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INTRODUCTION: Prostate cancer (PC) is the
most commonly diagnosed cancer in men, with
more than 299,000 new cases anticipated in
the United States in 2024. The majority of these
men will present with slow-growing disease
that can turn into life-threatening PC that
resists all available treatment options. Therefore,
there is a strong interest in defining well-
informed lifestyle, dietary, and supplement
choices that can slow down disease progression.
This has spawned large-scale human trials, in-
cluding one on the benefits of dietary antioxi-
dants: The SELECT trial (Selenium and Vitamin
E Cancer Prevention Trial) followed 35,533 healthy
men for more than 10 years. Against expectations,
SELECT showed significantly increased risk
of developing PC among men who took the
antioxidant vitamin E supplements.

RATIONALE: The PC-promoting effect of anti-
oxidant vitamin E supplements immediately
raised the question whether, conversely, pro-
oxidant supplements can help prevent the dis-
ease. Genetically engineered mouse (GEM)
models of PC provide a platform to ask this
question. Specifically, we use the RapidCaP
GEM model, which allowed us to determine
whether and how fast a cancer in the pros-
tate progresses to the metastatic form.

RESULTS: We treated RapidCaP animals with the
pro-oxidant menadione supplement [menadione
sodium bisulfite (MSB)], a precursor of mamma-
lian vitamin K that is present in circulation after
consumption of plant vitamin K from greens.
Daily MSB supplementation in drinking water
suppressed PC progression, yielding durable
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Dietary pro-oxidant therapy using a vitamin K precursor. (Top) Green plant foods are a major source of
vitamin K (Vit K1), which mammals convert to Vit K2. The intermediate is menadione, which can be
supplemented to diets (MSB). (Left) MSB oxidizes VPS34 kinase. This causes triaptosis, a distinct cell death
mechanism based on depletion of PI3P, which deidentifies the EE compartment. LY, lysosomal degradation
system. (Right) Concept of therapy approaches using PI3P reduction by MSB in two disease settings.
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through a distinct oxidative cell death mech-
anism that we propose to call triaptosis. We
used genome-wide CRISPR screens to under-
stand the underlying biological principle and
found that MSB depletes the early endosomal
(EE) membrane lipid phosphatidylinositol 3-
phosphate [PI(3)P]. PI(3)P defines the EE com-
partment, allowing sorting of derived vesicles
back to the plasma membrane or into the lyso-
somal degradation system. Video microscopy
revealed that the distinctive feature of triaptosis
is the accumulation of large PI(3)P-negative,
deidentified endosomes followed by cell blebb-
ing and plasma membrane rupture. We found
that MSB directly oxidizes essential cysteines
on class IIT PI 3-kinase VPS34, thus inactivating
the PI(3)P-producing enzyme. Notably, supple-
menting cells with extra reducing agents com-
pletely abrogates cell death induced by MSB.
The ability of menadione to suppress PI(3)P
production prompted us to test whether it
could suppress a fatal inherited disorder: X-
linked myotubular myopathy. This incurable
disease is caused by inherited mutation of the
MTMI gene. MTM1 is the phosphatase that
directly antagonizes PI 3-kinase VPS34. There-
fore, boys with this disease suffer from un-
opposed PI(3)P production, causing a failure
of muscle buildup. Mtml knockout mice re-
capitulate the most severe phenotype, lethal-
ity of infant boys. Supplementing MSB in
drinking water doubled the overall survival of
these mice to a median of 2 months. The treat-
ment also improved animal weight gain and
muscle histology.

CONCLUSION: Our results suggest that dietary
menadione could form the basis of new thera-
peutic approaches in multiple disease settings.
This is because MSB is an oxidative antagonist
of PI 3-kinase VPS34, the enzyme that pro-
duces the phospholipid PI(3)P. In PC cells,
the oxidative stress lowers PI(3)P, causing cell
death by triaptosis. We infer from our data that
normal cells have sufficient reserves in reducing
power to withstand this insult. In myotubular
myopathy, menadione may curb the unopposed
VPS34 kinase activity and bring PI3P back to
levels that can improve muscle development.
Collectively, our findings contribute to the
emerging understanding of pro-oxidant agent
selectivity and show how definition of the
pathways that they impinge on can give rise to
unexpected therapeutic opportunities.
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Dietary pro-oxidant therapy by a vitamin K precursor
targets Pl 3-kinase VPS34 function
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Men taking antioxidant vitamin E supplements have increased prostate cancer (PC) risk. However,
whether pro-oxidants protect from PC remained unclear. In this work, we show that a pro-oxidant
vitamin K precursor [menadione sodium bisulfite (MSB)] suppresses PC progression in mice, killing cells
through an oxidative cell death: MSB antagonizes the essential class Ill phosphatidylinositol (PI) 3-kinase
VPS34—the regulator of endosome identity and sorting—through oxidation of key cysteines, pointing to
a redox checkpoint in sorting. Testing MSB in a myotubular myopathy model that is driven by loss

of MTM1—the phosphatase antagonist of VPS34—we show that dietary MSB improved muscle histology
and function and extended life span. These findings enhance our understanding of pro-oxidant
selectivity and show how definition of the pathways they impinge on can give rise to unexpected

therapeutic opportunities.

ith an estimated 299,000 new diagno-
ses in 2024, prostate cancer (PC) re-
mains the second most frequent tumor
diagnosed in men and the second
leading cause of male cancer deaths in
the US (7). Therapeutic options for localized PC
are effective; however, metastatic PC is a yet-
incurable disease because standard-of-care
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antiandrogen therapy over time results in
relapse of incurable disease. Therefore, there
is much interest in how lifestyle and diet affect
this slow-growing cancer. The SELECT trial
(Selenium and Vitamin E Cancer Prevention
Trial) followed around 35,000 men over the
course of 10 years to test for benefits of dietary
antioxidant supplements on risk of PC diag-
nosis. The trial unambiguously revealed the
tumor-promoting not -reducing effects of
antioxidants on PC (2, 3). However, it has re-
mained unclear whether, vice versa, pro-oxidant
supplements are a viable strategy to stave off
the disease. Therefore, we tested whether
pro-oxidant therapy could protect from PC
progression.

Dietary MSB treatment suppresses
PC progression

We used RapidCaP, an approach for somatic
gene transfer of Cre-recombinase and luciferase
transgenes into the prostates of Pten'*<*/1o®;
Trp53*1°® mice. This results in focal tumor
initiation followed by lethal metastasis at high
penetrance in a fully native environment (4-6).
‘We monitored intensity and spread of PC by
weekly bioluminescence imaging (BLI) to com-
bine the rigor of genetically engineered mouse
(GEM) models with an unbiased account of
disease progression throughout the body. As
pro-oxidants, we tested two approaches: (i) the
vitamin K precursor menadione [also known
as vitamin K3 (VK3)], administered in its water-
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soluble form, menadione sodium bisulfite
(MSB), and (ii) the combination of MSB with
vitamin C (VC). VC has been shown to oxidize
cancer cells in vitro and in vivo (7-10). The
selective uptake and intracellular reduction
of dehydroascorbic acid in a GEM model for PC
has been demonstrated using hyperpolarized
magnetic resonance spectroscopy (8, 1), and
the combination with MSB has been proposed
to enhance pro-oxidant function (12). Twenty-
five animals with a spectrum of primary and
metastatic disease burden as judged by BLI
were enrolled and randomized into the three
trial arms: water (10 animals), MSB (in drinking
water at 150 ug/ml; 7 animals), or MSB plus VC
(MSB & VC = MSB plus 1.5 mg/ml of sodium
ascorbate; 8 animals). Treatments were pre-
pared freshly from powder every day.

Imaging the three cohorts weekly for 18 weeks
revealed that, in contrast to the steady disease
progression in the water control group, the two
treatment groups showed a marked treatment
response, durable response, and no adverse
weight change compared with water (Fig. 1, A
and B, and fig. S1, A to C). This was in contrast
to castration therapy of RapidCaP, where a
treatment response is shorter than 60 days and
invariably followed by castration resistance, as
seen by sharp BLI increase and lethal disease
progression (Fig. 1C) (4). One animal each in
the MSB and the MSB & VC treatment groups
also showed lethal 1300% and 1400% increase
in disease burden (fig. S1, B and C), and they
were confirmed as statistical outliers. In spite
of the previously reported in vitro synergy (12),
VC addition did not improve on MSB treatment
in our hands. We measured VC and found no VC
increase beyond endogenous levels in the liver
and prostate of trial animals upon oral VC (fig.
S2, A and B). Note that mice, like most mam-
mals (but not humans), are able to generate
their own VC. This finding suggested that
high-dose injection of VC is critical to study its
oxidative anticancer efficacy in mice, as has
been published previously in prostate (8, 1I)
and colorectal cancer (9). By contrast, liquid
chromatography-mass spectrometry (LC-MS)
analysis confirmed that the oral MSB treat-
ment regimen delivered MSB to the prostate,
where it acted as a pro-oxidant (Fig. 1D and
fig. S2C). No effects on coagulation were seen
upon oral MSB (fig. S2D).

