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Abstract

Ferroptosis is a regulated iron-dependent cell death characterized by the accumulation of lipid peroxidation. A myriad
of facets linking amino acid, lipid, redox, and iron metabolisms were found to drive or to suppress the execution of
ferroptosis. However, how the cells decipher the diverse pro-ferroptotic stress to activate ferroptosis remains elusive.
Here, we report that protein O-GlcNAcylation, the primary nutrient sensor of glucose flux, orchestrates both
ferritinophagy and mitophagy for ferroptosis. Following the treatment of ferroptosis stimuli such as RSL3, a commonly
used ferroptosis inducer, there exists a biphasic change of protein O-GlcNAcylation to modulate ferroptosis.
Pharmacological or genetic inhibition of O-GIcNAcylation promoted ferritinophagy, resulting in the accumulation of
labile iron towards mitochondria. Inhibition of O-GIcNAcylation resulted in mitochondria fragmentation and enhanced
mitophagy, providing an additional source of labile iron and rendering the cell more sensitive to ferroptosis.
Mechanistically, we found that de-O-GIlcNAcylation of the ferritin heavy chain at S179 promoted its interaction with
NCOA4, the ferritinophagy receptor, thereby accumulating labile iron for ferroptosis. Our findings reveal a previously

uncharacterized link of dynamic O-GIcNAcylation with iron metabolism and decision-making for ferroptosis, thus
offering potential therapeutic intervention for fighting disease.

Introduction

Ferroptosis is a regulated form of necrotic cell death
with the characteristic of iron-dependent lipid peroxida-
tion leading to membrane permeabilization’. Elegant early
studies have shown that small molecule compounds such
as Erastin, which inhibits the import of cysteine, or RSL3,
which directly targets and inactivates phospholipid per-
oxidase glutathione peroxidase 4 (GPX4), lead to a col-
lapse of cellular redox homeostasis, lipid peroxidation, and
subsequent ferroptosis'~*. These studies have linked glu-
tathione metabolism to the defense of lipid peroxidation,
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and inactivation of such defense systems causes ferropto-
sis. Recently, numerous other biological processes,
including amino acid and polyunsaturated fatty acid
metabolism, phospholipids, NADPH, and coenzyme Q10
were found to suppress or to drive ferroptosis”. It appears
that ferroptosis lies at the intersection of amino acid
metabolism, lipid metabolism, and iron metabolism.
Emerging evidence has suggested that ferroptosis con-
tributes to a number of pathophysiological conditions,
including neurodegenerative diseases, cardiovascular dis-
eases, and cancers®’. These studies have raised the pos-
sibility of exploiting and defending against the ferroptotic
vulnerability in different pathophysiological conditions.
Redox-active iron is involved in the initiation and
amplification of free radical-mediated lipid peroxidation
reactions in ferroptosis®”. The landmark study by the
Stockwell laboratory has shown that chelation of
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intracellular labile ferrous iron using deferoxamine (DFO)
prevents its reaction with hydrogen peroxide to generate
highly toxic hydroxyl radicals (Fenton reaction), thus
inhibiting cells from ferroptosisl’2. Also, redox-active iron
in the form of heme or iron-sulfur clusters can serve as
cofactors for numerous enzymes that participate in lipid
peroxidation and oxidative phosphorylation'®. Therefore,
iron absorption, storage, efflux, and regulation are tightly
coordinated in order to maintain iron homeostasis,
ensuring a sufficient iron supply while limiting iron
toxicity''™*%, Iron in the blood binds to transferrin, which
is recognized by cell surface transferrin receptors (TfRs),
and subsequently internalized via receptor-mediated
endocytosis'®. Internalized iron is then delivered to
acidic endosomes and released'®. The labile iron can be
sequestered and stored by ferritin protein complexes,
which are ubiquitously expressed heteropolymers com-
posed of heavy chains and light chains. Ferritin can be
delivered to lysosomes by binding to its specific cargo
receptor NCOA4', and degraded to release the stored
iron (referred to as ferritinophagy), which contributes to
ferroptosis'”'®. Knockout of FTH causes the accumula-
tion of labile iron and accelerates ferroptosis'®~>!, while
knocking out NCOA4 blocks iron availability and pre-
vents ferroptosis'®. These studies highlight the pivotal
role of iron metabolism and ferritinophagy for ferroptosis.
However, the precise activation mechanism of the
ferritinophagy-dependent ferroptosis pathway in response
to diverse stresses remains to be elucidated.
O-GlcNAcylation is an important post-translational
modification that regulates fundamental cellular pro-
cesses ranging from gene transcription and translation to
protein localization, interaction, and degradation22’23.
Unlike other glycosylation, O-GlcNAcylation involves the
attachment of a single O-linked N-acetylglucosamine (O-
GIcNAc) moiety to Ser or Thr residues of cytoplasmic,
nuclear, and mitochondrial proteins. Only a single pair of
enzymes regulate this reversible modification: O-GIcNAc
transferase (OGT), which adds a GIcNAc moiety to
proteins; and O-GlcNAcase (OGA), which removes the
modification from proteins®, One of the core functions
of O-GlcNAcylation is that it can serve as a nutrient
sensor of glucose flux through the hexosamine biosyn-
thetic pathway (HBP)?*. Virtually, all metabolic pathways
influence the cellular concentrations of UDP-GlcNAc,
the donor of O-GlcNAcylation, and O-GlcNAcylation
serves as a “rheostat” to tune the pathways and processes
to accommodate nutrient status and cellular stress**>°,
Indeed, O-GlcNAcylation is highly dynamic and often
occurs transiently in response to almost all types of
environmental and physiological stresses*”. O-GlcNAcy-
lation has apparently paradoxical roles in diabetes and
neurodegeneration. In acute situations, increased O-
GlcNAcylation is protective, preventing tissue damage in
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infarcted heart tissue®®. However, when O-GlcNAcyla-
tion is chronically elevated, as occurs in diabetes, the
sugar modification contributes directly to cardiomyo-
pathy*®. Indeed, disruption of O-GlcNAcylation home-
ostasis has been implicated in the pathogenesis of many
diseases including diabetes, tumor, and neurodegenera-
tion®>*”?%, Whether and how O-GlcNAcylation also
responds to pro-ferroptotic stress remains to be explored.
Here we demonstrate that O-GlcNAcylation senses the
ferroptotic stress and coordinates both ferritinophagy
and mitophagy for ferroptosis. Our results uncover a
previously uncharacterized link of metabolic stresses with
cellular iron homeostasis and mitochondria contributing
to ferroptosis.

