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Cardiomyopathy is a primary cause of death in Friedreich ataxia (FRDA) patients with defective iron-sulfur cluster
(ISC) biogenesis due to loss of functional frataxin and in rare patients with functional loss of other ISC biogenesis
factors. The mechanistic target of rapamycin (mTOR) and AKT signaling cascades that coordinate eukaryotic cell
growth and metabolism with environmental inputs, including nutrients and growth factors, are crucial regulators
of cardiovascular growth and homeostasis. We observed increased phosphorylation of AKT and dysregulation of
multiple downstream effectors of mTORC1, including S6K1, S6, ULK1 and 4EBP1, in a cardiac/skeletal muscle
specific FRDA conditional knockout (cKO) mouse model and in human cell lines depleted of ISC biogenesis
factors. Knockdown of several mitochondrial metabolic proteins that are downstream targets of ISC biogenesis,
including lipoyl synthase and subunit B of succinate dehydrogenase, also resulted in activation of mTOR and AKT
signaling, suggesting that mTOR and AKT hyperactivations are part of the metabolic stress response to ISC de-
ficiencies. Administration of rapamycin, a specific inhibitor of mTOR signaling, enhanced the survival of the Fxn
cKO mice, providing proof of concept for the potential of mTOR inhibition to ameliorate cardiac disease in pa-
tients with defective ISC biogenesis. However, AKT phosphorylation remained high in rapamycin-treated Fxn cKO
hearts, suggesting that parallel mTOR and AKT inhibition might be necessary to further improve the lifespan and
healthspan of ISC deficient individuals.
1. Introduction

Iron-sulfur clusters (ISCs) constitute one of the most ubiquitous and
functionally versatile classes of metallocofactor, serving essential func-
tions in processes such as respiration, intermediary metabolism, and DNA
repair. ISC biogenesis factors, such as frataxin (FXN) and the scaffold
protein ISCU, are essential for synthesizing nascent ISCs that are trans-
ferred to target proteins or intermediate carriers with the assistance from
many accessory proteins (Lill and Freibert, 2020; Maio and Rouault,
2020). Defects in ISC biogenesis are associated with dozens of human
disorders, including the characteristic neurological and cardiac degen-
eration in FRDA and rare diseases such as the multiple mitochondrial
dysfunctions syndromes (MMDS) caused by mutations in other ISC
biogenesis factors (Tong, 2017). FRDA, the most prevalent inherited
neuromuscular disorder, is caused by severely reduced transcription of
frataxin (FXN) due to a large GAA repeat expansion within the first intron
of the FXN gene (Campuzano et al., 1996; Puccio et al., 2001). More than
ault).
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50% of FRDA patients develop hypertrophic cardiomyopathy that can
progress to heart failure and death in the third to fifth decade of life
(Hanson et al., 2019; Koeppen et al., 2015; Lane et al., 2013; Payne et al.,
2011). Notably, cardiomyopathy has also been reported in several pa-
tients with mutations in other ISC biogenesis factors, including ISCU and
BOLA3 (Haack et al., 2013; Kollberg et al., 2009).

Extensive studies have revealed that mTOR and AKT signaling cas-
cades are part of a complex signaling network that mediates physiolog-
ical and pathological cardiac hypertrophy (Heineke and Molkentin,
2006). mTOR complex I (mTORC1) plays a central role in regulating
anabolic and catabolic processes, including protein synthesis, autophagy,
metabolism and lysosomal function, in response to nutrient levels and
growth factor signaling, while mTOR complex 2 (mTORC2) regulates the
cytoskeleton, metabolism and several pro-survival pathways, including
the AKT pathway (Saxton and Sabatini, 2017) (Figure 1A). In addition to
sensing amino acid and glucose levels, mTORC1 is a downstream medi-
ator of several growth factor and mitogen dependent signaling pathways,
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including the insulin-like growth factor-I (IGF-I)–phosphatidylinositol
3-kinase (PI3K)–AKT pathway that triggers the Akt-dependent multisite
phosphorylation and inhibition of TSC2 in the Tuberous Sclerosis Com-
plex (TSC), which in turns inhibits mTORC1. Once activated, mTORC1
promotes protein synthesis by activating its substrates, p70 S6 kinase 1
(S6K1), which phosphorylates S6 ribosomal protein and eukaryotic
initiation factor 4E (eIF4E)-binding protein 1 (4EBP1), and inhibits the
early steps of autophagosome formation (via Unc-51 like kinase 1, ULK1)
and lysosomal biogenesis (via transcription factor TFEB). In addition to
activating mTORC1 signaling, hyperactivated AKT mediates the inhibi-
tory phosphorylation of glycogen synthase kinase 3β (GSK3β). Active
GSK3β negatively regulates cardiac hypertrophic transcriptional effec-
tors, such as GATA4, β-catenin, c-Myc and nuclear factor of activated T
cells (NFAT), but becomes inhibited by AKT-mediated phosphorylation
(Heineke and Molkentin, 2006). Interestingly, both mTORC2-mediated
phosphorylation of AKT at S473 and PI3K/PDK1-activated phosphory-
lation at T308 are needed for maximal AKT activity, which
Figure 1. ISC deficiency induced activation of mTORC1 signaling cascade. (A) Schem
ological cardiac hypertrophy. mTORC1 signaling cascade balances mRNA translation, p
while mTORC2 regulates cytoskeleton, metabolism and activates several pro-survival p
and glucose levels, mTORC1 is a downstreammediator of several growth factor pathwa
(PI3K)–AKTpathway. In addition to activatingmTORC1 signaling, hyperactivatedAKT
GSK3β and folkhead transcription factors FOXO. (B) Knockdown (KD) of FXN not only
oylation of DBT, DLST and DLAT by LIAS, decreased levels of respiratory complex II s
resulted in increased levels of p-S6, p62 and p-Drp1 in human fibroblasts MCH46 compa
versions are shown in the supplemental data (Figures S4 and5). (C)KDof ISCU resulted
(D) KD of FXN or ISCU resulted in increased levels of p-S6, p-S757-ULK1, ULK1, p-S
Densitometry analysis showed an increase in p-S6 levels in FXNor ISCUKDfibroblasts n
10) and ISCU-KD (n¼5) cells normalized toNT-KD control cells. (G)KDof ISCU increase
fibroblasts with orwithout IGF-1 stimulation compared toNT siRNA. The uncropped ve
¼ 4) cells normalized to NT-KD control cells. The t-test significance P values are indic
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mechanistically place mTOR both upstream and downstream of AKT
(Efeyan and Sabatini, 2010).

