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MOLECULAR BIOLOGY

Iron-sulfur cluster deficiency can be sensed by IRP2
and regulates iron homeostasis and sensitivity
to ferroptosis independent of IRP1 and FBXL5
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Intracellular iron levels are strictly regulated to support homeostasis and avoid iron-mediated ROS production.
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Loss of iron-sulfur cluster (ISC) synthesis can increase iron loading and promote cell death by ferroptosis. Iron-
responsive element-binding proteins IRP1 and IRP2 posttranscriptionally regulate iron homeostasis. IRP1 binding
to target mRNAs is competitively regulated by ISC occupancy. However, IRP2 is principally thought to be regulated
at the protein level via E3 ubiquitin ligase FBXL5-mediated degradation. Here, we show that ISC synthesis sup-
pression can activate IRP2 and promote ferroptosis sensitivity via a previously unidentified mechanism. At tissue-
level O, concentrations, ISC deficiency enhances IRP2 binding to target mRNAs independent of IRP1, FBXL5, and
changes in IRP2 protein level. Deletion of both IRP1 and IRP2 abolishes the iron-starvation response, preventing
its activation by ISC synthesis inhibition. These findings will inform strategies to manipulate ferroptosis sensitivity
and help illuminate the mechanism underlying ISC biosynthesis disorders, such as Friedreich’s ataxia.

INTRODUCTION

The available cellular iron pool is strictly regulated to allow utiliza-
tion of iron as an ion cofactor or in heme and iron-sulfur cluster
(ISC) groups while avoiding iron-mediated reactive oxygen species
(ROS) production (1). Excessive iron accumulation enhances oxi-
dation of various macromolecules and can lead to cell death by
mechanisms that include ferroptosis, a recently described iron-
dependent form of cell death characterized by membrane lipid per-
oxidation (2, 3). Consequently, cellular iron regulation has a central
role in modulating the sensitivity to ferroptosis, either facilitating it
via iron accumulation or hindering it via iron sequestration (4).

The main regulators of the cellular iron pool, iron-responsive
element (IRE)-binding proteins 1 and 2 (IRP1 and IRP2), are nor-
mally activated when cellular iron levels are low, initiating a rheostat-
like iron-starvation response (5). When activated, the iron-starvation
response increases the available iron pool by modulating iron up-
take, storage, export, and use. Specifically, IRP1 is regulated through ISC
occupancy and can function as an iron-responsive protein upon
losing its ISC (6). Perturbations in ISC metabolism are thought to
aberrantly activate the iron-starvation response via IRP1, overloading
cellular iron pools and sensitizing cells to ferroptosis (7-9). Dis-
orders of ISC biosynthesis, such as those observed in Friedreich’s
ataxia and sideroblastic anemias, exhibit altered iron metabolism as
part of their pathology (10-13). Therefore, a mechanistic investiga-
tion of how the iron-starvation response is regulated by ISC metabolism
is important for understanding the cause of these human diseases
and developing rational therapeutic strategies.

In prior work, we found that inhibition of ISC synthesis via sup-
pression of the key biosynthetic protein NFS1 cysteine desulfurase
(NES1) sensitizes cancer cells to ferroptosis, a feature that may be
responsible for positive selection of the NFS1 locus during lung
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tumorigenesis (9). We observed activation of the iron-starvation
response upon inhibition of ISC synthesis and an increase in mark-
ers of lipid peroxidation and cell death upon treatment with ferro-
ptosis-inducing drugs or compounds that induce oxidative stress (9).
Cancer cells often exhibit enhanced production of ROS due to on-
cogene activation and dysregulation in antioxidant response path-
ways (14). Induction of ferroptosis has been proposed as a novel
anticancer strategy, and knowing how to leverage this iron-cata-
lyzed cell death pathway will be aided by mechanistic understand-
ing of how cancer cells activate the iron-starvation response (15, 16).
On the basis of our work and the canonical iron sensing pathway
architecture, we hypothesized that activation of the iron-starvation
response by IRP1 is the main facilitator of ferroptosis sensitivity in
cells with perturbed ISC metabolism. Here, we unexpectedly find
that IRP2, the major regulator of cellular iron homeostasis in vivo,
is independently activated upon inhibition of ISC metabolism. IRP2
activation can occur independent of ubiquitin-mediated protein level
regulation by SKP1-cullin-F-box ubiquitin ligase component FBXLS5.
Activation of either IRP is sufficient to activate the iron-starvation
response and increase ferroptosis sensitivity, while blockade of both
IRPs is necessary to induce ferroptosis resistance.

RESULTS

Suppression of ISC synthesis activates the iron-starvation
response and sensitizes cells to ferroptosis

To identify determinants of ferroptosis sensitivity upon suppres-
sion of ISC biosynthesis, we transduced a panel of seven breast can-
cer cell lines with a short hairpin RNA (shRNA) targeting essential
ISC biosynthesis protein NFS1 (shNFS1), whose effects on cell via-
bility and the iron-starvation response can be completely rescued
by an shRNA-resistant NFS1 complementary DNA (cDNA) (9). Of
these cell lines, four exhibit increased sensitivity to the ferroptosis
inducer erastin upon NFS1 suppression (ferroptosis-sensitive lines
BT549, EFM19, Hs578t, and MDA-MB-231), while three do not
(ferroptosis-resistant lines HCC1954, HCC70, and MCF7; Fig. 1A).
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ISC suppression canonically mediates activation of the iron-starvation
response via activation of IRP1, which increases the stability of cer-
tain target mRNAs, such as those encoding the main iron uptake
protein transferrin receptor (TFR1), while inhibiting the transla-
tion of mRNAs encoding other targets, such as iron storage protein
ferritin (FTHI; Fig. 1B) (17-19). In the four ferroptosis-sensitive
cell lines, we observe increased TFR1 and decreased FTH1 protein
levels upon ISC synthesis inhibition, consistent with activation of
the iron-starvation response. In contrast, ferroptosis-resistant lines
display mild to no increase in TFR1 and/or low levels of basal FTH1
levels consistent with minimal engagement of the iron-starvation
response (Fig. 1C). Upon treatment with excess iron or iron
chelation, all nine cell lines alter TFR1 and FTHI1 levels, indicating
an intact response to direct iron modulation (fig. S1A). In prior

work, we defined activation of NFSI as important for lung tumor
development (9). Therefore, we suppressed NFS1 or directly modu-
lated iron levels in three lung cancer cell lines. We observed activa-
tion of the iron-starvation response and enhanced ferroptosis
sensitivity upon ISC inhibition similar to that seen in breast cancer
cell lines (fig. S1, B and C). These data suggest that engagement of
the iron-starvation response is responsible for enhanced sensitivity
to ferroptosis upon NFS1 suppression in cancer cells.

