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SUMMARY

Ferroptosis is a form of cell death due to iron-induced lipid peroxidation. Ferroptosis suppressor protein 1
(FSP1) protects against this death by generating antioxidants, which requires nicotinamide adenine dinucle-
otide, reduced form (NADH) as a cofactor. We initially uncover that NADH exists at significant levels on
cellular membranes and then find that this form of NADH is generated by aldehyde dehydrogenase 7A1
(ALDH7AT1) to support FSP1 activity. ALDH7A1 activity also acts directly to decrease lipid peroxidation by
consuming reactive aldehydes. Furthermore, ALDH7A1 promotes the membrane recruitment of FSP1, which
is instigated by ferroptotic stress activating AMP-activated protein kinase (AMPK) to promote the membrane
localization of ALDH7A1 that stabilizes FSP1 on membranes. These findings advance a fundamental under-
standing of NADH by revealing a previously unappreciated pool on cellular membranes, with the elucidation
of its function providing a major understanding of how FSP1 acts and how an aldehyde dehydrogenase pro-
tects against ferroptosis.

INTRODUCTION

The iron-dependent generation of reactive oxygen species
(ROS) induces cell death through lipid peroxidation, a process
known as ferroptosis." Glutathione peroxidase 4 (GPX4) was
initially identified to protect against this form of cell death by
reducing hydroperoxides generated during lipid peroxidation.?*
Subsequently, ferroptosis suppressor protein 1 (FSP1) was also
identified to protect against ferroptosis by generating antioxi-
dants through the reduction of ubiquinone to ubiquinol.*° This
activity of FSP1 requires nicotinamide adenine dinucleotide,
reduced form (NADH) as a cofactor and FSP1 to localize to mem-
branes,*® but how these requirements are met remains to be
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better understood. Why cells show variable dependency on
FSP1 for ferroptosis protection is also unclear.

NADH participates in a variety of cellular events by acting as a
cofactor in enzymatic reactions. Well-characterized examples
include its participation in glycolysis that operates in the cytosol
and oxidative phosphorylation that occurs in the mitochondria.®
The currently known roles of NADH involve its soluble form, but
whether NADH exists on cellular membranes at significant levels
and what purpose such a pool may serve have not been studied.

We address these outstanding questions in an unexpected
manner. The family of aldehyde dehydrogenases (ALDHs) con-
verts aldehyde groups in substrates to their corresponding car-
boxylates in products, which involves nicotinamide adenine
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Figure 1. NADH exists at a significant level on cellular membranes

(A) NADH level in total membranes and cytosol from Hela cells, with cellubrevin (Cbv) tracking membrane and actin tracking cytosol, n = 3.

(B) NADH level in total membranes (M) and cytosol (C) from different cell types as indicated, n = 3.

(C) Total membranes from HelLa cells were treated as indicated, and then NADH level was quantified, n = 3.

(D) NADH was incubated with or without liposomes, and then NADH level in the pellet and supernatant after centrifugation was quantified, n = 3.
(E) NADH was incubated with liposomes having different individual lipids as indicated, and then NADH level on liposomes was quantified, n = 4.
(F and G) Total membranes from HeLa cells were treated as indicated and then quantified for NADH level, n = 3.

(legend continued on next page)
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dinucleotide (NAD) becoming converted to NADH. This genera-
tion of NADH is due to hydride ions being transferred from alde-
hydes to NAD.” ™ Aldehyde dehydrogenase 7A1 (ALDH7A1) is a
highly conserved member of this family and hence was originally
named antiquitin.’® In plants, ALDH7A1 has been suggested to
protect against osmotic stress.'’ In humans, it has been identi-
fied to catalyze an intermediate step in lysine metabolism, with
a defect in this role resulting in pyridoxine-dependent seizures
in newborns.'?

We recently discovered a new role for ALDH7A1, protecting
against situations of cellular energy stress that include starva-
tion and hypoxia by reducing cellular energy consumption
through a broad inhibition of the intracellular transport path-
ways.'® This role involves NADH generated by ALDH7AT1 ac-
tivity targeting key transport factors to inhibit the formation
of transport carriers."® A curious finding is that the recruitment
of soluble ALDH7A1 to membranes enhances its catalytic ac-
tivity by nearly 100-fold."® However, because this observation
is an in vitro finding, its physiologic significance has been
unclear.

Pursuing this observation in this study, we initially uncover that
NADH exists at significant levels on cellular membranes and then
find that membrane NADH is controlled by ALDH7A1 activity.
Further characterizations have enabled us to achieve a major un-
derstanding of how FSP1 protects against ferroptosis and also
how an ALDH acts in this protection.

RESULTS

Cellular membranes contain significant levels of NADH

We previously examined Hela cells in studying how ALDH7A1
regulates intracellular transport.’® Thus, we initially fractionated
these cells into total membranes and cytosol, which revealed a
significant level of NADH on membranes (Figure 1A). As NADH
has not been known to exist at such levels on cellular mem-
branes, we next examined a variety of other cells and found
that membrane NADH is a prevalent phenomenon (Figure 1B).

Native membranes contain both lipids and proteins. Thus, we
next examined which of these biological components are
involved in binding to NADH. Bicarbonate (Bi) wash releases pe-
ripheral proteins from membranes, while proteinase K (PK) treat-
ment degrades proteins exposed on membrane surfaces. We
found that either treatment led to about half of the membrane-
bound NADH being released (Figure 1C), implying that the other
half binds to lipids.

As NADH has not been expected to bind directly to lipids, we
next sought to confirm this capability. Generating liposomes with
a composition of major lipids that mimic those of native mem-
branes, we found that NADH bound to these liposomes (Fig-
ure 1D). Further defining this binding, we generated liposomes
having different individual lipids and found that NADH bound
preferentially to phosphatidylcholine (PC) (Figure 1E).
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We next considered that the choline moiety of PC is predicted
to be positively charged at neutral pH. Thus, as the phosphate
group of NADH is negatively charged, we explored the possibility
that NADH binds to PC through electrostatic interaction by exam-
ining the effect of increasing salt concentration. Native mem-
branes have been found to retain their integrity and function, as
assessed by the reconstitution of transport vesicles, when treated
with potassium chloride (KCl) up to 3M."*'® When the NADH-
bound PC liposomes were washed with increasing KCI concen-
tration, we observed the progressive release of NADH (Figure 1F).
As PC is the predominant lipid in native membrane, we then
treated total membranes with 3M KCI along with Bi and PK and
found that NADH was largely displaced from total membranes
(Figure 1G). However, because a residual level of NADH could still
be detected on total membranes, we next considered that the
mitochondria, which would be included in the total membrane
fraction, contain soluble NADH in their luminal space. Thus, we
examined whether the residual NADH represents this mitochon-
drial pool. Permeabilizing total membranes with 0.2% saponin,
we found that the residual NADH was abolished (Figure 1G).

To further confirm that this residual NADH represents soluble
NADH within the mitochondria, we next segregated cellular
membranes into mitochondrial versus non-mitochondrial frac-
tion (Figure 1H). Quantifying the NADH level in both fractions,
we found that NADH was distributed roughly equally between
the two fractions (Figure 1I). To release membrane-bound
NADH in both fractions, we treated them with the combination
of KCI/Bi/PK, which revealed that the residual NADH resided in
the mitochondria fraction (Figure 1J). When this fraction was
further subjected to 0.2% saponin treatment, the residual
NADH was eliminated (Figure 1J), thus confirming that the solu-
ble pool within the mitochondria accounts for the residual NADH.

Membrane NADH requires ALDH7A1 activity
We next treated cells with small interfering RNA (siRNA) against
ALDH7A1 followed by fractionation and found that membrane
NADH was preferentially decreased, with cells having higher
membrane NADH level being more affected (Figure 2A). In addi-
tion, we performed clustered regularly interspaced short palin-
dromic repeats (CRISPR)-Cas9 to knock out ALDH7A1 in HeLa
cells (Figure S1A) and found that the membrane NADH level
was also preferentially decreased (Figure S1B). Furthermore,
the catalytic activity of ALDH7A1 was needed to support mem-
brane NADH, as its level that was reduced by siRNA against
ALDH7A1 was restored by expressing wild-type ALDH7A1 but
not the catalytic-dead (E268Q) form (Figure S1C). Furthermore,
siRNA against multiple other ALDH members did not reduce
the membrane NADH level (Figure 2B). Thus, ALDH7A1 shows
specificity in supporting the membrane NADH level.

We next examined whether ALDH7A1 controls both the pro-
tein- and lipid-bound fractions of membrane NADH. Isolating
membranes that had been treated with Bi and PK to release

sosome), Na/K ATPase (plasma membrane), n = 2.
1) NADH level in membrane fractions from HelLa cells was quantified, n = 3.

<

(
(
(

H) Membrane fractions as indicated were immunoblotted for organelle markers: Sec61 (endoplasmic reticulum), GM130 (Golgi), Cbv (endosome), Lamp1

(J) Membrane fractions from Hela cells were treated as indicated, and then NADH level was quantified, n = 3.
Quantitative data are shown as mean + SD; ***p < 0.0005, **p < 0.005, *p < 0.05, NS p > 0.05, Student’s t test.
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Figure 2. ALDH7A1 activity is a main determinant of membrane NADH level

(A) NADH level in total membranes and cytosol from different cell types that were treated as indicated, n = 3.

(B) NADH level in total membranes from HelLa cells that were treated as indicated, n = 3, one-way ANOVA test.

(C) Total membranes from HelLa cells were treated as indicated, and then NADH level was quantified, n = 3.

(D) Free NADH level in the cytosol and mitochondria of HeLa cells was quantified using biosensors as indicated, n = 5.

(legend continued on next page)
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protein-bound NADH, we found that prior treatment with siRNA
against ALDH7A1 reduced NADH levels in both total membranes
and the lipid-bound fraction (Figure 2C), revealing that ALDH7A1
controls both the protein- and lipid-bound fractions of mem-
brane NADH. We also incubated the lipid-bound fraction with
buffer and found that NADH was rapidly released from the mem-
brane before reaching a plateau (Figure S1D), revealing that
NADH binds to membrane dynamically.

We next considered that the phosphorylation of ALDH7AT1 at its
S102 residue has been found previously to promote its membrane
localization."® As such, we next replaced endogenous ALDH7A1
with either the S102A (which prevents phosphorylation) or
S102D (which mimics phosphorylation) form. This was achieved
by siRNA against ALDH7A1 followed rescue using either mutant.
We found that S102A expression reduced NADH level on mem-
branes, while S102D expression increased the membrane
NADH level (Figure S1E). Thus, ALDH7A1 needs to be recruited
to cellular membranes to support the membrane NADH level.

