CIA) system. The CIA machinery then assembles [4Fe4S] clusters and incorporates
them into cytoplasmic and nuclear protein targets (adapted from Monfort S et al., 2022).

2.5 Animal models of FA

The generation of a mouse model that faithfully reproduces the genetic basis of FA has been
particularly challenging due to the nature of the mutation, an unstable GAA repeat expansion.
Nevertheless, over the years, several FA mouse models have been successfully developed, each
with specific advantages and limitations. Collectively, these models have enabled detailed
investigation of different aspects of the disease, ranging from its molecular pathogenesis to the
preclinical evaluation of novel therapeutic strategies. Given the essential role of FXN during
embryonic development, complete Fxn knockout results in embryonic lethality at approximately
embryonic day 6.5 (Cossée M et al., 2000). To circumvent this limitation, conditional knockout (cKO)
models employing the Cre—LoxP recombination system have been generated to induce Fxn
depletion in a tissue-specific manner. Considering the multisystemic nature of FA, both neuronal and
non-neuronal cKO mouse models have been established (Perdomini M et al., 2013). One of the most

studied models is the Muscle creatine kinase (Mck) cKO mouse, in which Cre recombinase
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expression is driven by the Mck promoter, leading to selective Fxn depletion in cardiac and skeletal
muscle. This model replicates the cardiomyopathy observed in FA patients and reproduces key
molecular hallmarks of the disease, including decreased activity of ISCs enzymes and mitochondrial
iron accumulation, which appear before overt cardiac symptoms. Importantly, the Mck-cKO mouse
was the first FA model used to evaluate gene therapy approaches. Intravenous administration of an
adeno-associated viral vector expressing human FXN (AAVrh10.CAG-hFXN-HA) prevented the
onset of cardiomyopathy when delivered pre-symptomatically and reversed both molecular and
cardiac phenotypes when administered after symptom onset (Perdomini M et al., 2014). A
complementary neuronal model, the Parvalbumin cKO (Pvalb-cKO) mouse, employs Cre
recombinase under the control of the Parvalbumin gene promoter to selectively delete FXN in
proprioceptive neurons of the DRGs, Purkinje cells in the cerebellar cortex, and large neurons of the
Dentate Nucleus. This model reproduces the sensory and cerebellar ataxia characteristic of FA,
including progressive motor coordination deficits. Treatment with AAV-CAG-hFXN-HA at both pre-
symptomatic and post-symptomatic stages resulted in a rapid and complete recovery of sensory
neuropathy (Piguet F et al., 2018). Although cKO mouse models are powerful tools for studying FA
pathogenesis and therapeutic interventions, they do not fully recapitulate the genetics of the disease.
Unlike FA patients, who retain residual FXN expression, cKO mice exhibit complete loss of the
protein in targeted tissues, which produces a more severe phenotype. To address this limitation,
mouse models carrying missense mutations identified in FA patients, specifically G130V and [154F,
have been developed (Fil D et al., 202072023; Medina-Carbonero M et al., 2022). These models
exhibit globally reduced FXN expression while avoiding total deficiency. Although they do not
perfectly reproduce the FA genotype, since the mutations are homozygous point mutations, whereas
FA patients are typically compound heterozygotes with one expanded and one missense allele, they
provide valuable insights into the pathogenic mechanisms of specific FXN variants. The G130V
mutation, one of the most frequent in compound heterozygous FA patients, disrupts the processing
of the intermediate FXN form to its mature form, resulting in accumulation of the intermediate
species. It remains unclear whether this intermediate retains partial activity in ISCs biogenesis or is
slowly converted into the mature form, possibly explaining the milder phenotype of such patients.
Both FXN C'127VIG12TV gnd the FXN ""®'F1"51F mice display reduced FXN levels in the cerebral cortex,
cerebellum, spinal cord, and heart, with the latter model also showing decreased expression in liver,
pancreas, and skeletal muscle. These mice are smaller than controls and exhibit mild motor
impairments, along with reduced activity of ISCs—containing enzymes, particularly the FXN '*1F131F
line (Fil D et al., 2020, 2023; Medina-Carbonero M et al., 2022). Another important model is the
inducible FA knockdown (FAkd) mouse, developed using a doxycycline-inducible shRNA targeting
Fxn. This model does not carry a GAA expansion but instead harbors an inducible shRNA cassette
inserted into the Rosa26 locus. Upon doxycycline administration, Fxn expression is reduced, leading

to motor deficits, cardiomyopathy, and mitochondrial abnormalities in cardiomyocytes and DRG
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neurons. Notably, the severity of symptoms correlates with doxycycline dosage, and partial recovery
is observed upon its withdrawal. This model allows temporal control of Fxn depletion, facilitating the
study of disease progression dynamics and the identification of potential therapeutic windows. It also
circumvents the embryonic lethality associated with constitutive Fxn deletion while maintaining low
residual Fxn expression (Chandran V et al., 2017). Mouse models carrying GAA repeat expansions
have also been generated. The first of such models, the KIKO mouse, was established in 2002 and
combines one allele containing a 230-GAAs insertion (knock-in, Kl) with a second allele bearing an
exon 4 deletion (knockout, KO). Fxn levels in this model are reduced to 25-36% of normal, and the
mice display mild neuromotor deficits, including reduced muscle strength and gait abnormalities that
emerge around eight months of age. In addition, humanized transgenic mouse models have been
created by introducing human FXN gene containing the pathogenic expansion via yeast artificial
chromosomes (YACs). These hemizygous mice carry the human FXN transgene with the GAAs
expansion and are homozygous null for the murine FXN gene. The first of these, the YG8R model,
carries two human FXN transgenes with 90 and 190 GAA repeats, while the later YG8sR line
contains alleles with 250-300 repeats (Al-Mahdawi S et al., 2006; Anjomani Virmouni S et al., 2014,
2015). Although these models display only mild phenotypes without overt ataxia, they provide
valuable systems to investigate the epigenetic and transcriptional mechanisms underlying FXN
silencing. More recently, a novel YAC-based model, YG8-800, was generated from the YG8sR line.
This mouse harbors more than 800 GAA repeats and exhibits progressive locomotor and balance
impairments between 11 and 20 weeks of age, along with cardiac hypertrophy from 26 weeks onward
(Gérard C et al., 2023; Kalef-Ezra E et al., 2023).

2.6 Cellular models of FA

Significant progress has been made in the development of cellular models to study FA over recent
years, largely driven by the advent of induced pluripotent stem cell (iPSC) technology. The first FA-
derived iPSC lines, generated in 2010, retained silencing of the FXN gene and exhibited GAA repeat
instability across passages (Ku S et al., 2010). Since then, FA-iIPSCs have been differentiated into
various cell types, including neurons and cardiomyocytes, which recapitulate key phenotypic
features associated with FXN deficiency. The continuous improvement and expansion of
differentiation protocols have enabled the use of iPSCs to model FA-related phenotypes and to
investigate the molecular mechanisms underlying the disease (Hick A et al., 2013; Lee YK et al.,
2014). In FA, specific neuronal populations within both the central and peripheral nervous systems
are primarily affected. In particular, there is a pronounced degeneration of large sensory neurons,
especially proprioceptive neurons, within the DRGs. As DRGs are complex and heterogeneous

structures composed of multiple neuronal subtypes and glial cells, many differentiation protocols
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have aimed to generate mixed cultures of sensory neurons. More recently, a refined protocol was
developed to produce iPSC-derived primary sensory neuron cultures enriched up to 50% for
proprioceptive neurons (Dionisi C et al., 2020). These proprioceptive neurons exhibited reduced
survival compared to control cells and reproduced the characteristic epigenetic alterations observed
in FA patients. Furthermore, transcriptomic and proteomic analyses revealed defects in cytoskeletal
organization, neurite outgrowth, and synaptic plasticity (Dionisi C et al.,, 2023). Recent
advancements in iPSC technology have also facilitated the generation of DRG-like organoids. The
protocol established by Mazzara and colleagues (2020) enables the formation of three-dimensional,
spatially organized structures containing the three major sensory neuron subtypes,
mechanoreceptors, nociceptors, and proprioceptors, thus closely mimicking the in vivo DRG
environment. DRG organoids derived from FA iPSCs displayed reduced neuronal survival, as well
as abnormal axonal and mitochondrial morphology. Notably, these pathological phenotypes were
fully rescued upon complete removal of FXN intron 1 containing the GAA repeat expansion, but only
partially rescued when the repeat tract alone was excised. These findings suggest that deletion of
the GAAs expansion alone may not suffice to reverse the epigenetic silencing of the FXN gene
characteristic of FA (Mazzara PG et al., 2020). Beyond neuronal models, cardiomyocytes represent
another key cell population affected in FA. iPSC-derived cardiomyocytes generated from FA patients
exhibit FXN deficiency-induced mitochondrial dysfunction, characterized by impaired oxidative
phosphorylation (OXPHOS) and abnormal iron accumulation. Additionally, these cardiomyocytes
display hallmarks of hypertrophic cardiac stress, calcium signaling impairment, and lipid droplet

accumulation, which may contribute to ferroptotic cell death (Hick A et al., 2013).

3. Existing and developing therapies for FA

In 2023, Omaveloxolone (commercial name Skyclarys™) became the first drug approved by the FDA
for the treatment of FA in adults and adolescents aged 16 years and older. EMA subsequently
granted its approval in 2024. Developed by Reata Pharmaceuticals, Omaveloxolone exerts its
therapeutic effect through activation of the nuclear factor (erythroid-derived 2)-like 2 (NRF2)
signaling pathway.

Multiple studies have demonstrated that FXN deficiency leads to increased oxidative stress and
mitochondrial dysfunction, which are further aggravated by impaired NRF2 signaling. NRF2 is a key
transcription factor that promotes the expression of antioxidant genes, suppresses proinflammatory
gene expression, and facilitates the synthesis of co-substrates required for mitochondrial ATP
production (Reisman SA et al., 2019). In FA, NRF2 fails to properly translocate to the nucleus in
response to oxidative stress, resulting in downregulation of its target genes (Paupe V et al., 2009).
Consequently, the cellular capacity to counteract oxidative stress is significantly reduced, further

exacerbated by defective energy metabolism. Omaveloxolone restores NRF2 pathway activity by
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inhibiting the ubiquitination and subsequent proteasomal degradation of NRF2, thereby maintaining
physiological levels of the transcription factor. This allows NRF2 to activate its detoxifying
downstream targets, ultimately re-establishing redox homeostasis and cellular function (Abeti R et
al., 2018). Omaveloxolone, together with other compounds currently being evaluated in ongoing
clinical trials, primarily acts to mitigate secondary consequences of FXN deficiency, leading to
symptomatic improvement. The hope is that these effects may also contribute to slowing the
progression of FA-associated neurodegeneration. However, despite the availability of standardized
clinical assessment tools such as the International Ataxia Rating Scale (ICARS), the Friedreich’s
Ataxia Rating Scale (FARS), and the Scale for the Assessment and Rating of Ataxia (SARA), as well
as the use of emerging biomarkers, evaluating treatment efficacy on neurological dysfunction
remains challenging (Burk K et al., 2013). For this reason, many clinical studies have focused on
cardiac outcomes, which are more readily quantifiable, although neurological manifestations are
ultimately more impactful on patients’ quality of life. Current therapeutic strategies under
investigation include compounds that attenuate oxidative stress and improve mitochondrial function,
agents that modulate FXN-dependent metabolic pathways, and novel gene editing and gene therapy

approaches aimed at correcting the primary molecular defect (Scott V et al., 2024).

3.1 Compounds to improve mitochondrial function
- Vatiquinone (PTC-743);

Vatiquinone, previously known as PTC-743 and developed by PTC Therapeutics, is postulated to
improve mitochondrial and cellular function by targeting 15-lipooxygenase, a regulator of
inflammation, oxidative stress and ferroptosis. MOVE-FA is a randomised, parallel-arm, double-blind,
placebo-controlled trial that enrolled 146 children and young adults with FRDA (aged 7-21 years)
conducted over 72 weeks, followed by a 24-week open label extension phase. Phase 3 was
concluded in 2024 and now PTC announced that the FDA has accepted for filing the New Drug
Application (NDA) for vatiquinone for the treatment of children and adults living with FA. The
vatiquinone NDA is based on data from the placebo-controlled MOVE-FA study as well as results
from two long-term studies including pediatric and adult FA patients. The company stated that data
from these three studies demonstrate significant, durable and clinically meaningful evidence of
slowing disease progression on key aspects of disease. In addition, these studies demonstrate that

vatiquinone is safe and well tolerated in all age groups studied (curefa.org).
- Elamipretide;

Elamipretide (also known as ELAM, SS-31, Bendavia, MTP-131) is a peptide, developed by Stealth

Therapeutics, which targets the inner mitochondrial membrane where it binds reversibly to
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cardiolipin. It is reported to modulate mitochondrial function specifically by improving electron
transport chain function and ATP production and reducing the formation of pathogenic ROS
(Edzeamey FJ et al. 2024; Pharaoh G et al., 2023). It has been evaluated in a clinical trial in primary
mitochondrial myopathy (86). A phase 1/2 clinical trial (ELViS-FA) is currently on-going to evaluate
the effect of high dose (40-60 mg) versus low dose (20-30 mg) Elamipretide on visual acuity in 18

individuals with FRDA compared with baseline at 52 weeks (curefa.org).

3.2 Compounds to increase Frataxin levels

- Nomlabofusp;

Nomlabofusp (previously CTI-1601) is a novel recombinant fusion protein designed to deliver FXN
to the mitochondria (Clayton R et al., 2024). Nomlabofusp is composed of a cell-penetrant peptide
(CPP) and the complete human FXN protein fused to a mitochondrial targeting sequence, to facilitate
the delivery of mature FXN to the mitochondria. In May 2021, Larimar Therapeutics shared top-line
data from the Phase 1 placebo controlled single and multiple ascending dose (SAD and MAD)
studies. Nomlabofusp was generally well tolerated at doses up to 100 mg administered daily for 13
days. In the 50 mg and 100 mg dose groups, treatment resulted in more than a two-fold increase in
FXN levels in blood, buccal cells, and skin, which is in the range typically seen in in asymptomatic
heterozygous carriers. The safety and pharmacokinetic data met the criteria for moving forward. This
became the first time a FXN replacement therapeutic approach has been tested in people with FA.
Top-line Phase 2 dose exploration results, released in February 2024, confirmed dose-dependent
FXN increases in skin. In March 2025, the FDA indicated it is open to considering FXN concentration
as a reasonably likely surrogate endpoint (RLSE). FDA recommended focusing on skin FXN levels
over buccal cells due to more consistent sampling and lower variability and acknowledged that recent
data support a relationship between increased skin FXN and key tissues affected in FA, including

the heart, dorsal root ganglia, and skeletal muscle (curefa.org).
- DT-216 (GeneTAC™);

DT-216 was developed by Design Therapeutics using a platform known as GeneTAC™ (gene-
targeted chimera small molecules) (Khorkova O et al., 2024). The DNA binding component of this
small molecule targets the site of the GAA repeat expansion, that interferes with FXN transcription,
while the linked ligand component of the molecule facilitates transcription thus increasing the FXN
gene expression, bypassing the triplet expansion. In August 2023, Design Therapeutics announced
results from a phase 1 MAD study. They claimed that the treatment with DT-216 produced a
statistically significant and dose-related increase in FXN mRNA levels in skeletal muscle biopsies.

Based on concerns about on-going injection site safety compound, Design Therapeutics announced
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on 17 March 2024, a new drug product, DT-216P2, designed to address these issues. The company
has initiated dosing in a Phase 1 clinical trial in healthy volunteers in Australia to evaluate the safety
and pharmacokinetics (PK) of single ascending doses of DT-216P2 via multiple routes of
administration (intravenous infusion, subcutaneous infusion and subcutaneous injection)

(curefa.org).
- Dimethyl Fumarate;

Dimethyl fumarate (DMF) is an anti-inflammatory and neuro-protective compound currently
approved in Europe, Australia and the USA for treatment of remitting and relapsing multiple sclerosis.
The potential of DMF to increase FXN protein levels in lymphocytes from individuals with FA was
identified in a screening protocol for repurposed drugs (Sahdeo S et al., 2014). Two complementary
actions for DMF were proposed: to increase FXN expression and, thus, protein levels and to induce
NRF2, thus, enhancing antioxidant defenses. In this regard, Jasoliya and colleagues demonstrated
that FXN expression was increased by 85% in multiple sclerosis patients, showing the great
potentiality of this compound in enhancing FXN expression also in FA (Jasoliya MJ et al., 2017).
Based on these promising results, a Phase 2 double-blind, randomised, placebo-controlled trial has

begun to test the efficacy, safety and tolerability of DMF (curefa.org).