Results
O-GlcNAcylation plays a critical role in ferroptosis

Like phosphorylation, protein O-GlcNAcylation at ser-
ine and threonine residues responds to almost every type
of cellular stress***°~*'. We wondered if O-GlcNAcyla-
tion may be involved in regulating ferroptosis. To address
this intriguing question, we first examined the protein
O-GIlcNAcylation during ferroptosis. Immunoblotting
analysis revealed a biphasic O-GlcNAcylation pattern
following treatment with RSL3, a commonly used fer-
roptosis inducer®. The level of O-GlcNAcylation
increased robustly and reached the peak at 2 h after RSL3
treatment, then declined gradually during ferroptosis. The
increase of O-GlcNAcylation was accompanied with
the accumulation of peroxidized lipids which also reached
the peak at 2h (Fig. la, b). This finding was further
confirmed by other ferroptosis inducers including
ML210** (another GPX4-specific inhibitor, Supplemen-
tary Fig. Sla, b), iFSP1(Supplementary Fig. Slc, d), and
Erastin (Supplementary Fig. Sle, f). Genetic inhibition of
GPX4 by RNAI also induced the accumulation of protein
O-GlcNAcylation after 48 h followed by a decline at 72 h
(Supplementary Fig. Slg, h). Similar patterns were also
found in different cell lines such as HUVEC and HT1080
(Supplementary Fig. S1i-l). Interestingly, the increase of
O-GlcNAcylation caused by RSL3 was hindered by
Liproxstatin-1, indicating that the response of O-
GlcNAcylation was partly due to lipid peroxidation
accumulation (Supplementary Fig. S1m, n). In accordance
with the increase of O-GlcNAcylation, the level of UDP-
GlcNAc decreased at the early time point of RSL3 treat-
ment (Supplementary Fig. Slo, p). At the same time, the
mRNA and protein level of GFPT1, the most important
rate-limiting enzyme of HBP responsible for UDP-
GlcNAc synthesis, increased to compensate for the
decrease of UDP-GIcNAc (Supplementary Fig. Slq, r).

We reasoned that this initial increase of O-GIlcNAcy-
lation level might be a strategy employed by the cells to
resist ferroptosis. It is thus reasonable to conjecture that
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inhibiting O-GlcNAcylation may promote ferroptosis. To
test this assumption, we treated the cell with OSMI-1, a
widely used specific inhibitor of OGT, to decrease the O-
GlcNAcylation level. While OSMI-1 alone has no effect
on ferroptosis, it dramatically enhanced the sensitivity to
ferroptosis induced by RSL3. U20S cells were relatively
insensitive to ferroptosis and RSL3 alone could only
induce <10% cell death (10 pM RSL3, 6h). However,
pretreatment with OSMI-1 increased the percentage of
cell death to almost 100% (Fig. 1c, d). We also used an

OGA inhibitor, TMG, as a comparison. Increasing the O-
GlcNAcylation level by TMG showed no significant effect
on ferroptosis in U20S cells (Fig. 1c, d), likely due to the
relatively high basal level of O-GlcNAcylation, which
might be sufficient to confer ferroptosis resistance.
Notably, it was recently reported that increasing the O-
GlcNAcylation level also enhanced the sensitivity to fer-
roptosis via the YAP pathway in liver cancer®. In fact, we
also found a similar effect with long-term TMG treatment
or OGA knockdown in U20S cells (data not shown). It
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Fig. 1 O-GIcNAcylation regulates the sensitivity of cells to ferroptosis. a, b U20S cells were treated with ferroptosis inducer RSL3 (10 uM) for the
indicated time. O-GlcNAcylation levels were detected by immunoblotting with antibodies against O-GIcNAc and (3-actin (a), and the relative intensity
(O-GIcNAc/B-actin) was quantified (b). Cell viability was measured by CCK8 (b). Lipid ROS production was assessed by BODIPY 581/591 C11 staining
followed by flow cytometry (b). ¢, d U20S cells were treated with OSMI-1 (30 uM) or TMG (10 uM) for 12 h, and then induced with or without RSL3 for
6 h. Cells were stained with Trypan blue solution (c) and the percentages of dead cells were quantified (d). e U20S cells were treated with OSMI-1 or
TMG for 12 h, and then induced with or without RSL3 for 3 h. Cells were stained with Pl and assessed by flow cytometry. f U20S cells were incubated
with DMSO or OSMI-1 for 12 h and then pre-treated with Fer-1 for 2 h before the treatment of RSL3 for 4 h. Cells were stained with Pl and cell death
was then assessed by flow cytometry. g U20S cells were transfected with control or OGT siRNAs for 48 h, and then treated with RSL3 for 3 h before
being assessed by PI staining by flow cytometry. h U20S cells were transfected with control or OGT siRNAs for 48 h and then pre-treated with Fer-1
for 2 h before the treatment of RSL3 for 6 h. Cells were stained with Trypan blue and the percentages of dead cells were quantified. i, j U20S (i) or
HT29 cells (j) were incubated with OSMI-1 or TMG for 12 h followed by co-treatment of increasing concentrations of RSL3 for 3 h. Dose-dependent
cell viability was measured by CCK8 (OD 450). k—-n U20S or HT29 cells were pre-incubated with OSMI-1 or TMG for 12 h followed by co-treated with
RSL3 (10 uM for U20S,1 uM for HT29) for 2 h. Lipid ROS production was assessed by BODIPY 581/591 C11 staining followed by flow cytometry (Ex/Em:
488/510 nm for the oxidized dye). o U20S cells were treated with DMSO (Control) or OSMI-1 for 12 h, and then treated with RSL3 for different time as
indicated. Cells were then subjected to immunofluorescence microscopy with antibodies against TfR1 and GM130. All experiments were repeated at

N

least three times. Scale bars, 10 um unless specifically indicated. ***P < 0.001, ****P < 0.0001. Error bars indicate SD.

was common that OGT and OGA inhibition/knockout
showed similar phenotypes because of the disruption of
O-GlcNAcylation cycle, and feedback effect between
OGT and OGA. Similarly, OSMI-1 could also increase
sensitivity to other ferroptosis inducers including the
system x.~ inhibitors erastin and sorafenib (Supplemen-
tary Fig. Sls, t). Cell death determined by Propidium
Iodide staining followed by flow cytometry could also
manifest the powerful impact of OSMI-1 to ferroptosis
(Fig. le). The cell death enhanced by OSMI-1 was
strongly inhibited by ferrostatin-1 (Fer-1) (Fig. 1f). Besides
the pharmacological inhibition of OGT, we also used
siRNA specifically targeted to OGT to knock down its
expression (Supplementary Fig. Slu). As expected,
knocking down OGT rendered U20S cells more sensitive
to RSL3 (Fig. 1g) which can be blocked by Fer-1 (Fig. 1h;
Supplementary Fig. Slv). Furthermore, OSMI-1 pre-
treatment enhances RSL3-induced cytotoxicity in U20S
and HT29 cells in a dose-dependent fashion (Fig. 1i, j).
As lipid peroxidation is a characteristic of ferroptosis®,
we wondered whether the levels of lipid peroxidation
could be also influenced by inhibition of O-GlcNAcyla-
tion. We used the lipid peroxidation-sensitive dye BOD-
IPY 581/591 C11 (C11-BODIPY) to detect peroxidized
lipids within cells by flow cytometry and found that
OSMI-1 alone failed to alter lipid peroxidation; however,
it remarkably enhances RSL3-induced lipid peroxidation
in both U20S and HT29 cells (Fig. 1k—-n). This result
could be explained by the existence of a repair system in
cells such as GPX4, the pharmacological target of RSL3,
which could remove the peroxidized lipids under phy-
siological conditions. Furthermore, TfR1 translocation
from Golgi to the plasma membrane was used as a hall-
mark of ferroptosis®’, OSMI-1 treatment strongly pro-
moted RSL3-induced translocation of TfR1 at multiple
time points (Fig. lo). Taken together, our results
demonstrate that there was biphasic regulation of cellular

O-GlcNAcylation, and that decreased O-GlcNAcylation
can increase the sensitivity to ferroptosis.