Membrane NADH acts as a distinct pool from soluble
NADH in cells

We next asked whether membrane NADH behaves as a distinct
pool from soluble NADH in cells. Using biosensors that have
been developed to monitor free NADH level in either the cytosol
or the mitochondria,'® we found that siRNA against ALDH7A1
did not have an appreciable effect on either pool (Figure 2D).
We next noted that soluble NADH has well-established roles in
cellular energetics, with the cytosolic pool acting in glycolysis
and the mitochondrial pool participating in oxidative phosphory-
lation. Upon siRNA against ALDH7A1, we found that glycolytic
flux was not affected, as assessed by the extracellular acidifica-
tion rate (ECAR) (Figure 2E). Mitochondrial respiration was also
not affected, as assessed by the oxygen consumption rate
(OCR) (Figure 2F). We also expressed an oxidase that targets
only cytosolic NADH'” and found that the membrane NADH level
was not affected (Figure 2G). As the results all pointed to the sol-
uble and membrane pools of NADH being compartmentalized,
we next sought insight into how this could be achieved.

The cytosol contains many soluble proteins that bind
NADH, which enables cytosolic NADH to exist in equilibrium
between the free and protein-bound state. As glyceraldehyde
3-phosphate dehydrogenase (GAPDH) is one such protein, we
incubated soluble NADH with liposomes and found that adding
increasing levels of GAPDH led to decreasing level of NADH
bound to liposomes (Figure 2H). This effect required NADH bind-
ing by GAPDH, as a mutant GAPDH that cannot bind NADH
could not reduce NADH binding to liposomes (Figure 2I). Thus,
these results suggested that cytosolic NADH can be compart-
mentalized from membrane NADH through association with
cytosolic NADH-binding proteins.

¢ CellP’ress

Membranes also contain NADH-related compounds

As nicotinamide adenine dinucleotide phosphate reduced form
(NADPH) is a derivative of NADH, we next found that NADPH
also exists at significant levels on membranes in multiple cell
types (Figure S1F). We also confirmed the specificity of our as-
says in detecting NADPH versus NADH (Figure S1G). However,
in contrast to membrane NADH, siRNA against ALDH7A1 did
not have an appreciable effect on the membrane NADPH level
(Figure S1F), which further supported the specificity by which
ALDH7A1 controls the membrane NADH level.

As ALDH7AT1 activity reduces NAD to generate NADH, we next
found NAD also exists at significant levels on membranes (Fig-
ure S1H). Moreover, whereas the cytosolic level of NAD did not
change appreciably upon siRNA against ALDH7A1, we observed
perceptible increase inthe membrane NAD in some cell types (Fig-
ure S1H), which correlated with cells that have higher levels of
membrane NADH (compare with Figure 2A). Thus, when also tak-
ing into consideration that membrane NAD is about 5-fold more
abundant than membrane NADH, we concluded that ALDH7A1
generates membrane NADH largely by using membrane NAD.

ALDH7A1 supports FSP1 activity

We next sought to identify a function for membrane NADH.
Searching the literature, we noted that FSP1 has been found to
act in protection against ferroptosis, with this role involving the
reduction of ubiquinone to ubiquinol, which requires NADH
acting as a cofactor. Furthermore, FSP1 is only active on mem-
branes.*® Thus, we explored the possibility that membrane
NADH generated by ALDH7A1 supports FSP1 activity.

As cells exhibit varying dependency on FSP1 for protection
against ferroptosis,” we initially asked whether this dependency
correlates with dependency on ALDH7A1. Ferroptotic stress can
be induced specifically by treating cells with a sub-lethal dose
(100 nM) of (1S,3R)-RSL3, RAS-selective lethal 3 (RSL3), a phar-
macologic agent that inhibits GPX4 activity.” We found that this
treatment in conjunction with siRNA against either ALDH7A1 or
FSP1 led to similar magnitudes in cell death (Figure 3A) and lipid
peroxidation (Figure 3B). We also confirmed the specificity of the
siRNA targeting by another set of sequences, as similar levels of
cell death were observed (Figure S2A). The efficacy of the siRNA
treatments was also confirmed (Figure S2B). Moreover, targeting
against both ALDH7A1 and FSP1 did not further increase cell
death (Figure S2C) or lipid peroxidation (Figure S2D), which was
consistent with ALDH7A1 and FSP1 acting in the same mecha-
nistic pathway.

We next confirmed that the observed cell death was due to fer-
roptosis, as it was prevented by treatment with liproxstatin-1,
ferrostatin-1, or deferoxamine, agents that protect against ferrop-
tosis' but not by treatment with carbobenzoxy-valyl-alanyl-aspar-
tyl-[O-methyl]-fluoromethylketone (zZVAD-FMK) that protects

E
F
(

ECAR in HelLa cells upon different treatments as indicated, n = 4.
OCR in Hela cells upon different treatments as indicated, n = 3.

G) NADH level in total membranes and cytosol from Hela cells that were treated as indicated, n = 3.

(H and |) Liposomes were incubated with NADH and increasing levels of GAPDH, and then NADH level on liposomes was quantified by optical density (OD) at

340 nm, n = 3.

Quantitative data are shown as mean + SD; **p < 0.0005, *p < 0.005, *p < 0.05, NS p > 0.05, Student’s t test (unless indicated otherwise).

See also Figure S1.
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against apoptosis'® or with Necrostatin-1 that protects against
necroptosis'® (Figure S2E). Ferroptosis can also be induced by
targeting upstream components of the GPX4 mechanism, such
as erastin treatment that inhibits the uptake of cystine, which is
needed for the synthesis of glutathione that supports GPX4 activ-
ity.? We found that a sub-lethal dose of erastin (2 tM) in conjunc-
tion with siRNA against either ALDH7A1 or FSP1 also induced
similar degrees of cell death (Figure S2F) and lipid peroxidation
(Figure S2G).

We next explored whether a protective role by ALDH7A1
against ferroptosis also explains why cells show variable levels
of membrane NADH. Lipids that contain polyunsaturated fatty
acids (PUFAs) are particularly targeted for lipid peroxidation in
driving ferroptosis, and acyl-coenzyme A (CoA) synthase 4
(ACSL4) has been found to act as a key enzyme in the synthesis
of PUFAs.?"**? Cells with low ACSL4 expression, such as MCF7
cells, have been shown previously to be less sensitive to ferrop-
tosis but can be converted to become more sensitive by
increasing ACSL4 expression.”’ We first confirmed that overex-
pressing ACSL4 in MCF7 cells through transfection (Figure S3A)
led to increased sensitivity to ferroptotic stress induced by RSL3
treatment, as assessed by cell death (Figure S3B) and lipid per-
oxidation (Figure S3C). We then found that ACSL4 overexpres-
sion resulted in RSL3 treatment increasing the membrane
NADH level more dramatically, with this increase being depen-
dent on ALDH7A1 (Figure 3C).

We next performed the converse experiment by examining
MDA231 cells, which show high sensitivity to ferroptotic stress
(see Figure 3A) and have a high level of membrane NADH (see
Figure 1B). For these studies, we used high-dose RSL3 treat-
ment (1 uM) so that the effects of reducing ACSL4 level on cell
death and lipid peroxidation could be better discerned. The re-
sults confirmed that siRNA against ACSL4 (Figure S3D) led to
less cell death (Figure S3E) and lipid peroxidation (Figure S3F),
as well as decreased membrane NADH level (Figure 3D). Thus,
by revealing that membrane NADH level is responsive to the de-
gree that cells are susceptible to ferroptosis, we have also un-
covered an explanation for why cells show variable levels of
membrane NADH.

We next sought more direct evidence that ALDH7A1 is needed
for FSP1 activity. Performing a co-precipitation experiment, we
found that ALDH7A1 interacts with FSP1 in MDA231 cells (Fig-
ure 3E) and in multiple other cell types (Figure S3G). As FSP1
converts ubiquinone to ubiquinol, we also found that siRNA
against ALDH7A1 increased the ubiquinone/ubiquinol (also
known as the coenzyme Q10 oxidized/reduced) ratio in cells,
and the extent of this increase was similar to that induced by

¢ CellP’ress

siRNA against FSP1 (Figure 3F). Moreover, targeting against
both proteins did not further increase this ratio (Figure 3F), which
further supported that ALDH7A1 and FSP1 act in the same
mechanistic pathway.

We then noted that HT1080 cells, which depend mainly on
GPX4 for protection against ferroptosis, have been converted
to depend on FSP1 by knocking out GPX4 and overexpressing
FSP1 (HT1080/GPX4 knockout [KOJ/FSP1 OE).>*** Upon
FINO2 treatment, which provides a way of inducing ferroptotic
stress without directly targeting GPX4 activity,”®> we found that
further treatment of these converted cells with siRNA against
ALDH7A1 resulted in substantial cell death (Figure 3G) and lipid
peroxidation (Figure 3H).

To further confirm the critical role that ALDH7A1 plays in these
converted cells, we knocked out ALDH7A1 using CRISPR-Cas9
(Figure S3H) and found that the resulting cells (HT1080/GPX4
KO/FSP1 OE/ALDH7A1 KO) could not even survive under
normal condition but instead required treatment with
ferrostatin-1 (Figure 3l) or the re-expression of ALDH7A1 (Fig-
ure 3l) to survive. We also pursued animal studies and confirmed
that these KO cells showed markedly reduced ability to grow as
tumors in mice (Figures S3I and S3J).

Reconstituting protection against lipid peroxidation by
ALDH7A1 and FSP1
We next considered that cell-based studies cannot rule out indi-
rect effects. Thus, to confirm that ALDH7A1 activity directly sup-
ports FSP1 activity, we sought to reconstitute both activities us-
ing purified components. We first incubated ALDH7A1 and FSP1
as purified proteins to confirm that they can interact directly (Fig-
ure 4A). Next, to reconstitute ALDH7A1 activity, we generated li-
posomes having a composition of major lipids that mimic those
of native membranes. Upon incubating these liposomes with re-
combinant ALDH7A1 in the presence of a model substrate (octa-
nal) and NAD, we found that the S102D but not the S102A form
reconstituted ALDH7A1 activity, as tracked by the generation of
NADH (Figure 4B). As control, incubation with a catalytic-dead
mutant of the S102D form did not generate NADH (Figure 4B).
NADH was also not produced when either octanal or NAD was
omitted from the incubation (Figure 4B). We also confirmed
that the generated NADH was bound to liposomes (Figure 4C).
Next, to reconstitute FSP1 activity, we incorporated ubiqui-
none into liposomes and first confirmed the reconstitution of
ALDH7A1 activity using these liposomes, as tracked by the gen-
eration of NADH (Figure 4D). We then added FSP1 and found
that the generated NADH level was decreased (Figure 4D). As
control, we found that a catalytic-dead form of FSP1

Figure 3. ALDH7A1 protects against ferroptosis through FSP1

A) Cell death was quantified upon treatment with RSL3 (100 nM) and siRNA as indicated, n = 3.
B) Lipid peroxidation was quantified upon treatment with RSL3 (100 nM) and siRNA as indicated, n = 3. A representative experiment is shown.
C) NADH level in total membranes and cytosol from MCF7 cells that were treated as indicated, RSL3 (100 nM), n = 3.