We reasoned that the resistant tumors might
contain valuable information on the underlying
mechanisms behind both MSB-induced disease
regression and resistance. Because the native
tumors and metastases of the RapidCaP system
are much smaller than those in humans, we
could not simply harvest lesions for molecular
probing. Instead, we turned to single-nucleus
sequencing of whole-genome copy number
alteration (CNA), the driving force behind PC
evolution (I3, 14). Luciferase-guided harvesting
of suspected tumor regions (fig. S2E, bottom)
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Fig. 1. MSB suppresses
PC progression and
induces oxidative
stress. (A) (Left)
Kaplan-Meier analysis of
treatment response as
defined by four consec-
utive BLI measurements
showing partial response
using RECIST criteria
(at least 30% reduction
in BLI; see also fig. S1A).
P values were calculated
using the Mantel-Cox
test. ns, not significant;
*P < 0.05; **P < 0.0
(Right) Line plots
showing disease pro-
gression over time
based on weekly log,
fold change in tumor BLI
signal for each trial
mouse (moving average
of five consecutive
measurements). Bounds
based on RECIST criteria
for regression (at least
30%) and progression
(at least 20%) are indi-
cated in gray and blue
shading, respectively.
Start- and endpoint BLI
images and analyses are
shown in fig. S1, A to C.
(B) (Left) Durability of
treatment response

(at least 30% reduction)
in the three trial arms.
(Right) Percent weight
change over 18 weeks
(126 days). One-way
analysis of variance
(ANOVA) test for
multiple comparisons of
treatments versus water
group was used. **P <
0.01; ns, not significant.
(C) Reference RapidCaP
trial for standard-of-care
castration therapy, as
published in (4), showing
regression and relapse
kinetics. (D) (Left)
LC-MS analysis of MSB
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abundance in the prostates of animals treated with water or MSB (n = 5 biologically independent samples). (Right) Redox status indicated by the GSH/GSSG ratios

in the prostates of mice treated with water (n = 8 biologically independent samples) or MSB (n = 8 biologically independent samples). Data are means + SEMs (left) and
means + SDs (right). P values were calculated using two-tailed unpaired Student’s t test. *P < 0.05. (E) Single-nucleus whole-genome CNA of a resistant RapidCaP clone
that has metastasized from the prostate to the liver, spleen, and bone and harbors a deletion involving Keapl. See fig. SIC and fig. S2G for disease progression. (F) Cell
viability curves for the indicated CRISPR-Cas9-derived isogenic human PC3 cell lines treated with increasing concentrations of MSB for 24 hours (n = 3 biologically
independent samples). Data are means + SDs. (G) Waterfall plot of z-scores of log(AUC) values, representing MSB sensitivities of 100 cancer cell lines. Blue indicates cancer
cell lines with KEAP1I loss-of-function, damaging, or hotspot mutations. PC cell lines are shown in orange. (H) Cell viability curves of the 100 cancer cell lines (gray, KEAPI WT;
blue, KEAP1 mutant) treated with increasing concentrations of MSB for 24 hours (n = 3 biologically independent samples). (I) Relationship between MSB potency and
lineage for a subset of cancer cell lines tested in (H). Cancer cell types are ranked by their average MSB sensitivity. Blue indicates cancer cell lines with KEAPI loss-of-
function, damaging, or hotspot mutations. PC cell lines are shown in orange. Data are means + SEMs.
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followed by fluorescence-activated cell sorting
(FACS) of 4/,6-diamidino-2-phenylindole (DAPI)-
stained nuclei allowed us to isolate 414 single
nuclei from five tissues of an MSB-resistant
animal: the left anterior prostate (normal control
lobe), right anterior prostate (tumor-containing
lobe), femur, spleen, and liver. These were sub-
jected to single-nucleus whole-genome sequenc-
ing (SNS) to identify and characterize the cancer
cells, as previously published for human PC
samples (15, 16). The genomes at each site in-
cluded many tumor-diluting putative normal
cells (0% CNA), just like the normal left ante-
rior prostate (fig. S2E). By contrast, the right
anterior prostate (origin of disease in RapidCaP)
and the luciferase-positive metastatic sites also
harbored cells with significantly (P < 0.0001)
increased spontaneous CNA (note that the
Cre-mediated Pten and Trp53 deletions are
below our CNA detection limit of 600 kb). This
resembled the principle of progression first
shown in human PC (3). Furthermore, analy-
sis of all 414 single-nucleus genomes also re-
vealed cells with recurrent CNA (fig. S2F). Focus
on 60 cancer cells with clonal CNA revealed
increasing degrees of complexity: prostate <
spleen < liver, potentially delineating a route
of metastasis (fig. S2, G to I). As shown in
Fig. 1E, the cancer clone featured two whole-
chromosome gains, including Myc on chro-
mosome 15 as published previously (4), and
five deletions on chromosome 9, of which two
were focal [smaller than 3 mega-base pairs
(Mbp)]. One of these deletions contained the
Keapl gene, a tumor suppressor and master
sensor of oxidative stress (17, 18).

We confirmed increased tolerance to MSB in
Keap]’/ ~ mouse embryonic fibroblasts (MEFs)
and using CRISPR-Cas9 in human PC3 and
LNCaP, consistent with an increase in redox
buffering capacity (Fig. 1F and fig. S3, A to C).
Next, we individually tested 100 cancer cell
lines from our institute (data S1) for sensitivity
to MSB. We found that specifically those with
known preexisting loss-of-function KEAPI mu-
tations were most MSB resistant (Fig. 1, G and
H), and our query of the Broad’s DepMap 23Q2
dataset for gene essentiality (19) suggested that
the top genetic dependency specific to the MSB-
resistant cell lines is the oncogenic transcription
factor NRF2 (encoded by NFE2L2), which is
suppressed by KEAP1 (fig. S3, D to F). We con-
firmed this imputed connection to MSB using
CRISPR-Cas9: Human LNCaP and metastasis-
derived PC3 cells become more MSB tolerant
after loss of KEAPI, but cotargeting of NRF2
ablates this effect, consistent with the epistatic
genetic relationship (Fig. 1F and fig. S3, C, G,
and H). A metastatic subclone harboring ampli-
fication of NRF2 (Nfe2l2 gene) was found by
SNS analysis of a liver and lung metastasis in
a nonresponder animal (fig. S3I).

Our experiment in a preclinical GEM model
for metastatic PC revealed (i) a marked reduction

Swamynathan et al., Science 386, eadk9167 (2024)

of disease progression upon prolonged oral MSB
administration and (ii) that unlike with castra-
tion therapy in RapidCaP, lethal therapy re-
sistance was rare with MSB. And genomics
revealed (iii) that therapy resistance may be
controlled by the KEAP1-NRF2 antioxidant
system, which suggests that cancer cells were
under oxidative selection pressure. Because
human PC cell lines rank among the most
MSB sensitive by lineage (Fig. 1I), and because
the KEAP1-NRF2 pathway is rarely altered in
human PC (74), we reasoned that there should
be little a priori genetic resistance to MSB.
Therefore, we sought to better understand
how exactly MSB acts on cancer cells.

MSB triggers a thiol-dependent cell
death modality

As in the prostate (Fig. 1D), MSB also caused
glutathione (GSH) depletion in vitro (Fig. 2A
and fig. S4A) and increased cytoplasmic re-
active oxygen species (ROS) levels (Fig. 2B).
We therefore tested cell-autonomous mecha-
nisms underlying the MSB effect. As sus-
pected, cell viability inversely correlated with
cell death, and this MSB-Kill was effectively
prevented by supplementing GSH or its precursor
N-acetylcysteine (NAC) but not downstream
cysteine metabolites (fig. S4, B and C). Pre-
incubation of the strongly cell-permeable GSH
ethyl ester effectively desensitized cells to MSB,
confirming that reductive protection happens
inside the cell (fig. S4D). To quantify and com-
Ppare protective versus sensitizing effects of modu-
lators on MSB-Kill, we calculated changes in
normalized area under the curve (AAUC,;
diagram in fig. S4E) and generated AAUC,
heatmaps ordered by unsupervised hierarchical
clustering. This approach allowed us to compre-
hensively and quantitatively summarize proper-
ties of MSB-Kill. Thus, the Kill curves of cysteine
metabolite effects from fig. S4C are succinctly
captured with a heatmap, as shown in Fig. 2C.

