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Tumor-specific GPX4 degradation enhances ferroptosis-
initiated antitumor immune response in mouse models
of pancreatic cancer
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Lipid peroxidation—dependent ferroptosis has become an emerging strategy for tumor therapy. However,
current strategies not only selectively induce ferroptosis in malignant cells but also trigger ferroptosis in
immune cells simultaneously, which can compromise anti-tumor immunity. Here, we used In-Cell Western
assays combined with an unbiased drug screening to identify the compound N6F11 as a ferroptosis inducer
that triggered the degradation of glutathione peroxidase 4 (GPX4), a key ferroptosis repressor, specifically in
cancer cells. N6F11 did not cause the degradation of GPX4 in immune cells, including dendritic, T, natural killer,
and neutrophil cells. Mechanistically, N6F11 bound to the RING domain of E3 ubiquitin ligase tripartite motif
containing 25 (TRIM25) in cancer cells to trigger TRIM25-mediated K48-linked ubiquitination of GPX4, resulting
in its proteasomal degradation. Functionally, N6F11 treatment caused ferroptotic cancer cell death that initiated
HMGB1-dependent antitumor immunity mediated by CD8* T cells. N6F11 also sensitized immune checkpoint
blockade that targeted CD274/PD-L1 in advanced cancer models, including genetically engineered mouse
models of pancreatic cancer driven by KRAS and TP53 mutations. These findings may establish a safe and
efficient strategy to boost ferroptosis-driven antitumor immunity.

INTRODUCTION

Immunotherapy has recently changed the landscape of cancer treat-
ment, leading to prolonged survival in certain patients (I). Specif-
ically, immune checkpoint inhibitors (IClIs), such as monoclonal
antibodies targeting programmed death 1 (PDCD1) or anti-
CD274, also known as programmed death ligand 1 (PD-L1), have
been approved as monotherapies or as part of combination treat-
ments to stimulate antitumor CD8" T cell responses (2). Despite
substantial advances, most patients do not respond to ICIs
because of the development of an immunosuppressive tumor mi-
croenvironment, antigenic tumor heterogeneity, insufficient immu-
nogenicity, or systemic immune failure (3, 4). Therefore, there is still
an unmet need for approaches that improve the response to
immunotherapy.

An effective antitumor adaptive immune response requires den-
dritic cells (DCs) that present tumor-associated antigens to T lym-
phocytes. The initiation of the anticancer response by DCs largely
depends on sufficient immune signals, particularly pathogen-asso-
ciated molecular patterns and damage-associated molecular pat-
terns (DAMPs) (5). The induction of immunogenic cell death
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(ICD) by chemotherapy, radiotherapy, or targeted therapies can ini-
tiate an adaptive immune response by exposing and releasing a
variety of DAMPs, including representative high-mobility group
box 1 (HMGBI1) protein (6). So-called induction therapies cause
ICD sensitization to subsequent treatment with ICIs (7).
However, it is not known which type of cell death optimally enhanc-
es the immunogenicity of tumor cells.

Ferroptotic cell death depends on unrestricted lipid peroxidation
rather than on the activation of apoptotic effector caspases (8). Glu-
tathione peroxidase 4 (GPX4) is a master repressor of ferroptosis
that reduces hydroperoxides to alcohols using reduced glutathione
(GSH) as a substrate (9). The activation of an amino acid antiporter,
solute carrier family 7 member 11 (SLC7A11/system xc™ ), favors
intracellular GSH production to sustain GPX4 activity (10). The
most widely used ferroptosis inducers in cancer preclinical research
are inhibitors of GPX4, such as RSL3, or SLC7A11, such as erastin
(11-14). These inhibitors also trigger ferroptotic death in DCs, T
cells, and neutrophils, dampening the antitumor immune response
(15-18). Thus, the development of cancer cell-specific ferroptosis
inducers is critical for overcoming side effects and increasing the
treatment efficacy of ICIs (19).

In the study described here, we identified a small-molecule com-
pound named N6F11 that selectively triggers ferroptosis in cancer
cells, but not in DCs, T lymphocytes, and neutrophils, by activating
tripartite motif containing 25 (TRIM25)-mediated degradation of
GPX4 protein. We not only elucidated the mechanistic basis of
TRIM25-mediated GPX4 degradation but also evaluated the effec-
tiveness and safety of N6F11 in inducing ICD and enhancing ICI
effectiveness for tumor immunotherapy.
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RESULTS
Identification of GPX4 degraders
The activity of GPX4 is critical for the prevention of ferroptosis;
therefore, several GPX4 inhibitors, such as RSL3, Fin56, and
ML210, have been developed to induce cell death in cancer cells
(20). In addition to inhibiting GPX4 enzymatic activity, RSL3,
Fin56, and ML210 also cause GPX4 protein degradation through
different mechanisms (9, 21-24). To identify new GPX4 protein de-
graders, we used an In-Cell Western assay, which is an infrared dye—
based quantitative immunofluorescence assay performed in a mi-
crotiter plate, combining the specificity of Western blotting with
the throughput of enzyme-linked immunosorbent assay (ELISA)
(25). We treated PANCI1 cells, a human pancreatic ductal adenocar-
cinoma (PDAC) cell line sensitive to ferroptosis (22, 26), with 4208
synthetic compounds of unknown biological activity from Selleck
Chemicals in a 96-well plate for 24 hours (Fig. 1A). After measuring
the ratio of the red signal (700 nm) of GPX4 and the green signal
(800 nm) of actin beta (ACTB) as control, we determined that 14
compounds inhibited GPX4, but not ACTB, protein abundance
to 50%, whereas eight compounds induced GPX4 protein abun-
dance more than twofold greater than control (Fig. 1B and fig. S1A).
Next, we used traditional immunoblots and the same anti-GPX4
antibody in an In-Cell Western assay to validate the top compound
candidates in PANCI cells and determined that N6F11 most eftfi-
ciently inhibited the abundance of GPX4 protein. The ability of
N6F11 (0.625 to 5uM) to suppress the abundance of GPX4
protein was confirmed in multiple human or mouse tumor cell
lines, including PANCI1 (human PDAC cells), HT1080 (human fi-
brosarcoma cells), MiaPACA2 (human PDAC cells), BxPC3
(human PDAC cells), KPC (mouse PDAC cells), 5637 (human
bladder carcinoma cells), Hs578T (human breast cancer cells),
and HeLa (human cervical cancer cells) (Fig. 1C), indicating that
N6F11 has a broad-spectrum activity. The down-regulation of
GPX4 protein by N6F11 was accompanied by an upward shift of
the GPX4 band in some cells, possibly due to changes in GPX4's
isoforms or modifications (27). The down-regulation of GPX4
protein induced by N6F11 (Fig. 1D) was not accompanied by a re-
duction of GPX4 mRNA (Fig. 1E) but rather by varying degrees of
decrease in cell viability (Fig. 1F). Cycloheximide chase assays indi-
cated that the protein half-life of GPX4 became shorter in PANC1
and HT1080 cells after N6F11 treatment (P < 0.05; Fig. 1, G and H).
The specificity of anti-GPX4 antibody used in the In-Cell Western
and immunoblot assay was verified in inducible Gpx4™'~ Pfa-1 cells
(Fig. 1I). Together, N6F11 suppresses GPX4 expression through en-
hanced protein degradation instead of through reduced gene
transcription.

N6F11 induces ferroptosis

Although GPX4 is increasingly being found to play a role in inhib-
iting ferroptosis, in some cases, the lack of Gpx4 in vivo also causes
nonferroptotic cell death, such as apoptosis, pyroptosis, or necrop-
tosis (28—31). To define the mechanism of N6F11-induced cell
growth inhibition (Fig. 2A), we measured cell death by staining
with the vital dye propidium iodide (PI). Treatment with N6F11
for 12 hours resulted in 40% death of PANCI cells (Fig. 2, B and
C, and fig. S1B). This cytotoxicity of N6F11 was blocked by ferrop-
tosis inhibitors (liproxstatin-1, ferrostatin-1, and deferoxamine) but
not by inhibitors of apoptosis (Z-VAD-FMK) and necroptosis
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(necrosulfonamide) (Fig. 2, B and C). Flow cytometry assays
using annexin V/PI staining further confirmed that N6F11-
induced PI-positive cells were inhibited by treatment with ferrosta-
tin-1 (fig. S1C).