Aberrant activations of mTORC1 and AKT are well documented in
many hypertrophic cardiomyopathies (Sciarretta et al., 2018). Mice with
constitutive activation of Akt (Shioi et al., 2002) or cardiac deletions of
Tsc genes (Malhowski et al., 2011; Taneike et al., 2016) exhibited
hyperactivation of mTORC1, enlarged hearts, increased left ventricle
(LV) wall thickness, and early death. Conversely, inhibition of mTORC1
attenuated hypertrophy in various cardiomyopathy models (Sciarretta
et al., 2018). The links between mTOR/AKT hyperactivation and car-
diomyopathies were further supported by the findings of cardiac hy-
pertrophies in transgenic mice with overexpression of S6K1 (McMullen
et al., 2004) and mice with cardiac deletions of Tsc genes (Malhowski
et al., 2011; Taneike et al., 2016) or GSK3β ablation (Kerkela et al.,
2008). In the present study, we report that mTOR and AKT pathways are
hyperactivated in ISC biogenesis-deficient cells and tissues, and rapa-
mycin treatment improves the survival of heart/skeletal muscle specific
conditional Fxn knockout (cKO) mice.
atic of mTOR and AKT signaling pathways in mediating physiological and path-
rotein turnover andmetabolism, in response to growth factors and nutrient levels,
athways, including the AKT signaling pathway. In addition to sensing amino acid
ys, including the insulin-like growth factor-I (IGF-I)–phosphatidylinositol 3-kinase
mediates the phosphorylation of other regulators of cardiac hypertrophy including
resulted in a decreased in functional Fe–S proteins, as indicated by reduced lip-
ubunit SDHB, and decreased acetylation of histones (Tong et al., 2018), but also
red to cells transfectedwith non-targeting siRNA (NT siRNA). The full, uncropped
in increased levels of p-S6 andp62. The uncropped versions are shown in Figure S6.
473-AKT and p-T308-AKT. The uncropped versions are shown in Figure S7. (E)
ormalized to controls (n> 6). (F) Increased levels of p-AKT at S473 in FXN-KD (n¼
d the levels of p-S6, p-S757-ULK1,ULK1, andp-S473-AKT in serum-starved human
rsions are shown in Figure S8. (H) Increased p-ULK1 andULK1 levels in FXN-KD (n
ated (*P < 0.05; **P < 0.005). See also Figure S1.
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2. Results

2.1. Hyperactivation of mTOR and AKT signaling in cells that are deficient
in ISC biogenesis

ISC biogenesis factors have crucial roles in maintaining the functions
and stability of many proteins that are important for cellular metabolism,
including many subunits of the respiratory complexes (e.g. NDUFS1 and
SDHB), cytosolic aconitase (ACO1, also known as iron regulatory protein
1 or IRP1), mitochondrial aconitases (ACO2), and lipoyl synthase (LIAS)
which is essential for the lipoylation and activation of the DBT subunit of
branched-chain ketoacid dehydrogenase (BCKDH), the DLAT subunit of
pyruvate dehydrogenase (PDH), and the DLST subunit of alpha-
ketoglutarate dehydrogenase (αKGDH). Interestingly, we have
observed that chelation of iron not only resulted in the loss of functional
Fe–S protein, as indicated by reduced levels of lipoyl-DBT, reduced ACO1
and ACO2 activities, and reduced stability of SDHB and NDUFS1 pro-
teins, but also increased phosphorylation of S6K1 (at T389), S6 (at S235/
236) and AKT (at S473) in human fibroblast MCH46 (Figure S1A-B).
Because increased p-S6K1 and p-S6 levels are indicators of mTORC1
activation, and both elevated levels of branched-chain amino acids
(BCAAs) (as a result of decreased BCKDH-mediated catabolism of
leucine, isoleucine and valine) and activation of AKT have been shown to
cause activation of mTORC1 signaling (Figure S1C) and organ hyper-
trophy (Neishabouri et al., 2015; Shioi et al., 2002), we tested whether
interference with ISC biogenesis can cause mTORC1 and AKT activations.
Indeed, small interfering RNA (siRNA)-knockdown (KD) of FXN and ISCU
not only resulted in deceased LIAS activity and SDHB levels (Figure 1B,
C), but also increased the levels of p-S6 and p-AKT (Figure 1B–F). Given
that mTORC1 and AKT signalings are very sensitive to growth factor
levels in the media, we also observed that KD of ISCU resulted in
increased levels of p-S6 and p-S473-AKT in both serum-starved and IGF-1
stimulated human fibroblasts compared to non-targeting (NT) KD
(Figure 1G).

In addition to promoting protein synthesis, mTORC1 regulates both
general autophagy and mitophagy induction after oxidative phosphory-
lation uncoupling (Bartolome et al., 2017). mTORC1 is an important
negative regulator of autophagy by phosphorylating S757 of ULK1, a
kinase required for the initiation of autophagy (Kim et al., 2011). Pre-
vious studies have shown that, during prolonged stress, ULK1 tran-
scription is upregulated, but the activity of newly synthesized ULK1 is
inhibited by mTOR-mediated phosphorylation at S757 (Nazio et al.,
2016). Dysregulated autophagy has been shown to increase the levels of
the autophagy-adaptor protein p62/SQSTM1 (Huang et al., 2013; Miz-
ushima et al., 2008), and an increase in p62 levels was observed with
cardiac deletions of Tsc genes in mice (Edenharter et al., 2018; Kayyali
et al., 2015; Taneike et al., 2016) and in a Drosophila model of FRDA
(Edenharter et al., 2018; Kayyali et al., 2015; Taneike et al., 2016). In
addition, increased mitochondrial fragmentation and dysregulation of
dynamin-related protein 1 (DRP1), which plays an essential role in
mediating mitochondrial fission and mitophagy (Tong et al., 2020), have
been reported in various FRDA models (Johnson et al., 2021; Lin et al.,
2017; Martelli et al., 2015). In FXN- or ISCU-KD cells, levels of ULK1
(Figure 1D, G, H), p-S757-ULK1 (Figure 1D, G, H), p62 (Figure 1B, C) and
p-S616-DRP1 (Figure 1B) were all elevated, further suggesting that
deficient ISC biogenesis leads to mTOR activation and dysregulation of
autophagy and mitophagy.

