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Summary

Friedreich’s ataxia (FRDA) is a devastating, multisystemic disorder caused by recessive mutations
in the mitochondrial protein frataxin (FXN). FXN participates in the biosynthesis of Fe-S clusters
and is considered to be essential for viability. Here we report that when grown in 1% ambient O,
FXN null yeast, human cells, and nematodes are fully viable. In human cells, hypoxia restores
steady state levels of Fe-S clusters and normalizes ATF4, NRF2, and IRP2 signaling events
associated with FRDA. Cellular studies and /n vitro reconstitution indicate that hypoxia acts
through HIF-independent mechanisms that increase bioavailable iron as well as directly activate
Fe-S synthesis. In a mouse model of FRDA, breathing 11% O, attenuates the progression of
ataxia, whereas breathing 55% O, hastens it. Our work identifies oxygen as a key environmental
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variable in the pathogenesis associated with FXN depletion, with important mechanistic and
therapeutic implications.

Introduction

Fe-S clusters are ancient cofactors that are essential for redox reactions, enzyme catalysis,
protein stability, and regulation of gene expression (Lill, 2009; Rouault and Tong, 2008). An
estimated 60 human proteins bind Fe-S clusters, including key enzymes in DNA replication
and repair, protein translation, and energy metabolism (Andreini et al., 2016). Phylogenetic
analyses reveal that Fe-S binding folds are among the most ancient and widely distributed
(David and Alm, 2011; Dupont et al., 2010). Indeed, Fe-S clusters can form spontaneously
from iron and inorganic sulfide under anaerobic conditions (Venkateswara Rao and Holm,
2004), the conditions that were present over 2.5 billion years ago in the ocean basins where
life may have evolved (Canfield, 2005; Rouxel et al., 2005). As Fe-S clusters are oxygen-
labile, the rise of oxygen in our planet’s oceans following the emergence of photosynthesis
created a problem for Fe-S based catalysis (Canfield et al., 2000; Imlay, 2006). Life forms
have evolved various strategies for coping with increased oxygen, such as employing protein
scaffolds to shield Fe-S clusters from oxygen, expressing oxygen scavenging enzymes to
keep oxygen levels low, using alternate oxygen-stable co-factors, or generating altogether
new pathways that are free of Fe-S clusters (Andreini et al., 2017; Imlay, 2006).

All living organisms use enzyme-mediated pathways to synthesize Fe-S clusters. Virtually
all eukaryotes depend on the mitochondrial-localized iron-sulfur cluster (ISC) pathway to
generate Fe-S clusters, which are subsequently inserted into mitochondrial enzymes or
exported to the cytosol (Beilschmidt and Puccio, 2014; Lill et al., 2014; Rouault, 2012). All
of the ISC genes are encoded in the nuclear genome; the protein products are localized to the
mitochondria where they mediate Fe-S cluster assembly. Eukaryotic ISC biosynthesis is
initiated with the de novo synthesis of an Fe-S cluster on the scaffold protein ISCU. This
reaction involves the cysteine desulfurase NFS1 that provides sulfur from cysteine, LYRM4
and NDUFABL (i.e. ISD11 and ACP, respectively) which contribute to the stability of NFS1,
and FXN (Beilschmidt and Puccio, 2014; Rouault, 2012; Van Vranken et al., 2016). The
exact molecular function of FXN is unclear, but it has been proposed to be an iron chaperone
(Foury et al., 2007; Park et al., 2003) or an allosteric activator of cysteine binding to NFS1
and subsequent sulfur transfer to ISCU (Bridwell-Rabb et al., 2014; Parent et al., 2015; Tsai
and Barondeau, 2010). Complete reconstitution of Fe-S cluster biosynthesis has been
achieved /n vitro using these core proteins together with an electron source, iron, and
cysteine (Fox et al., 2015a; Webert et al., 2014). It is notable that 7 vitro reconstitution is
typically performed under anaerobic conditions (Fox et al., 2015a; Muhlenhoff et al., 2002;
Webert et al., 2014).

The Fe-S cluster biosynthetic pathway is traditionally viewed as a core essential pathway,
and hypomorphic alleles in the pathway underlie various human diseases. The most common
disorder of Fe-S biosynthesis is Friedreich’s ataxia (FRDA) (Campuzano et al., 1996;
Koeppen, 2011). This devastating disorder affects 1 in 50,000 people, making it the most
common inherited ataxia. FRDA presents with ataxia, gait disturbances, cardiomyopathy,
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vision loss and increased incidence of diabetes (Delatycki and Corben, 2012; Harding, 1981,
Parkinson et al., 2013). Although there is heterogeneity in the presentation of FRDA, ataxia
is fully penetrant and tends to be the most debilitating feature of this disease. In the
overwhelming majority of cases, FRDA is caused by an expansion of the GAA repeat tract
found in the first intron of the FXN gene, linked to a recessive phenotype (Campuzano et al.,
1996; Reetz et al., 2015). This repeat expansion leads to both epigenetic silencing and
abnormal DNA structures (Herman et al., 2006; Potaman et al., 2004), which together result
in the reduced expression of FXN, leaving approximately 5-30% residual protein levels
(Campuzano et al., 1997). Complete loss of FXN has never been observed in human disease,
and is embryonically lethal in mice (Cossee et al., 2000). Unfortunately, the disease causes a
rapid clinical decline, with an average age of death of 37.5 years (Harding, 1981). To date,
there are no therapies to stop the progression of FRDA, and patient care is focused on
symptomatic management.

Given the strong evolutionary link between environmental oxygen levels and Fe-S cluster
formation, we sought to test whether reducing the oxygen tension can attenuate the defects
associated with loss of FXN and the development of FRDA. We were further motivated by
our lab’s previous work demonstrating that hypoxia benefits cells and mice with an impaired
respiratory chain complex | (Jain et al., 2016). Here, we report the remarkable observation
that yeast, human cells, and Caenorhabditis elegans completely lacking FXN can all be
continuously grown under 1% O,. Under these low oxygen tensions, the steady state levels
of Fe-S clusters are restored and stress signaling pathways that are activated in FRDA are
reversed in human cells. We demonstrate that this rescue cannot be mimicked by simple
activation of the HIF response, and by using /in vitro reconstitution studies, demonstrate that
O, directly hinders mitochondrial ISC biosynthesis rates. Hypoxia is capable of bypassing
the genetic requirement for FXN by normalizing Fe-S cluster levels and the cellular stress
responses associated with this disease. Finally, we show that varying the ambient oxygen can
have a dramatic impact on the progression of ataxia in a mouse model of FRDA.

Growth of FXN KO human and yeast cells is restored under hypoxia

We sought to determine whether reducing the ambient oxygen tension influenced the growth
defect of cells completely lacking FXN (FXN KO). We used CRISPR/Cas9 with two
independent sgRNASs targeting FXN to eliminate FXN expression in human K562 cells
(Figure 1A). At 21% O,, FXN KO cells grew poorly, as has been previously demonstrated
(Calmels et al., 2009; Poburski et al., 2016). When grown at 1% O, however, cells were
able to tolerate the loss of FXN and did not exhibit any growth defects compared to a control
guide. FXN protein levels were markedly depleted in FXN KO cells grown in both 21% and
1% O, as seen by immunoblot analysis (Figure 1B). We note that cells grown under
hypoxic conditions (i.e. 1% O,) proliferate more slowly than their normoxic counterparts,
likely due to a myriad of factors. When FXN KO cells were cultured in an intermediate
oxygen tension (5% O,), they still exhibited a significant growth delay relative to control
cells (Figure S1A), pointing to a dose-dependent effect of oxygen tension on FXN
essentiality. We obtained similar results in 293T cells (Figure 1C, Figure S1B), indicating
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that hypoxic growth rescue is not restricted to only a single cell lineage. We observed that in
our cell culture conditions £XN loss does not lead to cell death but instead inhibits cellular
proliferation (Figure S1C, D). We then tested the effect of low O, on the growth of
Saccharomyces cerevisiae deleted for FXN, as Fe-S biogenesis is highly conserved and FXN
is essential under standard yeast culturing conditions (Wilson and Roof, 1997). Indeed, this
growth rescue by hypoxia extends to yeast (Figure 1D, Figure S1E), indicating that the
ability of FXN KO cells to grow under low O, is a conserved feature of the ISC system. We
next assessed whether an altered oxygen regimen would also affect lymphoblastoid cell lines
(LCLs) derived from FRDA patients, which typically do not have a growth defect when
compared to healthy control derived LCLs (Sturm et al., 2005). Notably, these FRDA-
derived LCLs exhibited significant growth retardation when cultured in 30% O, (Figure
S1F) indicating that FRDA-derived cells are sensitive to elevated O,. Several studies have
postulated that ROS formation is driving the cellular defects associated with FRDA
(reviewed in (Gomes and Santos, 2013)). To test whether hypoxia was indirectly rescuing
the growth of FXN null cells by reducing ROS-burden, we cultured these cells with several
cell-permeable antioxidants (Fig 1E). However, none of the antioxidants boosted the growth
rates of FXN-null cells, indicating that antioxidant buffering itself may not be sufficient to
generate the proliferation rescue that we observe at 1% O,

An important question is whether hypoxia is rescuing the growth defect of FXN KO cells via
activation of the canonical HIF-mediated hypoxia response (Majmundar et al., 2010;
Schofield and Ratcliffe, 2004; Semenza, 2003). The HIF transcription factor activates a
number of gene expression programs required under low O, tensions. Under normoxic
conditions, HIF is hydroxylated by the PHD1-3 prolyl hydroxylase enzymes, allowing it to
be recognized by vHL, which ubiquitinates and targets HIF for proteasomal degradation.
Human cells lacking mitochondrial complex I exhibit proliferative defects that can be
rescued by forced activation of the HIF response (Jain et al., 2016). While the PHD inhibitor
FG-4592 restores growth of complex | deficient cells (Figure S1G), it fails to restore growth
of FXN KO cells (Figure 1A-C), suggesting that hypoxia is rescuing growth of FXN null
cells via a HIF-independent mechanism. This result is supported by the fact that we are also
able to rescue FXN null yeast with hypoxia, organisms lacking the HIF pathway (Grahl and
Cramer, 2010; Rytkonen and Storz, 2011). Collectively, these studies demonstrate that the
effects of hypoxia on FXN deficient cells is mechanistically distinct from its impact on
complex | deficient cells.

