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ABSTRACT

Macroautophagy (hereafter “autophagy”) is a membrane-mediated biological process that involves
engulfing and delivering cytoplasmic components to lysosomes for degradation. In addition to
autophagy’s pro-survival effect during nutrient starvation, excessive activation of autophagy machin-
ery can also cause regulated cell death, especially iron-dependent ferroptosis. Here, we report a key
role of TMEM164 (transmembrane protein 164) in selectively mediating ATG5 (autophagy related 5)-
dependent autophagosome formation during ferroptosis, rather than during starvation. In contrast,
the membrane protein ATG9A (autophagy-related 9A) is dispensable for the formation of autopha-
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gosomes during ferroptosis. TMEM164-mediated autophagy degrades ferritin, GPX4 (glutathione
peroxidase 4), and lipid droplets to increase iron accumulation and lipid peroxidation, thereby
promoting ferroptotic cell death. Consequently, the loss of TMEM164 limits the anticancer activity
of ferroptosis-mediated cytotoxicity in mice. High TMEM164 expression is associated with improved
survival and increased immune cell infiltration in patients with pancreatic cancer. These findings

establish a new mode of autophagy-dependent ferroptosis.

Introduction

Ferroptosis is a type of iron-dependent regulated cell death
that plays a context-dependent role in health and disease
[1,2]. Modulating the activities of ferroptosis holds promise
for cancer treatment [3]. In addition to mammalian cells,
ferroptosis has also been detected in plants following heat
stress [4], indicating that this cell death modality may be
a conserved process. Generally, the induction of ferroptosis
involves an imbalance between oxidative stress and antioxi-
dant defense, which ultimately leads to lipid peroxidation,
plasma membrane damage, and the release of danger/damage-
associated molecular patterns (DAMPs) [5,6]. The classical
ferroptosis inducers are inhibitors of the antioxidant
SLC7A11 (solute carrier family 7 member 11)-GPX4 (glu-
tathione peroxidase 4) axis [7]. Several regulated cell death
effectors, such as caspases, MLKL (mixed lineage kinase
domain like pseudokinase) and GSDMD (gasdermin D), are
not necessary for ferroptosis [8], highlighting the uniqueness
of the execution of this pathway.

Macroautophagy (hereafter “autophagy”) is a lysosomal-
dependent degradation process, by which the recycling of cellu-
lar material can promote survival under various environmental
stresses, especially nutritional deprivation [9,10]. In contrast,
unrestricted autophagy may lead to cell death by selectively
degrading survival-promoting molecules or organelles.
Autophagy is regulated and executed by a group of conserved
proteins called ATG (autophagy related) proteins, which form

different complexes to shape membrane dynamics to engulf and
degrade the cargoes [11]. Recently, ferroptosis was recognized as
a form of autophagy-dependent cell death and the depletion of
core components of autophagic machinery, such as ATGS5,
ATG7, and BECN1/Vps30/Atg6 (beclin 1), inhibits ferroptotic
cell death [12-21]. Autophagy-induced signaling during ferrop-
tosis is associated with oxidative stress and iron accumulation,
and excessive autophagy can feedback accelerate these signals
understood [22,23]. Although these advances in knowledge are
significant, the selective process and regulation of autophagy-
dependent ferroptosis are still poorly.

TMEM164 (transmembrane protein 164) is a member of the
transmembrane protein (TMEM) family that spans various bio-
logical membranes, including the plasma membrane and the
membrane of organelles [24]. The Xq22.3g23 microdeletion
containing the TMEM164 gene is associated with Alport syn-
drome, intellectual disability, midfacial hypoplasia, and ellipto-
cytosis [25,26]. The changes in the TMEM164 gene and other
TMEM members are independent factors affecting the prognosis
of lung adenocarcinoma [27]. Although TMEM164 is a highly
conserved protein, its function remains unknown.

In this study, we analyzed the data of a clustered regularly
interspaced short palindromic repeat (CRISPR)-Cas9
(CRISPR-associated protein 9) library screening from
a previous study that used the small molecule compound
MIL210 to trigger ferroptosis in human kidney cancer cells
[28]. This genetic screen indicated that TMEM164 is one of
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the top candidate genes for promoting ferroptosis. Our func-
tion and mechanism studies further revealed that TMEM164
plays a key role in promoting autophagy-dependent ferropto-
sis by sustaining autophagosome formation. In contrast,
TMEM164 is dispensable for classical starvation-induced
autophagosome formation.