To confirm these results with an orthogonal method of ISC syn-
thesis suppression, we overexpressed a doxycycline (dox)-inducible
mutant of the essential ISC scaffold protein ISCU (ISCU-DN),
which traps nascent ISCs and acts as a dominant negative inhibitor
of ISC synthesis (20). Similar to NFS1 suppression, dox-induced
overexpression of ISCU-DN sensitizes cells to ferroptosis, a phenotype
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Fig. 1. Suppression of ISC synthesis activates the iron-starvation response and
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sensitizes cells to ferroptosis. (A) Relative viability of indicated cell lines expressing

an shRNA targeting NFS1 (shNFS1, +) relative to a nontargeting shRNA (shGFP, —) and treated with erastin (0, 2.5, 5, and 10 uM; 2 days), 3% O,. (B) Schematic of iron-starvation
response and ferroptosis sensitivity. (C) Immunoblots from lysates derived from cell lines as in (A) for indicated proteins. ORF, open reading frame; GSH, glutathione.
(D) Relative viability of indicated cell lines expressing doxycycline (dox)-inducible ISCU-DN treated with 100 nM dox (1 day) and then treated with 100 nM dox, 1 uM
ferrostatin, and erastin (0, 2.5, 5, and 10 uM; 2 days) as indicated. (E) Immunoblots from lysates derived from indicated cell lines expressing dox-inducible ISCU-DN treated
with 100 nM dox (1 day). (F) Relative viability of MDA-MB-231 cells expressing shGFP shNFS1 or an shRNA targeting TFR1 (shTFR1), treated with erastin (0, 2.5, 5, and
10 uM; 2 days). (G) Immunoblots of lysates derived from MDA-MB-231 cell line expressing indicated shRNAs for indicated proteins. *P < 0.01; error bars are SEM.
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that can be rescued by the lipophilic antioxidant and ferroptosis
suppressor ferrostatin (Fer-1; Fig. 1D), and not observed in re-
sponse to dox addition alone (fig. S2A). Cells expressing ISCU-DN
exhibit increased TFR1 and decreased FTH1 protein levels, further
supporting the correlation between ferroptosis sensitivity, ISC
biosynthesis suppression, and activation of the iron-starvation
response (Fig. 1E).

On the basis of these results, we hypothesized that cellular iron
accumulation is required for enhanced ferroptosis sensitivity inde-
pendent of other effects of ISC synthesis inhibition. Therefore, we
expressed an shRNA targeting TFR1 in combination with NFS1
suppression. Combined suppression of TFR1 and NFS1 in MDA-
MB-231 and BT549 cell lines restores TFR1 expression to basal lev-
els and is sufficient to reverse the enhanced ferroptosis sensitivity
caused by NFS1 suppression (Fig. 1, F and G, and fig. S2B). These
data indicate that increased iron import via TFR1 up-regulation can
be sufficient to increase sensitivity to ferroptosis upon inhibition of
ISC synthesis, independent of other effects of ISC inhibition. We
conclude that activation of the iron-starvation response upon
ISC synthesis inhibition is necessary for increased sensitivity to
ferroptosis.

IRP1 knockout cells activate the iron-starvation response
upon inhibition of ISC synthesis and become sensitive

to ferroptosis

We next considered how ISC synthesis inhibition triggers activa-
tion of the iron-starvation response. While both IRP1 and IRP2 can
activate the iron-starvation response, IRP1 is known to activate this
response via direct sensing of ISC deficiency (5). Thus, we expected
that cells lacking IRP1 would not activate the iron-starvation response
upon ISC synthesis suppression and, consequently, would not ex-
hibit enhanced sensitivity to ferroptosis. To test this hypothesis, we
expressed spCas9 and single guide RNAs (sgRNAs) targeting either
IRPI or IRP2 in MDA-MB-231 cells and isolated clones derived from
single cells that lacked IRP1 or IRP2 protein. Unexpectedly, upon
inhibition of ISC synthesis, these cell lines (control, IRP1 knockout,
and IRP2 knockout), all exhibit increased ferroptosis sensitivity
upon erastin or RSL3 treatment, increased lipid peroxidation, and
modulated TFR1 and FTH1 protein levels to similar degrees
(Fig. 2, A to C, and fig. S2, C to F). Moreover, in both wild-type
(WT) and IRP1 knockout cells, NFS1 suppression increases the level
of functionally active and chelatable intracellular iron, termed as
the labile iron pool (Fig. 2B). Suppressing ISC biosynthesis using

A WT  IRP1_~ B CytoplasmicLip €
_ WT IRP1 WT IRP1-/-
shNFST — + — + Wi o-
Erastin = = = s shNFST—F —+ DFO - - -+t + - - - -+ +
12 25 Fe -+ + = = = = + + - -
210 §2.0 shNFS1 + - + - + - + - + - +
3 08 S : »
2 06 %1(5) TFR1 - Oe s -— T - G oo
— 04 o
[}
x 02 =05
0o oo FTH1 -
D FTH1 mRNA b =
WT IB}’J WT |B}D_‘| NFST - e e e = s
SINFST =+ —+  shNPST —+ —+ RPT D - G — - -
> > 0 ;
T4 £ 1.2 =
N € 09 Bactin 9 @w D S G W G w G S ww -
32 Z 06
21 203 c G
ol 0.0 203 WT 293 IRP1-/- wT IRP1—/-
E 203 WT 293 IRP1—/— iISCUD71E  iISCUD71E hNEST A N
iISCU D71E iISCUD71E  Dox i =N
DOX - - + + - - + + -— - | ey
oo I L I - e GFP = o)
el e - el

ISCU .

S =D CED GED v @D am

et i .
FTH] S o S - \CGT e

- TTH G D
S6 D ey () GED @D (

Fig. 2. IRP1 knockout cells activate the iron-starvation response upon inhibition of ISC synthesis and become sensitive to ferroptosis. (A) Relative viability of
parental (WT) and IRP1 knockout MDA-MB-231 cell line expressing a nontargeting shRNA (shGFP, —) or NFS1 (shNFS1, 4), treated with erastin (0, 2.5, 5, and 10 uM; 2 days).
(B) Labile iron pool of parental and IRP1 knockout MDA-MB-231 cell line expressing shGFP or shNFS1. (C) Immunoblots for indicated proteins from lysates derived from
parental (WT) and IRP1 knockout MDA-MB-231 cell line expressing shGFP or shNFS1, treated with 50 uM Deferoxamine (DFO) and 35 uM iron nitrate as indicated (1 day).
(D) Relative abundance of TFR1 and FTH1 mRNA in parental and IRP1 knockout MDA-MB-231 cell line expressing shGFP or shNFS1. (E) Relative viability of WT and IRP1 knock-
out 293 human embryonic kidney (HEK) cell line expressing dox-inducible ISCU-DN treated with 100 nM dox (1 day) and then treated with 100 nM dox, 1 uM ferrostatin (Fer.),
and erastin (Eras.; 0, 2.5, 5, and 10 uM; 2 days) as indicated. (F) Immunoblots for indicated proteins of lysates derived from parental and IRP1 knockout HEK-293 cell line
expressing dox-inducible ISCU-DN treated with dox (0, 10, and 100 uM; 1 day) as indicated. (G) Immunoblots for indicated proteins of lysates derived from parental and
IRP1 knockout MDA-MB-231 cells expressing GFP reporter with 5'UTR IRE sequence from FTH1 mRNA and shRFP or shNFS1. *P < 0.01; error bars are SEM.
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orthogonal methods, including with shRNAs targeting ISCU or upon
expression of ISCU-DN, also modulates TFR1 and FTH1 levels and
sensitizes cells to ferroptosis in both WT and IRP1 knockout cells
(Fig. 2, E and F, and fig. S3). These data suggest that a protein aside
from IRP1 can sense ISC deficiency and activate the iron-starvation
response, mediating increased sensitivity to ferroptosis.