Inhibition of O-GlcNAcylation promotes ferritinophagy

We next sought to understand the underlying
mechanism of how inhibition of O-GlcNAcylation pro-
motes ferroptosis. We first examined the changes to the
ferroptosis-related gene profile induced by RSL3 together
with OSMI-1. Real-time PCR analysis showed that the
mRNA levels of ferroptosis indicators including PTGS2
(encoding cyclooxygenase-2, COX-2)* and ChaC glu-
tathione specific gamma-glutamylcyclotransferase 1
(CHACID)* were increased dramatically upon OSMI-1
and RSL3 co-treatment (Fig. 2a). Interestingly, we found
that the mRNA levels of ferritin heavy chain (FTH) and
light chain (FTL) were both significantly upregulated
upon OSMI-1 treatment alone (purple column) or
simultaneous treatment with RSL3 (orange and black
columns) (Fig. 2b), suggesting their critical roles in this
progress.

We then examined the protein level of FTH and found
that, compared to the control, OSMI-1 treatment reduced
the amount of FTH (Fig. 2¢; Supplementary Fig. S2a, b). It
is known that FTH and FTL form a heteropolymer to cage
iron, and we noticed that the FTH could not be lysed to a
monomer but only to a hexamer, even with the strongest
lysis buffer (including detergents such as Triton, Sodium
Deoxycholate and SDS). Thus, we took the most obvious
band at 110-130kD to represent FTH levels in this
manuscript (Supplementary Fig. S2a). Given the fact that
mRNA levels of FTH were increased and protein levels
were decreased, we assumed that FTH might be degraded
via ferritinophagy upon OSMI-1 and RSL3 treatment as
previously reported'®. To confirm this assumption, we
utilized BafAl, an autophagy inhibitor, to inhibit ferriti-
nophagy and found that BafA1 could inhibit the decrease
of FTH caused by OSMI-1, indicating that decreased
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Fig. 2 Inhibition of O-GlcNAcylation promotes ferritinophagy. a-c U20S cells were treated with DMSO (Control) or OSMI-1 for 12 h, and then
treated with RSL3 for different time as indicated. The relative mRNA levels were assessed by g-RT-PCR (a, b). Cells were lysed and immunoblotted
with antibodies against FTH and f-actin (c). d U20S cells were treated as indicated for 12 h and cell lysates were subjected to immunoblotting with
antibodies against FTH and B-actin. e-g U20S cells were treated as indicated for 24 h, stained with LysoTracker and then subjected to
immunofluorescence microscopy with antibodies against Ferritin (e). Ferritin dots per cell (f) and co-localized dots of ferritin and LysoTracker per cell
(g) were quantified. h U20S cells were transfected with control or NCOA4 siRNAs for 48 h and subjected to immunofluorescence microscopy with
antibodies against Ferritin and LAMP1. i U20S cells were transfected with control or NCOA4 siRNAs for 48 h and treated with DMSO or OSMI-1 for
12 h, and then induced with RSL3 for 3 h. Cells were stained with PI and assessed by flow cytometry. Scale bars, 10 pm. *P < 0.05, **P < 0.01, ***P <
0.001, ¥***P < 0.0001; ns, not significant. Error bars indicate SD.
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O-GlcNAcylation promoted ferritinophagy and FTH
degradation (Fig. 2d; Supplementary Fig. S2c). This con-
clusion was further confirmed by knocking down OGT
(Supplementary Fig. S2d).

To directly visualize the effect of O-GlcNAcylation on
ferritinophagy, we co-stained ferritin by a specific anti-
body with LysoTracker, the indicator of lysosomes.
OSMI-1 treatment alone dramatically increased the
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aggregations of ferritin and the colocalization with lyso-
somes, while TMG had no such effect. Notably, although
BafA1l treatment alone also increased ferritin aggregation
to the same level, most of these ferritin aggregation dots
were not co-localized with lysosomes (Fig. 2e—g). The
localization of overexpressed GFP-FTH to lysosomes was
also increased by OSMI-1 treatment (Supplementary Fig.
S2e). This result was confirmed in other cell lines
including HeLa and HUVEC (Supplementary Fig. S2f, g).
NCOA4 is the cargo receptor of ferritin-mediated ferri-
tinophagy, and depletion of NCOA4 could almost com-
pletely block ferritin colocalization to lysosomes (Fig. 2h,
upper row; Supplementary Fig. S2h). The increase of
ferritin localization to lysosomes induced by OSMI-1 was
also abolished by knocking down NCOA4 (Fig. 2h, lower
row). This suggests that OSMI-1 promoted ferritinophagy
by accelerating NCOA4-dependent transport of ferritin to
lysosomes. In addition, the increased sensitivity to fer-
roptosis induced by OSMI-1 could be partially blocked by
NCOA4 depletion (Fig. 2i), indicating that the promotion
of NCOA4-dependent ferritinophagy contributed to fer-
roptosis. Together, these results suggest that decreased O-
GlcNAcylation promotes ferritinophagy and thus increa-
ses sensitivity to ferroptosis of cells.

Inhibition of O-GlcNAcylation enhances the mobilization of
cellular ferrous iron

Next, we investigated whether the OSMI-1-induced
promotion of ferritinophagy led to more free iron release,
accounting for the enhanced lipid peroxidation and fer-
roptosis. We used Calcein-AM to detect the relative level
of labile iron®®, and found an increase of cellular labile
iron levels after OSMI-1 treatment (Fig. 3a). To confirm
this finding, we examined the level of iron-responsive-
element-binding protein 2 (IRP2), which directly responds
to cellular iron levels®”, and found that OSMI-1 treatment
decreased IRP2 abundance to an extent comparable with
control, indicating an increase of cellular iron levels after
OSMI-1 treatment (Fig. 3b).

Ferroptosis is specifically caused by ferrous iron, so we
sought to detect the overall level of cellular ferrous iron by
FerroOrange staining® (Supplementary Fig. S3a). Sur-
prisingly, we found a robust decline of ferrous iron con-
tent immediately after RSL3 treatment (Fig. 3c, d, 1h),
indicating an initial response of the cells to sequester iron
to resist ferroptosis. The ferrous iron levels then
rebounded slowly during the onset of detectable ferrop-
tosis (Fig. 3¢, d, Control). Interestingly, compared to RSL3
treatment alone, pretreatment with OSMI-1 led to an
increased basal level of cellular ferrous iron levels (Fig. 3c,
d, 0 h), and following RSL3 treatment, the recovery of the
ferrous iron level after the initial decline was much faster
as compared with control, suggesting an increased
releasing rate of cellular iron with decreased O-

Page 6 of 17

GlcNAcylation level (Fig. 3¢, d, 2—4'h). This result was
confirmed by fluorescent imaging (Supplementary Fig.
S3b, ¢).