We next tested whether MSB engages a dis-
crete death pathway because previous literature
has implicated multiple redundant and also
mutually exclusive cell death pathways (20-22).
Several observations prompted us to first test
whether MSB acts through perturbation of the
mitochondrial electron transport chain (ETC):
The plant K-vitamer phylloquinone (VK1; fig.
S4F) is essential in photosystem I of the chlo-
roplast ETC (23). Ubiquinone, the mitochon-
drial electron carrier, is structurally related
to the K-vitamer menaquinone (VK2; fig. S4F),
and Pten and/or Trp53 mutant PC cells are
vulnerable to mitochondrial complex I inhibi-
tion (24-27). Yet, we found that MSB-kill was
not suppressed by yeast NDI1, a rescue trans-
gene for mitochondrial complex I inhibitors
(28), and MSB did not induce mitochondrial
ROS (fig. S4, G to I).

We next screened drugs with known cytoto-
xic mechanisms (fig. S5A) to determine whether
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any of them share properties with MSB, using
the CRISPR-derived isogenic KEAPI mutant
PC3 cells (Fig. 2D). Clustering analysis of this
screen revealed that only 3 of 40 cytotoxic
agents were similar to MSB: H,0, as well as
erastin and RSL3, two inducers of ferroptosis
(29, 30). Additionally, we confirmed that the
transcriptome changes upon MSB and erastin
were strongly correlated (fig. S5B). Thus, to
pharmacologically define the cell death pathway
engaged by MSB more precisely, we used a
process called modulatory profiling (31, 32).
Three well-known modalities of cell death
(apoptosis, programmed necrosis, and ferrop-
tosis) were triggered and then blocked using
their respective pathway-specific modulators
(see data S2 for more information and ex-
pected mechanism). The resulting signatures
were compared with that of MSB. As shown in
Fig. 2E, pan-caspase inhibitors z-VAD-fmk and
qVD-oph selectively protected from staurosporine-
induced apoptosis but conferred no protection
from MSB-kill. Bax™~;Bak™~ MEFs remained
MSB sensitive, and we found no caspase acti-
vation, adenosine 5-triphosphate (ATP) deple-
tion, or autophagosome accumulation (fig. S5,
C to E). H,0,-mediated programmed necrosis
was suppressed by replenishing the oxidized
form of nicotinamide adenine dinucleotide
(NAD™") using alternative electron acceptors
(AKB and EP) or the poly(ADP-ribose) poly-
merase (PARP) inhibitor DPQ (9, 33) and by
the intracellular calcium chelator BAPTA-AM.
Erastin-induced ferroptosis was suppressed
effectively by lipid ROS scavenger ferrostatin-1,
the iron chelator desferoxamine (DFO), the lyso-
somal inhibitor bafilomycin A-1, or GSH (Fig.
2E). However, MSB-Kill did not share any of
the signatures with the above cell death moda-
lities (Fig. 2E, bottom row). GSH was the only
functional modulator that it shared with
erastin. Together, these findings suggest that
MSB Kkilled cells through a specific type of oxi-
dative stress that was unaffected by key modu-
lators of ferroptosis, like ferrostatin-1. This was
confirmed in human- and mouse-derived PC
cells (fig. S5F).

We further tested how compartmentalized
oxidative stress induction compared with MSB
using phenformin (mitochondria), chloroquine
(lysosomes), and doxorubicin (nucleus), and
each was rescued by their known respective
modulators (Fig. 2E). However, none of these
suppressed MSB-Kill, and, vice versa, GSH only
prevented MSB-kill but not death by these
other oxidants. This suggested that MSB can
target a distinct thiol-sensitive cell death pathway.

To better understand this thiol-selective
pathway, we tested the effects of 11 known redox
modulators on MSB toxicity and on four other
pro-oxidant compounds. As shown in Fig. 2F,
staurosporine served as a negative control com-
pound for the 11 modulators. Buthionine sulph-
oximine (BSO), an inhibitor of GSH production,
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whereas AAUC,, < O (or red color) indicates that the given modulator renders
cells more sensitive to the cell death pathway or compound. AAUC,, = O (or black
color) indicates that the given modulator has no effect on the cytotoxic effect of
the compound. (Bottom) Viability curves of Pten™:Trp53”~ MEFs treated with
increasing concentrations of MSB for 24 hours, alone or in combination with GSH
(0.5 mM; left) or ferrostatin-1 (2.5 uM; right) (n = 3 biologically independent
samples). Data are means + SDs. (F) (Left) Modulatory profiling depicting the
effect of 11 redox or ROS modulators (columns) on toxicity induced by MSB,
other pro-oxidative, or nonoxidative compounds (rows) in Pten™~:Trp53™~ MEFs.
(Right) Viability curves of Pten™~:Trp53™~ MEFs treated with increasing concen-
trations of erastin (top) or MSB (bottom) for 24 hours, alone or in combination with

generally sensitized cells to all five pro-oxidant
compounds (erastin, MSB, napabucasin-BBI608,
1-chloro-2 4-dinitrobenzene or DMNQ), and H,0s),
whereas DNCB (an inhibitor of thioredoxin
reductase) was more MSB-specific. Conversely,
the NADPH oxidase (NOX) inhibitor dipheny-
leneiodonium chloride (DPI) protected from
four of the five pro-oxidants, albeit only weakly
for MSB. Clustering analysis of the modulators
revealed two critical differences between eras-
tin and MSB. Most notably, vitamin E
(a-tocopherol), the specific inhibitor of lipid peroxi-
dation, blocked ferroptosis by erastin, but it
had no effect on MSB-kill (Fig. 2F, heatmap
and Kill curves). Another lipophilic antioxidant,
dibutylated hydroxytoluene (BHT), also selec-
tively rescued from erastin but not from MSB.
This was in contrast to the thiol-reducing agents
NAC and B-mercaptoethanol (3-ME). The find-
ings were confirmed in human- and mouse-
derived PC cells (fig. S5F). Most notably, we
found that in contrast to erastin, MSB did not
cause lipid peroxidation, the defining feature
of ferroptosis, as seen using flow cytometry
analysis of the membrane lipid ROS reporter
BODIPY-C11 (Fig. 2G).

Finally, we used transmission electron micro-
scopy (TEM) to analyze morphological features
of MSB-induced cell death in human PC3- and
RapidCaP-derived epithelial PC cells (EpCaP).
This revealed a significant (P < 0.0001) buildup
of cytoplasmic vacuoles (Fig. 2, H and I, and fig.
S5@G); however, we did not note features of
classical cell death pathways, such as chromatin
condensation (34). Taken together, our analyses
suggest that MSB kills through an oxidative cell
death mechanism that shares biochemical and
genetic features with ferroptosis—such as thiol
depletion and KEAPI dependence—but is inde-
pendent of lipid peroxidation and is morpholo-
gically distinct.

Genome-wide screens for functional
regulators of MSB-kill

To distinguish events that are causal to MSB-
kill from those that are merely correlated, we
decided to (i) use CRISPR-Cas9 screens that
nominate functionally relevant genes of MSB-
kill, (ii) perform the screens genome-wide so
that underlying principles are more objectively
revealed than by focused pathway screens, and
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(iii) perform both positive and negative selec-
tion screens that approach the question from
opposite sides. A sensitization screen adminis-
tered sublethal MSB to identify gene alterations
that only become detrimental upon exposure
to ECy, (effective concentration to obtain a
10% effect) (“MSB'®™”; negative selection). A
resistance screen was also done to identify gene
alterations that confer a survival advantage to a
high concentration (ECso) (“MSB™&™; positive
selection). Both screens compared the fitness
effect of the gene perturbation plus vehicle with
that of gene perturbation plus MSB. We used
the Broad Institute’s Brunello whole-genome
single-guide RNA (sgRNA) library of 76,441
sgRNAs targeting 19,114 human coding genes
(four sgRNAs per gene) and 1000 control
sgRNAs in the human metastasis-derived
PC3 cell line.

Gene ontology analysis of the leading-edge
hits in the sensitizing screen (MSB'") revealed
genes mediating endocytosis (Fig. 3A, fig. S6A,
and data S3): endophilin A3 (SH3GL3), which
mediates fast endophilin-mediated endocytosis
(FEME) [(35), reviewed in (36)], as well as
effectors of macropinocytosis and membrane
ruffling (ELMO2, NCKAP1, ACTN2, and KXDI).
Gene ontology analysis of the MSBhen positive
selection screen showed enrichment specifi-
cally for late endosome associated genes (fig. S6,
B and C). These included RAB7-guanosine
triphosphatase (GTPase) effectors of late endo-
somal trafficking (WDR9I and FYCOI), maturation
(RAB9A, SCARB2, and ANXAS), and acidifica-
tion (CLCN4 and ATP13A2; data S3), suggesting
that their loss increased tolerance to MSB.
Together, these data suggested that cell kill
by MSB is functionally linked to endocytosis.
More specifically, it suggested that inhibiting
early steps of endocytosis and endosome for-
mation could support MSB-Kill, whereas inhib-
iting late endosomal progression could suppress
MSB-Kill.