When activated, both IRP1 and IRP2 bind to hairpin-like struc-
tures called IREs in the 3’ untranslated region (3'UTR) or 5'UTR of
target mRNAs. IRP binding to the 3'UTR stabilizes target mRNAs
(e.g., TFR1), while binding to the 5'UTR inhibits translation (e.g.,
FTH1) (17-19). Hence, IRP binding increases both TFR1 protein
and mRNA levels while decreasing FTH1 protein abundance, but
not mRNA levels. Accordingly, TFR1, but not FTHI, mRNA levels
increase in both WT, IRP1, and IRP2 knockout cells upon inhibition
of ISC biosynthesis, further supporting activation of iron-starvation
response upon ISC inhibition in these models (Fig. 2D and
fig. S4, Ato C).

We next sought to validate functional loss of IRP1 protein by
orthogonal methods and determine whether the observed IRP1
knockout phenotypes would extend to other model systems. IRP1
functions as the cytosolic aconitase, converting citrate to isocitrate,
when it is bound to an ISC (6). We therefore measured aconitase
activity, IRE binding potential as demonstrated by electrophoretic
mobility shift assay (EMSA) using a **P-labeled IRE probe, and
IRP1 mRNA levels. Consistent with complete deletion of IRP1, we
observed no cytosolic aconitase activity, no IRP1 binding to a model
IRE, and minimal IRP1 mRNA in MDA-MB-231 IRP1 knockout
cells (fig. S5, A to C). We also generated three independent IRP1
knockout MDA-MB-231 clones. Upon suppression of NFS1 in all
of these clones, we observed a similar increase in ferroptosis sensi-
tivity and modulation of TFR1 and FTHI1 levels, consistent with
activation of the iron-starvation response (fig. S5, D and E). Last, we
generated IRP1 and IRP2 knockout clones derived from two addi-
tional breast cancer cell lines, BT549 and EFM19. Upon inhibition
of ISC biosynthesis in control, IRP1, and IRP2 knockout clones de-
rived from these cell lines, we observed similar modulation of TFR1
and FTH1 levels, consistent with activation of the iron-starvation
response in an IRP1-independent manner across several experimental
systems (fig. S6, A and B).

TFR1 and FTH1 protein levels can be regulated by mechanisms
other than the IRP-mediated iron-starvation response (21). We there-
fore created a reporter construct in which the green fluorescent pro-
tein (GFP) open reading frame is linked to the 5'UTR of the FTH1
mRNA (5'IRE-GFP). Hence, we anticipated that 5'TRE-GFP and
FTH1 mRNAs would be regulated similarly via the iron-starvation
response. NFES1 suppression reduced both GFP and FTH1 protein
levels in MDA-MB-231 cells expressing 5'IRE-GFP, a phenotype
observed in both control and IRP1 knockout cells (Fig. 2G). Together,
these data demonstrate that the iron-starvation response can be
activated by ISC deficiency even in the absence of IRP1.

Suppression of ISC synthesis increases IRP2 stability
independent of IRP1 in atmospheric O, levels

We next considered how the iron-starvation response could be ac-
tivated by ISC synthesis inhibition if IRP1 is absent. Since IRP1
knockout cells are responsive to ISC deficiency, we hypothesized
that ISC deficiency can activate IRP2. Levels of IRP2 are regulated
posttranslationally by FBXL5-mediated ubiquitination and subse-
quent degradation (22, 23). This process can be mediated by direct
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binding of iron ions to FBXL5. Recently, a report indicated that
FBXL5 also contains an ISC that is required for the IRP2:FBXL5
interaction and can thereby regulate IRP2 stability (24). We there-
fore considered whether suppression of ISC synthesis activates the
iron-starvation response in IRP1 knockout cells by affecting IRP2
stability. In accordance with the prior studies (7, 25), inhibition
of NFS1 increased IRP2 levels (Fig. 3A and fig. S2A). This effect
of ISC synthesis inhibition on IRP2 levels was also observed to the
same extent in IRP1 knockout cells, indicating that IRP2 protein
level can be regulated independent of IRP1 (Fig. 3B and fig. S7A).
To assess IRP2 stability in these conditions, we expressed an
IRP2 cDNA under the control of a dox-repressible promoter, per-
mitting CRISPR-Cas9-mediated deletion of both IRP1 and IRP2.
Upon addition of dox, we observed that IRP2 levels decreased more
slowly upon NFS1 suppression in 21% O, indicating higher IRP2
protein stability (Fig. 3C). Together, these data demonstrate that
inhibition of ISC synthesis results in increased IRP2 stability inde-
pendent of IRP1 at 21% O,.

In contrast, cells cultured in tissue level O, (3% O,) fail to up-
regulate IRP2 protein levels upon ISC synthesis inhibition (Fig. 3A
and fig. S7A) and do not exhibit a significant change in IRP2 stability
(Fig. 3D). Prior studies demonstrated that the iron-starvation re-
sponse is activated by either IRP2 stabilization or IRP1 activation.
Because, under these conditions, IRP2 levels are unchanged and IRP1
is deleted, we expected to observe no change in the iron-starvation
response upon ISC synthesis inhibition. However, suppression of
ISC synthesis still resulted in modulation of TFR1 and FTH1 levels
(Fig. 3, A and B). These data suggest that at 3% O,, ISC deficiency
regulates IRP2 activity independent of FBXL5-mediated degrada-
tion. In contrast to the 21% O, experienced by cells in standard
culture conditions, cells in most tissues are exposed to oxygen levels
near 3%. Thus, stability-independent regulation of IRP2 by ISC de-
ficiency may be more physiologically relevant to disorders affecting
ISC biosynthesis.