Strikingly, microscopic analysis revealed that most
ferrous iron was localized to mitochondria as indicated
by its colocalization with MitoTracker (Fig. 3e; Supple-
mentary Fig. S3a, b). We were thus prompted to inves-
tigate the critical role of the mitochondria in this
progress. We found a significant increase of mitochon-
drial ferrous iron indicated by Mito-FerroGreen, a spe-
cific dye to detect mitochondrial ferrous iron®>%0, after
OSMI-1 treatment (Fig. 3f, g; Supplementary Fig. S3d).
This increase could be further promoted by RSL3 (Fig.
3h; Supplementary Fig. S3e). Interestingly, RSL3 alone
also induced a gradual increase of mitochondrial ferrous
iron levels during ferroptosis (Fig. 3h; Supplementary Fig.
S3e, Control), suggesting that labile iron might be
transported to mitochondria to buffer the toxic iron. We
also found an increase of mitochondrial ferrous iron
levels after OGT knockdown, which was in accordance
with OGT inhibition by OSMI-1 (Supplementary Fig.
S3f). We assumed that this OSMI-1-induced increase of
mitochondrial ferrous iron is resulted from the iron
released from promoted ferritinophagy. Indeed, NCOA4
knockdown decreased the mitochondrial ferrous iron
levels, and the OSMI-1-induced increase was effectively
rescued (Fig. 3i, j; Supplementary Fig. S3g). Taken toge-
ther, these data suggest decreased O-GlcNAcylation
enhances the level of cellular labile iron, especially fer-
rous iron, rendering the cells more sensitive to ferrop-
tosis. In addition, it is possible that mitochondria may
serve as a buffering pool for the excessive cellular iron
released from ferritinophagy.

Inhibition of O-GlcNAcylation promotes mitochondrial
fragmentation and mitophagy

As a large amount of iron released from accelerated
ferritinophagy was transported to mitochondria, we tried
to figure out how this will impact on mitochondrial
behaviors and ferroptosis. We noticed that decreasing O-
GlcNAcylation level by inhibiting or knocking down OGT
led to profound fragmentation of mitochondria (Figs. 3e—i
and 4a, b; Supplementary Fig. S4a—d). 3D-Structured
[lumination Microscopy (3D-SIM) analysis showed a
distinct fragmentation pattern within the cell following
OSMI-1 treatment or its combination with RSL3.
Although all mitochondria were fragmented after OSMI-1
treatment, the individual mitochondria kept their integrity
with an intact outer membrane (indicated by TOM20),
inner membrane (indicated by MitoTracker) and matrix
(indicated by HSP60). However, during the late phase of
ferroptosis, the fragmented mitochondria lost their
integrity (Fig. 4c—e). This explains why OSMI-1 treatment
alone failed to trigger ferroptosis. As the mitochondrial
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Fig. 3 O-GlcNAcylation regulates cellular iron flux. a U20S cells were treated with DMSO (Control) or OSMI-1 for 24 h, and the relative cellular
labile iron levels were assessed using Calcein-AM. b U20S cells were treated as indicated for 24 h and cell lysates were subjected to immunoblotting
with antibodies against IRP2 and B-actin. ¢, d U20S cells were treated with DMSO (Control) or OSMI-1 for 12 h, and then treated with RSL3 for
different time as indicated. The levels of cellular ferrous iron were assessed by flow cytometry using FerroOrange (c). Then the mean FerroOrange
fluorescence intensity of each cell was quantified (d). e U20S cells were treated with OSMI-1 or TMG for 24 h, and the cellular ferrous iron levels were
assessed by 3D-structured illumination microscopy using FerroOrange. f U20S cells were treated with OSMI-1 or TMG for 24 h, and the mitochondrial
ferrous iron levels were assessed by confocal microscopy using Mito-FerroGreen. g U20S cells were treated with OSMI-1 or TMG for 24 h, and the
mitochondrial ferrous iron levels were assessed by flow cytometry using Mito-FerroGreen. Then the mean Mito-FerroGreen fluorescence intensity of
each cell was quantified. h U20S cells were treated with DMSO (Control) or OSMI-1 for 12 h, and then induced with RSL3 for different time as
indicated. The mitochondrial ferrous iron levels were assessed by flow cytometry using Mito-FerroGreen. i U20S cells were transfected with control or
NCOA4 siRNAs for 48 h, and treated with DMSO (Control) or OSMI-1 for 24 h. The mitochondrial ferrous iron levels were assessed by confocal
microscopy using Mito-FerroGreen. j U20S cells were treated as described in i. The mitochondrial ferrous iron levels were assessed by flow cytometry

using Mito-FerroGreen and then quantified. Scale bars, 10 um. *P < 0.05, **P < 0.01, ****P < 0.0001. Error bars indicate SD.

fragmentation is the prerequisite to mitophagy*'~**, we

reason that these fragmented mitochondria were prone to
mitophagy. Indeed, the levels of mitochondrial proteins
including TIM23, TOM20, and TOM?22 decreased along
with decreased O-GlcNAcylation levels, which can be
inhibited by BafAl. Meanwhile, p62 and type II LC3 were
increased, indicating the accelerated mitophagy flux*'
(Fig. 4f; Supplementary Fig. S4e). This result was further
confirmed by the increase of LC3 puncta and p62 aggre-
gates after OSMI-1 treatment (Fig. 4g—i; Supplementary
Fig. S4f). Notably, the number of LC3 puncta had a
positive correlation with the level of mitochondrial frag-
mentation (Fig. 4g). These fragmented mitochondria were
co-localized with lysosomes, suggesting that they were
transported to lysosomes for degradation (Fig. 4j; Sup-
plementary Fig. S4g, h). To specifically monitor mito-
phagy, we expressed mt-Keima, a pH-sensitive fluorescent
protein which presents green fluorescence under neutral
environments such as normal mitochondria and presents
red fluorescence under acidic pH when mitochondria are
engulfed by lysosomes during mitophagy*®. A far greater
number of red dots appeared in the OSMI-1-treated cells
transfected with mt-Keima (Fig. 4k), and more autopha-
gosome membrane surrounded mitochondria as revealed
by EM analysis (Fig. 41, m), suggesting an increase of
mitophagy. These results indicate that decreased O-
GlcNAcylation promotes mitophagy, providing an addi-
tional source of irons for ferroptosis. Similar results were
obtained in other cell lines including HeLa and HUVEC
(Supplementary Fig. S4i, j).

To verify that mitophagy might be the underlying
mechanism to enhance sensitivity to ferroptosis, we
knocked down PINK1*®*" and found that blocking
mitophagy could partially prevent OSMI-1 and RSL3-
induced ferroptosis (Fig. 4n; Supplementary Fig. S4k).
Taken together, decreased O-GlcNAcylation promotes
mitochondrial fragmentation and extensive mitophagy
which may release the stored iron, rendering the cells
more sensitive to ferroptosis.

Simultaneous inhibition of ferritinophagy and mitophagy
abolishes ferroptosis

We have shown that inhibition of O-GlcNAcylation
promoted both ferritinophagy and mitophagy. We next
asked whether there is any interplay between them to
promote ferroptosis. Upon OSMI-1 treatment, the degra-
dation of FTH was relatively faster than that of mito-
chondrial proteins, suggesting that ferritinophagy occurs
prior to mitophagy (Fig. 5a; Supplementary Fig. S5a). This
result was in accordance with the assumption that some
iron released due to ferritinophagy was transported to
mitochondria (Fig. 3f-j). We then wondered whether the
iron released due to ferritinophagy caused iron overload in
mitochondria, resulting in their fragmentation. Iron che-
lation by DFO or DFP could completely abrogate ferrop-
tosis induced by OSMI-1 and RSL3 without much effect
on the OSMI-1-induced fragmentation of mitochondria.
This indicates that iron overload may not be the only
cause of OSMI-1-induced mitochondrial fragmentation
(Fig. 5b—d). NCOA4 knockdown abolished ferritinophagy
promoted by OSMI-1 treatment, and it had a limited effect
on mitophagy (Fig. 5e), indicating that OSMI-1-induced
ferritinophagy and mitophagy were relatively independent.

