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SIGNIFICANCE Mechanistic target of rapamycin (mTOR) is a key protein kinase that integrates various sig-
nals to control cell growth. Despite complex networks of mTOR with mTOR-associated proteins, endoge-
nous cellular metabolites capable of interacting with mTOR have largely remained elusive. We identified
that 13-S-hydroxyoctadecadienoic acid (13-S-HODE), a bioactive oxygenated metabolite of linoleic acid, a
polyunsaturated essential fatty acid, directly binds to the catalytic domain of mTOR, thereby inhibiting its ki-
nase activity. Either 13-S-HODE treatment or expression of arachidonate 15-lipoxygenase, an enzyme
responsible for 13-S-HODE production, reduces mTOR and its downstream signaling activities, thus sup-
pressing the growth of cancer cells as well as tumor xenografts. Thus, our data propose 13-S-HODE as a tu-
mor suppressive, mTOR-inhibiting cellular metabolite involved in controlling cancer cell growth.

SUMMARY

Mechanistic target of rapamycin (nTOR) is a key protein kinase that integrates various internal and external
signals to control biological events including cell growth. Whereas substantial efforts were made to elucidate
protein subunits interacting with mTOR, endogenous metabolite-mTOR interactions remain largely unknown.
Using affinity protein purification and mass spectrometry, we identified direct binding of mTOR to 13-S-hy-
droxyoctadecadienoic acid (13-S-HODE) which is an oxygenated metabolite of linoleic acid, a polyunsatu-
rated essential fatty acid. Interaction of 13-S-HODE with the catalytic ATP-binding domain of mTOR pre-
vented its kinase activity in an ATP-competitive manner. Furthermore, either 13-S-HODE treatment or
expression of arachidonate 15-lipoxygenase (ALOX15), an enzyme responsible for 13-S-HODE production,
reduced mTOR signaling, thereby suppressing the growth of cancer cells as well as tumor xenografts. Our
results highlight the importance of 13-S-HODE serving as a tumor suppressive, mTOR-inhibiting metabolite
that links polyunsaturated fatty acid metabolism and the mTOR signaling in controlling cancer cell growth.

INTRODUCTION their modified metabolites, to coordinate signaling networks.'

Elucidating the molecular interactions among macromolecules
Multiple mechanisms have evolved to sense fluctuations in a and small molecules is essential for fully uncovering signaling
wide range of cellular small molecules, including nutrients and  networks.*® Recently, although small metabolite regulators of
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proteins have become the significant focus of attention, a limited
number of metabolite-protein interactions have been identified
relative to other extensive protein-protein and protein-nucleic
acid interaction networks.*""®

Mechanistic target of rapamycin (mTOR) is a key signaling
node integrating various environmental signals from growth fac-
tors, stress, and nutrients to control major biological events such
as growth and metabolism.°"'" Major efforts to understand
mTOR-binding proteins has allowed us to define two multipro-
tein complexes, mTOR complex 1 (NTORC1) and 2 (mTORC2):
mTORC1 controls cellular growth by phosphorylating S6 kinase
1 (S6K1), whereas mTORC2 regulates cell survival by phosphor-
ylating Akt (also known as protein kinase B) and serum/glucocor-
ticoid regulated kinase 1 (SGK1).'%127"* |t is clear that the dysre-
gulation of the mTOR signaling pathway occurs in many human
diseases, including cancer.'®'® Importantly, it has been found
that majority of human cancers are associated with aberrant
activation of mTOR."”~"° Thus, dissecting the mTOR-controlling
molecular pathways could offer new insights into a better under-
standing of the mTOR signaling networks and the development
of mTOR-targeting therapeutics. Numerous protein factors that
physically interact with mTOR and regulate its activity have
been identified (e.g., raptor [regulatory-associated protein of
mTOR], rictor [rapamycin-insensitive companion of mTOR],
DEPTOR [DEP domain-containing mTOR-interacting protein],
and PRAS40 [proline-rich Akt substrate of 40 kDa]),'*"%2%-2?
whereas phosphatidic acid is the only endogenous metabolite
proposed to bind and stimulate mTORC1.2° However, identifying
other cellular metabolites that may interact with mTOR and its
associated pathways remains to be established.

Herein, we identify 13-S-hydroxyoctadecadienoic acid (13-
S-HODE), an oxidized linoleic acid metabolite (OXLAM), as
an mTOR-associated small molecule. Mechanistically, 13-S-
HODE directly binds to the catalytic domain of mTOR, thereby
acting to inhibit mTOR kinase in an ATP-competitive manner.
Consequently, 13-S-HODE treatment or overexpression of
ALOX15 led to the suppressed mTOR signaling, decreased pro-
liferation, and reduced the growth of cultured cancer cells and
tumor xenografts. Collectively, our findings reveal that 13-S-
HODE as a tumor-suppressive polyunsaturated fatty acid
(PUFA) metabolite, plays a key role in inhibiting mTOR, thereby
suppressing cancer cell growth.

RESULTS

Affinity protein purification and mass spectrometry
reveals 13-S-HODE as an mTOR-associated metabolite
To identify mTOR-binding small metabolites, we performed af-
finity protein purification followed by liquid chromatography-
mass spectrometry (LC-MS) (Figure 1A). FLAG-tagged mTOR
was overexpressed in human embryonic kidney 293 T
(HEK293T) cells and immunopurified. Metabolites extracted
from FLAG-mTOR immunoprecipitates were analyzed via LC-
MS metabolite profiling based on accurate molecular mass
and retention time. A peak ([M-H]: 295.2264 amu) at 6.51 min
in the negative ion mode (Figure 1B) was identified as 13-S-
HODE, an oxygenated product of linoleic acid,”* the essential
PUFA, on the basis of the same retention time and molecular
mass of pure 13-S-HODE (Figures 1B, 1C, and S1A). To verify
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these findings, HEK293 cell lysates were incubated with biotin,
biotin-labeled linoleic acid, or biotin-labeled 13-S-HODE. The
pulldown assay using biotin-linoleic acid showed no binding to
mTOR, raptor, or rictor (Figure S1B). Notably, biotin-labeled
13-S-HODE bound to mTOR and its complex subunits, raptor
and rictor, but was competed off in the presence of unlabeled
13-S-HODE (Figure 1D), clearly supporting associations be-
tween 13-S-HODE and mTOR in cells.

13-S-HODE directly inhibits mTOR kinase activity

in vitro

We examined whether 13-S-HODE directly influences mTOR ki-
nase activity to establish the physiological significance of 13-S-
HODE-mTOR interactions. To address this issue, in vitro kinase
assays were performed using either raptor or rictor immunopre-
cipitates prepared from HEK293T cells. 13-S-HODE inhibited
phosphorylation at T389 of the mTORC1 substrate, S6K1 in a
dose-dependent manner (Figure 2A). Incubation with 13-S-
HODE additionally blocked phosphorylation of the mTORC2
substrate, Akt, at S473 (Figure 2B), indicating inhibitory activity
of the metabolite against both mTORC1 and mTORC2. Relative
to the concentration of 13-S-HODE required for mTORC1 inhibi-
tion, a higher amount was needed to achieve the same level of
suppression for mTORC2 (Figures 2A, 2B, and S2A), suggesting
selective activity toward mTORCA1.

For further confirmation of whether 13-S-HODE directly inter-
acts with the mTOR kinase domain, we conducted an in vitro ki-
nase assay using the recombinant mTOR C-terminal fragment
encompassing amino acid residues 1,362 to 2,549 that
form the intact kinase domain. Notably, 13-S-HODE, but not
vehicle, inhibited S6K1 phosphorylation (Figure 2C). 15-S-
HETE, a minor metabolite generated by arachidonate
15-lipoxygenase (ALOX15), the enzyme responsible for 13-S-
HODE biosynthesis,?* ¢ was further tested and found to inhibit
mTOR kinase activity in vitro in a manner similar to 13-S-HODE
(Figure S2B). Importantly, 13-S-HODE failed to exert inhibitory
effects on other kinases, including phosphatidylinositol
3-kinase-related kinases (e.g., phosphatidylinositol 3-kinase
C3, DNA-dependent protein kinase and extracellular signal-
regulated kinase) (Figures S2C-S2E), highlighting the selective
inhibitory activity of 13-S-HODE against mTOR. In pulldown ex-
periments, we further detected interactions of biotin-labeled 13-
S-HODE with the recombinant mTOR C-terminal region
(Figure 2D). This binding was specific, since biotin-labeled lino-
leic acid used as a control did not interact with the mTOR C-ter-
minal fragment nor inhibit its kinase activity (Figures 2D, 2E, and
S1B). Our findings collectively suggest that 13-S-HODE inhibits
mTOR activity through direct interactions with the kinase
domain.

13-S-HODE binds to the kinase domain of mTOR and
acts as an ATP-competitive inhibitor

To gain insights into the mechanism of action of 13-S-HODE and
establish the potential binding site, we focused on the structural
and conformational consequences of 13-S-HODE binding to the
mTOR C- terminus with the aid of hydrogen/deuterium exchange
MS (HDX-MS). In the presence of 13-S-HODE, several regions
exhibited altered deuterium uptake kinetics, which predomi-
nantly localized to the kinase domain (Figures S3A and S3B).
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Figure 1. Identification of 13-S-HODE as an mTOR-associated metabolite
(A) Experimental schematics for screening endogenous small molecules bound to mTOR. Metabolites specifically bound Flag-mTOR immunoprecipitates relative

to control were identified using LC-MS.

(B) Extracted ion chromatographs of FLAG-mTOR (top) and negative control (middle) at 6.51 min in the negative mode. The abundant metabolite ((M-H]:
295.2264) in FLAG-mTOR was confirmed as 13-S-HODE by comparison with accurate determinations of the molecular mass and retention times of pure 13-S-

HODE ([M-H]": 295.2271, lower) under the same LC-MS conditions.
(C) Chemical structure of 13-S-HODE.

(D) Binding of biotin-labeled 13-S-HODE to endogenous mTOR, raptor, or rictor in HEK293T cell lysates assessed via streptavidin bead pulldown and immu-

noblotting. Blots are representative of three independent experiments.