Changes in environmental O, levels can affect ROS production.
To analyze the effect of ROS on O,-dependent iron regulation, we
treated cells with antioxidant and pro-oxidant compounds at 3 and
21% O,. We observed that the O,-dependent effects on IRP2 and
iron-starvation response protein levels were not affected by these
ROS-modulating compounds, indicating that O,-dependent changes
in TFR1, FTH1, and IRP2 are not mediated by changes in ROS (fig.
S7B). These results are in accordance with previously observed regu-
lation of ISCs within resident proteins by environmental O; levels,
but not by physiological changes in ROS levels (9).

The transcription factor NRF2 is activated in a redox-dependent
manner, resulting in increased expression of ferritin light chain (FTL)
and heavy chain, as well up-regulation of glutathione synthesis (25).
Hence, we asked whether NRF2 is involved in activation of IRP2 or
the iron-starvation response upon ISC inhibition at different O,
levels. As expected, NRF2 activator KI696 reduced erastin sensitivity
and increased FTH1 protein levels (fig. S7, C and D). NRF2 activa-
tion did not affect TFR1 levels or alter the activation of iron-starvation
response upon NFSI1 suppression (fig. S7C). Therefore, while acti-
vation of NRF2 can suppress ferroptosis, likely as a consequence of
increased antioxidant defenses, NRF2 is not involved in regulation
of IRP2 or the iron-starvation response downstream of ISC synthe-
sis inhibition.

To better understand the impact of exposure to atmospheric O,
levels on IRP2 stability, we analyzed IRP2 levels and the iron-starvation
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Fig. 3. Suppression of ISC synthesis increases IRP2 stability independent of IRP1 in atmospheric O, levels. (A and B) Immunoblots for indicated proteins of lysates
derived from parental (WT) (A) and IRP1 knockout (B) MDA-MB-231 cells expressing a nontargeting shRNA (shGFP, —) or shRNA targeting NFS1 (shNFS1, +) incubated in
3% or 21% 0. (C and D) Immunobilots for indicated proteins from lysates derived from IRP1/IRP2 double-knockout MDA-MB-231 expressing dox-repressible IRP2 and
shGFP or shNFS1, treated with 500 nM dox for 0, 1, 2, or 3 days in 21% (C) or 3% O, (D).

response upon transferring IRP1 knockout cells from 3 to 21% O».
Both control and IRP1 knockout cells exhibit a decrease in basal
IRP2 levels upon transfer to 21% O, (fig. S8, A and B). Despite this
decrease in IRP2 levels, TFR1 levels increase and FTH1 levels de-
crease, consistent with activation of the iron-starvation response.
These changes in the expression of target proteins occur on the
same time scale as O,-dependent degradation of ISCs, as assessed
by aconitase activity (fig. S8C). Together, our results indicate that
a reduction in ISC pools enhances IRP2 activity independent of
changes in IRP2 protein levels and IRP1, revealing a previously
unrecognized method of IRP2 regulation of the iron-starvation
response.

FBXL5 binding is not required for regulation of IRP2 by ISCs

We next considered how IRP2 could be activated independent
of FBXL5-mediated degradation in tissue-level O,. Consistent with
a recent report of an ISC in FBXL5 mediating its interaction with
IRP2 (25), we hypothesized that FBXL5 could compete with IREs
for IRP2 binding and thus regulate IRP2 activity without any change
in IRP2 levels. FBXL5-IRP2 binding was abrogated after suppres-
sion of ISC synthesis or upon mutation of the FBXL5 ISC bind-
ing site, while IRP2 protein levels remained unchanged (Fig. 4A).
Therefore, ISCs mediate the IRP2-FBXL5 interaction. We then de-
veloped and tested an experimental system to assess IRP2 function
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independent of FBXL5 binding. We expressed an IRP2 R779E mutant
incapable of binding FBXL5 (25) in IRP1/2 knockout cells expressing
a dox-repressible flag-tagged IRP2 cDNA. Upon addition of dox,
WT IRP2 is suppressed, and cells only express IRP2 R779E at near
endogenous IRP2 protein levels, enabling us to characterize this
IRP2 mutant in the absence of WT IRP1 or IRP2 (Fig. 4B). Since
IRP2 R779E cannot bind FBLX5, we expected cells to be unable to
regulate IRP2 levels in response to iron. Indeed, unlike WT IRP2,
IRP2 R779E protein levels were unresponsive to addition of iron or
an iron chelator (Fig. 4B). Compared to cells expressing WT IRP2,
those expressing IRP2 R779E exhibited minimal changes in TFR1
and FTH1 levels upon iron addition or chelation. The residual reg-
ulation could be explained by mechanisms independent of the iron-
starvation response, such as ferritinophagy, or by affecting ISC
synthesis. Similar to WT IRP2, suppression of ISC synthesis did not
affect IRP2 R779E levels in 3% O,. However, cells expressing IRP2
R779E retained activation of the iron-starvation response after sup-
pression of NFS1 similar in magnitude to WT IRP2, as assessed by
regulation of TFR1 and FTHI protein and mRNA levels (Fig. 4C
and fig. S9). Together, our data confirm prior reports that ISC bind-
ing can regulate the IRP2-FBXL5 interaction (24). We find that
abrogation of IRP2-FBXL5 binding is not responsible for IRP2-
mediated activation of iron-starvation response upon ISC synthesis
inhibition at 3% O,.
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Fig. 4. FBXL5 binding is not required for regulation of IRP2 by ISCs. (A) Immu-
noprecipitation and immunoblots for indicated proteins of lysates derived from
parental HEK-293 cell line expressing dox-inducible ISCU-DN transfected with
empty vector (EV), FLAG-tagged FBXL5 (WT), or FBXL5 in which ISC-coordinating
cysteine resides were mutated to alanine (ISCmut). Two days after transfection,
cells are treated with 100 nM dox (1 day), and coimmunoprecipitation is performed
using antibody against FLAG. (B) Immunobilots for indicated proteins of lysates de-
rived from IRP1/2 double-knockout MDA-MB-231 cell line expressing dox-repressible
WT IRP2 and ubiquitously expressed IRP2 R779E mutant, treated with 100 nM dox
for 2 days and then treated with 100 nM dox, 50 uM DFO, or 35 uM iron nitrate
(1 day) as indicated. (C) Immunoblots for indicated proteins of lysates derived from
IRP1/2 double-knockout MDA-MB-231 cell line expressing dox-repressible WT IRP2
and ubiquitously expressed IRP2 R779E mutant, treated with 100 nM dox for 2 days
and infected with shGFP or shNFS1.