E) Interaction between endogenous ALDH7A1 and transfected GFP-tagged FSP1 in MDA231 cells as assessed by a co-precipitation experiment, n = 2.
F) CoQ10 ox/red ratio in MDA231 cells that had been treated as indicated, n = 3.

¢
(
(
(D) NADH level in total membranes and cytosol from MDA231 cells that were treated as indicated, n = 3.
(
(
(

G and H) Cell death (G) and lipid peroxidation (H) were quantified for HT1080/GPX4 KO/FSP1 OE cells that were treated with FINO2 and siRNA as indicated, n = 3.
(I) Cell death was quantified for different forms of HT1080 cells with treatment as indicated, n = 3.
Quantitative data are shown as mean + SD; ***p < 0.0005, *p < 0.005, *p < 0.05, NS p > 0.05, Student’s t test.

See also Figures S2 and S3.
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(E156A)>?° did not decrease the NADH level (Figure 4E). A
mutant FSP1 that lacks myristoylation (G2A), which cannot be
recruited to membranes,”* also did not decrease the NADH level
(Figure 4E). Further confirming that FSP1 activity was reconsti-
tuted, we found that ubiquinone on the liposomes was converted
to ubiquinol (Figure 4F). Thus, these results provided more defin-
itive support that membrane NADH generated by ALDH7A1 sup-
ports FSP1 activity.

Having reconstituted ALDH7A1 and FSP1 activities, we then
sought to reconstitute their protection against lipid peroxidation.
As phosphatidylethanolamine (PE) that contains PUFA has been
identified as a key target of ferroptosis-induced lipid peroxida-
tion,”"*> we incorporated PUFA-PE into the liposomes. We
then found that simply adding hydrogen peroxide reconstituted
lipid peroxidation, as assessed by the biosensor (Figure 4G),
which was further confirmed by the addition of liproxstatin-1
that suppressed the biosensor signal (Figure 4G). We then added
ALDH7A1-S102D and NAD, and remarkably, without adding a
substrate for ALDH7A1, we observed NADH generation (Fig-
ure 4H). As control, incubation using liposomes not treated
with hydrogen peroxide did not generate NADH (Figure 4H).
NADH also was not generated when NAD was not added (Fig-
ure 4H) or when the soluble form of ALDH7A1 (S102A) was
used (Figure 4H). Thus, we have not only reconstituted lipid per-
oxidation but also revealed that lipid peroxidation generates
substrates for ALDH7A1 activity.

We next sought to reconstitute FSP1 activity in this setting.
After reconstituting ALDH7A1 activity using liposomes that
had been subjected to lipid peroxidation, we found that the
subsequent addition of FSP1 decreased the NADH level (Fig-
ure 4l). As control, the NADH level was not decreased when
the catalytic-dead form of FSP1 was used (Figure 4l). We
also confirmed that reconstituting FSP1 activity led to
decreased lipid peroxidation, as assessed by the biosensor
(Figure 4J). Further notable was that reconstituting only
ALDH7A1 activity led to a partial decrease in lipid peroxidation
(Figure 4J). Thus, the results revealed that ALDH7A1 protects
against lipid peroxidation through two complementary mecha-
nisms: by supporting FSP1 activity and by an FSP1-indepen-
dent mechanism.

¢ CellP’ress

To elucidate this FSP1-independent mechanism, we were led
by the consideration that ALDH7A1 converts aldehydes to car-
boxylates.”"® Thus, as lipid peroxidation generates reactive alde-
hydes, for which 4-hydroxynonenal (4-HNE) and malonaldehyde
(MDA) are considered prototypic ones,?” we first confirmed
that our reconstitution of lipid peroxidation generated 4-HNE
(Figure 5A) and MDA (Figure 5B). We then found that reconstitut-
ing ALDH7A1 activity reduced the level of both aldehydes
(Figures 5A and 5B).

In principle, this reduction could be due to ALDH7A1 activity
preventing the generation of these aldehydes rather than
consuming them. Thus, to distinguish between these two possi-
bilities, we added these aldehydes to liposomes that had not
been subjected to lipid peroxidation. We then incubated these li-
posomes with the membrane-bound form of ALDH7A1 (S102D)
and NAD and found that the levels of both added aldehydes were
decreased (Figures 5C and 5D), confirming that ALDH7A1 re-
duces the levels of these aldehydes by consuming them. We
also confirmed that the added aldehydes were recruited to lipo-
somes, as NADH generation by ALDH7A1 was dependent on the
S$102D form (Figures 5E and 5F).

We next sought to confirm the above findings in cells. Upon
siRNA against ALDH7A1, we found that both 4-HNE (Figure 5G)
and MDA (Figure 5H) levels in MDA231 cells were increased, and
notably, siRNA against FSP1 did not have a similar effect. We
also performed rescues and found that the expression of the
S$102D but not the S102A form of ALDH7A1 prevented the in-
creases (Figures 51 and 5J). Thus, these results provided cell-
based support that the FSP1-independent mechanism of pro-
tection against lipid peroxidation involves ALDH7A1 activity
decreasing the level of reactive aldehydes.

We next considered that hydrogen peroxide is a relatively
weak inducer of lipid peroxidation. Thus, we examined whether
the use of (E)-1,2-bis((2-methyldecan-2-yl)oxy)diazen (DTUN),
which is a stronger inducer of lipid peroxidation,?® would lead
to similar results. We first confirmed that lipid peroxidation of li-
posomes was similarly reconstituted upon adding DTUN, as as-
sessed by the biosensor, which was further confirmed by the
addition of liproxstatin-1 that suppressed the biosensor signal
(Figure S4A). Moreover, the addition of ALDH7A1 decreased

Figure 4. Reconstituting protection against lipid peroxidation by ALDH7A1 and FSP1

(A) Direct interaction between ALDH7A1 and FSP1 was assessed by a pull-down experiment using purified components, n = 2.

(B) Liposomes were incubated with NAD, octanal, and ALDH7A1 form as indicated, and then NADH level on liposomes was quantified, n = 3.

(C) Liposomes were incubated with NAD, octanal, and ALDH7A1 form as indicated, and then the levels of liposome-bound NADH and soluble NADH were

quantified, n = 3.

(D and E) NADH level, as tracked by OD at 340 nm, was quantified upon reconstituting ALDH7A1 activity (by incubating liposomes with NAD, octanal, and

ALDH7A1) and upon the further addition of FSP1 forms as indicated, n = 3.

(F) CoQ10 ox/red ratio comparing when both ALDH7A1 and FSP1 activities were reconstituted versus when neither activity was reconstituted, n = 3.
(G) Lipid peroxidation of liposomes in different conditions as indicated was assessed by confocal microscopy detecting the biosensor, n = 3. A representative

experiment is shown having primary images, bar: 10 pm, and quantitation.

(H) NADH level, as tracked by OD at 340 nm, was quantified, comparing when ALDH7A1 activity was reconstituted (by incubating liposomes subjected to
hydrogen peroxide with NAD and ALDH7A1) versus conditions when different components are omitted or when mutant ALDH7A1 was used, n = 3.

(I) NADH level, as tracked by OD at 340 nm, was quantified upon reconstituting ALDH7A1 activity (by incubating liposomes that had been exposed to hydrogen
peroxide with NAD and ALDH7A1) and upon the further addition of FSP1 forms as indicated, n = 3.

(J) Lipid peroxidation of liposomes in different conditions as indicated was assessed by confocal microscopy detecting the biosensor, n = 3. A representative

experiment is shown having primary images, bar: 10 um, and quantitation.

Quantitative data are shown as mean + SD; **p < 0.0005, Student’s t test.
See also Figure S4.
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Figure 5. ALDH7A1 also protects against ferroptosis by consuming reactive aldehydes

(A-D) 4-HNE (A and C) or MDA (B and D) level was quantified upon the incubation of liposomes with different components as indicated, n = 3.
(E and F) NADH level was quantified upon the incubation of liposomes with different components as indicated, n = 3.

(G-J) 4-HNE (G and I) or MDA (H and J) level in MDA231 cells upon treatment as indicated, n = 3.

Quantitative data are shown as mean + SD; ***p < 0.0005, **p < 0.005, NS p > 0.05, Student’s t test.

the lipid peroxidation, and the further addition of FSP1
decreased lipid peroxidation even more (Figure S4B). We also
confirmed that the DTUN-induced lipid peroxidation provided
substrates for ALDH7A1 activity, as simply adding ALDH7A1 in
its membrane-bound form (S102D) along with NAD to the
DTUN-exposed liposomes but without adding a substrate for
ALDH7AA1, resulted in NADH generation (Figure S4C). As control,
incubation using liposomes not treated with DTUN did not
generate NADH (Figure S4D). NADH also was not generated
when NAD was not added (Figure S4E) or when the soluble
form of ALDH7A1 (S102A) was used (Figure S4F). We also
confirmed that DTUN-treated liposomes enabled FSP1 activity
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to be reconstituted, which required the wild-type FSP1 (Fig-
ure S4G) but not the catalytic-dead form (Figure S4H). Further-
more, the DTUN-treated liposomes generated the reactive alde-
hydes, 4-HNE (Figure S4l) and MDA (Figure S4J), whose levels
were reduced upon the addition of ALDH7A1. Thus, the results
from using DTUN to induce lipid peroxidation paralleled those
using hydrogen peroxide as the inducer.

ALDH7A1 recruits FSP1 to membranes

We then uncovered a third way that ALDH7A1 protects against
ferroptosis. The initial insight came from our attempt to reconsti-
tute FSP1 activity. As a control, we incubated myristoylated
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Figure 6. A signaling cascade regulates FSP1 recruitment to membrane
(A) FSP1 level on membrane (P) and in supernatant (S) upon the incubation of myristoylated FSP1 with liposomes and ALDH7A1 form as indicated, n = 2.

(B) Direct interaction between FSP1 and ALDH7A1 as glutathione S-transferase (GST) fusion proteins, as assessed by a pull-down experiment involving purified
components, n = 2.

(C) FSP1 and Cbv levels on total membranes and in cytosol from MDA231 cells that were treated as indicated (RSL3, 100 nM), n = 2.

(legend continued on next page)
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FSP1 alone with liposomes and discovered that it could not be
recruited to these membranes (Figure 6A). Instead, the presence
of ALDH7A1 was needed for FSP1 recruitment, which required
the membrane-bound (S102D) but not the soluble (S102A)
form of ALDH7A1 (Figure 6A). This finding also provided a way
of assessing functionally the degree that our purified FSP1 was
myristoylated. Whereas the wild type was completely recruited
to liposomes, the mutant (G2A) remained completely soluble
(Figure S5A), suggesting that the wild type form that we had
generated was completely myristoylated. To further elucidate
how ALDH7A1 recruits FSP1 to membrane, we found that the
S102D form could interact directly with FSP1, while the S102A
form could not (Figure 6B). Thus, besides its myristoylation,
FSP1 must also interact with the membrane-bound (S102D)
form of ALDH7A1 for stable recruitment to membranes.