The chromatin-binding protein HMGB1 is a DAMP and
immune mediator released by ferroptotic cells (32). N6F11 trig-
gered the release of HMGBI, and this effect was blocked by ferrop-
tosis inhibitors but not by inhibitors of other cell death modalities
(Fig. 2D). Immunoblot analyses confirmed that N6F11 failed to ac-
tivate the core biochemical events of apoptosis, including the cleav-
age of caspase-3 and poly(adenosine diphosphate-ribose)
polymerase 1 (PARP), and necroptosis, such as phosphorylation
of mixed-lineage kinase domain-like pseudokinase (MLKL)
(Fig. 2, E and F). In contrast, N6F11 induced lipid peroxidation,
as measured by two fluorescence probes: BODIPY-C11 (Fig. 2, G
and H) and Click-iT linoleamide alkyne (LAA) (Fig. 2, I and J). Li-
proxstatin-1, a radical-trapping antioxidant, inhibited N6F11-
induced lipid peroxidation (Fig. 2, G and H).

In ferroptosis, oxidative damage is usually accompanied by acti-
vation of the nuclear factor erythroid 2 (NFE2)-like BZIP transcrip-
tion factor 2 (NFE2L2; also known as NRF2) pathway (33, 34),
endoplasmic reticulum stress (22, 35), and autophagy (36-39).
N6F11 induced the protein expression of NFE2L2, markers of en-
doplasmic reticulum stress, such as DNA damage—inducible tran-
script 3 (DDIT3; also known as CHOP), phosphorylated
eukaryotic translation initiation factor 2 alpha kinase 3 (EIF2AK3;
also known as PERK), phosphorylated EIF2A, and microtubule-as-
sociated protein 1 light chain 3 beta (MAP1LC3A/B-II, a marker of
autophagosomes) (Fig. 2K). However, chloroquine, an antimalarial
drug that inhibits autophagic flux by decreasing autophagosome-ly-
sosome fusion, failed to interfere with N6F11-induced cell death
(Fig. 2, B and C). The protein expression of other key ferroptosis
regulators, such as cytochrome P450 oxidoreductase (POR) (40,
41), apoptosis-inducing factor mitochondria-associated 2
(AIFM2) (42-44), and tumor protein 53 (TP53) (13, 45), was also
not affected by N6F11 (Fig. 2K). Consistent with previous studies
(21, 36, 39), chloroquine, but not Z-VAD-FMK and necrosulfona-
mide, inhibited erastin-, RSL3-, or Fin56-induced cell death
(Fig. 2L). Thus, these data suggest that N6F11 may induce autoph-
agy-independent ferroptosis.

N6F11 induces proteasomal degradation of GPX4
We then sought to determine how N6F11 triggers GPX4 protein
degradation for ferroptosis. There was no similarity in the chemical
structure among N6F11, RSL3, Fin56, and erastin (fig. S2A), al-
though they all caused different degrees of GPX4 protein degrada-
tion (21, 23, 46). We used a cellular thermal shift assay (CETSA) to
examine the potential direct binding of N6F11 to GPX4. Unlike
RSL3 (as a positive control), the thermal stability of GPX4 protein
was not affected by erastin (negative control) and N6F11 (fig. S2, B,
and C). Moreover, N6F11 failed to directly inhibit GPX activity (fig.
$2D) and did not inhibit GSH production from cells (fig. S2E).
Because cell death leads to the degradation of proteins, we inves-
tigated the effect of ferroptosis inhibitors (liproxstatin-1 and to-
copherol) on N6F11-induced GPX4 protein degradation. Both
liproxstatin-1 and tocopherol inhibited the degradation of GPX4
protein induced by RSL3, but not by N6F11 (fig. S2F), indicating
that N6F11-induced GPX4 protein degeneration is not secondary
to ferroptosis. N6F11 did not trigger the release of GPX4 into cell
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Fig. 1. Identification of N6F11 as a
GPX4 degrader. (A) Flow chart of
our screening strategy. Human
PANCT cancer cells were treated with
4208 unknown target compounds (5
uM) from Selleck Chemicals in a 96-
well plate for 24 hours. In situ ex-
pression of GPX4 (red) and ACTB
(green) was determined by quanti-
tative In-Cell Western assay. The
effect of the top compound candi-
dates on GPX4 protein expression
was further examined by traditional
Western blot analysis. (B) Identifica-
tion of 14 compounds that inhibit
GPX4 protein expression (red) and
eight compounds that increase GPX4
protein expression (purple). The
structures of these compounds are
shown in fig. S1. The x and y axes are
logyo values of the normalized
fluorescent signal intensity of GPX4
and ACTB, respectively. (C) Western
blot analysis of GPX4 expression in
indicated cells after treatment with 5
UM N6F11 for 3 to 12 hours or 0.625
to 5 uM N6F11 for 12 hours. (D)
Quantitative analysis of GPX4 protein
expression in indicated cells after
treatment with N6F11 (5 uM) for 12
hours (n = 3 biologically indepen-
dent samples; *P < 0.05, t test; data
are presented as mean + SD). Ctrl,
control; AU, arbitrary units. (E) A
quantitative polymerase chain reac-
tion analysis of GPX4 mRNA in indi-
cated cells after treatment with
N6F11 (5 uM) for 12 hours (n = 3 bi-
ologically independent samples;
data are presented as mean + SD). (F)
Cell viability analysis of indicated
cells after treatment with N6F11 (5
uM) for 12 hours (n = 3 biologically
independent samples; *P < 0.05, t
test; data are presented as mean *
SD). (G) Effects of N6F11 (5 uM) on
GPX4 protein stability in indicated
cells by the cycloheximide (CHX)
chase assay. (H) Quantification of the
data from (G) (n = 3 biologically in-
dependent samples; *P < 0.05, one-
way ANOVA test; data are presented
as mean + SD). (I) Identification of
anti-GPX4 antibody specificity using
wild-type (WT) and Gpx4~~ [knock-
out (KO)] Pfa-1 cells.

A B
o0 . e, .
@ —> compounds — > g
FPANG In-Cell Western assay N6F1 1
73 11 \ . a.uu
N Top candidates g
/ = o * =
o | T . S, Logm(GPX4normallzed)
NH 2 N
S T
i E
o) 2
N6F11 < Western blot assay E
2
o
o
pasi |
D
¢ N6F11 0 3 6 12 (hours) N6F11 O‘\Q@i'”mo’@( M)
) I . Ctl + N6F11
—_— ‘ a GPX4 _— l a GPX4 515
L —AL 45 kDa- | e— | ACTB S
g T N S N S T
HT1080‘ & HT1080‘ 8 GRXA -
o
2210n S o 22105 e il
MiaPACAZ‘ a MiaPACA2‘ a aPXa RTRIIRIIEL Iﬂ laETH Iﬁ :
22kD GPX4 22kD GPX4 ved\’\"&e Q& go% & "&« ‘g\é Y\&b
- - &
Kpc1 o[ mme———| KPC’ o [——— FEE E
BxPC(i‘ @ . BxPCS‘ a ePx4  E . Ctl - N6F11
5637’ 5637‘ <101
H3578T‘ H5578T‘ 3
e S A e
‘ HeLa‘ O F LS é\cé‘ &
g
F 1.5 G cti N6F11
>
§1O_A'A.LAAAA CHX 0 1 2 46 0 1 2 4 6 (hours)
§ : rimF F’ANC1’ 22KDa- | MM E——] - |GPX4
2 - N6F11
§ 051 H ﬂ 45 kDa- | | | acTB
=
[{'\ ﬁ 22 KDa- [ o s s ] [ o = = | aPxa
0.0 | | B — HT1080
\?g, @ L & Q;& RS 45 kDa- — | acTB
@ < \§’ & &S €
T E R < Q~
*
H 15— Ctrl — N6F1 . — Ctrl — N6F1 I WT KO
. = 75 kDa]
2 PANC1 2 HT1080
£ 1.0 £ 1.04 45 kDa-
[} p2
IS 2 22 kDa| =
o
< 0.5- S 054 15 kDa-| GPXa
P4 x e
& 1 58
5]
[ 00T 77 45 kDam = | ACTB
0 1 2 4 6(hours) 0 1 2 4 6(hours)