Suppression of ISC synthesis increases IRP2-mRNA binding
independent of altered IRP2 stability at tissue O, levels
Because we observed that the iron-starvation response is activated
by IRP2 upon ISC synthesis inhibition independent of FBXL5 bind-
ing, we hypothesized that ISC deficiency exerts this effect by en-
hancing IRP2-mRNA binding activity. We assessed the total IRE
binding capacity of IRP2 by EMSA using a synthetic IRE substrate.
At 21% O,, we observed enhanced IRP2:IRE binding upon ISC sup-
pression in both control and IRP1 knockout cells, consistent with
the observed increase in IRP2 levels under these conditions
(Fig. 5, A and B, and fig. $10). In 3% O, even though IRP2 protein
levels were unchanged, ISC inhibition increased the IRP2:IRE bind-
ing potential (Fig. 5, C and D). Therefore, ISC deficiency regulates
IRP2 at tissue-level O; by a previously unrecognized FBXL5-inde-
pendent mechanism.
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Fig. 5. Suppression of ISC synthesis increases IRP2-mRNA binding indepen-
dent of altered IRP2 stability at tissue O; levels. (A and B) EMSA using 32p_Jabeled
IRE probe (A), or immunoblot for indicated proteins (B), of lysates derived from
parental and IRP1 knockout HEK-293 cell line expressing dox-inducible ISCU-DN,
treated with 100 nM dox (1 day), and incubated in 21% O, lysis in 1% O,. (C and
D) EMSA using >2P-labeled IRE probe (C) and immunoblot for indicated proteins (D)
of lysates derived from parental and IRP1 knockout MDA-MB-231 cell line express-
ing shGFP or shNFS1, incubated in 3% O,, lysis in 1% O,.

IRP2 is sufficient to sense ISC deficiency and

sensitize cells to ferroptosis

As IRP1 and IRP2 are the only proteins known to bind IRE ele-
ments and regulate the iron-starvation response (26), deleting both
IRPs should eliminate any response to inhibition of ISC synthesis,
including activation of the iron-starvation response and enhanced
ferroptosis sensitivity. We could not obtain IRP1/2 double-knock-
out clones under standard culture conditions and hypothesized that
these cells might experience iron starvation and loss of viability due
to extremely low TFR1 and high FTHI levels. We managed to ob-
tain IRP1/2 knockout clones in iron- and antioxidant-supplemented
media, and viability of these clones was dependent on continued
iron supplementation (Fig. 6A and fig. S11A). These cells exhibited
very low basal TFR1 levels and high basal FTHI protein levels,
which were not affected by iron, iron chelation, disruption of iron
uptake, or NFS1 suppression (Fig. 6, Band C, and fig. S11, B and C).
TFR1 mRNA levels were minimally affected by these perturbations
(Fig. 6D), demonstrating that IRP1 and IRP2 are the only other major
regulators of the iron-starvation response upon iron-level modula-
tion or ISC deficiency. These phenotypes of IRP1/2 double-knockout
cells were recapitulated in an orthogonal experimental system in
which IRP1 was acutely suppressed by RNA interference (RNAi) in
IRP2 knockout cells (fig. S12).

We then generated an inducible IRP1/2-deficient system that
could be propagated in the short term without iron supplementa-
tion, enabling us to assess the impact of introducing IRP2 mutants
expressed at endogenous levels. To accomplish this, we used IRP1/2
knockout cells expressing dox-repressible flag-tagged IRP2 cDNA
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Fig. 6. IRP2 is sufficient to sense ISC deficiency and sensitize cells to ferroptosis.
(A) Proliferation (relative cell number) of IRP1/2 double-knockout MDA-MB-231
cells grown in media supplemented with 35 pM iron nitrate and 50 uM Trolox or
upon withdrawal of supplements at day 0. (B) Immunoblots for indicated proteins
of lysates derived from IRP1 knockout and IRP1/2 double-knockout MDA-MB-231
cell line treated with 50 uM DFO and 35 pM iron nitrate (1 day) as indicated. (B and
C) Immunoblots for indicated proteins of lysates derived from parental (WT) and
IRP1/2 double-knockout MDA-MB-231 cell line expressing a nontargeting shRNA
(shGFP, —) or shRNA targeting NFS1 (shNFS1, +). (D) Relative abundance of TFR1
and FTH1 mRNA in parental, IRP1 knockout, and IRP1/2 double-knockout MDA-
MB-231 cell line expressing shGFP or shNFS1. (E and F) Immunoblots for indicated
proteins of lysates derived from IRP1/IRP2 double-knockout MDA-MB-231 cells
expressing dox-repressible IRP2 treated with 100 nM dox for 2 days, and then treated
with 100 nM dox, 50 uM DFO, or 35 uM iron nitrate (1 day), or infected with shGFP
or shNFS1. After drug selection for shRNA transduction, cells are treated with 100 nM
dox and 35uM iron nitrate for 1 day. (G) Relative viability of cells as in (E) and (F).
After drug selection for shRNA transduction, cells were treated with 100 nM dox, 1T uM
ferrostatin, or erastin (0, 2.5, 5, and 10 uM) for 2 days as indicated.

at levels similar to endogenous IRP2 (dox-OFF IRP2 cells). In the
absence of dox (IRP2 expressed), iron chelation and NFS1 suppres-
sion regulate the iron-starvation response, consistent with intact
IRP2 function, and suppression of exogenous IRP2 via addition of
dox reverts these IRP1/2 double-knockout cells to an iron and ISC
pool-insensitive state (Fig. 6, E and F). Addition of dox was also
sufficient to significantly dampen the increased TFR1 mRNA levels
observed upon inhibition of ISC synthesis (fig. S13). Ferroptosis
sensitivity correlates with the ability of cells to activate the iron-
starvation response, as NFS1 suppression in Dox-treated cells (IRP1/2
suppressed) did not affect sensitivity to erastin, a phenotype that
exogenous IRP2 was able to restore upon dox withdrawal (Fig. 6G).
dox-treated cells were significantly more resistant to ferroptosis even

Terzi etal., Sci. Adv. 2021; 7 : eabg4302 26 May 2021

after prolonged erastin treatment that induces ferroptosis in IRP2-
expressing cells (fig. S14A), and these cells exhibited a significantly
lower labile iron pool (fig. S14B) and retained sensitivity to other
toxic compounds (fig. S14C). These data demonstrate that IRP1/2 is
required to maintain sufficient intracellular iron levels for normal
cellular function and to permit ferroptosis induction.