3.3 Gene editing and gene therapy approaches

Gene therapy represents a promising alternative to pharmacological approaches for the treatment
of FA and other inherited disorders. This strategy aims to correct or replace the defective gene
responsible for the disease, thereby addressing its root cause rather than merely alleviating
symptoms. If successful, gene therapy could offer a transformative, one-time intervention,
contrasting with the lifelong administration of symptomatic drugs, and thus provides considerable
hope for individuals affected by currently incurable rare diseases. FA constitutes an especially
suitable candidate for gene therapy, as the FXN gene is relatively small and can be readily packaged
into an adeno-associated viral (AAV) vector, the preferred vehicle for gene delivery in this context.
Moreover, since the disease phenotype manifests only when the pathogenic GAA repeat expansion
is present in a homozygous state, restoration of approximately 50% of normal frataxin levels is
expected to be sufficient to achieve a complete phenotypic rescue. Consequently, even modest
expression levels of FXN may exert significant therapeutic benefit (Delatycki and Bidichandani,
2019). The first demonstration of the efficacy of gene delivery in FA was obtained in the conditional
FXN knockout mouse models affecting cardiac and skeletal muscle (Mck-cKO). Systemic delivery of
human FXN via an AAVrh10 vector successfully prevented the onset of cardiomyopathy when
administered before symptom development and fully reversed cardiac pathology when delivered
after disease onset (Perdomini M et al., 2014). Similarly, delivery of FXN through an AAV9 vector to
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a parvalbumin-conditional FXN knockout mouse model (Pvalb-cKO), recapitulating the
neuropathophysiological features of FA, resulted in a complete reversal of sensory ataxia (Piguet F
et al., 2018). Despite these encouraging results, several challenges remain to be addressed before
clinical translation. These include the risk of FXN overexpression leading to cellular toxicity, and the
potential development of immune responses against the exogenously delivered FXN protein, which
may hinder both initial administration and subsequent re-administration of AAV-based therapies
(Sivakumar A, Cherqui S, 2022). In parallel, gene editing approaches have been explored as an
alternative means of restoring FXN expression. In FA, gene editing strategies focus on excising the
expanded GAA repeat within intron 1 of the FXN gene. Preclinical studies employing zinc finger
nucleases (ZFNs) and CRISPR-Cas9 systems have demonstrated that targeted removal of the
repeat expansion leads to reactivation of FXN expression (Li Y et al., 2015; Ouellet DL et al., 2017).
However, the clinical application of these techniques is currently limited by challenges such as
suboptimal editing efficiency and the risk of off-target genomic modifications (Sivakumar A, Cherqui
S, 2022).

3.3.1 On-going gene therapy clinical trials
- Phase 1A study of gene therapy for FA cardiomyopathy (AAVrh.10hFXN, Weill Medical College of

Cornell University)

As said above, the first demonstration of successful gene transfer and FA cardiac phenotype rescue
was observed with a one-time intravenous administration of 10" genome copies of AAVrh.10-hFXN,
an AAV serotype rh10 gene transfer vector expressing human FXN, in the cardiac-specific cKO
mouse model (Salami CO et al., 2020). Based on these studies, in 2022 the Weill medical college of
Cornell university started the first gene therapy clinical trial for FA on humans. The trial consisted of
an intravenous administration of a single dose of AAVrh.10hFXN, serotype rh.10 AAV gene transfer
vector expressing the cDNA coding for human FXN in addition to immunosuppression therapy with
prednisone for a total of 14 weeks. Outcomes will be measured for 5 years after administration

(curefa.org).
- Phase 1/2 study of gene therapy for FA cardiomyopathy (LX2006, LEXEQO)

Following this phase 1A trial, in 2022, LEXEO initiated an open-label, dose-escalation Phase 1/2
clinical trial (SUNRISE-FA) of LX2006 in patients with FA cardiomyopathy. The trial involved the
single intravenous administration of one of three doses (low, mid and high) of LX2006
(AAVrh.10hFXN) to an estimated cohort of n=9. The gene therapy was designed to deliver the human
FXN gene to cardiac cells over a 52-week period. In July 2024, Lexeo shared interim clinical data
from the SUNRISE-FA Phase 1/2 clinical trial for the treatment of Friedreich ataxia cardiomyopathy

(NCT05445323) and the Weill Cornell Medicine investigator-initiated Phase 1A trial (NCT05302271)
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(from 8 participants with > 6-months of follow-up). They reported an amelioration of some cardiac
parameters, including a reduction of the left ventricular mass index, generally increased in FA
patients. In addition, LX2006 was well tolerated with no treatment-related serious adverse events to
date. In July 2025, LEXEO announced that the FA program has received Breakthrough Therapy
designation from the FDA for LX2006 based on interim clinical data from Phase 1/2 trials showing

clinically meaningful improvements in cardiac biomarkers and functional measures (curefa.org).

4. Genome editing platforms
4.1 CRISPR-Cas9

Genome editing represents one of the most significant advancements in molecular biology, since it
allows the targeted modification of the genome of living organisms. In the last years, this field has
been completely revolutionized by the advent of CRISPR-Cas9 technology (Doudna JA.,
Charpentier E, 2014). In 2007, prokaryotic CRISPR-Cas system was shown to function as adaptive
genome defense mechanism that recognizes and eliminate foreign nucleic acids associated with
viruses and other mobile genetic elements (Barrangou R et al. 2007). In this system, fragments of
the invader DNA are acquired and stored in repetitive arrays, that are subsequently transcribed and
processed, producing CRISPR RNAs (crRNAs). crRNAs function as molecular guides that lead Cas
proteins to recognize invading nucleic acids and target them for destruction. In 2012, it was
demonstrated that Cas9 proteins destroyed the foreign DNA by cleaving it, thanks to their
endonuclease activity (Gasiunas G et al., 2012). The specificity of this system was given by a dual-
RNA guide structure composed by crRNA and trans-activating RNA (tracrRNA). For biotechnological
purposes, CRISPR-Cas9 system was further simplified by integrating the two RNA components into
a single guide RNA (sgRNA), providing a programmable and ready-to-use platform for Cas9
targeting a specific genomic site (Jinek M et al., 2012). With the approval of the first CRISPR-based
therapy against sickle cell disease and beta-thalassemia, in 2023, CRISPR-Cas9 is now entering in
its translational era. Cas9 functions as an active nuclease when complexed with either a dual RNA
system composed of crRNA and tracrRNA, or with a single-guide RNA (sgRNA). Once guided to its
target locus, Cas9 induces site-specific double-strand breaks (DSBs) in the DNA. Target specificity
is achieved by modifying the 20-nucleotide sequence at the 5 end of the sgRNA to enable
complementary base pairing with the desired genomic target. Additionally, efficient binding and
cleavage require the presence of a protospacer adjacent motif (PAM) on the non-target DNA strand,
located immediately downstream of the target sequence. Following target recognition, Cas9
introduces a DSB approximately three nucleotides upstream of the PAM. This cleavage results in
either blunt-ended DSBs or DSBs with a single-nucleotide 5 overhang. The DSB formation is
mediated by two distinct nuclease domains within Cas9: the HNH domain, which cleaves the target

strand (TS), and the RuvC domain, which acts on the non-target strand (NTS). Inactivation of one
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on the two domains generates a Cas9 nickase, capable of producing single-strand breaks. When
both nuclease domains are inactivated, Cas9 functions as an RNA-guided DNA-binding protein,
called dead Cas9 (dCas9), which can be employed as a platform for tethering effector proteins to
specific genomic loci (Jinek M et al., 2012). Traditional genome editing strategies typically rely on
the generation of site-specific DSBs followed by cellular DNA repair mechanisms. DSBs introduced
by Cas9 are primarily repaired via endogenous end-joining pathways; namely, non-homologous end
joining (NHEJ) and microhomology-mediated end joining (MMEJ), which are generally error-prone.
These pathways are predominant in mammalian cells and involve the direct ligation of broken DNA
ends. Prior to ligation, processing of DNA extremities may result in the loss or addition of nucleotides,
leading to small insertions or deletions. This mutagenic repair process is widely used to disrupt
protein-coding genes, enabling functional gene knockouts or the deletion of defined genomic regions
through the simultaneous induction of two DSBs. Alternatively, precise genomic modifications can
be achieved via homology-directed repair (HDR), a high-fidelity repair pathway that uses a
homologous DNA sequence as a template to guide repair. By supplying an exogenous repair
template containing the desired modifications, HDR can be exploited to introduce specific point
mutations, insertions, or deletions at the target site. However, HDR activity is largely restricted to
proliferating cells, as it requires DNA repair proteins that are predominantly expressed during the S
and G2 phases of the cell cycle (Jinek M et al., 2012). Despite its broad utility, CRISPR-Cas9 system
presents several limitations, which must be carefully considered in the context of both in vitro and in
vivo applications. One of the main issues of this technology arises from the intrinsic properties of
natural CRISPR-Cas systems, which exhibit a degree of tolerance to mismatches between the guide
RNA and the target DNA sequence. This feature is thought to reflect an evolutionary adaptation that
enables the bacterial immune system to cope with the rapid mutation rates of invading phages.
However, in the context of genome editing, such mismatch tolerance is undesirable, as it increases
the risk of off-target activity, where partially complementary genomic sites may be accidentally
recognized and cleaved, leading to unwanted genetic modifications alongside the desired on-target
edits. Off-target editing remains a major concern for therapeutic applications and for this many efforts
have been spent to develop robust and sensitive methods for the prediction and detection of off-
target edits and to improve the specificity of CRISPR genome editors by molecular engineering
(Pacesa M et al., 2024). Besides, the DNA-binding mechanism of CRISPR nucleases restricts their
targeting capability to genomic loci adjacent to a PAM. This requirement imposes limitations,
particularly in genomic regions with high adenine/thymine (A/T) content, which are often poorly
accessible to widely used nucleases such as Streptococcus pyogenes Cas9 (SpCas9), that works
through an NGG PAM. To avoid these PAM-related constraints, a number of engineered Cas9
variants with altered or relaxed PAM specificities have been developed in recent years. While these
variants significantly broaden the landscape of targetable genomic sites, they often sacrifice

targeting fidelity (Pacesa M et al., 2024). In addition, the efficient and selective delivery of gene
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editing components remains one of the most significant challenges. Ensuring safe, precise, and
effective delivery of CRISPR elements to the desired cells or tissues is a critical prerequisite for
achieving therapeutic benefit. Among current delivery strategies, viral vectors are the most
commonly employed for in vivo administration. Recombinant adenoviruses, lentiviruses, and adeno-
associated viruses (AAVs) can be engineered to carry genome editing cargo in place of viral genes.
Of these, AAVs are the most widely used due to their favorable characteristics, including low
immunogenicity, high transduction efficiency, and broad cell tropism. However, a significant limitation
of AAV vectors lies in their restricted packaging capacity, which is approximately 4.7 kilobases. This
poses a challenge for the delivery of full-length SpCas9 (approximately 4.2 kb) together with its
corresponding sgRNA (~100 nucleotides) within a single AAV construct, unless highly compact
regulatory elements are employed. To address this issue, research efforts have increasingly focused
on the identification and adaptation of smaller Cas9 orthologs and more compact members of the
Cas12 family, which are more compatible with the size constraints of AAV vectors. Moreover, the
immunogenicity of CRISPR components and their associated delivery systems remains a significant
concern for in vivo therapeutic applications. Host immune responses may be triggered against both
the nuclease and the vector, potentially limiting the safety and efficacy of gene editing treatments,

especially in the context of repeated or systemic delivery (Pacesa M et al., 2024).

4.2 Zinc finger nucleases

Another system that could be employed for genome editing is represented by zinc fingers nucleases
(ZFNs), which were exploited before the CRISPR-Cas9 technology. These nucleases present two
separate domains: the DNA-binding domain and the DNA-cleavage domain. The DNA-binding
domain is composed of a set of Cys,His, zinc fingers (ZFs) in which each unit of about 30 aminoacids
binds a single atom of zinc. The crystal structure analysis showed that each finger contacts 3 base
pairs (bp) of DNA in a modular fashion (Pavletich NB, Pabo CO, 1991). This means that, by
assembling specific ZFs, many different DNA sequences can be targeted. The cleavage domain is
composed of the restriction enzyme Fokl. Fokl must dimerize to cut DNA (Bitinaite J et al., 1998),
therefore the best way to achieve cleavage is to design two sets of fingers directed to neighboring
sequences and fuse each to a monomeric nuclease domain. In this way, when both sets of ZFs bind
to their target sequence the dimerization can happen and so the DNA cutting. Several studies have
demonstrated that the optimal configuration includes a short linker between the two domains and
spacers of 5-6 bp between binding sites (Bibikova M et al., 2001). The requirement for dimerization
is a great advantage for this genome editing tool because it makes cleavage much more specific,
since it happens only when the two proteins have an adequate specificity for their target sites. Once
generated the DSB, as happens for the CRISPR-Cas9 system, it can be repaired by NHEJ or HR,
according to the final goal of DNA editing.
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5. Transcriptional activators
5.1 CRISPR-mediated transcriptional regulation

Starting from CRISPR-Cas9 system, multiple tools have been developed in the last years. Qi and
colleagues in 2013 created a mutant Cas9, with D10A and H840A mutations within the RuvC and
HNH nuclease domains, which is defective in nucleolytic activity but is still able to perform RNA-
dependent DNA-binding (Qi LS et al., 2013). This was called “dead” Cas9 (dCas9) and it started to
be employed as a shuttle-protein to deliver catalytically active domains to specific DNA target loci.
This allowed to perform specific epigenetic regulation of gene expression in different ways, according
to the exploited effector domain. Generally, transcription activators or repressors, epigenetic
remodeling factors and nucleolytic domains from other nucleases can be fused to the dCas9. dCas9
fused to activators or repressors, respectively indicated as CRISPRa and CRISPRI, can be divided
in first- and second-generation systems that will be explained in the following chapters. The main
advantage represented by this tool is that it controls gene expression without interfering with DNA,

moreover, its effect can be reversible.

5.1.1 First-generation CRISPRa systems

First-generation CRISPRa systems consist of two elements: dCas9 fused to a transactivator domain
and a sgRNA. For transactivating purposes, the sgRNAs employed generally target upstream or
proximal promoter regions. The first CRISPRa developed were composed of dCas9 fused to VP64,
p300 or p65. VP64 is a tetramer of VP16, a well characterized transcription activator from the herpes
simplex virus. Then, different oligomers of VP16 (VP48, VP160 and VP192) have been used as
activators and it was observed that the efficiency of activation was directly proportional to the size of
the oligomer, although it was also dependent on the biological context. p65, on the other hand, which
is the activation domain of NF-kappa B factor, can also contribute to transcription initiation. It has
turned out to be less effective than VP64 and it has rarely been used on its own, however it had
become part of another powerful activating system called VPR (Chavez A et al., 2015). The VPR is
formed by activation domains VP64-p65-Rta, linked by short linkers and fused in tandem to the
dCas9 (Figure 6). Lastly, p300 is the catalytic core of human acetyltransferase and it works through
acetylation of histone H3 lysine 27, which leads to activation of both proximal and distant gene
enhancers. Moreover, it can contribute to chromatin remodeling. Methylation is another important
biological process that has an impact on gene transcription, indeed, hypermethylation of promoters
leads to silencing of the gene, whereas hypomethylation is an indicator of a potentially active
promoter. For this reason, dCas9 has been fused with demethylating domains too. An example is
represented by dCas9-TET1. TET oxidizes the methyl group of the cytosine, leading to base excision

repair and thus reducing DNA methylation levels. In the light of this, Liu and colleagues (2016) chose
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dCas9-TET1 as a demethylation effector to increase BDNF expression levels in neurons (Liu XS et
al., 2016). Beyond directly inducing gene expression enhancement, demethylation can also favor
transactivation events, for example by allowing chromatin relaxation. Although first generation
systems, except VPR, are significantly less efficient than second generation systems, they have one
important advantage, the smaller size of the transgene, which is more preferable if the capacity of

the vector is limited.

1st Generation CRISPR/dCas9 systems
B Chimeric dCas9 C VPR

A Classical CRISPR/Cas9 system

dCas9 dCas9
Caso sgRNA Gene it Gene

Gera VP64 p65 Rta

None Repressor Activator

Figure 6. First-generation CRISPR/dCas9 systems. The first-generation CRISPR/dCas9 systems are
composed of two key elements: dCas9 fused to an effector domain and the guiding sgRNA. These systems
allow for targeted control of gene expression. (B) In one approach, chimeric dCas9 can be used alone to
physically obstruct RNA polymerase, thereby blocking transcriptional elongation. Alternatively, when fused to
regulatory effector domains, dCas9 can act as a tool to either repress or activate gene expression. (C) Another
configuration, known as VPR, enhances transcriptional activation by fusing dCas9 to a tripartite activator
composed of VP64, p65, and Rta domains, resulting in a strong upregulation of target gene expression (From
Shakirova KM et al., 2020).

5.1.2 Second-generation CRISPRa systems

Second generation systems consist of three components: dCas9, sgRNA, and effectors, multiple
copies of which are recruited by special domains on the dCas9 or sgRNA.

The first steps toward the development of second-generation systems were made when it was
observed that the crystal structure of the dCas9:gRNA:DNA complex has the tetraloop and stem-
loop 2 of the sgRNA protruding outside of the Cas9-sgRNA complex (Nishimasu H et al., 2014). This
highlighted the possibility of exploiting this structure to add there protein-interacting RNA aptamers
that could facilitate the recruitment of effectors domains to the Cas9 protein. The pioneer system is
called Scaffold as it is based on scaffold RNA (scRNA), formed by introducing hairpin aptamer
domain to the 3’ of the sgRNA (Zalatan JG et al., 2015). In this way, aptamer-specific proteins, fused

with effectors, can bind to those sequences and so modify gene expression. For the recruitment of
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different effectors to the target site, different aptamers are necessary. Thus, a single scRNA molecule
encodes both information about the target DNA sequence and the effectors to recruit in order to
execute a precise regulatory function in that locus. scRNA-mediated VP64 recruitment showed a
greater expression activation than the one observed with dCas9-VP64 fusion protein (Zalatan JG et
al., 2015). However, the insertion of more copies of aptamers in the scRNA can have a negative
effect on its own expression, resulting in a diminished number of effectors recruited. Therefore, an
evolution of this system was developed: the Casilio system. It relies on the combination of CRISPR-
Cas9 and the Pumilio RNA-binding protein. Pumilio has an RNA-binding domain (PUF), that
recognizes a specific 8-mer RNA sequence called PUF-binding site (PBS). Therefore, in total the
system is composed of dCas9, sgRNA with PBSs and PUF domains fused with the effector. In this
case, the advantage of this upgrade is that its linear architecture doesn’t interfere with the sgRNA
transcription, resulting more efficient than Scaffold CRISPRa (Shakirova KM et al., 2020).