We next confirmed that ALDH7AT1 is also critical for the mem-
brane localization of FSP1 in cells, as the replacement of endog-
enous ALDH7A1 with the S102D form promoted the membrane
localization of FSP1, while the expression of the S102A form pre-
vented this localization (Figure S5B). We also transfected FSP1 in
cells for its overexpression and found that FSP1 recruitment was
enhanced (Figure S5C), which suggested why previous studies
that had transfected FSP1 seemingly detected FSP1 mostly on
membranes by microscopy,*° as this approach favors the detec-
tion of proteins on membranes over their cytosolic form.

We next found that increasing ferroptotic stress by RSL3 treat-
ment induced the membrane recruitment of endogenous FSP1 in
MDA231 cells, and notably this recruitment was prevented by
siRNA against ALDH7A1 (Figure 6C). Similar findings were
observed for multiple other cell types (Figures S5D-S5F). We
also ruled out an alternate explanation that RSL3 treatment
increased FSP1 expression (Figure S5G). Furthermore, siRNA
against other ALDH members did not prevent the membrane
recruitment of FSP1 induced by RSL3 treatment (Figure S5H),
thus supporting the specificity by which ALDH7A1 recruits
FSP1 to membranes.

The discovery that ALDH7A1 recruits FSP1 to membranes
also suggested a way to determine whether FSP1 activity is
the main consumer of membrane NADH in cells. We first
confirmed that the membrane recruitment role of ALDH7A1 did
not require its catalytic activity, as the expression of the cata-
lytic-dead ALDH7A1 still supported the ability of RSL3 treatment
to recruit FSP1 to membranes (Figure 6D). We then found that
the expression of this mutant ALDH7A1 resulted in a markedly
reduced level of membrane NADH (Figure 6E). Thus, by creating
a condition in which FSP1 could be recruited to membranes, but
ALDH7A1 could not generate membrane NADH, we have re-

Cell

vealed that FSP1 activity is a dominant consumer of membrane
NADH in cells.

A signaling mechanism regulating FSP1 activity

We next sought to elucidate how ferroptotic stress induces the
membrane recruitment of FSP1 through ALDH7A1. Guided by
our previous finding that the phosphorylation of the S102 residue
in ALDH7A1 by AMP-activated protein kinase (AMPK) recruits
ALDH7A1 to membrane,’® we initially found that treating cells
with an AMPK inhibitor, compound C, prevented RSL3 treatment
from promoting the membrane recruitment of FSP1 (Figure 6F).
Similar results were obtained when cells were treated with siRNA
against AMPK (Figure 6F). Conversely, treatment with AMPK ac-
tivators, either 5-aminoimidazole-4-carboxamide ribonucleotide
(AICAR) or A-769662, resulted in FSP1 being recruited to mem-
branes without the need for RSL3 treatment (Figure 6G).

We also performed an in vitro kinase assay to confirm that
AMPK phosphorylates ALDH7AT1 rather than FSP1 (Figure 6H).
Moreover, to gather further support that ALDH7A1 mediates
the ability of AMPK to regulate FSP1 recruitment, we found
that AMPK activation could no longer induce FSP1 recruitment
when the endogenous ALDH7A1 was replaced with the S102A
form (Figure 6l). Conversely, when endogenous ALDH7A1 was
replaced by the S102D form, siRNA against AMPK could no
longer redistribute membrane FSP1 to the cytosol (Figure 6l).

To complement these biochemical findings, we next pursued
morphologic analysis using confocal microscopy. We first
confirmed the specificity of the antibodies used to detect endog-
enous FSP1, as immunostaining was abolished in FSP1 KO cells
(Figure S6A). We then found that RSL3 treatment enhanced the
colocalization of ALDH7A1 and FSP1 (Figure S6B). Furthermore,
treatment with compound C or siRNA against AMPK prevented
the ability of RSL3 treatment to promote this colocalization (Fig-
ure S6C), while treatment with AICAR or A-769662 bypassed the
need for RSL3 treatment in enhancing the colocalization
(Figure S6D).

To elucidate the membrane compartments that have recruited
ALDH7A1 and FSP1, we next performed colocalization studies
using organelle markers and detected both ALDH7A1 and
FSP1 at similar levels on the plasma membrane (Figure S7A),
endoplasmic reticulum (Figure S7B), the Golgi complex (Fig-
ure S7C), and lipid droplets (Figure S7D). Moreover, ferroptotic
stress enhanced the recruitment of both proteins to these organ-
elles, except for the ER (Figure S7B).

We then sought insight into how ferroptotic stress activates
AMPK. A variety of energy stresses can activate AMPK, which
can be detected by the phosphorylation of its T172 residue.?®

(D) FSP1 and Cbv levels on total membranes and in cytosol from MDA231 cells that expressed different ALDH7A1 forms and treated as indicated (RSL3, 100 nM),

n=2.

(E) NADH level in total membranes and cytosol from MDA231 cells that express different forms of ALDH7A1 as indicated, n = 3.

(F and G) FSP1 and Cbv levels on total membranes and in cytosol from MDA231 cells that were treated as indicated (RSL3, 100 nM), n = 2.

(H) Assessing phosphorylation of ALDH7A1 and FSP1 by AMPK by an in vitro kinase assay, n = 2. Upper panel shows P®2 incorporation.

() FSP1 and Cbv levels on total membranes and in cytosol from MDA231 cells that expressed different ALDH7A1 forms and treated as indicated, n = 2.

(J) AMPK phosphorylation in MDA231 cells that were treated as indicated, n = 2.

(K) Total ATP level in MDA231 cells that were treated as indicated (RSL3, 100 nM), n = 3.
(L) Summarizing how ferroptosis induction recruits ALDH7A1 and FSP1 to membranes.

Quantitative data are shown as mean + SD; **p < 0.0005, Student’s t test.
See also Figures S5, S6, and S7.
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Figure 7. Higher ferroptotic stress is needed to activate the signaling cascade in H460 cells

(A) ALDH7A1, FSP1, and Cbuv levels on total membranes and in cytosol from H460 cells that were treated as indicated (RSL3, 100 nM), n = 2.

(B) FSP1 and Cbv levels on total membranes and in cytosol from H460 cells that expressed ALDH7A1 form and treated (RSL3, 100 nM) as indicated, n = 2.
(C) ALDH7A1, FSP1, and Cbv levels on total membranes and in cytosol from H460 cells that were treated as indicated, n = 2.

(D) AMPK phosphorylation in H460 cells that were treated as indicated, n = 2.

(E) Total ATP level in H460 cells that were treated as indicated, n = 3.

(legend continued on next page)
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We found that RSL3 treatment enhanced AMPK phosphorylation
at this residue (Figure 6J). Furthermore, RSL3 treatment
decreased the cellular ATP level (Figure 6K). Thus, the findings
altogether revealed a signaling cascade that regulates the mem-
brane recruitment of FSP1 by ALDH7A1. Upon the induction of
ferroptotic stress, the cellular ATP level becomes decreased,
which activates AMPK to phosphorylate ALDH7A1 that then re-
sults in ALDH7A1 being localized to membranes for the stable
recruitment of FSP1 (summarized in Figure 6L). A key implication
of this mechanism is that, rather than operating constitutively,
FSP1 activity is regulated, being activated acutely by ferroptotic
stress through signaling.

Susceptibility to ferroptosis regulates the activation of
the signaling mechanism

We next noted that a previous survey of cell types had found that
the expression level of FSP1 largely correlates with the degree
that cells are dependent on FSP1 for protection against ferropto-
sis.* However, some cells, such as H460, only showed FSP1 de-
pendency when high level of ferroptotic stress was induced.”
Thus, we wondered whether the signaling mechanism that we
have elucidated may shed insight into an explanation.

We initially found that ferroptotic stress induced by the usual
dose of RSL3 treatment (100 nM) could not promote the mem-
brane recruitment of either ALDH7A1 or FSP1 in H460 cells (Fig-
ure 7A), consistent with a defect in the signaling cascade. To
pinpoint the defect, we next replaced the endogenous
ALDH7A1 with the S102D form and found that FSP1 could be re-
cruited to membranes without the need for RSL3 treatment (Fig-
ure 7B), suggesting that the ability of ALDH7A1 to recruit FSP1
was intact in these cells. We next activated AMPK pharmacolog-
ically and found that FSP1 could be recruited to membrane
without RSL3 treatment (Figure 7C). Thus, this part of the
signaling cascade was also intact. We then found that the usual
dose of RSL3 treatment (100 nM) could not activate AMPK, but
rather, high-dose RSL3 treatment (1 pM) was needed, as re-
flected by AMPK phosphorylation at its T172 residue (Figure 7D).
This higher dose of RSL3 treatment was also needed to reduce
the cellular ATP level (Figure 7E). Thus, the collective results re-
vealed that ferroptotic stress has impaired ability to reduce the
cellular ATP level in H460 cells.

To further characterize this defect, we were led by our survey
above of cell types that had revealed H460 and MCF7 cells to
have similarly low susceptibility to ferroptotic stress and low
membrane NADH level. As such, we explored whether, like the
case of MCF7 cells, overexpressing ACSL4 in H460 cells would
also increase their susceptibility to ferroptotic stress. We initially
confirmed that ACSL4 overexpression (Figure 7F), by itself, did
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not activate the signaling cascade, as assessed by AMPK acti-
vation (Figure 7G). Rather, ACSL4 overexpression resulted in
H460 cells becoming more susceptible to ferroptotic stress, as
reflected by enhanced cell death when treated with the standard
dose (100 nM) of RSL3 (Figure 7H). This treatment also
decreased the cellular ATP level (Figure 71) and induced FSP1
recruitment to membranes (Figure 7J).

We next found that this conversion of H460 cells resulted in
them being more dependent on ALDH7A1 and FSP1 for protec-
tion against ferroptosis, as assessed by cell death (Figure 7K)
and lipid peroxidation (Figure 7L). Moreover, this increased de-
pendency was associated with higher level of membrane
NADH (Figure 7M). Thus, the results altogether suggested a
nuanced explanation for how H460 cells are dependent on
FSP1 for protection against ferroptotic stress. Because they nor-
mally express relatively low level of ACSL4, they are relatively
resistant to ferroptotic stress. However, when faced with high
level of ferroptotic stress, their dependence on FSP1 for protec-
tion becomes apparent.