We next wanted to consider whether activation of IRPs by ISC
synthesis inhibition is required to promote ferroptosis in cells that
can maintain iron levels sufficient to enable normal cellular func-
tion. Therefore, we overexpressed in dox-OFF IRP2 cells a cDNA
encoding the TFR1 open reading frame but lacking 3'UTR IRE ele-
ments that cause instability of the mRNA in the absence of IRPs
(dox-OFF IRP2 + TFR1). Upon dox addition (IRP1/2 deficient),
TFR1 protein levels were sustained, and long-term viability was
maintained without iron supplementation (Fig. 7, A and B). These
data demonstrate that maintaining TFR1 protein expression is suf-
ficient to restore cell viability to IRP1/2 knockout cells. Significantly,
maintaining TFRI levels is also sufficient to restore ferroptosis sensi-
tivity to IRP1/2-deficient cells, consistent with the notion that
IRP1/2 deletion inhibits ferroptosis due to lack of intracellular iron
(Fig. 7B). Next, we suppressed ISC synthesis and measured activa-
tion of the iron-starvation response and sensitivity to ferroptosis. In
the presence of IRP2 (no dox), ISC suppression activated the iron-
starvation response and sensitized cells to ferroptosis (Fig. 7, B and C).
In contrast, cells deficient in both IRP1 and IRP2 (+ dox) exhibited
sensitivity to ferroptosis, which was not modulated by ISC defi-
ciency (Fig. 7C). Together, these data demonstrate that ISC defi-
ciency can activate the iron-starvation response via either IRP1 or
IRP2, and this activation is required for the increased ferroptosis
sensitivity upon ISC suppression.

Triplet-repeat expansion mutation of the gene encoding the pro-
tein frataxin (FXN), an allosteric activator of ISC synthesis, causes
the disease Friedreich’s ataxia (27). Dysregulation of iron metabo-
lism is observed in disease tissues, suggesting that inappropriate
regulation of IRP proteins could be key to disease pathology. There-
fore, we asked whether suppressing FXN sensitizes cells to ferroptosis
through activation of the iron-starvation response. Similar to
NFS1 suppression, expression of sSiRNAs targeting FXN (shFXN_1
and shFXN_2) in dox-OFF IRP2 + TFR1 cells activated the iron-
starvation response and sensitized cells to ferroptosis (Fig. 7, D and E,
and fig. S14D). Removal of both IRP1 and IRP2 (dox-OFF IRP2
cells +TFR1 + dox) abolished the enhanced ferroptosis sensitivity
facilitated by ISC deficiency (Fig. 7E). These data indicate that dys-
regulation of IRP2 could result in altered iron metabolism in Friedreich’s
ataxia via the FBXL5-independent mechanism described (Fig. 8).

DISCUSSION

In prior work, we described how inhibition of ISC synthesis primes
cells for ferroptosis induced by oxidative stress, which we proposed
is due to IRP-mediated activation of the iron-starvation response
(9). Here, we explore mechanistically how ISC synthesis inhibition
elicits these effects. We show that while breast cancer cell lines can
activate the iron-starvation response upon direct iron addition
or iron chelation, only some cell lines effectively activate the iron-
starvation response upon ISC inhibition. Those lines that activate
the iron-starvation response become sensitive to ferroptosis induction,
while those that do not maintain resistance. These data suggest that
an inability to engage IRPs may be responsible for this difference,
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Fig. 7. IRP1/2 double-knockout cells expressing TFR1 can proliferate without iron supplementation and are sensitive to ferroptosis, but cannot sense ISC defi-
ciency and enhance ferroptosis sensitivity. (A) Proliferation (relative cell number) of MDA-MB-231 cells expressing dox-repressible IRP2, TFR1 open reading frame
(TFR1 without IRE) with 100 nM dox as indicated. (B) Immunoblots of IRP1/IRP2 double-knockout MDA-MB-231 cells expressing dox-repressible IRP2, TFR1 open reading
frame, and nontargeting shRNA (shGFP, —) or shRNA targeting NFS1 (shNFS1, +), treated with 100 nM dox. (C) Relative viability of cells as in (B), treated with 100 nM dox,
1 uM ferrostatin, or erastin (0, 2.5, 5, and 10 uM) for 2 days as indicated. (D) Immunoblots of MDA-MB-231 cells expressing dox-repressible IRP2, TFR1 open reading frame,
and shGFP or shRNAs targeting FXN (shFXN, 1 or 2), treated with 100 nM dox. (E) Relative viability of cells as in (D), treated with 100 nM dox, 50 uM Trolox, or erastin
(0,2.5,5,and 10 uM) for 2 days as indicated. Asterisks indicate significance comparing shGFP to shNFS1 or shFXN for each group. P < 0.05, error bars are SEM.

perhaps due to incomplete suppression of ISC synthesis. We found
that suppression of TFR1 is sufficient to inhibit ISC-mediated fer-
roptosis sensitivity, indicating that the myriad other effects of ISC
synthesis inhibition are not sufficient to sensitize cells to ferroptosis.

We then explore how ISC synthesis inhibition activates the
iron-starvation response and hypothesize that IRP1 mediates this
response based on canonical pathway architecture (5). However,
deletion of IRP1 fails to block activation of the iron-starvation re-
sponse or sensitivity to ferroptosis upon ISC synthesis inhibition.
Instead, deletion of both IRPs is necessary to elicit this effect. We
demonstrate that knockout of both IRP1 and IRP2 results in loss of
cell viability accompanied by loss of TFR1 expression and depletion
of the labile iron pool. These double-knockout cells can be main-
tained by providing sufficient non-transferrin bound iron or by
expressing the TFR1 open reading frame, which is incapable of reg-
ulation by IRPs. These genetic manipulations enable us to generate
a stable cellular model that lacks IRP-mediated iron sensing. Using
these systems, we demonstrate that IRP-mediated sensing is necessary
to sensitize cells to ferroptosis upon ISC synthesis inhibition. Moreover,
we show that IRP2 can independently activate the iron-starvation re-
sponse downstream of ISC synthesis inhibition, an unexpected
finding, as IRP1-mediated activation is the anticipated model.

IRP2 stability can be controlled by FBXL5-mediated ubiquitina-
tion and proteasomal degradation (22, 23). Recently, biochemical
studies have identified an ISC cofactor in FBXL5 (24). In this model,
ISC occupancy enables a stable FBXL5:IRP2 interaction at low O,
but FBXL5 ubiquitin ligase activity is only activated once the ISC is
oxidized at high O,. These data are consistent with our findings that
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IRP2 stability is affected by ISC synthesis inhibition at atmospheric
0O, (21%), but not at tissue-level O, (3%). We find that abrogation
of this interaction, while preventing regulation of IRP2 levels by
iron, fails to eliminate regulation of the iron-starvation response
upon ISC synthesis inhibition. Unexpectedly, we find that despite
ISC inhibition failing to affect IRP2 stability at 3% O,, IRP2:IRE
binding is increased and activation of the iron-starvation response
is enhanced. These data support a model in which IRP2 or another
unknown IRP2-interacting protein contains an ISC or is affected by
ISC levels, thereby modulating IRP2:IRE binding. As most cells in
the body experience O, levels near 3% (28), this mechanism of IRP2
activation is likely to be more physiologically relevant.