Given that both ferritinophagy and mitophagy con-
tributed to enhanced sensitivity to ferroptosis, we per-
formed a double knockdown of NCOA4 and PINK1 and
found simultaneous inhibition of ferritinophagy and
mitophagy almost completely blocked the effect of OSMI-
1-enhanced ferroptosis (Fig. 5f; Supplementary Fig. S5b).
Inhibition of the general autophagy pathways by BafAl
exhibited similar effects (Fig. 5g). These results further
support our notion that O-GlcNAcylation regulates both
ferritinophagy and mitophagy to dictate ferroptosis.

De-O-GIcNAcylation of FTH at S179 promotes its
interaction with NCOA4 and activates ferroptosis

We next tried to figure out the downstream substrates
of O-GlcNAcylation. Inhibition of O-GlcNAcylation sig-
nificantly increased the colocalization of ferritin and
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Fig. 4 Inhibition of O-GIcNAcylation promotes mitophagy. a, b U20S cells were treated with OSMI-1 or TMG for 24 h (a), or transfected with OGT
or OGA siRNAs for 48 hr (b). Cells were subjected to immunofluorescence microscopy with antibodies against TOM20, and the percentage of
fragmented mitochondria was quantified. c—e U20S cells were incubated with OSMI-1 or TMG for 12 h, and treated with or without RSL3 for 6 h. Cells
were stained with MitoTracker and subjected to 3D-structured illumination microscopy with antibodies against TOM20 (mitochondrial outer
membrane) and HSP60 (mitochondrial matrix) (c). Mitochondrial length (d) and incomplete mitochondria (mitochondria who lost their integrity and
lack components such as inner membrane (yellow arrow), matrix (white arrow) or even both (pink arrow)) (e) were quantified. f U20S cells were
treated as indicated for 24 h and cell lysates were subjected to immunoblotting with indicated antibodies. g, h U20S cells were treated with OSMI-1
or TMG for 24 h and subjected to immunofluorescence microscopy with antibodies against TOM20 and LC3 (g), and the number of LC3 puncta per
cell was quantified (h). i U20S cells were treated as described in h, and the number of p62 aggregates per cell was quantified. j U20S cells were
treated as described in h. Cells were stained with antibodies against HSP60 and LAMP1. k U20S cells were transfected with mt-Keima and treated
with OSMI-1 or TMG for 24 h, and then assessed with confocal microscopy. I, m U20S cells were treated with DMSO or OSMI-1 for 24 h and subjected
to TEM (I). Mitochondrial diameter was quantified (m). n U20S cells were transfected with control or PINK1 siRNAs for 48 h and treated with DMSO or
OSMI-1 for 12 h, and then induced with RSL3 for 3 h. Cells were stained with Pl and assessed by flow cytometry. *P < 0.05, **P < 0.01, ****P < 0.0001;
ns, not significant. Scale bars, 10 um unless specifically indicated. Error bars indicate SD.

NCOA4 with lysosomes (Fig. 6a; Supplementary Fig. S6a).
We predicted that the interaction between ferritin and
NCOA4 was increased by inhibition of O-GlcNAcylation.
Indeed, immunoprecipitation analysis revealed that their
interaction was increased after decreasing O-GIlcNAcyla-
tion by OSMI-1 treatment, OGT knockdown, or OGA
overexpression (Fig. 6b, ¢; Supplementary Fig. S6b, d). To
be noticed, increasing O-GlcNAcylation by TMG treat-
ment, OGA knockdown, or OGT overexpression had no
dramatic effect on the interaction between FTH and
NCOA4 (Fig. 6b, c; Supplementary Fig. S6b, c). We
assumed that FTH was adequately O-GlcNAcylated in the
cells. When we increased the O-GlcNAcylation level of
FTH purified from E. coli with no post-translational
modification in vitro, the interaction between FTH and
NCOA4 was reduced (Supplementary Fig. S6e). Indeed,
we confirmed that FTH was O-GlcNAcylated in cells (Fig.
6d, e). FTH also showed a strong interaction with OGT
(Fig. 6f, g). We assumed that O-GlcNAcylation of FTH
might respond to ferroptotic stress, so we detected the O-
GlcNAcylation level of FTH during the early stage of
ferroptosis. There was a robust increase in the O-
GlcNAcylation level of FTH following treatment with
RSL3, and this level declined immediately during the
onset of the detectable ferroptosis (Fig. 6h, i). To deter-
mine the O-GlcNAcylation site of FTH, we constructed
mutants for every serine and threonine residues of FTH
located at both the N- and C-terminus. Strikingly, when
S179 was mutated to alanine, the interaction between
FTH and NCOA4 was profoundly increased, whereas
other mutations had no obvious effect (Fig. 6j). As a
result, it seems that the S179A mutant promoted
the accumulation and degradation of FTH, because the
increased interaction with NCOA4  accelerated
the transport to lysosomes. In accordance with this result,
the S179A mutant also presented a distinctive localization
pattern compared to wild-type FTH and other mutants.
All S179A mutant proteins co-localized with NCOA4 and

were transported to lysosomes (Fig. 6k). We then checked
the O-GlcNAcylation level of the wide type and S179A
mutant and found a dramatically decrease of O-GIcNA-
cylation when S179 was mutated (Supplementary Fig. S6f,
g). Moreover, after S179 was mutated, its interaction with
NCOA4 was no longer affected by any change of O-
GlcNAcylation level (Supplementary Fig. S6h-k), sug-
gesting that S179 was the site regulating their interaction.
There was still a slight increase in the O-GlcNAcylation
level of FTH-S179A following treatment with RSL3
(Supplementary Fig. S6l, m), indicating that there might
be other O-GlcNAcylation sites on FTH. However, it
seems that S179A was the only regulation site of FTH-
NCOAA4 interaction under this condition. It was possible
that O-GIcNAcylation of the S179 residue in FTH pro-
vided steric hindrance to prevent its interaction with
NCOAA4, thus limiting the cellular ferritinophagy under
physiological conditions. To confirm this possibility, we
knocked down NCOA4 and found that the S179A mutant
no longer accumulated in lysosomes, indicating that the
increase of FTH-S179A accumulation to lysosomes was
due to promoted NCOA4-dependent ferritinophagy
(Supplementary Fig. Sé6n). Besides, overexpression of wild-
type FTH blocked the RSL3-induced ferroptosis as
expected. However, the FTH-S179A mutant, but not
other mutants, no longer possessed the protective ability
against ferroptosis (Fig. 61). This suggests that mutation at
S179 rendered it to ferritinophagy and/or failed to chelate
iron to prevent ferroptosis. Together, these results
demonstrate that the O-GlcNAcylation of FTH at S179 is
of functional importance. De-O-GlcNAcylation of FTH at
S179 increases its interaction with NCOA4, and thus
increases the transport of FTH to lysosomes and pro-
motes ferritinophagy as a result (Fig. 6m).