A more detailed examination revealed that peptides including
residues 1,943-1,956 at the linker region between the FAT
(FRAP, ATM, and TRRAP) and FKBP12-rapamycin binding
(FRB) domains, 2,186-2,196, 2,270-2,280, 2,303-2,314, or
2,421-2,431 of the kinase domain of mTOR displayed a signifi-
cant decrease in exchange at the earliest experimental time
point of D,O incubation (10 s) (Figures S3C and S3D), suggestive
of potential ligand-binding sites. Mapping of protected regions
on the crystal structure of mTOR?° revealed that the potential
13-S-HODE binding site spans across the catalytic cleft of the ki-
nase protein (Figure 3A).

Based on these results, we further performed docking simula-
tions of 13-S-HODE at the catalytic site of mTOR kinase to eluci-
date its potential binding mode. The best docked pose of 13-S-
HODE was located close to the ATP-binding site of the catalytic
cleft of mTOR and formed hydrogen bonds with several residues
including Lys2187, Glu2190, His2247, His2340, and Ser2342
(Figure 3B). Two of the residues, Lys2187 and Glu2190, were
located in areas potentially protected by 13-S-HODE according
to HDX-MS data (Figures 3A, S3C, and S3D). These amino acids
have also been documented as the key interacting residues with

the ADP-MgF3-Mg, complex in the mTOR crystal structure,?®
leading to the proposal that 13-S-HODE acts as an ATP-compet-
itive inhibitor.

We next tested direct interaction between 13-S-HODE and
purified mTOR kinase domain. The thermal stability of recombi-
nant mTOR kinase domain was evaluated by varying concentra-
tions of 13-S-HODE. We found that 13-S-HODE, but not linoleic
acid, reduced the thermal stability of recombinant mTOR kinase
domain in a concentration-dependent manner, i.e., 30 pM of
13-S-HODE decreased the T, by approximately 2.29 °C
(Figures 3C, 3D, and S3E), suggesting that 13-S-HODE directly
binds to the kinase domain of mTOR. To clarify whether 13-S-
HODE-mTOR interactions represent a specific event occurring
within the ATP-binding pocket of mTOR, we focused on the
residues of mTOR required for interactions with 13-S-HODE.
Based on docking simulation data, mTORK2187A/E2190A 1 ytants
were generated. We analyzed the interaction between the
mTORKZ187AE2190A 51 13_-S-HODE using the cellular thermal
shift assay (CETSA). 13-S-HODE induced the thermal stability
of mTOR"T in a temperature-dependent manner, whereas
mTORKZ187TAE2190A  tailed to exhibit this stabilizing effect

Cell Chemical Biology 33, 637-648, May 21, 2026 639
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(A and B) In vitro mTOR kinase assays were performed in the absence or presence of 13-S-HODE. FLAG-raptor or FLAG-rictor was cotransfected in HEK293T
cells with myc-tagged mTOR. mTORC1 kinase activity was assessed by using FLAG-raptor immunoprecipitates via immunoblotting of T389 S6K1 phosphor-
ylation (A). mTORC2 kinase activity was analyzed by using FLAG-rictor immunoprecipitates, based on S473 Akt phosphorylation (B).

(C) In vitro kinase assays were performed using the recombinant human mTOR C-terminal region (ImTO

the T389 S6K1 phosphorylation level.

R1362-254% mTOR kinase activity was evaluated based on

(D) Binding of biotin-labeled 13-S-HODE to recombinant mTOR 3622549 \yas assessed via streptavidin bead pulldown and immunoblotting.
(E) In vitro kinase assays were performed using the recombinant human mTOR C-terminal region (mTOR'362254%) in the absence or presence of either linoleic acid
or 13-S-HODE. All images show representative experiments that were repeated independently three times.

(Figure 3E), confirming that K2187 and E2190 of mTOR are
critical for its direct interaction with 13-S-HODE. Because
K2187 and E2190 are residues essential for ATP binding,”®
mTORKZ187TAE2190A | a0ks intrinsic kinase activity (Figure S3F);
therefore, it was not possible to assess whether 13-S-HODE in-
hibits mTOR activity using this mutant. The potential ATP-
competitive mechanism of 13-S-HODE was further investigated
by performing an in vitro mTOR kinase assay in the presence of
13-S-HODE along with various concentrations of ATP. Notably,
the inhibitory effect of 13-S-HODE on mTOR was abolished
with increasing ATP concentrations (Figure 3F), validating 13-
S-HODE action through an ATP-competitive mechanism.

13-S-HODE inhibits mTOR signaling and cancer cell
growth

In multiple human cancer types, nearly undetectable levels of 13-S-
HODE and arachidonate 15-lipoxygenase (ALOX15), a rate-limiting
enzyme that synthesizes 13-S-HODE from linoleic acid have been
reported,”> 28 suggesting a crucial role of 13-S-HODE as a tumor
suppressive metabolite. However, the effect of 13-S-HODE on
mTOR signaling has not yet been profoundly investigated. Colo-
rectal cancer (CRC) cell lines (HT-29 and SW480) were assessed
to test the role of 13-S-HODE in cellular mTOR signaling events.
Treatment of the CRC cells with 13-S-HODE for 48 h reduced phos-
phorylation at T389 of S6K1 and S240/244 of S6 but not S473 of Akt

640 Cell Chemical Biology 33, 637-648, May 21, 2026

(Figure 4A), thereby demonstrating 13-S-HODE’s inhibitory effect
on mTORC1. Similar mTORC1 inhibition was observed in other
cancer cells such as MDA-MB-468 breast cancer cells and
U-373 MG glioblastoma, as shown by the decreased phosphoryla-
tion of S6K1 and S6 upon treatment with 13-S-HODE (Figure 4B).
Acute 30-min treatment with 13-S-HODE did not produce a detect-
able inhibitory effect on mTOR signaling (Figure S4A). In addition,
the treatment of MDA-MB-468 cells with 13-S-HODE resulted
in reduced proliferation (Figure 4C) and colony formation
(Figure 4D). When normal cell lines, such as MCF10A and
NCM460D, were tested, corresponding cancer cells (e.g., MDA-
MB-468, SW480) exhibited a greater reduction in cell viability
upon 13-S-HODE treatment, indicating that 13-S-HODE selec-
tively reduces the viability of cancer cells relative to normal cells
(Figures S4B and S4C). The effects of 13-S-HODE on tumor growth
in vivo were examined by injecting MDA-MB-468 cells subcutane-
ously into immunocompromised mice and monitoring tumor
growth. The growth of MDA-MB-468 xenografts was significantly
inhibited by 13-S-HODE administration (Figures 4E and 4F), thus
confirming its anti-cancer effects in vivo.

13-S-HODE suppresses mTOR signaling and the growth
of cancer cells with hyperactive MTOR mutation

Recently, gain-of-function MTOR mutations have been discov-
ered from several types of cancers and serve as biomarkers to
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Figure 3. 13-S-HODE acts as an ATP-competitive inhibitor

(A) Peptides showing significant deviation were mapped onto the structure of mTOR (PDB: 4JSV) on a surface representation. Regions with a significant decrease
in deuterium uptake in the presence of 13-S-HODE are colored green. Magnesium ions are presented in a black sphere and ADP is labeled in blue to highlight
the catalytic site.

(B) Optimal docking pose of 13-S-HODE in the catalytic site of mTOR kinase. Hydrogen bond interactions between 13-S-HODE and mTOR were observed
(OH group of 13-HODE with Lys2197 and Glu2190, COOH group with His2340, Ser2342, and His2247). The numbers indicate intermolecular hydrogen bond
distance in A.

(C and D) The thermal denaturation of recombinant mTOR kinase domain was measured in the absence and presence of varying 13-S-HODE concentrations, as
indicated. Representative derivative (dF/dT) curves are shown for untreated and treated with varying ligand concentrations (C). Midpoint temperatures of the
protein-unfolding transition (T,,) are presented as bars (D).

Data are mean + SD of at least three independent measurements (*p < 0.05).

(E) CETSA was carried out to evaluate the thermal stability of 13-S-HODE-bound mTOR. HEK293T cells were transfected with FLAG-mTOR™T or FLAG-
mMTORK?187AE2190A gl lysates were incubated with 13-S-HODE for 1 h at 4°C. Actin was used as a nontarget protein.

(F) In vitro mTORC1 activity of raptor immunoprecipitates prepared from HEK293 cells assayed in the presence of 75 pM 13-S-HODE and increasing concen-
trations of ATP.

T389 phosphorylation of S6K1 was measured via immunoblotting. Representative experiments are shown, which were repeated independently three times
(E and F), all with similar results.

predict their responses to mTOR inhibitors.*° Based on our find-
ings that 13-S-HODE inhibits mTOR, we put forward the hypoth-
esis that 13-S-HODE could retard the growth of cancer cells with a
hyperactive MTOR mutation. To examine this possibility, we
selected JHUEMY7 endometrial cancer cells harboring the
mTORC1-activating MTOR mutation S2215Y°%; 13-S-HODE
treatment resulted in decreased proliferation as well as colony for-
mation of JHUEM?Y cells (Figures 5A, 5B, and S5A). As it has been
reported for other cancer cells,®'*? endogenous 13-S-HODE was

almost undetectable in vehicle treated JHUEM?7 cells, whereas it
was approximately 150 uM in JHUEM? cells treated with 13-S-
HODE for 48 h (Figure S5B), thereby confirming efficient intracel-
lular uptake of 13-S-HODE. Notably, treatment with 13-S-HODE
also suppressed cell viability in HelLa cells, which do not harbor
hyperactivating MTOR mutations (Figure S5C), indicating that
sensitivity to 13-S-HODE is not restricted to cancer cells with
constitutively active mTOR. To investigate the effects of 13-S-
HODE on global gene expression in JHUEM?Y cells, we performed

Cell Chemical Biology 33, 637-648, May 21, 2026 641
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(A) HT-29, SW480 colorectal cancer cells were treated with DMSO vehicle or 13-S-HODE for 48 h. Cell lysates were analyzed by immunoblotting for the levels of

the indicated proteins and phosphorylation states.

(B) MDA-MB-468 breast cancer cells and U-373 MG glioblastoma cells were treated with DMSO vehicle or 13-S-HODE for 48 h. Cell lysates were analyzed by
immunoblotting for the levels of the indicated proteins and phosphorylation states.

(C and D) Cell viability (C) and colony formation (D) of DMSO vehicle or 135 uM 13-S-HODE treated MDA-MB-468 cells were measured.

Data are expressed as mean + SEM (*p < 0.05; *p < 0.01; ***p < 0.001, Student’s t test.).