Prior studies comparing the function of IRP1 and IRP2 have
concluded that the IRP2 arm is the major cellular iron sensor in
most tissues in vivo, but its activation by ISC synthesis inhibition
was assumed to be mediated by IRP1 (29). Demonstrating a direct
link between ISC synthesis and IRP2 activation will be informative
for designing therapeutic strategies where modulation of ferropto-
sis is warranted, such as in potentiating cancer cell death (15, 16),
and for disorders caused by ISC synthesis inhibition. For example,
myelodysplastic syndrome frequently exhibits mutation of the splic-
ing factor 3b subunit 1 (SE3B1), and these patients can develop sidero-
blastic anemia characterized by the accumulation of iron-loaded
erythroid precursors (30). Mutant SF3B1 is known to mis-splice the
mitochondrial transporter ABCB7 (ATP binding cassette subfamily
B member 7), affecting ISC pools via a poorly understood mechanism,
and individuals harboring germline mutations in ABCB7 also exhibit
sideroblastic anemia (31). In Friedreich’s ataxia, the most common
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form of inherited ataxia, a triple-repeat expansion mutation in the
intron of the gene causes mis-splicing and low levels of FXN, an
allosteric activator of ISC synthesis (13, 27). Patients with Friedreich’s
ataxia develop tissue iron loading that is proposed to cause neuro-
nal cell death and cardiac hypertrophy, leading to reduced life span.
On the basis of our findings, we hypothesize that defective ISC syn-
thesis and hyperactivation of the iron-starvation response can con-
tribute to the pathology of sideroblastic anemia and Friedreich’s ataxia.
Fibroblasts from patients with Friedreich’s ataxia exhibit increased
ferroptosis sensitivity (32, 33). Hence, intervening in IRP2-mediated
activation of the iron-starvation response may be useful in restoring
iron homeostasis and ameliorating disease phenotypes.

METHODS

Reagents

Reagents were obtained from the following sources. Antibodies:
B-actin (8457), FTHI (3998), IRP1 (20272), IRP2 (37135), S6 (2217),
and TFR1 (CD71, 13208) were from Cell Signaling Technologies;
NFS1 (sc-365308), ISCU (sc-271468), and FECH (sc-377377) were
from Santa Cruz Biotechnology; and FXN (ab113691) and FTL
(ab218400) were from Abcam. Custom-made NRF2 antibody was
provided by E. Schmidt, Montana State University. Cells: BT549,
HCC1954, HCC70, HEK-293, Hs578t, MCF7, and MDA-MB-231 were
from American Type Culture Collection; EFM19 was from DSMZ.
Chemicals: RPMI (MT10040CV) was from Corning; PrimeStar HS
DNA Polymerase Premix (R040A) was from Takara; RNeasy Plus
Mini Kit (74136), Qiaprep Spin Miniprep Kit (27106), and QIAquick
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Gel Extraction Kit (28706) were from Qiagen. Erastin (S7242) was
from Selleckchem. 6-Hydroxy-2,5,7,8-tetramethylchromane-2-
carboxylic acid (Trolox, 238813), deferoxamine mesylate (D9533),
ferrostatin-1 (SML0583), iron(III) nitrate (F8508) were from Sigma-
Aldrich; K1696 (HY-101140) from MedChemExpress shRNAs
were obtained from the The RNAi Consortium (TRC) or identical
sequences cloned into pLKO.1p: shRFP, TRCN0000072203;
shGFP, TRCN0000072186; shNFS1, TRCN0000229753; shTFRC,
TRCNO0000057659; shIRP1 TRCN0000056553; shEXN, TRCN0000006138
and TRCN0000006137; and shISCU, TRCN0000290051 and
TRCN0000289988.

Cell culture

Cells were tested for the presence of mycoplasma by polymerase
chain reaction (PCR), and the authenticity of cell lines was verified
by short tandem repeat (STR) profiling. Cells were cultured in
RPMI supplemented with 10% fetal bovine serum (Peak Serum)
and 1% penicillin and streptomycin. When stated, O, concentration
was controlled by placing cells in an incubator maintaining 3% O,.
Unless stated otherwise, cells are incubated in 3% O, at least 3 days
before experimentation. Single-cell clones are obtained by infecting
parental cells with Cas9 system (pLentiCRISPR V2, Addgene), spe-
cific sgRNA for knockout, and cDNA vectors for exogenous ex-
pression for indicated genes. After selection, cells are plated in 96
wells in serial dilution and single clones are screened with Western
blot. Target sequences for sgRNAs are used in the study: three dif-
ferent target sites for different IRP1 clones, (i) TGGCTCAG-
GAATCATCCACC, (ii) CCGCCAGGTTGGGGTAGTGG, and
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(iii) GCTCGCTACTTAACTAACAG; two different target sites for
IRP2, (i) AATGCACCAAATCCTGGAGG and (ii)) CCT GGAACT-
GGAATGGCTCA.

Cell proliferation and viability assays

Cell viability assay: After indicated treatment or infection, cells are
counted using Beckman Z2 Coulter Counter, and 2000 cells per well
are plated to 96 wells in triplicates. Further treatments are done as
indicated, and cells are incubated in 3 or 21% O,. Cell viability is
measured using the CellTiter-Glo Luminescent Cell Viability Assay
(Promega G7573) in plate reader, and empty wells are used as baseline
to correct background. Cell proliferation: After indicated treatment,
cells are counted using Beckman Z2 Coulter Counter, and 25,000 cells
per well are plated to 6 wells in triplicate. For 10-day proliferation
assay, media are changed at day 6, and cells are counted at day 10.

Immunoblotting

Cells are washed with cold phosphate-buffered saline (PBS) and
lysed by addition of lysis buffer [50 mM tris (pH 7.4), 150 mM NaCl,
1% NP-40, 0.1% sodium deoxycholate, 0.1% SDS, and 2 mM EDTA]
with a protease inhibitor cocktail (Sigma-Aldrich, 5892791001).
After 10-min incubation on ice, lysates are collected and centrifuged
at 4°C at 21,000g for 10 min. Supernatant is collected, and protein
concentration is quantified using a bicinchoninic acid (BCA) pro-
tein assay kit (Pierce 23225). Eight micrograms of protein was loaded
into Bolt 4 to 12% bis-tris polyacrylamide gels (Thermo Fisher Sci-
entific, NW04125BOX) with protein ladder (Thermo Fisher Scien-
tific, LC5925), electrophoresed in running buffer (Thermo Fisher
Scientific, B0002) at 110 V for 1.5 hours, and transferred in transfer
buffer [N-cyclohexyl-3-aminopropanesulfonic acid (2.2 g liter™"),
NaOH (0.45 g liter '), and 10% ethanol] to a polyvinylidene difluoride
membrane (Millipore, IPVH00010) at 40 V for 3 hours. Membranes
are blocked with 5% bovine serum albumin (BSA), incubated with
indicated antibody overnight at 4°C, washed three times with TBS-T
(tris buffered saline, 0.1% Tween-20), incubated with secondary anti-
body for 1 hour at room temperature, washed three times with TBS-T,
and developed using ECL substrate (Thermo Fisher Scientific, PI-32106)
with autoradiography film (WorldWide, 41101001) in dark room.