‘We noted that VPS15 was among the leading-
edge sensitizing CRISPR hits (Fig. 3A, PIK3R4
gene). This stood out because VPS15 is a com-
ponent of the endosomal class III phosphati-
dylinositol (PT) 3-kinase VPS34 complex (37).
This complex defines the cell’s early endoso-
mal (EE) compartment by marking it with the
phosphatidylinositol 3-phosphate, PI(3)P lipid
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the lipophilic antioxidant vitamin E (100 uM) (n = 3 biologically independent
samples). Data are means + SDs. (G) Production of lipid ROS measured and
quantified by staining of C11-BODIPY 6 hours after vehicle, NAC (0.5 mM), MSB
(20 uM), NAC+MSB, erastin (0.3 uM), or erastin+NAC treatment in Pten™~:Trp53™~
MEFs followed by flow cytometry (n = 3 biologically independent samples). Data are
means + SDs. P values were calculated using one-way ANOVA. **P < 0.01;

*¢p < 0,001 (H) TEM images of Pten™ ~Trp53™~ EpCaP cells (left; scale bar, 1 um)
or PC3 cells (right; scale bar, 2 um) upon vehicle or MSB (30 uM) treatment.

(1) Quantification of the number of enlarged vesicles in EpCaP cells (left) or PC3
cells (right) treated with vehicle or MSB (30 uM). Data are means + SDs. P values
were calculated using two-tailed unpaired Student's t test. ****P < 0.0001.

[reviewed in (38)]. This compartment is the
central hub for endocytic routes as they are
being funneled through it. Notably, the MTM1
phosphatase was in the leading edge of the
MSB resistance screen. This phosphatase is the
direct antagonist of endosomal VPS34 kinase
(89) (Fig. 3A) because it reverts PI(3)P back
into PI. This immediately suggested that a
single enzyme-regulated reaction step could be
at the core of MSB-Kill: production versus eli-
mination of the lipid phosphatidylinositol
3-phosphate [P1(3)P] (Fig. 3A, cartoon) (40).
We therefore tested this hypothesis.

First, we validated these two screen hits
using two independent domain-focused sgRNAs
in three human primary and metastatic PC cell
lines. Competition assays confirmed that CRISPR
targeting of VPS15 (encoded by PIK3R4) con-
fers sensitivity to MSB-Kill compared with con-
trol guides. By contrast, targeting of MTM1
boosted tolerance to MSB (Fig. 3, B and C, and
fig. S6, D to J). Next, we validated that class IIT
PI 3-kinase VPS34 (PIK3C3 gene) function is
essential in three PC cell lines using two inde-
pendent sgRNAs targeting the kinase domain
(fig. S7, A and B). CRISPR targeting of MTMI1
rescued the cells (at least in part) from the
deleterious effect of PIK3C3 ablation, in line
with the enzymatic antagonism of this kinase-
phosphatase pair (fig. S7C).

VPS34 kinase initiates autophagy through
complex I, whereas complex II establishes the
endosomal compartment (37). We found that
MSB inhibited both autophagic flux (fig. S7D)
and resulted in stalled endocytic uptake of
extracellular dextran dye (Fig. 3D and fig. S7, E
to G), consistent with the TEM results (Fig. 2H).
The genome-wide CRISPR database on more
than 1000 cancer cell lines curated at the Broad
Institute (DepMap, 23Q2) showed that the
proteins specific to the endosomal VPS34 com-
plex IT are top correlates to VPS15 genome-wide:
PIK3C3, followed by UVRAG and BECNI (Fig.
3E). Notably, UVRAG is cell essential and exclu-
sive to the endocytosis complex (II). By con-
trast, the autophagy complex exclusive ATG14:
is nonessential and did not correlate with
VPS15 (Fig. 3, E and F). This was consistent
with our screen results: Although gene altera-
tions involving thiol metabolism, ROS detoxi-
fication, and oxidoreductase pathways were
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Fig. 3. Genome-wide
functional regulators of
MSB-kill. (A) Genome-
wide CRISPR screens
showing log, fold change
in abundance for genes
upon MSB versus vehicle
treatment in PC3-Cas9
cells. Gene-ranked leading
edge and lagging tail of
the sensitizing screen at
15 uM MSB and of the
resistance screen at

30 uM MSB are shown left
and right, respectively
(light blue circles in
background). Inserts
show endocytosis regula-
tors (red and purple
crosses) among the top
50 (dark blue circles).
Core apoptosis and
autophagy genes are
marked as green and gray
crosses, respectively. The
role of VPSI5 in generating
early endosome identity
as part of the VPS34
complex and its antago-
nist, MTML, is drawn.

(B) (Top) Domain
architecture of human
VPS15 (encoded by
PIK3R4). Locations of
domain targeting sgRNAs
are shown (arrowheads).
(Bottom) Competition
assay in indicated human
PC cells stably expressing
Cas9. Data are means +
SEMSs; n = 4 biologically
independent samples.

(C) CRISPR design and
results for validation of
MTMI gene targeting,
shown as in (B). (D) (Left)
Confocal images of
RapidCaP-derived cells
stably expressing
tdTomatoFP (red), fixed
after 4 hours of treatment
with vehicle or MSB

(15 uM). The cells were
cultured in medium sup-
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of VPS34 complex | and Il. The complex I-exclusive and complex ll-exclusive genes are highlighted.

validated synergy hits with MSB (fig. S7, Hto J), | not (Fig. 3A and data S3). Taken together, these | target of MSB-kill (Fig. 3A, cartoon) and that
hallmark genes of autophagy, apoptosis, and | results led us to hypothesize that the endoso- | MSB controls class III PI 3-kinase VPS34: in-
other prominent cell death pathways were | mal PI 3-kinase VPS34: complex is a functional | directly or directly in a redox-sensitive manner.
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Endosomal class lll Pl 3-kinase VPS34 is a
functional target of menadione-kill
We first used time-lapse microscopy to test the
hypothesis that menadione Kills cells by oxi-
dative suppression of the endosomal VPS34-
kinase complex. This allowed us to observe and
quantify the steps that lead to cell death in
greater detail. To this end, we generated epithe-
lial nonmigratory PC cells derived from a RapidCaP
(Pren” ’;7@53’/ 7) tumor (EpCaP cells) to enable
cell death imaging over a 24-hour period. The
cells express tdTomatoFP representing cytosol
and revealing obvious changes in the cytoplasm.
First, we recorded the cell death induced by
the class III selective PI 3-kinase VPS34: inhibi-
tor, VPS34-IN1 (41). As shown in Fig. 4A and the
associated movies S1 and S2, we noted three
separate events upon VPS34-IN1 treatment:
cytoplasmic vacuolization, steadily intensifying
plasma membrane (PM) blebbing, and terminal
burst of cells as seen by complete loss of the
tdTomatoFP cytosolic marker. To statistically
compare this sequence of events, onset of
vacuolization and time to burst were charted
as Kaplan-Meier plots. As shown (Fig. 4B),
vehicle treatment caused few background burst
and vacuolization events. Notably, vacuoliza-
tion followed by cell death are the phenotypes
observed upon genetic VPS34 Pik3c3 loss as
studied by others (42, 43) and us (44) in MEFs
using the Cre-loxP system. Adding the NAC
reducing agent to the kinase inhibitor did not
change the Kinetics, the extent of vacuolization,
or burst events (Fig. 4B, VPS34-IN1 + NAC;
movie S3; and fig. S8A). Analysis of MSB (Fig. 4,
C and D, and movies S4 and S5) showed that it
closely phenocopied the VPS34-IN1-induced
vacuolization, blebbing, and burst sequence
of events. But, in strong contrast, reduction
with NAC eliminated vacuolization and PM
bursts to background levels (Fig. 4D, MSB +
NAGC; fig. S8A; and movies S4 and S5). Next,
we tested whether menadione inhibits class
III PI 3-kinase VPS34 function of generating
the PI(3)P marker on endosomes. The cells
imaged in Fig. 4, A to D, are also transgenic for
GFP-2xFYVE, the commonly used reporter (45)
for PI(3)P, allowing us to determine whether
and when PI(3)P was affected. As expected
(Fig. 4E), the typical GFP-2xFYVE punctate
signal was sharply reduced by the kinase in-
hibitor VPS34-IN1, indicating loss of PI(3)P-
positive vesicles. MSB had a similar albeit slower
effect, also before overt vacuolization, as seen
in the imaging and quantification (Fig. 4, E and
F; fig. S8B; and movies S6 to S9). The addition
of NAC to MSB eliminated the effect on GFP-
2xFYVE puncta, making it indistinguishable
from vehicle treatment (fig. S8B). To test whe-
ther the cell death phenotypes were generaliza-
ble beyond the PTEN and/or TP53 mutant
background and beyond PC, we went through
our results from MSB-Kill in 100 cancer cell
lines (Fig. 1, H and I) and used five sensitive
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cell types from unrelated cancers. This showed
that burst was also preceded by vacuolization
and that the process was thwarted by NAC (fig.
S8C). Note that xFP or other cytosol markers
are needed to report integrity of cells before
PM burst at the time of fixation and permea-
bilization. Quantitative immunofluorescence
in the PC3 cells validated that MSB, like VPS34-
IN1, reduced PI(3)P-positive vesicles at both the
MSB" and the MSB™®" screen concentrations,
producing a diffuse cytoplasmic GFP-2XFYVE
signal (Fig. 4G and fig. SOA). CRISPR targeting
of VPS34 kinase phenocopied these effects of
MSB and VPS34-IN1 (Fig. 4G and fig. SOA).