2.2. Hyperactivation of mTORC1 in a cardiomyopathy model of
Friedreich’s ataxia

Next, we examined an animal model of FRDA cardiomyopathy. Fxn
cKO (Fxn:Mck-Cre) mice have a > 2 fold increase in heart/body weight
ratio (Figure 2A) and a short median lifespan of 82 days (Figure 2B)
compared to Fxnþ/þ littermates, consistent with previous reports of a
different cardiac/muscle specific Fxn cKO mouse (Puccio et al., 2001).
3

Loss of Fxn not only resulted in loss of functional Fe–S proteins
(Figure 2C) and dysregulation of iron-regulatory proteins 1 and 2 (Irp1
and Irp2) (Figure 2D), but also increased p-S6 levels in 5-week-old Fxn
cKO hearts (Figure. 2E, G), and increased p-4ebp1, p-Akt, p-S757-Ulk1,
p-Drp1, and p62 levels in 7- to 10-week-old Fxn cKO hearts (Figures 2F,
G, S2A), consistent with mTORC1 and AKT hyperactivation. In contrast,
Fxn cKO skeletal muscles did not show consistent hyperactivation of
mTORC1 targets, despite extensive loss of Fxn and significant decrease in
the levels of Ndufs1 and Sdhb proteins at 9 weeks (Figure S2B). These
results are in line with the absence of significant skeletal muscle
involvement in FRDA patients and other FRDA mouse models (Puccio
et al., 2001).

2.3. Hyperactivation of mTORC1 and AKT signaling as a retrograde
response to metabolic stress in cells with Fe–S enzyme deficiency

Since elevated levels of BCAAs as a result of decreased BCKDH ac-
tivity are associated with cardiometabolic disorders (Sun et al., 2016)
and exposure to BCAAs have been shown to cause activation of mTORC1
downstream targets (Saxton and Sabatini, 2017) (Figure 3A), we exam-
ined KD of the Fe–S protein LIAS that is essential for the lipoylation and
activation of BCKDH (Figure 3B). LIAS KD not only decreased lipoylation
of the DBT subunit of BCKDH, but also led to increased levels of p-S6K1,
p-S6, p-S757-ULK1, ULK1, p-AKT, and p-Drp1 (Figure 3C–E). However,
there was no difference in the lifespans of Fxn cKO mice that were fed
isocaloric low protein (6%) or high protein (40%) diet (Figure 3F) or
BCAA-enriched drinking water compared to control animals (Figure 3G).
These results suggested that additional factors other than cardiac loss of
functional BCKDH are involved in the early death of Fxn cKO mice.

Next, we examined mTOR and AKT signaling in KD of other proteins
that require ISC for their functions (Figure 4A), and observed that KD of
complex II subunit SDHB also increased the levels of p-S6K1, p-S6 and p-
AKT (Figure 4B and C). Similarly, KD of dihydrolipoyl transacetylase
(DLAT), a PDH subunit that does not contain ISC but is dependent on
lipoylation by the Fe–S protein LIAS, also resulted in increases in the
levels of p-S6K1, p-S6, p-S757-ULK1 and p-AKT (Figure 4D–E). Taken
together, these data suggest that mTORC1 and AKT are activated in
response to metabolic stress induced by defects in ISC biogenesis.

Since prolonged disruption of ISC biogenesis resulted in increased
oxidative stress (Soriano et al., 2013) (Jauslin et al., 2002), and oxidative
stress modulates AKT and mTORC1 signaling (Pelicano et al., 2006;
Sarbassov and Sabatini, 2005), we also examined AKT and mTOR
signaling in cells treated with a redox-cycling mitochondrial pro-oxidant
menadione. While cells treated with a redox-cycling mitochondrial
pro-oxidant menadione for 2 h have decreased levels of p-S6K1 and p-S6,
longer treatment (24–72 h) led to decreased DBT lipoylation, decreased
levels of SDHB and NDUFS1, and concurrent increase in the levels of
p-S6K1, p-S6, and p-AKT (Figure 4F). These data suggested that oxidative
stress induced by ISC deficiency may form a vicious cycle that leads to
further disruption of mitochondrial function and exacerbation of mal-
adaptive mTOR and AKT signaling.

2.4. Targeting mTOR pathway to alleviate FXN-driven cardiomyopathy

Inhibition of mTORC1 signaling by the FDA-approved drug rapamy-
cin has been shown to attenuate cardiac hypertrophy in mouse models
(Shioi et al., 2002) and kidney transplant recipients (Paoletti, 2018).
Given that rapamycin has potentially serious side effects, including
glucose intolerance, immunosuppression, hyperlipidemia, and decreased
wound healing, different dosing paradigms of rapamycin have been
tested to achieve efficacy with minimal drug toxicity (Arriola Apelo et al.,
2016; Johnson et al., 2015). Daily rapamycin injection (8 mg/kg) for 4
days or a diet containing encapsulated rapamycin (eRAPA) for 3 weeks
reduced p-S6 levels in Fxn cKO mice (Figure 5B-C), without increasing
the levels of functional Fe–S proteins (Figure 5B–D). More importantly,
the cohort of Fxn cKOmice that received rapamycin injection every other