Discussion
Great strides have been made over the past few years in
the study of iron-dependent ferroptosis. However, the
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Fig. 5 O-GlcNAcylation-dependent ferritinophagy and mitophagy contribute to ferroptosis. a U20S cells were treated with OSMI-1 for the
indicated time and cell lysates were subjected to immunoblotting with indicated antibodies. b—d U20S cells were incubated with OSMI-1 for 12 h,
and treated with or without RSL3 for 6 h. Cells were stained with MitoTracker and subjected to immunofluorescence microscopy with antibodies
against TOM20 and HSP60 (b). The percentage of dead cells (c) and fragmented mitochondria (d) were quantified. e U20S cells were transfected with
control or NCOA4 siRNAs for 48 h and treated with DMSO or OSMI-1 for 12 h. Cells were subjected to immunofluorescence microscopy with

antibodies against ferritin and LAMP1. f U20S cells were transfected with control or combination of PINKT and NCOA4 siRNAs for 48 h and treated
with DMSO or OSMI-1 for 12 h, and then induced with RSL3 for 3 h. Cells were stained with PI and assessed by flow cytometry. g U20S cells were
treated as indicated for 12 h and then induced with RSL3 for 3 h. Cells were stained with Trypan blue solution and the percentages of dead cells were
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missing link that remains to be addressed is how iron
mobilization is regulated in response to ferroptosis stress.
In this study, we show that the protein O-GlcNAcylation
regulates ferritinophagy and mitochondria behaviors to
dictate ferroptosis. In response to ferroptosis stimuli such
as RSL3, cells may adopt two immediate response stra-
tegies to resist ferroptosis. First, ferritin is O-GlcNAcy-
lated to block its interactions with NCOA4 to prevent
ferritinophagy and labile iron flux into mitochondria (Figs.

3f-g and 6a—c). Second, some cellular labile iron might be
transported to mitochondria to buffer the toxic iron.
However, persistent pro-ferroptotic stress may inactivate
the OGT, leading to de-O-GlcNAcylation of ferritin for
activation of ferritinophagy which, together with mito-
phagy, provides a source of labile iron for the subsequent
Fenton reaction, the explosive ROS and lipid peroxidation
for ferroptosis (Fig. 6m). In support of this, we showed
that inhibition of O-GlcNAcylation strongly accelerates
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Fig. 6 De-O-GlcNAcylation of FTH at S179 promotes its interaction with NCOA4. a U20S cells were treated with OSMI-1 or TMG for 24 h and
subjected to immunofluorescence microscopy with antibodies against Ferritin and NCOA4. b Cell lysates from U20S cells treated with OSMI-1 or
TMG for 24 h were immunoprecipitated with antibodies against NCOA4 or FTH and IgG, and then immunoblotted with the indicated antibodies.
c Cell lysates from 293T cells stably expressing the indicated proteins were immunoprecipitated with anti-GFP magnetic beads and immunoblotted
with the indicated antibodies. d Cell lysates from U20S cells treated with OSMI-1 or TMG for 24 h were immunoprecipitated with antibodies against
FTH and immunoblotted with the indicated antibodies. e Cell lysates from U20S cells treated with OSMI-1 or TMG for 24 h were pulled down with
SWGA and immunoblotted with the indicated antibodies. f, g Cell lysates from U20S cells were immunoprecipitated with antibodies against FTH or
OGT and IgG and immunoblotted with the indicated antibodies. h, i Cell lysates from U20S cells treated with RSL3 for the indicated time were
immunoprecipitated with antibodies against FTH and immunoblotted with the indicated antibodies. The relative optical intensity was quantified.
j Cell lysates from 293T cells stably expressing the indicated proteins were immunoprecipitated with anti-GFP magnetic beads and immunoblotted
with the indicated antibodies. k U20S cells were transfected with indicated plasmids for 24 h. Cells were stained with LysoTracker and
immunostained with anti-NCOA4 antibody, and then subjected to confocal microscopy. | U20S cells were transfected with indicated plasmids for
24 h, and incubated with RSL3 for 8 h. Cells were stained with Pl and assessed by flow cytometry, and the percentage of GFP/PI double-positive cells
was quantified. m Model for the regulation of O-GIcNAcylation in ferroptosis via ferritinophagy and mitophagy. Inhibition of O-GlcNAcylation
promoted ferritinophagy by increasing the interaction between FTH and NCOA4, resulting in the accumulation of labile iron which may flux toward
mitochondria. Decreased O-GIcNAcylation also resulted in mitochondria fragmentation and enhanced mitophagy, providing additional source for
labile iron and rendering the cell to be more sensitive to ferroptosis. Scale bars, 10 um. *P < 0.05, ***P < 0.001, ****P < 0.0001; ns, not significant. Error

bars indicate SD.

ferritinophagy, mitochondrial fragmentation, mitophagy,
and subsequent ferroptosis. Our findings thus suggest that
both O-GlcNAcylation-dependent ferritinophagy and
mitochondrial alterations are critical decision-making
steps from a disease-related iron overload pro-
ferroptotic state towards ferroptosis. As the synthesis of
UDP-GIcNAc integrates lipid, energy, and nucleotide
metabolism®®, and O-GlcNAcylation of proteins rapidly
increases when cells are exposed to almost every type of
stress, including heat, high salt, heavy metals, UV light,
hypoxia, and others*****°, we argue that O-GlcNAcyla-
tion represents a key nexus linking mitochondria and iron
mobilization with ferroptosis, contributing to related
pathophysiological conditions.

De-O-GlcNAcylation of FTH for ferritinophagy: O-
GlcNAcylation serves as a signaling molecule to function
as a real-time sensor of glucose and metabolic status by
directly modifying enzymatic function, protein—protein
interactions or counteracting the phosphorylation®®°"*?,
Such modifications are able to fine-tune processes critical
to metazoan physiology including regulating growth,
monitoring cellular environmental cues and modulating
cell fate*. Our findings show for the first time that the de-
O-GlcNAcylation of FTH at S179 activates ferritinophagy
and ferroptosis. Early studies have shown that FTH
interacts with NCOAA4 for ferritinophagy, which is one of
the major sources of labile iron for ferroptosis'”®.
Knockout of ATG genes blocks the degradation of FTH
and prevent ferroptosis'®. While our findings are con-
sistent with these results, we further revealed that de-O-
GlcNAcylation provides a new layer of regulation via the
interaction of ferritin with NCOA4 and a new mechanism
of activation for ferritinophagy and ferroptosis. O-
GlcNAcylation of FTH under physiological conditions
and the increase during the early phase of ferroptosis

blocks its interaction with NCOA4 to prevent ferritino-
phagy and ferroptosis. Conversely, the removal of O-
GlcNAcylation enhanced the interaction between FTH
and NCOA4 for ferritinophagy. As the site for O-
GlcNAcylation is identical for protein phosphorylation®,
it is predicted that phosphorylation of FTH may also
regulate ferritinophagy and ferroptosis. Further studies
are warranted to study this possibility.

Mitochondria as sentinel and iron pool for ferroptosis:
previous studies have shown that mitochondria become
fragmented and condensed, distinct from other forms of
regulated cell death®®. It is not clear whether such a
change is the accompanying events of ferroptosis or
mitochondria have a causal role in ferroptosis, nor was the
molecular regulation of mitochondrial behaviors in
response to ferroptotic stress. Our results suggest a
paradoxical role of mitochondria in ferroptosis. During
the early stage of ferroptosis, mitochondria may serve as a
buffering organelle that sequesters labile iron to prevent
ferroptosis. It is suggested that iron from the lysosomes
owing to ferritinophagy can be transported into mito-
chonderia via Kiss and Run fashion®**°, On the other hand,
persistent iron overload may lead to mitochondrial
damage, which subsequently (1) activates mitophagy
which may provide an additional source of iron for lipid
peroxidation56; (2) activates the mitochondrial-dependent
vicious cycle and directly releases iron, ROS, or even
peroxidated lipids to trigger and to amplify ferroptosis®”.
It is interesting to notice that in this study, we found that
inhibition of O-GlcNAcylation enhanced mitophagy
independent of cellular iron contents or ferritinophagy,
suggesting that there must be additional mechanisms. A
previous study has reported several O-GlcNAcylated
mitochondrial proteins such as Drpl®® and PGKI1*’.
It is reasonable to assume that there are other
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O-GlcNAcylated mitochondrial proteins that are directly
responsible for mitophagy. Further work is underway to
assess this possibility.