The small GTPase RAB5 recruits and acti-
vates VPS34 complex II on early endosomes
(46) [see Fig. 4H, cartoon, and (37, 38) for re-
views], so we next tested whether MSB inter-
feres with the positioning of RAB5a. However,
we found abundant RAB5a decoration of
MSB-induced vacuoles indistinguishable from
pharmacological inhibition (VPS34-IN1) and
genetic targeting of PI 3-kinase VPS34
(PIK3C3) in human and mouse cells using
CRISPR-Cas9 and Cre-loxP, respectively (Fig. 41
and fig. S9, B and C). We next compared MSB
effects with PIKFYVE inhibition. PIKFYVE con-
verts PI(3)P on early endosomes to P1(3,5)P, for
endo-lysosomal progression. PIKFYVE inhibi-
tion results in large vacuoles marked by late
endosomal protein lysosomal-associated mem-
brane protein 1 (LAMP1). By contrast, MSB- or
VPS34-IN1-treated cells presented LAMP1-
negative vacuoles, as shown in fig. S10A. Class II
PI 3-kinases generate PI(3)P at the PM. Pharma-
cological targeting and screen analysis indicated
that they offer no major protection from MSB-
kill, consistent with dominant PI(3)P produc-
tion by the class III kinase VPS34 (38). At the
same time, MSB did not perturb PIK3C2A4
function (fig. S10, B to E).

Together, our results thus far supported two
major conclusions: MSB can Kkill cells by in-
directly or directly antagonizing endosomal PI
3-kinase VPS34, and this regulation is under
redox control. Mechanistically, MSB-induced
stalling of endocytosed vesicles is likely because
two major downstream processing pathways
depend on endosomal PI(3)P deposition onto
RAB5-positive vesicles for coincident detection:
Recycling to the PM requires PI(3)P on vesicles that
is to be converted to PI(4)P, whereas progression
into the endo-lysosomal degradative pathway re-
quires first recognition then conversion of PI(3)P
into PI(3,5)P, [reviewed in (38)]. Thus, our data
hinted at the existence of a redox checkpoint at
the stage of endosomal identification.

MSB oxidizes cysteines required for
endosomal VPS34 function and survival

To test whether MSB oxidizes PI 3-kinase VPS34,
we immunoprecipitated the kinase from MSB-
or vehicle-treated cells (notably, MSB did not
affect VPS34 levels, as seen in fig. SIOF). We
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then subjected it to a sequential alkylation and
reduction process that reveals cysteine modi-
fication states by MS (fig. S11A). As shown in
Fig. 5A and fig. S11, B to D, we recovered 9 of a
total 11 VPS34 cysteines and found that in
peptide 1 (Cys™ or Cys®) and peptide 2 (Cys>*%),
MSB caused a depletion in free thiol and a
concomitant increase in reversible oxidation.
Catalytic domain cysteines and negative control
peptides were among the unaffected. Peptide
1 (Cys® or Cys®) maps to the C2 domain,
which controls formation and function of the
hetero-tetrameric VPS34 complex (47) and has
been proposed as a hub for posttranslational
control of VPS34 (48). We confirmed, using
recombinant-purified VPS34: complexes in aden-
osine 5'-diphosphate (ADP) Glo kinase assays
(49, 50), that the activities of full-length VPS34,
VPS34 complex I (CI), and VPS34 complex II
(CII) were all inhibited by MSB (fig. S11E).

We then tested whether these VPS34 candi-
date cysteines could control cell viability. To this
end, we performed gene knockout-plasmid rescue
experiments using the VPS34 (Pik3c3 /)
conditional knockout MEFs. These were stably
transduced with the candidate VPS34 mutants
carrying cysteine to alanine or cysteine to as-
partate substitutions. The latter served as bona
fide oxido-mimetic missense mutations. Upon
infection with Cre.GFP lentivirus, the endoge-
nous VPS34 was lost, and the fitness of the
VPS34 mutant rescue plasmids was scored as
the fraction of GFP-positive cells in each condi-
tion. Figure 5B (empty vector) shows that re-
combination of the endogenous VPS34 without
replacement strongly depleted these cells (fig.
S11F). By contrast, the VPS34 wild-type (WT)
plasmid effectively rescued the Pik3¢3 cells.
Notably, all mutants of Cys®* and Cys®! were
unable to rescue cells. This suggested (i) that
these two cysteines are essential for VPS34
function and (ii) that their oxidation could in-
activate the kinase complex. By contrast, the
Cys®2% mutants remained functional.

Finally, we assessed whether mutation of
these cysteines recapitulates inactivation of
endosomal VPS34 complex II by analyzing the
cellular phenotypes. As shown in Fig. 5C (and
fig. S12A), the Cys®* and Cys® mutants showed
strong RAB5-positive vacuole formation (com-
pare with fig. S9). Thus, the mutants gave rise
to the hallmark of MSB-kill, without MSB.

Collectively, our analysis showed that Cys™
and Cys®, which can be reversibly oxidized by
MSB, are required for endosomal VPS34 func-
tion. Therefore, they are strong candidates for
an evolutionarily conserved redox switch on
VPS34 (fig. S12B) that controls the oxidative
cell death caused by MSB.

Dietary menadione extends life span in a fatal
disease driven by Pl 3-kinase VPS34

Because MSB antagonizes PI 3-kinase VPS34,
we next tested whether it can effectively suppress
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Fig. 4. VPS34 is a
functional target
of menadione.

(A) Cell death analysis
using ECyqp dose of
VPS34-INL. Still
images from time-
lapse (20-min
interval) recording
of treated EpCaP
cells at indicated
time points. Arrows
point to cell bleb-
bing events in the
field of view. Scale
bar, 10 um; inset
box width, 20 um.
Please see associ-
ated movies S1 to
S3. (B) Kaplan-
Meier event analy-
sis for VPS34-IN1
(40 uM) (n =177
cells), VPS34-IN1
(40 uM) + NAC
(500 uM) (n = 84
cells), and vehicle
(n =74 cells),
scoring for (i)
onset of vacuoliza-
tion, as defined by
time of appearance
of cytoplasmic
vesicles =3-um
diameter and (ii)
burst time as
scored by
between-frame
depletion of cyto-
solic tdTomato,
indicating PM rup-
ture (movies Sl to
S3). P values were
calculated using
log-rank (Mantel-
Cox) test: VPS34-
IN1 versus VPS34-
INI+NAC (vacuol-
ization: P = 0.5912;
burst: P = 0.3036)
and VPS34-IN1
versus vehicle
(vacuolization: P <
0.0001; burst: P <
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0.0001). (C) Cell death analysis recorded and labeled as in (A), but using EC;oq dose of MSB. Scale bar, 10 um; inset box width, 20 um. Please see associated movies
S4 and S5. (D) Kaplan-Meier event analysis for MSB (30 uM) (n = 127 cells) and MSB (30 uM) + NAC (500 uM) (n = 200 cells), scoring for (i) onset of vacuolization
and (i) burst time, as described in (B). P values were calculated using log-rank (Mantel-Cox) test: MSB versus MSB+NAC (vacuolization: P < 0.0001; burst: P <
0.0001) and MSB versus vehicle (vacuolization: P < 0.0001; burst: P < 0.0001). (E) Still images of the PI(3)P early endosome marker GFP-2xFYVE in time-lapse
recordings from (A) and (C) with indicated treatments and times. Scale bar, 10 um; inset box width, 20 um. Please see associated movies S6 to SO. (F) Quantification
of 2XGFP-FYVE puncta from time-lapse experiments shown in (A) to (E) for vehicle, MSB, and VPS34-IN1 treatment over time. Note that the marked reduction in
both treatment conditions occurs before cell burst (before 480 min), as determined in (B) and (D). (G) Number of PI(3)P-positive vesicles in PC3-Cas9 cells fixed after
4 hours of treatment with indicated small molecules or expression of indicated sgRNAs (vehicle n = 40, MSB-low, 15 uM, n = 15, MSB-high, 25 uM, n = 51, VPS34-IN1,
10 uM, n =14, sgROSA n = 21, sgPIK3C3 no. 5 n = 13, sgPIK3C3 no. 8 n = 22). Data are means + SEMs. P values were calculated using one-way ANOVA. ns, not
significant; **P < 0.01; ****P < 0.0001. (H) Cartoon for RAB5-mediated recruitment of VPS34 complex Il to an endosomal membrane and its suppression by the
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kinase inhibitor VPS34-IN1 and pro-oxidant MSB. (I) (Left top) Confocal
images of EpCaP cells stably expressing tdTomato and transiently expressing
RABS-GFP after 4 hours of treatment with vehicle or MSB (15 uM). Scale bar,
5 um. (Left bottom) Quantification of mean RAB5-GFP-positive vesicle volume
per cell after vehicle (n = 14) or MSB (15 uM, n = 12) treatment. Data are means +
SEMs. P values were calculated using two-tailed unpaired Student’s t test.