Figure 2. ISC deficiency induced activation of mTORC1 signaling cascade in a cardiac/skeletal muscle specific conditional knockout (Fxn cKO) mouse. (A) At 9–10
weeks of age, Fxn:Mck-Cre (Fxn cKO) mice (n ¼ 5) had an increased heart weight/body weight ratio 1.18 þ/� 0.12 compared to a wild-type ratio 0.54 þ/� 0.1. (B)
The median lifespan of Fxn cKO mice is 82 days (range 71–103 days), as compared to >24 months for wild-type mice. (C) Loss of functional Fe–S proteins (Ndufs1,
Sdhb, Aco2, and LIAS) and dysregulation of mTORC1 downstream effects (S6K1, S6 and ULK1) in the hearts of Fxn cKO mice. The uncropped versions are shown in
Figure S9. (D) Decreased levels of iron regulatory protein 1 (Irp1) and increased levels of Irp2 in the hearts of Fxn cKO mice. IRP1 and IRP2 are RNA-binding proteins
that play important roles in the post-transcriptional regulation of intracellular iron metabolism, intermediary metabolism, and heme biosynthesis. The bifunctional
IRP1 registers cytosolic iron levels rapidly through the assembly and disassembly of ISC in IRP1. Short term changes in ISC assembly in IRP1 results in a loss of its
aconitase activity and an increase in binding to its mRNA targets, whereas prolonged loss of ISC in IRP1 results in decreased stability of the protein. In contrast, IRP2 is
regulated by iron and oxygen-dependent protein degradation. Oxidation of an ISC in the F-box and leucine-rich repeats protein 5 (FBXL5), a substrate receptor subunit
of an SKP1-CUL1-F box (SCF) ubiquitin ligase complex, promotes binding and degradation of IRP2 (Wang et al., 2020). The uncropped versions are shown in
Figure S10. (E) At 5 weeks old, Fxn cKO mice have increased levels of p-S6 in the hearts. The uncropped versions are shown in Figure S11. (F) At 9 weeks or older, Fxn
cKO hearts have increased levels of p62, p-S473-Akt, p-T37/46-4ebp1, p-S757-Ulk1 and p-Drp1. Phosphorylation of 4ebp1 by mTORC1 results in its dissociation from
eIF4E, promoting assembly of the eIF4F complex. The uncropped versions are shown in Figure S12. (G) Increased levels of p-S6 (n ¼ 9, 5–7 weeks of age), p-S757-Ulk1
(n ¼ 6, 7–10 weeks of age) and p62 (n ¼ 9, 7–10 weeks of age) in Fxn cKO hearts normalized to controls. The t-test significance P values are indicated (*P < 0.05; **P
< 0.005). See also Figure S2.
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day or eRAPA diet had increased median lifespans of 114 and 119 days,
respectively, compared to 82 days for untreated and vehicle-treated Fxn
cKO mice (Figures 5A, S3A). In comparison, the median lifespan of FXN
cKO mice was only increased to 87 days (range 79–115 days) in the 4
days on-10 days off cohort (Figure S3B).

Although the lifespan of Fxn cKO mice that received rapamycin in-
jection every other day or eRAPA diet increased by 40% (Figure 5A),
these mice still died very early compared to Fxnþ/þ mice, primarily
because of persistant deficiencies of functional Fe–S proteins. It is also
interesting to note that, rapamycin treatment did not abrogate the in-
crease in p-S473-Akt levels in many of the Fxn cKO mice (Figure 6A) nor
resulted in statistical changes in the heart/body weight ratio (Figure S3C)
and echocardiographic parameters (Figure S3D), suggesting that hyper-
activation of Akt also contributes to cardiomyopathy in Fxn deficiency
4

through mTORC1-independent mechanisms. Given the many metabolic
and stress response pathways that can be affected by changes in mTOR
signaling, the pleiotropic effects of rapamycin are of significant interest.
Previous studies have shown that rapamycin induced the expression of
tristetraprolin (Ttp), which decreased the expression of transferrin re-
ceptor 1 (TfR1) and ferroportin 1 (Fpn1) in wild type mouse embryonic
fibroblasts (Bayeva et al., 2012). We observed that rapamycin treatment
also resulted in a marked decrease in TfR1 levels in rapamycin-treated
Fxn cKO hearts (Figure 6B). However, our data did not show a signifi-
cant increase in Ttp levels or changes in Irp1, Irp2, and Fpn1 levels in
rapamycin-treated compared to vehicle-treated Fxn cKO hearts
(Figure 6B). Previous studies have also shown that rapamycin-treated
mouse skin fibroblasts have increased levels of nuclear factor (eryth-
roid-derived 2)-like2 (Nrf2), a major regulator of endogenous
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antioxidant enzymes, such as NADPH: quinone oxidoreductase (NQO1),
and Nrf2 activation has been shown to improve the cell viability and
mitochondrial function in cells from FRDA patients (Rodden and Lynch,
2021). However, we did not observed an increase in Nqo1 protein level in
our rapamycin-treated Fxn-cKO hearts (Figure 6B).

The finding of mTORC1 hyperactivation in Fxn cKO has important
implications on several FRDA therapeutics under evaluation, including
iron chelator deferiprone and IFN-γ therapies. As mentioned above,
deferiprone treatment resulted in loss of functional Fe–S proteins as well
as hyperphosphorylation of S6K1, S6 and AKT (Figure S1A), which can
potentially exacerbate cardiac dysfunction in FRDA patients. Similarly,
human fibroblasts treated with IFN-γ exhibited a rapid increase in p-AKT
(Kaur et al., 2008), p-S6K1 and p-S6 levels (Figure 6C). Although tran-
sient, the mTOR/AKT activation in response to IFN-γ raises concern of
additional cardiometabolic risk in patients administered these therapies.
Taken together, our results suggest that the use of combination therapies
consisting of mTORC1 and AKT inhibitors, antioxidants, and agents that
boost the expression levels of FXN and other ISC biogenesis genes may be
needed to further improve the healthspan and lifespan of patients with
ISC biogenesis defects.

3. Discussion

Cardiac energy metabolism is essential for the normal biology and
physiology of the heart, and metabolic flexibility is key for the heart to
Figure 3. Defects in BCAA catabolism contributed to mTOR hyperactivation. (A) W
phosphorylation of S6K1 and S6 levels, whereas addition of BCAAs and/or FBS for 20
versions are shown in Figure S13. (B) Schematic showing that the Fe–S protein LIAS
glycine cleavage system. Disruption of BCKDH function resulted in BCAA accumulat
lipoyl-DBT, DLST and DLAT, but also increased the levels of p-S6, p-S757-ULK1, U
Increased p-S6K1 and p-AKT levels in fibroblasts depleted of LIAS (n > 8). (E) Incre
shown in Figure S15. (F) No difference between survival of Fxn cKO mice that were
diet (n ¼ 10). (G) No difference in the survival of Fxn cKO mice that were given co