It is also interesting to note that mitophagy can be both
“friend and foe” for ferroptosis. In response to mild stress
or during the early stages of iron overload, mitophagy may
sequester iron into mitophagosomes and diminish the
source of ROS for ferroptosis. However, extensive mito-
phagy may provide an additional source of iron to amplify
lipid peroxidation and ferroptosis. Thus, inhibition of
mitophagy by knockdown of PINK1 prevents, at least in
part, de-O-GlcNAcylation promoted ferroptosis, and
simultaneous inhibition of both pathways almost com-
pletely prevents ferroptosis. Apparently, ferritinophagy
and mitophagy may crosstalk to regulate iron metabolism,
as both are dependent on core autophagy machi-
neries'”°’, and to provide a source of the iron required for
catalyzing lipid peroxidation and ferroptosis.

Implications for diseases related to iron overload: dys-
regulation of O-GlcNAcylation modifications, iron over-
load, mitochondrial dysfunctions, and ferroptosis are
common etiologies of aging and aging-related human
diseases, including neurodegenerative diseases®', cardio-
vascular diseases, metabolic syndromes, and cancers®*~°*,
Our study suggests that these molecular events are
interlinked and thus presents a unified model of how iron
metabolism and mitochondria are coordinated in
response to diverse stresses for cell fate decisions.
Although most measurements were conducted in cul-
tured cells where iron availability can readily be altered, it
is reasonable to assume that the pathways also function
under pathophysiological conditions. Our findings further
suggest that intervention of the pathways described here,
including O-GlcNAcylation, iron homeostasis, and mito-
chondrial functions, may be beneficial for the treatments
of diseases related to iron overload.

Materials and methods
Cell culture

All cell lines were obtained from the American Type
Culture Collection and were free of mycoplasma con-
tamination. Cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) with 10% (volume/volume; v/v)
FBS at 37 °C with a humidified atmosphere of 20% O, and
5% CO,.

Antibodies and beads

The following antibodies were used in these studies. O-
GIlcNAc (CTD110.6, Sigma, 0O7764); OGT (Abcam,
ab96718); OGT (sigma, SAB5202310); OGA (Santa Cruz,
sc-376429); P-actin (Abcam, ab8226); TfR1(I3-6800,
Invitrogen); GFPT1(A3882, ABclonal), FTH (Abcam,
ab65080); ferritin (Rockland 200-401-090-0100); NCOA4
(ARA70) (Bethyl Laboratories A302-272A); NCOA4
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(Abnova, h00008031-m05); LAMP1 (Developmental Stu-
dies Hybridoma Bank, H4A3); IRP2 (Santa Cruz, Sc-
33682); TOM20 (BD, 612278); TIM23 (BD, 611223);
TOM22 (Proteintech, 11278-1-ap); HSP60 (Cell Signal-
ing, 12165s); MEN2 (Abnova, H00009927-m03); p62
(MBL, m162-3); LC3 (MBL, pm036); PINK1 (Cell Sig-
naling, 6946); GFP (Roche, 11814460001); Myc (Sigma,
m4439). Alexa Fluor 488, 568 and 647 secondary anti-
bodies were from Life Technologies, and DAPI was from
Sigma-Aldrich.

The following beads were used in these immunopreci-
pitation analyses: Anti-GFP beads (Abcam, ab193983);
Anti-Myc-beads (bimake, B26302); ProteinA/G (Thermo,
20422); sSWGA (Vector, AL-1023S).

Chemicals

OSMI-1 (Sigma, SML1621), Thiamet G (TMG, Sigma,
SML0244), and DFP (Sigma, 379409) were from Sigma-
Aldrich. RSL3, Erastin, Sorafenib, ferrostatin-1, iFSP1,
ML210, and BafAl were from MCE. Liproxstatin-1
(T2376) was from TargetMol. DFO (B6068) was from
APExBio.

RNAi

siRNAs were transfected using Lipofectamine RNAi-
MAX (Invitrogen).

The sequences for OGT siRNAs were 5'-GGAUGGAA
UUCAUAUCCUU-3’ (#1) and 5-AUACGAUGGCAUC
UUCUGGUAACCC-3’ (#2).

The sequences for OGA siRNAs were 5'-GCAAGAAG
AUUGUAUUAGU-3 (#1) and 5-GGCACUUUCUGUU
AUCCAA-3' (#2).

The sequences for GPX4 siRNAs were 5-GTAA
CGAAGAGATCAAAGA-3' (#1) and 5-GAGGCAAG
ACCGAAGTAAA-3' (#2).

The sequences for NCOA4 siRNAs were 5'-ACAA
AGAUCUAGCCAAUCA-3' (#1); and 5'-GACCUUAU
UUAUCAGCUUA-3/ (#2).

The sequences for PINK1 siRNAs were 5-CCAACA
GGCUCACAGAGAA-3' (#1); and 5-GGCUGGUGAUC
GCAGCAGAUUU-3 (#2).

Plasmids

Mammalian expression plasmids for GFP-FTH,
NCOA4-Myc, Flag-DsRed-FTH, GFP-OGT, HA-OGA,
and mutants were generated by PCR and site-directed
mutagenesis. All constructs were confirmed by DNA
sequencing. Plasmids were transfected using Lipo3000
(Invitrogen).

Immunofluorescence microscopy

Cells grown on glass coverslips were fixed with 4%
paraformaldehyde for 30 min and permeabilized in 0.3%
Triton X-100/phosphate-buffered saline (PBS) for 1 min.
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Then cells were blocked in 4% bovine serum albumin
(BSA) with 0.1% Triton X-100 and then incubated with
primary antibodies, secondary antibodies, and DAPI. Cells
were then examined with a Zeiss LSM900 confocal
microscope or DeltaVision OMX SR 3D-SIM. The
fluorescent intensity was quantified by Image].

TEM analysis

Cell pellets were fixed in 2.5% glutaraldehyde, post-fixed
in 2% osmium tetroxide, dehydrated in gradual ethanol
and propylene oxide, embedded in Epon, and cured for
24 h at 60 °C. Ultrathin sections (50 nm) were placed onto
200 mesh copper grids and double-stained with uranyl
acetate and lead citrate before transmission electron
microscopy analysis (HITACHI HT7700 Exalens).

Cell death assay

Cells were seeded onto 12-well plates at a density of 50%
confluence. The next day, cells were pre-treated with
OSMI-1 (30 uM) or TMG (10 pM) for 12 h or transfected
with siRNA for 48 h. Subsequently, cells were treated with
or without RSL3 for appropriate time. Sometimes, cells
were treated with ferrostatin-1 (2 uM) before RSL3. To
measure cell death, cells were digested and collected,
stained with 5 pg/mL propidium iodide (Sigma) and the
percentage of the propidium iodide-positive dead cell
population was analyzed using flow cytometer BD FACS
Calibur (BD Biosciences) and an FL2 detector. At least
10,000 single cells were analyzed per well and all experi-
ments were carried out at least in triplicate. In some
experiments, Trypan blue dye was used to assess cell
death coupling with microscopy and cell counting.