Results
TMEM164 acts as a promoter of ferroptosis

CRISPR-Cas9 genetic screening provides a valuable approach
to reveal the new genetic dependence of ferroptosis. We
analyzed a genome-scale CRISPR-Cas9 knockout screening
study in 786-O cells (a human clear cell, renal carcinoma
cell line) during ferroptosis triggered by the chemical ML210
[28]. In addition to the well-characterized ferroptosis promo-
ters ACSL4 (acyl-CoA synthetase long chain family member 4)
[29-31] and POR (cytochrome p450 oxidoreductase) [32,33],
TMEM164 was identified as one of top hits (Figure 1A),
highlighting a potential role of TMEMI164 in regulating
ferroptosis.

To determine whether TMEM164 is required for ferropto-
sis, we utilized shRNA-mediated RNA interference (RNAi) to
inhibit the expression of TMEM164 in HT1080 cells (a human
fibrosarcoma cell line) and PANCI cells (a human pancreatic
ductal adenocarcinoma cell line), which are widely used in the
study of ferroptosis mechanisms [34-37]. The suppression of
TMEM164 expression by two different shRNAs (Figure 1B)
blocked SLC7A11 inhibitors (e.g., erastin, sulfasalazine, and
sorafenib)- or GPX4 inhibitors (e.g., RSL3, ML162, and
ML210)-induced cell death (Figure 1C). In contrast, the loss
of TMEM164 had no significant effects on cell death due to
the apoptosis inducer staurosporine or the necroptosis trigger
CCT137690 (Figure 1C) [38]. Thus, TMEM164 appears be
a specific regulator of ferroptosis, but not apoptosis and
necroptosis.

To further examine the effects of TMEM164 in ferroptosis,
we established an RSL3-resistant PANCI1 cell line (termed
PANCI®) using a method involving stepwise dose escalation
and the limiting of single-cell dilution. Western blot analysis
revealed that the expression of TMEM164 was reduced in
PANCI® cells (Figure 1D). We also examined other key
ferroptosis regulators, such as GPX4 and SLC7A11, accord-
ingly. The expression of SLC7A11 in PANCI® cells was not
significantly changed compared to parental cells (Figure 1D).
In contrast, GPX4 expression was upregulated in PANCI®
cells compared to parental cells (Figure 1D). Ferroptosis-
resistant cells have aberrant expression of many genes [39],
mainly regulated by the antioxidant transcription factor
NFE2L2/NRF2 (NFE2 like BZIP transcription factor 2)
[40,41]. Brusatol, an NFE2L2 inhibitor [42], inhibited
TMEM164 mRNA expression in PANCI®? cells (Figure 1E),
supporting the role of NFE2L2 in negatively regulating
TMEM164 gene expression.

Compared to the parental cell line, PANCI® cells were
capable of maintaining viability with continuous exposure to
RSL3 at 10 uM (Figure 1F). In contrast, the gene transfection-
mediated overexpression of TMEM1164 restored the sensitivity

of PANCI® cells (termed PANCI®'®* cells; Figure 1D) to
RSL3, and this process was inhibited by the ferroptosis inhi-
bitor liproxstatin-1 (Figure 1F). The overexpression of
TMEM164 reduced GPX4 expression in PANCI® cells
(Figure 1D), suggesting a negative expression correlation
between TMEM164 and GPX4 in PANCI® cells.

We next examined the effects of TMEM164 on character-
istic biochemical events of ferroptosis, including iron accu-
mulation and lipid peroxidation. Quantitative analysis of
intracellular ferrous ions (Fe’*) and malondialdehyde
(MDA, an endogenous genotoxic product of lipid peroxida-
tion) revealed that the knockdown of TMEMI164 inhibited
erastin- or RSL3-induced Fe*" accumulation and lipid perox-
idation in PANCI1 cells (Figure 1G,H). As expected, the
release of a prototypical DAMP, namely the molecule
HMGBI (high mobility group box 1) [43], during ferroptosis
was also inhibited by the knockdown of TMEMI64
(Figure 1I). Altogether, these findings demonstrate that
TMEM164 is a positive regulator of ferroptosis.