Hypoxia rescue of FXN deficiency does not extend to other core members of the ISC

machinery

Fe-S cluster biosynthesis relies on an entire network of proteins that catalyze cluster
assembly and relay the assembled Fe-S cluster to target proteins (Figure 2A). We next
sought to determine whether the O, sensitivity of FXN loss extends to other core
components of the Fe-S cluster biosynthesis pathway. Analysis of the 342 cell lines in the
cancer dependency map (Meyers et al., 2017) revealed that other components of the ISC
assembly machinery - namely, ISCU, NFS1, and LYRMA4 - are highly essential in all cell
lines (Figure 2B and Figure S2A). In line with the importance of Fe-S cluster biogenesis, the
cytosolic Fe-S biogenesis machinery is also highly essential (Figure S2B), most likely due to
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the essential roles of Fe-S containing proteins in DNA replication, repair and ribosome
recycling (Figure S2A). However, FXN is differentially essential, i.e. its absence led to a
growth defect in some cell lines, but not in others (Figure 2B). Hence, FXN appears to be
unique amongst the core ISC machinery in its selective essentiality across different cell

types.

To further explore this idea, we used CRISPR-directed mutations to test whether hypoxia
can rescue loss of any other component of the auxiliary or core ISC machinery. To this end,
we tested the effects of hypoxia on the growth of cells knocked out for ISCU, NFS1 and
LYRM4, all core components of Fe-S cluster assembly machinery (Figure 2C and Figure
S2C), as well as GLRX5, HSCB, and CIAO3, which take part in the Fe-S cluster transfer to
proteins in the mitochondria or cytosol (Figure 2D and Figure S2C). Of the auxiliary
proteins, GLRX5 exhibited O,-dependent essentiality, while HSCB was partially rescued by
1% O,. Amongst the core machinery, however, only FXN exhibited O,-dependent
essentiality. This result implies that enzymatically mediated Fe-S cluster biosynthesis is still
essential under hypoxia, and that FXN is uniquely dispensable among the mitochondrial
quaternary complex required for Fe-S cluster assembly under hypoxia.

FXN has been demonstrated to act as an allosteric activator of NFS1, accelerating a rate
limiting sulfur transfer step (Bridwell-Rabb et al., 2014; Parent et al., 2015). In yeast, loss
the FXN homolog can be complemented by a mutant of the yeast homolog of ISCU-
ISU1MI40! _that has been proposed to enhance NFS1 persulfide formation (Yoon et al.,
2012; Yoon et al., 2014). However, we find that in human cells, overexpression of either
ISCU or the ISCUMI40! mytant failed to rescue the growth defect of FXN KO cells (Figure
2E and Figure S2D). Overexpression of NFS1 or LYRM4 also failed to complement loss of
FXN (Figure 2E). Of note, overexpression of NFS1 results in a growth increase that is
evident in both WT and FXN KO cells, in line with a recent report demonstrating that NFS1
amplification is prevalent in lung tumors, aiding in the survival of the tumor in this high O,
environment (Alvarez et al., 2017). Finally, overexpression of a CRISPR resistant form of
FXN fully restored the growth of FXN KO cells, demonstrating that expression of FXN is
directly responsible for the observed growth defect and excluding the possibility of off-target
effects.

Hypoxia restores steady state levels and activity of Fe-S cluster containing proteins in FXN

KO cells

A key question is whether the steady state levels of Fe-S clusters in FXN null cells are
rescued by hypoxia. To address this point, we assayed for Fe-S cluster-dependent proteins
and processes in FXN null cells under hypoxic conditions. We find that in 21% O,, FXN KO
cells exhibit reduced steady state levels of Fe-S cluster-dependent proteins and reactions
both in the mitochondria and the cytosol, based on assays of five different Fe-S-dependent
pathways: (i) aconitase activity, in which the [4Fe-4S] cluster functions in both substrate
binding and catalysis (Figure 3A); (ii) stabilization of complexes I and Il of the respiratory
chain (Figure 3B and Figure S3A), which contain both [2Fe-2S] and [4Fe-4S] clusters; (iii)
mitochondrial oxidative phosphorylation which is dependent on functionally active
complexes I and Il (Figure S3B-C); (iv) synthesis and conjugation of lipoic acid by LIAS to
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its target proteins (PDH E2, KGDH E2, GCSH), in which the [4Fe-4S] cluster is utilized as
a sulfur donor (Figure 3C); (v) the final enzyme of the heme biosynthesis pathway (FECH)
and nuclear DNA polymerase delta (POLD1), which are structurally stabilized by a [2Fe-2S]
and a [4Fe-4S] cluster, respectively (Figure 3D-E and Figure S3D-E). Deficiencies in all
five measures, which reflect different types of Fe-S clusters and subcellular localizations, are
restored when FXN null cells are grown in low O», but not upon forced stabilization of the
HIF pathway in 21% O, with FG-4592 (Figure 3A-E). The most parsimonious explanation
for the rescue of viability is that hypoxia directly restores the steady state levels and activity
of Fe-S clusters in cells lacking FXN.

In-vitro reconstitution reveals FXN and hypoxia independently activate ISC biogenesis

While the above studies demonstrate that hypoxia restores steady state levels of Fe-S cluster
proteins in FXN null cells, it is unclear whether hypoxia acts by boosting Fe-S cluster
biosynthesis or suppressing Fe-cluster degradation. To directly test these two options, we
turned to an /n-vitro reconstitution assay. This system utilizes purified human ISCU, NFS1,
LRYM4 and FXN, together with £. coli ACP (the homolog of NDUFABL), to analyze the
formation and stability of Fe-S clusters under aerobic or anaerobic conditions. First, to
monitor the stability of Fe-S clusters formed on the ISCU scaffold, clusters were synthesized
under anaerobic conditions and then aerobic buffer was added to the reaction mixture
containing [2Fe-2S] loaded ISCU for one hour. Subsequently, the [2Fe-2S] loaded ISCU was
exposed to air and cluster integrity was monitored for half an hour using circular dichroism
(CD) spectroscopy. Interestingly, the [2Fe-2S] clusters bound to ISCU remain stable under
aerobic conditions, and the presence or absence of FXN did not affect this stability (Figure
4A). Similarly, ISCU bound [2Fe-2S] clusters were stable under anaerobic conditions over
the course of 60 mins (Figure S4). By comparison, the well-studied degradation of the
[4Fe-4S] cluster on the transcription factor FNR occurs within 1-5 mins of ambient oxygen
exposure (Achebach et al., 2005; Crack et al., 2004; Sutton et al., 2004). It should be noted
that multiple factors affect cluster degradation, including the solvent accessibility of the
cluster, as well as the nature of the cluster itself. Namely, [4Fe-4S] clusters, which are
formed downstream of ISCU, are considered to be more O, labile than the [2Fe-2S] clusters
that are formed on ISCU (Andreini et al., 2017).

Next, we sought to investigate the effects of O, on the biosynthesis of the Fe-S cluster.
Cluster synthesis rates were monitored in the presence or absence of FXN and O, using CD
spectroscopy (Figure 4B—C). As shown previously (Fox et al., 2015b), FXN accelerates but
is not required for [2Fe-2S] cluster synthesis under anaerobic conditions. The presence of O,
inhibits cluster formation, both in the presence and absence of FXN (Figure 4C). This
finding indicates that hypoxia increases the rate of human [2Fe-2S] cluster formation, in a
manner that is independent of FXN, explaining why either FXN or hypoxia result in similar
steady state Fe-S levels in cells.

Signaling events associated with FXN loss are normalized in hypoxia

We next sought to determine whether hypoxia alleviates the cellular signaling events
associated with FXN deficiency that are believed to contribute, in part, to its pathogenesis.
Biopsy material from FRDA patients and from model systems have identified a number of
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signaling pathways that are altered upon depletion of FXN, including activation of both the
ATF4-dependent integrated stress response (Huang et al., 2013; Lu and Cortopassi, 2007),
and loss of anti-oxidant NRF2 signaling (Anzovino et al., 2017; Shan et al., 2013).
Furthermore, loss of FXN expression leads to activation of the iron response (Huang et al.,
2009; Michael et al., 2006), which stabilizes the iron response protein 2 (IRP2) and leads to
dramatic iron accumulation (Whitnall et al., 2012). We observe that FXN KO cells
recapitulate all of these stress responses, and the respective silencing and activation of NRF2
and ATF4 are fully rescued by hypoxia (Figure 5A-B and Figure S5A). The mechanism by
which NRF2 protein expression is lost in FXN KO cells cultured in hormoxia remains
unclear, as NRF2 mRNA and KEAP1 protein levels are similar to control cells cultured in
normoxia (Figure S5B,C). In contrast, the iron response is activated upon loss of FXN in
both hypoxia and normoxia, and is also activated in control cells under hypoxia, although to
a lesser extent (Figure 5B and Figure S5D). It should be noted cytosolic aconitase can also
function as an additional iron response protein, IRP1, when its Fe-S cluster is damaged.
However, as shown above, aconitase activity, which is dependent on the presence of an Fe-S
cluster, is restored in 1% O, (Figure 3A). To begin to understand the Fe-S associated defects
that trigger these signaling pathways, we examined them in the absence of additional
components of the mitochondrial and cytosolic Fe-S cluster synthesis pathway (Figure S5E).
These KO lines indicate that ATF4 signaling is activated by loss of a mitochondrial Fe-S
containing protein, NRF2 loss is the result of a cytosolic Fe-S cluster protein, while the
nature of the trigger that activates IRP2 signaling remains unclear. Together, these studies
demonstrate that hypoxia is capable of restoring some of the signaling events associated with
loss of FXNV, most likely due to the restoration of the underlying defect, i.e. Fe-S cluster
synthesis.