a fatal human disease syndrome that involves
this kinase, when administered orally as we
did in the PC trial. X-linked myotubular myo-
pathy XLMTM, OMIM no. 310400) is a heri-
table fatal disease in boys caused by mutation
of the MTMI gene on chromosome X. Because
MTMI1 phosphatase is the direct antagonist of PI
3-kinase VPS34: (Fig. 3A), these patients suffer
from unopposed PI(3)P production. This has been
successfully tested in patient-derived cells (57).

The Mtml knockout (KO) mice fully reca-
pitulate the most severe XLMTM phenotype,
lethality in infant boys (52, 53). As shown (Fig.
5D), MtmI-deficient male mice (MtmI<°’¥, aka
Mtm1-KO) succumb to the disease at a median
of 1 month of age owing to extensive failure of
muscle buildup, as previously described (52).
By contrast, giving MSB in drinking water sig-
nificantly (P < 0.0001) expanded overall sur-
vival to a median of 62 days (Fig. 5D; see also the
separate second trial below). Notably, MSB was
administered as in the cancer trial (Fig. 1)—in
drinking water and at the same concentration.
As previously (54), enrollment and treatment
of pups was started after weaning at 21 days of
age (fig. S13A), when KO males already mani-
fested disease symptoms (fig. S13B, WT versus
KO). We confirmed that treatment decreased
GSH/GSSG ratios in MtmI*°/Y mice (fig. SI3A).
Body weight analysis of the entire trial (Fig. 5E)
showed significantly (P < 0.0001) more weight
gain in MSB-treated MimI*°Y mice compared
with this genotype on water, despite indis-
tinguishable weights at enrollment day 21 (Fig.
5E, right panel; KOV versus KOM*B). In agree-
ment, body images of three sets of littermates
on the four treatment arms indicated that MSB-
treated KO animals were larger than their KO
littermates lacking MSB treatment (Fig. 5F and
fig. S13C).

Histological analysis of untreated MemI1<®/¥
tibialis anterior (TA) muscles showed the pre-
viously reported myofiber hypotrophy and or-
ganelle mislocalization (52, 55) (Fig. 5G) and
the shift toward smaller fiber peak diameters
compared with WT muscles (Fig. 5H). Upon
MSB treatment, TA muscle fiber size was in-
creased in MtmI=°’¥ mice compared with the
untreated KO animals, which exhibited a higher
fiber number with a small diameter (<35 um)
and a lower number of fibers with a large di-
ameter (>35 um; Fig. 5H). The hallmark mis-
positioning of nuclei (52) was observed in 4%
of MtmI¥°’¥ fibers and decreased to 2.4% in
the MSB-treated KO mice (Fig. 5H). Abnormal

Swamynathan et al., Science 386, eadk9167 (2024)

**xx¥p < 0.0001.

cell-peripheral mitochondria [revealed by suc-
cinate dehydrogenase (SDH) and NADH stain-
ing; Fig. 5, H and I, and fig. S13D] was seen in
94% of untreated and decreased to 27% in MSB-
treated MtmI%°’¥ mice. Thus, MSB treatment
of MtmI¥°’Y mice improved several histopath-
ological defects in TA muscle fiber. Muscle ultra-
structure analysis by TEM confirmed M¢mI KO
phenotypes (Fig. 5J): disorganized sarcomeres
with misaligned Z-disks, undetectable M-line,
and absence of mitochondria between myofibers.
Although T-tubules are observed in untreated
MimI%°Y mice, triads were not. In MSB-treated
Mtm1%°¥ mice, sarcomere alignment was ame-
liorated and mitochondria localized between
myofibers, similar to WT muscle. T-tubules were
also visible, but triads were not restored. Over-
all, muscle histology and myofiber ultrastruc-
ture were improved after MSB administration
in MtmI*°/¥ mice.

Open-field cage monitoring (fig. S13, E and F)
revealed that MSB improved active time, dis-
tance traveled, and median speed, but the number
of rears in MtmI*°/¥ mice was not signifi-
cantly different from WT only upon MSB treat-
ment. As expected, there was no significant
difference in exploratory pattern (fig. S13G).
To study onset of clinical parameters in greater
detail, we carried out a second trial (fig. S13H)
and found that MSB treatment significantly
delayed the onset of hindlimb paralysis (P <
0.001) (fig. S13I). Finally, we used the clinical
score method to assess disease progression
(54) and found a significant (P < 0.01) im-
provement for the MitmI¥°’Y cohort treated
with MSB compared with water (fig. S13J).
Taken together, our data suggested that MSB-
mediated targeting of PI 3-kinase VPS34 can
be used toward effective suppression of this
debilitating genetic disease in mice.

Discussion

Ample evidence exists for the tumor- and
metastasis-promoting role of dietary anti-
oxidants (2, 3, 56-58). But it has remained ill-
defined whether, vice versa, pro-oxidants can
suppress cancer. We have found that dietary
administration of the pro-oxidant vitamin K
precursor MSB suppresses PC progression.
We also show that menadione triggers an
oxidative cell death by antagonizing the pri-
mordial class ITI PI 3-kinase VPS34, thus blocking
endosomal sorting. This suggests a therapeutic
opportunity, given the evidence of PC promo-
tion by dietary antioxidants (2, 3).

25 October 2024

****¥P < 0.0001. (Right) Quantification of RAB5-mRFP—positive vacuoles

per cell in VPS34 (Pik3c3°F/P) conditional KO-MEF after vehicle (n = 33),
MSB (20 uM, n = 23), VPS34-IN1 (10 uM, n = 13) treatment, control (n = 22),
or Cre-mediated kinase ablation (n = 16). Data are means + SDs. P values
were calculated using one-way ANOVA. ns, not significant; ***P < 0.001;

There is an emerging picture of how various
oxidative and ROS-inducing interventions affect
core cellular processes selectively, instead of
broadly. Compartments and localization play
acentral role in specificity: Membrane lipids
are the sites for ferroptosis induction and
mitochondria for ETC inhibitors, and irra-
diation or chemotherapy can oxidize DNA in
the cell nucleus (9, 29, 59-68).

In this work, we discovered a type of cell
death controlled by oxidative depletion of PI
(3)P, the token of endosomal identity. This sug-
gests that endosomal progression is under a
redox checkpoint. This checkpoint monitors
the redox state of key cysteines on endosomal
PI 3-kinase VPS34, licensing it to generate the
EE compartment by marking it with PI(3)P.

We propose to name this new modality
triaptosis, for cell death by depletion of 3-
(Greek: Tria)-phosphoinositide. Upstream, early
endosomes are the fusion hub for the multiple
incoming clathrin-dependent and -independent
endocytic vesicles. Downstream, they are the
dispatching hub that guides proteins, cargo,
and membranes toward either the late endo-
lysosomal compartments or back toward the cell
surface (38) by virtue of the coincident detection
of RAB5 and PI(3)P. In triaptosis, loss of PI(3)P
effectively deidentifies endosomes, thus disabling
their downstream sorting, while incoming vesicles
continue to fuse into these bloating structures.