(E and F) MDA-MB-468 cells were inoculated into flanks of nude mice (n = 6 per group) and tumor volumes were measured for 30 days after injection. DMSO
vehicle or 13-S-HODE (10 mg/kg) were intratumorally injected five times into xenograft tumors every 2 days (E).

Data are expressed as mean + SE (*p < 0.05, **p < 0.01, **p < 0.001, Student’s t test.).

Representative images of xenograft tumors at the day of sacrifice (F).

RNA sequencing. 13-S-HODE treatment downregulated 3,729
genes and up-regulated 3,842 genes (Figure 5C). Specifically, ac-
cording to KEGG pathway enrichment analyses (Figures S5D and
S5E), genes in the mTOR signaling pathway were markedly
altered by 13-S-HODE treatment, which supports its action in
the mTOR pathway. Significant changes in gene sets linked to
various cancer-related pathways further suggest 13-S-HODE'’s
anti-cancer activity (Figure S5D).

Next, we found that 13-S-HODE treatment reduced phosphor-
ylation at T389 of S6K1 but not S473 of Akt (Figure 5D), thereby
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validating potent mTORC1 inhibition by 13-S-HODE. As shown
inan mTOR kinase assay (Figures 2A and 2B), mTORC1 appears
more sensitive to 13-S-HODE than mTORC2 (Figure 5D), pre-
sumably reflecting structural differences between the two
distinct mTOR complexes.?®***" Interestingly, longer treatment
of 13-S-HODE for 96 h decreased phosphorylation of both S6K1
T389 and Akt S473 (Figure 5E), suggesting that prolonged appli-
cation of 13-S-HODE leads to the inhibition of both mTORC1 and
mTORC2 in cells. In our immunoprecipitation mTOR kinase
assays using the hyperactive mTOR-mutants mTORS211%Y,
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Figure 5. 13-S-HODE inhibits mTOR signaling and suppresses the growth of cancer cells with hyperactive MTOR mutation
(A and B) Cell viability (A) and colony formation (B) of DMSO vehicle or 135 pM 13-S-HODE treated JHUEM7 endometrial cancer cells were measured.
(C) Volcano plot showing significant gene expression changes in response to 135 pM 13-S-HODE treatment in JHUEM7 cells. (D) JHUEMY cells were treated with

DMSO vehicle or 13-S-HODE for 48 h.

Cell lysates were analyzed by immunoblotting for the levels of the indicated proteins and phosphorylation states.
(E) JHUEMY cells were treated with DMSO vehicle or 135 pM 13-S-HODE for 96 h. Cell lysates were analyzed by immunoblotting for the levels of the indicated

proteins and phosphorylation states.

(F) In vitro mTORCH1 activity of mTOR immunoprecipitates prepared from HEK293T cells expressing mTORS?2'®Y was assayed in the presence of 13-S-HODE.
(G-l) JHUEM7 cancer cells were inoculated into flanks of nude mice (n = 6 per group) and tumor volumes were measured for 28 days after injection.

DMSO vehicle or 13-S-HODE (10 mg/kg) were intratumorally injected three times into xenograft tumors every 2 days (G).

Data are expressed as mean + SE (*p < 0.05, **p < 0.01, **p < 0.001, Student’s t test.). Representative images of xenograft tumors at the day of sacrifice (H).

Immunoblot analysis of tumor tissues harvested from xenograft (I).
Data are representative of three independent experiments.

mTOR®™3Y and mTORE'"®K  their kinase activities were
dramatically suppressed in the presence of 13-S-HODE
(Figures 5F, S5F, and S5G). Similarly, inhibition of hyperactive
mTOR signaling and cellular growth was also found in 13-S-
HODE-treated HEC59 endometrial carcinoma cells harboring
the mTORC1-activating MTOR E1799K mutation (Figures S5H-

S5J). These results validate the suppressive effect of 13-S-
HODE on cancer cells with a hyperactive MTOR mutation.
Furthermore, the effect of 13-S-HODE on tumor growth in vivo
was examined by injecting JHUEM7 cells subcutaneously into
immunocompromised mice and monitoring tumor growth.
mTOR signaling activities were markedly suppressed and
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Figure 6. ALOX15 overexpression reduces mTOR signaling and cancer cell growth

(A and B) MCF7 cells with stable overexpression of empty vector, ALOX15-WT, or ALOX15-T560M were generated. Cell lysates were analyzed by immunoblotting
for the levels of the indicated proteins and phosphorylation states (A). Colony formation of MCF7 cells in (A) was measured (B).

(C-G) JHUEMTY cells with stable overexpression of empty vector or ALOX15-WT were generated. Cell lysates were analyzed by immunoblotting for the levels of

the indicated proteins and phosphorylation states (C).

Cell viability (D) and colony formation (E) of JHEUM7 cells were measured. JHUEM?7 cells were inoculated into flanks of nude mice (n = 6 per group) and tumor

volumes were measured for 42 days after injection (F).

Data are expressed as mean + SE (*p < 0.05, **p < 0.01, **p < 0.001, Student’s t test.). Representative images of xenograft tumors at the day of sacrifice (G).

growth of the JHUEM7 xenograft was stunted only when 13-S-
HODE was injected intratumorally (Figures 5G-5I) or intrave-
nously (Figure S5K and S5L), thus confirming 13-S-HODE’s
anti-tumorigenic potentials.

ALOX15 overexpression reduces mTOR signaling and
cancer cell growth

To further examine our hypothesis, we tested whether mTOR
signaling can be affected by the expression of ALOX15 which is
found down-regulated in many cancer cells.>’*> We first
chose MCF7 breast cancer cells with active PI3K signaling
pathway. Compared with control cells expressing empty vector
(MCF7ve™™,  MCF7 cells stably overexpressing wild-type
ALOX15 (MCF7A-9X1% WT) exhibited dramatically reduced phos-
phorylation of S6K1 T389 and Akt S473 (Figure 6A), indicating inhi-
bition of bothmTORC1 and C2. In contrast, no significant decrease
in mTOR signaling was observed upon expression of catalytically
inactive mutant ALOX15 T560M (MCF7ALOX15  T560M)38
(Figure 6A), suggesting the role of catalytic action of ALOX15 in
the suppression of mTOR in cancer cells. Consistent with these
observations, expression of ALOX15-WT, but not ALOX15-
T560M, suppressed colony formation of MCF7 cells (Figure 6B).
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We also established hyperactive MTOR-harboring JHUEM7 cells
stably overexpressing ALOX15-WT. Compared to vector-ex-
pressing control cells (JHUEM7Y%™"), overexpression of ALOX15
in JHUEM? cells (JHUEM7-°%1%) |ed to decreased phosphoryla-
tion of both S6K1 T389 and Akt S473 (Figure 6C), followed by
reduced growth of cell culture (Figure 6D) and colony formation
(Figure 6E) as well as tumor xenograft (Figures 6F and 6G). Collec-
tively, these results clearly support a model in which 13-S-HODE is
the key determinant of mTOR signaling activity and cell growth in
cancer cells.

DISCUSSION

Metabolite-protein interactions are key molecular events in
mediating control of the fundamental biological processes be-
tween protein-based signaling networks and cellular metabo-
lites.*>"® Using an unbiased MS-based screening approach,
we discovered 13-S-HODE as an mTOR-associated metabolite
and identified its unique ability to inhibit the kinase activity of
mTOR via directly interacting with its ATP-binding catalytic
core. Furthermore, we demonstrated that 13-S-HODE supple-
mentation or expression of ALOX15 in cancer cells suppresses
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mTOR signaling and attenuates cancer growth at both the
cellular and physiological level.

mTOR functions as a signaling hub to integrate metabolic al-
terations such as amino acid uptake and increased glucose uti-
lization.'%*° Although information on the roles of amino acid- and
glucose-sensing events in the regulation of mTOR signaling has
emerged,'"*>*" our understanding of lipid metabolites in the co-
ordination of MTOR has remained largely elusive. To the best of
our knowledge, this is the first description of a molecular mech-
anism by which mTOR is negatively controlled by directly
sensing a lipid metabolite. The range of 13-S-HODE actions to-
ward mTOR in vitro and in cells was found to be in the higher
micromolar level. Similarly, other cellular metabolites have
shown to exert their biological effects on their protein targets in
the micromolar up to the millimolar level, as exemplified from in-
teractions such as fructose-1,6-bisphosphate with Sos1 (Son of
sevenless homolog 1),%? lactate with NDRG3 (N-myc down-
stream-regulated gene 3).*® In our biochemical characterization,
we found that 13-S-HODE potently targets mTORC1 over
mTORC2. Indeed, 48 h incubation of cancer cells with 13-S-
HODE showed mTORCH1 inhibition, but interestingly chronic
treatment of 13-S-HODE over 96 h led to suppression of both
the mTORC1 and C2 signaling pathways. 13-S-HODE’s action
in the dual inhibition of MTORC1 and C2 was validated by robust
reductions in both S6K1 and Akt signaling in 13-S-HODE—
treated tumor xenograft tissues. This finding further highlights
the value of 13-S-HODE's signaling action because selective
or incomplete inhibition of mMTORC1 was reported to trigger
feedback activation of the PI3K/Akt pathway.***® Thus, further
investigation is needed to understand signaling and molecular
details underlying 13-S-HODE’s potent cellular impact on
mTORC1/2 inhibition.

The levels of bioactive OXLAMs such as 13-S-HODE have
been connected to the pathologies of major diseases such as
cancer and coronary heart disease.*®*” Since mammals do
not have enzymes to catalyze the de novo synthesis of linoleic
acid, the intracellular extent to which it can be regulated
(through diet, fatty acid transport, or metabolic transformation)
needs to be uncovered. For instance, chronic headache and
other pain sources can be managed in patients by controlling
linoleic acid and its OXLAMSs via dietary intervention.*® Modula-
tion of fatty acid transport in cancer cells has also drawn atten-
tion because the control of fatty acid uptake in tumor cells is
crucial for the progression of cancer.**°° Given that ALOX15
expression is markedly suppressed in many types of cancer,
resulting in extremely low intracellular 13-S-HODE levels, %52
achieving relatively high concentrations appears to be crucial
for eliciting measurable anti-cancer effects (Figures 4 and 5).
Consistent with this notion, our data showed that 13-S-HODE
suppressed cancer cell proliferation with an ECsq of approxi-
mately 150 pM (Figure S5A), highlighting the need for pharma-
cological levels of 13-S-HODE to achieve tumor-suppressive
activity. Approaches to overcome silenced ALOX15 expression
in cancer cells might also provide a way to employ 13-S-HODE
mediated mTOR control. Thus, further investigations are
required to understand fatty acid transporters and metabolic
processes related to 13-S-HODE in cancer cells. Moreover, a
recent study reported a mechanism by which linoleic acid,
the precursor of 13-S-HODE, can form a complex with fatty
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acid-binding protein 5 (FABP5), which interacts with raptor to
activate mTORC1 in cancer cells including triple-negative
breast cancer cells.”’ Future investigations should explore
how linoleic acid-triggered mTOR activation®' and 13-S-
HODE-mediated mTOR inhibition are finely coordinated in can-
cer cells.