DISCUSSION

We have advanced a fundamental understanding of NADH.
Whereas its currently known roles involve the soluble form, we
find that NADH exists at significant levels on cellular membranes.
Further characterizing this previously unappreciated pool, we
find that membrane NADH is maintained by binding to both pro-
teins and lipids on membranes. The latter is surprising, as NADH
has not been expected to bind directly to lipids. We then find that
membrane NADH level is controlled by ALDH7A1 activity. We
also find that membrane NADH behaves as a distinct pool
from soluble NADH and elucidate a mechanism to explain how
these two pools are compartmentalized.

Having defined these key properties of membrane NADH, we
then identified its function, finding that membrane NADH gener-
ated by ALDH7A1 supports FSP1 activity. This conclusion is
supported initially by cell-based studies and then more defini-
tively through reconstitution studies that use purified compo-
nents. In this regard, although a recent study has suggested
that ALDH1A3 supports FSP1 activity by generating NADH,*°
only cell-based studies were done, and thus indirect effects
cannot be ruled out. The reconstitution approach has also
enabled us to elucidate a second way that ALDH7A1 protects
against ferroptosis. Upon reconstituting lipid peroxidation, we
find that simply reconstituting ALDH7A1 activity affords partial
protection against lipid peroxidation. Characterizing this FSP1-
independent mechanism, we find that ALDH7A1 activity con-
sumes reactive aldehydes on membranes. Thus, whereas the

(F) Confirming the expression of transfected ACSL4 in H460 cells, n = 2.

(G) AMPK phosphorylation in H460 cells that were treated or transfected as indicated, n = 2.
(H) Cell death was quantified for H460 cells that were transfected as indicated and treated with RSL3 (100 nM), n = 3.

(l) Total ATP level in H460 cells that were treated as indicated, n = 3.

(J) ALDH7A1, FSP1, and Cbv levels on total membranes and cytosol from H460 cells that were transfected and treated as indicated (RSL3, 100 nM), n = 2.
(K) Cell death was quantified for H460 cells that were treated as indicated, n = 3.

(L) Lipid peroxidation was quantified for H460 cells that were treated as indicated, n = 2. A representative experiment is shown.

(M) NADH level in total membranes and cytosol from H460 cells that were treated as indicated (RSL3, 100 nM), n = 3.

Quantitative data are shown as mean + SD; **p < 0.0005, **p < 0.005, *p < 0.05, NS p > 0.05, Student’s t test.
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only well-established physiologic substrate of ALDH7A1 is anin-
termediate in lysine metabolism,'? our finding that ALDH7A1 ac-
tivity can be reconstituted simply by inducing lipid peroxidation
implicates many more physiologic substrates of ALDH7A1 activ-
ity than currently appreciated.

We have discovered yet a third way that ALDH7A1 protects
against ferroptosis, which involves regulating FSP1 recruitment
to membrane. This finding has led us to reveal a signaling mech-
anism that regulates FSP1 activity, which introduces a new para-
digm in the understanding of how FSP1 acts. Rather than oper-
ating constitutively, FSP1 activity is regulated, being activated by
ferroptotic stress.

We have also shed insight into why cells exhibit varying levels
of membrane NADH and dependency on FSP1 for protection
against ferroptosis. When cells are less susceptible to ferropto-
sis, such as having low ACSL4 level, membrane NADH level is
relatively low because cells are less dependent on FSP1 for pro-
tection. In contrast, when cells are more susceptible to ferropto-
sis, as seen with higher ACSL4 expression levels, membrane
NADH levels become higher because FSP1 activity takes on
greater importance. A general implication of these findings is
that cells cannot be viewed simply as being either FSP1-depen-
dent or FSP1-independent, but rather, acting along a continuum,
having the capacity to recruit the FSP1 mechanism when ferrop-
totic stress becomes overwhelming. As such, we have advanced
a fundamental understanding of not only how NADH acts but
also how the cell protects against ferroptosis.

Limitations of the study

We have examined a variety of cell lines to suggest that our
findings are generalizable. However, a more extensive survey
of cell types will be needed for definitive confirmation. Further
studies will also be needed to provide a better understanding
of other key findings. We have found that NAD, like NADH,
also exists at significant levels on membrane with ALDH7A1 ac-
tivity likely converting membrane NAD to membrane NADH.
Thus, how membrane NAD is generated will need to be defined.
We have also found that ferroptotic stress enhances the recruit-
ment of both ALDH7A1 and FSP1 to multiple intracellular com-
partments. An exception is their ER distribution, and thus future
studies will be needed to explain this anomaly. We have further
discovered that the myristoylation of FSP1 is not sufficient for
its membrane recruitment. Rather, FSP1 must also interact
with the phosphorylated form of ALDH7A1. A mechanistic
implication of this finding is that the dephosphorylation of
ALDH7A1 would release FSP1 from membrane, and thus future
studies will also be needed to identify the phosphatase that is
predicted to trigger this release.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

Rabbit anti-ALDH7A1 (WB 1:1000, IF 1:500) This lab N/A

Rabbit anti-FSP1 (WB 1:5000, IF 1:200)

Rabbit anti-p-actin (WB 1:1000)

Rabbit anti-cellubrevin (Cbv, WB 1:1000)
Mouse anti-GAPDH (WB 1:1000)

Flag epitope (WB 1:1000)

HA epitope (WB 1:200)

Myc epitope (WB 1:200)

Mouse monoclonal anti-GFP (WB 1:1000)
Mouse monoclonal anti-FSP1 (AMID,WB 1:500)
Mouse monoclonal anti-ACSL4 (WB 1:100)
Mouse monoclonal anti-COX4 (WB 1:100)
Mouse monoclonal anti-Coatomer (IF 1:10)
Rabbit anti-AMPKa1 (WB 1:500)

Rabbit anti-phospho-substrates of AMPK (WB 1:500)
Rabbit anti-6xHis epitope (WB 1:1000)

Rabbit anti-GFP (WB 1:1000)

Rabbit anti-GST (WB 1:1000)

Rabbit anti-GM130 (WB 1:1000)

Rabbit anti-Sec61 (WB 1:1000)

Mouse anti-Na-K ATPase (WB: 1:50)

Mouse monoclonal anti-Calnexin (AF8) (WB: 1:100)
Rabbit anti-Lamp1 (WB: 1:100)

Proteintech

Cell signaling
This lab
Invitrogen
Invitrogen

Santa Cruz

This lab

Thermo Scientific
Santa Cruz
Santa Cruz
Santa Cruz
James Rothman (Yale)
Cell signaling
Cell signaling
Santa Cruz
Thermo Scientific
Santa Cruz
Sigma-Aldrich
Abcam

Abcam

Michael Brenner (Harvard)

Abcam

20886-1-AP; RRID:AB_2878756
8456: RRID:AB_10998774

N/A

AM4300: RRID:AB_2536381
MA1-91878; RRID:AB_1957945
sc-7392; RRID:AB_627809

N/A

MAS5-15256; RRID:AB_10979281
sc-377120; RRID:AB_2893240
sc-271800; RRID:AB_10715092
sc-376731; RRID:AB_2904544
CM1A10

2603S; RRID:AB_490795
5759S; RRID:AB_10949320
sc-8036; RRID:AB_627727
MA5-15256; RRID:AB_10979281
sc-138; RRID:AB_627677
G7295; RRID:AB_532244
ab15576; RRID:AB_301985

N/A

N/A

ab24170; RRID:AB_775978

HRP donkey anti-mouse IgG (WB 1:10,000)
HRP donkey anti-rabbit IgG (WB 1:10,000)
Cy2 donkey anti-mouse IgG (IF 1:200)

Cy2 donkey anti-rabbit IgG (IF 1:200)

Cy3 goat anti-mouse IgG (IF 1:200)

Cy3 donkey anti-rabbit IgG (IF 1:200)

Cy3 donkey anti-sheep IgG (IF 1:200)

715-035150; RRID: AB_2340770
711-035-152; RRID: AB_10015282
715-545-150; AB_2340846

711- 545-152: AB_2340846
115-165-062; RRID: AB_2338685
711-165-152; RRID: AB_2307443
713-165-147; RRID: AB_2315778

Jackson ImmunoResearch
Jackson ImmunoResearch
Jackson ImmunoResearch
Jackson ImmunoResearch
Jackson ImmunoResearch
Jackson ImmunoResearch
Jackson ImmunoResearch

Bacterial and virus strains

BL21 Thermo Scientific EC0114
DH5¢. Thermo Scientific 18265017

Chemicals, peptides, and recombinant proteins

NAD Sigma-Aldrich N0632
NADH Sigma-Aldrich N8129
Hydrogen peroxide Sigma-Aldrich H1009
Octanal Sigma-Aldrich 05608
Rotenone Sigma-Aldrich 557368
Ubiquinone Sigma-Aldrich C9538
Antimycin A Sigma-Aldrich A8674
A-769662 Cayman Chemicals 11900

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
AICAR Cell signaling 9944
RSL3 Cayman Chemicals 19288
Erastin Cayman Chemicals 17754
Liproxstatin-1 Sigma-Aldrich 950455-15-9
Ferrostatin-1 Cayman Chemicals 17729
DFO Cayman Chemicals 14595
FINO2 Cayman Chemicals 25096
Z-VAD-FMK Cayman Chemicals 14467
Necrostatin-1 Cayman Chemicals 11658
4-HNE Sigma-Aldrich 393204
MDA Sigma-Aldrich SMBO00976
DTUN Cayman Chemicals 32742
Cholesterol Avanti Polar Lipids 700100
Sphingomyelin Avanti Polar Lipids 860061
Dioleoyl-phosphatidylcholine (DOPC) Avanti Polar Lipids 850375
Dioleoyl-phosphatidylethanolamine (DOPE) Avanti Polar Lipids 850725
Dioleoyl-phosphatidylserine (DOPS) Avanti Polar Lipids 840035
Dioleoyl-phosphatidylinositol (DOPI) Avanti Polar Lipids 850149
Phosphatidic acid (PA) Avanti Polar Lipids 840875
1-stearoyl-2-arachidonoyl-sn-glycero- Avanti Polar Lipids 850804
3-phosphoethanolamine (PUFA-PE)

C11 BODIPY 581/591 Invitrogen D-3861
FM4-64FX Invitrogen F34653
LipidSpot 488 Lipid Droplet stain Biotium 70065
Recombinant ALDH7A1 Yang et al."® N/A
Recombinant myristoylated FSP1 This paper N/A
Critical commercial assays

NAD/NADH Measurement Kit Sigma-Aldrich MAKO037
NADP/NADPH Measurement Kit Sigma-Aldrich MAK479
MDA Measurement Kit Sigma-Aldrich MAKO058
4-HNE Measurement Kit Abcam ab238538
Mitochondria / Cytosol Fractionation Kit Sigma-Aldrich MIT1000
Site-directed mutagenesis kit Quickchange Il Agilent 200521
Phusion High-Fidelity PCR Master Mix with HF Buffer Biolabs M0531S
PrestoBlue Cell Viability Reagent Invitrogen A13261
Experimental models: Cell lines