culture supernatants (fig. S2G). Fin56 is a GPX4 degrader that can
be reversed by 5-tetradecyl-oxy-2-furoic acid (TOFA), an allosteric
inhibitor of acetyl-CoA carboxylase alpha (23). However, TOFA
failed to reverse N6F11-induced GPX4 degradation (fig. S2H).
Two main pathways degrade cellular proteins in eukaryotic cells:
the ubiquitin-proteasome system (UPS) and autophagy. In some
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cases, excessive autophagy can promote ferroptosis by degrading
anti-ferroptotic regulators (47). However, the late-stage autophagy
inhibitor chloroquine failed to inhibit N6F11-induced cell death
(Fig. 2L). To further determine whether autophagy is involved in
N6F11-induced GPX4 protein degradation, we used mouse embry-
onic fibroblasts (MEFs) that lack essential autophagy genes
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Fig. 2. N6F11 induces ferroptosis. (A) Cell A - B
viability of indicated cells after treatment —e— MiaPACA2
HT1080

with N6F11 for 24 hours (n = 3 biologically
independent samples; data are presented as
mean + SD). (B) Pl staining for cell death
analysis of PANC1 cells after treatment with
N6F11 (5 uM) in the absence or presence of
liproxstatin-1 (Lipo-1; 1 uM), ferrostatin-1
(Fer-1; 1 uM), deferoxamine (DFO; 100 pM),
Z-VAD-FMK (ZVAD; 10 pM), necrosulfona-
mide (NSA; 1 uM), or chloroquine (CQ; 50
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(genotypes: Atg5~'~ or Atg7'7). The production of MAP1LC3A/B-
IT induced by N6F11 was limited by the loss of Atg5 or Atg7 and
increased with the use of chloroquine, demonstrating its bioactivity
(Fig. 3A and Fig. S2I). However, N6F11-induced GPX4 protein deg-
radation and cell death were not reversed by genetic or pharmaco-
logical inhibition of autophagy (Fig. 3A and Fig. S2I), indicating
that autophagy is dispensable for N6F11-promoted ferroptosis
(Fig. 3B). As a positive control (39), Ath_/_ and Atg7_/_ MEFs
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were resistant to erastin-, RSL3-, or Fin56-induced cell death
when compared with wild-type MEFs (Fig. 3B).

Next, we analyzed the impact of the UPS on N6F11-induced
GPX4 protein degradation. Treatment with bortezomib or carfilzo-
mib, two proteasome inhibitors approved for the treatment of spe-
cific cancers (48), blocked N6F11-induced GPX4 protein
degradation in PANCI and HT1080 cells but failed to reverse
RSL3- or Fin56-induced GPX4 protein degradation (Fig. 3C). The
initial step in UPS-mediated protein degradation is the binding of
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Fig. 3. Autophagy is not required for N6F11-induced GPX4 degradation and ferroptosis. (A) Western blot analysis of protein expression in indicated MEFs after
treatment with N6F11 (5 uM) in the absence or presence of chloroquine (CQ; 50 pM) for 12 hours. (B) Cell death analysis of indicated MEFs after treatment with N6F11 (5
UM), erastin (1 pM), RSL3 (0.5 uM), or Fin56 (2 uM) for 24 hours (n = 3 biologically independent samples; *P < 0.05, two-way ANOVA test; data are presented as mean + SD).
(C) Western blot analysis of GPX4 expression in PANC1 or HT1080 cells after treatment with N6F11 (5 uM), Fin56 (5 puM), or RSL3 (0.5 uM) in the absence or presence of
carfizomib (100 nM) or bortezomib (25 nM) for 12 hours. (D) An IP assay was performed to verify ubiquitin (Ub) modification of GPX4 in PANCT cells after treatment with

N6F11 (5 uM) for 0.5 to 2 hours.

ubiquitin to the target protein. Immunoprecipitation experiments
confirmed that the binding of GPX4 to ubiquitin was induced by
N6F11 as early as 0.5 to 2 hours without the degradation of GPX4
protein (Fig. 3D). These results suggest that N6F11-induced early
ubiquitination of GPX4 may lead to subsequent degradation of
GPX4 protein through the proteasome rather than autophagy.

TRIM25 mediates GPX4 degradation for ferroptosis
Ubiquitination and deubiquitination are counter-balancing pro-
cesses that determine protein degradation through the UPS. We
first assayed the effects of N6F11 on deubiquitinases, including
tumor necrosis factor—induced protein 3 (TNFAIP3/A20), ubiqui-
tin-specific peptidase 7 (USP7), cyld lysine 63 deubiquitinase
(CYLD), ubiquitin C-terminal hydrolase L1 (UCHL1), UCHL3,
USP1, USP10, and USP14. In PANC1 and HT1080 cells, the total
protein abundance of these deubiquitinases was not changed by
N6F11, erastin, RSL3, or Fin56 (fig. S3, A and B). However,
N6F11, RSL3, or Fin56 selectively induced the phosphorylation of
CYLD in PANC1 and HT1080 cells (fig. S3, A and B).

Because CYLD undergoes time-dependent phosphorylation by
N6F11 (fig. S3C), we examined the role of CYLD in N6F11-

Li et al., Sci. Transl. Med. 15, eadg3049 (2023) 1 November 2023

induced GPX4 protein degradation. Liproxstatin-1 inhibited
RSL3- or Fin56-induced but failed to inhibit N6F11-induced phos-
phorylation of CYLD (fig. S3, D and E). Subsequent RNA interfer-
ence experiments showed that the knockdown of CYLD (fig. S3F)
had no effects on cell viability (fig. S3G) and GPX4 protein degra-
dation in response to N6F11 (fig. S3H).