5

adapt to changes in fuel availability and stress (Ritterhoff and Tian,
2017). As a result, cardiomyopathy is observed in a plethora of metabolic
disorders (Brown et al., 2017). Defects in ISC biogenesis in metabolic
factors can lead to disruption of energy production, insufficient supply of
anaplerotic intermediates, and NADH/NADþ imbalance, ultimately
resulting in cardiomyopathy and heart failure. In addition to derailment
of mitochondrial metabolism, cardiac cells with mitochondrial dysfunc-
tions respond to the vicious cycles of redox imbalance, metabolic bot-
tlenecks, altered protein acetylation, impaired Ca2þ homeostasis, and
inflammation (Zhou and Tian, 2018) by activating signaling pathways to
restore metabolic homeostasis (Heineke and Molkentin, 2006). The
current study showed that ISC deficiency resulted in hyperactivation of
both mTORC1 (as indicated by S6K1, S6, ULK1, and 4E-BP1 phosphor-
ylation) and an increase in p-S473-AKT levels (a target of mTOCR2) in
vitro and in vivo, consistent with a recent study showing increased mTOR
signaling in a transgenic mouse model of inducible Fxn depletion (Vas-
quez-Trincado et al., 2021). AKT and mTOR signaling cascades are
crucial for cardiovascular development, homeostasis, and stress
response, but chronic AKT and mTOR activation has also been shown to
lead to proteome imbalance, misfolded protein accumulation and energy
stresses that promote the pathological remodeling of the heart (Sciarretta
et al., 2018). In addition to driving protein synthesis through S6K1 and
4EBP1, mTORC1 can increase nucleotide synthesis via the
ATF4-dependent expression of MTHFD2, a key component of the tetra-
hydrofolate cycle that provides one carbon units for purine synthesis
ithdrawal of BCAA and or fetal bovine serum (FBS) correlated with decreased
min correlated with rapid restoration of p-S6K1 and p-S6 levels. The uncropped
is essential for the lipoylation and activation of BCKDH, PDH, αKGDH and the
ion that can activate mTORC1. (C) KD of LIAS not only decreased the levels of
LK1 and p-S473-AKT. The uncropped versions are shown in Figure S14. (D)
ased p-DRP1 levels in fibroblasts depleted of LIAS. The uncropped versions are
fed a high protein-low carbohydrate (n ¼ 8) or a low protein-high carbohydrate
ntrol drinking water and BCAA-containing drinking water (n ¼ 12).



Figure 4. Hyperactivation of mTORC1 signaling in response to metabolic stress in cells with defects in Fe–S cluster biogenesis. (A) Schematic showing that ISC
biogenesis controls the activities of proteins in many metabolic pathways, including SDHB, ACO2 and LIAS (which is essential for the lipoylation of BCKDH and PDH).
(B) KD of the respiratory complex II subunit SDHB in human fibroblasts increased the levels of p-S6K1, p-S6, and p-S473-AKT in serum-replete cells and in cells that
were starved of serum for 16 h and then restimulated with IGF-1 for 8 h. The uncropped versions are shown in Figure S16. (C) Increase in p-S6K1 and p-AKT levels in
SDHB-KD cells (n ¼ 5) normalized to NT-KD control cells (n ¼ 5). (D) KD of PDH subunit DLAT increased levels of p-S6K1, p-S6, p-ULK1 and p-S473-AKT (n ¼ 5). The
uncropped versions are shown in Figure S17. (E) KD of DLAT or SDHB increased levels of p-S6K1, p-S6, p-ULK1 and p-S473-AKT in serum-repleted cells and in cells
that were starved of serum for 16 h and then restimulated with IGF-1 for 24 h. The uncropped versions are shown in Figure S18. (F) Fibroblasts exposed to menadione
for 24 h or longer exhibited decreased protein lipoylation, decreased SDHB and NDUFS1 levels, and increased levels of p-S6K1, p-S6, and p-S473-AKT (n ¼ 5). The
uncropped versions are shown in Figure S19.
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(Ben-Sahra et al., 2016). Interestingly, Puccio and coworkers observed
early elevation of Mthfd2 mRNA levels in their Fxn:Mck-Cre mice (Sez-
nec et al., 2005), consistent with our results showing mTORC1 hyper-
activation in the early stage of the cardiac disease in these animals.
Activation of mTOR also inhibits autophagy and lysosome biogenesis
(Saxton and Sabatini, 2017), which can lead to proteotoxic stress and
compromised defense against oxidative stress to further potentiate car-
diac dysfunction (Delbridge et al., 2017; Henning and Brundel, 2017). In
addition to activating mTORC1 signaling, hyperactivated AKT mediates
the inhibitory phosphorylation of GSK3β and FoxO transcription factors,
which in turn regulate nuclear factor of activated T cells (NFAT) and
other important mediators of cardiac health (Heineke and Molkentin,
2006).

The current study showed that multiple pathways downstream of
decreased ISC biogenesis, including blockade of BCAA catabolism,
metabolic and oxidative stress, and AKT activation, converge to activate
the mTORC1 signalling cascade (Figure 6D). Congenital defects in BCAA
catabolism, such as Maple syrup urine disease (MSUD), are associated
with neurological dysfunction, cardiometabolic risks, and cardiac failure
(Sun et al., 2016; Tobias et al., 2018), and are managed through low
protein or low BCAA diet with some success (Blackburn et al., 2017).
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Although our experiments that were designed to manipulate BCAA level
did not yield significant results (Figure 3F-G), it should be noted that,
unlike FRDA patients (Stuwe et al., 2011), our Fxn cKOmice have normal
hepatic Fxn levels. Previous studies have shown that a 15% restoration of
BCKDH activity after hepatocyte transplantation into MSUD recipient
liver was sufficient to restore normal blood BCAA levels and extended the
lifespan in a MSUD mouse model (Skvorak et al., 2009). Furthermore, it
should be noted that mTORC1 is also upregulated by other dietary factors
including carbohydrate levels (Orozco et al., 2020). Thus, further studies
of BCKDH activity and plasma BCAA levels in FRDA models and patients,
and the potential risks and benefits of different diets that can affect
mTORC1 signaling are needed.