Hela ATCC N/A
HEK 293 ATCC N/A
MEF ATCC N/A
MDA-MB-231 Joan Brugge (Harvard) N/A
MDA-MB-436 Joan Brugge (Harvard) N/A
MDA-MB-453 Joan Brugge (Harvard) N/A
MCF7 Joan Brugge (Harvard) N/A
H460 Joan Brugge (Harvard) N/A
A549 Joan Brugge (Harvard) N/A
Primary synoviocytes Michael Brenner (Harvard) N/A
NIH-3T3 Michael Brenner (Harvard) N/A
HT1080 Doll et al.**' N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
HT1080/GPX4 KO Doll et al.**" N/A
HT1080/GPX4 KO/FSP1 OE Doll et al.**" N/A
HT1080/ GPX4 KO/ FSP1 OE/ ALDH7A1 KO This paper N/A
H460 KO Nakamura et al.”* N/A
Experimental models: Organisms/strains

NSG mice Jackson Laboratory N/A
Oligonucleotides

ALDH7A1 (E268Q) primer forward: This paper N/A
5’-gggagaagtctgttgcaacttggaggaaacaatgcc-3'

ALDH7A1 (E268Q) primer reverse: This paper N/A
5’-ggcattgtttcctccaagttgcaacagacttctcce-3

ALDH7A1 (S102A) primer forward: This paper N/A
5’-aagatccaagtactaggagccttggtgtctttggagatgggg-3’

ALDH7A1 (S102A) primer reverse: This paper N/A
5'-ccccatctccaaagacaccaaggctcctagtacttggatett-3/

ALDH7A1 (S102D) primer forward: This paper N/A
5'-aagatccaagtactaggagacttggtgtctttggagatgggg-3’

ALDH7A1 (S102D) primer reverse: This paper N/A
5’-ccccatctccaaagacaccaagtctcctagtacttggatctt-3

LbNOX subclonal primer forward: This paper N/A
5’-ATCGGATCCATGAAGGTCACCGTGG-3’

LbNOX subclonal primer reverse: This paper N/A
5’-ATCGCTCGAGCATAGATCCACCAGATCC-3

siRNA #1 for human ALDH7A1: Yang et al."® N/A
5’-gcagugagcauguuucuugtt-3’ (sense strand)

siRNA #2 for human ALDH7A1: Yang et al."® N/A
5’-gcacagcaatggccaaagatt-3’ (sense strand)

siRNA for mouse ALDH7A1: Yang et al.'® N/A
5’-gcagugagcauguuugugatt-3’ (sense strand)

siRNA for human ALDH1A1: Moreb et al.”’ N/A
5’-gaacagugugggugaauuguu-3’ (sense strand)

siRNA for human ALDH2: Moreb et al.*’ N/A
5’-caucucuuaccugguagautt-3’ (sense strand)

siRNA for human ALDH3A1: Tiedemann et al.*? N/A
5’-gaagaugauugcagagacatt-3’ (sense strand)

siRNA for human ALDH5A1: Tiedemann et al.* N/A
5’-cggaagugguacaauuuaatt-3’ (sense strand)

siRNA for human AMPKa1: Yang et al.*® N/A
5’-agugaagguuggcaaacautt-3’ (sense strand)

siRNA #1 for human FSP1: Lu et al.* N/A
5’-gcaccggcaucaagaucaatt -3’ (sense strand)

siRNA #2 for human FSP1: Lu et al.** N/A
5’-GCUGCCUCUCAAUGAGUAUTT -3’ (sense strand)

siRNA for human ACSL4: Li et al.®® N/A
5’-gaggcuuccuaucugauuatt-3’ (sense strand)

Human ALDH7A1 si resistant primer reverse: Yang et al."® N/A
5'-cactgctccaagaaacatcgacactgcctgettggtgtg-3’

Recombinant DNA

ALDH7A1 in pcDNA3 Yang et al.'® N/A
ALDH7A1 in pEGFP-N1 Yang et al.'® N/A
ALDH7A1 in pET-15b Yang et al.'® N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

LbNox in pcDNA3 This paper N/A

FSP1 in pET3c-FSP1 This paper N/A

FSP1 in pEGFP-N1 This paper N/A
N-myristoyltransferase in pBB131 Yang et al."® N/A

CRISPR/Cas9 KO plasmid Santa Cruz sc-417902

Software and algorithms

GraphPad Prism 9 GraphPad https://www.graphpad.com
XFe24 Extracellular Flux Analyzer Seahorse Biosciences https://www.agilent.com/
Fiji: ImageJ Fiji https://fiji.sc/

Other

Genedet Plus SignaGen SL100499

PepMute SignaGen SL100566

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cells

Hela, HEK 293 and MEF were obtained from American Type Culture Collection (ATCC). MDA231, MDA436, MDA453, MCF7, H460,
and A549 cells were gifts from Joan Brugge (Harvard Medical School, Boston, MA). Synoviocytes and NIH-3T3 cells were gifts from
Michael Brenner (Brigham and Women’s Hospital and Harvard Medical School, Boston, MA). Cells were cultured in Dulbecco’s
Modified Eagle Medium (DMEM) with 10% fetal bovine serum and supplemented with glutamine and gentamicin. HT1080,
HT1080/ GPX4 KO, HT1080/ GPX4 KO/ FSP1 OE, and H460/ FSP1 KO cells have been described previously.?>* To generate
HT1080/ GPX4 KO/ FSP1 OE/ ALDH7A1 knockout cells, CRISPR-mediated knockout of ALDH7A1 in HT1080/ GPX4 KO/ FSP1
OE cells was performed, using the human antiquitin CRISPR/Cas9 KO plasmid from Santa Cruz (sc-417902) according to manufac-
turer’s instructions. Single cell cloning was then performed to achieve a uniform population of ALDH7A1 KO cells. For cells that
require culturing with antioxidant for survival, Liproxstatin-1 (0.2 uM) or Ferrostatin-1 (2 uM) was added to the medium.

Animals

48 hours prior to tumor cell implantation into mice, 1 million cells were plated into a 10 cm dish and cultured in media lacking
ferrostatin-1. At the time of injection, all cell lines contained more than 90% viability as assessed via trypan blue staining. For tumor
growth studies, 50,000 cells were resuspended in 100 ul of sterile PBS and injected into the dorsal left flank of 6-8 weeks old male
NSG mice (n= 3-5 mice per group). Liproxstatin-1 (10 mg/kg) or solvent was administered intraperitoneally daily. Tumor size was
measured at least once per week or at the indicated timepoints using a vernier caliper. Estimated tumor volume was determined us-
ing the following formula: Tumor volume = length x width?/2, where length represents the largest tumor diameter and width repre-
sents the perpendicular tumor diameter. Twenty-one days after tumor cell implantation, mice were euthanized and dissected tumors
were weighed. All animal studies were performed in accordance with guidelines from the institution committee on animal care.

METHOD DETAILS

Chemicals

NAD, NADH, octanal, and hydrogen peroxide were obtained from Sigma. A-769662, AICAR, RSL3, DTUN, Erastin, Liproxstatin-1,
Ferrostatin-1, DFO, FINO2, zVAD-FMK, and Necrostatin-1 were obtained from Cayman Chemicals. These chemicals were added
for 24 hours in cell death assays, and 2 hours in all other assays that include examination of lipid peroxidation, NADH level, membrane
recruitment, and intracellular colocalizations. Cholesterol, sphingomyelin, dioleoyl-phosphatidylcholine (DOPC), dioleoyl-phospha-
tidylethanolamine (DOPE), dioleoyl-phosphatidylserine (DOPS), dioleoyl-phosphatidylinositol (DOPI), phosphatidic acid (PA), and
1-stearoyl-2-arachidonoyl-sn-glycero-3-phosphoethanolamine (PUFA-PE) were obtained from Avanti Polar Lipids. C11 BODIPY
581/591 was obtained from Invitrogen. Detection kits for NAD/NADH, MDA and 4-HNE were obtained from Sigma.

Antibodies

Antibodies against the following have been described in our previous studies'**: ALDH7A1 (WB 1:1000, IF 1:500), B-actin (WB
1:1000) cellubrevin (Cbv, WB 1:1000), GAPDH (WB 1:1000), Flag epitope (WB 1:1000), HA epitope (WB 1:200), and Myc epitope
(WB 1:200). Antibodies against the following were obtained from commercial sources: FSP1 [mouse monoclonal (AMID, WB
1:500) and rabbit polyclonal (WB 1:5000), Santa Cruz], ACSL4 (mouse monoclonal, Santa Cruz, WB 1:100), AMPKa1 (2603S, Cell
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signaling, WB 1:500), phospho-substrates of AMPK (5759S, Cell Signaling, WB 1:500), 6xHis epitope (rabbit polyclonal, Santa Cruz,
WB 1:1000), GFP (MA5-15256, Thermo Scientific, WB 1:1000), and GST (sc-138, Santa Cruz Biotechnology, WB 1:1000). Mouse
anti-calnexin (AF8) was a gift from Michael Brenner (Brigham and Women’s Hospital and Harvard Medical School, Boston, MA)
and mouse anti-coatomer (CM1A10) was a gift from James Rothman (Yale School of Medicine, New Haven, CT). Conjugated sec-
ondary antibodies were obtained from Jackson ImmunoResearch: horseradish peroxidase-conjugated donkey antibodies against
mouse IgG (715-03 150, WB 1:10,000) and against rabbit IgG (711-035-152, WB 1:10,000), Cy2 donkey antibodies against mouse
IgG (715-225-151, IF 1:200) and against rabbit IgG (711- 225-152, IF 1:200), Cy3 goat antibody against mouse IgG (115-165-062,
IF 1:200), Cy3 donkey antibodies against rabbit IgG (711-165-152, IF 1:200) and against sheep I1gG (713-165-147, IF 1:200).

Plasmids

ALDH7A1 subcloned into mammalian expression vectors, pcDNA3.1 and pEGFP-N1, have been described previously.'® Mutant
ALDH7A1 (E268Q) was generated using QuikChange Site-Directed-Mutagenesis (Stratagene) with paired oligonucleotides: 5'-ggga-
gaagtctgttgcaacttggaggaaacaatgcc-3’ and 5'-ggcattgtttcctccaagttgcaacagacttctcce-3'. Mutant ALDH7A1 (S102A) was generated
with paired oligonucleotides: 5'-aagatccaagtactaggagccttggtgtctttggagatgggg-3’ and 5'-ccccatctccaaagacaccaaggctcctagtacttg-
gatctt-3'. Mutant ALDH7A1 (S102D) was generated with paired oligonucleotides: 5'-aagatccaagtactaggagacttggtgtctttggagatgggg-
3’ and 5'-ccccatctccaaagacaccaagtctcctagtacttggatctt-3'. FSP1 and ACSL4 subcloned into mammalian expression vectors have
been described previously.*?" LbNox was subcloned into the BamH1 and Xho1 sites in pcDNA3.1 by PCR, using primers 5’-ATCG
GATCCATGAAGGTCACCGTGG-3’ and 5'-ATCGCTCGAGCATAGATCCACCAGATCC-3’ and LbNox in pUC57 (obtained from
Addgene) as the template to generate a LbNox insert having the appropriate restriction sites.