Another second-generation CRISPRa system is represented by dCas9-SAM, which is composed of
three major components: chimeric dCas9-VP64, sgRNA with synthetic aptamers for MS2 recruitment
and a chimeric MS2-p65-HSF1 activation helper protein. This chimeric transactivator complex can
be recruited to both the tetraloop and the stem-loop of the hairpin aptamer, which binds dimerized
MS2 bacteriophage coat proteins (Konermann S et al., 2014). Considering that antibodies can bind
to short peptide sequences with high affinity and specificity, a dCas9 decorated with peptide epitopes
has been created. Besides, such “designed” epitopes are different from naturally occurring peptides
in the cell, eliminating possible off-target binding. This concept is at the basis of the SunTag system.
It consists of the dCas9 fused with multiple copies of GCN4 peptide (this particular multi-peptide tag
was called SunTag), an antibody single-chain variable fragment (scFv) fused with the activation
domains (for ex. VP64, p65-HSF1or p300), and the sgRNA. GCN4(n) recruits n molecules of the
chimeric scFv-activator protein to the target site, allowing significant amplification of the
transactivation signal. Lastly, among the second-generation systems we have to consider the Three-
component repurposed technology for enhanced expression (TREE), which recruits effectors via
RNA aptamers and protein tags. It consists of dCas9-VP64, sgRNA with two MS2 aptamers, SunTag
fused with MS2 protein, and scFv-effector. In the TREE system the effectors are connected with the
scFv antibodies that bind to the GCN4 epitope as they do in SunTag systems, this results in a higher

accumulation of effector molecules around the target site (Tanenbaum ME et al., 2014) (Figure 7).
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Figure 7. Second-generation CRISPR/dCas9 systems. (A) Scaffold and (B) Casilio systems utilize
engineered RNA elements to enable the simultaneous recruitment of multiple effectors to distinct sgRNAs. In
the Scaffold system, RNA aptamers are embedded within the sgRNA to recruit specific RNA-binding proteins
(RBPs), which in turn bring in effector proteins. Similarly, the Casilio system incorporates PUF-binding sites
(PBS) into the sgRNA, allowing PUF proteins fused to effectors to bind selectively and guide functional outputs.
(C) In the SAM (Synergistic Activation Mediator) system, the RNA-binding protein MS2 is fused to two
transcriptional activators, p65 and HSF1, while dCas9 is separately fused to another activator, VP64. This
combination enhances gene activation by assembling a potent multi-component activator complex at the target
site (from Shakirova KM et al., 2020).

5.2 Zinc finger proteins-based transcriptional regulators

As previously discussed, zinc finger proteins are able to target specific DNA sequences according
to their aminoacids composition. This feature made them suitable for the generation of artificial
modulators of gene expression, in an analogous way to CRISPR/Cas9 (described in the previous
paragraph). In 1998, the first synthetic transcriptional activators and repressors were created by
fusing ZF proteins to the VP64 domain and to the Krippel-associated box (KRAB) repression
domain, respectively. Then, it was demonstrated that these molecules were able to induce up- or

down-regulation of ERBB2 and ERBB3 genes in human cells (Beerli RR et al., 1998). Subsequently,
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these synthetic repressors were exploited to inhibit the transcription and replication of HIV-1. The
inhibitory ZFs, targeting the HIV promoter, were able to induce a decrease of HIV replication in
primary cells up to 100-fold (Segal DJ et al., 2004). Moreover, ZF activators (ZFAs) were developed
to increase the y-globin gene expression, as a potential therapeutical approach for sickle cell disease
and B-thalassemia. In particular, it was shown that, targeting y-globin promoter, the gene was up-
regulated in primary human hematopoietic stem cells and in vivo in a transgenic mouse model (Costa
FC et al., 2012). Besides, ZF technology was used to discover genes involved in important cellular
phenotypes, such as cancer progression and drug resistance. A library of 84 million unique six-
fingers ZFs variants was designed to recognize random 18 bp sequences through combinatorial
assembly of individual ZF domains. When fused to the VP64 domain and administered to the human
cells by retroviruses, it was found that each protein could find one or more targets in the genome
and regulate adjacent genes. By selecting cells in which specific cell surface markers were
upregulated, zinc finger proteins that targeted the promoters of those gene products were isolated
(Blancafort P et al., 2005). Lastly, ZFs can be exploited to modulate gene expression by manipulating
the epigenetic state of a gene. For this reason, they can also be fused to DNA methyltransferase
domain to control methylation or de-methylation of specific DNA regions.

In a work by Cherif and colleagues (2018), similarly to ZFAs, Platinum TALE (pITALE) proteins
targeting the regulatory region of the FXN gene, fused with a transcriptional activator (TA) such as
VP64 or P300, were used to increase the expression of that gene. Many effectors, pITALEvpss,
PITALEp300, and pITALEsuntag, targeting 14 sequences of the FXN gene promoter or intron 1 were
produced. This permitted selection of 3 pITALEveess and 2 pITALEsuntag that increased FXN gene
expression by up to 19-fold in different FA primary fibroblasts. Adeno-associated viruses were used
to deliver the best effectors to the YG8R mouse model to validate their efficiencies in vivo. The
obtained results showed that these selected pITALEvpsss Or pITALEsunTag induced transcriptional
activity of the endogenous FXN gene as well as expression of the FXN protein in YG8R mouse heart
by 10-fold and in skeletal muscles by up to 35-fold. The aconitase activity was positively modulated
by the frataxin level in mitochondria, and it was, thus, increased in vitro and in vivo by the increased
FXN expression (Cherif K et al., 2018).
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Aim of the thesis

The central aim of this PhD thesis is to develop and comprehensively evaluate targeted epigenetic
strategies capable of reactivating the endogenous Frataxin (FXN) gene in Friedreich’s ataxia (FA),
a neurodegenerative disorder caused by epigenetic silencing due to GAA-TTC trinucleotide repeat
expansions within the first intron of the gene. The research seeks to establish an effective means of
reversing this silencing and restoring FXN expression in disease-relevant cell types.

To achieve this, the study focuses on two distinct transcriptional activation platforms: a CRISPR-
based activation (CRISPRa) system utilizing a catalytically inactive Cas9 (dCas9) fused to a VP160
activation domain and guided by multiple sgRNAs targeting the FXN promoter, and a zinc-finger
activators (ZFAs) system composed of custom-engineered zinc-finger proteins fused to a VP64
activation domain. Both systems are evaluated for their capacity to induce FXN transcription in
patient-derived fibroblasts and induced pluripotent stem cells (iPSC)-derived neural progenitor cells,
cortical neurons, and sensory neurons, representing the primarily degenerating neurons in the
disease. The thesis aims to determine the relative efficacy, reliability, and therapeutic potential of
these activation systems by assessing their ability to restore FXN expression and correct
downstream disease-associated molecular pathways. In doing so, the work seeks to advance the
understanding of targeted chromatin reactivation as a therapeutic approach and to identify the most

promising gene activation strategy for future translational applications in FA.
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Abstract

Friedreich’s ataxia (FA) is an autosomal recessive neurodegenerative disorder caused by the
epigenetic silencing of the Frataxin (FXN) gene, resulting from the pathological expansion of
GAA-TTC trinucleotide repeats in its first intron. Given the strong correlation between FXN silencing
and repressive chromatin states, we explored targeted epigenetic reactivation strategies using
engineered transcriptional activators. We employed the CRISPR activation (CRISPRa) system
based on a lentiviral vector encoding dCas9 fused to the potent VP160 activation domain, along with
multiple sgRNAs targeting FXN promoter. This system successfully restored FXN expression in
primary fibroblasts, iPSC-derived neural progenitor cells (NPCs), cortical neurons, and sensory
neurons derived from a mildly affected patient (PTS, 330/300 GAA repeats) and a more severely
affected patient (PTL, 530/1000 GAA repeats). Rescue of disease-associated pathways was also
observed, upon CRISPRa treatment. Additionally, we tested zinc-finger activators (ZFAs), consisting
of zinc-finger proteins targeting FXN promoter and fused to the VP64 activation domain. Given their
compact size and human origin, ZFAs offer great promise for translational applications. Notably, we
showed that a specific combination of three ZFAs effectively reactivated gene expression in PTS-
derived fibroblasts, NPCs and sensory neurons. However, ZFAs were not effective on PTL-derived
cells. Overall, our findings demonstrated that targeted epigenetic reactivation of the endogenous
FXN gene holds strong therapeutic potential. Remarkably, our comparative analysis of CRISPRa
and ZFAs highlighted CRISPRa as the most powerful and reliable tool for restoring endogenous FXN

expression in the context of FA.
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Introduction

Friedreich’s ataxia (FA) is the most common recessive hereditary ataxia with 1 over 40000 people
affected in the Caucasian population (Koeppen AH, 2011; Pandolfo M, 2009). FA primary symptoms
are limbs and gait ataxia, while additional neurological features include dysarthria, absent reflexes
and loss of vibration and proprioceptive sensing (Corben LA, 2010). FA predominantly affects
sensory neurons in the dorsal root ganglia, mainly the proprioceptive ones, as well as the Dentate
Nucleus in the cerebellum and the corticospinal tracts (Harding IH, 2020). Beyond its neurological
manifestations, FA is considered a multisystemic disorder, most notably associated with
cardiomyopathy, the leading cause of mortality, and diabetes. Up to now, only one symptomatic
treatment was approved by FDA (2023) and EMA (2024): Omaveloxolone (Lynch DR et al., 2021;
2023). It acts on downstream pathways, activating the NRF2 transcription factor that binds to
antioxidant response elements in the DNA to activate genes protecting cells from oxidative damage
(Abeti R et al., 2018). Indeed, increased production of reactive oxygen species (ROS) is one of the
hallmarks of FA pathophysiology. Nevertheless, no curative treatment for the disease exists (Keita
M et al, 2022). FA is caused by a GAA triplet expansion in the first intron of the Frataxin (FXN) gene,
a 95 kilobases gene located on chromosome 9 (Campunzano V et al., 1996). The region bearing the
GAA repeats is normally polymorphic, with up to 40 repeats in healthy people, while in patients the
number is comprised between 56 and 1700 repeats. Approximately 96% of the patients are
homozygous for the GAAs expansion on both alleles, the remaining 4% are compound heterozygous
for the expansion on one allele and a point mutation on the other one (Galea CA et al., 2016). The
GAA triplet expansion causes FXN gene silencing (Bidichandani Sl et al., 1998). Notably, patients
display between 10% to 30% of residual FXN amount and the severity of the disease is directly
proportional to the number of GAA repeats on the allele with the shorter expansion, while the age of
onset is inversely proportional to it (Durr A et al., 1996). It is widely accepted that heterochromatin
formation is a key event in FA pathogenesis. Several studies reported increased levels of histones
modifications like histone 3 lysine 9 di- and tri-methylation (H3K9me2/3), histone 3 lysine 27 tri-
methylation (H3K27me3) and histones hypoacetylation, in the FXN gene carrying the expanded GAA
triplet region (Al-Mahdawi S et al., 2008; Herman D et al., 2006; Rai M et al., 2008; Saveliev A et al.,
2003). Methylation also plays an important role in FXN silencing. Indeed, Rodden and colleagues
showed the existence of a FA-specific region of hypermethylation in intron 1 as a novel epigenetic
signature. The hypermethylation of this differentially methylated region (FA-DMR) was observed in
a variety of patient-derived cells and it significantly correlated with FXN transcriptional deficiency and
age of onset (Rodden LN et al., 2021). Moreover, the GAA ftriplets region displayed a tendency to
acquire unusual “sticky” DNA structures and R-loops, that block the gene transcription (Sakamoto N
et al., 1999; Gerhardt J et al., 2016; Groh M et al., 2014). FXN is a small mitochondrial protein
involved in iron-sulphur cluster (ISCs) biogenesis (Bridwell-Rabb J et al., 2014; Parent A et al., 2015;
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Gervason S et al., 2019; Lill R et al., 2012). Therefore, its absence results in defective functionality
of ISCs-harboring proteins, such as complexes |, Il and Ill of the electron transport chain, with
consequent impaired oxidative phosphorylation and abnormal ATP production. Besides, unexploited
electrons interact with free oxygen molecules, producing ROS (Paupe V et al., 2009; Vaubel RA,
Isaya G, 2013). Overall, reduced levels of FXN in FA lead to widespread mitochondrial dysfunction,
compromising both the functionality and integrity of the mitochondria and, more broadly, disrupting
the cell’'s antioxidant defense mechanisms (Cook A, Giunti P., 2017; Jasoliya MJ et al., 2017).
Because of the nature of FA mutation, an unstable GAA expansion, the generation of a mouse model
that recapitulates the genetics of the disease has been challenging. Some models bearing the
mutated human gene have been generated, exploiting BAC or YAC technology that allows the
insertion of the exogenous gene with the simultaneous knock-out of the murine ortholog (Al-Mahdawi
S et al., 2006; Anjomani Virmouni S et al., 2014/2015). However, most of the mouse models obtained
over the years display only mild phenotypes that are not always sufficient for the research aims. Until
now, most therapeutic approaches under investigation have centered on delivering exogenous FXN
through gene therapy (Chang JC et al., 2024; Perdomini M et al., 2014; Piguet F et al., 2018; Salami
CO et al., 2020) or, as Omaveloxolone, mitigating cellular phenotypes resulting from FXN deficiency
(Abeti R et al., 2018; Lynch DR et al., 2023, 2024). Nevertheless, on one hand, gene therapy faces
several challenges, including delivery difficulties, immune responses, risk of uncontrolled or harmful
gene expression, high costs, long-term safety concerns, and complex ethical and regulatory issues
(Colella P et al., 2017). Symptomatic therapies, on the other hand, fail to provide a definitive solution.
In this study, we propose a novel strategy aimed at reactivating the endogenous FXN gene to restore
its expression in patient-derived cells. Specifically, our objective was to re-establish physiological
FXN levels in cell types affected by the disease. To this end, we exploited induced pluripotent stem
cells (iPSCs) derived from FA patients and differentiated them into disease-relevant cell types,
including sensory neurons, which are among the most severely affected (Codazzi F et al., 2016; Hick
A et al.,2012; Ku S et al., 2010; Liu J et al., 2011). We explored two gene activation strategies:
CRISPR activation (CRISPRa) (Shakirova MK et al., 2020) and zinc finger activators (ZFAs) (Beerli
RR et al., 1998; Blancafort P et al., 2005; Costa FC et al., 2012; Segal DJ et al., 2004). Overall, we
demonstrated that it is possible to achieve FXN gene reactivation by employing tools that boost its
expression, overcoming GAA repeat expansion, without the need to intervene with nucleases to
correct the genetic defect, which represents a more invasive system. Furthermore, our results
demonstrate that this approach can restore FXN expression to physiological levels, thereby
minimizing the toxic effects associated with FXN overexpression (Belbellaa B et al., 2020) and

providing a promising alternative to traditional gene therapy strategies.
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Results

CRISPRa-mediated reactivation of FXN gene in FA-derived primary fibroblasts

To evaluate the efficacy of the CRISPR activation (CRISPRa) technology within the genetic context
of Friedreich’s ataxia (FA), we employed a lentiviral vector encoding a dead Cas9 (dCas9) fused to
the potent VP160 activation domain, along with multiple single-guide RNAs (sgRNAs) targeting FXN
promoter (sgP1, sgP2, sgP3) (Fig. 1A; Supplementary table 1). The promoter region was chosen for
its open chromatin and active transcription features identified through integrative analysis of publicly
available datasets of RNA Pol II, H3K4me3, and ATAC-seq data from primary fibroblasts (Fig. S1A).
Firstly, we performed a screening to identify the most potent sgRNA in primary fibroblasts derived
from FA patients. Specifically, fibroblast lines were obtained from two FA patients (referred to as
PTS and PTL) (Mazzara PG et al., 2020), exhibiting distinct levels of disease severity, as well as
from a healthy donor, in order to determine whether FXN gene locus was epigenetically modifiable.
The PTS patient, carrying 330/300 GAA repeats, developed late-onset disease at age 32 and, at
age 52, presented with mild dysarthria, horizontal nystagmus, mild dysmetria, involuntary tremor,
ataxic gait, and no signs of cardiomyopathy. In contrast, the PTL patient, with 530/1000 GAA repeats,
exhibited early-onset symptoms at age 13 and, by age 36, had developed pronounced scoliosis,
saccadic slowing, moderate dysarthria, complete loss of ambulation, lower limb plegia, distal
weakness in both upper and lower limbs, proximal strength preservation in the upper limbs, and
apallesthesia in the lower extremities. Fibroblasts from all three individuals were transduced with
lentiviral vectors encoding dCas9-VP160 along with individual or combinations of sgRNAs. Ten days
post-transduction, FXN mRNA levels were quantified by RT-qPCR. As expected, a correlation was
observed between GAA repeats length and the degree of FXN transcriptional repression, with both
FA-derived fibroblast lines displaying reduced transcript and protein levels compared to the healthy
control (CTRL), which harbored a normal number of GAA repeats (Fig. 1C-D; Fig.1E—F). Among the
sgRNAs tested, sgP2 emerged as the most effective in inducing FXN expression, both when used
alone and in combination with sgP1 and sgP3 (Fig. 1B-D). These transcriptional findings were
further validated at the protein level by Western blot analysis, which confirmed a complete restoration
of FXN amounts in both PTS and PTL fibroblasts (Fig. 1E-F). Additional CRISPRa constructs,
including dCas9-VPR (Chavez A et al., 2015), dCas9-TET1 (Liu XS et al., 2016), and dCas12a-NFZ
(Tycko J et al., 2025), were also evaluated under identical conditions. However, none achieved
activation levels comparable to those obtained with dCas9-VP160 (Fig. S2A-F), underscoring the
superior efficacy of this activation system in inducing the silenced FXN locus in the context of
expanded GAA repeats. Therefore, dCas9-VP160 was selected as CRISPRa effector for the

subsequent experiments.
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Figure 1. CRISPRa sgRNAs screening in FA patients-derived primary fibroblasts. A. Schematic
representation of the transcriptional activation approach using the dCas9-VP160 in combination with different
sgRNAs targeting FXN gene promoter. B-D. FXN gene expression levels relative to 18S, normalized to the
untreated healthy control (white), in primary fibroblasts from the healthy control (CTRL), the milder patient PTS
(330/300 GAAs) and the more severe patient PTL (530/1000 GAAs) treated with dCas9-VP160 in combination
with individual or pooled sgRNAs (sgP1, sgP2 and sgP3) to screen for the most effective ones. E. Western
blot analysis of FXN protein levels in fibroblasts from healthy control and patients either untreated or upon
CRISPRa lentiviral transduction. B-ACTIN was used as loading control. F. Western Blot densitometric
quantification of FXN protein in fibroblasts by ImageJ software, normalized to the untreated healthy control
(white). B-D, F. Statistical analysis One-way ANOVA, with multiple comparison analysis by Dunnett’s test. n=3.
* p<0,05. ** p<0,02. *** p<0,001. **** p<0,0001. ns: not significant. All data are mean+SEM. Statistical analyses
were conducted by comparing all experimental groups with one another.