In summary, we uncovered a previously unknown metabolite-
protein interaction that links PUFA metabolism in the case of the
oxygenated linoleic acid metabolite, 13-S-HODE, to mTOR
signaling in cancer. By expanding our classical view of 13-S-
HODE as an endogenous ligand of the nuclear receptor
PPAR,>> we have established the suppressive action of 13-S-
HODE on mTOR and cancer cell growth. Our findings suggest
that epigenetic silencing of ALOX75 expression and depletion
of 13-S-HODE in multiple types of cancers have evolved to avoid
its negative action on the mTOR signaling axis, which maintains
mTOR activity and supports a favorable cellular milieu for tumor
growth. Our study thus provides insight that targeting 13-S-
HODE lipid metabolism in tumors might be an effective strategy
to control mTOR in cancer cells.

13-S-HODE, a bioactive oxygenated metabolite of linoleic
acid, a polyunsaturated essential fatty acid, directly binds to
the catalytic domain of mTOR, thereby inhibiting its kinase activ-
ity. Either 13-S-HODE treatment or expression of arachidonate
15-lipoxygenase, an enzyme responsible for 13-S-HODE pro-
duction, reduces mTOR and its downstream signaling activities,
thus suppressing the growth of cancer cells as well as tumor
xenografts. Thus, our data propose 13-S-HODE as a tumor sup-
pressive, mTOR-inhibiting cellular metabolite involved in control-
ling cancer cell growth.

Limitations of the study

While our study identifies 13-S-HODE as a novel mTOR-binding
metabolite that effectively inhibits mTOR activity and cancer cell
growth, several limitations remain to be addressed: First,
although our biochemical data demonstrate that 13-S-HODE
directly suppresses mTOR via occupying the ATP-binding
pocket of mTOR, our findings in cells are primarily based on
gain-of-function models. Given that 13-S-HODE is also a potent
inducer of ER stress and ferroptosis-related signaling, we cannot
entirely rule out the possibility that these secondary stress re-
sponses contribute to an indirect suppression of mTOR. Further
studies will be required to dissect the relative contributions of
direct biochemical inhibition versus indirect signaling-mediated
suppression. Second, the physiological action of the 13-S-
HODE-mTOR axis remains unknown. Whether the endogenous
depletion of ALOX15—and the subsequent reduction in 13-S-
HODE levels—leads to a reciprocal hyperactivation of mTOR in
normal cells is currently unclear. Future research will be needed
to determine if this metabolite-protein interaction serves as a
fundamental homeostatic regulator of mTOR signaling in diverse
biological contexts.
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Further information and requests for resources and reagents should be
directed to and will be fulfilled by the lead contact, Seyun Kim (seyunkim@
kaist.ac.kr).
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Materials availability

Materials and reagents generated in this study are available upon reasonable
request from the lead contact and may require a completed material transfer
agreement.

Data and code availability

® Metabolomics data were deposited on MetaboLights under MTBLS13970.
HDX-MS data were deposited on PRIDE under PXD076474. RNA
sequencing data were deposited on NCBI Sequence Read Archive (SRA)
under PRUNA1432510.

o This article does not report original code.

o Any additional information required to reanalyze the data reported in this
article is available from the lead contact upon request.
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Sigma-Aldrich
Larodan
Cayman
Cayman
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Polyplus transfection
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Georgiachem
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D60400-10G

L14003.0 B-1KG
661384-10G

T0519-100G
B2323-5G
179418-1 L
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258148-100ML
Cat#38610

Cat#38612
Cat#L5900-10MG
Cat#39-1802-39
Cat#34720

Cat#34722
Cat#B4639-1G
Cat#MCE-HY-13003-5MG
Cat#14-770-M
Cat#40000-1
Cat#A7699-1G

Cat#18-8816-31
Cat#88816
Cat#A2220-5ML
Cat#1.00206
Cat#114-15
Cat#C3023-5 g
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Sodium Chloride LPS solution Cat#NACL05
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UltraPure™ 0.5 M EDTA, pH8.0 Invitrogen Cat#2323123
Protease inhibitor cocktail (Complete) Roche Cat#11836145001
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Potassium acetate Sigma-Aldrich Cat#P1190-500G
Potassium chloride Sigma-Aldrich Cat#529552-250GM
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0.5 M EGTA, pH 8.0 Biosolution Cat#BE004-1
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SYPRO® Orange Protein Gel Stain Sigma-Aldrich Cat#S5692-50UL
30% Acrylamide/Bis Solution, 29:1 Bio-Rad Cat#1610156
Ammonium persulfate Sigma-Aldrich Cat#A3678-25G
N,N,N',N'-Tetramethylethylenediamine Sigma-Aldrich Cat#T9281-100ML
Bio-Rad Protein Assay Dye Reagent Bio-Rad Cat#5000006
Concentrate

PageRuler Prestained Protein Ladder Thermo fisher Cat#26616
Spectra™ Multicolor High Range Protein Thermo fisher Cat#26625
Ladder

SuSignal™ West Femto Maximum Thermo fisher Cat#34095
Sensitivity Substrate

Immobilon Forte Western HRP substrate Millipore Cat#WBLUF0500
Penicillin-Streptomycin (10,000 U/mL) Gibco Cat#15140122
Trypsin-EDTA (500mL) Welgene Cat#LS-015-10
MEM Non-Essential Amino Acids Gibco Cat#11140050
Solution (100x)

Bovine serum albumin (BSA) Sigma-Aldrich Cat#A9647-500 g
Ampicillin Sodium Salt LPS solution Cat#AMP10

LB Broth (High Salt) LPS solution Cat#LB-05
Acetonitrile (>99.5%, ACS reagent) Sigma-aldrich Cat#360457-1 L
Acetonitrile 99.5%, Extra Pure DAEJUNG Cat#1012-4404
HPLC Water DAEJUNG Cat#8585-2305
Critical commercial assays

EZ-cytox WST-1 Dozen EZ-3000
Experimental models: Cell lines

Human: JHEUM7 RIKEN ID#RCB1677
Human: HEK293 American Type Culture Collection ID#CRL-1573™
Human: HEK293T American Type Culture Collection ID#CRL-3216
Human: HelLa American Type Culture Collection N/A

Human: MCF10A In-house N/A

Human: MDA-MB-468 In-house N/A

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER
Human: U373-MG In-house N/A

Human: HT-29 In-house N/A

Human: HEC59 JCRB Cell Bank ID#JCRB1120
Human: NCM460D INCELL ID#NCM460D
Human: SW480 In-house N/A
Experimental models: Organisms/strains

Mouse: CAnN.Cg-Foxn1™/Crl, Female This paper N/A
Oligonucleotides

Primers for GST-S6K1 (amino acids 332- J Chen et al.>® N/A

421) Fw: CGCGGATCCTAATTTGCCTC

CCTACCTCACA, Rv: CCGGAATTCAGAG

TTGAGTCATCGGGGCT

Recombinant DNA

pPGEX-4T3-GST-S6K1 (amino acids J Chen et al.® N/A

332-421)
pCDH-MCS-T2A-copGFP-MSCV
pcDNA3-Flag mTORWT
myc-Raptor

myc-Rictor corrected

System Biosciences
Gift from Jie Chen®*
Gift from David Sabatini'®
Gift from David Sabatini'®

Cat#CD523A-1

Addgene plasmid #26603
Addgene plasmid #1859
Addgene plasmid #11367

Deposited data

Metabolomics data
RNA-sequencing data
HDX-MS data

MetabolLights
SRA
PRIDE

MTBLS13970
PRJNA1432510
Project accession: PXD076474

Software and algorithms

ChemBioDraw (ver. 11.0.1)

Chem3D Pro (ver. 11.0.1)
BIOVIA Discovery Studio 3.0

PyMOL software

Imaged

GraphPad Prism (version 8.0)

Revvity Signals Software

CambridgeSoft Corp
Dassault Systemes

Schrodinger

National Institutes of Health

GraphPad software

https://revvitysignals.com/products/
research/chemdraw
https://www.cambridgesoftware.com/
RRID:SCR_014695; https://discover.3ds.
com/discovery-studio-visualizer-download
RRID:SCR_000305; https://www.
pymol.org/

RRID: SCR_003070; https://imagej.net/ij/
download.html

RRID: SCR_002798; https://www.
graphpad.com/

Other

Dulbecco’s Modified Eagle’s
Medium (DMEM)

DMEM Hams F12 Medium

Roswell Park Memorial Institute 1640
(RPMI1640)

Minimum Essential Medium (MEM)

Dulbecco’s Phosphate Buffered
Saline (DPBS)

Fetal bovine serum (FBS)
UPLC C18 column

250 mm x 4.6 mm, 5 um, Daicel Chiralpak-
IG (chiral HPLC column)

250 x 4.6 mm, Nacalai Cosmosil Cholester
packed column

Welgene

Welgene
Welgene

Welgene
Welgene

Atlas
Avantar
DAICEL CORPORATION

Nacalai

Cat#LM001-05

Cat#LM002-04
Cat#LM 011-01

Cat#LM 007-54
Cat#L.B001-02

Cat#FP-0500-A
Cat# EXL-171-1002U
Lot No. IGOOCE-UJ024

05977-51
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell lines

HEK293 (female), HEK293T (female) MCF7 (female), U-373 MG (female), MDA-MB-468 (female), HT-29 (female), SW480 (male), HeLa
(female) and MCF10A (female) cells were obtained from ATCC (American Type Culture Collection, Manassas, VA, USA). JHUEM7
(female) cells were obtained from RIKEN (Tsukuba, Ibaraki, Japan). HEC59 (female) cells were obtained from JCRB Cell Bank (Osaka,
Ibaraki, Japan). NCM460D (male) cells were obtained from INCELL (Gangnam, Seoul, Republic of Korea). HEK293, HEK293T, MDA-
MB-468, MCF7, and U-373 MG cells were cultured in high-glucose DMEM supplemented with 10% FBS and 2 mM glutamine.
JHUEM7, HT-29, NCM460D and HEC59 cells were cultured in RPMI1640 supplemented with 1x non-essential amino acid (Gibco)
and 10% FBS. SW480 and MCF10A cells were cultured in DMEM/F-12 supplemented with 1 x non-essential amino acid, 2 mM gluta-
mine and 10% FBS. Hela cells were cultured in MEM supplemented with 10% FBS and 2 mM glutamine. Cells were grown on
100 x 20 mm culture plate (SPL) to 80% confluence. All cell lines were maintained at 37°C and 5% CO.. All cell lines were obtained
from certified vendors, authenticated, and confirmed to be mycoplasma-free prior to use.