This prompts the general question why an
ancestral protein complex such as class III PI
3-kinase VPS34 and a cell-essential process such
as endocytosis evolved to be under redox con-
trol. We speculate that iron metabolism may
represent a prototypical case for this checkpoint.
Iron is an essential nutrient that is taken up by
receptor-mediated endocytosis and released
through the endo-lysosomal system. Iron is then
effectively liganded and stored, but there also
exists an unliganded “labile” iron pool that is
toxic to cells because it generates hydroxyl
radicals from H,O, through the Fenton reac-
tion (67). Hence, it makes sense for cells to
limit iron uptake and endocytosis when under
oxidative stress. Suppression of iron and/or
transferrin receptor uptake and recycling and
also lysosomal processing have been observed
after menadione treatment several decades ago
(69), entirely consistent with our finding of PI
3-kinase VPS34 suppression by this oxidant.

Clathrin-mediated endocytosis (CME) is the
major route of nutrient uptake and PM receptor
regulation. Clathrin-independent endocytosis
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Fig. 5. Dietary mena- A
dione extends life

span in a myotubu- o
lar myopathy model.
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(D) Kaplan-Meier survival curves for Mtml WT and KO male mice, enrolled on the day of weaning to receive regular drinking water or MSB dissolved in the drinking water
(Mtm1 WT, water n = 16; Mtm1 WT, MSB n = 14; Mtm1 KO, water n = 16; Mtm1 KO, MSB n = 17). P value was calculated by log-rank (Mantel-Cox) test. ****P < 0.000L. (E) Body
mass of Mtml WT and KO male mice from trial shown in (D): Mtml WT, water n = 15; Mtml WT, MSB n = 13; Mtm1 KO, water n = 16; MtmI KO, MSB n = 17. P value was
calculated using two-tailed unpaired Student's t test. **P < 0.01. (F) Photographs of untreated and treated MtmI WT and KO male littermates from 2 litters (36-days-old),
showing observed differences in size between genotypes and treatment groups. (G) Representative images of H&E staining in TA muscle sections of MtmI WT and KO mice from
the indicated trial arms. Scale bar, 50 um. (H) (Left) Minimum Feret diameter (MinFeret) distribution of TA fibers in Mtml WT and KO male mice from the indicated treatment
arms. (Middle) Frequency of TA fibers with MinFeret diameter lower than 35 um and higher than 35 um, respectively. (Right) Fraction of fibers with mislocalized nuclei and
abnormal SDH staining. P values were calculated using one-way ANOVA. ns, not significant; *P < 0.05; **P < 0.01; ***P < 0.01; ****P < 0.0001. (I) Representative images of
SDH activity in TA muscle sections of MtmI WT and KO mice from the indicated trial arms. Scale bar, 50 um. (J) Representative images depicting TA ultrastructure by TEM, from
untreated or MSB treated MtmI WT and KO mice. Magnification of a triad is shown in TA of MtmI WT mice. “mito” or “mi" indicates mitochondria. Scale bar, 1 um.
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(CIE) routes also exist, and they are key in
cancer: Mutant Ras boosts macropinocytosis
through class I PI 3-kinase (70, 71). After PTEN
loss, unchecked action of class I PI 3-kinase
promotes macropinocytosis and FEME, another
type of CIE. Endophilin and drivers of macro-
pinocytosis were among the top hits in the
sensitizing screen (Fig. 3A), consistent with the
ability of CIE pathways to support fitness of
the PC cells under low-dose MSB oxidative
stress. This is because by triggering the pro-
posed endosomal redox checkpoint, PI(3)P levels
drop, and VPS34-independent sources of PI(3)P
become critical. This requires an elaborate and in-
efficient enzymatic detour that depends on class I
and class II PI 3-kinases and a multitude of PIP
metabolizing enzymes (38, 72). Thus, it is entirely
expected that these alternatives cannot prevent
triaptosis upon class III PI 3-kinase VPS34 inac-
tivation, because 70 to 80% of the cell’s PI(3)P
pool is produced in a single step by this enzyme
(38, 73, 7). By contrast, however, thiol reducing
power completely rescued triaptosis, which sug-
gests that cells with sufficient reducing reserves
can overcome this stress. This may be the basis
for our observed therapeutic window.

The generation of mouse models for XLMTM
and related centronuclear myopathy syndromes
has led to several successful preclinical trials,
and this has spawned a number of clinical
trials to help affected patients (75). Problems
associated with human gene therapy (76) have
unfortunately stymied the translation of highly
successful gene therapy in mice and dogs that
reconstituted the M¢mlI gene. At the same time,
new human trials have been started based on
the unexpected preclinical success with drug
repurposing: It was shown that tamoxifen can
be used to strongly ameliorate the disease in
MitmI-KO mice (54, 77). Moreover, it has been
shown that loss of class II PI 3-kinase (Pik:3c2D)
reverses the lethal MtmI-KO phenotype, where-
as the pan-PI 3-kinase inhibitor wortmannin
extends survival in these mice (51, 78-80). It
will be important to see how progress with the
therapeutic windows of PI 3-kinase class II and
class III inhibitors affect the design of myotu-
bular myopathy trials. Although key points for
clinical translation remain to be tested (dose-
response, drug accumulation in muscle, and
force generation), it is encouraging that the im-
provements in life span and activity may be
linked to improvements in muscle histology and
myofiber ultrastructure. Thus, our preclinical re-
sults based on dietary menadione have the po-
tential to expand the toolbox for therapy of
XLMTM and perhaps even other centronuclear
myopathies more broadly.

Taken together, we discovered the opportunity
for suppressing class III PI 3-kinase VPS34 with
the provitamin menadione and its consequence,
the distinct cell death by triaptosis. We suggest
that these findings may offer much needed
lines of attack in multiple human disease settings.

Swamynathan et al., Science 386, eadk9167 (2024)

Materials and methods summary

Generation of RapidCaP mice

PtenF10%P Ty 5310P10XP transgenic mice were
used in this study. All protocols for mouse
experiments were in accordance with institu-
tional guidelines and were approved by the
Institutional Animal Care and Use Committee
(IACUC). Pten! 1o, Typ53 PP yransgenic
mice were generated by crossing Pten'®*/'®
mice with Trp53°FF mice. Eight-week-old
Pten! PN, D530 10XP 1ranseenic male mice
were used for RapidCaP surgery. The detailed
method has been described previously (4, 5, 81).
After exposure to anesthesia (isoflurane, 2%), the
lower half of the abdomen was shaved, and
the mouse was placed in a sterile surgical hood.
The mouse was constantly exposed to isoflur-
ane through a nose cone for the entire duration
of the 10-min surgery. The shaved region was
cleaned with betadine, followed by ethanol
three times. A 0.5-inch incision in both the skin
and peritoneum was made along the lower
abdomen, to the right of the midline, to allow
the right anterior prostate to be exposed. The
right anterior prostate is removed from the
body and placed on a sterile drape. Then, 20 ul
of concentrated Luc.Cre virus (Addgene plas-
mid no. 20905, 2.5 x 107 transduction units per ml),
purchased from the University of Iowa’s Viral
Vector Core, was injected into the right anterior
prostate. The incision was then sutured with
absorbable sutures and the skin stapled shut
using two to three stainless steel EZ Clip
wound closures. Animals were observed for
complete recovery from anesthesia and warmed
under a heating lamp to regain the ability to
maintain sternal recambence and given DietGel.

Generation of MTM mice

MTM heterozygous female mice (th]“'/ 7) con-
taining a targeted deletion in exon 4 of one
Mtml (52) were crossed with MemI*’Y males
and were maintained on a C57BL/6J background
for several generations, after confirmation of
the genetic background using externally vali-
dated genetic monitoring single-nucleotide poly-
morphism (SNP) panels (MiniMUGA array,
Transnetyx). For genotyping, genomic DNA
was isolated using tail clips and subjected to
polymerase chain reaction (PCR) analysis using
the following primers: Forward: 5'-AGCA-
CATGGGAGGTTGAG-3'. Reverse: 5'-GGCTT-
TAACCAAGGATTCACA-3'. The presence of WT
and Mtm164 alleles result in a 0.9 kb and 0.2 kb
DNA fragment, respectively.

Animal trials

For trials on RapidCaP animals, mice with
sustained disease as determined by 4 weeks of
BLI were randomized and assigned to three
cohorts receiving water control (n = 7), a dose
of 0.15 mg/ml of MSB (Sigma-Aldrich, M5750)
(n =7), or a combination of 0.15 mg/ml MSB
with 15 mg/ml VC (Sigma-Aldrich, A7631) (2 = 8).

25 October 2024

The compounds were dissolved fresh daily in
autoclaved water and provided to the mice
ad libitum. Drug consumption was recorded
daily (in milliliters) to ensure consistent dosing
between and within cohorts. Mice were moni-
tored weekly for weight loss as well as disease
progression using BLI. At the end of the 18-week
trial period, mice were humanely euthanized,
and the prostates were excised and flash frozen
for MS analysis. For BLI, mice were intraperi-
toneally (IP) injected with D-Luciferin (GoldBio,
115144-35-9) (50 mg/kg) and analyzed using an
IVIS Spectrum system (Caliper Life Sciences)
10 min after IP injection. For signal quantifica-
tion, Living Image was used. The two animals
with Aendpoints > 3rd quartile + 1.5 x inter-
quartile range of their respective cohort (MSB
no. 8 = 1312% > 118.5; MSB & VC no. 8 = 1379% >
203.0) were defined as statistical outliers.