Hypoxia places the iron response in its appropriate environmental context and provides
bioavailable iron for Fe-S cluster synthesis

While ATF4 activation and NRF2 inactivation in FXN null cells are fully reversed by
hypoxia, the situation is more nuanced for IRP2 signaling, and reveals an additional
mechanism by which hypoxia may be bypassing the genetic requirement for FXN. /n vivo,
IRP2 signaling has been shown to be the dominant pathway governing iron homeostasis
(Meyron-Holtz et al., 2004a). IRP2 has been shown to be activated by FXN deficiency (Li et
al., 2008; Whitnall et al., 2012), but it is also known to be physiologically activated by
hypoxia (Hanson et al., 1999; Meyron-Holtz et al., 2004b). IRP2 is the primary and direct
target of the ubiquitin ligase FBXLS5, which is a direct sensor for both iron and O, (Figure
5C) (Salahudeen et al., 2009; Thompson et al., 2012; Vashisht et al., 2009). In iron depleted
or hypoxic conditions, the iron response suppresses iron storage mechanisms while at the
same time upregulating iron uptake systems. Indeed, FXN KO cells contain lower levels of
the ferritin-H iron storage protein (Figure 5D and Figure S5F), consistent with the iron
response being activated in these cells. Additionally, the quenchable mitochondrial
fluorescent Fe2* sensor, RPA, shows that mitochondrial Fe2* concentrations are elevated in
control cells grown in hypoxia, as well as FXN KO cells grown in both normoxia and
hypoxia (Figure S5G). RPA is membrane potential-dependent, but loss of mitochondrial
membrane potential cannot account for these differences, as the membrane potential is
elevated upon FXN loss (Figure S5H). Collectively, these results indicate that the iron
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response is activated upon FXN loss, and that in wild type cells, hypoxia activates this
response as well.

We hypothesized that while hypoxia is a physiological trigger for the iron response, its
activation by FXN deficiency in normoxic environment may actually be harmful. Fe2* can
catalyze the Fenton reaction, generating hydroxyl radicals as well as Fe3*, which is not bio-
available. Indeed, FBXL5 KO cells, in which IRP2 and the iron response would be stabilized
independently of O levels, grew poorly in 21% O, but grew comparably to control cells
under 1% O, (Figure 5E and Figure S51). Therefore, forced IRP2 stabilization and iron
loading is toxic under normoxia. Next, we assayed the effects of iron signaling in FXN KO
cells in the context of high or low O, (Figure 5F and Figure S5J). In line with our previous
result (Figure 5E), we found that the double knockout (DKO) of IRP2-FXN grew
significantly better at 21% O, than the single FXN KO (Figure 5F). In stark contrast, under
1% O,, IRP2 KO cells grow poorly, and the DKO IRP2-FXN grew significantly worse (i.e.
synthetic lethal) (Figure 5F). To further bolster this link between iron uptake and the growth
of FXN null cells, we also examined the genetic interactions between FXN and the
ferroreductase STEAP3, which is essential for iron uptake (Ohgami et al., 2005; Ohgami et
al., 2006) (Figure S5K and L). This STEAP3-FXN DKO phenocopied the IRP2-FXN DKO.
Collectively, these studies indicate that iron-loading is detrimental under normoxic
conditions, but beneficial for all cells, and FXN-null cells in particular, under hypoxia.

It remained unclear whether the interaction between iron uptake and FXN was due to a
direct effect on Fe-S synthesis, as iron is a substrate of that reaction, or whether it was
caused by an indirect mechanism. To gain additional clarity, we analyzed LIAS activity in
the IRP2 and FXN single or DKO, as a proxy for Fe-S cluster biogenesis (Figure 5G). Under
normoxia, the DKO IRP2-FXN does not have more LIAS activity than the FXN KO, while
under hypoxia the DKO shows lower amounts of conjugated lipoic acid. These results
indicate that the partial growth rescue of the DKO at 21% O, is not caused by a boost in Fe-
S biosynthesis. Rather, under normoxia, iron uptake most likely triggers a secondary cellular
complication, such as the Fenton reaction. In contrast, the deficiency in LIAS activity in the
DKO grown at 1% O, indicates that Fe-S clusters biogenesis in the absence of FXN depends
in part on the elevated levels of bioavailable iron. Collectively, these findings indicate that
the activation of the iron response in FXN KO cells is Janus faced: it appears to be adaptive
under hypoxic conditions by providing more bioavailable iron for Fe-S synthesis, while
under normoxic conditions it appears maladaptive.

Frataxin null C. elegans are viable and complete their entire life cycle under hypoxia

Our cellular and /n vitro studies support the hypothesis that low O, may alleviate the
biochemical defects that underlie FRDA. To explore the therapeutic potential of hypoxia in a
whole animal, we turned to the nematode C. efegans. Although partial knockdown of FXN is
compatible with animal life (Miranda et al., 2002), whole body knockout has never been
achieved in 21% O, (Cossee et al., 2000). Consistent with this, C. elegans mutants
homozygous for a null allele of frataxin (fr4-1 in C. elegans) are sterile, and can only be
propagated as a balanced heterozygote in 21% O (Figure 6A). However, when animals were
incubated at 1% Oy, the frh-1(tm5913) mutant produced viable progeny and could be grown

Cell. Author manuscript; available in PMC 2020 May 30.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ast et al.

Page 9

as a homozygote indefinitely (Figure 6B and C), demonstrating that hypoxia can bypass the
need for FXN in a multicellular animal. The frA-1(tm5913) animals grown at 1% O, were
developmentally delayed and produced fewer progeny than wild type animals, but were
otherwise grossly normal. In contrast, C. elegans strains carrying null alleles of NFS-1 or
ISCU-1 arrested development and were sterile at both 21% and 1% O, (Figure 6C). Thus,
among the core components of iron sulfur cluster assembly in C. elegans, FRH-1 is uniquely
dispensable for growth in hypoxia.

To better understand the nature of the 74-1 rescue by hypoxia in C. elegans, we shifted adult
frh-1(tm5913) mutants that had been growing at 1% O, for many generations to 21% O-.
After both 4 days and 6 days under this higher O, regimen, these animals showed a marked
decrease in Fe-S cluster synthesis, as assayed by lipoic-acid conjugated proteins (Figure
6D), as well as a dramatic induction of the mitochondrial stress response, as indicated by a
hsp-6.:gfp transcriptional reporter (Figure 6E). These results indicate both that FRH-1 null
C. elegans are competent for Fe-S cluster biosynthesis in hypoxia, and that this ability is lost
in normoxia. C. elegans prefer oxygen concentrations close to 8% (Gray et al., 2004) in line
with oxygen tensions associated with their bacterial food. We tested whether frataxin null
mutants would survive at the more physiological 5% O, and found that they did not develop
to adulthood and did not produce viable progeny (Figure S6A). We therefore conclude that
frataxin null C. elegans would not survive in their physiological oxygen environment (5-
8%), and require 1% oxygen to bypass the need for frataxin, concordant with our findings in
human cells (Figure S1A). The rescue by hypoxia is not the result of activation of the HIF
pathway, as animals double mutant for fr4-1 and vA/-1 failed to grow at 21% oxygen, and in
fact grew slightly worse at 1% O, compared to the frh-1 mutant alone (Figure S6B).

Interestingly, when young frh-1(tm5913) larvae were shifted from 1% to 21% O, they
arrested development immediately (Figure S6B) in contrast to 77A-1(tm5913) mutants
propagated at 21% O, with the use of balancer chromosome, which as mentioned above
develop to sterile adults at normoxia. We hypothesize that the disparity arises from maternal
rescue: the frh-1(tm5913) larvae grown at normoxia are born from frh-1(tm5913)/+ mothers,
and may be provided with wild-type frh7-I mRNA or protein that permits development to
sterile adulthood. As the maternally contributed protein is depleted throughout development,
animals likely become deficient in ISC biogenesis. When such maternally rescued mutants
of FRH-1, NFS-1, or ISCU-1, or the mitochondrial ISC handoff proteins GLRX-5 and
LPD-8 (homolog of NFU1), are incubated in 1% O, from hatching, all are improved,
progressing further in development than they do in normoxia (Figures S6C-D). Additionally,
when maternally rescued mutants of FRH-1 are incubated in 50% oxygen — a concentration
that does not affect growth of wild type animals — their growth defect is severely exacerbated
(Figure 6F). Taken together, these results show that oxygen levels can suppress or enhance
the effects of impaired 1SC biogenesis in many genetic contexts, possibly due to modulating
the rate of ISC degradation. This supports our /n vitro findings that the effects of hypoxia
and the core ISC biogenesis machinery may be independent.