Animals

BALB/c nude mice (CAnNN.Cg-Foxn1nu/Crl, female, 8-12 weeks old) were purchased from OrientBio (Seongnam, Republic of Korea).
The mice were maintained on a 12 h light/dark cycle in a temperature- and humidity-controlled facility, with ad libitum access to food
and water. All mice care and use procedures were performed in accordance with the Guide for the Care and Use of Laboratory An-
imals and were approved by the Institutional Animal Care and Use Committee (IACUC) of Korea Advanced Institute of Science and
Technology Animal Care and Use Committee (KA2025-059-v2.1).

METHOD DETAILS

LC-MS profiling of metabolites

Mass spectrometric analysis of the cell extracted samples was performed in a negative mode on a 1260 Infinity Quaternary Liquid
Chromatography system equipped with a 6530 Q-TOF mass spectrometer (Agilent). Agilent MassHunter LC/MS Data Acquisition
software (version B.05.00) was used for data collection. The mobile phases for liquid chromatography were water (A) and acetonitrile
(B). Chromatography solvent system used was: 0-8 min (linear gradient): 0% solvent B to 100%, 8-10 min (isocratic): 100% solvent B.
A 10 pL of sample dissolved in methanol was injected to a reversed-phase analytical column (Kinetex 2.6 pm XB-C18, 100 A,
50 x 2.10 mm) with a flow rate of 0.5 mL/min. Typical sample ESI condition was set at nozzle voltage 1.0 kV, gas temperature
325°C, drying gas 10 L/min, nebulizer 20 psig, VCap 4000 V, fragmentor 100 V and skimmer 65 V. All LC-MS data was deconvoluted
into individual chemical peaks by the MassHunter Qualitative Analysis Software B.05.00. The data files were transformed to CEF
format files using DA reprocessor (Agilent, B.05.00). Subsequent statistical evaluation of independent pairs of groups were per-
formed using Mass Profiler Professional software (Agilent, version 12.1) by unpaired t test analysis (cut-off value of p < 1.0, cut-
off value of fold change >1.0). The p value <0.05 in the t test was defined as significant. The features found in LC/MS data
file was 20 filtered based on an abundance filtering (minimum absolute abundance: 1000 counts) and number of ions (minimum
number: 1). Percentile shift (value 75.0) was used as normalization algorithm option to compute the 75th percentile of the abundance
values across all entities. ID Browser identification was conducted with a matching elemental formula by Agilent Masshunter ID
Browser software B.05.00 using MassHunter METLIN Metabolite PCDL (Personal Compound Database and Library) file as a
database.

HDX-MS analysis

The protein sequence coverage map was obtained from undeuterated controls as follows: 3.5 pL of 50 pM mTOR C-terminal frag-
ment in 25 mM HEPES, pH 7.4, 50 mM KCI, 10 mM MgCl,, 10% glycerol was diluted 96.5 pL of ice-cold quench (100 mM Glycine,
25 mM TCEP, pH 2.5). The quenched samples were injected into a Waters HDX nanoAcquity UPLC (Waters) with in-line pepsin diges-
tion (Waters Enzymate BEH pepsin column). Peptic fragments were trapped on an Acquity UPLC BEH C18 peptide trap and sepa-
rated on an Acquity UPLC C18 column. A7 min, 5%-35% acetonitrile (0.1% formic acid) gradient was used to elute peptides directly
into a Waters Synapt G2 mass spectrometer (Waters). MSE data were acquired with a 20 to 30 V ramp trap CE for high energy acqui-
sition of product ions as well as continuous lock mass (Leu-Enk) for mass accuracy correction. Peptides were identified using the
ProteinLynx Global Server 2.5.1 (PLGS) from Waters. Further filtering of 0.3 fragments per residues was applied in DynamX 3.0.
HD exchange reactions, quenching and injection were performed using a using a LEAP autosampler controlled with HDxDirector.
Briefly, 3.5 pL of ~50 pM mTOR C-terminal fragment in 25 mM HEPES, pH 7.4, 50 mM KCI, 10 mM MgCl,, 10% glycerol, 1%
DMSO with or without 130 pM 13-S-HODE (Cayman Chemical) was incubated in 31.5 uL of 25 mM HEPES, 99.99% D,0, pD 7.4,
50 mM KCI, 10 mM MgCl,, 1% DMSO with or without 130 pM 13-S-HODE. All reactions were performed at 25°C. Prior to injection,
deuteration reactions were quenched at various times (10 s, 1 min, 10 min, and 2 h) with 65 pL of ice-cold 100 mM Glycine buffer,
5 mM TCEP pH 2.5. Back exchange correction was performed against fully deuterated controls acquired by incubating 3.5 pL of
50 pM of mTOR C-terminal fragment in 31.5 pL 25 mM HEPES, 99.99% DO, pD 7.4, 50 mM KCI, 10 mM MgCl,, containing 6 M
deuterated Guanidine DCI for 2 h at 25°C prior to quenching. All deuteration time points were acquired in triplicates.
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The deuterium uptake by the identified peptides through increasing deuteration time and for the fully deuterated control was deter-
mined using Water’s DynamX 3.0 software. The normalized percentage of deuterium uptake (%D) at an incubation time t for a given
peptide was calculated as follows: %D = (100(m;-mg))/(mg-myg). With m; the centroid mass at incubation time t, mg the centroid mass of
the undeuterated control, and m; the centroid mass of the fully deuterated control. Percent deuteration difference plots (A%D) were
generated using the percent deuteration calculated. Confidence intervals for the A%D plots were determined® and adjusted to
percent deuteration using the fully deuterated controls. This approach involves the use of a two-criteria condition for determining
the statistical significance of deuterium uptake differences observed for any given peptide: first, a difference in deuterium uptake
at any single deuterium incubation time point (in colors) which is superior to the 98% confidence interval (dashed horizontal lines
in Figures S2B and S2C) as determined using the overall standard deviation from the entire dataset (all peptides, all time points,
all states). Second, a summed difference in deuterium uptake integrated over all time points probed which is superior to its respective
98% confidence interval (dash-dot horizontal line in Figure S2C) as determined using the overall standard deviation propagated to the
number of time point.

Molecular modeling

The 13-S-HODE used for this study was created as a 2D structure by ChemBioDraw (ver. 11.0.1) and transferred to Chem3D Pro
(ver. 11.0.1) to generate 3D structure. The structure of 13-S-HODE was saved as mol file format. The generated mol file transferred
to Discovery Studio 3.0 (DS 3.0, Accelrys Inc., USA). The process of ligand preparation and optimization was performed by Prepare
Ligands Module in DS 3.0. The PDB coordinates of human mTOR (PDB ID: 5FLC) were downloaded from the Protein DataBank.**
Before conducting docking studies, water molecules were removed from the protein-ligand complexes and side chain bumps of
amino acid residues were fixed. Hydrogen atoms were added by application of CHARMm Force Field, and Momany-Rone partial
charge settings were used as default settings in DS 3.0. The potential binding site of 13-S-HODE in the ATP-biding site of mTOR
was assigned to a spherical region with a radius of 20 A from the key amino acids consisting of the ATP-binding site (Lys2187,
Glu2190, His 2340, Asn2343, and Asp2357). Docking studies of 13-S-HODE were performed using CDOCKER protocol implemented
in DS 3.0 by modifying default settings slightly (top hits: 100, random conformations: 10, orientations to refine: 10, simulated anneal-
ing: true, Force field: CHARMmMm, Grid extension: 8.0, Ligand partial charge method: Momany-Rone). The best-docked pose of 13-S-
HODE was analyzed and visualized by using the PyMOL software.

Fluorescence-based thermal shift assay

The thermal shift assays were performed using the 7500 Real-Time PCR System (Applied Biosystems) melting curve program with a
temperature increment of 1.0°C and a temperature range of 25°C-95°C. All reactions were incubated in a 20 pL final volume and
assayed in 96-well plates using 1:1,000 dilution of 5,000 x SYPRO Orange stock solution (Sigma-Aldrich) and indicated concentra-
tions (1.0 pM) of recombinant mTOR kinase domain diluted in buffer containing 10 mM HEPES-HCI pH 7.5. 13-S-HODE was added to
the reaction to assess ligand-dependent thermal destabilization of mTOR kinase domain protein. The ligands (dissolved in DMSO)
were incubated with mTOR kinase domain protein at 4°C for 25 min before acquiring the melting curves.”® The Ty, is identified by
plotting the first derivative of the fluorescence emission as a function of temperature (—dF/dT) using GraphPad PRISM 8.0 software.

Generation of stable cell lines

The plasmid pCDH-MCS-T2A-copGFP-MSCYV (System Biosciences; CD525A-1) was used as a backbone for expression of genes of
interest. Lentiviruses were generated in HEK 293 T cells by transfecting the lentiviral plasmids together with packaging vectors
(PRSV-Rev, pMDLg/pRRE) and envelop plasmid (pMD2.G) as manufacturer’s protocol. Lentiviruses were added to MCF7 and
HEK293T cells for 24 h and the transduced cells were selected by flow cytometry.