Purification of recombinant proteins

Recombinant forms of ALDH7A1 have been described previously.'® Recombinant myristolyated FSP1 was generated by subcloning
FSP1 into the pET3c-FSP1 vector. BL21 (DE3) bacteria were then transformed with this construct along with an
N-myristoyliransferase construct. Bacteria were then pelleted, lysed, sonicated, followed by centrifugation to obtain the supernatant
that contains soluble proteins, which was then applied to a HiTrap Q column. The flow through from this column was then applied to a
Superdex 75 pg column. Fractions that contained FSP1 (as tracked by gel staining) were then pooled and applied to a hydrophobic
column, HiTrap Phenyl HP. Whereas myristoylated FSP1 binds to this column, the non-myristoylated form does not. The bound pro-
tein was then eluted from the column by a NaCl gradient (from 3M to 100 mM), with peak elution occurring at 1.5 M NaCl. Fractions
that contained FSP1 (as tracked by gel staining which detected a single band) were pooled and then dialyzed. Aliquots were then
snap frozen and stored at -80°C.

Transfection and siRNA

Transfection of DNA plasmids was performed using Gendet Plus (SL100499, SignaGen). Treatment with siRNA was performed using
PepMute (SL100566, SignaGen). Plasmid transfections occurred over 48 hours and siRNA transfections occurred over 72 hours. The
following siRNA sequences were obtained (Dharmacon) to target: human ALDH7A1, 5’-gcagugagcauguuucuugtt-3' (sense strand)
and 5'-caagaaacaugcuca cugctt-3' (complement strand), mouse ALDH7A1, 5’-gcagugagcauguuugugatt-3’ (sense strand) and
5’-ucacaaacaugcucacugctt-3’° (complement strand), human ALDH1A1, 5-gaacagugugggugaauuguu-3’ (sense strand) and
5’-caauucacccacacuguuc-3’ (complement strand), human ALDH2, 5’-caucucuuaccugguagautt-3’ (sense strand) and 5’-aucuaccag
guaagagaug-3’ (complement strand), human ALDH3A1, 5’-gaagaugauugcagagacatt-3’ (sense strand) and 5’-ugucucugcaaucau-
cuuctt-3’ (complement strand), human ALDH5A1, 5’-cggaagugguacaauuuaatt-3’ (sense strand) and 5’-uuaaauuguaccacuuccgtt-
3’ (complement strand), human AMPKa 1, 5'-agugaagguuggcaaacautt-3’ (sense strand) and 5’'-auguuugccaaccuucacutt-3’ (comple-
ment strand), human FSP1, 5’-gcaccggcaucaagaucaatt -3’ (sense strand) and 5’-uugaucuugaugccggugctt-3’ (complement strand),
and human ACSL4, 5’-gaggcuuccuaucugauuatt-3’ (sense strand) and 5’-uaaucagauaggaagccuctt-3’ (complement strand). Target-
ing specificities of these siRNAs have been documented previously.'*°*'=** Rescue plasmids for wild-type and catalytic dead
mutant of human ALDH7A1 were generated by targeting the siRNA sequence using QuikChange Site-Directed-Mutagenesis (Stra-
tagene) with paired oligonucleotides: 5'-cacaccaagcaggcagtgtcgatgtttcttggagcagtg-3’ and 5'-cactgctccaagaaacatcga-
cactgcctgettggtgtg-3'.

Subcellular fractionation

To obtain total membranes versus cytosol fractions, cells were washed with PBS, resuspended in homogenization buffer (0.25M su-
crose, 1mM EDTA, and 20mM HEPES-KOH, pH 7.4 and protease inhibitor cocktail) and then disrupted by passing through 28-gauge
needles. After low-speed centrifugation (800x g for 6 minutes) to pellet nuclei and unbroken cells, the resulting post-nuclear super-
natant was centrifuged at 100,000 x g for 1 hour to obtain cytosol and total membrane fractions. To obtain mitochondrial versus non-
mitochondrial fractions, the Mitochondria Fractionation Kit (Millipore, MIT1000) was used according to manufacturer’s instructions.

Membrane treatments

For bicarbonate treatment, 100 ug of membrane was resuspended and incubated in 100 ul of cold 0.1M Na,CO3 (pH11.0) for 30 mi-
nutes on ice. For treatment with proteinase K, 100 ug of membrane was resuspended in 100 ul of solution and then incubated with
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proteinase K (50 ug/ml) at 37°C for 1 hour, followed by incubation at 95°C for 5 minutes to deactivate proteinase K. For KCl treatment,
100ug of membrane was resuspended in 100ul of cold KCI solution that contains 10mM Hepes-KOH, 2.5mM Mg(OAc),, 200mM Su-
crose, pH7.2, and different KCI concentrations for 30 minutes at 4°C. For membrane permeabilization, 0.2% saponin treatment was
done at room temperature for 15 minutes.

Frex biosensor measurement

Hela cells were transfected with siRNA as indicated and then transfected with cyto-Frex, mito-Frex, cyto-YFP, or mito-YFP expres-
sion plasmids. Two days later, cells were trypsinized and seeded in a 96-well fluorescence microplate. After 6 h, the medium was
changed to FluoroBrite DMEM (Life Technologies), and the fluorescence intensity at 530 nm was measured using excitation wave-
lengths of 420 nm and 478 nm. The background fluorescence was subtracted and the F478/F420 fluorescence ratio was calculated.
The Frex fluorescence ratios were divided by the YFP fluorescence ratios to correct for pH-dependent effects on biosensor intensity.

Extracellular flux measurement

Oxygen consumption rate (OCR) and extracellular acidification rate (ECAR; a surrogate for lactate production) were measured using
an XFe24 Extracellular Flux Analyzer (Seahorse Biosciences). Hela cells transfected with siRNA as indicated. Cells were seeded at a
density of 25,000 cells per well 24 hour prior to the assay. For mitochondrial stress assays, oligomycin (1 uM), FCCP (0.5 uM) and
antimycin A/rotenone (0.5 uM each) were added to determine the OCR for ATP synthesis, the maximal OCR, and OCR independent
of electron transport, respectively. For glycolysis stress assays, glucose (10 mM), oligomycin (1 uM), and 2-deoxyglucose (50 mM)
were added to determine glycolytic flux and glycolytic capacity. At the conclusion of the assay, cells were stained with CyQuant
Direct (Life Technologies) to permit normalization of OCR and ECAR measurements by cell number.

Lipid peroxidation measurement

C11 BODIPY 581/591 was added to cells (final concentration 5 uM) and then incubated at 37°C for 5 minutes. Confocal microscopy
was then performed to detect the C11-ox form (green) and the C11-non-ox form (red). 10 images were randomly chosen and then
calculated for the color intensity using Image J, with values expressed as C11-ox/(C11-ox+C11-non-ox).

Ubiquinone/ubiquinol measurement

These coenzyme Q10 (CoQ10) forms were measured using UHPLC coupled electrospray ionization tandem mass spectrometry,
adapting from previously established method 35. In brief, samples were extracted using 1- propanol containing butylhydroxytoluene
as an antioxidant with glass bead homogenization and addition of deuterated oxidized coenzyme Q10 (CoQ10-d10) as an internal
standard. After centrifugation, supernatants were analyzed using AB Sciex 4000 or 6500 Q-Trap instruments coupled with Exion
or Shimadzu UHPLC systems. Chromatography was carried out with a C8 reverse-phase column (Waters ACQUITY UPLC BEH
C8, 2.1 X50 mm, 1.7 um) maintained at 40°C. Samples were loaded in water and isocratic elution was performed using 100% meth-
anol containing 5 mM ammonium formate at a flow rate of 0.4 mL/min. We monitored the following precursor/product ion pairs for the
indicated analytes: m/z 881/197.1 (UN10, DP 90V, CE 36V), m/z 882.8/197.1 (UL10, DP 115V, CE 54V), and m/z 890/206 (Oxidized
CoQ10-d10, IS, DP 95V, CE 35V) with a dwell time of 0.15 s. Quantification was accomplished using multipoint calibration curves for
the oxidized and reduced CoQ10 using bovine serum albumin as the matrix and data were reported as ratios of oxidized to
reduced CoQ10).

Protein interaction assays

To assess direct interaction through the pulldown approach, GST-ALDH7A1 on glutathione beads were incubated with FSP1-6xHis
(100 nM) at 4°C for 1 hour in incubation buffer (PBS with 0.05% Triton X-100 and protease inhibitors). Beads were then collected by
centrifugation at 800xg for 5 minutes at 4°C, followed by two times washes with incubation buffer. Samples were then analyzed by
immunoblotting for 6xHis and GST. To assess interaction in cells through the co-precipitation approach, cells that express GFP-
FSP1 were disrupted in lysis buffer (PBS with 0.5% Triton X-100 and protease inhibitors) at 4°C for 30 minutes. Lysates were
then centrifuged at 13,000xg for 20 minutes at 4°C. The supernatant was then incubated with protein A/G PLUS-Agarose beads
(sc-20083, Santa Cruz), which was pre-incubated with the anti-GFP antibody for 1 hour at 4°C. Samples were then analyzed by immu-
noblotting for ALDH7A1 and GFP.

In vitro kinase assay

Purified AMPK (0.1 ng, Promega) was incubated with recombinant ALDH7A1 or FSP1 (10 ng) in 50 ul reaction buffer (25 mM MOPS,
pH 7.2, 12.5 mM B-glycero-phosphate, 25 mM MgCl,, 5 mM EGTA, 2 mM EDTA, 0.25 mM DTT, 100 uM AMP, 25 uM ATP and 25 uM
32P_ATP) at 30°C for 30 minutes. Samples were then analyzed by SDS-PAGE followed by autoradiography.

Colocalization studies

Colocalization studies were performed using the Zeiss system equipped with the Zeiss Axio Observer Z1 Inverted Microscope having
a Plan-Apochromat 63 x objective, the Zeiss LSM 800 with Airyscan confocal package with Zeiss URGB (488 and 561 nm) laser lines,
and Zen 2.3 blue edition confocal acquisition software. For quantitation of colocalization, ten fields of cells were examined with each
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field typically containing five cells. Images were imported into the NIH Image J version 1.50e software, and then analyzed through a
plugin software (https://imagej.Net/Coloc_2). Under the “Image” tab, the “Split Channels” option was selected. Under the “Plugins”
tab, “Colocalization Analysis” option was selected, and within this option, the “Colocalization Threshold” option was selected. Co-
localization values were then calculated by the software.