CRISPRa-mediated reactivation of FXN gene in iPSCs-derived neuronal cell types

FA is a neurodegenerative disorder predominantly impacting sensory neurons in the dorsal root
ganglia (DRGs) and neurons within the deep cerebellar nuclei, as mentioned above. To assess the
potential therapeutic effects of CRISPRa, we implemented this system in cell types primarily affected
by the disease. As previously described, induced pluripotent stem cells (iPSCs) were generated by
reprogramming fibroblast lines derived from the two FA patients (PTS and PTL). The cell lines from
both patients were stabilized and selected based on their expression of key pluripotency markers
and their ability to differentiate into multiple lineages (Mazzara PG et al., 2020). iPSCs from the
control and the two patients’ lines were then differentiated into neural progenitor cells (NPCs) using
an optimized protocol adapted from Marchetto et al., 2010. This protocol involves the initial formation
of embryoid bodies, which are plated at day 10 (DIV10) to facilitate neural rosettes formation and
terminal differentiation into NPCs (Fig. 2A). To confirm their identity, NPCs were stained for SOX2,
PAX6 and NESTIN markers (Fig. S3A-C). Subsequently, NPCs derived from the control, PTS and
PTL lines were transduced with the CRISPRa/sgP2 system. Ten days post-transduction, FXN
protein levels were analyzed by Western blot. CRISPRa treatment resulted in increased FXN
amounts across all cell lines, with the extent of rescue correlating with disease severity. Notably,
NPCs derived from the PTL patient exhibited only a partial restoration of FXN levels (Fig. 2B-C).
Additionally, NPCs were differentiated into cortical neurons (Banfi F et al., 2023) (Fig. 2D). At DIV30,
mature neurons (TUJ1+/MAP2+) (Fig. S4A) were transduced with the CRISPRa/sgP2 system. FXN
protein levels, assessed ten days post-transduction, revealed a robust upregulation across all cell
lines, achieving full restoration to physiological levels (Fig. 2E-F). Given that FA primarily affects
sensory neurons in the DRGs, we also differentiated NPCs into sensory neurons using an optimized
protocol based on Mazzara et al., 2020 (Fig. 2G). The obtained DIV30 sensory neurons (TUJ1+/PV+)
(Fig. S5A) were treated with the CRISPRa/sgP2 system. FXN protein levels, evaluated ten days
after transduction, demonstrated successful restoration to a near-physiological range (Fig. 2H-I).
Variability in FXN upregulation across experimental groups and cellular models may be influenced

by differences in lentiviral transduction efficiency. Although fibroblasts, NPCs and neurons are
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generally transduced efficiently by lentiviral vectors, transduction efficiency can still vary depending
on cell type and cellular state, leading to heterogeneous transgene expression. Consequently,
differences in observed FXN levels may partially reflect variability in viral uptake or expression rather
than intrinsic differences between experimental conditions, and this technical variability should be
considered when interpreting comparisons across groups and models. Overall, these results
demonstrated that, despite the presence of epigenetic repressive markers characterizing the
mutated FXN gene, the CRISPRa-mediated FXN reactivation strategy in disease-relevant neuronal

subtypes revealed both feasible and effective.
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Figure 2. CRISPRa technology for FXN gene reactivation in multiple iPSCs-derived cell types. A.
Protocol for iPSCs differentiation into neural progenitor cells (NPCs) (adapted from Marchetto MC et al., 2010).
B. Western blot analysis of FXN protein levels in NPCs from healthy control and patients either untreated or
upon CRISPRa lentiviral transduction. B-ACTIN was used as loading control. C. Western Blot densitometric
quantification of FXN protein in NPCs by ImagedJ software, normalized to the untreated healthy control (white).
D. Protocol for NPCs differentiation into cortical neurons (adapted from Banfi F et al., 2021). E. Western blot
analysis of FXN protein levels in cortical neurons at DIV40 from healthy control and patients either untreated
or upon CRISPRa lentiviral transduction. B-ACTIN was used as loading control. F. Western Blot densitometric
quantification of FXN protein in cortical neurons at DIV40 by ImagedJ software, normalized to the untreated
healthy control (white). G. Protocol for NPCs differentiation into sensory neurons (adapted from Mazzara PG
et al., 2020). H. Western blot analysis of FXN protein levels in sensory neurons at DIV40 from healthy control
and patients either untreated or upon CRISPRa lentiviral transduction. B-ACTIN was used as loading control.
I. Western Blot densitometric quantification of FXN protein in sensory neurons by ImageJ software, normalized
to the untreated healthy control (white). C, F, I. Statistical analysis One-way ANOVA, with multiple comparison
analysis by Dunnett’s test. n=3. **** p<0,0001. All data are mean+SEM. Statistical analyses were conducted
by comparing all experimental groups with the healthy control (white).

RNA-sequencing on NPCs for transcriptomic and off-target genes analysis

Given the pivotal role of FXN in mitochondrial metabolism and the severe consequences associated
with its deficiency, our study focused on evaluating the effects of CRISPRa-mediated FXN activation
on molecular pathways known to be disrupted in FA. Specifically, to gain insights into how FXN
reactivation influenced the cellular transcriptional landscape, we performed genome-wide RNA
sequencing (RNA-seq) on PTS-derived NPCs treated with CRISPRa (VP160) or untreated (CTRL)
(Fig.3A). Correlation heatmaps and principal component analysis (PCA) (Fig. S6A-B) revealed
distinct clustering between treated and control samples, demonstrating high intra-group consistency.
Differential gene expression analysis between the CRISPRa-treated and untreated conditions
identified 332 upregulated and 494 downregulated genes, highlighting significant transcriptional
differences (Fig. S6C-D). To further elucidate the impact of CRISPRa on FXN-related pathways, we
focused our analysis on genes involved in iron—sulfur clusters (ISCs) biogenesis and reactive oxygen
species (ROS) detoxification. In CRISPRa-treated NPCs, FXN expression increased approximately
fivefold, accompanied by elevated expression of genes associated with ISCs biosynthesis,
assembly, and transfer to recipient proteins (/ISCU, NUBP1, NUBP2, BOLA3, SLC25A37) (Fig.3B).
These findings suggest that FXN restoration acts as a positive regulatory signal promoting
mitochondrial ISCs synthesis and enhancing transcription of components within this pathway.
Consistently, genes encoding ISCs-containing proteins, such as ACO17, were also upregulated.
Additionally, genes involved in ROS detoxification (GLRX3, GLRX5, SOD1, SOD3, TXN, TXNRD1,
SRXN1, GPX1, GPX3, NQOT1) displayed increased expression, indicating activation of cellular
mechanisms aimed at restoring redox homeostasis (Fig.3B). Importantly, gene set enrichment
(GSEA) analysis revealed significant dysregulation of pathways associated with neural commitment,
neuronal fate specification, and neural differentiation in VP160-treated samples compared with

controls (Fig. S6E). While these changes may have biological relevance and indicate that VP160
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influences developmental and neurogenic programs, they may represent an unintended effect in the
context of therapeutic application. Notably, because the ultimate therapeutic goal is to target post-
mitotic neurons rather than progenitor or differentiating populations, this apparent obstacle is
expected to be mitigated in fully differentiated neuronal models, where developmental pathways are
largely inactive. Remarkably, NPCs were selected for this analysis rather than neurons, in which
FXN upregulation was more variable, because FXN induction in NPCs was robust, allowing us to
push the system and obtain clearer insights into the transcriptional consequences of CRISPRa
application. Given the potential for off-target effects associated with the CRISPRa system,
particularly due to the possible non-specific binding of the sgP2 sgRNA, the CRISPOR online tool
was used to predict potential off-target genes. This analysis identified a set of candidate genes with
sequences differing from sgP2 by three or four mismatches, all located in intergenic or intronic
regions, thus making off-target activity unlikely (Supplementary Table 5). To experimentally assess
this, we cross-referenced the predicted off-target genes with our RNA-seq dataset. The majority
showed no significant expression changes following CRISPRa/sgP2 treatment, supporting the
specificity of sgP2-mediated FXN activation (Fig. 3C). Interestingly, IGF2BP2 emerged as the only
gene displaying significant upregulation in RNA-seq data. However, validation by RT-gPCR,
performed on the same RNA samples, did not confirm this increase, emphasizing the importance of
cross-methodological verification. In addition to the predicted off-target effects associated with
potential sgRNA aspecificity, we extended our analysis to include genes located in close genomic
proximity to the FXN locus on chromosome 9. The majority of these neighboring genes did not exhibit
significant transcriptional changes following CRISPRa induction, indicating a high degree of locus
specificity. Notably, only two genes, PIP5K1B and APBA1, located approximately 330 kb upstream
and 392 kb downstream of FXN respectively, showed a statistically significant upregulation (Fig. 3D).
Interestingly, previous studies have reported cis-silencing of PIP5K1B in lymphocytes and primary
fibroblasts derived from Friedreich’s ataxia (FA) patients (Bayot et al., 2013). In light of this evidence,
the observed increase in PIP5K1B expression is likely a downstream consequence of FXN
reactivation rather than an off-target effect of CRISPRa, supporting the notion that restoration of FXN
expression rescues molecular pathways disrupted by FXN protein deficiency. Overall, these findings
demonstrate that the CRISPRa system effectively reactivated FXN expression without inducing

notable off-target transcriptional effects and without unintended epigenome editing (Fig. S6F).
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Figure 3. RNA sequencing on PTS patient NPCs for transcriptomic and off-target genes analysis. A.
Schematic overview of the workflow: PTS patient-derived NPCs, either untreated or CRISPRa treated, were
subjected to RNA-seq to perform a detailed transcriptomic analysis of the molecular pathways predominantly
affected in FA and to assess the potential upregulation of the predicted off-target genes (by CRISPOR
software). B. Normalized expression of genes involved in Fe-S clusters biosynthesis, assembly and transfer
to the recipient proteins (FXN, ISCU, NUBP1, NUBP2, BOLA3, SLC25A37), genes involved in ROS detoxifying
processes (GLRX3/5, SOD1, SOD3, TXN, TXNRD1, SRXN1, GPX1, GPX3, NQO1), genes of Fe-S containing
proteins (ACO7), in untreated (CTRL, pink) vs treated NPCs (VP160, light blue). C. Normalized expression of
the off-target genes predicted by CRISPOR software in untreated (CTRL, pink) vs treated NPCs (VP 160, light
blue). D. Normalized expression of the genes in close genomic proximity to the FXN locus on chromosome 9
in untreated (CTRL, pink) vs treated NPCs (VP160, light blue).

CRISPRa treatment rescues redox homeostasis in iPSCs-derived cortical neurons

In FA toxic accumulation of ROS plays a central role in disease pathophysiology. Loss of FXN
disrupts ISCs biosynthesis, resulting in the defective activity of ISCs-dependent proteins. Several
subunits of the electron transport chain require ISCs to properly function, therefore their activity is
impaired in FA. This leads to electron leakage and free electrons react with oxygen producing
superoxide anions and other ROS. Moreover, unused iron further exacerbates this condition
generating hydroxyl radicals, via Fenton reaction. ROS have a detrimental effect on cellular
homeostasis that culminates in cell death. Notably, as mentioned above, the only available and
approved drug for FA (Omaveloxolone) works by inducing the expression of antioxidant defense
genes, through NRF2 transcription factor activation, reducing oxidative stress. Studies reported that
Omaveloxolone significantly improved patients’ neurological symptoms in the long term, without
major side effects (Gunther K et al., 2025). Thus, to verify the potential therapeutic effect of the
CRISPRa approach, ROS levels were measured in iPSCs-derived cortical neurons. To do so, we
exploited the dye DCFH,-DA that upon presence of hydroperoxides is oxidized to form the
fluorescent compound DCF, measurable via live imaging (Fig. 4A). Therefore, DIV40 iPSCs-derived
cortical neurons, untreated or treated with CRISPRa, were incubated with DCFH,-DA and co-labeled
with CD-56 neuronal marker in order to visualize cell bodies and protrusions (Fig. 4B). The obtained
results, based on mean fluorescence intensity measured in 2180 cells per condition, displayed a
complete rescue of the redox homeostasis in both PTS and PTL cortical neurons, upon CRISPRa
treatment. Indeed, ROS levels were restored to basal physiological amounts recorded in the
untreated control neurons (Fig. 4B-D). Collectively, these findings support the therapeutic potential
of CRISPRa-mediated FXN reactivation in recapitulating the beneficial antioxidant effects of

Omaveloxolone observed in patients.
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Figure 4. ROS levels analysis in iPSCs-derived cortical neurons. A. Scheme of the experimental
procedure for ROS detection in cell culture. Cellular peroxide levels were assessed using the dye DCFH,-DA,
which is oxidized by hydroperoxides to form the fluorescent compound DCF. Fluorescence is then measured
by live imaging. B. ROS levels were measured in iPSCs-derived cortical neurons at DIV40 from healthy control,
PTS and PTL patients with or without CRISPRa treatment. DCF signal (red) was paired with the CD56 staining
(purple), to visualize the neurons bodies and processes. Scale bar 100 uM. C, D. ROS levels quantification as
mean fluorescence intensity of DCF in 2180 cells in healthy control, PTS and PTL patients, either untreated or
CRISPRa treated. Statistical analysis by One-way ANOVA, with multiple comparison analysis by Dunnett’s
test **** p<0,0001. ns: not significant. All data are meantSEM. Statistical analyses were conducted by
comparing all experimental groups with the healthy control (black).

ISCs-harboring proteins levels are increased upon CRISPRa treatment

Iron-sulphur clusters (ISCs) are essential inorganic cofactors necessary for the correct functioning
of many proteins, at the basis of fundamental life processes. Despite the diverse functions in which
ISCs are involved, they are mainly known for their role in electron transport chain (ETC). Electrons
donated by both NADH and FADH2 are transferred through numerous ISCs found in Complexes |,
Il and Il of the ETC, with molecular oxygen serving as the terminal electron acceptor, forming water
(Fig. 5A). A study by Ast et al. (2024) demonstrated that nearly all ISCs-containing proteins were
depleted in FXN-deficient cells. Building on this, we investigated the protein levels of ETC subunits
in iPSC-derived sensory neurons from both control and PTL patient at DIV40, ten days after
CRISPRa treatment. Our findings revealed a significant increase in the complex | subunit (NDUF8B)
levels in PTL neurons treated with CRISPRa compared to their untreated counterpart (Fig. 5B, F).
In contrast, subunits of complexes Il and Ill, which also contain ISCs, showed only a trend toward
increased levels, without reaching statistical significance (Fig. 5B, C-E, G). Nevertheless, according
to a recent study by Doni and colleagues, complex | is the main one that physically interacts with
FXN. Moreover, they proved that ISCs belonging to complex | are significantly reduced relative to
the control, pointing out a specific susceptibility of this complex to FXN decrease. Their results
display a structural and functional interplay between complex | and FXN and highlight the potential
for developing FA therapies specifically targeting this component of the ETC (Doni D et al., 2023).
To further test our hypothesis, we analyzed the levels of METTL17, a recently identified ISC-
containing protein involved in mitochondrial ribosome assembly. This protein was reported to be
post-transcriptionally depleted in FXN-deficient cells and when overexpressed it restored the
bioenergetic defects given by FXN absence (Ast T et al., 2024). Specifically, we examined iPSCs-
derived cortical neurons from control, PTS, and PTL patients at DIV40, ten days following CRISPRa
transduction. Interestingly, METTL17 levels were directly proportional to FXN levels (Fig. 5H-I),
consistent with ISCs deficiency impairing the stability or maturation of target proteins, as previously
reported (Ast T et al., 2024). Indeed, neurons derived from PTS and PTL patients exhibited
significantly reduced METTL17 levels, which were restored upon FXN reactivation via CRISPRa
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(Fig. 5H-1). These findings indirectly support the capacity of CRISPRa to restore ISCs biogenesis

and thereby re-establish critical metabolic pathways essential for neuronal functionality and viability.
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Figure 5. ISCs-containing proteins levels are increased upon CRISPRa treatment in iPSCs-derived
neurons. A. Schematic representation of respiratory complexes involved in the electron transport chain and,
thus, in ATP production on the mitochondria membrane. B. Western blot analysis of respiratory complex
subunits, including ISCs-containing proteins NDUFB8, SDHB, and UQCRC2, was performed on whole-cell
extracts from healthy control and PTL iPSC-derived sensory neurons at DIV40. CALNEXIN was used as
loading control. C-G. Western Blot densitometric quantification of respiratory complexes subunits in healthy
control and PTL iPSCs-derived sensory neurons at DIV40 by Imaged software, normalized to the untreated
healthy control. Statistical analysis by paired t-test. n=3. * p<0,05. All data are mean+SEM. H. Western blot
analysis of ISCs-harboring protein METTL17, a conserved mitoribosome assembly factor, in whole-cell extract
from healthy control and PTL iPSCs-derived cortical neurons at DIV40. S6, a component of the 40S ribosomal
subunit, was used as loading control. I. Western blot densitometric quantification of METTL17 protein in healthy
control and FA iPSCs-derived cortical neurons at DIV40 by ImageJ software, normalized to the untreated
healthy control (white). Statistical analysis by paired t-test. n=4. * p<0,05. ns: not significant. All data are
mean+SEM. Statistical analyses in fig.5C-G were conducted by comparing untreated with treated healthy
control and untreated with treated PTL patient. Statistical analyses in fig.5] were conducted by comparing all
experimental groups with one another.