Cell lysis, immunoprecipitation, and immunoblotting

Cells were lysed in NP-40 lysis buffer (50 mM Tris-HCl at pH 7.5, 150 mM NaCl, 1% NP-40 substitute, 1 mM EDTA at pH 8.0, 50 mM
NaF, 10 mM Na-pyrophosphate, 15 mM NazVO,, and protease inhibitor cocktail (Roche)). Whole cell lysates were mixed with 5x
SDS-sample buffer to a final concentration of 1-2 pg/pL, boiled for 5 min, and then used directly for immunoblotting or frozen
at —20°C. For mTOR immunoprecipitations, the cells were treated as with the glutathione pulldown, except they were lysed/washed
in CHAPS lysis buffer (40 mM HEPES at pH 7.4, 120 mM NaCl, 2 mM EDTA, 0.3% CHAPS, 50 mM NaF, 10 mM Na-pyrophosphate,
and protease inhibitor cocktail (Roche)) and incubated with FLAG-M2-coupled agarose beads for 2 h at 4°C. For immnunoblotting,
10-50 pg of whole cell lysates, or 10-30 pL of FLAG-M2 immunoprecipitates were loaded into lanes of 4-12% bis-tris SDS-PAGE
gels, run at 120 volts for 2 h in 1x glycine buffer, and then transferred to 0.45 pm nitrocellulose membrane at 60 volts for 2 h in
1x transfer buffer (1x glycine buffer without SDS, 20% methanol). The membranes were then immunoblotted for the indicated pro-
teins. All primary antibodies were diluted 1:1000 in 5% BSA W/V TBST, except for GAPDH and FLAG antibodies which were diluted
1:2000. All secondary antibodies were diluted 1:5000 in 5% skim milk W/V TBST. Representative and replicate immunoblot data are
shown in Data S1.

In vitro mTOR kinase assay
For in vitro mTOR kinase assay in Figure 3F, HEK293 cells were used to immunoprecipitate endogenous mTOR complexes. For
mTORC1 and C2 kinase assays in Figures 2A and 2B, myc-raptor or myc-rictor was transfected in HEK293T cells for 48 h with
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Flag-tagged mTOR. Cells were rinsed once with ice-cold PBS and lysed in ice-cold CHAPS lysis buffer. Cell lysates were incubated at
4°C for 10 min and the supernatant was collected by centrifuging lysates at 13,000 rpm for 10 min 2 pg of mTOR or FLAG antibody
were added to the 2 mg of cell lysates and incubated with rotation for 2 h at 4°C. 20 pL of agarose beads (Pierce) were added and the
incubation continued for 1 h mTOR or FLAG immunoprecipitates were washed twice with the same lysis buffer and twice with kinase
wash buffer (25 mM HEPES at pH 7.4, 20 mM potassium chloride, 1 mM magnesium chloride). mTORC1 kinase assays were per-
formed for 15 min at 37°C in a final volume of 15 pL of mTORC1 kinase buffer (25 mM HEPES at pH 7.4, 50 mM KCI, 10 mM
MgCl,, 500 pM ATP) and 150 ng of S6K1 as a substrate. Full-length S6K1 proteins were prepared as described previously.?
HEK293T cells were transfected with HA-GST-p70S6K1 containing a PreScission protease cleavage site between the GST tag
and S6K1. After 48 h, cells were treated with 20 uM LY294002 for 1 h. S6K1 was purified by using a glutathione bead column, followed
by PreScission protease treatment. GST-fused S6K1 (amino acids 332-421) proteins were also purified. GST-S6K1 (331-321) cDNA
was cloned, expressed in Escherichia coli, purified using glutathione beads, and cleaved of the GST-tag as described previously.>®
mTORCH1 kinase reactions were stopped by the addition of 10 pL of sample buffer and boiling for 5 min and analyzed by SDS-PAGE
and immunoblotting. /n vitro mTORC2 kinase assay was performed by using mTORC2 kinase buffer (25 mM HEPES at pH 7.5,
100 mM potassium acetate, 1 mM MgCl,, 500 uM ATP) with 100 ng of Akt1 as a substrate.

In vitro kinase assays for PISBKC3, DNA-PK, Erk

Kinase assays were performed by Reaction Biology Corporation. For in vitro PI3KC3 kinase assay, 50 uM PI:PS was used as a sub-
strate, and the ADP production was quantified by ADP-Glo luminescence detection. Both DNA-PK and Erk kinase reaction buffers
include 20 mM HEPES (pH 7.5), 10 mM MgCl,, 1 mM EGTA, 0.02% Brij35, 0.02 mg/mL BSA, 0.1 mM NazVOy, 2 mM DTT, and 1%
DMSO. To measure DNA-PK activity, 20 pM peptide substrate [EPPLSQEAFADLWKK], 10 ug/mL DNA, and 10 uM ATP were used.
For in vitro Erk kinase assay, 20 pM myelin basic protein and 10 uM ATP were used. 33P-ATP (specific activity 10 pCi/puL) into the
reaction mixture to initiate the reaction. After 2 h of reaction at room temperature, radioactivity was measured by filter-binding
method. Kinase activity data were expressed as the percent remaining kinase activity in test samples compared to vehicle
(DMSO) reactions.

Cellular thermal shift assay

Cellular thermal shift assay (CETSA) was performed to evaluate the interaction between 13-S-HODE and mTOR and to assess the
compound’s effect on mTOR stability under lysate conditions. Briefly, 2 x 10° cells were seeded in 100 x 20 mm culture dishes and
cultured for 24 h. Cells were then transfected with 5 pg of FLAG-mTOR"" or FLAG-mTORK2187AE2190A (1inase-dead mutant) plas-
mids using the jetPRIME transfection reagent (Polyplus), according to the manufacturer’s protocol. After 48 h of transfection, cells
were washed with PBS, detached with trypsin, and collected by centrifugation at 1500 rpm for 3 min. The cell pellets were resus-
pended in 500 pL of 0.3% CHAPS lysis buffer (40 mM HEPES pH 7.4, 120 mM NaCl, 2 mM EDTA, 0.3% CHAPS, 50 mM NaF,
10 mM Na-pyrophosphate) containing protease inhibitor cocktail (Roche, Switzerland). The lysates were incubated with gentle rota-
tion for 20 min at 4°C and then centrifuged at 13,000 rpm for 20 min at 4°C to obtain the soluble fractions. For the treatment group,
13-S-HODE was added to the supernatant (2 mg/mL total protein) to a final concentration of 135 pM and incubated for 1 h at 4°C.
Subsequently, aliquots of the treated lysates were transferred to PCR tubes and heated at 37°C, 48°C, and 50°C for 5 min, followed
by centrifugation at 13,000 rpm for 20 min. Soluble proteins were collected from the supernatant and subjected to Western blot anal-
ysis. Equal amounts of protein were separated on 8% SDS-PAGE gels and transferred onto nitrocellulose membranes. The mem-
branes were probed with anti-FLAG (Merck, F1804), and anti-B-actin (Cell Signaling Technology, 4970) at 4°C overnight. After
washing with TBST, membranes were incubated with HRP-conjugated secondary antibodies (Cell Signaling Technology, USA) for
1 h at 37°C. Immunoreactive bands were detected using an enhanced chemiluminescence system (ECL; Bio-Rad, USA), and protein
band intensities were quantified using ImagedJ software.

Biotin-labeled 13-S-HODE pulldown assay

HEK293T cells were lysed in CHAPS lysis buffer used for mTORC immunoprecipitation. 2 mg of total cell lysates were incubated with
10 pM of biotinylated 13-S-HODE (Cayman Chemical) or linoleic acid (Sigma-Aldrich). For competition, 20 uM of non-biotinylated 13-
S-HODE or linoleic acid were pre-incubated with cell lysates before binding. Streptavidin beads were added to the reaction mixture,
and the assay was assessed by immunoblotting. To map 13-S-HODE-mTOR binding, HEK293T cells were transfected with the
FLAG-mTOR™T, mTORP219%4 or mTORK2187AE2190A gnqg then lysed in CHAPS lysis buffer. 2 mg of cell lysates were incubated
with 20 pL of beads conjugated with an antibody against FLAG (Sigma-Aldrich) or Rabbit TrueBlot: Anti-Rabbit IgG HRP beads
(Rockland)for 18 h at 4°C with agitation. Then, beads were washed and incubated with or without unlabeled 13-S-HODE in the pres-
ence of biotinylated 13-S-HODE.

Measurement of cellular 13-S-HODE by LC-MS/MS

13-S-HODE was extracted from ~1.4 mL cell supernatant using solid phase extraction (SPE). 60 mg Oasis HLB (Waters) SPE car-
tridge was washed and preconditioned with ethyl acetate, methanol, and (0.1% acetic acid + 5% MeOH) in H,O, sequentially. 10 uL
of 0.2 mg/mL of EDTA and BHT in MeOH: H,O (50:50) was added to sorbent bed of an SPE column. Equal volume of (0.1% acetic
acid + 5% MeOH) in H,O was added to the cell supernatant. 50 pL of 500 nM 13-S-HODE-d4 was also added as internal standard
into a sample solution. The solution was added into SPE column. The column was washed with 2 column volumes of (0.1% acetic
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acid + 5% methanol) in H,O, then the column was dried using vacuum. Finally, 13-S-HODE was eluted with 0.5 mL methanol followed
by 1.5 mL ethyl acetate. The sample solution was dried using vacuum centrifuge, then stored at —20°C until analysis. The dried matter
was reconstituted with 40 pL of methanol prior to LC-MS/MS analysis.

13-S-HODE was determined using an LC-MS/MS system equipped with Agilent 1290 HPLC (Agilent) and QTRAP 5500 mass spec-
trometry (AB Sciex). A reverse-phase column (Pursuit5 C18, 150 x 2.1 mm) was used with mobile phase A (0.1% acetic acid in H,0)
and mobile phase B (0.1% acetic acid in acetonitrile/methanol (84/16)). The LC was run at 250 pL/min and 35°C. The separation
gradient was as follows: 35% B at 0 min, hold at 35% B for 0.25 min, 35 to 45% of B for 0.75 min, hold at 45% of B for 2 min, 45
to 56% of B for 5.5 min, 56 to 65% of B for 5.5 min, hold at 65% of B for 6 min, 65 to 95% of B for 1.5 min, hold at 95% of B for
5.5 min, 95 to 35% of B for 0.1 min, and then hold at 35% of B for 2.9 min. The multiple reaction monitoring (MRM) mode was
performed in negative ion mode for 13-S-HODE, and the extracted ion chromatogram corresponding to the specific transition of
13-S-HODE was used for quantification (Q1/Q3 = 295/195, RT = 18.09 min for 13-S-HODE; Q1/Q3 = 299/198, RT = 17.93 min for
13-S-HODE-d4). The calibration range for 13-HODE was 1-10000 nM (r2 > 0.99). Data analysis was performed by using either
Analyst 1.5.2.