TMEM164 promotes ferroptosis by activating autophagy
To study the mechanism and action of TMEM164 in ferrop-
totic cell death, we determined the effect of TMEM164 silen-
cing on the expression of proteins responsible for the repair of
lipid peroxides, including GPX4 [44], AIFM2/FSP1 (apoptosis
inducing factor mitochondria associated 2) [45,46], and
DHODH (dihydroorotate dehydrogenase (quinone)) [47].
Compared to AIFM2 and DHODH, the protein expression
of GPX4 was reduced by erastin or RSL3 in PANCI cells
(Figure 2A). The loss of TMEM164 reduced the downregula-
tion of GPX4 protein during ferroptosis (Figure 2A).
TMEM164 had no significant effects on the protein expres-
sion of AIFM2 and DHODH (Figure 2A) as well as the
mRNA of GPX4 (Figure 2B). These data indicate that
TMEM164 selectively regulates GPX4 protein degradation
during ferroptosis.

Because GPX4 is a degradative substrate of autophagy in
ferroptosis [36,48], we evaluated whether other autophagic
substrates are also affected by TMEMI164. We focused on
ferritin and lipid droplets because the autophagic degradation
of ferritin by ferritinophagy [12,13] or lipid droplets by lipo-
phagy [49] favors iron accumulation and/or lipid peroxidation
during ferroptosis. The knockdown of TMEMI164 prevented
erastin- or RSL3-induced downregulation of the protein
expression of FTH1 (ferritin heavy chain 1) (Figure 2A).
The measurement of lipid droplets also revealed that erastin-
or RSL3-induced lipid droplet degradation requires
TMEM164 (Figure 2C). Similar to the knockdown of
TMEM164, shRNA-mediated ATG5 RNAi prevented the
degradation of GPX4, FTH1, and lipid droplets in PANC1
cells after treatment with erastin or RSL3 (Figure 2A,C).
Bafilomycin A;, an inhibitor of autophagosome-lysosome
fusion [50], also increased FTH1 and GPX4 expression, as
well as decreased Fe** accumulation in response to erastin or
RSL3 (Figure 2D,E).

Because the degradation of GPX4, FTH1, and lipid droplets
requires different autophagy receptors [12,13,48,49], we
hypothesized that TMEM164 may affect the upstream forma-
tion of autophagosomes rather than by directly recognizing
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Figure 1. TMEM164 acts as a promoter of ferroptosis. (A) Partial volcano plots highlighting ACSL4, TMEM164, and POR as the top hits in a previous genome-wide
screen using CRISPR-Cas9 in ML210-induced 786-O cells [28]. (B) Western blot analysis of TMEM164 expression in the indicated TMEM164-knockdown HT1080 and
PANCT cells. (C) Cell death assay in the indicated HT1080 and PANCT cells following treatment with erastin (5 uM), sulfasalazine (500 pM), sorafenib (10 uM), RSL3 (0.5
uM), ML162 (0.5 pM), ML210 (5 pM), staurosporine (200 nM), or CCT137690 (5 pM) for 24 h (data are shown in a heat map as the means of 3 biologically independent
samples). (D) Western blot analysis of TMEM164 expression in control PANC1, RSL3-resistant PANC1 (PANC1®), or TMEM164-overexpressed PANC1® (PANC17'®%) cells. (E)
qPCR analysis of TMEM164 mRNA in PANCI® cells following treatment with brusatol (100 nM) for 6-24 h (n =3 biologically independent samples; *P < 0.05, one-way
ANOVA with Tukey’s multiple comparisons test; data are presented as means + SD). (F) Cell viability in the indicated PANC1 cells following treatment with RSL3 (0.25-
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cargoes. In fact, the knockdown of TMEM164 inhibited the
formation of MAP1LC3B/LC3 (microtubule associated pro-
tein 1 light chain 3 beta)-II based on immunoblotting mea-
surement (Figure 2A) or MAPILC3B puncta assessed by
immunofluorescence analysis (Figure 2F) following RSL3
treatment, but not in response to Hanks’ balanced salt solu-
tion (HBSS)-induced starvation. As a control, knockdown of
ATGY9A, a multi-spanning membrane protein essential for
autophagosome formation during starvation [51-53], had
the reverse effect, inhibiting MAPILC3B puncta formation
in response to HBSS, but not RSL3 (Figure 2F). An autophagy
flux assay using a GFP-LC3-RFP-LC3AG probe [54] relies on
the stable fluorescence of RFP, but quenching of GFP, within
the lysosome following autophagosome-lysosome fusion. This
microplate reader assay similarly revealed that the knockdown
of TMEM164 or ATG9A impaired only RSL3-induced or
HBSS-induced autophagic flux, respectively (Figure 2G).
Confocal microscopy assays further confirmed that the knock-
down of TMEM164 inhibited RSL3-induced accumulation of
LC3 puncta in PANCI cells by the GFP-LC3-RFP-LC3AG
construct (Figure 2H).