Finally, we sought to determine whether the growth arrest associated with loss of FRH-1 in
C. elegans is attributable to loss of ISC biogenesis in any specific tissue. To this end, we
expressed frh-1 cDNA under the control of heterologous promoters that drive expression in
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defined tissues in the frh-1(tm5913) mutant (Figure 6G). cDNA expressed in all somatic
tissues completely rescued the FRH-1 mutant, allowing it to reproduce at normoxia,
confirming frh-1(tm5913) as the mutation causing the O,-sensitivity phenotype. FRH-1
expression exclusively in either the neurons, intestine, muscle, or hypodermis were all
unable to produce a viable strain at normoxia, indicating that no single tissue is sufficient for
complete rescue. However, FRH-1 expression in many single tissues improved development
of frh-1(tm5913) mutants when shifted to high oxygen, demonstrating that multiple somatic
tissues may contribute additively to the pathology of frataxin loss.

Environmental oxygen modifies the progression of ataxia in a mouse model of FRDA

Given that cellular and C. elegans models indicated that hypoxia can alleviate the outcomes
of FXN deficiency, we next sought to test whether environmental oxygen influences the
disease course of a murine model of FRDA. We utilized a recently generated inducible
mouse model of FRDA that faithfully recapitulates many of the features of this disease
(Chandran et al., 2017), notably ataxia. By employing a doxycycline-inducible sShRNA
targeting frataxin (shFXN), a whole-body knock-down of FXN is achieved, thereby
circumventing the embryonic lethality that is associated with a congenital FXN knockout
(Cossee et al., 2000) while at the same time not restricting the analysis to a single tissue.

We sought to test whether chronic exposure to hypoxia could alleviate FRDA pathology,
with a particularly keen interest in ataxia. Ataxia is the defining clinical feature of FRDA, is
100% penetrant, and most patients will lose their ability to walk unsupported within 10-15
years of disease onset (Parkinson et al., 2013). Using doxycycline treatment, we achieved
efficient depletion of FXN in disease-relevant tissues (Figure 7A). Upon the initiation of
doxycycline treatment, mice were housed in either 11% oxygen (equivalent to 5000 meter
elevation) or at 21% oxygen (equivalent to sea level). Wild type and shFXN mice could
mount an effective hypoxic response as evidenced by an elevated hematocrit (Figure 7B),
although shFXN mice show mild anemia at baseline. Control or shFXN mice were assessed
by motor behavioral tests that can reveal deficiencies in grip strength, balance, motor
coordination, and gait. At 12 weeks following doxycycline treatment, the earliest time point
at which shFXN mice have previously been reported to display motor-behavioral
deficiencies (Chandran et al., 2017), shFXN mice housed in 21% O, exhibited significant
motor impairment compared to WT counterparts as measured by inverted screen test,
accelerating rotarod and gait footprint analysis (Figure 7C-D and Figure S7B). Strikingly,
shFXN mice housed in chronic 11% hypoxia performed significantly better than their
normoxic shFXN counterparts. This attenuation of ataxia was also observed in mice at a
later time point (Figure S7C-E). These improvements cannot be attributed to differences in
body weight, as shFXN mice housed in normoxia or hypoxia bore similar weights (Figure
STA).

We complemented these neurobehavioral studies with histopathology studies, with a focus
on cerebellar Purkinje cells, which are enriched for FXN protein expression (Lin et al.,
2017). Purkinje cells have previously been shown to undergo notable injury and axonal
remodeling in post-mortem samples from FRDA patients (Kemp et al., 2016; Koeppen,
1991) as well as in mouse models of FRDA (Lin et al., 2017). Consistent with previous
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studies (Chandran et al., 2017; Kemp et al., 2016), Purkinje cell number was unchanged in
this model both at normoxia and at hypoxia. Moreaover, the expression of a general marker of
Purkinje cells, PCP-2, was not altered between control and shFXN animals (Figure 7E). We
examined Purkinje cells for alterations in the expression of parvalbumin, a calcium binding
protein which regulates neuronal firing properties (VVreugdenhil et al., 2003) that has
recently been reported to be reduced in cerebellar Purkinje cells of a different mouse model
of FRDA (Lin et al., 2017). Indeed, parvalbumin expression was reduced in shFXN mice
housed in normoxia (Figure 7E and Figure S7F), and the reduction in parvalbumin was
blunted in mice breathing 11% oxygen. No differences in parvalbumin staining were
observed in the primary visual cortex among the various groups (Figure S7G). These
histopathological findings, together with our motor-behavioral results, indicate that hypoxia
is capable of blunting neurological disease in this FRDA mouse model.

Given that chronic hypoxia is able to attenuate the progression of ataxia, we asked whether
breathing chronic hyperoxia accelerates neurological disease. To this end, we housed the
shFXN mice (or WT controls) in chronic normoxia or hyperoxia (i.e. 55% O,) from the
onset of doxycycline treatment. Indeed, when we tested these shFXN mice that had been
housed in 55% O, for 6 weeks — a time point at which these models typically do not yet
show motor-behavioral phenotypes — ataxia symptoms were evident based on the inverted
screen test and accelerating rotarod performance (Figure 7F-G). However, shFXN mice
housed in normoxia score similarly to WT animals at this early 6 week time point during
motor-behavioral tests (Figure 7F-G), as has been reported previously (Chandran et al.,
2017). Thus, it appears that breathing hyperoxia accelerates ataxia in this murine model.

While hypoxia has a striking effect on the ataxia phenotype, it did not impact overall
survival, which is likely driven by cardiac pathology. shFXN mice housed in normoxia or
hypoxia had similarly reduced survival rates (Figure 7H), either fulfilling criteria for humane
euthanasia or dying at a median time point of ~15 weeks post-doxycycline initiation. It was
previously shown that this mouse model develops cardiac pathology, as evidenced by QT
interval prolongation and cardiomyopathy (Chandran et al., 2017). Neither of these features,
based on electrocardiogram analysis or echocardiography, were improved by breathing 11%
O, (Figure 71 and Figure S7TH-J). Hence, while hypoxia was beneficial for improving ataxia
in this shFXN mouse model, it did not affect the progression of cardiac pathology. It is
notable that we recently reported that while hypoxia is capable of preventing neurological
disease in a mouse model of Leigh syndrome, it was not sufficient to prevent the
cardiomyopathy that subsequently arose in these mice (Ferrari et al., 2017). In both
syndromes, however, it is the neurological disease that underlies most of the morbidity.

Discussion

FXN is a highly conserved protein that is classically described as an essential protein in
eukaryotes, as the deletion of FXN is lethal in yeast, mammalian cells, and mice (Calmels et
al., 2009; Cossee et al., 2000; Poburski et al., 2016; Wilson and Roof, 1997). Here we report
the generation of continuously growing yeast, human cells and nematodes fully lacking FXN
by incubating them in hypoxia. FXN is the only component of the core ISC biogenesis
machinery that is rescued by hypoxia, both in cell culture and in C. elegans. This finding
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indicates that enzymatic ISC biogenesis is essential for life even under hypoxic conditions,
and demonstrates that this pathway continues to function even in the absence of FXN. There
have been conflicting findings as to whether the presence of FXN is a prerequisite for the
formation of Fe-S clusters through the ISC pathway (2018; Fox et al., 2015a; Freibert et al.,
2017; Webert et al., 2014). Our work provides compelling support for the notion that the
mitochondrial ISC pathway is indeed capable of operating without FXN, helping to resolve
this controversy.

Reactive oxygen species such as H,O, and superoxide have been invoked as a potential
drivers of FRDA (reviewed in (Gomes and Santos, 2013)). Elevated levels of reactive
oxygen species can stem from both higher intracellular iron concentrations, which can
catalyze the Fenton reaction, as well as the paradoxical loss of the antioxidative stress
response pathway in FXN null cells (Anzovino et al., 2017; Shan et al., 2013). Although
multiple clinical studies have evaluated the therapeutic potential of antioxidants for FRDA,
none have demonstrated proven benefit for the neurological symptoms (Kearney et al.,
2016). Moreover, cell-culture studies have also called into question whether antioxidant
treatment is beneficial for cells depleted of FXN (Lu et al., 2009). The current work
proposes dioxygen itself as a toxin in the context of FXN deficiency. To our knowledge, no
previous study has established that oxygen itself can be an important environmental modifier
in animal models of FRDA.

The ability of hypoxia to rescue FXN deficiency is reminiscent of our previous study
demonstrating that hypoxia is capable of alleviating proliferative defects and pathology in
cellular models and a mouse model of complex | deficiency (Jain et al., 2016). On its face
these two results sound similar — both are mitochondrial defects, both rescued by hypoxia.
However, there are important differences between these two phenomena. While the
proliferative defects in ETC deficient cells can be rescued by forced activation of the HIF
response pathway, FXN deficiency cannot. Moreover, it is important to note that ETC
defects typically do not exhibit generalized defects in Fe-S biosynthesis. Our findings
suggest that hypoxia may be rescuing these two types of mitochondrial defects by distinct
mechanisms.