CRISPRa in cortical neurons from FA YG8sR mouse model

Following the assessment of CRISPRa system efficacy in human cells, we sought to evaluate its
performance in the YG8sR FA mouse model. The YG8sR mouse is a transgenic, humanized model
that carries a single copy of the human FXN (hFXN) gene with an expanded GAA repeat tract (250—
300 repeats) on a yeast artificial chromosome (YAC) and lacks endogenous murine FXN (mFXN)
expression (Anjomani Virmouni S et al., 2015). To this end, primary cortical neurons were isolated
from E17.5 YG8sR embryos and cultured in vitro. Cells were transduced with the CRISPRa system
using individual or combined sgRNAs (sgP1, sgP2, and sgP3). After ten days of treatment, hFXN
protein levels were quantified via Western blot analysis (Fig. S7A). Unexpectedly, none of the tested
CRISPRa conditions, including the previously reported effective sgP2, resulted in increased hFXN
protein amounts (Fig. S7B-C). To investigate this lack of response, we analyzed basal FXN levels in
brain and cerebellum tissues from 3 and 15 months old YG8sR mice in comparison to wild-type
controls. Strikingly, we observed that baseline hFXN protein levels in YG8sR tissues
(hFXN*ImFXN-/~) were markedly higher than the corresponding basal mFXN levels in wild-type mice
(mFXN*I*) (Fig. S7D-G). These findings suggested that the neuronal system under study may
already exhibit near-maximal human FXN expression, potentially limiting the capacity for further

upregulation by the CRISPRa system.

Zinc fingers activators (ZFAs) increase FXN levels in multiple FA-derived cell types

Following the demonstration of CRISPRa-mediated FXN gene reactivation and acknowledging the
potential limitations associated with its clinical translation, we sought a more translatable alternative.
To this end, we investigated the use of zinc-finger activators (ZFAs) as a surrogate approach. Due

to their relatively small size, ZFAs are compatible with adeno-associated virus (AAV) vectors,
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preferred tools for in vivo delivery, and, being derived from human proteins, they are expected to
elicit a lower immunogenic response. ZFAs consist of engineered DNA-binding zinc finger arrays
fused to transcriptional activation domains, enabling targeted upregulation of gene expression. With
technical assistance from Merck, we designed a panel of ZFAs targeting the FXN promoter, focusing
specifically on the region also targeted by sgP2, which had proven effective in the CRISPRa context
(Fig. 1B-D). A pool of five ZFAs (ZF84, ZF145, ZF168, ZF172, ZF187) was selected based on
predicted off-target profiles (ZFAs with <3 mismatches were excluded) and non-overlapping binding
sites (Fig. 6A, Supplementary table 2). Each ZFA was fused to either a VP64 or VP160 activation
domain to assess whether the strength of the activation domain influenced FXN induction levels.
Lentiviral vectors encoding individual ZFAs, with a V5 tag, nuclear localization signal (NLS), and
under the control of the EF1a promoter, were constructed for expression studies (Fig. 6B-C). To
evaluate the efficacy of these ZFAs, we performed a screening in primary fibroblasts derived from
control, PTS, and PTL patients. Cells were transduced with individual or pooled ZFAs, and FXN
mMRNA levels were measured by RT-qPCR ten days post-transduction. Among the tested conditions,
the combination of ZF145, ZF172, and ZF187 yielded the highest FXN induction, regardless of
whether the VP64 or VP160 activation domain was used. Remarkably, increased FXN gene
expression following triple ZFA transduction was observed only in fibroblasts from the milder PTS
patient, with no detectable effect in fibroblasts from the more severely affected PTL patient (Fig. 6D-
E). Protein analysis corroborated the mRNA findings, revealing FXN restoration exclusively in PTS-
derived fibroblasts (Fig. 6F-G). Given that the extent of FXN induction was comparable between the
VP64- and VP160-based ZFAs, we selected the VP64 constructs for subsequent experiments. A
recent study by Chen et al. (2024) demonstrated that the intrinsically disordered region of the FUS
protein (FUS-IDR) can enhance transcriptional activation when used as a supplemental activation
domain. Based on these findings, we generated a chimeric construct by fusing FUS-IDR to ZFA145,
the best performing when used alone (Fig. 6D), in combination with the VP64 domain (Fig. S8A),
aiming to assess whether this dual activation strategy could enhance FXN expression, making it
possible to employ a single ZFA instead of three. However, protein analysis revealed no significant
increase in FXN levels (Fig. S8B—C). To further assess the efficacy of the ZFAs system, we applied
it to iPSC-derived neuronal cell types from the PTS patient, following the same strategy used in the
CRISPRa experiments. FXN protein levels were first evaluated in neural progenitor cells (NPCs)
derived from control and PTS iPSCs (Fig. 6H). Due to significant cell death associated with triple
lentiviral transduction, protein analysis was performed four days post-treatment. The results showed
that ZFAs efficiently restored FXN levels in PTS-derived NPCs to physiological levels (Fig. 61-J). We
then extended our analysis to sensory neurons differentiated from PTS NPCs and analyzed them at
DIV30 (Fig. 6L). Again, due to high levels of cell mortality upon triple ZFAs transduction, FXN levels
were assessed four days post-treatment. Western blot analysis revealed a significant increase of

FXN protein amounts in ZFAs-treated sensory neurons, confirming the efficacy of the ZFAs approach
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in a disease-relevant neuronal cell type (Fig. 6M-N). Our findings establish ZFAs as a novel tool for
the restoration of endogenous FXN expression. However, additional studies on cell lines from other

patients are required to establish their applicability on a large-scale basis.
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Figure 6. Zinc-fingers activators (ZFAs) for FXN gene reactivation in multiple FA cell types. A. Cartoon
showing the screened ZFAs (ZF84, ZF145, ZF168, ZF172, ZF187) targeting FXN gene promoter and boosting
gene expression. B, C. Schematic illustration of the lentiviral constructs encoding zinc-finger proteins fused to
the two tested activation domains, VP64 and VP160. The constructs expression is driven by the EF1a promoter
and they include a nuclear localization signal (NLS) and a V5 epitope tag. D, E. FXN gene expression levels
relative to 18S, normalized to the untreated healthy control (white), were assessed to identify the most effective
ZFA or combination of ZFAs (with VP64 or VP 160 activation domains) in primary fibroblasts from PTS (330/300
GAAs) and PTL (530/1000 GAAs) patients. F. Western blot analysis of FXN protein levels in PTS and PTL
patients-derived primary fibroblasts upon treatment with selected ZFAs from the previous screening. B-ACTIN
was used as loading control. G. Western bot densitometric quantification of FXN protein in healthy control and
FA-derived primary fibroblasts by ImageJ software, normalized to the untreated healthy control (white). H.
Protocol for iPSCs differentiation into neural progenitor cells (NPCs) (adapted from Marchetto MC et al., 2010).
I. Western blot analysis of FXN protein levels in iPSCs-derived NPCs from healthy control and PTS patient,
upon treatment with ZF145, ZF172 and ZF187 combination. B-ACTIN was used as loading control. J. Western
blot densitometric analysis of FXN protein levels in iPSCs-derived NPCs from healthy control and PTS patient,
upon treatment with ZF145, ZF172 and ZF187 combination, by ImageJ software. K. Protocol for NPCs
differentiation into sensory neurons at DIV40 (adapted from Mazzara PG et al., 2020). L. Western blot analysis
of FXN protein levels in iPSCs-derived sensory neurons at DIV30 from healthy control and PTS patient, upon
treatment with ZF145, ZF172 and ZF187 combination. B-ACTIN was used as loading control. M. Western blot
densitometric analysis of FXN protein levels in iPSCs-derived sensory neurons from healthy control and PTS
patient at DIV30 upon treatment with ZF145, ZF172 and ZF187 combination, by ImageJ software. C, E, G, I,
K. Statistical analysis by One-way ANOVA, with multiple comparison analysis by Dunnett’s test. n=3. * p<0,05.
** p<0,02. *** p<0,001. **** p<0,0001. ns: not significant. All data are mean+SEM. All data are mean+SEM.
Statistical analyses were conducted by comparing all experimental groups with one another.
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Discussion

In this study, we propose novel approaches for FXN gene reactivation as potential therapeutic
strategies for Friedreich’s ataxia (FA). FA is a neurodegenerative disorder that affects 1 over 40000
individuals (Koeppen AH, 2011; Pandolfo M, 2009). Patients primarily display limbs and gait ataxia
with additional neurological features including dysarthria, absent reflexes and loss of vibration and
proprioceptive sensing (Corben LA, 2010). This is due to the loss of sensory neurons in the dorsal
root ganglia (DRGs), mainly the proprioceptive ones, as well as the degeneration of the Dentate
Nucleus in the cerebellum and the corticospinal tracts (Harding IH, 2020). FA is caused by a
pathogenic expansion of the GAA ftriplet in the intron 1 of the FXN gene, resulting in its silencing
(Campunzano V et al., 1996). Among the different approaches explored in the field (Li Y et al., 2015;
Matuszek Z et al., 2025; Mazzara PG et al., 2020; Ouellet DL et al., 2017; Perdomini M et al., 2014;
Piguet F et al., 2018) transcriptional reactivation of the FXN gene offers a major advantage by
enhancing endogenous FXN expression, while circumventing the need for genome-editing
interventions targeting the expanded GAA repeats. Here, we conducted a comparative study
between two approaches, CRISPR activation (CRISPRa) and zinc finger activators (ZFAs), on cells
derived from two FA patients: a mildly affected individual (PTS, 330/300 GAA repeats) and a severely
affected individual (PTL, 530/1000 GAA repeats).

Starting from the CRISPRa approach, we employed a catalytically inactive Cas9 (dCas9) fused to
the potent transcriptional activation domain VP160, in combination with multiple sgRNAs (sgP1,
sgP2, sgP3) targeting FXN promoter. The promoter region was selected based on an integrative
analysis of publicly available datasets, including RNA polymerase Il occupancy, H3K4me3
enrichment, and ATAC-seq data from primary fibroblasts, which collectively highlighted this locus as
a favorable target due to its accessible chromatin landscape (Fig. S1A). Indeed, multiple studies
have shown that the FXN gene harboring the expanded GAA repeats exhibits increased levels of
repressive histone modifications, including histone 3 lysine 9 di- and tri-methylation (H3K9me2/3),
histone 3 lysine 27 tri-methylation (H3K27me3), as well as histone hypoacetylation, together with
higher DNA methylation levels. All together these modifications participate in heterochromatin
formation, that concomitantly with DNA secondary structures and DNA-RNA hybrid generation,
cause FXN silencing (Saveliev A et al., 2003). Notably, the employed dCas9-VP160 in combination
with the sgP2 guide proved effective in the restoration of FXN amounts in both PTS and PTL
fibroblasts (Fig. 1B-F). In order to find the best CRISPRa tool, in addition to dCas9-VP160, we
evaluated alternative CRISPRa constructs, including dCas9-VPR, dCas9-TET1, and dCas12a-NFZ,
under the same experimental conditions. However, none achieved activation levels comparable to
those obtained with dCas9-VP160 (Fig. S2A-F), underscoring the superior efficiency of this system
in reactivating the silenced FXN locus in the presence of expanded GAA repeats. A similar

transcriptional boosting approach was previously investigated by Cherif and colleagues (2018). In
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their study, they provided the first evidence that the FXN gene can be reactivated in primary
fibroblasts from patients, even in presence of long GAA repeats expansion. Indeed, they employed
“platinum” TALEs (pITALEs) fused to activator domains to target the FXN promoter or intron 1. Their
in vitro results showed that some of these pITALE-VP64s or pITALE-SunTag constructs substantially
increased FXN mRNA and FXN protein levels. Besides, they showed that delivery of these effectors
via AAV9 in FA YG8R mouse model (Al-Mahdawi S et al., 2004) determined a significant increase
of FXN mRNA and FXN protein levels in muscle and heart, but not in the brain that turned out to be
hard to target (Cherif K et al., 2018). However, despite these striking results, they did not explore the
system in a human disease-relevant context and, since FA mainly affects DRGs, spinal cord and
cerebellum, evidence of gene reactivation in neurons is crucial. Therefore, our primary objective was
to investigate the use of transcriptional activators in patients-derived neuronal cultures to assess
their impact on the cell types more susceptible to degeneration during FA progression. Our results
showed that CRISPRa-mediated activation induced a robust increase in FXN protein levels across
several disease-relevant neural cell types derived from FA induced pluripotent stem cells (iPSCs).
FXN re-expression was successfully achieved in iPSC-derived neural progenitor cells (NPCs),
cortical neurons, and sensory neurons, the neuronal population most severely affected in FA.
Notably, FXN protein restoration was achieved in cells from both PTS and PTL patients, regardless
of the length of their GAA repeat expansions, highlighting the capacity of CRISPRa to overcome the
transcriptional silencing imposed by even extensive GAA repeat tracts (Fig. 2A-1). The only exception
was a partial recovery observed in NPCs from the PTL patient, suggesting that heterochromatin
compaction may restrict gene reactivation in certain cell types, particularly under more severe
disease conditions (Fig. 2C). Once assessed the effectiveness of the CRISPRa/sgP2 tool, we
investigated potential off-target effects. Importantly, no significant unintended transcriptional
changes were observed among the potential off-target genes predicted by CRISPOR software and
among the genes in close genomic proximity to the FXN locus, supporting the specificity of the sgP2-
mediated activation (Fig. 3C-D). Remarkably, FXN reactivation was accompanied by the functional
recovery of downstream pathways known to be impaired in FA. Specifically, we observed
normalization of cellular redox homeostasis, as indicated by the upregulation of detoxifying genes
(Fig. 3B) and a concomitant reduction in reactive oxygen species (ROS) levels, which, as expected,
were elevated in untreated FA-derived cortical neurons (Fig. 4B-D). Given the established role of
FXN in iron—sulfur cluster (ISC) biosynthesis, we investigated whether CRISPRa-mediated FXN
restoration could rescue also this defective process. Transcriptomic analysis revealed the
upregulation of genes encoding components involved in ISCs assembly (Fig. 3B), suggesting that
FXN reactivation promoted the re-establishment of this essential pathway. To indirectly assess ISCs
abundance following CRISPRa treatment, we quantified ISC-containing proteins in both control and
FA-derived neurons, as ISCs depletion is known to reduce the levels of these proteins. Notably,

CRISPRa treatment restored their near-physiological levels, indicating a replenishment of the ISCs

55



pool (Fig. 5A-l). These results collectively support the potential of transcriptional activation strategies
to rescue both FXN expression and associated cellular dysfunctions in FA human neuronal models,
representing an advancement to the work of Cherif and colleagues (Cherif K et al., 2018). During
the past years, other molecular approaches have been explored for FXN gene expression
restoration. Several groups focused on GAA triplet expansion excision (Li Y et al., 2015; Mazzara
PG et al., 2020; Ouellet DL et al., 2017). In this regard, we have previously shown in Broccoli’s lab
that FXN gene can be reactivated in iPSCs-derived DRG organoids (DRGOs) from patients with
different GAA repeats lengths, by exciding the triplet expansion through CRISPR/Cas9 technology
(Mazzara PG et al., 2020). Through this alternative approach, we demonstrated that targeted
excision of the GAA repeats markedly alleviated molecular and cellular disease features in DRGOs.
More specifically, we showed that removing only the expanded GAA tract proved less effective at
reversing key pathological hallmarks, such as FXN re-expression, axonal outgrowth, and synaptic
organization, compared to a larger deletion that removed nearly the entire FXN intron 1, where most
of the epigenetic repressive marks are concentrated. Interestingly, an innovative approach was
recently described by David Liu’s group at Harvard university. Using adenine base editors (ABEs),
they were able to introduce interruptions (AT — G<C) in the GAA repeats stretch, mimicking some
naturally occurring variants (e.g. GAG, GGA) found in some individuals, that are associated with
reduced repeat instability. This strategy effectively enhanced FXN expression in fibroblasts derived
from FA patients and reduced somatic repeat instability in vivo (Matuszek Z et al., 2025). The main
disadvantage of the CRISPR/Cas9 or base editors approaches is that an intervention at the DNA
level could cause unintended and irreversible genomic changes. For instance, it has been reported
that Cas9 can induce strand breaks that are sometimes repaired incorrectly, resulting in insertions,
deletions, or chromosomal rearrangements (Kalter N et al., 2025; Kosicki M et al., 2018; Xue C et
al., 2021). Consequently, such approaches are highly invasive and challenging to implement in a
clinical setting. Similarly, the dCas9-VP160 system also faces significant limitations in terms of
translational and clinical applicability. One of the major challenges is its large molecular size, which
exceeds the packaging capacity of AAV vectors, currently among the most widely used and clinically
validated platforms for in vivo gene delivery. Consequently, direct delivery of the full-length dCas9-
VP160 construct using a single AAV vector is not feasible. To address this limitation, several
alternative strategies have been proposed to improve the clinical translatability of CRISPR-based
transcriptional activation approaches. One such strategy involves dual-AAV (split-AAV) systems, in
which the dCas9 component and transcriptional activation domains are distributed across two
separate vectors and reconstituted into a functional complex following co-infection of target cells.
Among these approaches, intein-mediated protein trans-splicing has emerged as a particularly
promising solution. This method enables the delivery of large Cas9-based constructs as two inactive
protein fragments, each fused to complementary split intein domains. Upon co-expression within the

same cell, the intein domains associate and catalyze protein trans-splicing, resulting in the accurate
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reconstitution of a full-length, functional Cas9 protein (Truong DJ et al., 2015; Zhi S et al., 2022).
When applied to catalytically inactive Cas9 (dCas9)-based transcriptional activators, split-intein
systems offer additional advantages by enabling modular assembly of dCas9 and regulatory effector
domains. This modularity facilitates flexible vector design and the potential incorporation of
alternative transcriptional regulators depending on the therapeutic context (Ma D et al., 2016).
Nevertheless, for all dual-AAV approaches, the efficiency of protein or mRNA reconstitution, the
balance of fragment expression levels, and the temporal coordination of vector delivery remain
critical parameters that require careful optimization to ensure robust and reproducible activity. An
additional promising strategy involves the use of smaller Cas9 orthologs derived from alternative
bacterial species, such as Staphylococcus aureus Cas9 (SaCas9), which possess reduced coding
sequences compatible with AAV packaging limits. Although these orthologs are characterized by
distinct PAM requirements and may exhibit reduced targeting flexibility, their compact size makes
them attractive candidates for in vivo applications (Butterfield GL et al., 2025). In summary, while
dCas9-VP160 represents a powerful tool for transcriptional modulation in experimental settings,
future studies should focus on the development and evaluation of alternative vector architectures
and compact CRISPR-based activator systems to achieve an optimal balance between
transcriptional efficacy and delivery feasibility.