ATGS is essential for autophagosome formation through
the formation of the ATGI12-ATG5-ATGI6L1 complex
[55,56]. The loss of TMEM164 reduced the binding between
ATGS5 and ATGI16L1 in response to RSL3, but not the stimu-
lation from HBSS (Figure 2I). In contrast, the shRNA-
mediated knockdown of ATG9A had no effect on the RSL3-
stimulated increase in ATG5-ATG16L1 complex formation
(Figure 2J). In contrast to the knockdown of TMEM164, the
silencing of ATG9A failed to block RSL3-induced cell viability
inhibition (Figure 2K). The overexpression of Tmem164 failed
to restore MAPILC3B-II expression in atg5”~ MEFs in the
absence or presence of RSL3 (Figure 2L). Collectively, these
findings underscore a special upstream role of TMEM164 (but
not ATG9A) in the production of ATG5-dependent autopha-
gosomes for ferroptosis.

Next, we examined which autophagy substrate is critical
for TMEM164-mediated ferroptosis. The knockdown of GPX4
restored the sensitivity of TMEMI164-knockdown PANCI1
cells to ferroptosis more than the knockdown of FTHI or
the administration of pyrrophenone (Figure 2M, an inhibitor
of lipid droplet formation [57]). Thus, GPX4 may be the most
important autophagic degradation substrate for TMEM164-
mediated ferroptosis, although other substrates also contri-
bute to this process.

TMEM164 mediates the anticancer activity of RSL3 in vivo
To evaluate the effects of TMEM164-mediated ferroptosis
in vivo, we used a PANC1-derived xenograft model in immu-
nodeficient NOD SCID mice. Compared with the control
group, the anticancer activity of RSL3 was limited in the
TMEM]I164-knockdown (TMEMI164 KD) PANC1 group

(Figure 3A). Subsequent analysis of ferroptosis markers
(including the mRNA of PTGS2 [prostaglandin-
endoperoxide synthase 2] or ACSL4) (Figure 3B,C), iron
accumulation (Figure 3D), MDA levels (Figure 3E), and
ACSL4 production 5-hydroxyeicosatetraenoic acid (5-HETE;
Figure 3F) confirmed the role of TMEM164 in promoting
RSL3-induced ferroptosis in isolated tumors. In contrast, the
activity of CASP3 (caspase 3) was not changed in the
TMEMI164 KD group in the absence or presence of RSL3
(Figure 3G). Consistent with the finding that TMEM164 is
required for autophagy-dependent ferroptosis in vitro
(Figure 2), western blot analysis confirmed that RSL3-
induced MAPILC3B-II expression in isolated tumors was
inhibited in the TMEM164 KD group (Figure 3H).

The role of TMEM164 expression in human pancreatic
ductal adenocarcinomas

To determine clinical relevance of the experimental findings,
the prognostic value of TMEM164 was evaluated in patients
with pancreatic cancer using The Cancer Genome Atlas
(TCGA) database. TMEM164 mRNA was significantly upre-
gulated in PDACs compared with normal pancreas tissues
(Figure 4A). High levels of TMEM164 mRNA were associated
with improved survival (Figure 4B), suggesting that
TMEM164 may exert a tumor suppressor effect in human
pancreatic cancer. We next assayed the localization of
TMEM164 protein expression in human pancreatic ductal
adenocarcinomas from The Human Protein Atlas platform.
Immunohistochemistry staining showed that the expression
of TMEM164 was mainly confined to ductal cells in certain
PDAC patients (Figure 4C). In addition, the Tumor IMmune
Estimation Resource (TIMER) showed that the mRNA
expression level of TMEM164 was positively related to the
infiltration of a variety of immune cells, especially cytotoxic
CD8+ T cells, antigen-presenting dendritic cells, and cancer-
associated fibroblasts (Figure 4D). In contrast, TMEM164 was
negatively related to the infiltration of cancer-associated fibro-
blasts (Figure 4D). These analyses suggest that TMEM164
plays a role in modulating the immune microenvironment
of human pancreatic ductal adenocarcinomas.