Electrophoretic mobility shift assay

Protocol was adapted from (7). Preparing probe: Following oligo-
nucleotides are annealed by boiling and slowly cooling down in
annealing buffer [10 mM tris-HCI (pH 7.5) and 10 mM MgClL];
oligos: TAATACGACTCACTATA and GGAGTTCCGTCCAAG-
CACTGTTGAAGCAGGAACTCCTATAGTGAGTCGTATTA.
After annealing, radiolabeled probes are synthesized using T7 RNA
polymerase (New England Biolabs, M0251S) with uridine 5'-tri-
phosphate [0-32P] (PelkinElmer, BLU0O07H250UC). Probe is puri-
fied using ethanol, acetate with tRNA as carrier for precipitation,
and radioactivity of purified probe is measured. Preparing lysate:
Lysis buffer [10 mM HEPES (pH 7.2), 3 mM MgCl2, 40 mM KCl,
5% glycerol, 5% glycerol, 0.2% octylphenoxypolyethoxyethanol
(IGEPAL CA-630), 50 uM deferoxamine, and 0.5 mM fresh dithio-
threitol (DTT)] is prepared with protease inhibitors (Sigma-Aldrich,
5892791001) and equilibrated in 1% O,. Cells are lysed in 1% O,
and incubated 10 min on ice, and lysates are collected and centri-
fuged at 4°C at 21,000g for 10 min. Supernatant is collected in 1%
O, and protein concentration is quantified using a BCA protein
assay kit (Pierce 23225). EMSA: Radiolabed probe is heated to
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denature and cooled down for 10 min. A 50000-CPM radiolabeled
probe per reaction is mixed with reaction buffer [40 mM KCl, 25 mM
tris-Cl (pH 7.5), 50% glycerol, tRNA (5 mg/ml), and 0.5 M fresh
DTT] with ribonuclease (RNase) inhibitors (Thermo Fisher Scientific
10777019). Twelve micrograms of protein in lysate buffer is mixed
with reaction buffer 1:1 ratio, and samples are incubated in 1% O,
at room temperature for 10 min. After adding loading buffer, entire
reaction is loaded to 8% polyacrylamide/(tris/borate/EDTA) gel, pre-
run for 30 min, and run for 4 hours at 200 V. Gel is exposed to film
(Sigma-Aldrich, Z350370) and developed in dark room.

qPCR

RNA was isolated by column purification (RNeasy Kit, Qiagen).
One microgram of total RNA is reverse transcribed to cDNA using
reverse transcriptase (Thermo Fisher Scientific, 18090050) with 1 ul
of RNase OUT (10777019, Invitrogen). Quantitative PCR (qPCR)
was performed on cDNA using SYBR green quantification (Thermo
Fisher Scientific, K0223). Expressions are quantified relative to
ACTB and RPL13A. Primers used are as follows: actin beta (ACTB),
AAGGGACTTCCTGTAACAATGCA (forward) and CTGGAAC-
GGTGAAGGTGACA (reverse); FTH1, AGGTGCGCCAGAACTAC-
CA (forward) and TCGCGGTCAAAGTAGTAAGACATGG (reverse);
IRP1, CATTACCAAGCACCTCCGCC (forward) and GCTCGGTCAG-
CAATGGACAA (reverse); RPL13A, CATAGGAAGCTGGGAGCAAG
(forward) and GCCCTCCAATCAGTCTTCTG (reverse); TFR1,
AGGCCAATGTCACAAAACCAA (forward) and AGCCAATCATA-
AATCCAATCAAGAA (reverse); and FXN, CTTGCAGACAAGCCAT-
ACACG (forward) and ACACCCAGTTTTTCCCAGTCC (reverse).

In gel aconitase assay

Protocol was adapted from (7). Cells are washed with cold PBS and
lysed by addition of lysis buffer [40 mM KCl, 25 mM tris-Cl (pH 7.5),
1% Triton X-100, 0.1 M fresh DTT, 1 M Na citrate, and 1 M MnCl,]
with a protease inhibitor cocktail (Sigma-Aldrich, 5892791001). Af-
ter 10-min incubation on ice, lysates are collected and centrifuged
at 4°C at 21,000g for 10 min. Supernatant is collected, and protein
concentration is quantified using a BCA protein assay kit (Pierce, 23225).
Twelve micrograms of protein was loaded into 8% polyacrylamide/
TBE gel supplemented with 1 M Na citrate and run at 175 V for 4 hours in
running buffer [25 mM tris base, 192 mM glycine, and 3.6 mM citrate
(pH 8)]. Gel was washed with distilled water and incubated at 37°C for
5 to 45 min in reaction solution [100 mM tris (pH 8.0), 1 mM nicotinamide
adenine dinucleotide phosphate (Sigma-Aldrich, 10128031001), 2.5 mM
cis-aconitate (Sigma-Aldrich, A3412), 5 mM MgCl,, 1.2 mM MTT
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide)
(Thermo Fisher Scientific, M6494), 0.3 mM phenazine methosulfate
(Sigma-Aldrich, P9625), and isocitrate dehydrogenase (5 U/ml; Sigma-
Aldrich, 12002)]. Gel is washed three times with distilled water for
5 min to remove background and gel is imaged.

Flow cytometry for labile iron pool

Cells are infected and treated as indicated. After washing with PBS,
cells are incubated in 10 nM calcein AM (Thermo Fisher Scientific,
C3099) in 1% BSA PBS for 10 min and washed with PBS two times.
Cells are trypsinized and resuspended in 1% BSA PBS. Pyridoxal
isonicotinoyl hydrazone (PIH) (Sigma-Aldrich, 528110) is added to one
set of samples to chelate iron, and stained cells are analyzed with flow
cytometry. Median of PIH-treated samples are subtracted from median
of non-PIH-treated samples to assess the labile iron pool of cell.
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Flow cytometry for lipid peroxidation

Cells are infected and treated as indicated. After washing with PBS, cells
are incubated in 10 uM BODIPY 581/591 C11 (diluted in PBS) for
15 min in an incubator at 37°C and 21% O2 and washed with PBS. Cells
are resuspended in 1% BSA PBS and analyzed with flow cytometry.

Statistical analysis

Cell viability, proliferation assays, and mRNA quantification are
performed in at least biological triplicate, the entire experiment per-
formed at least three times, and the results of these three experi-
ments combined and reported as n = 3. Immunoblots and EMSAs
are repeated from at least three independently generated cell lysates,
and representative immunoblots and autoradiographs are shown.
Student’s ¢ distribution is assumed, which is not contradicted by
data, and P values in the figures are the result of heteroscedastic
Student’s t tests. No samples were excluded from analysis, and no
sample size estimates were used.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/22/eabg4302/DC1

View/request a protocol for this paper from Bio-protocol.
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