Cell proliferation and colony formation assay

MDA-MB-468, JHUEM? (5 x 10° cells/mL), MDA-MB-231, MCF7 (1 x 10* cells/mL) were seeded into 96-well culture plates. After
overnight incubation, cells were treated with DMSO or 135 pM of 13-S-HODE for various times. Then 20 mL 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) solution (2.5 mg/mL in PBS) was added to each well, and the plates
were incubated for an additional 1 h at 37°C. The optical density of each well was measured at 492 nm with a SpectraMax Paradigm
Reader (Molecular Devices). For colony formation assay, cells (4 x 10*/well) were seeded into 24-well plates and cultured overnight
before being incubated with DMSO or 135 pM of 13-S-HODE for 4 days. The resulting colonies were fixed with methanol at —20°C for
30 min and were stained with 1% crystal violet for 15 min.

Organic synthesis of 13-S-HODE

13-S-HODE (>95% ee) was prepared by the previously described synthetic method (Figure S6 and Data S2).°” All the chemicals and
solvents used in the reaction were purchased from Sigma-Aldrich, TCI, or Alfa Aesar and were used without further purification. All
reactions were carried out in oven-dried glassware under an inert atmosphere and reaction temperature was controlled by an oil bath.
Reactions were monitored by TLC on 0.25 mm Merck precoated silica gel plates (60 F254). Reaction progress was monitored by TLC
analysis using a UV lamp and/or KMnQOy, staining or p-anisaldehyde staining solution for detection purposes. Column chromatog-
raphy was performed on silica gel (230-400 mesh, Merck, Darmstadt, Germany). 'H and '*C NMR spectra were recorded at
room temperature (298 K) in CDCI3 (7.26 ppm/77.16 ppm), CD3z0D (3.31 ppm/49.00 ppm) or CD3CN/D,O (2.53 and 4.79 ppm/
1.32 and 118.26 ppm) on Bruker Ultrashield 600 MHz Plus spectrometer and referenced to an internal solvent. NMR solvents
including CDCls, CD30D, CD3CN, and D,O were used as received from the Eurisotop company. Chemical shifts are reported in parts
per million (ppm). Coupling constants (J) are given in Hertz. Splitting patterns are indicated as s, singlet; d, doublet; t, triplet; g, quar-
tet; m, multiplet; dd, double of doublet; dt, double of triplet; br, broad for "H NMR data. High-resolution mass spectra (HRMS) were
recorded on an Agilent 6530 Accurate mass Q-TOF LC/MS spectrometer. Reversed-phase high-performance liquid chromatography
(RP-HPLC) purification using a semi-preparative column (Phenomenex Gemini-NX C18, 110 A, 150 mm x 10 mm, 5 um) was per-
formed on Agilent 1260 Infinity (Agilent). The purity of all final compounds was measured by analytical RP-HPLC on an Agilent
1260 Infinity (Agilent) with a C18 column (Phenomenex, 150 mm x 4.6 mm, 3 um, 110 A) using water (containing 0.1% FA) and aceto-
nitrile (ACN; containing 0.1% FA) as mobile phase. All compounds were monitored at a UV detector: 220 nm. The purities of the tested
compounds were >95%. Melting point (mp) was measured using a Q2000 DSC (TA Instruments, New Castle, DE). Optical rotation
was measured at A = 589 nm, corresponding to the sodium D line, at the indicated temperature using a Kriiss P8000 polarimeter.

(E)-1-Methoxy-4-((non-3-en-1-yloxy)methyl)benzene (1)

To a solution of (E)-non-3-en-1-ol (8.0 g, 56.2 mmol) in THF (160 mL) were added NaH (60%, 3.14 g, 78.7 mmol), PMBCI (9.0 mL,
66 mmol) and tetra-n-butylammonium bromide (187 mg, 0.56 mmol). The reaction mixture was heated at reflux for 24 h. After cooling
to room temperature, the reaction mixture was poured into saturated aqueous NH,4CI solution and extracted with ethyl acetate. The
organic layer was washed with water and brine, dried over MgSQy, filtered, and concentrated under reduced pressure. The residue
was purified by column chromatography on silica gel using Hex/EtOAc (98:2) to afford compound 1 as a colorless oil (12.0 g, 81%).
R;=0.25 (Hex/EtOAc (98:2), KMnOy,-stain); 1H NMR (600 MHz, CDCl3) & 7.26 (d, J = 8.58 Hz, 2H), 6.88 (d, J = 8.64 Hz, 2H), 5.49 (dt,
J=15.3, 6.7 Hz, 1H), 5.41 (dt, J = 15.3, 6.7 Hz, 1H), 4.45 (s, 2H), 3.81 (s, 3H), 3.45 (t, J = 7.0 Hz, 2H), 2.30 (q, J = 6.7 Hz, 2H), 1.98
(9, J = 6.7 Hz, 2H), 1.38-1.23 (m, 6H), 0.89 (t, J = 6.9 Hz, 3H); "*C{'H} NMR (151 MHz, CDCI3) §159.3, 132.8, 130.9, 129.4, 129.4,
126.4,114.0, 114.0, 72.7, 70.2, 55.5, 33.3, 32.8, 31.6, 29.4, 22.8, 14.3.

(3S,4S)-1-((4-Methoxybenzyl)oxy)nonane-3,4-diol (2)

A mixture of K3[Fe(CN)g] (18.7 g, 57.2 mmol, 3.0 equiv), K.CO3 (7.88 g, 57.2 mmol, 3.0 equiv) and (DHQ),PHAL (142.6 mg, 0.19 mmol,
1.0 mol %) in t-BuOH-H»O (1:1, 200 mL) was cooled to 4°C. K;0s04-2H,0 (28.8 mg, 0.076 mmol, 0.4 mol %) was then added, fol-
lowed by methanesulfonamide (1.80 g, 19.0 mmol, 1.0 equiv). After stirring for 5 min at 4°C, compound 1 (5.0 g, 19.0 mmol) was
added in one portion. The reaction mixture was stirred at 4°C for 24 h and then quenched with solid Na,SO3 (3.6 g, 28.6 mmol,
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1.5 equiv). Stirring was continued for an additional 45 min and the solid was removed by vacuum filtration. The filtrate was extracted
with EtOAc (3 x 100 mL), and the combined organic layers were washed with brine, dried over MgSOy,, filtered, and concentrated
under reduced pressure. The residue was purified by column chromatography on silica gel using Hex/EtOAc (3:1) to give the crude
2 as a white solid, which was further purified by recrystallization in Hex/EtOAc (20:1) to afford the desired pure product 2 as a white
solid (3.59 g, 79%, 95% ee). The enantiomeric ratio was determined by chiral HPLC [250 mm x mm, 5 um, Daicel Chiralpak-1G, 90:10
to 0:100 hexane/MTBE containing 0.05% glacial acetic acid, 1.0 mL/min, 220 nm, tg = 10.7 min [97.8%, (S,S)-isomer], 11.5 min
[2.2%, (R,R)-isomer]. mp 40—41°C; Ry = 0.25 (Hex/EtOAc (7:3), KMnO,4-stain); 'H NMR (600 MHz, CDCls) 7.24 (d, J = 8.6 Hz, 2H),
6.88 (d, J = 8.6 Hz, 2H), 4.46 (s, 2H), 3.80 (s, 3H), 3.71-3.62 (m, 3H), 3.41 (m, 1H), 3.19 (d, J = 3.9 Hz, 1H), 2.52 (d, J = 8.4 Hz,
1H), 1.90-1.70 (m, 2H), 1.51-1.23 (m, 8H), 0.89 (t, J = 7.0 Hz, 3H); "*C{"H} NMR (151 MHz, CDCls) 6 159.6, 130.0, 129.6, 129.6,
1141, 1141, 745, 73.9, 73.3, 68.5, 55.5, 33.7, 33.4, 32.1, 25.6, 22.8, 14.2; HRMS (ESI) m/z: [M + Na]+ calculated for
C17H2g04Na* 319.1880; Found 319.1856.

(4S,5S)-4-(2-((4-Methoxybenzyl)oxy)ethyl)-5-pentyl-1,3-dioxolan-2-one (3)

The compound 2 (3.5 g, 11.8 mmol) was dissolved in dimethyl carbonate (1.5 mL, 17.7 mmol, 1.5 equiv) and K,CO3; (98 mg,
0.71 mmol, 0.06 equiv) was added as a catalyst. The resulting mixture was stirred at 85°C for 3 h. Methanol and excess dimethyl
carbonate were then removed under reduced pressure at 30°C. The residue was purified by column chromatography on silica gel
using Hex/EtOAc (9:1) to afford compound 3 as a colorless oil (3.48 g, 91%). Ry = 0.25 (Hex/EtOAc (9:1), KMnO4-stain); 'TH NMR
(600 MHz, CDCl3) 6 7.22 (d, J = 8.6, 2H), 6.88 (d, J = 8.6, 2H), 4.45-4.39 (m, 3H), 4.33 (m, 1H), 3.80 (s, 3H), 3.60-3.57 (m, 2H),
2.00-1.94 (m, 2H), 1.70-1.59 (m, 2H), 1.49-1.23 (m, 6H), 0.88 (t, J = 7.0 Hz, 3H); "*C{"H} NMR (151 MHz, CDCl3) & 159.5, 154.8,
130.0,129.6, 129.6, 114.0, 114.0, 82.4, 79.8, 73.2,65.2, 55.4, 34.2, 33.8, 31.4, 24.4, 22.5, 14.1; HRMS (ESI) m/z: [M + Na]* calculated
for C1gH2605Na™ 345.1672; Found 345.1639.