Since the final goal of our work was to find the best tool for translational purposes, we explored ZFAs
as a clinically more translatable alternative to CRISPRa for FXN reactivation. ZFAs offer practical
advantages, including their smaller size, allowing efficient packaging into AAV vectors, and their
derivation from human proteins, which should reduce immunogenicity. By designing a panel of
promoter-targeted ZFAs, we identified a triple combination (ZF145, ZF172, ZF187) that effectively
boosted FXN expression in fibroblasts from PTS patient, but not in fibroblasts from the more severely
affected PTL patient, suggesting that residual chromatin accessibility may influence efficacy of this
approach. Importantly, the ZFAs strategy proved effective in iPSC-derived neuronal cells from the
PTS patient, where FXN protein was restored to near-physiological levels in both NPCs and sensory
neurons (Fig. 6A-M). These results validate ZFAs as a valuable platform for targeted FXN
upregulation. However, considering that they were effective only in mildly affected patient-derived
cells, in the next future we will assess in other patients’ cell lines the efficacy of the system in order
to understand if it could be applicable on a large-scale basis. Notably, ZF transcriptional regulators
(repressors or activators) hold great potential for clinical applications. Indeed, Sangamo therapeutics
is already applying this technology to several neurological disorders. For example, they developed
and tested ZF-repressors (ZFRs) for Huntington’s disease that bind to the expanded CAG repeats
and repress the mutant HTT allele selectively. In vitro and in vivo experiments proved the efficacy of
the system, with minimal off-target effects, representing a valuable option towards therapy (Zeitler B
et al., 2019). Moreover, a currently on-going clinical trial (NCT06980948) is testing ZFRs for the

treatment of small fiber neuropathy (clinicaltrials.gov; Sangamo.com).
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Part of this work was focused on in vivo experiments with the CRISPRa system, in which we tested
FXN gene reactivation in primary cortical neurons derived from E17.5 YG8sR pups. Unexpectedly,
our treatment did not result in increased human FXN levels. This is likely because, according to our
experiments, basal human FXN levels in YG8sR mice were already higher than murine Fxn in wild-
type (WT) animals (Fig. S7), suggesting that the genetic context in this model may already be
saturated and therefore unresponsive to further gene induction. Brain tissues from mice aged 3 and
15 months were analyzed to assess whether the age-dependent GAA repeat expansion reported in
the literature resulted in a significant reduction of human FXN expression. However, human FXN
levels remained higher than endogenous murine Fxn levels in WT animals, even at advanced age,
indicating that GAA expansion did not lead to a marked repression of human FXN gene in this model.
To date, this aspect has not been described in previous studies. Notably, Cherif et al. (2018)
represent the only work in which an attempt was made to upregulate the human FXN gene in a
comparable model (YG8R) using TALEN-based transcriptional activators. In that study, no
significant increase in human FXN protein levels was detected in brain tissues. In the absence of
alternative validated models, the only mouse line that could currently be considered for this purpose
is the recently developed YG8JR model, an upgraded version of the YG8sR model employed in the
present work. The YG8JR mouse carries more than 800 GAA repeats and has been reported to
exhibit markedly reduced human FXN expression, together with earlier disease onset and more
severe ataxic phenotypes compared with previously available models (Kalef-Ezra et al., 2023).
These findings highlighted a persistent challenge in the field: the absence of animal models that
accurately recapitulate the molecular and transcriptional features of FA, and that can reliably serve
as platforms to evaluate strategies for FXN reactivation. /In vivo studies are crucial for evaluating this
kind of potential therapy, as they not only provide insights into biodistribution, histological outcomes,
and behavioral effects, but also allow assessment of treatment durability, clarifying how long a single
injection remains effective and identifying the optimal therapeutic window during disease
progression.

A key advantage of the systems explored here, CRISPRa and ZFAs, is their ability to restore FXN
expression at physiological levels, thereby avoiding the toxicity associated with FXN overexpression.
This feature provides a potential advantage over conventional gene therapy, which until now has
been considered the best alternative and the only definitive treatment option for FA. However,
several in vivo studies have highlighted a major limitation of gene therapy: toxicity linked to
uncontrolled FXN expression. Because gene therapy relies on delivering exogenous FXN copies via
viral vectors, it is not possible to precisely control the number of viral genomes that reach different
tissues. Given that commonly used AAV serotypes, such as AAV9, show high tropism for the heart
and liver, transgene accumulation is particularly pronounced in these organs. Importantly, excessive
FXN amounts in heart and liver has been shown to be toxic (Belbellaa B et al., 2018; Huichalaf C et

al., 2022). In summary, in this study we describe and validate two novel molecular strategies for
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reactivating the endogenous FXN gene. From our comparative analysis of CRISPRa and ZFAs, we
demonstrate that CRISPRa represents the most powerful and efficient approach to restore
endogenous FXN expression, achieving robust and physiological reactivation levels across multiple
disease-relevant neuronal cell types in the context of FA. While further studies are required to fully
characterize the most effective ZFAs, particularly by assessing potential off-target effects and
validating their efficiency across additional patient-derived cell lines, our findings demonstrate the

feasibility of the FXN reactivation approach and lay the groundwork for future clinical translation.
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Material and methods

Cell cultures
Fibroblasts culture

FA patients and healthy donor fibroblasts were obtained from the Franco Taroni’s lab at the IRCCS
Carlo Besta Neurological Institute. All human skin fibroblast (HSF) cultures were maintained in
DMEM medium (Dulbecco’s Modified Eagle’s Medium-high glucose, Sigma-Aldrich) containing 10%
fetal bovine serum (FBS, Sigma-Aldrich), 1% Pen/Strept, 2mM glutamine (Sigma-Aldrich), 1%
nonessential amino acids (MEM NEAA, ThermoFisher Scientific), 1% sodium pyruvate solution
(Sigma-Aldrich). The cultures were kept in a humidified atmosphere of 5% CO2 at 37 °C under

atmospheric oxygen conditions.
Induced pluripotent stem cells (iPSCs) culture

iPSCs used in this study were derived from patients and healthy donor human skin fibroblasts as
previously described (Mazzara PG et al., 2020). They were maintained in feeder-free conditions in
a mTeSR™1 (Stem Cell Technologies 85850) medium supplemented with 1% Penicillin-
Streptomycin (Sigma-Aldrich P0781 Stock 10,000 units penicillin and 10 mg streptomycin/mL). Cells
were fed daily and passaged in cell clumps weekly using Accutase solution (Sigma-Aldrich) in 6-well
culture plates coated with Matrigel® hESC-Qualified Matrix, LDEV-free (Corning 354277).

iPSCs differentiation into neural progenitor cells (NPCs)

Neural progenitor cells (NPCs) were derived from iPSCs following previously described protocols
with appropriate optimizations (Marchetto MC et al., 2010). In brief, iPSCs were enzymatically
dissociated into small clusters using Accutase (Sigma-Aldrich) and transferred to low-adhesion
plates in mTeSR1 medium supplemented with 0.5% N-2 supplement (ThermoFisher Scientific), 1%
penicillin-streptomycin (Sigma-Aldrich), 0.5 yg/mL human Noggin (PeproTech), 5 yM SB-431542
(Sigma-Aldrich), and 10 yM ROCK inhibitor Y-27632. The medium was refreshed every three days.
After 10 days, the resulting embryoid bodies were transferred to Matrigel-coated plates (1:100
dilution, growth factor-reduced Matrigel, Corning) and cultured in DMEM/F12 (Sigma-Aldrich)
supplemented with 1x N-2 supplement, 1% non-essential amino acids (MEM NEAA, ThermoFisher
Scientific), and 1% penicillin-streptomycin. The medium was changed every other day. On day 10
post-plating, neural rosettes were manually collected and dissociated using Accutase, and the
resulting NPCs (passage 0) were seeded onto Matrigel-coated flasks in NPC expansion medium
consisting of DMEM/F12, 0.5x N-2 supplement, 0.5% B-27 supplement (ThermoFisher Scientific),
1% penicillin-streptomycin, and 20 ng/mL basic fibroblast growth factor (bFGF, ThermoFisher

Scientific). NPCs were passaged twice weekly using Accutase.
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NPC differentiation into post-mitotic cortical neurons

On day 0, when neural progenitor cell (NPC) cultures reached approximately 90% confluency, the
medium was replaced with differentiation medium. This medium consisted of NPC medium lacking
bFGF and was supplemented with 10 yM SU5402, 8 uM PD0325901, and 10 uM DAPT (all from
Sigma-Aldrich). Fresh differentiation medium was applied daily on days 1 and 2. On day 3, cells
were enzymatically dissociated into a single-cell suspension using Accutase (Sigma-Aldrich) for 20
minutes at 37 °C. Following centrifugation and cell counting, the cells were seeded at a density of
55,000 cells/cm? onto plates or coverslips pre-coated with poly-L-lysine (PLL, 100 pg/mL), laminin
(2 ug/mL), and fibronectin (2 ug/mL) (all from Sigma-Aldrich). Cells were cultured in neuronal
maturation medium supplemented with 10 yM ROCK inhibitor Y-27632 for the first 24 hours. The
neuronal maturation medium was composed of Neurobasal A (ThermoFisher Scientific)
supplemented with 1x B-27, 2mM glutamine, 1% penicillin-streptomycin, 20 ng/mL BDNF
(PeproTech), 100 nM ascorbic acid (Sigma-Aldrich), 1 ug/uL laminin, 10 yM DAPT, and 250 uM
dbcAMP (Selleckchem). On the following day, the medium was replaced to remove the ROCK
inhibitor, and thereafter, half of the culture medium was refreshed twice weekly with fresh neuronal

maturation medium (Banfi F et al., 2023).
NPC differentiation into post-mitotic sensory neurons

Sensory neurons were derived from neural progenitor cells (NPCs) following previously described
protocols with appropriate optimizations (Mazzara PG et al., 2020). On day 0, when NPCs cultures
reached approximately 90% confluency, the medium was replaced with differentiation medium. From
day 1 to day 6, CHIR99021 3 pM (Miltenyi 130-103-926); SU5402 3 uM (Merck SML0443) and DAPT
10 uM (Merck D5942) were added. During these days KSR medium was gradually switched to N2
medium (Neurobasal medium (Thermo 21103049); N2 (Thermo 17502-048); pen/strep; NEAA, and
L-Glutamine 2 mM). On day 7 cells were enzymatically dissociated into a single-cell suspension
using Accutase (Sigma-Aldrich) for 10 minutes at 37 °C. Following centrifugation and cell counting,
the cells were seeded at a density of 55,000 cells/cm? onto plates or coverslips pre-coated with poly-
L-lysine (PLL, 100 pg/mL), laminin (2 pg/mL), and fibronectin (2 ug/mL) (all from Sigma-Aldrich).
Cells were cultured in neuronal maturation medium supplemented with 10 yM ROCK inhibitor Y-
27632 for the first 24 hours. The maturation medium was changed to 100% N2 medium plus
recombinant human Brain Derived Neurotrophic Factor 10 ng/ml (BDNF Peprotech 450-02); Glial-
Derived Neurotrophic Factor 10 ng/ml (GDNF Peprotech 450-10); Nerve Growth factor 10 ng/ml
(NGF Merck N6009); Neurotrophin-3 10 ng/ml (NT-3 Peprotech 450-03) and Ascorbic Acid 200 uM
(AA Merck 49752). Half of the medium was replaced with fresh medium every 72 h until samples

were collected for analysis or for up to 90 days.
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Primary cortical neurons culture

Primary cultures of mouse embryonic cortical neurons were prepared from embryonic day 17.5
(E17.5) embryos YG8sR pregnant females. Each embryo’s brain was processed separately, and a
skin biopsy was used for genotyping. Briefly, after dissection, corteces were enzymatically digested
with 0.025% trypsin (Gibco) in Hank’s balanced salt solution (HBSS; Euroclone) for 20 min at
37°C.Then HBSS with trypsin was removed, and the corteces were washed with plating medium
(neurobasal medium [Gibco] supplemented with 2% B27, 3.3 mM glucose, 1% glutamine, and
penicillin/streptomycin) and mechanically dissociated with a P1000 pipette to obtain a homogeneous
cell suspension. Cells were then plated on plates coated with poly-L-lysine (PLL; 0.1 mg/mL) and

coverslips.

sgRNAs design and annealing

Sequences of the sgRNAs (see supplementary table 1) were designed using CRISPOR online tool
(http://crispor.tefor.net/) and selected for predicted specificity score and on-target activity. The
annealing process of the sgRNAs was performed by using 1ul of each Forward and Reverse primers
(100uM), 1 pl of T4 PNK buffer 10X (NEB), 0.5 ul of T4 PNK (NEB M0201S) and 6.5 ul of ddH20 to
reach a final volume of 10 ul. The phosphorylation and annealing process was done using the
following thermocycler program: 30’ at 37°C, 5’ at 95°C, ramp with temperature decreasing 0.1°C/s
and 1’ at 25°C.

Vectors cloning

The annealed sgRNAs were cloned using BsmBI restriction enzyme into U6-filler-sgRNA scaffold
cassette, originating from LentiCRISPR (Addgene #52961). This cassette was placed in a lentiviral
backbone carrying blasticidin antibiotic resistance, under the control of Ef1a core promoter.
Ef1alpha-dCas9VP160-T2A-PuroR was generated from pAC94-pmax-dCas9VP160-2A-PuroR
(Addgene plasmid 48226). The dCas9VP160-2A-PuroR cassette was cut with Agel and inserted into
the TetO-FUW vector digested with Agel.

ZF-VP64 targeting FXN gene promoter were designed and selected according to specificity
parameters by Merck company, who sent us pUC plasmids containing V5-NLS-ZF-VP64 sequences.
These sequences were amplified by PCR and inserted into the Effalpha-GFP lentiviral vector
through Mlul and Sall digestion, to generate the lentiviral vector Eff1alpha-V5-NLS-ZF-VP64.
Ef1alpha-V5-NLS-ZF-VP160 constructs were obtained by transferring the V5-NLS-ZF sequences
into the Ef1alpha-dCas9-VP160-puro through BamHI digestion.
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The construct Ef1alpha-V5-NLS-ZF145-VP64-NLS-FUS was obtained cloning the FUS domain,
amplified by PCR from the pcDNA3.1-GFP-FUS plasmid (Addgene #183236), in the vector Ef1alpha-
V5-NLS-ZF145-VP64 without stop codon, through Sall and EcorV digestion.