To determine effects on coagulation, naive
mice were dosed with increasing concentra-
tions of MSB (0.15 mg/ml to 0.75 mg/ml). The
treatment was provided ad libitum and made
fresh daily. Blood coagulation was tested bi-
weekly using the Roche CoaguChek XS device.
Mice were restrained, and a small tail vein
puncture was performed. Within 15 s of the
tail vein puncture, 50 ul of blood was dripped
on to the CoaguChek test strip, and the read-
ing was recorded.

VC levels were determined and showed no in-
crease in normal liver (MSB & VC: 2.05 nmol/mg,
SD = 0.65 nmol/mg versus water: 2.46 nmol/mg,
SD = 0.02 nmol/mg) and prostate (MSB & VC:
1.78 nmol/mg, SD = 0.29 nmol/mg versus water:
164 nmol/mg, SD = 0.14 nmol/mg) of three
trial animals, each using the Ascorbic Acid
Assay Kit (Sigma-Aldrich, MAKO74-1KT).

For transplantation experiments in Nu/J male
mice (JAX stock no. 002019), 100,000 RapidCaP-
derived Pten™ ;T 7p53’/ ~ EpCaP cells were mixed
with an equal volume of Matrigel and then
subcutaneously injected. The tumors were
allowed to engraft and then (10 days after
injection), mice were enrolled on a randomized
basis to be treated with phosphate-buffered
saline (PBS) or MSB (50 mg/Kkg). The treatment
was delivered through IP injections on a daily
basis. At the end of 1 week, mice were humanely
euthanized, and the prostates were excised and
flash frozen for MS analysis. For transplantation
experiments in C57BL/6 male mice, 250,000
RapidCaP-derived Pten” ’;T7p53’/ ~ EpCaP cells
were mixed with an equal volume of Matrigel
and then orthotopically injected into the right
anterior prostate using the surgical procedure
for RapidCaP generation as described earlier.
The tumors were allowed to engraft and then
(10 days after injection), mice were enrolled on
arandomized basis to receive regular drinking
water or 0.15 mg/ml of MSB dissolved in the
drinking water. The compounds were dissolved
fresh in autoclaved water, three times a week,
and provided to the mice ad libitum. At the end
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of 10 days, mice were humanely euthanized,
and the prostates were excised and flash frozen
for RNA extraction.

For the MTM trials, MimI WT (MemI™ /¥ or
Mimr™Y) and Mtmi1 KO (Mtm1*°’¥) male mice
were weaned on postnatal day 21 and randomly
enrolled to receive regular drinking water or
0.15 mg/ml of MSB dissolved in the drinking
water. The compounds were dissolved fresh
in autoclaved water, three times a week, and
provided to the mice ad libitum. Mtm1x°/¥
animals were kept on the respective treatments
until death as the endpoint. Animal weights
were recorded on days 21, 24, 26, and 28 and
then on a weekly basis.

For phenotypic assessment of mouse motor
functions, we analyzed activity of the animals
using an open-field test. Mouse mobility was
tested in a 40-cm (L) by 22-cm (W) by 25-cm
(H) black acrylic box. A camera was mounted
above the box and connected to a PC using a
USB2.0 cable for video recording. The axis of
the camera was perpendicular to the box
ground so that the videos showed mouse
movements on the horizontal plane. On the
test day, mice in their home cages were trans-
ferred to the test room at least 1 hour before
the test started. Each mouse was gently loaded
to the center of box ground by hand and then
allowed to explore the box freely for 3 min
while video recording was on. After that, the
mouse was returned to its home cage and
home room. The box was cleaned using 70%
alcohol and paper towels between consecu-
tive animals. Tests were done on 3 days after
enrollment to a treatment condition.

The first 3 min after the mouse was loaded
into the box were analyzed from video files.
The (%, y) coordinates of mouse location on
each frame of video recordings were deter-
mined using the python package ezTrack (82).
The resulting coordinates were then trans-
formed to derive displacement, d; = [ (x; - X;.1)> +
i - i)® 1°° and mobility v; = (d;) x (frame rate)
for the i'" frame. A separate video clip of a mouse
sitting at a fixed location without overt dis-
placement by eye was used to set the threshold
of movement for all other mice. Any frame
with displacement above that threshold was
considered as an active frame. Proportion of
active time was calculated as percentage of
active frames to all frames in 3 min. Total dis-
placement was the sum of displacement in the
active time.

Electron microscopy

TA muscles were fixed by immersion in 2.5%
paraformaldehyde and 2.5% glutaraldehyde in
0.1 M cacodylate buffer (pH = 7.4), then washed
in cacodylate buffer for 30 min. Muscles were
postfixed in 1% osmium tetroxide in 0.1 M
cacodylate buffer for 1 hour at 4°C and dehy-
drated through graded alcohol (50, 70, 90, and
100%) and propylene oxide for 30 min each.
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The samples were embedded in Epon 812
before semithin sections were cut at 2 um.
Ultrathin sections were cut at 70 nm (Leica
Ultracut UCT) and contrasted with uranyl
acetate and lead citrate. Sections were ob-
served at 70kv with a Morgagni 268D electron
microscope (FEI Electron Optics, Eindhoven,
Netherlands). Images were captured digitally by
Mega View III camera (Soft Imaging System).
The number of T-tubules per sarcomere and
T-tubule direction were measured manually.

Histology

Eight-micrometer-thick transversal cryosections
of TA muscles were collected on glass slides and
stained with hematoxylin and eosin (H&E) or SDH.
Light microscopic images were acquired using
a Nanozoomer 2HT slide scanner (Hamamatsu
Photonics). Myofiber size was measured by the
Cellpose segmentation algorithm on H&E sec-
tions (83). Images were analyzed using FIJI
analysis software. Myofiber MinFeret diameter
(in micrometers) and nuclei mislocalization an-
alyses were performed on H&E images. SDH
images were used for analysis of mitochondria
mispositioning. Fibers with abnormal SDH
staining and nuclei positioning were counted
manually using the cell counter plugin in FIJI
analysis software. Myofiber size, abnormal SDH
staining, and nuclei mislocalization were deter-
mined from fibers of the whole muscle section.

Single-nucleus processing for
whole-genome sequencing

For single-cell genomics, we used the single-
nucleus sequencing (SNS) approach. Animals
were euthanized using CO, exposure, tissues
of interest were harvested and imaged on the
Xenogen or IVIS after application of luciferin
ex vivo. Regions with BLI signal were then
dissected and flash frozen. To isolate cells from
the bone, the femur was flushed with PBS,
collected, and BLI imaged to confirm presence
of mutant cells followed by staining with CD45
antibody and sorting of the CD45-negative
population by FACS. Nuclei were isolated for
SNS from frozen and FACS-sorted samples
using the previously published protocol (15).
Samples were lysed in the NST-DAPI buffer
(15), [800 ml of NST (146 mM NaCl, 10 mM Tris
base at pH 7.8, 1 mM CaCl,, 21 mM MgCl,, 0.05%
BSA, 0.2% NP-40)] 200 ml of 106 mM MgCl,,
10 ml of 500 mM EDTA at pH 8.0, and 10 mg
of DAPI (Cell Signaling Technology, 4083S).
Nuclei were prepared by gently centrifuging
the cell lysis solution at 1000 rpm for 5 min to
pellet them followed by removal of superna-
tant and addition of 1 ml of NST-DAPI buffer
to the cell pellet. Suspensions of nuclei were
filtered through a 25-mm cell strainer before
flow sorting. Single nuclei were sorted by FACS
using the BD Biosystems SORP flow cytometer,
and single nuclei were deposited into individ-
ual wells of a 96-well plate.
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For whole-genome amplification (WGA) and
Tlumina library construction, the Seqplex DNA
amplification Kit (Sigma-Aldrich, SEQXE-50RXN)
was used according to the manufacturer’s instruc-
tions. Before library preparation the Seqplex
primers were first removed enzymatically. One
microgram of WGA product was then end-
repaired, A-tailed, and ligated to TruSeq adap-
ters (illumina). The ligated DNA was purified
using AMPure XP beads (Beckman Coulter) then
pooled, amplified, and quantified for sequencing
using a Bioanalyzer 2100 (Agilent). The pools
were sequenced on the Illumina NextSeq 500
instrument using single-read 76 bp.
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