Reconstitution of ALDH7A1 and FSP1 activities

Liposomes were generated from pure defined lipids, with major lipids mimicking the composition of native membrane (mol%): DOPC
50%, DOPE 10%, DOPS 5%, PA 5%, cholesterol 17%, sphingomyelin 7%, PUFA-PE 2% and ubiquinone 4%. These pure lipids were
mixed in a glass tube, dried under nitrogen, and then resuspended in PBS, which involved ten times of rapid freeze and thaw with
occasional vortexing. To reconstitute ALDH7A1 activity, liposome (1 ug/ul) were incubated with NAD (1 mM), octanol (10 mM),
and ALDH7A1 (1 uM) in 200 ul PBS for 1 hour at 37°C. To reconstitute FSP1 activity, FSP1 (1 uM) was added to the ALDH7A1 incu-
bation for 40 minutes. NADH level was measured by detecting OD at 340 nm using Genesys 180 UV-Visible Spectrophotometer
(Thermo Scientific).

Reconstitution of lipid peroxidation

To induce lipid peroxidation, 5% hydrogen peroxide or 50 uM of DTUN was added to liposomes. Lipid peroxidation was then de-
tected as described above in using the C11 BODIPY 581/591 biosensor. To assess protection against lipid peroxidation,
ALDH7A1 and NAD were added for 10 minutes, and FSP1 was then added for 40 minutes.

Other assays

Cellular ATP level was measured using ATPlite Luminescence Detection Assay System (Perkin Elmer) with final values normalized to
the number of viable cells. Cell viability was typically assessed by trypan-blue staining. The PrestoBlue Cell viability reagent (Invitro-
gen, A13261) was used in Figures S2A and S2C to confirm the results of trypan-blue staining, with quantitation obtained by
measuring absorbance at 570 nm wavelength. NAD/NADH measurements were performed using a standard enzyme cycling assay,
which involved a NAD/NADH Kit (MAK037, Sigma) with quantitation obtained by measuring absorbance at 450 nm wavelength.
NADPH measurements were performed also by an enzyme cycling assay, which involved a NADPH Kit (MAK038, Sigma) with quan-
titation obtained by measuring absorbance at 450 nm. MDA measurements were done using an assay kit (MAK 085, Sigma) that pro-
duces a colorimetric product with quantitation obtained by measuring absorbance at 532 nm wavelength. 4-HNE measurements
were done using an assay kit (ab238538, Abcam) with quantitation obtained by measuring absorbance at 450nm. For all assays, con-
trols were included to detect background levels for normalization of experimental values.

QUANTIFICATION AND STATISTICAL ANALYSIS

Sample sizes are indicated in the figure legends. Sample size used was based on our previous familiarity with the assays. For com-
parison between two conditions, significance was tested by the paired two-tailed Student’s t-test. For comparison among multiple
conditions, significance was tested by the analysis of variance (ANOVA). These tests were performed using Excel or Prism software.
We used standard techniques for which no inclusion/exclusion criteria were pre-established. The experiments were not randomized.
The investigators were not blinded to the group allocation during experiments and in outcome assessment.
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Figure S1. Further characterizing membrane NADH generated by ALDH7A1, related to Figure 2
(A) Confirmation of ALDH7A1 KO in HeLa cells by CRISPR-Cas9, n = 2.

(B and C) NADH level in total membranes and cytosol from Hela cells that were treated as indicated, n = 3.

(D) Time course of NADH level in the lipid-bound fraction of total membranes upon incubation with buffer, n = 2.

(legend continued on next page)
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(E) NADH level in total membranes and cytosol from HelLa cells that express ALDH7A1 forms as indicated, n = 3.

(F) NADPH level in total membranes and cytosol from Hela cells that were treated as indicated, n = 3.

(G) Confirming the specificity of detecting NADH versus NADPH by assessing samples with increasing levels of both compounds, n = 2.
(H) NAD level in total membranes and cytosol from Hela cells that were treated as indicated, n = 3.

Quantitative data are shown as mean + SD; **p < 0.0005, **p < 0.005, *p < 0.05, NS p > 0.05, Student’s t test.
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Figure S2. Further characterizing ferroptosis protection by ALDH7A1, related to Figure 3

(A) Quantitation of cell death upon treatment with RSL3 (100 nM) and a second set of siRNAs against targets as indicated, n = 3.

(B) Confirming the efficacy of siRNA treatments, n = 2.

(C) Quantitation of cell death upon treatment with RSL3 (100 nM) and siRNA as indicated, n = 3.

(D) Quantitation of lipid peroxidation upon treatment with RSL3 (100 nM) and siRNA as indicated, n = 3. A representative experiment is shown.

(legend continued on next page)
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(E) Cell death was quantified for MDA231 cells treated with RSL3 (100 nM) along with siRNA and chemical inhibitors as indicated, n = 3.

(F) Cell death was quantified for cells treated with erastin (2 uM) and siRNA as indicated, n = 3.

(G) Quantitation of lipid peroxidation upon treatment with erastin (2 uM) and siRNA as indicated, n = 3. A representative experiment is shown.
Quantitative data are shown as mean + SD; **p < 0.0005, **p < 0.005, *p < 0.05, NS p > 0.05, Student’s t test.
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Figure S3. Further characterizing how ALDH7A1 protects against ferroptosis, related to Figure 3

(A) Immunobilotting confirming the expression of transfected flag-tagged ACSL4 in MCF7 cells, n = 2.

(B) Cell death was quantified for MCF7 cells treated with RSL3 (100 nM) and transfection as indicated, n = 3.

(C) Lipid peroxidation was quantified for MCF7 cells treated with RSL3 (100 nM) and transfection as indicated, n = 3. A representative experiment is shown.
(D) Immunoblotting confirming the efficacy of siRNA against ACSL4 in MDA231 cells, n = 2.

(E) Cell death was quantified for MDA231 cells treated as indicated, RSL3 (1 pM), n = 3.

(F) Lipid peroxidation was quantified for MDA231 cells treated as indicated, RSL3 (1 uM), n = 3. A representative experiment is shown.

(G) Interaction between endogenous ALDH7A1 and transfected GFP-tagged FSP1 in different cells as assessed by a co-precipitation experiment, n = 2.

(H) Immunoblotting confirming the efficacy of ALDH7A1 KO and rescue, n = 2.

() Tumor growth in mice that had been implanted with different HT1080 cells as indicated. Shown are primary images of excised tumors 24 days after implantation
as well as quantitation (control: n = 4, GPX4 KO: n = 4, GPX4 KO/FSP1 OE: n = 3, GPX4 KO/FSP1 OE/ALDH7A1 KO: n = 3, GPX4 KO-Lip1: n = 5, GPX4 KO/FSP1
OE/ALDH7A1 KO/Lip1: n = 5), **p < 0.01, **p < 0.001, one-way ANOVA followed by Tukey’s post hoc test.

(J) Kinetics of tumor growth in mice implanted with different HT1080 cells as indicated, n = 2.

Quantitative data are shown as mean + SD; ***p < 0.0005, *p < 0.005, *p < 0.05, Student’s t test (unless otherwise indicated).
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Figure S4. Reconstituting protection by ALDH7A1 and FSP1 against lipid peroxidation induced by DTUN, related to Figure 4

(A and B) Lipid peroxidation of liposomes in different conditions as indicated, as assessed by confocal microscopy detecting the biosensor, n = 3. A repre-
sentative experiment is shown having primary images, bar: 10 um, and quantitation.

(C—F) NADH level, as tracked by OD at 340 nm, was quantified, comparing when ALDH7A1 activity was reconstituted (by incubating liposomes subjected to
hydrogen peroxide with NAD and ALDH7A1) versus conditions when different components are omitted or when mutant ALDH7A1 was used, n = 3.

(G and H) NADH level, as tracked by OD at 340 nm, was quantified, examining the effect of FSP1 form as indicated being added to liposomes for which ALDH7A1
activity had been reconstituted, n = 3.

(I and J) 4-HNE (I) or MDA (J) level was quantified upon the incubation of liposomes with different components as indicated, n = 3.

Quantitative data are shown as mean + SD; **p < 0.0005, Student’s t test.
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Figure S5. Further characterizing how ALDH7A1 recruits FSP1 to membranes, related to Figure 6

(A) FSP1 level on the membrane and in the supernatant upon the incubation of FSP1 (WT having myristoylation, G2A not having myristoylation) with liposomes and
ALDH7A1 form as indicated, n = 2.

(B) FSP1 and Cbv levels on total membranes and in cytosol from MDA231 cells that express ALDH7A1 forms as indicated, n = 2.

(C) Total FSP1 expression level, comparing MDA231 cells that were untransfected or transfected with FSP1-GFP, n = 2.

(D-F) FSP1 and Cbv levels on total membranes and in cytosol from different cells that were treated with RSL3 (100 nM) and/or siRNA as indicated, n = 2.

(G) Immunobilotting confirming RSL3 (100 nM) treatment of MDA231 cells acutely (2 h) does not affect FSP1 expression level, n = 2.

(H) FSP1 and Cbv levels on total membranes and in cytosol from MDA231 cells that were treated with RSL3 (100 nM) and/or siRNA as indicated, n = 2.
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Figure S6. Characterizing how ferroptotic stress induces the colocalization of ALDH7A1 and FSP1, related to Figure 6

(A) Confirming the specificity of a mouse (green) or a rabbit (red) antibody against FSP1 by comparing immune staining of H460 cell, WT or KO, n = 2.

(B-D) Colocalization of ALDH7A1 and FSP1, as assessed by confocal microscopy examining MDA231 cells treated as indicated, RSL3 (100 nM), n = 2. A
representative experiment is shown with primary images, ALDH7A1 (red) and FSP1 (green), bar: 10 um, line scans quantifying the fluorescence intensities, and
quantitation.

Quantitative data are shown as mean + SD; ***p < 0.0005, *p < 0.05, Student’s t test.
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Figure S7. Identifying membrane compartments to which ALDH7A1 and FSP1 are recruited, related to Figure 6

(A-D) Colocalization of ALDH7A1 and FSP1 with organelle markers upon treatment of MDA231 cells with RSL3 (100 nM) for times indicated, as assessed by
confocal microscopy, n = 2. A representative experiment is shown with primary images, bar: 10 um, line scans quantifying the fluorescence intensities, and
quantitation. (A) ALDH7A1 (red) and a plasma membrane marker (FM4-64FX incubated with cells at 4°C, green), (B) ALDH7A1 (red) and ER marker (calnexin,
green), (C) ALDH7AT1 (red) and Golgi marker (coatomer, green), and (D) ALDH7A1 (red) and lipid droplet marker (LipidSpot 488, green).
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