Lentiviral vectors production

Replication-deficient lentiviral vectors were generated using the HEK293 (Human Embryonic Kidney
293T) packaging cell line. A total of 7.5 million cells were plated on 150-mm dishes in Dulbecco’s
Modified Eagle Medium (DMEM) high glucose (Sigma-Aldrich) supplemented with 10% fetal bovine
serum (FBS), 1% sodium pyruvate, 1% glutamine, and 1% penicillin-streptomycin (all from Sigma-
Aldrich). Cells were allowed to adhere overnight before transfection. Approximately 2—3 hours prior
to transfection, the culture medium was replaced with Iscove’s Modified Eagle Medium (IMDM)
containing 10% FBS, 1% non-essential amino acids (Gibco), 1% sodium pyruvate, 1% glutamine,
and 1% penicillin-streptomycin, to synchronize the cell cycle. Transfection was performed using the
calcium phosphate method with four plasmids: pREV encoding the lentiviral rev gene; pvVSV-G
encoding the viral surface glycoprotein responsible for vector tropism; pMDL encoding the viral gag
and pol genes (capsid and polymerase proteins); and a transfer plasmid carrying the transgene of
interest flanked by viral long terminal repeats (LTRs) that serve as the viral genome. For each 150-
mm dish, a transfection mix was prepared by combining 1125 uL sterile water (S.A.L.F.) with 6.25
Mg pPREV, 9 ug pVSV-G, 12.5 ug pMDL, and 32 pg of the transfer plasmid. Subsequently, 125 uL of
2.5 M CaCl2 was added, and after 5 minutes of incubation, 1250 uL of HEPES-buffered saline (HBS:
0.285 M NaCl, 1.5 mM Na2HPO4, 1 M HEPES, pH 7.12) was added dropwise while vortexing gently.
The mixture was then incubated at room temperature for 15 minutes before being added to the cells.
Following overnight incubation at 37 °C with 5% CO2 and 20% 02, the medium was replaced with
fresh IMDM. After 30 hours, the supernatant containing viral particles was collected, filtered through
a 0.22 ym Stericup filter (Corning), and aliquoted into ultracentrifuge tubes (Beckman). Viral particles
were concentrated by centrifugation at 20,000 rpm for 2 hours, after which the supernatant was
carefully removed. The dry pellets were then resuspended in 80 pl of PBS, shook at 4°C for 30
minutes and stored at -80°C until use. Lentiviral titration was performed with Lentiviral gPCR Titration
Kit (Abm LV900).

RNA extraction and quantitative real-time PCR (RT-qPCR)

Total RNA was extracted using the NucleoZOL reagent (Macherey-Nagel) following the
manufacturer’s instructions. Cells were prepared at a concentration of 5 x 108 cells/mL and lysed in
500 uL of NucleoZOL. The mixture was incubated for 5 minutes at room temperature to ensure

complete dissociation of nucleoprotein complexes. Following lysis, 200 uL of nuclease-free water
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(ddH,0) was added, and the samples were vortexed vigorously for 15 seconds. The mixture was
then incubated for an additional 5 minutes at room temperature, followed by centrifugation at 12,000
x g for 15 minutes. Subsequently, 500 yL of the resulting supernatant was transferred to a new tube
and mixed with 500 uL of isopropanol. The samples were centrifuged again at 12,000 x g for 5
minutes at room temperature to precipitate the RNA. After discarding the supernatant, the RNA pellet
was washed with 150 pL of 75% ethanol, followed by centrifugation at 8,000 x g for 5 minutes. The
supernatant was then carefully removed, and the RNA pellet was air-dried before being resuspended
in RNase-free water. The purified RNA was stored at —80°C until further use.

For gPCR, cDNA synthesis was obtained by reverse transcription of 1 uyg RNA using the ImProm-II
Reverse Transcription System (Promega), according to manufacturer’s instructions. qPCR was
performed in duplicate with custom-designed oligos using Titan HotTaq EvaGreen gPCR Mix 5x
(BIOATLAS) in a final volume of 20 ul, 2 ul of cDNA, 9.8 ul of H20, 3.2 pl of Titan Master Mix and 1
bl of a solution containing forward and reverse primers (5 uM). At the end of the reaction, the
threshold cycle values recorded were visualized using the software "CFX Manager software"
(Biorad). The analysis of the expression of the gene of interest was carried out by normalizing the
values of the measured threshold cycles (Ct) on 18S ribosomal RNA gene. Once the value of ACt
(Ct, FXN - Ct, 18S) was calculated, the fold change value (2(-AACt)) of the expression of FXN was
determined with respect to the control (AACt = ACt, sample - ACt, control). RT-qPCR primers are

listed in supplementary table 3.

RNA-sequencing and off-target genes analysis

RNA libraries were generated starting from 1 ug of total RNA extracted using NucleoZOL (Machery-
Nagel). RNA quality was assessed by using a Tape Station instrument (Agilent). To avoid over-
representation of 3’ends, only high-quality RNA with a RNA Integrity Number (RIN) = 9 was used.
RNA was processed according to the TruSeq Stranded mRNA Library Prep Kit protocol. The libraries
were sequenced on an lllumina HiSeq 3000 with 150bp paired-end reads using lllumina TruSeq
technology. Image processing and basecall was performed using the Illlumina Real Time Analysis
Software. Raw paired-end reads were quality checked with FastQC and trimmed by Trimmomatic
0.39 to remove adapters and trim low-quality bases, ensuring high-quality reads for downstream
analysis. The trimmed reads were aligned to the human reference genome GRCh38/hg38 using
STAR 2.5.3a. Gene-level quantification was performed using featureCounts v1.6.4 against the
Gencode v31 basic annotation. Following alignment and quantification, downstream analyses were
carried out in R. Differential gene expression analysis was conducted using DESeq2, which
normalized the read counts and identified differentially expressed genes (DEGs). Genes with an
absolute log2 fold change > 1 and an adjusted p-value < 0.05 were considered significant. Results
were visualized through volcano plots to highlight DEGs across the different comparisons.
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Exploratory data analysis included a Principal Component Analysis (PCA), performed on the 500
most highly variable genes to assess sample clustering and variability. Additional statistical
visualizations, such as heatmaps and other graphical outputs, were generated in R.

Potential off-target genes targeted by the sgRNA sgP2 were identified through the online CRISPOR
software (http://crispor.tefor.net). The predicted off-target genes are listed in the supplementary table
5.

Western blot

Fibroblasts, NPCs, neurons, and murine tissues were homogenized in RIPA buffer (50 mM Tris pH
7.5, 150 mM NaCl, 1 mM EDTA, SDS (0.1% for cells, 1% for tissues), 1% Triton X-100, Roche
Complete EDTA-free Protease Inhibitor Cocktail, and Roche PhosSTOP EASYpack). Proteins were
separated by SDS-PAGE (Sodium Dodecyl Sulphate — PolyAcrylamide Gel Electrophoresis), then
incubated with primary antibodies overnight at 4 °C in a blocking solution containing 5% non-fat dry
milk in PBS-Tween 0.1% (Sigma-Aldrich), as specified in the corresponding antibody datasheets
(see supplementary table 4 for the full list of primary antibodies and their working dilutions). Band
densitometry, relative to control samples, was quantified using Fiji software (v1.48i, NIH, USA) and
normalized to the indicated housekeeping proteins in each Figure (3-ACTIN, S6 and CALNEXIN).

Immunostaining

Cells were fixed with ice-cold 4% paraformaldehyde (PFA) for 30 minutes at 4 °C, then washed three
times with PBS. They were subsequently incubated at room temperature for 1 hour in a blocking
solution containing 10% donkey serum (to prevent nonspecific binding) and 0.1% Triton X-100 to
permeabilize the cell membrane. Following this, cells were incubated overnight at 4 °C with the
primary antibodies. After three PBS washes, cells were incubated for 1 hour at room temperature in
blocking solution containing DAPI (1:1000, Sigma-Aldrich) and Alexa Fluor-488, Alexa Fluor 647 or
Alexa Fluor-546-conjugated anti-rabbit or anti-mouse secondary antibodies (1:1000, ThermoFisher
Scientific). After another series of PBS washes (3x), cells were mounted using fluorescent mounting
medium (Dako). Imaging was performed using a Nikon Eclipse 600 fluorescence microscope and
Olympus FluoVIEW FV3000RS Confocal. See supplementary table 4 for the full list of primary

antibodies and their working dilutions.
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Reactive Oxygen Species (ROS) detection by DCF assay

Intracellular reactive oxygen species (ROS) levels were measured using the 2',7'-dichlorofluorescin
diacetate (DCFDA or H,DCFDA) assay (Sigma-Aldrich), a cell-permeant fluorogenic dye that is
oxidized to fluorescent 2',7'-dichlorofluorescein (DCF) upon reaction with ROS. iPSCs-derived
cortical neurons were seeded on PLL-coated glass coverslips in 24-well plates at an appropriate
density to reach ~80% confluency at the time of the assay. On the day of the experiment, cells were
washed once with pre-warmed phosphate-buffered saline (PBS) and incubated with 10 uM
H,DCFDA 20 minutes at 37 °C in the dark. To specifically label neuronal cell bodies and protrusions,
cells were co-incubated with an anti-CD56 antibody conjugated to Alexa Fluor 647 (BD biosciences
No 557711) for 20 minutes at 37 °C in the dark. After incubation, cells were gently washed with PBS
to remove unbound antibody and excess dye. Finally, cells were incubated in fresh medium prior
microscope live-imaging. Imaging was performed using a Nikon Eclipse 600 fluorescence

microscope.

Quantification of intracellular ROS levels by DCF fluorescence

Intracellular ROS levels were quantified in neuronal cultures using DCF fluorescence imaging.
Acquired images were analyzed using ImageJ software (NIH). Individual cells were identified based
on nuclear staining using the Hoechst signal. Regions of interest (ROIs) corresponding to single cells
were defined using the Hoechst channel, and these ROIs were then applied to the DCF fluorescence
channel (546 nm) to measure fluorescence intensity, which is proportional to intracellular ROS levels.
Background fluorescence was determined from cell-free regions and subtracted from all
measurements. A fluorescence intensity threshold was subsequently applied to exclude background
and nonspecific signal. The resulting background-corrected DCF fluorescence intensity for each
individual cell was extracted and used for quantitative analysis. Single-cell DCF intensity values were

plotted and analyzed to compare ROS levels between experimental conditions.

Zinc-fingers activators (ZFAs) design

Zinc-fingers activators (ZFAs) were designed by Merck company (Product Name: CompoZr™
Knockout Zinc Finger Nucleases). They identified the possible 18-bp sequences targetable by ZFAs
on the FXN promoter region that we selected. ZFAs target sites were designed using an in silico
design pipeline based on the reference genome sequence. An initial pool of candidate ZFAs target
sequences was generated and subsequently subjected to genome-wide off-target analysis to assess
binding specificity. Off-target searches were performed by aligning each candidate target sequence
against the genome to identify potential off-target sites with up to three nucleotide mismatches.

Designs exhibiting an excessive number of predicted off-target sites with <3 mismatches were
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excluded from further analysis. Off-target burden was quantified by calculating the sum of mismatch
scores across all identified off-target alignments for each candidate.

To avoid functional interference between ZFAs, additional positional constraints were applied,
requiring that selected target regions did not overlap within the genomic locus of interest. Candidates
failing to meet this non-overlapping criterion were removed.

Following this filtering process, nine ZFAs designs were retained for downstream experimental
validation. Five of these designed ZFAs were employed in the present work. The target sequences
of the selected ZFAs are listed in supplementary table 2. Supplementary information regarding the
technical parameters used for ZFAs selection and the bioinformatic prediction of the off-target sites
are available at the following link: https://drive.google.com/drive/folders/1WV-
sHISA0NjPZcqB88wnhxPpD7kybB cG?usp=drive link .

Statistical analysis

All data are represented as the mean calculated between different experiments and the variation
between experiments is depicted as the mean + standard error (SEM). For each experiment, “n”
indicates the number of independent experiments. Analyses of significant differences between
means were performed using Student’s t-test, one-way or two-ways ANOVA, depending on the
number of groups and variables in each experiment. Data were then submitted to Tukey’s or
Dunnett’s post hoc test using GraphPad Prism software. The null hypothesis was rejected when P <
0.05. In the graphs, “ns” indicates nonsignificant differences when P > 0.05, * indicates significant
differences with P < 0.05, ** indicates significant differences with P < 0.01, *** indicates significant

differences with P < 0.001 and **** indicates significant differences with P < 0.0001.
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Figure S1. FXN gene chromatin accessibility analysis. A. Map of the most accessible chromatin regions
within the FXN gene, based on integrated analysis of publicly available datasets on Pol Il gene promoter
occupancy, H3K4me3 enrichment, and ATAC-seq profiles from primary fibroblasts. The region adjacent to the
transcription start site is identified as the most promising target for molecular interventions, owing to its
relatively open chromatin conformation.
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Figure S2. Test of alternative epigenetic regulators for FXN reactivation. A. Schematic illustration of the
lentiviral construct coding for dCas9 fused with the activation domain VPR, under the control of the EF1a
promoter. B. FXN gene expression levels relative to 18S, normalized to the untreated healthy control (white),
in primary fibroblasts from the healthy control (CTRL), the milder patient PTS and the more severe patient PTL
treated with dCas9-VPR in combination with individual or pooled sgRNAs (sgP1, sgP2 and sgP3) to screen
for the most effective ones. C. Schematic illustration of the lentiviral construct coding for dCas9 fused with the
demethylating domain TET1, under the control of the UbC promoter. D. FXN gene expression levels relative
to 18S, normalized to the untreated healthy control (white), in primary fibroblasts from the healthy control
(CTRL), the milder patient PTS and the mosre severe patient PTL treated with dCas9-TET1 in combination
with individual sgRNAs (sgP1, sgP2 and sgP3) to screen for the most effective ones. E. Schematic illustration
of the lentiviral construct coding for dCas12a fused with the activation domain NFZ, under the control of the
EF1a promoter. F. FXN gene expression levels relative to 18S, normalized to the untreated healthy control
(white), in primary fibroblasts from the healthy control (CTRL), the milder patient PTS and the more severe
patient PTL treated with dCas12a-NFZ in combination with individual or pooled sgRNAs (sg1, sg2 and sg3) to
screen for the most effective ones. The condition with CRISPRa/sgP2 was used as positive control of FXN
reactivation. B, D, F. Statistical analysis One-way ANOVA, with multiple comparison analysis by Dunnett’s
test. * p<0,05. ** p<0,02. **** p<0,0001. ns: not significant. All data are mean+SEM. All data are mean+SEM.
Statistical analyses were conducted by comparing all experimental groups with one another. In figure S2F the
statistical significance is referred to the untreated healthy control (white).
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Figure S3. Characterization of iPSCs-derived NPCs and neurons from healthy control, PTS and PTL
patients. A-C. Immunofluorescence on iPSCs-derived NPCs from healthy control, PTS and PTL patients
stained for NESTIN, SOX2 (green) and PAX6 (red) markers. Scale bar 100 um.




Figure S4. Characterization of iPSCs-derived cortical neurons from healthy control, PTS and PTL
patients. A. Immunofluorescence on iPSCs-derived cortical neurons at DIV40 from healthy control, PTS and

PTL patients stained for TUBULIN B3 (green) and MAP2 (red) markers. Scale bar 100 um.
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Figure S5. Characterization of iPSCs-derived sensory neurons from healthy control and PTL patient.
A. Immunofluorescence on iPSCs-derived sensory neurons at DIV40 from healthy control and PTL patient
stained for TUBULIN B3 (green) and PARVALBUMIN (purple) markers. Scale bar 30 um.
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Figure S6. RNA sequencing on PTS patient NPCs for transcriptomic analysis. A. Correlation Heatmap
showing absolute distances (Pearson R2-1) between transcriptomes of PTS patient NPCs either untreated
(NPC CTRL) or transduced with dCas9-VP 160 and sgP2 (NPC VP160). The distance between samples is also
shown as an unsupervised hierarchical clustered dendrogram on the sides. B. Samples transcriptome
clustering using the principal component analysis (PCA). C. Volcano plot showing differential gene expression
between the two groups. Each point represents a gene, with the x-axis showing the log2 fold change (log2FC)
between conditions and the y-axis showing the -log10 adjusted p-value (FDR). Genes significantly upregulated
are highlighted in red, while significantly downregulated genes are highlighted in blue. Non-significant genes
are shown in gray. D. Heatmap of differentially expressed genes (DEGs) across all samples, with rows
representing genes and columns representing individual samples. Expression values are shown as normalized
and scaled counts. Genes and samples are hierarchically clustered based on expression patterns to reveal
groups with similar profiles. E. Gene set enrichment (GSEA) analysis performed on transcriptomic data from
NPCs expressing VP160 compared with control cells. The bar plot displays significantly enriched Gene
Ontology biological process pathways ranked by normalized enrichment score (NES), with positive NES values
indicating pathways enriched in VP160-treated samples and negative NES values indicating pathways
enriched in control samples. Enriched pathways include processes related to ribosome biogenesis,
mitochondrial function, and protein metabolism, as well as pathways associated with neural commitment,
neuronal differentiation, and neurodevelopment. Bar color represents the adjusted p value (padj), as indicated
by the color scale. F. RNA-seq data validation by qPCR of three predicted off-target genes. Target gene
expression levels relative to 18S, normalized to the untreated healthy control (light grey). Statistical analysis
Two-way ANOVA, with multiple comparison analysis by Tukey’s test. *** p<0,001. **** p<0,0001. All data are
mean+SEM. Statistical analyses were conducted by comparing all experimental groups with one another.
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Figure S7. In vivo testing of the CRISPRa system. A. Schematic overview of the experimental workflow.
YG8sR mice, carrying a human FXN (hFXN) transgene with 250/300 GAA repeats on a YAC and lacking the
endogenous murine FXN (mFXN), underwent brain dissection to isolate cortical primary neurons. These
neurons were transduced with lentiviral vectors encoding dCas9-VP160 and the sgRNAs sgP1, sgP2, and
sgP3. Ten days post-transduction, hFXN protein levels were evaluated by Western blot. B. Western blot
analysis of hFXN protein in YG8sR-derived cortical neurons untreated or treated with lentiviruses carrying
dCas9-VP160 and sgP1, sgP2 and sgP3 sgRNAs. B-ACTIN was used as loading control for hFXN protein
amounts. C. Western blot densitometric quantification of hFXN protein levels in YG8sR-derived cortical
neurons untreated or treated with lentiviruses carrying dCas9-VP160 and sgP1, sgP2 and sgP3 sgRNAs, by
ImageJ software. Statistical analysis by One-way ANOVA, with multiple comparison analysis by Dunnett’s test.
* p<0,05. All data are mean+SEM. D. Western blot analysis of hFXN or mFXN protein in brain and cerebellum
tissues from three months old wild-type (mFXN +/+) and YG8sR (hFXN +mFXN -/-) mice. B-ACTIN was used
as loading control. E. Western blot densitometric quantification of hFXN or mFXN protein in brain (white) and
cerebellum (grey) tissues from three months old wild-type (mFXN +/+) and YG8sR (hFXN +mFXN -/-) mice,
by ImageJ software. Statistical analysis Two-way ANOVA, with multiple comparison analysis by Tukey’s test.
** p<0,02. All data are mean+SEM. F. Western blot analysis of hFXN or mFXN protein in brain tissues from
fifteen months old wild-type (mFXN +/+) and YG8sR (hFXN +mFXN -/-) mice. B-ACTIN was used as loading
control. G. Western blot densitometric quantification of hFXN or mFXN protein in brain tissues from fifteen
months old wild-type (MFXN +/+) and YG8sR (hFXN +mFXN -/-) mice, by ImageJ software. Statistical analysis
by paired t-test. n=4. * p<0,05. All data are meantSEM. All data are meantSEM. Statistical analyses were
conducted by comparing all experimental groups with one another.
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Figure S8. Test of an alternative activation domain FUS-IDR fused to ZF145-VP64. A. Schematic
illustration of the lentiviral construct coding for ZF145 fused with the two activation domains VP64 and FUS-
IDR, under the control of the EF1a promoter. B. Western blot analysis of FXN protein in healthy control and
PTS-derived primary fibroblasts transduced with either ZF145-VP64-FUS or the combination of ZF145, ZF172
and ZF187-VP64. B-ACTIN was used as loading control. C. Western blot densitometric quantification of FXN
protein levels in healthy control and PTS-derived primary fibroblasts transduced with either ZF145-VP64-FUS
or the combination of ZF145, ZF172 and ZF187-VP64, by ImageJ software. Statistical analysis by One-way
ANOVA, with multiple comparison analysis by Dunnett’s test. ns: not significant. All data are mean+SEM. All
data are mean+SEM. Statistical analyses were conducted by comparing all experimental groups with the
healthy control (white).
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Supplementary table 1: sgRNAs sequences