Because E3 ubiquitin ligases catalyze the transfer of ubiquitin on
substrate proteins, we used immunoprecipitation in combination
with mass spectrometry (IP-MS) to identify the key E3 ligases re-
sponsible for N6F11-induced proteasomal degradation of GPX4.
IP-MS identified GPX4-binding proteins in PANCI cells, including
52 E2/E3 enzymes. Among them, EIF3I and TRIM25 were also
listed as GPX4-binding proteins in a publicly accessible protein-
protein interaction database (http://iid.ophid.utoronto.ca/
#analyze_PPIs) (Fig. 4A). Only the knockdown of TRIM25
(Fig. 4B), but not EIF3I (fig. S4, A and B), abrogated the anticancer
activity of N6F11 (Fig. 4C). N6F11 treatment for 1 hour increased
the immunoprecipitated detectable interaction between TRIM25
and GPX4, although GPX4 protein was not degraded at this time
(Fig. 4D). The N6F11-induced degradation of GPX4 protein at 3
to 12 hours was blocked in TRIM25-knockdown cells (Fig. 4E).
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Fig. 4. TRIM25 mediates N6F11-induced GPX4 degradation and ferroptosis. (A) Venn diagrams of the number of GPX4-binding proteins in the public protein-protein
interaction database and E2/E3 identified in PANC1 cells from mass spectrometry assay. (B) Western blot analysis of TRIM25 expression in indicated wild-type and TRIM25-
knockdown (TRIM25%P) cells. (C) Cell viability of indicated cells after treatment with N6F11 for 24 hours (n = 3 biologically independent samples; data are presented as
mean * SD). (D) IP analysis of the binding between TRIM25 and GPX4 in PANCT cells in the absence or presence of N6F11 (5 uM) for 1 hour. (E) Western blot analysis of
GPX4 expression in indicated wild-type and TRIM25-knockdown (TRIM25KP) cells after treatment with N6F11 (5 uM) for 3 to 12 hours. (F) Western blot analysis of TRIM25
expression in indicated wild-type and TRIM25-knockout (TRIM25C) cells. (G) Cell viability of indicated wild-type and TRIM25-knockout (TRIM25%) cells after treatment
with N6F11 for 24 hours (n = 3 biologically independent samples; data are presented as mean + SD). (H) Western blot analysis of GPX4 expression in indicated wild-type
and TRIM25-knockout (TRIM25%C) cells after treatment with N6F11 (5 uM) for 3 to 12 hours. (1) Cell viability of indicated wild-type and TRIM25-knockout (TRIM25%°) cells
after treatment with N6F11 (5 uM), RSL3 (0.5 uM), Fin56 (2 uM), or erastin (5 pM) for 24 hours (n = 3 biologically independent samples; *P < 0.05, t test; data are presented
as mean * SD). (J) Cell viability of indicated wild-type and TRIM25-overexpressing (TRIM25°E) cells after treatment with N6F11 for 24 hours (n = 3 biologically independent
samples; data are presented as mean + SD). (K) Western blot analysis of GPX4 expression in indicated wild-type and TRIM25-overexpressing (TRIM25°F) cells after treat-
ment with N6F11 for 3 to 12 hours. (L) Cell viability of indicated cells after treatment with N6F11 for 24 hours (n = 3 biologically independent samples; data are presented
as mean = SD). (M) GPX4 expression in indicated cells after treatment with N6F 11 for 6 to 12 hours. (N) BODIPY-C11 amount in indicated cells after treatment with N6F11
for 6 to 12 hours. (0) Cell death of indicated cells after treatment with N6F11 (5 uM), RSL3 (0.5 uM), or erastin (5 pM) for 24 hours (n = 3 biologically independent samples;
data are presented as mean + SD).
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CRISPR-Cas9-mediated TRIM25 knockout (Fig. 4F) also interfered
with N6F11-induced growth inhibition (Fig. 4G) and GPX4 protein
degradation (Fig. 4H) in PANC1 or HT1080 cells. In sharp contrast,
the knockout or knockdown of TRIM25 failed to reverse growth in-
hibition by RSL3, Fin56, or erastin (Fig. 41 and Fig. S4C). Moreover,
the overexpression of TRIM25 enhanced N6F11-induced growth in-
hibition (Fig. 4J) and GPX4 protein degradation (Fig. 4K) in
PANCI1 or HT1080 cells. Together with a rescue experiment to
restore the expression of TRIM25 (TRIM25%° * ) and N6F11 ac-
tivity in TRIM25-knockout cells (Fig. 4, L to O), these data indicate
that TRIM25 selectively favors N6F11-induced GPX4 protein deg-
radation and subsequent ferroptosis.

A single E3 ligase may target multiple substrates. Recent studies
reported that TRIM25 is involved in the proteasomal degradation of
receptor-interacting serine/threonine kinase 3 (RIPK3) during nec-
roptosis (49). However, we did not observe changes in the abun-
dance of RIPK3 protein in N6F11-treated PANCI cells when
TRIM25 was overexpressed (fig. S4D). N6F11, RSL3, or erastin sim-
ilarly killed wild-type and Ripk3™'~ MEFs (fig. S4E). As a positive
control, growth inhibition caused b)f CCT137690 [a necroptosis
inducer (50)] was blocked in Ripk3™~ MEFs (fig. S4E). Moreover,
the knock-in of GPX4, but not RIPK3, in TRIM25-overexpressing
cells restored cell death resistance to N6F11 (fig. S4F), supporting
GPX4 as a key TRIM25 substrate responsible for the regulation of
ferroptosis.

GPX4 is a type of selenoenzyme that relies on the presence of
selenium to effectively prevent lipid peroxidation (51). To deter-
mine whether TRIM25 influences selenium uptake, we measured
the amount of intracellular selenium. We did not observe an in-
crease in selenium uptake by N6F11 (fig. S4G). In contrast,
N6F11 caused the down-regulation of intracellular selenium (fig.
S4G). The depletion of TRIM25 had no further effect on selenium
amount compared to wild-type cells (fig. S4G). The antioxidative
activity of GPX4 depends on a selenocysteine residue at 46 (U46)
(52). Similar to wide-type control, N6F11 also induced the degrada-
tion of the GPX4 Sec/Ser (U46S) mutant protein in PANCI cells
(fig. S4H).

TRIM25 mediates K48-linked polyubiquitination of GPX4
As a member of the TRIM family of proteins, TRIM25 contains a
RING-finger domain, a coiled-coil domain, and a PRY/SPRY (PS)
domain (53). We generated truncated mutants of TRIM25 to dissect
functional domains of the TRIM25-GPX4 interaction (Fig. 5A). An
immunoprecipitation assay showed that only TRIM25 C-terminal
mutants containing the PS domain interacted with GPX4,
whereas the mutant lacking the PS domain (APS) failed to bind
GPX4 in cells after treatment with N6F11 for 1 hour (Fig. 5, B
and C). Hence, the PS domain is required for the interaction
between TRIM25 and GPX4 before GPX4 degradation.

To further investigate whether TRIM25 acts as an E3 ligase to
regulate GPX4 degradation because of N6F11, we generated an E3
ligase—defective TRIM25 mutant by mutating cysteines 50 and 53 to
serine (denoted as TRIM25°%%) (49, 54). TRIM25“%° promoted
neither N6F11-induced cell growth inhibition (Fig. 5D) nor the
downregulation of GPX4 protein (Fig. 5E) in cells.

TRIM25 can catalyze the formation of K48- or K63-linked ubiq-
uitin chains (55, 56). To clarify the type of polyubiquitination, green
fluorescent protein (GFP)-GPX4, together with HA-ubiquitin
(HA-Ub) (wild-type, K48 only, and K63 only), were transfected

Li et al., Sci. Transl. Med. 15, eadg3049 (2023) 1 November 2023

into 293T cells in the presence or absence of exogenous TRIM25.
TRIM25 mainly induced immunoprecipitation-detectable K48-
linked, and not K63-linked, polyubiquitination of GPX4 (Fig. 5F).
To further define the potential ubiquitination site on GPX4, five
mutants (K48, K125, K127, K135, and K151) were constructed on
the basis of predictors of potential ubiquitination sites (http://
bdmpub.biocuckoo.org/results.php). Only the K48R GPX4
mutant lost the ability to be ubiquitinated by TRIM25 (Fig. 5G),
suggesting that N6F11 induces TRIM25-mediated GPX4 ubiquiti-
nation on K48. Functionally, K48R GPX4 was resistant to N6F11-
induced (but not erastin- or RSL3-induced) cell death and lipid per-
oxidation (Fig. 5, H and I).

The TRIM25 protein can be activated with ubiquitin-conjugat-
ing enzyme (E2) Ubc5 (57). To elucidate the E2 type of GPX4 ubiq-
uitination by TRIM25, an in vitro ubiquitination assay was
performed with purified FLAG-TRIM25 protein with E2 UbcH5b
(also known as UBE2D2) and His-GPX4 (Fig. 5J). N6F11 induced
TRIM25-UbcH5b-mediated GPX4 ubiquitination (Fig. 5K). Even
when it was incubated for 5 min, N6F11 also enhanced UbcH5b-
dependent GPX4 ubiquitination (Fig. 5L). These results suggest
that N6F11 activates the UbcH5b-TRIM25-GPX4 ubiquitina-
tion cascade.