Our current work identifies multiple HIF-independent mechanisms by which hypoxia is able
to rescue FXN deficiency in cultured cells (Figure S7K). First, hypoxia directly stimulates
ISC biogenesis on ISCU, mirroring the allosteric activation by FXN. Why is ISC biogenesis
sensitive to oxygen? Oxidation of cysteine, either the substrate, the NFS1 sulfur-transfer
loop residue, or an ISCU cluster binding ligand, could inhibit cluster synthesis. Moreover,
oxygen-dependent oxidation of Fe2* or the electron donation system (Webert et al., 2014),
which each provide electrons for sulfur reduction, could explain the decreased rate of
[2Fe-2S] cluster biosynthesis. A second mechanism of hypoxic rescue seems to involve the
interplay between oxygen and iron availability. Hypoxia physiologically activates the iron
response and increases bioavailable iron to boost Fe-S cluster biosynthesis. While this
signaling cascade is activated upon FXN loss, we find that oxygen partial pressure dictates
whether this response will be beneficial (as in hypoxia) or damaging (as in normoxia). In
addition to these two new mechanisms identified in the current paper, we note that Fe-S
clusters, especially [4Fe-4S] clusters, are naturally O, labile (Andreini et al., 2017), and
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hypoxia likely delays their degradation, hence decreasing the demand for de novo I1ISC
biogenesis.

Gene:environment interactions are widely appreciated in the etiology of common diseases,
such as diabetes, obesity, and cancer, but receive far less attention in the consideration of
Mendelian diseases. Our observations that low oxygen levels can attenuate, and high oxygen
levels can hasten, neurological disease in a mouse model of FRDA have important clinical
implications. First, from a therapeutic perspective it predicts that agents that reduce oxygen
delivery or ambient oxygen may have therapeutic potential for FRDA, similar to our
observations for complex I deficiency and Leigh syndrome. While hypoxia attenuates ataxia
in this FRDA mouse model, it does not appear to impact cardiac pathology. It is notable that
in humans, the majority of the morbidity is due to neurological degeneration, which tends to
be highly penetrant in this disease. Given that hypoxia itself can be extremely dangerous,
future challenges lie in identifying safe and practical strategies by which oxygen delivery
can be reduced. Second, and perhaps of more immediate relevance, our work predicts that
high oxygen exposure may in fact be detrimental to patients with FRDA. Supplemental
oxygen is often considered to cause no harm, though recent large-scale meta analyses and
randomized control trials are suggesting that excess supplemental oxygen may be
detrimental in the intensive care unit (Chu et al., 2018; Girardis et al., 2016). It will be
important to perform retrospective analyses to determine whether oxygen exposure
correlates with disease progression in FRDA patients. At present, why FRDA presents with
such tissue-specific pathology and variability between patients in the timing of disease
progression is not clear. Oxygen may represent a key parameter that can help to explain the
tissue specificity and variable penetrance of this disease.

Experimental procedures

Contact for Reagent and Resource Sharing

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the Lead Contact, Vamsi K. Mootha (vamsi@hms.harvard.edu).

Experimental Model and Subject Details

Cell Lines—K562 (female) and HEK293T (female) cells were obtained from the ATCC
and maintained in DMEM (GIBCO) with 25 mM glucose, 10% fetal bovine serum (FBS,
Invitrogen), 4mM Glutamine, 1 mM sodium pyruvate, 50 mg/mL uridine, and 100 U/mL
penicillin/ streptomycin under 5% CO, at 37°C. When necessary, K562 cells were selected
with 2 pg/ml puromycin (GIBCO) or 500ug/ml Geneticin (GIBCO), and HEK293T cells
were selected with 1 pg/ml puromycin (GIBCO). Cell lines were authenticated by STR
profiling (ATCC). Cells were tested to ensure absence of mycoplasma by PCR-based assay
once every 3 months. Lymphoblast cell lines (LCLs) were obtained from the Coriell Institute
for Medical Research and were cultured in RPMI1640 (GIBCO), supplemented with 15%
FBS, 2mM Glutamine and 100 U/mL penicillin/ streptomycin under 5% CO, at 37C. The
following age and sex matched LCLs were used for healthy controls: GM14512, GM14529,
GM14530, GM14581, GM14582; and for FRDA Patients: GM15850, GM16203, GM16214,
GM16228, GM16798. For hypoxic growth, air tanks corresponding to 1% O,, 5% CO»
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(balanced nitrogen) were purchased from Airgas. Cell culture plates were placed in hypoxic
chambers (Billups-Rothenberg), sealed and flushed with 1% O, for 5mins. Hypoxic
chambers were then placed in 37°C incubators. For experiments involving 5% oxygen, cells
were placed in incubators 37°C, attached to a liquid nitrogen tank which pulsed N2, and
maintained in 5% O, and 5% CO»

Cells were treated with the following drugs: 75uM FG-4592 (Cayman Chemical Co Inc),
5nM,50nM and 500nM of Mito-TEMPO (Cayman Chemical Co Inc), 5uM, 50uM
and500puM NAC (Cayman Chemical Co Inc), 1uM,10uM and 100pM Mn(lI1)TBAP
(Cayman Chemical Co Inc).

Yeast strains and strain construction—All yeast strains in this study are based on the
BY4741a laboratory strain (Brachmann et al., 1998). Cultures were grown at 30°C rich
medium - 1% Yeast Extract, 2% Tryptone (Casein Peptone) and 2% glucose (Sunrise
Science). For hypoxic growth, the media were supplemented with 2 pg/ml ergosterol
(Sigma) in 1:1 Tween 80:ethanol as a source of unsaturated fatty acids. When needed as a
selection marker, Nourseothricin (Nat) (200ug/ml WERNER BioAgents) were added to the
media. The Ayfh1 strain was generated using the pfaa-NATMX6 cassette (Goldstein and
McCusker, 1999) using a standard PEG/LIiAC protocol (Gietz and Woods, 2002), and was
immediately placed under hypoxic conditions following recovery.

For genomic PCR, cells were incubated in 20mM NaOH + 0.1 mg/mg RNAse A at 95°C for
20 minutes. Samples were then centrifuged at 5000rpm and 1l of extract was used for a
10ul verification PCR (KAPA 2G Robust, KAPA Biosystems). The following primers were
used- YFH1: 5’ATGATTAAGCGGTCTCTCGC and 5’CCAATGTCATTACGCCATGG
ACT: 5’GAAATGCAAACCGCTGCTCA and 5’GAGCCAAAGCGGTGATTTCC.

C. elegans strains and assays—C. elegans strains were maintained on £. coli OP50
grown on NGM plates (Brenner Genetics 1974). Strains were generously provided by the
Caenorhabditis Genetics Center (which is supported by the NIH, Office of Research
Infrastructure Programs P40 OD010440) and the Mitani Lab through the National Bio-
Resource Project of the MEXT, Japan. Growth in hypoxia was achieved by incubating
animals in a Hypoxic In Vitro Cabinet (Coy Laboratory Products Inc.) at 1% oxygen at room
temperature. For assays in which a synchronized population of animals was required, strains
were egg-prepped in bleach and arrested overnight in M9 buffer at the L1 larval stage. For a
complete list of strains used in this study see below. For generation of transgenic animals,
the frh-1 cDNA was cloned from cDNA generated with Invitrogen Superscript 111 and
subsequently fused to the promoters of gpy-30 (all somatic tissues), vha-6 (intestine), col-10
(hypodermis), myo-3 (muscle), and sng-1 (neurons) in the Bluescript vector. Plasmids were
then injected into animals at a concentration of 2 ng/ul along with the co-injection marker
ofm-1::gfp (50 ng/ul) and NEB 1kb ladder (50 ng/pl). Three independent transgenic lines
were analyzed for each construct. To measure animal length, images were acquired using a
ZEISS Axio Zoom V16 microscope with ZEN PRO software and the midline of individual
animals was quantified in F1JI software. To measure /Asp-6::gfp fluorescence, animals were
mounted on agar pads, immobilized in sodium azide, and imaged at 70x magnification.
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List of C. elegans strains used in this study

N2 wild type

GR3073 frh-1(tm5913) Il

FX16013 | fi-1(tm5913)/mini 11

FX19065 | /iscu-1(tm4696)/nT1 IV

FX19074 | iscu-1(tm4941)/nT1 IV

VC2238 nfs-1(0k2890) I/h72 |

FX18183 | nfs-1(tm3516)/hT2 |

FX31177 | glrx-5(tm3867)/tmC29 111

FX14712 | fpd-8(tm2983)/nT1

GR3074 | frh-1(tm5913); vhi-1(ok161)

GR3075 frh-1(tm5913)/minl; mgEx809(Psng-1::mCherry:.SL2 frh-1 cDNA + ofm-1.:GFP]

GR3076 frh-1(tm5913)/minl; mgEx810[Pmyo-3.:mCherry::SL2 frh-1 cDNA + ofm-1..GFP]

GR3077 frh-1(tm5913)/minl; mgEx811{Pcol-10::mCherry::SL2 frh-1 cODNA + ofm-1..GFP]

GR3078 frh-1(tm5913)/minl; mgEx812[Pvha-6::mCherry:.SL2 frh-1 cDNA + ofm-1.:GFP]

GR3079 frh-1(tm5913);, mgEx808[Papy-30::mCherry::SL2 frh-1 cDNA + ofm-1..GFP]

SI4100 | zcls13/hsp-6::GFP] V/

GR3080 frh-1(tm5913); zcls13[hsp-6..GFP] V/

Mice—shFXN mice were generously provided by the Geshwind laboratory at the University
of California, Los Angeles. Pups were weaned and genotyped at ~25 d after birth. All cages
were provided with food and water ad-libitum. Food and water were monitored daily and
replenished as needed, and cages were changed weekly. A standard light-dark cycle of ~12h
light exposure was used. Animals were housed 2-5 per cage. Body weights were recorded
regularly, and mice were humanely euthanized when they had lost 20% of peak body weight,
in accordance with the American Veterinary Medical Association guidelines. For all
experiments, animals were randomized on a 1:1 basis, balanced by age and sex. All animal
studies were approved by the Subcommittee on Research Animal Care and the Institutional
Animal Care and Use Committee of Massachusetts General Hospital.