To date, therapeutic options for ISC biogenesis disorders are limited
(Tong, 2017; Zhang et al., 2019). Gene therapy restoring frataxin levels
and nicotinamide mononucleotide therapy have improved the symptoms
in FRDA mouse models but have not yet been translated to human
therapies (Belbellaa et al., 2019; Martin et al., 2017). Our results
demonstrated that inhibition of mTORC1 improves survival of Fxn cKO
mice, which are consistent with previous studies that showed that genetic
and pharmacological inhibition of TORC1 signaling produced improved
motor performance and slightly increased lifespan of the FRDA KD flies



Figure 5. Inhibition of mTORC1 prolonged the survival of Fxn cKO mice. (A) Medium lifespan of Fxn cKO mice (n ¼ 10) was extended from 81.5 days to 114 days
(range ¼ 87–120 days) by rapamycin injection every other day (n ¼ 10) and to 119 days (range 115–123 days) by rapamycin-containing diet (n ¼ 7). (P < 0.0001).
There is no difference in lifespan between untreated and vehicle-treated cKO (n ¼ 5). (B) Intraperitoneal injection of rapamycin for 4 consecutive days resulted in
decreased levels of p-S6 in Fxn cKO mouse hearts, without changing the levels of Fxn, Ndufs1 and Sdhb. The uncropped versions are shown in Figure S20. (C) Dietary
rapamycin treatment (42 ppm) for 3 weeks decreased p-S6 levels without increasing the levels of functional Fe–S proteins in Fxn cKO mouse hearts. The uncropped
versions are shown in Figure S21. (D) Dietary rapamycin treatment (42 ppm) for 7 weeks did not increase the levels of functional Fe–S proteins. The uncropped
versions are shown in Figure S22.
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(Calap-Quintana et al., 2015), and improved survival and delayed
neurological symptoms of the NDUFS4 KO mouse model of Leigh syn-
drome (Johnson et al., 2013). It is also interesting to note that p38 MAPK
inhibitors reversed the growth defect of FRDA cells in culture (Cotticelli
et al., 2018). Cancer studies have shown that mTORC1 functions as a
downstream effector for the MAPK pathway, and a study in cardiac
development showed that p38γ and p38δ promote cardiac hypertrophy
by targeting the mTOR-inhibitory protein DEP domain-containing
mTOR-interacting protein (DEPTOR) for degradation (Gonzalez-Teran
et al., 2016).

In addition to mTORC1 hyperactivation, we also observed increased
p-S473-AKT in FXN-KD, ISCU-KD, SDHB-KD, DLAT-KD and LIAS-KD fi-
broblasts, and in 7–9-week-old Fxn cKO hearts. Although short-term
activation of Akt promotes physiological hypertrophy and protection
from myocardial injury, long-term Akt activation causes cardiomyopathy
via both mTOR-dependent and mTOR-independent mechanisms (Chaa-
nine and Hajjar, 2011; Manning and Toker, 2017; Wende et al., 2015).
Notably, rapamycin treatment did not mitigate the increase in
p-S473-Akt levels in some Fxn cKO mice (Figure 6A). Extensive research
has shown that a complex branching and looping positive and feedback
signaling network modulates the function of mTOR and AKT (Efeyan and
Sabatini, 2010; Manning and Toker, 2017). For instance, suppression of
7

mTORC1 activity by rapamycin prevents the degradation of insulin re-
ceptor substrate 1 (IRS-1) and augments AKT activation in several cancer
cell types, suggesting that the potential anti-hypertrophy activities of
rapamycin can be counterbalanced by the release of feedback inhibition
of AKT activation (Soares et al., 2013). A further understanding of
mTORC1, mTORC2 and AKT signaling in ISC deficiency will be critical
for clinical development for FRDA patients, since cancer studies sug-
gested that parallel mTORC1 and PI3K/AKT inhibition might be neces-
sary to control feedback loops (Sathe et al., 2018). Furthermore, the
pleiotropic effects of rapamycin are of significant concern. Clinical
studies have shown that chronic treatment with rapamycin are associated
with the development of microcytic anemia (Przybylowski et al., 2013).
We observed a marked decrease in TfR1 levels in Fxn cKO mice after 3–6
weeks of diet containing 42 ppm rapamycin, although no changes in
other iron metabolism factors including Irp1, Irp2 and Fpn1 were
observed (Figure 6B). Given the critical role of iron homeostasis in
organismal health, great care must be given to determine treatment
regimens to limit adverse effects on iron metabolism.

Taken together, our results pointed to aberrant mTORC1 and AKT
signaling as mechanistic components of the cardiomyopathy associated
with Fe–S protein deficiency and suggested that mTOR inhibitors may
present much needed therapeutic opportunities for FRDA patients. The



Figure 6. Persistent AKT hyperactivation and decreased TfR1 levels in rapamycin-treated Fxn cKO hearts. (A) Dietary rapamycin treatment did not abrogate Akt
hyperphosphorylation in Fxn cKO hearts. The uncropped versions are shown in Figure S23. (B) Dietary rapamycin treatment resulted in decreased levels of the iron
uptake protein transferrin receptor 1 (TfR1), but no significant changes in the levels of Nqo1, Irp1, Irp2, Fpn1 and Ttp in Fxn cKO hearts. The uncropped versions are
shown in Figures S24 and 25. (C) Human fibroblasts treated with IFN-γ (5000U) resulted in a transient increase in the phosphorylation of Akt, followed by increased
phosphorylation of S6K and S6, raising the concern of additional cardiometabolic risk in FRDA patients who are administered IFN- γ therapy. The uncropped versions
are shown in Figure S26. (D) Schematic illustrating how metabolic stress, oxidative stress, and blockade of BCAA catabolism in response to ISC deficiency leads to
hyperactivation of mTORC1 and Akt signaling which contributes to cardiomyopathy in Fxn cKO mice.
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main concern in targeting the upstream and downstream factors of mTOR
and AKT for therapeutic purposes is that each effector can have both
adaptive and maladaptive influences on the myocardium and in the
organismal level. Future studies should focus on evaluating the appro-
priate targets, intervention timing, dose-response profiles, and the use of
combination therapies consisting of mTOR and AKT inhibitors, reduced
BCAA diet, and direct augmentation of ISC biogenesis.

4. Resource availability

4.1. Lead Contact

Further information and requests for resources and reagents should
be directed to and will be fulfilled by the Lead Contact, Tracey A Rouault
(rouault@mail.nih.gov).
4.2. Materials availability

This study did not generate new unique reagents that have not been
previously published in scientific literature.