Discussion

Autophagy is a highly integrated process that maintains cell
homeostasis by promoting cell survival or causing cell death.
Here, we demonstrated a key role of TMEM164 in driving
autophagy-dependent ferroptotic cell death by promoting
autophagosome formation during lipid peroxidation
(Figure 5). These findings not only provide insights for under-
standing the degradation regulation mechanism of ferroptosis,
but also suggest an alternative strategy to trigger antitumor
immunity [58].

10 uM) for 24 h (n =3 biologically independent samples; *P < 0.05, two-way ANOVA with Tukey’s multiple comparisons test; data are presented as means + SD). (G-I)
Analysis of intracellular Fe** (G), intracellular MDA (H), and extracellular HMGB1 () in indicated control and TMEM164-knockdown PANC1 cells following treatment
with erastin (5 pM) or RSL3 (0.5 uM) for 24 h (n =3 biologically independent samples; *P < 0.05 versus control shRNA group, one-tailed t test; data are presented as

means + SD).
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Figure 2. TMEM164 promotes ferroptosis by activating autophagy. (A) Western blot analysis of the indicated protein expression in TMEM164-knockdown or ATG5-
knockdown PANCT cells following treatment with erastin (5 pM) or RSL3 (0.5 uM) for 24 h. Relative protein quantification is shown in the right panel (n = 3 biologically
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Dysregulated autophagy is related to various cell death
modalities [59]. Historically, the phrase “autophagic cell
death” was used to morphologically define a type of cell
death that accompanies large-scale autophagic vacuolization
of the cytoplasm [60]. Today, a related phrase, “autophagy-
dependent cell death”, is used to functionally define a type of
cell death that mechanistically relies on the autophagic
machinery (or its components) [61]. Our knowledge of fer-
roptosis as an autophagy-dependent form of cell death pro-
vides an example for understanding the selective degradation
mechanism that promotes cell death [62]. For example, the
autophagic degradation of ferritin [12,13], the circadian clock
protein BMAL1/ARNTL (basic helix-loop-helix ARNT like 1)
[63], lipid droplets [49], the iron transporter SLC40A1/ferro-
portin (solute carrier family 40 member 1) [62], GPX4
[36,48], or CDH2 (cadherin 2) [64] enhances iron accumula-
tion and/or reactive oxygen species/ROS production, leading
to ferroptosis in a context-dependent manner.

Previous studies have shown that two important subtypes
of autophagy (macroautophagy and chaperone-mediated
autophagy) promote GPX4 degradation and ferroptosis
[36,48], suggesting that subtypes of autophagic degradation
of GPX4 may depend on cell type or stimulation. Our data
suggest that autophagic degradation plays a major role in
regulating GPX4 expression in PANCI cells during ferropto-
sis. The knockdown of ATG5 or the administration of bafilo-
mycin A; restored erastin- or RSL3-induced GPX4 protein
degradation to 80% compared to controls. Although we ruled
out the possibility of regulating GPX4 at the transcriptional
level, there are other possibilities (e.g., pre-transcriptional,
post-transcriptional, pre-translational, translational and post-
translational levels) that regulate GPX4 expression during
ferroptosis [65,66]. In addition to different autophagy recep-
tors responsible for ferroptosis [22], our current study shows
that the regulation of autophagosome formation by
TMEMI164 during ferroptosis is distinct from classic starva-
tion-induced autophagy.

Autophagy is a membrane-driven dynamic process invol-
ving the assembly, formation, and maturation of intracellular
membrane structures, including phagophores, autophago-
somes, and autolysosomes [11]. In mammalian cells, ATG9A
is the transmembrane protein of the ATG family and has been
proposed to play a key role in guiding the membranes of
donor organelles to form autophagosomes during starvation
[67]. Our current study shows that unlike ATG9A-dependent

membrane acquisition, the transmembrane protein
TMEM164 selectively participates in the ATG5-dependent
autophagosome assembly process during ferroptosis.
Although there are still many questions to be answered
about the precise role of TMEM164 in controlling membrane
dynamics, these new findings provide clues for elucidating the
difference in autophagy mechanisms between starvation and
ferroptosis.