sgRNA

sequence (5°-3’)

sgP1 (dCas9) - FW

CACCAGGCTGCAGTCTCCCT TGG

sgP2 (dCas9) - FW

TGCACGAATAGTGCTAAGCT GGG

sgP3 (dCas9) - FW

AGAAGAGTGCCTGCGGCCAG TGG

sg1 (dCas12a) - RV

TTTG TGCAAAGCACGGAGTGCAACCAG

sg2 (dCas12a) - FW

TTTG TTAAATGCACGAATAGTGCTAAG

sg3 (dCas12a) - RV

TTTA ACAAAAATGGAGAGCCTGCTTTG

Supplementary table 2: Zinc fingers activators (ZFAs) binding sites sequences

ZFA Binding site sequence
ZFA84 GGGGTCGCCGCAGCACCC
ZFA145 TTGGCCGCCGGTATGGGT
ZFA168 GCAACCAGGACCCCTGAC
ZFA172 GCAAAGCACGGAGTGCAA
ZFA187 GGTGGCCACTGGCCGCAG

Supplementary table 3: RT-qPCR primers

Gene FW primer (5’-3’) RV primer (5’-3’)
FXN AATCTGGAACTTTGGGCCAC AACGTGTATGGCTTGTCTGC
18s GAAATTCTTGGACCGGC GACTTTGGTTTCCGCGAAGC
HIRA CACAGCCGTCATTGAGAACC CATCTGCTGTCCGAGTCTCA
IGF2BP2 CACTTCTCAGGCCAGACAGA TGCAGCTCCAGAGTTCTCTT
ACACB CGAGTTTGCGGATTCCCAAT TTGTTCTGGAAGCTCTCGGT

Supplementary table 4: Antibodies

Antibody Species Catalog number Dilution
hFXN Mouse Abcam-ab110328 1:200
h/mFXN Rabbit Abcam-ab175402 1:1000
B-ACTIN Mouse Sigma Aldrich-T4751 1:5000
PAX6 Rabbit Covanxe PRB-278P 1:200
NESTIN Mouse Millipore MAB5326 1:500
SOX2 Mouse R&D- Ab59776 1:200
TUJ1 (BllI-Tubulin) Rabbit Covance PRB-435P 1:500
TUJ1 (BllI-Tubulin) Mouse Covance MMS-435-P 1:500
MAP2 Chicken Abcam-ab92434 1:500
PV Rabbit Swant PV27 1:1000
CD56-647 Mouse BD biosciences 55771 1:50
OXPHOS Mouse Abcam-ab110411 1:1000
METTL17 Rabbit Invitrogen PA5-107173 1:1000
CALNEXIN Rabbit Sigma-Aldrich-C4731 1:2000
phospho-S6 Rabbit Abcam-ab2211 1:1000
Hoechst / Thermo Fisher H1399 1:1000
Anti-rabbit-488 Donkey Thermo Fisher A21206 1:1000
Anti-rabbit-546 Donkey Thermo Fisher 10040 1:1000
Anti-mouse-488 Donkey Thermo Fisher A21202 1:1000
Anti-rabbit-647 Donkey Thermo Fisher A31573 1:1000
Anti-chicken-546 Donkey Thermo Fisher A11040 1:1000
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Supplementary table 5: CRISPOR predicted off-target genes for sgP2

Predicted off-target # of mismatches Location

BRE 3 intron
RNF216-Metazoa_SRP 4 intergenic
RP11-554A11.8-RP11-554A11.9 4 intergenic
RN7SKP62-ST8SIA4 4 intergenic

RP11-174G6.1 4 intron
MYO18A-CRYBA1 3 intergenic
RBAKDN/RBAK-RBAKDN-RNU6-215P 4 intergenic
MIR8065-AC012175.1 4 intergenic
RNA5SP428-CDH5 4 intergenic
CPM-RP11-324P9.1 4 intergenic

MGMT 4 intron
RP11-2519.2-RNA5SP349 4 intergenic
KB-173C10.2-KB-173C10.1 3 intergenic
SNX12-FOX04 4 intergenic
MIR4768-RP1-60N8.1 4 intergenic
ARHGAP42-AC015600.1 4 intergenic

SEC14L3 4 intron
TANC2-AC037445.1 4 intergenic
KCND3-IT1-KCND3-AS1 4 intergenic
RP11-406A20.4-RP11-30P16.1 4 intergenic

CDH18 4 intron

C1QTNF9B 4 intron
RP11-100K18.1-RP11-451L19.1 4 intergenic
PRR4-PRH1 4 intergenic

IGF2BP2 4 intron
RP11-297L17.4-RP11-467J12.4 4 intergenic
RNU6-1040P-RALYL 4 intergenic

HIRA 4 intron

ACACB 4 intron

TXNDC16 4 intron
RP11-557C18.4-RP11-557C18.3 4 intergenic
AC004014.3-AC002386.1 4 intergenic
LINC01362-RP11-413G15.1 4 intergenic

RASA2 4 intron

SYNDIGH1 4 intron

EGFR 4 intron
EFNB1-PJA1 4 intergenic

MLK7-AS1 4 intron
RP11-22D3.2-CBLN1 4 intergenic
RP11-624C23.1-ADAMDECA1 4 intergenic

FGGY 4 intron

MCC 4 intron

RP11-169K17.4 4 exon
RP11-166B2.7-SNX29 4 intergenic
AP006547.3-AC145123.2 3 intergenic

SCAMP1 4 intron

MEGF11 4 intron

MAN2A1 4 intron

RP11-576D8.4 4 exon
Y_RNA-MIR4325 4 intergenic
AC112198.2-RP11-45H22.3 4 intergenic
RN7SL318P-RP5-991023.1 4 intergenic

UQCRC1 4 intron
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CHAPTER 3

Summary and conclusions

Friedreich’s ataxia (FA) is a recessive neurodegenerative disorder, affecting 1 over 40000 individuals
(Koeppen AH, 2011; Pandolfo M, 2009). Patients predominantly present with limb and gait ataxia,
often accompanied by additional neurological manifestations such as dysarthria, areflexia, impaired
vibration and proprioceptive sensation (Corben LA, 2010). These clinical features arise from the loss
of sensory neurons in the dorsal root ganglia, particularly proprioceptive neurons, as well as
degeneration of the Dentate Nucleus of the cerebellum and corticospinal tracts (Harding IH, 2020).
FA is caused by a pathogenic GAA trinucleotide repeat expansion in the intron 1 of the FXN gene,
which leads to its transcriptional silencing (Campuzano CS et al., 1996). Among the therapeutic
strategies currently under investigation, transcriptional reactivation of FXN represents a particularly
promising approach, with broad relevance across multiple areas of neuroscience. In this study, we
proposed novel approaches for FXN gene reactivation. More specifically, we focused on CRISPR
activation (CRISPRa) and zinc-finger activators (ZFAs) strategies. Regarding the CRISPRa
approach, we employed a catalytically inactive Cas9 (dCas9) fused to the potent transcriptional
activator VP160, together with a single-guide RNA (sgP2), targeting FXN promoter. CRISPRa-
mediated activation resulted in a robust increase of FXN protein amounts, across multiple disease-
relevant neural cell types differentiated from iPSCs, including neural progenitor cells (NPCs), cortical
neurons, and sensory neurons, derived from a mildly affected patient (PTS, 330/300 GAA repeats)
and a more severely affected patient (PTL, 530/1000 GAA repeats) (Fig. 2A-l). Importantly, FXN
reactivation was accompanied by the functional restoration of downstream pathways disrupted in
FA. Specifically, we observed normalization of cellular redox homeostasis, reflected by the
upregulation of detoxifying genes (Fig. 3B) and a concomitant reduction in reactive oxygen species
(ROS) levels (Fig. 4B-D). Moreover, given the established role of FXN in iron—sulfur clusters (ISCs)
biosynthesis, we assessed whether CRISPRa-mediated activation could rescue this process.
Transcriptome analysis showed increased expression of genes encoding the principal components
of the pathway for ISCs biosynthesis (Fig. 3B). Additionally, analysis of ISC-containing protein levels
in both control and FA-derived neurons demonstrated that CRISPRa treatment restored their levels,
indicative of replenished ISCs pools (Fig. 5A-l). Together, these findings demonstrate that
transcriptional activation strategies can effectively restore FXN expression and ameliorate
associated cellular dysfunctions in human neuronal models of FA. As the ultimate aim of this work
was to identify the most suitable tool for translational application, we evaluated ZFAs as a clinically
more applicable alternative to CRISPRa for FXN reactivation. ZFAs offer distinct advantages,

including their relatively small size, facilitating efficient packaging into AAV vectors, and their
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derivation from human protein scaffolds, which is expected to reduce immunogenicity. By generating
a panel of promoter-targeted ZFAs, we identified a triple combination (ZF145, ZF172, ZF187) that
induced FXN expression in fibroblasts derived from PTS patient, but not in cells from PTL patient,
again suggesting that residual chromatin accessibility influences the efficacy of gene reactivation.
Importantly, the ZFA strategy was also effective in iPSC-derived neuronal cells, where FXN protein
levels were restored to near-physiological levels in both NPCs and sensory neurons from PTS
patient (Fig. 6A-M). However, given that ZFAs were effective only in cells from a mildly affected
patient, future studies are needed to assess their efficacy across a broader panel of patient-derived
lines to determine their potential for large-scale clinical application. A major advantage of the
CRISPRa and ZFAs approaches explored here is their capacity to restore FXN expression within
physiological ranges, thereby mitigating the risk of toxicity linked to FXN overexpression (Belbellaa
B et al., 2018; Huichalaf C et al., 2022). This aspect was broadly investigated in the field of gene
therapy for FA. Indeed, in vivo studies by Belbellaa et al. showed that high-level FXN overexpression,
particularly in cardiac tissue, induces dose-dependent mitochondrial toxicity characterized by
impaired ISCs—dependent enzyme activities, altered mitochondrial ultrastructure, activation of
mitochondrial stress responses, cardiomyocyte death, fibrosis, and progressive cardiac dysfunction,
despite restoration of FXN levels well above normal. Importantly, these toxic effects emerged when
FXN expression exceeded approximately 20-fold endogenous levels, whereas more moderate
increases were largely tolerated, underscoring a threshold-dependent phenomenon.
Complementary work by Huichalaf et al. further elucidated the mechanistic basis of this toxicity,
demonstrating that excessive FXN disrupts ISCs biogenesis through its functional interaction with
the core assembly machinery, leading to a paradoxical ISCs deficiency and consequent
mitochondrial dysfunction. Notably, toxicity was dependent on FXN'’s ability to engage the Fe-S
assembly complex, as expression of a binding-deficient FXN mutant failed to elicit similar deleterious
effects, thereby establishing that FXN overexpression toxicity is mechanistically linked to its
canonical biochemical role. Together, these studies indicate that excessive FXN perturbs
mitochondrial homeostasis and energy metabolism in a manner that phenocopies aspects of FXN
deficiency, with tissue-specific sensitivity and systemic consequences observed at high expression
levels, highlighting critical considerations for FXN-targeted therapeutic strategies, particularly gene-
replacement approaches. Considering this, CRISPRa and ZFAs approaches offer a significant
benefit over conventional gene therapy, which has thus far been regarded as the golden standard
and the only definitive therapeutic option for FA. Moreover, the systems investigated in the present
work present additional advantages over the therapies based on base editing and small molecules
treatments that are currently in clinical development. Genome-editing strategies such as
CRISPR/Cas9 nucleases and base editors offer the possibility of permanent genetic correction;
however, their principal limitation resides in the irreversible nature of DNA-level interventions and

the associated risk of unintended genomic alterations. Even in the absence of canonical double-
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strand breaks, base-editing approaches can induce off-target nucleotide conversions, bystander
edits, and long-term genomic instability, while Cas9 nuclease activity has been shown to generate
insertions, deletions, and chromosomal rearrangements due to erroneous DNA repair (Kosicki et al.,
2018; Xue et al., 2021; Kalter et al., 2025). In contrast, CRISPRa and ZFAs systems modulate gene
expression without altering the underlying DNA sequence, thereby substantially reducing the risk of
permanent genomic damage. This non-mutagenic and reversible mode of action represents a major
safety advantage, particularly for dosage-sensitive genes, as it allows controlled and tunable
upregulation. However, CRISPRa and ZFAs efficacy depends on sustained expression of the
transcriptional machinery, chromatin accessibility, and promoter context, which may limit robustness
and necessitate continuous or long-term delivery. An alternative, non-genetic strategy involves the
use of small molecules to induce gene expression, which offers additional advantages such as ease
of administration, dose-dependent reversibility, and established regulatory pathways for clinical
translation. Small molecules can enable systemic and adjustable modulation of gene expression
without introducing exogenous genetic material; however, their specificity is often limited, as they
frequently act through pleiotropic signaling or epigenetic mechanisms, increasing the risk of off-target
transcriptional effects. Furthermore, chronic administration may be required to maintain therapeutic
efficacy, raising concerns regarding toxicity, variable bioavailability, and patient compliance. Taken
together, while base editing provides durable correction at the cost of irreversible genomic
modification, CRISPRa/ZFAs and small-molecule approaches offer safer and more flexible
alternatives for therapeutic gene upregulation, albeit with trade-offs in durability, specificity, and
delivery requirements that must be carefully balanced for clinical application. Despite its favorable
safety profile relative to DNA-editing strategies, the clinical translation of epigenome-editing
approaches such as CRISPRa faces several important challenges. Achieving efficient, tissue-
specific, and durable delivery of the large CRISPRa machinery in humans remains a major obstacle,
as previously raised in the Discussion paragraph. Sustained therapeutic efficacy may require long-
term expression of epigenetic regulators, raising concerns about immune responses to Cas-derived
proteins and the potential consequences of prolonged transcriptional activation. In addition,
variability in chromatin state, epigenetic context, and regulatory architecture across cell types and
individuals may lead to heterogeneous responses, complicating dose control and predictability of
gene activation. Off-target binding of dCas9 to non-canonical genomic sites, while non-mutagenic,
could still perturb transcriptional networks in unintended ways, with uncertain long-term effects.
Collectively, these challenges underscore the need for improved delivery platforms, refined targeting
strategies, and robust safety assessment frameworks before epigenome-editing technologies can
be broadly translated into human therapies.

In summary, through a comparative evaluation of CRISPRa and ZFAs approaches, we show that
CRISPRa constitutes the most potent and efficient strategy for restoring endogenous FXN

expression, enabling robust and physiologically relevant reactivation across multiple disease-
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relevant neuronal cell types in the context of FA. Importantly, additional studies are necessary to
characterize ZFAs, including comprehensive assessment of off-target activity and validation of their
efficacy in a broader range of patient-derived cell lines. Moreover, to further demonstrate the
therapeutic efficacy of the proposed approach, further characterization of the mitochondrial function
in sensory neurons are required, for example through the analysis of ATP production and
mitochondrial respiration before and after CRISPRa treatment. Besides, considering the limitations
encountered in the in vivo validation and the lack of suitable alternative models, the recently
developed YG8JR mouse line currently represents the only new option for such studies. This model,
an upgraded version of the YG8sR line used in the present work, harbors the human FXN gene with
more than 800 GAA repeats and has been reported to exhibit substantially reduced human FXN
expression, alongside earlier disease onset and more pronounced ataxic phenotypes relative to
previously available models (Kalef-Ezra et al., 2023). Nonetheless, the reliance on this single model
underscores an enduring challenge in the field, namely the scarcity of animal models that faithfully
recapitulate the molecular and transcriptional hallmarks of FA and can be robustly employed to
evaluate FXN reactivation strategies in vivo. Taken together, and in light of the additional studies
required, our results demonstrate the feasibility of FXN reactivation as a therapeutic strategy and

provide a solid foundation for its future clinical translation.
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