Binding of N6F11 to TRIM25 selectively induces cancer

cell death

In the next round of experiments, we determined whether N6F11
directly binds to TRIM25 to enhance its E3 ligase activity. Online
molecular  docking  software  (https://playmolecule.com/
BindScope/) predicted a direct interaction between N6F11 and
TRIM25. According to this molecular modeling, the RING
domain of TRIM25 exhibited the highest value of AG and ligand
efficiency compared with the other two domains, suggesting that
N6F11 binds to the RING domain (Fig. 6A). CETSA confirmed
that N6F11 (but not RSL3 and Fin56) increased the thermal stability
of the TRIM25 protein (Fig. 6B). The depletion of the RING
domain of TRIM25 reduced N6F11-mediated thermal stabilization
of the TRIM25 protein (Fig. 6C). Thus, N6F11 might act as an ac-
tivator of TRIM25 by binding to its RING domain.

The Human Protein Atlas (https://proteinatlas.org/) showed
that the mRNA expression of TRIM25 exceeded 50 transcripts per
million in most human cancer cell lines (Fig. 6D). However, except
for neutrophils, TRIM25 mRNA expression in immune cells was
typically below five transcripts per million (Fig. 6E). Immunoblots
confirmed that, compared with cancer cells (HT1080, PANCI,
MiaPACA2, and Calu-1), TRIM25 protein was relatively low abun-
dance in primary human peripheral blood CD8" T cells, natural
killer (NK) cells, DCs, and neutrophils (Fig. 6F). N6F11-induced
cell death was restricted in DC, T, NK cells, or neutrophils com-
pared with erastin, RSL3, and Fin56 treatment (Fig. 6G). Moreover,
the overexpression of TRIM25 by electroporation restored N6F11
toxicity in human CD8" T cells (Fig. 6, H and I).

We further determined the chemical structure of the pro-ferrop-
totic activity of N6F11. By modifying the chlorine group between
the two nitrogens with different substituents, several analogs were
synthesized (fig. S5A). These analogs did not show the same effect
as N6F11 with respect to GPX4 degradation (fig. S5B) and cell
growth inhibition (fig. S5C), indicating that this chloride group
may be critical for N6F11 activity.
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Fig. 5. Structure basis for TRIM25-mediated GPX4
degradation. (A) Schematic of Flag-TRIM25 and
different truncations. (B) Different truncations or
vectors of Flag-TRIM25 were transfected into 293T
cells. IP assay of the binding of Flag to GPX4 in 293T
cells after treatment with N6F11 for 1 hour. (C) Flag-
TRIM25, F-TRIM25-PS, F-TRIM25-APS, and GFP-GPX4
were transfected into 293T cells. IP assay of the
binding of GFP to FLAG in 293T cells after treatment
with N6F11 for 1 hour. (D) Cell viability of indicated
cells after treatment with N6F11 for 24 hours (n = 3
biologically independent samples; data are present-
ed as mean + SD). (E) Western blot (WB) analysis of
GPX4 expression in indicated cells after treatment
with N6F11 (5 uM) for 3 to 12 hours. (F) 293T cells
were transfected with GFP-GPX4 and HA-Ub [wild-
type (WT), K48 only, or K63 only] with or without
Flag-TRIM25. IP assay of the binding of GFP to HA
after treatment with N6F11 and MG132 for 3 hours.
(@) 293T cells were transfected with GFP-GPX4 (WT
or its mutants) with or without Flag-TRIM25 and HA-
Ub-K48. IP analysis of the binding of GFP to HA after
treatment with N6F11 and MG132 for 3 hours. (H)
Cell death analysis of indicated GPX4 WT and mutant
PANC1 cells after treatment with N6F11 (5 uM), RSL3
(0.5 uM), or erastin (5 uM) for 24 hours (n = 3 bio-
logically independent samples; data are presented as
mean =+ SD). (I) BODIPY-C11 analysis of indicated
GPX4 WT and mutant PANC1 cells after treatment
with N6F11 (5 uM), RSL3 (0.5 uM), or erastin (5 pM) for
6 hours (n = 3 biologically independent samples;
data are presented as mean + SD). (J) Purification of
FLAG-TRIM25 protein of 293T cells. The left shows
staining of the SDS—polyacrylamide gel electropho-
resis gel of purified TRIM25 protein (~65 kD) with
Coomassie blue. The right shows a Western blot
band using anti-FLAG antibody. (K) Ubiquitination
activities of TRIM25, UbcH5b, and His-GPX4 in the
absence or presence of N6F11. The UbcH5b was
precharged with ubiquitin. The reaction contained 5
mM Mg-adenosine triphosphate (ATP) and incubat-
ed for 25 min at 37°C. (L) Ubiquitination activities of
TRIM25, UbcH5b, and His-GPX4 in the absence or
presence of N6F11. The UbcH5b was precharged
with ubiquitin. The reaction contained 5 mM Mg-ATP
and was incubated for 5, 15, and 30 min at 37°C.