Like the dysregulation of the autophagic-lysosomal path-
way, ferroptosis plays a context-dependent role in cancer, and
interventions to stimulate or inhibit ferroptosis have been
proposed as cancer treatment or prevention [3]. For example,
chronic inflammation caused by ferroptotic death can pro-
mote Kras®?P-driven pancreatic tumorigenesis in mice [68].
In established tumors, drug-induced ferroptosis combined
with other chemotherapy, radiotherapy, or targeted therapy
has become an emerging anticancer strategy in preclinical
tumor models [69-73]. The Xq22.3q23 microdeletion carrying
the TMEM164 and ACSL4 genes is related to Alport syn-
drome and intellectual disability in humans [25,26], although
it is not clear whether ferroptosis is related to these neuroge-
netic diseases. Our TCGA database analysis further supports
the role of highly expressed TMEM164 in maintaining the
anti-tumor immune environment of PDAC.

Together, our results reveal a previously unrecognized
molecular link between autophagy and ferroptosis through
the transmembrane protein TMEM164. Further understand-
ing of the TMEMI164-dependent autophagic process may
guide the development of improved approaches and/or
drugs for the treatment of ferroptosis-related diseases.

Materials and methods
Reagents

Erastin (S7242), sulfasalazine (S1576), sorafenib (S7397), RSL3
(S8155), CCT137690 (S2744), bafilomycin A, (S1413), brusa-
tol (§7956), and liproxstatin-1 (S7699) were purchased from
Selleck Chemicals. ML162 (20455), ML210 (23282), pyrrophe-
none (13294), and staurosporine (25096) were purchased
from Cayman Chemical. The antibodies to FTH1 (4393),
MAPI1LC3B (3868), ATG5 (2630), ATG16L1 (8089), ATG9A
(13509), SLC7A11 (12691) and ACTB (3700) were purchased
from Cell Signaling Technology. The antibodies to TMEM164
(NBP1-93939) were purchased from Novus. The antibodies to

independent samples; *P < 0.05 versus control shRNA group, one-tailed t test; data are presented as means + SD). (B, C) Analysis of GPX4 mRNA and lipid droplet levels
in the indicated gene knockdown PANC1 cells following treatment with erastin (5 uM) or RSL3 (0.5 uM) for 24 h (n =3 biologically independent samples; *P < 0.05
versus control shRNA group, one-tailed t test; data are presented as means + SD). (D) Western blot analysis of the indicated protein expression in PANC1 cells following
treatment with erastin (5 pM) or RSL3 (0.5 pM) for 24 h in the absence or presence of bafilomycin A; (BafA;; 20 nM) for 24 h. (E) Analysis of intracellular Fe?" in PANC1
cells following treatment with erastin (5 uM) or RSL3 (0.5 uM) for 24 h in the absence or presence of bafilomycin A; (20 nM) for 24 h (n =3 biologically independent
samples; *P < 0.05 versus control group, one-tailed t test; data are presented as means + SD). (F) Image analysis of MAPTLC3B puncta in the indicated gene knockdown
PANCT cells following treatment with HBSS (2 h) or RSL3 (0.5 uM, 12 h). The data are presented as box-and-whisker plots from 10 fields. Boxes represent the median
and the 25th and 75th percentiles. *P < 0.05 versus control shRNA group, one-tailed t test; bar: 15 um. (G) Analysis of the time course of relative GFP:RFP ratio in the
indicated PANC1 cells expressing GFP-LC3-RFP-LC3AG in response to HBSS or RSL3 (0.5 um; n =3 biologically independent samples; *P < 0.05, two-way ANOVA with
Tukey’s multiple comparisons test; data are presented as means + SD). (H) Image analysis of GFP/RFP puncta in indicated PANC1 cells following treatment with RSL3
(0.5 uM) for 12 h. The data are presented as box-and-whisker plots from 10 fields. Boxes represent the median and the 25th and 75th percentiles. *P < 0.05 versus
control shRNA group, one-tailed t test; bar: 15 um. (I, J) Immunoprecipitation (IP) analysis of the interaction between ATG5 and ATG16L1 in the indicated PANC1 cells
following treatment with HBSS or RSL3. (K) Cell viability assay of indicated PANC1 cells following treatment with RSL3 (0.5 um) for 3-24 h (n=3 biologically
independent samples; *P < 0.05, two-way ANOVA with Tukey's multiple comparisons test; data are presented as means + SD). (L) Western blot analysis of protein
expression in indicated MEFs following treatment with RSL3 (0.2 uM) for 12 h. (M) Cell viability assay of indicated PANC1 cells following treatment with RSL3 (0.5 pm)
for 3-24 h in the absence or presence of 5 nM pyrrophenone (n =3 biologically independent samples; *P < 0.05, two-way ANOVA with Tukey’s multiple comparisons
test; data are presented as means + SD).
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Figure 3. TMEM164 mediates the anticancer activity of RSL3 in vivo. (A) NOD SCID mice were injected subcutaneously with the indicated PANC1 cells (5 x 10%/mouse)
and treated with RSL3 (100 mg/kg, once every other day, intratumoral injection) at day 7 for 2 weeks. Tumor volume was calculated weekly (n =5 mice/group; *P <
0.05, ANOVA with Tukey’s multiple comparisons test; data are presented as means + SD). (B-H) in parallel, the activity or levels of PTGS2 mRNA (B), ACSL4 mRNA (C),
Fe?* (D), MDA (E), 5-HETE (F), CASP3 activity (G), and the indicated protein expression (H) in isolated tumors at day 28 were assayed (n =5 mice/group; *P < 0.05,
ANOVA with Tukey’s multiple comparisons test; data are presented as means = SD). .