Method Details

Cell growth assays—Cell counting was performed using a Cellometer Auto T4 bright
field cell counter (Nexcelom Bioscience LLC). Cell growth assays were performed 7-10
days following lentiviral infection, where applicable. Unless stated otherwise, K562 and
293T cells were seeded at an initial density of 1x10° cells/ml and 2.5%10° cells/ml,
respectively. Counts were performed 3 days after initial seeding at different oxygen tensions.
LCLs were seeded at an initial density of 1x10° cells/ml, and cell counts were performed 2
days after initial seeding at different oxygen tension.

Plasmids—Individual sgRNAs were cloned into pLentiCRISPRv2 (Addgene 52961)
(Sanjana et al., 2014). For genetic interaction assays, Staphylococcus aureus Cas9 and
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SsgRNAs were used to edit FXN, using the pXPR_BRD206 plasmid, a gift from John
Doench (Broad Institute). cDNAs were cloned in pLYS6, bearing a Neomycin selection
cassette, using the Nhel and EcoRI sites. No tag was added to the cDNAs. All plasmids were
verified by sequencing. pMD2.G (Addgene 12259) and psPAX2 (Addgene 12260) were
used for lentiviral packaging.

Lentivirus production—2.5 x10% HEK293T cells were seeded in a T25cm? flask (one
flask per lentivirus) in 5 ml of DMEM [High glucose DMEM (Life Technologies, 11995),
10% FBS (Sigma, F2442)]. The following day the cells were transfected with 1ml of
transfection mixture per well. The transfection mixture contained 25 pl Lipofectamine 2000
(Thermo Fisher Scientific), 3.75ug psPAX2, 2.5ug pMD2.G, 5ug of the lentiviral vector of
interest and Opti-MEM medium (GIBCO) up to 1ml. The mixture was incubated at room
temperature for 20 min before adding it to cells. 6h following transfection, the media was
replaced with fresh DMEM. Two days after transfection, media was collected, filtered
through a 0.45um filter and stored at —80C.

Essentiality in cancer cell lines—Cancer Dependency Map version 17Q4 data were
downloaded, including CERES scores for 17670 genes across 342 cancer cell lines, where
CERES score quantifies the effect of gene knockout on growth within genome-wide
CRISPR screens after correcting for aneuploidy effects (Meyers et al., 2017). For each
selected gene (Figure 2B), density plots were generated for CERES scores across the 342
cell lines.

Polyacrylamide gel electrophoresis and protein immunoblotting—2-5 x108 cells
were harvested, washed in cold PBS and lysed for 10min on ice in RIPA lysis buffer (50 mM
Tris-HCI pH 7.5, 150 mM NacCl, 1.0% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 1x
protease and phosphatase inhibitor (Cell Signaling), and 250 units/ml benzonase nuclease
(Sigma). Lysates were further clarified by centrifugation for 5min at 16000 x g at 4C.
Protein concentration was measured using Pierce 660nm Protein Assay (Thermo Fisher
Scientific). 35ug was loaded per well. Electrophoresis was carried out on Novex Tris-
Glycine 4-20% gels (Life Technologies) before transfer on a Nitrocellulose Membrane, 0.45
pum (BioRad). Membranes were blocked for 30mins with SEA BLOCK Blocking Buffer
(Thermo Fisher Scientific) at RT. Membranes were then incubated with primary antibody,
diluted in 3%BSA, for 1h at RT or overnight at 4C. Membranes were then washed at RT 3
times in TBST for 5 mins. The membrane was incubated with goat a-rabbit or a-mouse
conjugated to IRDye800 or to IRDye680 (LI-COR Biosciences), diluted in 5% milk, for 1h
at RT. Membranes were washed 3 times in TBST for 5mins and were scanned for infrared
signal using the Odyssey Imaging System (LI-COR Biosciences). Band intensities were
analyzed with Image Studio Lite (LI1-COR Biosciences).

Antibodies—Antibodies used here were:
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Antigen Cat. Number Vendor

Actin A3853 Sigma

ALAD GTX81701 Genetex

ATF4 10835 Proteintech
FBXL5 abh102692 Abcam
Ferritin-H sc-376594 Santa Cruz
Ferrochetelase (FECH) | GTX113435 Genetex
Frataxin GTX54036 Genetex
GLRX5 HPA063716 Atlas Antibodies
HIFla A300-286A Bethyl Laboratories
HSCB GTX116372 Genetex

IRP2 sc-33682 Santa Cruz
ISCU sc-373694 Santa Cruz
KEAP1 10503 Proteintech
Lipoic acid 437695 Calbiochem
LYRM4 ARP57407_P050 | Aviva Systems Biology
MMS19 16015 Proteintech
CIAO3 GTX116764 Genetex

NFS1 $c-365308 Santa Cruz
NRF2 GTX103322 Genetex

OGDH HPA020347 Sigma
OXPHOS ab110411 Abcam
Parvalbumin ab11427 Abcam

PCP-2 sc-137064 Santa Cruz
STEAP3 ab151566 Abcam

Page 17

Cell Death Analysis—Cell death was measured in cells treated with 2ug/ul puromycin or
gene-specific sgRNAs. Cell death was measured with Dead Cell Apoptosis Kit (Invitrogen),
which was used according to the manufacturer’s protocol. Briefly, cells were washed in ice-
cold PBS, incubated with Annexin V FITC and PI for 15 min at room temperature, and then
analyzed by flow cytometry on a CytoFLEX S Cytometer, using the TRITC channel for PI
(ex:532, em:576) and the FITC channel for Annexin V (ex:488nM, em:525nm). Analysis of
data was performed using FlowJo v.8 software.

Aconitase Activity—Aconitase activity from whole K562 cell extracts, obtained from
5x106 cells, was assayed with the Aconitase Assay Kit (Cayman Chemicals), per
manufacturer’s instructions.

Oxygen Consumption—1.25x10° K562 cells were plated on a Seahorse plate coated
with Cell-Tak Cell and Tissue Adhesive (Corning Life Sciences) in DMEM containing 1 g/L
glucose and 50 mg/mL uridine, and oxygen consumption was recorded using a Seahorse
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XF96 Analyzer (Seahorse Biosciences). Each measurement was performed over 6 min after
a 3 min mix and a 3 min wait period. Basal measurements were collected 6 times, followed
by 6 measurements after addition of oligomycin (final concentration 3 uM), followed by 6
measurements after addition of 1uM CCCP (final concentration 1 uM), followed by 6
measurements after addition of antimycin A (final concentration 1 uM).

gPCR—2.5x108 K562 cells were collected per sample. RNA was extracted from total cells
with an RNeasy kit (QIAGEN) and DNase-1 digested before murine leukemia virus (MLV)
reverse transcription using random primers (Promega). g°PCR was performed using the
TagMan technology (Life Technologies), using probes Hs04187282_g1 (NDUFA2),
Hs00975961 gl (NRF2) and Hs00427620_m1 (TBP). All data were normalized to TBP.

In-vitro Fe-S cluster synthesis and degradation

Protein purification: The SDAg; complex (Cory et al., 2017), ISCU2 (Tsai and Barondeau,
2010) and FXN (Tsai and Barondeau, 2010) were recombinantly expressed in E. coli and
purified. The SDAg concentration was determined using an extinction coefficient for the
PLP cofactor of 6.6 mM~1cm™ at 388 nm in 0.1 M NaOH (Peterson and Sober, 1954). The
concentrations of ISCU2 and FXN were determined using extinction coefficients at 280 nm
of 8490 M~1cm~1 and 26030 M~1cm™1, respectively (Tsai and Barondeau, 2010).

CD spectroscopy: CD spectra were recorded using a 1 cm path length cuvette on a
Chirascan CD spectrometer (Applied Photophysics). For anaerobic measurements the
cuvette was sealed with a rubber septa and electrical tape in an anaerobic glove box (O, <
0.5 ppm, Teledyne Analytical Instruments, Model # 311). Protein samples were prepared in
Buffer A (50 mM HEPES, 250 mM NacCl, pH 7.5) and assays were conducted at 22 °C.

Stability of [2Fe-2S] clusters on ISCU2 in the presence of O,. First, [2Fe-2S] clusters were
built on ISCU2 in the presence and absence of FXN under anaerobic conditions in a sealed
cuvette. The reaction mixtures contained 10 pM SDAg, 30 uM ISCU2, and 400 pM
Fe(NH4)2(SO04)» (for SDAgU) or 5 uM SDA¢¢, 30 UM ISCU2 and 30 pM FXN, and 400 uM
Fe(NH4)2(S0O4), (for SDAgUF). Injecting 50 uM L-cysteine and 10 mM GSH together
using a gas-tight syringe initiated cluster synthesis reactions. The reactions reached
saturation, which was determined by tracking changes in the visible CD spectrum from 300
nm to 700 nm, after ~4.5 h for SDA.U and ~2.5 h for SDA..UF. 50 pL of air-saturated
Buffer A was then injected and the [2Fe-2S] cluster content was monitored at 330 nm. After
1 h, the cuvette was exposed to atmospheric air and the [2Fe-2S] cluster content was further
tracked by changes at 330 nm. The rate of cluster degradation was determined by fitting the
absorbance changes with time to a linear equation using Origin software (OriginLab).