N6F11 treatment elicits tumor-specific T cell responses

Although N6F11 suppressed the growth of human PDAC (PANC1
or MiaPACAZ2) cells measured by colony formation assays (fig. S6, A
and B) or the formation of three-dimensional (3D) spheroids (fig.
S6, C and D), the potential role of this compound on the interaction
between tumors and the adaptive immune system is unknown. To
explore whether N6F11 has immunogenic properties, we tested its
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effects on tumors formed from an N6F11-sensitive mouse KPC cell
line. We inoculated KPC cells subcutaneously into immunocompe-
tent C57BL/6] mice. Three days after tumor inoculation (when the
tumor volume was ~50 mm?), the administration of N6F11 inhib-
ited tumor growth compared with the control vehicle (P < 0.0001;
Fig. 7A) and was accompanied by increased serum HMGB1 (P =
0.0003; Fig. 7B), increased tumor malondialdehyde [MDA; a
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Fig. 6. Binding of N6F11 to TRIM25 selectively induces cancer cell death. (A) Predicted binding parameters of each domain are presented in the table. (B) Effects of
indicated compounds on thermal stability of the TRIM25 protein in PANC1 cells. (C) Effects of N6F11 (10 uM) on thermal stability of the TRIM25 protein or the depletion of
the RING domain of TRIM25 in PANC1 cells. (D) TRIM25 mRNA expression in human cancer cell lines based on analysis of the Human Protein Atlas database. (E) TRIM25
mRNA expression in normal immune cells based on analysis of the Human Protein Atlas database. T, regulatory T cell; PBMC, peripheral blood mononuclear cell; MAIT,
mucosal-associated invariant T cells. (F) Western blot analysis of TRIM25 protein expression in indicated human cancer cell lines and normal immune cells. (G) Cell death
analysis of indicated cells after treatment with N6F11 (5 uM), erastin (5 pM), RSL3 (0.5 uM), or Fin56 (5 uM) for 24 hours (n = 3 biologically independent samples; data are
presented as mean + SD). (H) Western blot analysis of TRIM25 expression in control and TRIM25-overexpressing CD8" T cells. (I) Cell death analysis of indicated CD8™ T cells
after treatment with N6F11 (5 pM), erastin (5 uM), RSL3 (0.5 uM), or Fin56 (5 uM) for 24 hours (*P < 0.05; n = 3 biologically independent samples; data are presented as
mean + SD).
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Fig. 7. The therapeutic effect of
N6F11 depends on CD8* T cells and
HMGB1. (A) C57BL/6 mice were in-
oculated with 1 x 10° KPC tumor cells
and treated with N6F11 (10 mg/kg;
days 3,7, 10, and 14) in the absence or
presence of liproxstatin-1 (Lipo-1; 10
mg/kg). Tumor volumes were calcu-
lated (n = 5 mice per group; two-way
ANOVA with Tukey’s multiple com-
parisons test; data are presented as
mean + SD). (B) The concentrations of
serum HMGB1 at day 24 after tumor
inoculation were assayed (n = 5 mice
per group; one-way ANOVA with
Tukey's multiple comparisons test).
(C) The concentrations of tumor MDA
at day 24 after tumor inoculation were
assayed (n = 5 mice per group; one-
way ANOVA with Tukey's multiple
comparisons test). (D) The concentra-
tions of tumor GPX4 at day 24 after
tumor inoculation were assayed (n =5
mice per group; one-way ANOVA with
Tukey's multiple comparisons test). (E)
The concentrations of serum alanine
aminotransferase (ALT) at day 24 after
tumor inoculation were assayed (n =5
mice per group; one-way ANOVA with
Tukey's multiple comparisons test). (F)
The concentrations of serum blood
urea nitrogen (BUN) at day 24 after
tumor inoculation were assayed (n =5
mice per group; one-way ANOVA with
Tukey's multiple comparisons test).
(G) Rag1™~ mice were inoculated
with 1 x 10° KPC tumor cells and
treated with N6F11 (3 mg/kg; days 3,
7,10, and 14). Tumor volumes were
calculated (n = 5 mice per group; data
are presented as mean + SD). (H)
C57BL/6 mice were inoculated with 1
x 10° KPC tumor cells and treated
with N6F11 (3 mg/kg; days 3, 7, 10,
and 14). In addition, 200 pg of anti-
CD8 antibodies (aCD8) was adminis-
tered 1 day before treatment initiation
and then twice a week for 3 weeks;
anti-HMGB1 antibodies (20 mg/kg;
aHMGB1) were administered on days
3, 7,10, and 14. Tumor volumes were
calculated (n = 5 mice per group; two-
way ANOVA with Tukey's multiple
comparisons test; data are presented
as mean = SD). (I) Representative im-
munohistochemistry (IHC) staining of
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CD8 in tumor at day 24 after tumor inoculation. Scale bars, 50 um. (J) ELISA analysis of serum IFNG at day 24 after tumor inoculation (n = 5 mice per group; one-way ANOVA
with Tukey’s multiple comparisons test; data are presented as mean + SD). (K) ELISA analysis of serum IL-2 at day 24 after tumor inoculation (n = 5 mice per group; one-way
ANOVA with Tukey's multiple comparisons test; data are presented as mean + SD). (L) C57BL/6 mice were inoculated with 1 x 10° KPC tumor cells and treated with N6F11
(3 mg/kg; days 3, 7, 10, and 14). In addition, 200 pg of anti-CD4-depleting antibody (aCD4) or 500 pg of neutrophil-depleting antibody (aLy6G) was administered 1 day
before treatment initiation and then twice a week for 3 weeks; anti-HMGB1 antibodies (20 mg/kg; aHMGB1) were administered on days 3, 7, 10, and 14. Tumor volumes
were calculated (n = 5 mice per group; two-way ANOVA with Tukey's multiple comparisons test; data are presented as mean + SD). (M) Nude mice were inoculated with 1 x
10° PANC1 tumor cells and treated with N6F11 (10 mg/kg; days 3, 7, 10, and 14) or IKE (30 mg/kg; days 3, 7, 10, and 14). Tumor volumes were calculated (n = 5 mice per
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(Figure 7 caption continued) group; data are presented as mean + SD). (N) C57BL/6 mice were inoculated with 1 x 10% KPC tumor cells and treated with N6F11 (10 mg/
kg; days 3, 7, 10, and 14) or IKE (30 mg/kg; days 3, 7, 10, and 14). Tumor volumes were calculated (n = 5 mice per group; data are presented as mean * SD). (O) Rep-
resentative IHC staining of CD8 in tumor at day 24 after tumor inoculation. Scale bars, 50 um. (P) Western blot analysis of HMGB1 release in the supernatants of KPC cells
treated with IKE (5 uM), H,0, (100 pM), or N6F11 (5 uM) for 12 hours. (Q) Anti-HMGB1 antibodies (aHMGB1; 10 mg/ml) inhibited CD80 and CD86 expression in DC2.4 cells
in response to N6F11-treated KPC cells for 12 hours (n = 3 biologically independent samples; data are presented as mean + SD).

product of lipid peroxidation (58); P = 0.0009; Fig. 7C], and de-
creased tumor GPX4 protein (P = 0.006; Fig. 7D). The administra-
tion of the ferroptosis inhibitor liproxstatin-1 interfered with
N6F11-mediated tumor suppression (Fig. 7A). The function of
liver and kidney was not affected by N6F11 (Fig. 7, E and F). Hema-
toxylin and eosin staining also revealed that N6F11 did not induce
any detectable damage to the intestinal or kidney epithelial cells (fig.
S7, A and B). However, in Ragl knockout (Ragl ~/7) C57BL/6] mice
that cannot produce mature T and B cells, the therapeutic effect of
N6F11 was reduced (Fig. 7G), indicating that tumor control in vivo
largely requires adaptive immune cells.

Next, we specifically deleted cytotoxic T lymphocytes using anti-
mouse CD8a (aCD8) (59). CD8" T cell depletion was sufficient to
eliminate the therapeutic effect of N6F11 (Fig. 7, H and I). Because
HMGBI is a mediator of ICD, we also treated the mice with
HMGBI1-neutralizing antibodies (¢HMGB1) (60). The «HMGB1
reversed the anticancer activity of N6F11 and decreased the
number of tumor-infiltrating CD8" T cells (Fig. 7, H and I).
Serum effector cytokines, such as interferon gamma (IFNG/IFN-
y) and interleukin-2 (IL-2), were increased when tumor-bearing
mice were treated with N6F11, and this surge in cytokines was in-
hibited by the administration of aCD8 or tHMGBI (Fig. 7, ] and K).
Unlike aCD8 (Fig. 7H), anti-CD4~depleting antibody (aCD4) or
neutrophil-depleting antibody (aLy6G) failed to affect N6F11-
induced tumor suppression in C57BL/6] mice (Fig. 7L).

We further compared the anticancer activity of N6F11 with IKE,
an erastin analog that is metabolically stable in vivo (61). IKE at 30
mg/kg exhibited better anticancer activity than N6F11 at 10 mg/kg
in immunocompromised nude mice implanted with human
PANCI cells (P < 0.0001; Fig. 7M). However, the anticancer activity
of IKE, but not N6F11, was limited in immunocompetent C57BL/6]
mice implanted with mouse KPC cells (Fig. 7N). The IKE group had
a decrease in tumor-infiltrating CD8" T cells in C57BL/6] mice
(Fig. 70). These findings suggest that IKE and N6F11 have differ-
ential effects on CD8" cytotoxic T cell infiltration in the tumor
microenvironment.

The immune activity of HMGBI in inflammation and cell death
is affected by its redox status (62). Typically, reduced HMGB1 ex-
hibits immune activity, whereas oxidized HMGB1 has no immune-
stimulatory activity (63, 64). However, oxidized HMGB1 can induce
cell death in cancer cells (65). We conducted a Western blot assay to
investigate the state of released HMGBI in KPC cells after treatment
with N6F11 and IKE. Our data indicated that both N6F11 and IKE
can induce HMGBI release in a mixed state of reduced and oxidized
HMGBI1 (Fig. 7P). Compared with IKE, N6F11 caused more
HMGBI release in its reduced form (Fig. 7P). As a positive
control, H,0, induced the release of HMGBI in an almost fully ox-
idized form (Fig. 7P). Analysis of the immunogenicity of N6F11-
induced ferroptotic KPC cells, in coculture experiments with
murine DCs (DC2.4), revealed an increase in the expression of
DC maturation markers, such as the costimulatory molecules
CD80 and CD86 (Fig. 7Q). The presence of tHMGBI1 inhibited
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this process, whereas control immunoglobulin G (IgG) had no
effect (Fig. 7Q).