5. Experimental model and subject details

5.1. Mouse models

Animal husbandry and veterinary care was provided by the NICHD
Animal Facility. Experimental procedures were reviewed and approved
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by NICHD Animal Care and Use Committee and met NIH guidelines for
the humane care of animals. Fxnflox (homozygous frataxin floxed exon 2)
mice with a CRISPR/Cas9-generated, Cre-conditional frataxin allele
(#028520) and mice with heterozygous frataxin global KO and homo-
zygous MCK-Cre (#029100) were obtained from the Jackson lab to
generate the progressive cardiomyopathy mouse line Fxnflox/null::MCK-
Cre. Fxn heterozygous mice and wild-type mice are phenotypically
indistinguishable and both are used as controls for the experiments
described.
5.2. Cell cultures

HeLa cells were purchased from ATCC. Human dermal fibroblasts
(MCH46) were a gift from Dr. Jessie Cameron (Hospital for Sick Children,
Toronto, Canada). MCH46 and HeLa cells were cultivated in DMEM with
10% fetal bovine serum (FBS), 2 mM glutamine, and Antibiotic-
Antimycotic (Invitrogen) at 37 �C in a humidified incubator containing
5% CO2.

6. Method details

6.1. Mouse model experimental details

All mice were weaned at 20–21 days of age and fed Rodent NIH-07
Open Formula (410710-75-53) unless stated otherwise. Diet foods with
6%Protein /76% carbohydrate or 40% Protein/42% carbohydrate were
purchased from Teklad custom diets. For BCAA supplementation, BCAAs

mailto:rouault@mail.nih.gov


8. Key resources table

Reagent or resource Source Identifier

Antibodies

FXN antibody Proteintech Cat#14147-1-AP; RRID:AB_2231876

ISCU antibody (Tong and
Rouault, 2006)

N/A

Phospho-p70 S6K
(T389) antibody

Cell Signaling
Technology

Cat#9205; RRID:AB_330944

Phosphor-S6 (S235/
236) antibody

Cell Signaling
Technology

Cat#2211; RRID:AB_331679

S6 antibody
antibody

Cell Signaling
Technology

Cat#2217; RRID:AB_331355

Phospho-AKT S473
antibody

Cell Signaling
Technology

Cat#9271; RRID:AB_329825

Phospho-AKT T308
antibody

Cell Signaling
Technology

Cat#2965; RRID:AB_2255933

AKT antibody Cell Signaling
Technology

Cat#9272; RRID:AB_329827

Phospho-ULK1
(S757) antibody

Cell Signaling
Technology

Cat#14202; RRID:AB_266550

ULK1 antibody Cell Signaling
Technology

Cat#8054; RRID:AB_11178668

Phospho-4EBP1
(T37/46) antibody

Cell Signaling
Technology

Cat#2855; RRID:AB_560835

SQSTM1/p62
antibody

Cell Signaling
Technology

Cat#5114; RRID:AB_10624872

Phospho-AMPK
(T172) antibody

Cell Signaling
Technology

Cat#4188; RRID:AB_2169396
Cat# 2535; RRID:AB_331250

Hexokinase I (HK1)
antibody

Cell Signaling
Technology

Cat#2024; RRID:AB_2116996

DBT antibody Proteintech Cat#12451-1-AP; RRID:AB_2089636

Lipoic acid antibody Millipore/
Calbiochem

Cat#437695; RRID:AB_10683357

Rabbit monoclonal
anti-NDUFS1

Abcam Cat#ab169540; RRID:AB_2687932

Mouse monoclonal
anti-SDHA

Abcam Cat#ab14715; RRID:AB_301433

Mouse monoclonal
anti-SDHB

Abcam Cat#ab14714; RRID:AB_301432

DRP1 antibody Cell Signaling
Technology

Cat#5391; RRID:AB_11178938

Phospho-DRP1
(S616) antibody

Cell Signaling
Technology

Cat#4494; RRID:AB_11178659

Rabbit monoclonal
anti-UQCRFS1

Abcam Cat#ab191078; RRID:AB_2687933

Rabbit polyclonal
anti-ACO2

T.A. Rouault Epitope: YDLLEKNINI
VRKRLNR

(continued on next page)
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(300mM total) was dissolved in water with 0.02% culinary blue food
color. For rapamycin intraperitoneal injections, rapamycin (LC labora-
tories) was dissolved in 100% ethanol to 100 mg/mL, then diluted in 5%
PEG-400/5% Tween-20 (vehicle) to a concentration of 1.2 mg/mL,
sterile filtered, aliquoted into 1 mL portions, and stored at �80 for long-
term storage. Vehicle mice were injected with vehicle containing an
equal volume of diluent lacking rapamycin. For dietary rapamycin ex-
periments, encapsulated rapamycin (eRAPA) was obtained from Rapa-
mycin Holdings, In., and mixed with eudragit (encapsulation material)
into Purina LabDiet 5LG6 diet at PMI Nutrition International. Control
food contained eudragit alone at a concentration matching that in the
rapamycin chow.

6.2. Transfection and cell culture treatments

For KD experiments, cells were transfected every 3 days using On-
TARGET Plus siRNA SMART Pools (30 nM) and Dharmafect 1 from
Thermo Scientific. For growth factor starvation/refeeding experiments,
the cells were placed in DMEM media with glutamine and without FBS
for 8–16 h, and then stimulated with addition of 50 ng/mL insulin-like
growth factor 1 (IGF-1) for 8–24 h, unless indicated otherwise. For
amino acid starvation (Dyachok et al., 2016), the cells were placed in
RPMI media with glutamine and without BCAAs and FBS for 100 min.
Subsequently, the cells were stimulated with BCAA-replete RPMI with
glutamine or L-amino acid solutions, with or without additional FBS, as
indicated in the figure legends. Amino acids were diluted in H2O, and the
resulting solutions were filter sterilized and aliquots were kept at �20 �

C.

6.3. Immunoblotting analysis

Whole-cell lysates were prepared using RIPA buffer containing 2 mM
sodium citrate, Roche cOmplete Ultra protease inhibitor and PhosSTOP
phosphatase inhibitor or Halt™ Protease Inhibitor Cocktail. Cut-up tis-
sues were flash-frozen on dry ice. Tissues were homogenized with 5
volumes of RIPA buffer containing 2 mM sodium citrate, Roche cOmplete
Ultra protease inhibitor and PhosSTOP phosphatase inhibitor or Halt™

Protease Inhibitor Cocktail at 4 �C using a bullet blender homogenizer
Storm BBX24M. Blots were blocked in 5% milk-PBST and all primary
antibodies were used 5% BSA-PBST or 5%-milk PBST following the
manufacturer guidelines.