Cell viability assay

Cells were seeded onto 96-well plates at a density of 2 x
10* per well. After pretreatment with OSMI-1 or TMG or
transfection with siRNAs, 100 uL fresh medium per well
with increasing concentrations of ferroptosis inducers
RSL3, Erastin, or Sorafenib in the absence or presence of
OSMI-1 or TMG were added to induce ferroptosis.
Subsequently, cells were exposed to 10 uL Cell Counting
Kit-8 (CCKS, Dojindo) for 1h at 37°C, 5% CO, in an
incubator. The absorbance at a wavelength of 450 nm was
determined using a Multiskan Sky with Touch Screen
(Thermo scientific). Cell viability under test conditions is
reported as a percentage relative to the negative control
treatment. Three wells at least were tested per experiment
and all experiments were carried out at least in triplicate.

Lipid peroxidation measurement

Cells were seeded on 12-well plates and pre-treated with
OSMI-1 or TMG for 12 h, followed by co-treatment with
RSL3 for 2h. Then, cells were incubated with 5uM
BODIPY 581/591 Cl11 (Invitrogen) for 30 min and then
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washed with PBS twice and harvested by trypsinization
and centrifugation. Lipid peroxidation was assessed using
the flow cytometer BD FACS Calibur (BD Biosciences)
with a 488 nm laser on an FL1 detector for the oxidized
probe, because oxidation of the polyunsaturated buta-
dienyl portion of C11-BODIPY resulted in a shift of the
fluorescence emission peak from ~590 to ~510 nm pro-
portional to lipid ROS generation. A minimum of
10,000 single cells were analyzed per well. Three inde-
pendent biological replicates were performed for each
condition.

RT-qPCR

Cells were seeded on 12-well plates for 24 h and cells
were pre-treated with or without OSMI-1 for 12 h, fol-
lowed by co-treatment with 5puM RSL3 for indicated
times. Then, cells were washed twice before being lysed by
lysis buffer and the RNAs were extracted using Eastep
Super total RNA extraction kit (Promega) according to
the manufacturer’s protocol. cDNA was obtained by
reverse transcription of 1ug RNA using High Capacity
¢DNA Reverse Transcription Kit (Thermo Fisher Scien-
tific). Primers used to amplify are listed in Supplementary
Table S1. qPCR reactions were performed using the
Power SYBR Green PCR Real Master Mix. Triplicate
samples per treatment were analyzed on LightCycler 96
Instrument (Roche). Differences on mRNA levels com-
pared to internal reference ACTB mRNA levels between
control and experimental conditions were calculated
using DDCt method. Three independent biological
replicates were performed for each condition.

Determination of UDP-GIcNAc by ultrahigh performance
LC-MS

Cells were lysed with 0.3mL 70% (v/v) ice-cold
methanol. The extract was vortexed and centrifuged at
16,000 x g for 10 min at 4°C to remove large chunks of
debris. The supernatant collected (10 pL injections) were
separated using Acquity Ultra Performance LC system.
The chromatography was performed using a Waters
Acquity UPLC HILIC column (2.1 x 100 mm, 1.7 pm).
The mobile phases consisted of H,O (A) and acetonitrile
(B). The UPLC eluting conditions were optimized as fol-
lows: 95% B (0-2min), 75% B (2-3 min), 55% B
(3—=6min), and 95% B (6—8 min). The flow rate was
0.3 mL/min. The column was maintained at 30°C. The
UDP-GIcNAc standard (U4375, Sigma) was used to
determine UDP-GIcNAc concentration and composition
in cell extracts. Mass spectrometry was performed using
Waters Xevo TQ-S operating in negative ion mode.

O-GIcNAcylation assay in vitro
Reaction mixtures containing 5 pug purified human FTH
protein (purified from E. coli with no O-GlcNAcylation),
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1 pg purified human OGT (from insect cells) and 5 mM
UDP-GIcNAc in a buffer of 50 mM Tris-HCI (pH 7.5),
12.5 mM MgCl, and 1 mM DTT were incubated at 37 °C
for 2h. Then, co-IP was performed with NCOA4-Myc
overexpressed and immunoprecipitated from 293T cells.

Cellular labile iron detection

Cellular labile iron concentrations were measured using
Calcein-AM (BD Pharmingen) according to the pre-
viously described methods**®”. Briefly, cells were seeded
onto 96-well plates. After treatment, cells were washed
twice with PBS and incubated with 125 nM Calcein-AM
for 15 min at 37 °C under dark conditions. The fluores-
cence intensity at ex495, em515 was detected with a
microplate reader. Then 100 uM DFP was added into each
well and the fluorescence intensity was detected again.
The difference between the fluorescence intensity reflects
the relative quantity of cellular free iron levels.

Cellular and mitochondrial ferrous iron detection

The levels of cellular ferrous iron and mitochondrial
ferrous iron were assessed by FerroOrange probes
(Dojindo) and Mito-FerroGreen probes (Dojindo) fol-
lowing the instructions provided by Dojindo®>*. Briefly,
to detect the cellular ferrous iron, cells were plated on
coverglass bottom confocal dishes and treated as descri-
bed. Then cells were washed three times with HBSS,
incubated with 1 pM FerroOrange for 30 min at 37 °C, 5%
CO, in an incubator, and immediately observed through
Zeiss LSM900 confocal microscope or DeltaVision OMX
SR microscope. To confirm the specificity of FerroOr-
ange, cells were also co-incubated with FerroOrange and
DFP. When detecting the mitochondrial iron, cells were
washed three times with HBSS, incubated with 5uM
Mito-FerroGreen and MitoTracker Red for 30 min at
37°C, 5% CO, in an incubator, and then washed three
times with HBSS. Cells were then examined with a Zeiss
LSM900 confocal microscope. To detect iron levels by
flow cytometry, cells were seeded on 12-well plates,
treated as described and collected. Cells were resuspended
with FerroOrange and incubated for 30 min, and then
assessed using a BD FACS Caliburflow cytometer. For
Mito-FerroGreen detection, cells need to be washed an
additional three times with HBSS before assessment.

Immunoblotting and Co-IP

For western blots, cells were lysed using RIPA cell lysis
buffer (50 mM Tris-HCI, 1% Triton, 0.1% SDS, 1% sodium
deoxycholate, 150 mM NaCl and 1 mM EDTA, pH 7.5)
and equal amounts of proteins were separated by SDS-
PAGE.

For immunoprecipitation, cells were lysed using IP
lysis buffer (20 mM Tris-HCl, 150 mM NaCl, 1 mM
EDTA, 1mM EGTA, 1% NP-40, 2.5mM Sodium
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pyrophosphate, 10% glycerol, pH 7.5) and supplemented
with protease inhibitor cocktail (Roche). Cell lysates
were incubated with beads (primary antibodies were
added when using Protein A/G beads) at 4°C for 4 h,
washed five times with IP lysis buffer, and then sub-
jected to immunoblotting.

Statistical analysis

All quantitative data were presented as the means + SD
of at least three independent experiments by Student’s
t-test comparing two groups using unpaired two-tailed
analysis.
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