The hallmark of an adaptive immune response is the formation
of immunological memory that initiates a rapid recall response
when the same antigen appears (66). To determine whether there
was such a memory response, we took advantage of a prophylactic
tumor vaccination model (6). N6F11-treated KPC cells were inject-
ed subcutaneously into the right flanks of immunocompetent
female C57BL/6] mice (fig. S8A). One week later, the mice were re-
challenged with live KPC cells injected into the opposite flank. We
found that N6F11-treated KPC cells protected mice from tumor re-
challenge and that this long-distance protection was curtailed by the
administration of aCD8 or aHMGBL (fig. S8B). MC38, a murine
colon adenocarcinoma cell line derived from C57BL/6] mice, was
also sensitive to N6F11-induced ferroptosis with HMGBI release
(fig. S8, C and D). N6F11-treated MC38 cells also induced protec-
tive immunity in the tumor vaccination model (fig. S8E). These
findings indicate that N6F11 can suppress tumor growth in a way
that induces HMGBI- and CD8" T cell-dependent
immune memory.

Advanced tumors develop an immunosuppressive microenvi-
ronment through multiple mechanisms, including the up-regula-
tion of immune checkpoints (2). Driven by this consideration, we
combined the effects of N6F11 and anti-CD274 antibodies
(aCD274) in advanced cancer. Tumors were allowed to reach a
size of 150 to 200 mm” on day 10 after inoculation and then were
treated with N6F11 and aCD274 alone or in combination. Treat-
ment of advanced KPC or MC38 cancers with N6F11 or aCD274
used as stand-alone agents was not statistically significant (fig. S8,
F and G). However, the combined administration of N6F11 and
aCD274 inhibited tumor growth (fig. S8, F and G). The combined
effects of N6F11 and aCD274 were reduced by aCD8 or cHMGB1
antibodies (fig. S8, F and G). The administration of N6F11, but not
IKE, combined with aCD274 prolonged (by approximately 2.5
times) the average life expectancy of KPC mice, which develop ag-
gressive pancreatic cancer driven by transgenic KRAS and TP53
mutations (fig. S8H) (67). In an orthotopic model of PDAC,
where KPC cells were implanted into the pancreas, the combination
of N6F11 and aCD274 significantly (P = 0.0009) increased the sur-
vival of C57BL/6] mice compared with the group that received
either treatment alone (fig. S8I).

DISCUSSION

The goal of antineoplastic therapy is to eradicate cancer cells
without side effects on normal tissues. Here, we report that
N6F11 selectively induces ferroptosis in cancer but not in
immune cells, thereby limiting the immunosuppressive side
effects of established ferroptosis inducers (16-18, 68). This
cancer-selective effect is mediated by TRIM25-dependent GPX4
protein degradation. In addition, TRIM25 is a tumor marker asso-
ciated with poor prognosis (69-73).
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Most drugs now used in clinical oncology trigger cancer cell
death by caspase-dependent apoptosis (74). However, one of the
hallmarks of human cancer is intrinsic or acquired resistance to ap-
optosis (75), a fact that spurred the search for nonapoptotic cell
death subroutines that may be ignited to bypass drug resistance.
GPX4 is a driver of acquired drug resistance, which prevents a
stable and complete response to cancer treatments (14). Previous
studies attempted to use direct GPX4 inhibitors to kill tumor
cells, although at the cost of immunosuppressive side effects (15—
17, 68). The conditional depletion of Gpx4 in the murine kidney
or liver causes ferroptotic damage, underscoring the probable side
effects of direct pharmacological GPX4 inhibition (76, 77). Here, we
demonstrated the effectiveness and safety of an indirect strategy of
GPX4 inhibition that involves an N6F11-elicited, TRIM25-depen-
dent degradation of GPX4 protein by the UPS. This strategy does
not cause ferroptosis of DCs, CD8" T, NK, and neutrophil cells,
and N6F11 did not elicit detectable damage to the liver, kidney,
or intestines.

Our discovery of N6F11 as a TRIM25 activator reveals an action-
able drug target that is highly expressed in many cancer types (69—
73). Future studies must determine whether N6F11 will lead a new
class of successful TRIM25 activators or whether computer-de-
signed high-throughput screens will result in the discovery of
even more advantageous lead compounds targeting TRIM25.
N6F11 treatment for 1 hour did not cause GPX4 protein degrada-
tion but increased the interaction between GPX4 and TRIM?25, in-
dicating that the degradation process of GPX4 protein is a dynamic
multistage process.

The most successful cancer drugs induce clinically relevant an-
titumor immune responses, which obviously depend on the antige-
nicity of cancer cells and on their ability to generate innate sensor
signals (78). Immunogenic cancer cell death is accompanied by the
exposure and release of DAMPs, facilitating the recruitment and ac-
tivation of DCs, the presentation of tumor-associated antigens by
DCs to cytotoxic T lymphocytes, and the consequent anticancer
immune response (79). We observed that HMGBI is a mediator
of N6F11-induced ICD and hence contributes to the induction of
an adaptive immune response. HMGBI is not only passively re-
leased from damaged cells but can also be actively secreted from ac-
tivated immune cells, suggesting that it amplifies cell death—related
immune responses (80). Given that we observed the release of both
reduced and oxidized forms of HMGBI after N6F11 treatment,
further research is needed to address the potential immune side
effects associated with oxidized HMGB1 (81-83).

Although checkpoint blockade, especially PDCD1 or CD274
blockade, has achieved great clinical success, few patients exhibit
durable therapeutic responses from it (84). We demonstrated that
the combined administration of N6F11 and anti-CD274 has a syn-
ergistic effect in advanced tumors, further enhancing HMGB1-de-
pendent cytotoxic T cell responses. As a metaphor describing the
interaction between immunotherapy and cytotoxicants (85), one
might state that CD274 blockade revitalizes the adaptive immune
response by “releasing the brakes,” whereas N6F11 elicits an
HMGBI1-dependent innate signal by “adding fuel.”

An important limitation of our study is that although we have
shown GPX4 to be a substrate of TRIM25 in response to N6F11,
it is possible that other, as-yet-unknown substrates also contribute
to the TRIM25-dependent regulation of ferroptosis. We demon-
strated that N6F11 promotes TRIM25-mediated selective
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ubiquitination of GPX4, but the compound does not interact di-
rectly with GPX4. Although we determined that a single chloride
group is responsible for the ferroptosis-inducing activity of
N6F11 and that the RING domain of TRIM25 is the binding site
of N6F11 in cancer cells, a deeper structure-activity relationship
between N6F11 and TRIM25 requires additional experimental evi-
dence, such as cryo-electron microscopy reconstructions.

In summary, we identified a small molecule, N6F11, that induces
the selective degradation of GPX4 in malignant, but not immune,
cells through the direct activation of TRIM25. In small tumors,
N6F11-induced ferroptosis initiates a powerful antitumor
immune system. In advanced tumors, especially genetically engi-
neered mutant KRAS/TP53-driven PDAC models, N6F11, but not
IKE, can be advantageously combined with CD274-targeted immu-
notherapy. We expect that such an approach warrants further pre-
clinical evaluation for its possible incorporation into the
oncological armamentarium.

MATERIALS AND METHODS

Study design

Our study aimed to identify small molecular compounds that selec-
tively target the GPX4 pathway in cancer cells while leaving immune
cells unaffected, as a potential treatment for cancer. Through a
screen of a small molecular library, we identified N6F11 as the
top inducer of GPX4 protein degradation in cancer cells. We
further elucidated the molecular mechanism by which N6F11 pro-
motes GPX4 protein degradation through TRIM25. In addition, we
evaluated the safety and efficacy of N6F11 in managing tumor
growth in mice. In all experiments, animals were randomly assigned
to different treatment groups without blinding, and sample sizes are
specified in each figure legend. No samples or animals were exclud-
ed from our analyses. For every figure, appropriate statistical tests
were applied, and all data met the assumptions of these tests. Al-
though we did not use statistical methods to predetermine sample
sizes, our sample sizes are consistent with those commonly used in
the field. Details of all reagents used in the study are provided in
table S1.