GPX4 (ab125066) were purchased from Abcam. The antibo-
dies to AIFM2 (H00084883-D01P) and DHODH (14877-
1-AP) were purchased from Thermo Fisher Scientific.

Cell culture

The HT1080 (CCL-121) and PANCI1 (CRL-1469) cell lines were
obtained from the American Type Culture Collection. The mouse
pancreatic ductal adenocarcinoma cancer cell line KPC was a gift
from David Tuveson (Cold Spring Harbor Laboratory). Wild-type
and atg5”" embryonic fibroblasts (MEFs) were a gift from Noboru
Mizushima (Tokyo Medical and Dental University). Cell lines
were cultured in Dulbecco’s modified Eagle’s medium (Thermo
Fisher Scientific, 11995073) 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,. The identity of the cell line
was verified by short tandem repeat analysis, and routine myco-
plasma testing was negative for contamination.

Animal models

Wild-type or TMEM164 KD PANCI cells (5 x 10° cells) were
injected subcutaneously into the dorsal side of NOD SCID
mice (female, 8-10 weeks old). On the 7th day, these mice
were given RSL3 (100 mg/kg, once every other day, intratu-
moral injection) for 2 weeks as previously described [44]. The
diameter of the tumor was measured twice a week with
a caliper, and the tumor volume was calculated using the
following formula: length x width® x 71/6. At 14 days after the
injection, the mice were euthanized, and the xenograft solid
tumors were collected.

All mice were maintained under specific pathogen-free
conditions on a regular 12-h light and dark cycle (7:00-19:00
light period; room temperature 20°-25°C; relative humidity:
40%-60%). Food and water were available ad libitum. All
animal experiments were conducted in accordance with the
institutional ethics guidelines related to animal care and were
approved by an institutional animal health and use
committee.
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Figure 4. The role of TMEM164 in human pancreatic tumors. (A) Analysis of the gene expression of TMEM164 in pancreas from tumor patients and normal controls
using datasets from the Cancer Genome Atlas (TCGA; one-tailed t test). The data are presented as box-and-whisker plots. Boxes represent the median and the 25th
and 75th percentiles. (B) Prognostic value of TMEM164 in human pancreatic cancer cohorts from the TCGA database. (C) Immunohistochemistry stains of TMEM164 in
pancreas from tumor patients and normal controls from the Human Protein Atlas platform (bar=100 pm). (D) Analysis of the relationship between the gene expression
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of TMEM164 and the immune cell infiltration in the pancreas of tumor patients using datasets from the Tumor IMmune Estimation Resource.
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Figure 5. A model illustrating the role of TMEM164 in mediating autophagy-dependent cell death. ATG9A is required for starvation-induced autophagosome
formation, which leads to programmed survival through non-selective degradation of cytosolic components. In contrast, a ferroptosis activator, such as RSL3, induces
TMEM164-dependent autophagosome formation resulting in the selective degradation of anti-ferroptosis regulators (such as GPX4, FTH1, and lipid droplets).