6.4. Activity assays

Mouse mitochondrial and cytosolic aconitase activities were assessed
by in-gel aconitase assays as described previously (Tong and Rouault,
2006), with the following modifications. Non-denaturing gels composed
of a separating gel containing 5% (for mouse lysates) or 7% (for human
cell lysates), 133 mM Tris base, 66 mM borate, 3.6 mM citrate, and a
stacking gel containing 5% acrylamide, 65 mM Tris base, 33 mM borate,
3.6 mM citrate. Whole-cell lysates were prepared using RIPA buffer
containing 2 mM sodium citrate, Roche cOmplete Ultra protease inhib-
itor and/or PhosSTOP phosphatase inhibitor. Samples contain cell ly-
sates, 25 mM Tris-Cl, pH 8.0, 10% glycerol, and 0.025% bromophenol
blue. Electrophoresis was carried out at 180 V at 4 �C. Aconitase activities
were assayed by incubating the gel in the dark at 37 �C in 100 mM Tris
(pH 8.0), 1 mM NADP, 2.5 mM cis-aconitic acid, 5 mM MgCl2, 1.2 mM
MTT, 0.3 mM phenazine methosulfate, and 5 U/ml isocitrate dehydro-
genase, and quantitation was performed using NIH Image software.

6.5. Echocardiography

Transthoracic echocardiography was performed with 6–7 week old
mice with a high-frequency ultrasound system (VisualSonics, Vevo
2100). All images were acquired using a MS-400 transducer (Visual-
Sonics) with a center operating frequency of 30 MHz, and broadband
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frequency of 18–38 MHz. The axial resolution of this transducer is 50
mm, and the footprint is 20 mm 3 5 mm. 2D images were obtained for
multiple views of the heart. Mmode images of the left ventricle were
collected from the parasternal short axis view at the level of the mid-
papillary muscles and obtained by rotating the probe 9000 clockwise from
the parasternal long axis view. From the M mode images the LV systolic
and diastolic posterior and anterior wall thicknesses, as well as end
systolic and end diastolic internal LV chamber dimensions (LVIDs,
LVIDd), were measured using the leading edge method.

7. Quantification and statistical analysis

Statistical analyses were performed by Student's t test for paired
samples. Data are presented as means � SEM. All data are representative
of 3 or more independent experiments. The replicate and statistical de-
tails of experiments can be found in figure legends.

nif-antibody:AB_2231876
nif-antibody:AB_330944
nif-antibody:AB_331679
nif-antibody:AB_331355
nif-antibody:AB_329825
nif-antibody:AB_2255933
nif-antibody:AB_329827
nif-antibody:AB_266550
nif-antibody:AB_11178668
nif-antibody:AB_560835
nif-antibody:AB_10624872
nif-antibody:AB_2169396
nif-antibody:AB_331250
nif-antibody:AB_2116996
nif-antibody:AB_2089636
nif-antibody:AB_10683357
nif-antibody:AB_2687932
nif-antibody:AB_301433
nif-antibody:AB_301432
nif-antibody:AB_11178938
nif-antibody:AB_11178659
nif-antibody:AB_2687933


(continued )

Reagent or resource Source Identifier

Chemicals, peptides, and recombinant proteins

Dulbecco’s
Modification of
Eagle’s medium
(DMEM)

Cellgro Cat#15013

RPMI 1640 Medium
w/L-glutamine

USBiological Cat#R8999

RPMI 1640 Medium
w/L-glutamine, w/o
BCAA

USBiological Cat#R8990-20

L-leucine Alfa Aesar Cat#J62824

NADP Sigma Cat#N-0505

Cis-aconitate Sigma Cat#A3412

MTT Sigma Cat#M2128

Phenazine
Methosulfate

Sigma Cat#P-9625

isocitrate
dehydrogenase

Sigma Cat#I-2002

ProtoGel (30%) National
Diagnostic

Cat#EC-890

Deferiprone Sigma Cat#379409

Human
recombinant
insulin-like growth
factor IGF-1

Peprotech 100–11

Menadione sodium
bisulfite

Sigma M2518

Rapamycin LC laboratories Rapamycin

Encapsulated
rapamycin

rapamycin
holding

Encapsulated rapamycin

Rodent NIH-07
Open Formula

VWR Cat#410710-75-53

6% Protein Diet Envigo Teklad
Diets

Cat#TD.90016

40% Protein Diet Envigo Teklad
Diets

Cat#/TD.90018

Purina LabDiet
5LG6 diet
containing
encapsulated
rapamycin

PMI Nutrition
International

5LG6 with eRAPA

Purina LabDiet
5LG6 diet
containing eudragit
(capsule material)

PMI Nutrition
International

5LG6 with eudragit

Human IFN-g Peprotech 300–02

Krebs-Ringer
Solution,
bicarbonate-
buffered

Alfa Aesar Cat#J67591

NativePAGE 4–16%
Bis-Tris Protein
Gels, 1.0 mm

Thermo Fisher
Scientific

Cat#BN1004BOX

Dharmafect1
Transfection
Reagent

Dharmacon Cat#T-2001-03

SuperSignal West
Femto Maximum
Sensitivity
Substrate

Thermo
Scientific

Cat#34096

Halt™ Protease
Inhibitor Cocktail,
EDTA-free (100X)

Thermo
Scientific

Cat#78425

Pierce RIPA buffer Thermo
Scientific

cat#89900

Experimental models: Cell lines

HeLa ATCC Cat#CCL-2; RRID:CVCL_0030

(continued on next page)

(continued )

Reagent or resource Source Identifier

MCH46 human
fibroblast

a gift from
Hospital for Sick
Children,
Toronto, Canada

Experimental models: Organisms/strains

C57BL/6J-congenic
Fxn

Jackson
Laboratory

Cat#028520

C57BL/6-congenic
Fxn Tg (Ckmm-cre)
5Khn

Jackson
Laboratory

Cat#029100

Oligonucleotides

ON-TARGETplus
Non-targeting Pool

Dharmacon Cat#D-001810-10-05

ON-TARGETplus
human FXN

Dharmacon Cat#L-006691-00-0005

ON-TARGETplus
human ISCU

Dharmacon Cat#L-012837-01-0005

ON-TARGETplus
human LIAS

Cat#L-010023-01-0005

ON-TARGETplus
human SDH

Dharmacon Cat#L-011773-02-0005

ON-TARGETplus
human DLAT

Dharmacon Cat#L-008490-01-0005

Software and algorithms

GraphPad Prism 5 GraphPad
Software

https://www.graph
pad.com/scientificsoftware/prism/#1
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