Cell culture and treatment
Human or mouse cancer cell lines were obtained from the Ameri-
can Type Culture Collection or collaborators (table S1). Atg5™"~ and
Atg7~"~ MEFs were gifts from N. Mizushima. Ripk3™~ MEFs were
gifts from D. R. Green. Primary immune cells were obtained from
STEMCELL Technologies. DC2.4 cells were purchased from Milli-
poreSigma. Cells were cultured in Dulbecco’s modified Eagle's
medium (Thermo Fisher Scientific, 11995073) or RPMI 1640
(Thermo Fisher Scientific, 11875119) supplemented with 10%
heat-inactivated fetal bovine serum (Millipore, TMS-013-B) and
1% penicillin and streptomycin (Thermo Fisher Scientific, 15070-
063) at 37°C, 95% humidity, and 5% CO,. Transwell inserts
(Thermo Fisher Scientific, 140620) with a pore size of 0.4 pum on
a 24-well culture plate were used to assess the impact of ferroptotic
KPC cells on DC2.4 cells (86). All cells were mycoplasma free and
authenticated using short tandem repeat DNA profiling analysis.
Dimethyl sulfoxide (DMSO) was used to prepare the stock sol-
ution of drugs. The final concentration of DMSO in the drug
working solution in the cells was <0.01%. DMSO of 0.01% was
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used as a vehicle control in all cell culture assays. N6F11 and its
analogs were synthesized by WuXi AppTec.

Drug screening

A commercial library of 4208 synthetic compounds of unknown bi-
ological activity was purchased from Selleck Chemicals. We treated
1 x 10* PANC1 cells with compound (5 uM) for 24 hours in each
well of a 96-well plate. After fixation, permeabilization, and unspe-
cific binding blocking (5% milk; Cell Signaling Technology, 9999),
cells were stained with anti-GPX4 (1:1000) and anti-ACTB antibod-
ies (1:1000) followed by DyLight-conjugated secondary antibodies
(1:2000; Cell Signaling Technology, 5366 and 5257). Images were
acquired and analyzed by an Odyssey Imaging System (LI-COR Bio-
sciences). After measuring the ratio of the red signal (700 nm) of
GPX4 and the green signal (800 nm) of ACTB, the top candidates
were further examined by traditional Western blot analysis.

Generation of 3D spheroids

A total of 1.5 x 10> cells (PANCI1 or MiaPACA2) were mixed in 20
ul of Matrigel (Sigma-Aldrich, CLS354277) and planted in each well
in a 48-well plate. Plates were incubated for 5 days at 37°C, 5% CO,,
95% humidity for formation of spheroids of cells. After that, spher-
oids were treated with N6F11 in fresh medium for the indicated
time and concentrations. Subsequently, spheroid images were ac-
quired using a EVOS Cell Imaging System (Thermo Fisher
Scientific).

Animal model

We conducted all animal care and experiments in accordance with
the Association for Assessment and Accreditation of Laboratory
Animal Care guidelines and with approval from our institutional
animal care and use committees [University of Texas Southwestern
Medical Center (#102605) and Guangzhou Medical University
(#9729)]. All mice were housed under a 12-hour light-dark
diurnal cycle with controlled temperature (20° to 25°C) and relative
humidity (40 to 60%). Food and water were available ad libitum.
Experiments were carried out under pathogen-free conditions,
and the health status of mouse lines was routinely checked by vet-
erinary staff. No wild animals were used in the study. Experiments
were carried out with randomly chosen littermates of the same sex
and matched by age and body weight. Animals were euthanized at
the indicated time by CO, asphyxia, and blood samples and tissue
were collected.

To generate murine subcutaneous tumors, wild-type C57BL/6]
mice or nude mice [8 to 10 weeks old, 22 to 26 g in weight, and
female or male (1:1)] were inoculated with 1 x 10° KPC or
PANCI tumor cells and treated with N6F11 (10 mg/kg; days 3, 7,
10, and 14) or IKE (30 mg/kg; days 3, 7, 10, and 14) in the
absence or presence of liproxstatin-1 (10 mg/kg). Ragl™~ mice
on a C57BL/6] background were used as a control. To deplete
immune cells, 200 pg of anti-CD8-depleting antibodies (clone
2.43, BioXcell, BE0061), 200 ug of anti-CD4—depleting antibodies
(clone GK1.5, BioXcell, BE0003-1), or 500 ug of neutrophil-deplet-
ing antibodies (aLy6G; clone 1A8, BioXcell, BE0075-1) was admin-
istered 1 day before treatment initiation and then twice a week for 3
weeks. To determine the role of HMGBI1 in mediating antitumor
immunity, anti-HMGB1 monoclonal antibodies [20 mg/kg; clone
2G7 (87)] were administered on days 3, 7, 10, and 14. N6F11,
IKE, and all antibodies were administered to mice through
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intraperitoneal injection. Tumors were measured twice weekly,
and volumes were calculated using the formula length x width* x
/6.

For advanced tumor treatment, C57BL/6] mice [8 to 10 weeks
old, 22 to 26 g in weight, and female or male (1:1)] were inoculated
with 1 x 10°® KPC or MC38 tumor cells to reach 150 to 200 mm® at
day 10 and then treated with N6F11 (10 mg/kg; days 10, 14, and 17).
A total of 20 mg/kg of anti-CD274 antibodies (clone 10F.9G2, Bi-
oLegend, 124318) or anti-HMGBI antibodies was administered on
days 10, 14, and 17. In addition, 200 pg of anti-CD8 antibodies was
administered 1 day before treatment initiation and then twice a
week for 3 weeks. Tumors were measured twice weekly, and
volumes were calculated using the formula length x width* x 7/6.

To generate a tumor vaccination model, a total of 5 x 10° KPC or
MC38 cells, untreated or treated with either N6F11 (5 uM; 24
hours), were inoculated subcutaneously in 200 pl of phosphate-
buffered saline (PBS) into the lower flanks of C57BL/6] mice [8 to
10 weeks old, 22 to 26 g in weight, and female or male (1:1)],
whereas 5 x 10° untreated control cells were inoculated into the con-
tralateral flank 7 days later (88). The percentage of tumor-free mice
was monitored every week for 6 weeks.

Pdx1-Cre;K-Ras®" 2P+ Tp53%172H/* mice (KPC) were produced
as previously described (67). At 1 month of age, female or male
(1:1) mice were randomly allocated into groups and then treated
(intraperitoneally) with control IgG or anti-CD274 antibodies (20
mg/kg) in the absence or presence of N6F11 (10 mg/kg) or IKE (30
mg/kg) for 8 weeks (twice a week for the first 4 weeks and then once
a week). Animal survival was monitored every week.

To generate orthotopic tumors, female or male (1:1) C57BL/6
mice were surgically implanted with 5 x 10° KPC cells in 10 pl of
PBS into the tail of the pancreas. One week after implantation, mice
were randomly assigned to groups and treated with anti-CD274 an-
tibodies (20 mg/kg) alone or in combination with N6F11 (10 mg/
kg) for 4 weeks, with treatments administered twice a week. Mouse
survival was monitored weekly.

Bioinformatics analysis

A protein-protein interaction database (http://iid.ophid.utoronto.
ca/#analyze_PPIs) was used to assay GPX4-binding protein. Predic-
tion of Ubiquitination Sites with Bayesian Discriminant Method
(BDM-PUB) (http://bdmpub.biocuckoo.org/results.php) was used
to assay the potential ubiquitination site on GPX4. Online molecu-
lar docking software (https://playmolecule.com/BindScope/) was
used to assay the possible binding between N6F11 and TRIM25.
The Human Protein Atlas (https://proteinatlas.org/) was used to
assay the expression of TRIM25 in different cells.

Statistical analysis

Data are presented as mean + SD except where otherwise indicated.
GraphPad Prism (version 8.4.3) was used to collect and analyze
data. Unpaired Student’s ¢ tests were used to compare the means
of two groups. A one-way (for one independent variable) or two-
way (for two independent variables) analysis of variance
(ANOVA) with Tukey's multiple comparisons test was used for
comparison among the different groups on all pairwise combina-
tions. Log-rank tests were used to compare differences in mortality
rates between groups. A P value of <0.05 was considered statistically
significant. The exact value of n within the figures and replicates is
indicated in the figure legends.
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