Effect of O, on 2Fe-2S cluster biosynthesis reactions. Fe-S assembly reactions on ISCU2
contained 10 pM SDA¢, 30 uM ISCUZ2, 30 uM FXN (when added), and 400 uM
Fe(NH,4)2(S0Oy), in air-saturated Buffer A. The reactions were carried out in open cuvette
(aerobic condition) and were initiated by injecting 50 uM L-cysteine and 10 mM GSH
together (prepared anaerobically) using a gas-tight syringe. The formation of [2Fe-2S]
clusters was monitored by the change in ellipticity at 330 nm. The initial increase in
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ellipticity was plotted with time and fitted to a linear equation using Origin software
(OriginLab).

RPA and TMRE measurements—1x108 K562 cells were collected per sample. Cells
were washed in HBSS (GIBCO) and then incubated with either 100nM RPA (Axxora) or
5nM TMRE (Life Technologies) diluted in HBSS for 10 min in an incubator at 37 °C and
21% 02. Cells were then washed in HBSS. For RPA staining, cells were then incubated for
an additional 15mins in fresh HBSS. Flow cytometry data were collected on a CytoFLEX S
Cytometer, using the mCherry channel for RPA (ex:561, em:602) and the dsRed channel for
TMRE (ex:561 nM em:574 nm). Analysis of data was performed using FlowJo v.8 software.

Protein extraction from C. elegans—Animals were washed in PBS, and then
resuspended in 2 volumes of RIPA buffer (50 mM Tris-HCI pH 7.5, 150 mM NacCl, 1.0%
NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 1x protease and phosphatase inhibitor (Cell
Signaling), and 250 units/ml Benzonase Nuclease (Sigma). Animals were then lysed using a
1min pulse in a sonicator, followed by 1 min on ice, repeated 5 times. Protein measurement,
polyacrylamide gel electrophoresis and protein immunoblotting were then carried out as
outlined above.

Doxycycline knockdown in shFXN mice—The average age of the animals at the start
of experiments was 2—3 months. Doxycycline treatment followed the established optimal
dosing protocol (Chandran et al., 2017); 2 mg/mL Doxycycline (Sigma) was added to the
drinking water of all animals which was changed weekly. In addition, animals were injected
intraperitoneally (I1P) with doxycycline twice a week, starting with 5 mg/kg body weight for
10 weeks followed by 10 mg Dox/kg body at later time points.

Chronic hypoxic, normoxic and hyperoxic exposures of shFXN mice—Wild
type and shFXN mice were exposed to chronic hypoxia (11% O,), normoxia (21% O,) or
hyperoxia (55% O,) at ambient sea-level pressure. For hypoxia and hyperoxia treatments,
mice were placed in 80-L plexiglass chambers that were given either a gas mixture of N,
and O, supplied by a membrane technology nitrogen generator (MAG-20, Higher Peak,
Winchester MA) or a mixture of compressed air and 100% O, (Airgas Inc.). The gas flow
rates were measured and controlled with rotameters and valves. Oxygen concentrations were
measured several times each day at the outlet of the chambers using an oxygen analyzer
(MiniOx | Oxygen Analyzer, Ohio Medical Corporation) and the flow rates of air, nitrogen
and oxygen were modified if necessary in order to obtain a stable oxygen concentration of
11% in the hypoxic chamber and 55% in the hyperoxia chamber. Soda lime (Sodasorb,
Smiths Medical) (approximately 250g), was placed on the floor of each chamber to scavenge
carbon dioxide (CO,) exhaled by the animals and replaced every 3 days. The CO,
concentration in each chamber as well as the temperature and the humidity were monitored
continuously using a dedicated infrared CO, analyzer, thermometer and humidity meter
(Extech CO200 Monitor, Extech Instruments). Temperature and humidity were maintained
at 23-25°C and 30-70%, respectively. Mice were exposed to gas treatment continuously for
24 hours per day, 7 days a week. The chambers were briefly opened three times a week to
weigh the mice, evaluate their neurological status, clean the cages and add water and food.
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Inverted screen test—Mice were acclimated to the experimental room for at least
30mins before the start of the measurements. Each mouse was placed in the center of a wire
mesh screen, consisting of 15mm squares of 2mm diameter wire, held ~50cm above padded
bedding. The screen was rotated to an inverted position slowly over 3 sec, with the mouse’s
head declining first. When the screen was stable, the timer was started. The time when the
mouse fell off was noted, or the mouse was removed when the criterion time of 10min
maximum was reached.

Accelerating rotarod measurements—A rotarod machine (Ugo Basile) was used to
measure the ability of mice to stay on an accelerating, rotating rod. Mice were acclimated to
the experimental room for at least 30mins before the start of the measurements. Rotarod
parameters were as follows: acceleration of 5rpm/m and a maximum speed of 40rpm. On
each measurement day, three trials were performed, with individual trials at least 10m apart
to allow mice to recuperate. The median time on rotarod is reported. If mice used their body
to grasp the rod (rather than walking on it) for more than 10s, this time was recorded as time
of fall.

Gait analyses—Miice were acclimated to the experimental room for at least 30mins before
the start of the measurements. Hind and fore paws was coated with nontoxic red and blue
paint, respectively, and the animals were allowed to walk through a 60-cm-long, 15-cm-wide
runway that was lined with blank paper. Footprints were captured for each animal on the
blank paper, and the length between the left hindprint strides was measured. For each mouse,
the average of at least 3 strides was recorded.

Brain Histology—Mlice were placed and maintained under deep anesthesia with 5%
isoflurane in oxygen for the extent of the perfusion. The chest cavity was opened and a
catheter was placed in the left ventricle, after which the right atrium was cut. Mice were
perfused with 15mL modified Ames Media (Sigma) in 1xPBS, followed by 20-30 mL of
4% paraformaldehyde (PFA) in 1X PBS at room temperature. Brains were dissected from
perfused mice, and post-fixed in 4% PFA at 4°C for 12-16 hr. Tissue was cryoprotected in
30% sucrose in 1X PBS overnight at 4°C, then embedded in OCT and rapidly frozen in a dry
ice/ethanol bath. 30um sagittal cryostat sections of the brains were mounted on slides and
processed for immunohistochemistry.

Sections on slides were dried at RT for 1 hour, then washed 3x5 minutes in 1X PBS. Tissue
was then blocked for 1h in 1X PBS containing 0.1% Triton-X 100 and 5% normal donkey
serum (Sigma). Sections were incubated with primary antibodies diluted in blocking
solution (5% normal donkey serum, no detergent) at 4°C overnight. Sections were then
washed with 1X PBS containing 0.02% Tween 20 (PBST) 4x5 minutes and incubated with
secondary antibodies diluted 1:500 in blocking solution, at room temperature for 1 hour.
Secondary antibodies employed were Alexa 546 conjugated donkey anti-rabbit antibody and
Alexa 647 conjugated donkey anti-mouse antibody (Life Technologies). Following
secondary antibody incubation, the tissue was washed 4x5 minutes with PBST. One wash of
PBST contained a 1:5,000 dilution of Hoechst 33342 solution (ThermoFisher). Sections
were washed one more time with PBST, then mounted with fluoromount-G (Southern
Biotech) for imaging.
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Cerebellar imaging and analysis—Imaging was conducted on a spinning disk confocal
system (Yokogawa CSU-22 spinning disk confocal scan head with Andor Borealis
modification) using a 63X objective (1.4 N.A.), with MetaMorph acquisition software and a
Hamamatsu Orca-ER cooled CCD camera. At least three cerebellar sections were imaged
for each animal.

Following image acquisition, Purkinje cell staining was analyzed from parvalbumin mean
intensity per cell (normalized for cell size). Experimenter was blind to genotype during
analysis. Images were analyzed using the CellProfiler software 3.1.8, and single Purkinje
cells were recognized on the basis of PCP-2 staining. Measures of cell size, shape and
fluorescence signals were extracted. At least 100 Purkinje cells were analyzed per animal.

Electrocardiogram (ECG) analysis—ECG was performed in mice anesthetized with
2% isoflurane and by an operator blinded to the experimental conditions. Mice were placed
supine on a heating plate (TCAT-TLV, Physitemp, Clifton, NJ) to keep core body
temperature at 37 0.5 °C. Using subcutaneous three-lead ECG needle electrodes (Bio Amp,
ADlInstruments, Dunedin, New Zealand), ECG signal was recorded at 4 kHz and filtered
using a high- and low- pass settings of 0.3 Hz and 1 kHz respectively (PowerLab, Dunedin,
New Zealand). Continuous ECG recording of 10 min was analyzed manually by aligning R
waves of >100 complexes to determine heart rate and QT interval using LabChart 7
(ADInstruments, Dunedin, New Zealand). The QT interval was calculated as the time
between the first deviation of the QRT complex from the isoelectric line and the end of the T
wave, where the curve of the T wave returns to the isoelectric line (Speerschneider and
Thomsen, 2013). The QT interval was corrected to HR using Bazett’s formula (QTc).

Echocardiography analysis—Cardiac function was evaluated by transthoracic
echocardiography (Irie et al., 2015). Mice were anesthetized with 3% isoflurane, which was
reduced to 1.5% isoflurane during echocardiography. Images were collected using a 14.0-
MHz linear probe (Vivid 7; GE Medical System, Milwaukee, WI). Body temperature was
maintained at 37°C during echocardiography. M-mode images were obtained from a
parasternal shortaxis view at the midventricular level with a clear view of the papillary
muscle. Left ventricular (LV) internal diameters at end-diastole and end-systole were
measured. LV fractional shortening was calculated on an EchoPAC workstation (GE
Healthcare, Wauwatosa, WI).