(4S,5S)-4-(2-Hydroxyethyl)-5-pentyl-1,3-dioxolan-2-one (4)

To a stirred solution of 3 (3.3 g, 10.2 mmol) in a mixture of DCM (40 mL) and H,O (2 mL) was added DDQ (3.47 g, 15.3 mmol, 1.5 equiv)
at 4°C. After 30 min, the mixture was diluted with water and extracted with DCM. The organic layer was washed with water and brine,
dried over MgSQ,, filtered, and concentrated under reduced pressure. The residue was purified by column chromatography on silica
gel using Hex/EtOAc (8:2) to afford compound 4 as a colorless oil (1.7 g, 83%). Ry = 0.25 (Hex/EtOAc (7:3), KMnO,-stain); 'H NMR
(600 MHz, CDCl3) 6 4.48 (m, 1H), 4.35 (m, 1H), 3.81 (m, 2H), 2.14 (br s, 1H), 1.98-1.88 (m, 2H), 1.77-1.65 (m, 2H), 1.51-1.27 (m, 6H),
0.88 (t, J = 6.96 Hz, 3H); "*C{"H} NMR (151 MHz, CDCl3) 5 155.0, 82.5, 79.7, 58.2, 36.3, 33.6, 31.5, 24.4, 22.5, 14.1; HRMS (ESI) m/z:
[M + H]* calculated for C4oH1904* 203.1278; Found 203.1263.

(S,E)-4-hydroxynon-2-enal (5)

To a stirred solution of compound 4 (100 mg, 0.49 mmol) in EtOAc (10 mL) was added 2-lodoxybenzoic acid (IBX, 45% w/w with
stabilizer) (609 mg, 0.98 mmol, 2.0 equiv) under an argon atmosphere. The resulting suspension was refluxed for 3—4 h (TLC moni-
toring). The reaction was cooled to room temperature and the solid was removed by vacuum filtration. The filtrate was washed with
saturated aqueous NaHCOg, brine, dried over MgSOy,, filtered, and concentrated under reduced pressure. The residue was purified
by flash chromatography on silica gel using DCM/EtOAc (98:2) as eluent to afford the compound 5 (63 mg, 82%) as a colorless oil. Ry =
0.25 (DCM:EtOAGc, 98:2. KMnO,4-stain); "TH NMR (600 MHz, CDCl3) 8 9.57 (d, J = 7.8 Hz, 1H), 6.82 (dd, J = 15.7, 4.8 Hz, 1H), 6.30 (ddd,
J=15.7,7.8, 1.6 Hz, 1H), 4.42 (q, J = 4.8 Hz, 1H), 2.01 (s, 1H), 1.68-1.57 (m, 2H), 1.49-1.41 (m, 1H), 1.41-1.35 (m, 1H), 1.35-1.26
(m, 4H), 0.89 (t, J = 7.0 Hz, 3H); "*C{'H} NMR (151 MHz, CDCl;) & 193.9, 159.3, 130.9, 71.3, 36.7, 31.8, 25.1, 22.7, 14.2; HRMS
(ESI) m/z: [M + H]* calculated for CgH4705" 157.1223; Found 157.1226.

(8-Carboxyoctyl)triphenylphosphonium bromide (6)

Triphenylphosphine (5.9 g, 22.2 mmol, 1.5 equiv) was dissolved in freshly dried acetonitrile (90 mL) in a 100 mL round-bottomed flask.
A solution of 9-bromononanoic acid (3.5 g, 14.8 mmol) in acetonitrile (10 mL) was added dropwise to the stirred triphenylphosphine
solution. The reaction mixture was refluxed at 90°C for 48 h under an argon atmosphere and the solvent was removed under reduced
pressure to afford the crude (8-carboxyalkyl)triphenylphosphonium bromide salts as a slightly yellow oil. Toluene (20 mL) was added
to the residue, and the mixture was refluxed for 30 min. The toluene phase was decanted, and this washing process was repeated
with toluene (20 mL). Anhydrous diethyl ether (30 mL) was added to the residue, and recrystallization at 4°C afforded a pale yellow
solid. The solid was triturated with diethyl ether, filtered, and washed several times with diethyl ether. Drying under vacuum overnight
afforded compound 6 as a white solid (7.48 g, 95%) without further purification. Ry = 0.1 (Hex:EtOAc 7:3). KMnO,-stain); 'H NMR (600
MHz, DMSO) 6 11.95 (s, 1H), 7.91-7.76 (m, 15H), 3.63-3.56 (m, 2H), 2.15 (t, J = 7.4 Hz, 2H), 1.51 (m, 2H), 1.48-1.40 (m, 4H), 1.25
(m, 2H), 1.22-1.14 (m, 4H); "*C{'H} NMR (151 MHz, DMSO) & 174.4, 134.9, 133.6, 130.2, 118.9, 118.3, 33.6, 29.7, 29.6, 28.4,
27.9, 24.4, 21.7, 20.3; HRMS (ESI) m/z: [M]* calculated for Co7H3,02P* 419.2134; Found 419.2146.

(S,9Z,11E)-13-hydroxyoctadeca-9,11-dienoic acid, 13-(S)-HODE (7)

(8-carboxyoctyltriphenylphosphonium bromide 6 (1.43 g, 2.88 mmol, 1.5 equiv) was suspended in anhydrous
N,N’-Dimethylpropyleneurea (DMPU) (5 mL) under an argon atmosphere. A 1.5 M lithium bis(trimethylsilyl) amide (LIHMDS) solution
in THF (6.14 mL, 9.22 mmol, 4.80 equiv) was added dropwise over 40 min at 0°C, and the mixture was stirred at 0°C for an additional
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15 min. The resulting dark red solution was maintained to 0°C and a solution of (S, E)-4-hydroxynon-2-enal 5 (300 mg, 1.92 mmol) in
THF (2 mL) was added dropwise over 40 min. The reaction mixture was then allowed to warm to room temperature and stirred for 8 h
(monitored by TLC). The reaction was quenched with 1.0 M aqueous HCI until pH < 2. The aqueous layer was extracted with EtOAc
(8 x 40 mL), and the combined extracts were dried over MgSQ,, filtered, and concentrated under reduced pressure. The crude
mixture was purified by column chromatography using hexane/diethyl ether (8:2) containing 1% glacial acetic acid to give
(8,9Z,11E)-13-hydroxyoctadeca-9,11-dienoic acid 7 as a colorless oil in an 8:2 (Z/E) ratio (192 mg, 34%, 95% ee). Rf = 0.25 (Hex/
Ether (8:2) with 0.1% AcOH, KMnO,-stain); The enantiomeric ratio was determined by chiral HPLC [250 mm x 4.6 mm, 5 pm, Daicel
Chiralpak-1G, 80:20 to 0:100 hexane/MTBE containing 0.05% glacial acetic acid, 1.0 mL/min, 220 nm, tg = 6.4 min [2.5%, (R,R)-iso-
mer], 11.6 min [97.5%, (S,S)-isomer]. [(Z]%S =+10.8 (c 1.0, CHCI3); "H NMR (600 MHz, CDCl;) 6 6.49 (dd, J = 15.2, 10.8 Hz, 1H, H-11),
5.97 (t, J =10.8 Hz, 1H, H-10), 5.66 (dd, J = 15.2, 6.8 Hz, 1H, H-12), 5.44 (dt, J = 10.8, 7.2 Hz, 1H, H-9), 4.17 (9, J = 6.8 Hz, 1H), 2.34
(t,J =7.4 Hz, 2H), 2.20-2.15 (m, 2H), 1.66-1.60 (m, 2H), 1.55 (m, 2H), 1.41-1.36 (m, 3H), 1.36-1.27 (m, 11H), 0.89 (t, J = 6.8 Hz, 3H);
3G{'H} NMR (151 MHz, CDCl3) 6 179.2, 136.0, 133.1, 128.1, 126.1, 73.2, 37.5, 34.1, 32.0, 29.6, 29.1, 29.1, 29.0, 27.8, 25.3, 24.8,
22.8, 14.3; HRMS (ESI): [M - H]™ calculated for C1gH3105~, 295.2278; found, 295.2289.

RNA-sequencing

Total RNA was isolated from cells using Tri reagent (Molecular Research Center) according to the manufacturer’s protocol. 1 pg of
total RNA was processed for preparing mRNA sequencing library using MGIEasy RNA Directional Library Prep Kit (MGl) according to
manufacturer’s instruction. The first step involves purifying the poly-A containing mRNA molecules using poly-T oligo attached mag-
netic beads. Following purification, the mRNA is fragmented into small pieces using divalent cations under elevated temperature. The
cleaved RNA fragments are copied into first strand cDNA using reverse transcriptase and random primers. Strand specificity is
achieved in the RT directional buffer, followed by second strand cDNA synthesis. These cDNA fragments then have the addition
of asingle 'A’ base and subsequent ligation of the adapter. The products are then purified and enriched with PCR to create the final
cDNA library. The double stranded library is quantified using QauntiFluor ONE dsDNA System (Promega). The library is circularized at
37°C for 30 min, and then digested at 37°C for 30 min, followed by cleanup of circularization product. To make DNA nanoball (DNB),
the library is incubated at 30°C for 25 min using DNB enzyme. Finally, library was quantified by QauntiFluor ssDNA System (Promega).
Sequencing of the prepared DNB was conducted on the MGlseq system (MGI) with 150 bp paired-end reads. The limma, edgeR,
msigdbr, clusterProfiler packages in R, an open-source programming environment, was used to perform differentially expressed
genes, gene set enrichment and pathway enrichment analysis. ENTREZID, MsigDB, GO terms and KEGG pathways were mapped
and were used to perform enrichment test based on hypergeometric distribution. To prevent high false discovery rate (FDR) in mul-
tiple testing, g-values were also estimated for FDR control.

Mouse tumor xenograft studies

Animal protocols were performed in accordance with the guidelines approved by the Korea Advanced Institute of Science and Tech-
nology Animal Care and Use Committee. MDA-MB-468 (1 x 107 cells), JHUEM7 (5 x 10° cells) cells were implanted subcutaneously
into the female BALB/c nude mice at the age of 8-12 weeks. After the mean tumor volumes reached 50 mm?, the mice were
randomly assigned into two different groups (6 mice/group). The body weight and tumor diameters were measured every other
day. Tumor volume was assessed using calipers according to the formula 0.5x (W)® x (L), and a Student’s t test was used to deter-
mine the p values. Mice received intratumoral or intravenous injections of 10 mg/kg 13-S-HODE every 2 days.

QUANTIFICATION AND STATISTICAL ANALYSIS
Quantification and statistical analyses were performed using GraphPad Prism version 8.0 (GraphPad Software, La Jolla, CA, USA).
For the differences between two groups were examined using an un-paired two-sided Student’s t test. For comparisons involving

more than two groups, a one-way ANOVA was used. Post hoc testing was performed by with a Tukey’s multiple comparisons
test. In all cases, ns: not significant, p > 0.05; *p < 0.05; **p < 0.01; **p < 0.001.
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