Quantification and statistical analysis

Data are reported as mean + SD. Analyses were performed using GraphPad Prism 8.0.1
software. One-way ANOVA with Bonferroni’s correction was used for multiple
comparisons. Both the log-rank (Mantel-Cox) test and Cox proportional hazards model were
utilized to compare survival rates. For parvalbumin intensity analysis, a nested one-way
ANOVA with Bonferroni’s correction was used. P value < 0.05 was considered to indicate
statistical significance.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1- Growth of cellslacking FXN can be complemented by hypoxia.
(A) Three-day proliferation assay of control or FXN KO K562 cells. Cells were grown in

21% O, 1% O, or 21% O, with 75 uM FG-4592, which stabilizes HIF1a regardless of
oxygen tensions. (B) Immunoblot of control or FXN KO cells grown in 21% O,, 1% O, or
21% O, with 75uM FG-4592, blotted for FXN, ISCU, NFS1, LYRM4, HIFla and TIMM23.
Asterisk indicates a non-specific band. (C) Three-day proliferation assay of control or FXN
KO 293T cells. Cells were grown in 21% O,, 1% O, or 21% O, with 75uM FG-4592. (D)
Growth of WT or Ayfh1 yeast in 21% O, or 1% O». (E) Three-day proliferation assay of
control or FXN KO K562 cells in 21% O, supplemented with DMSO or the antioxidants
Mito-TEMPO (5nM,50nM,500nM), NAC (5uM,50uM,500uM) or Mn(IITI)TBAP (1uM,
10uM,100uM). All bar plots show mean = SD. *=p < 0.05, ***=p < 0.001, ****=p <
0.0001. One-way ANOVA with Bonferroni’s post-test. See also Figure S1.
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CRISPR knock-outs are shown across 342 cancer cell lines from the Cancer Dependency
Map, demonstrating that the Fe-S machinery is more essential (lower CERES score) than
most genes and that ISCU, NFS1 and LYRM4 are more essential than FXN. Histograms are
normalized via the kernel density function to equalize the area under each curve. (C) Three-
day proliferation assay of K562 cells KO for the Fe-S assembly machinery- FXN, ISCU,
NFS1 or LYRM4- vs. control cells. Cells were grown in 21% O, 1% O or 21% O, with
75uM FG-4592 (D) Three-day proliferation assay of K562 cells KO for FXN or the Fe-S
cluster transfer machinery- GLRX5, HSCB or CIAO3- vs. control cells. Cells were grown in
21% O3, 1% O, or 21% O, with 75uM FG-4592 (E) Three-day proliferation assay of control
or FXN KO K562 cells in 21% O», overexpressing different subunits of the Fe-S assembly
machinery, including the previously described ISCUM140! hypass mutant. All bar plots show
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mean £ SD. **=p < 0.01, ***=p < 0.001, ****=p < 0.0001. One-way ANOVA with
Bonferroni’s post-test. See also Figure S2.
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Figure 3- Steady state levels of Fe-S containing proteinsare restored when FXN null cellsare
grown in hypoxia.

(A) Aconitase activity assay from control or FXN KO K562 cells grown in 21% O, 1% O
or 21% O, with 75uM FG-4592. Bar plots show mean £ SD. ****=p < 0.0001. One-way
ANOVA with Bonferroni’s post-test. (B) Immunoblot of control or FXN KO cells grown in
21% O3, 1% O, or 21% O, with 75uM FG-4592, blotted for OXPHOS subunits or Tubulin.
(C) Immunoblot of control or FXN KO cells grown in 21% O, 1% O, or 21% O, with
75uM FG-4592, blotted for Lipoic acid, which is conjugated to PDH-E2, KGDH-E2 and
GCSH. Additional blots against OGDH (i.e. KGDH-E1) and Actin. (D) Immunoblot of
control or FXN KO cells grown in 21% O, 1% O, or 21% O, with 75uM FG-4592, blotted
against enzymes in the heme biosynthesis pathway- FECH and ALAD- or TOMM20. (E)
Immunoblot of control or FXN KO cells grown in 21% O,, 1% O, or 21% O, with 75uM
FG-4592, blotted against POLD1, MMS19 or Actin. See also Figure S3.
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Figure 4- In vitro Fe-S synthesisis activated by FXN and anoxia.
(A) CD intensity at 330 nm vs time of reaction for [2Fe-2S] cluster stability on ISCU-NFS1-

LYRM4-ACP,. complex without (left) and with (right) FXN. Clusters were generated under
anaerobic conditions, and then exposed to aerobic buffer and ambient air. (B) CD intensity at
330 nm vs time of reaction for [2Fe-2S] cluster formation on ISCU-NFS1-LYRM4-ACP
complex without (left) and with (right) FXN. Clusters were formed under anaerobic or
aerobic conditions. (C) Synthesis rate constants for [2Fe-2S] cluster formation on ISCU-
NFS1-LYRM4-ACP,. complex without (left) and with (right) FXN, under aerobic on
anaerobic conditions. Data are represented as mean + SD. **=p < 0.01, ***=p < 0.001,
****=p < 0.0001. One-way ANOVA with Bonferroni’s post-test. See also Figure S4.
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Figure 5- Signaling pathways activated in FXN KO cellsarerestored in hypoxia.
(A) Immunoblot of control or FXN KO cells grown in 21% O, or 1% O, blotted for the

integrated stress response transcription factor ATF4 or Actin. Asterisk indicates a non-
specific band. (B) Immunoblot of control or FXN KO cells grown in 21% O, or 1% Oo,
blotted for iron response protein IRP2, antioxidant response regulator NRF2, or Actin. (C)
Schematic for IRP2 degradation, which is mediated by FBXL5 and is regulated by iron and
oxygen. When IRP2 is stabilized, it activates iron uptake pathways and represses iron
storage pathways. (D) Immunoblot of control or FXN KO cells grown in 21% O, or 1% O,
blotted for Ferritin-H, a target of IRP2. Additional blot against Actin. (E) Three-day
proliferation assay of control, FXN KO or FBXL5 KO cells in 21% O or 1% O». (F) Three-
day proliferation assay of control, FXN KO, IRP2 KO or double IRP2 FXN KO cells in 21%
O or 1% O». (G) Immunoblot of control, FXN KO, IRP2 KO or double IRP2 FXN KO cells
in 21% O, or 1% O, blotted for Lipoic acid. Additional blot against TIMM23. All bar plots
show mean + SD. ***=p < 0.001, ****=p < 0.0001. One-way ANOVA with Bonferroni’s
post-test. See also Figure S5.
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Figure 6- FXN isdispensablefor viability and Fe-S cluster biogenesisin C. elegansin hypoxia.
(A) The C. elegans frataxin null mutant, frh-1(tm5913), carries a 353 bp deletion and must

be propagated as a balanced heterozygote at room air. (B) When incubated at 1% O
frh-1(tm5913) mutants develop to adulthood and are fertile. Pictured are wild type animals
grown for 2 days and frh-1(tm5913) mutants grown for 4 days. Scale bar = 3 mm. (C) Total
progeny produced from animals incubated at 21% O, or 1% O,. Mothers were balanced
heterozygotes (mutant/+). (D) Immunoblot for lipoic acid in animals grown at 1% O, or
animals shifted as adults to normoxia for the indicated time. (E) Asp-6..gfp fluorescence in
animals grown in 1% O, or shifted to normoxia as adults for 4 days. Exposure time = 50 ms,
scale bar = 500 um. (F) Animal length after 4 days growth at 21% or 50% O,. Mothers were
balanced heterozygotes frh-1(tm5913)+. (G) Animal length after 3 days growth in
hyperoxia. Mothers were balanced heterozygotes frh-1(tm5913)+. All error bars represent
standard deviation. *=p < 0.05, **=p < 0.01, ***=p < 0.001, ****=p < 0.0001. One-way
ANOVA with Bonferroni’s post-test. See also Figure S6.
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Fig 7- Hypoxia attenuates and hyperoxia hastens ataxiain a FRDA mouse model.
(A) Immunoblot from brain and heart of WT and shFXN mice housed in 21% O, or 11% O,

at week 12, blotted for FXN and Actin. (B) Hematocrit measurements from WT and shFXN
mice housed in 21% O or 11% O, at week 8 (n= 3 per group). (C) Inverted screen test
analysis for WT or shFXN mice housed in 21% O, or 11% O, at 12 weeks. Time to fall is
represented (n= 7 per group). (D) Accelerating rotarod analysis for WT or shFXN KD mice
housed in 21% O or 11% O at 12 weeks. Latency to fall measured as mean value of
triplicate trials per mouse (n= 7 per group). (E) Representative images of Purkinje cell layer
stained with parvalbumin, PCP-2 and Hoechst 33342 from WT or shFXN mice housed in
21% O, or 11% O,. Scale bar = 30um. (F) Inverted screen test analysis for WT or shFXN
mice housed in 21% O, or 55% O, at 6 weeks. Time to fall is represented (n= 5 per group).
(G) Accelerating rotarod analysis for WT or shFXN mice housed in 21% O, or 55% O at 6
weeks. Latency to fall measured as mean value of triplicate trials per mouse (n= 5 per
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group). (H) Survival of WT or FXN knockdown (shFXN) mice housed in 21% O, or 11%
O (n=10 per group). (1) Quantification of corrected QT interval, as observed by ECG, of
WT or shFXN mice housed in 21% O, or 11% O, at 12 weeks (n= 3 per group). All bar
plots show mean + SD. *=p < 0.05, **=p < 0.01, ***=p < 0.001, ****=p < 0.0001. One-
way ANOVA with Bonferroni’s post-test. See also Figure S7.
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