Cytotoxicity assay

The level of cell death was assayed using a LIVE/DEAD cell
viability/cytotoxicity assay kit (Thermo Fisher Scientific,
L3224) according to the manufacturer’s protocol.

Biochemical assay

Commercially available ELISA kits were used to measure the
concentrations or activity of HMGB1 (Shino Test
Corporation, ST51011), iron (Sigma-Aldrich, MAKO025),
MDA (Sigma-Aldrich, MAKO085), lipid droplets (Cayman
Chemical, 500001), 5-HETE (Abbexa, abx251443), and
CASP3 (Cell Signaling Technology, 5723) in the indicated
samples.

Autophagic flux analysis

We employed a GFP-LC3-RFP-LC3AG probe that was a gift
from Noboru Mizushima (Addgene, 84572), which provides
a simple and quantitative method to evaluate autophagic flux
in vitro or in vivo [54]. In brief, cells (5000 cells/well) expres-
sing GFP-LC3-RFP-LC3AG in a black 96-well plate with
a clear bottom (Corning, 3904) were treated with RSL3 (0.5
uM) at the indicated times, and the signals of GFP and RFP
were analyzed using a microplate reader (Tecan).

RNAi and gene transfection

The following human shRNAs were obtained from Sigma-
Aldrich in a lentiviral format: human TMEMI164-1

(TRCN0000122719), human TMEM]164-2
(TRCN0000322570), mouse Tmeml164 (TRCN0000248887),
human ATG5 (TRCNO0000151963), human  GPX4

(TRCN0000046249), human FTHI (TRCN0000029432), and
human ATG9A (TRCN0000244083). We seeded 1 x 10° cells
in each well of a 12-well plate in 500 ul of complete medium
that were transduced by lentiviral vectors at a multiplicity of
infection of 10:1. Transduction was carried out in the pre-
sence of polybrene (8ug/ml; Thermo Fisher Scientific,
TR1003 G) in an antibiotic-free medium. After recovering
with complete culture medium, puromycin (5 pg/ml;
Thermo Fisher Scientific, A1113802) was used for the selec-
tion of transduced cells. TMEMI164/Tmeml164 cDNA was
obtained from OriGene (SC105570 and MC207858) and
gene transfection was performed by Lipofectamine 3000
(Thermo Fisher Scientific, L3000001).

qPCR

According to the manufacturer’s instructions, we used
a QIAGEN RNeasy Plus Micro Kit (74034) and iScript
c¢DNA Synthesis Kit (Bio-Rad, 1708890) to extract total
RNA and synthesize first-strand ¢cDNA, respectively. Then,
20-pl reactions were prepared by combining 4 ul of iScript
select reaction mix, 2 ul of gene-specific enhancer solution, 1
ul of reverse transcriptase, 1ul of gene-specific assay pool
(20%, 2uM), and 12 pl of RNA diluted in RNase-free water.
Quantitative real-time PCR (qPCR) was carried out using
synthesized cDNA, primers, and SsoFast EvaGreen supermix
(Bio-Rad, 172-5204). The primers were used as below: human
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GPX4: 5-ACAAGAACGGCTGCGTGGTGAA-3 and 5-
GCCACACACTTGTGGAGCTAGA-3’; human PTGS2: 5-
CGGTGAAACTCTGGCTAGACAG-3 and 5-
GCAAACCGTAGATGCTCAGGGA-3’; human ACSL4: 5-
GCTATCTCCTCAGACACACCGA-3’ and 5-
AGGTGCTCCAACTCTGCCAGTA-3; human TMEMI64:
5-AAGTTCGCCACCAAGACCGTCA-3 and 5-
GCTTGAAGACGACGATAGCTCC-3’; human ACTB: 5-
CACCATTGGCAATGAGCGGTTC-3’ and 5-
AGGTCTTTGCGGATGTCCACGT-3". The data were nor-
malized to ACTB RNA, and the fold change was calculated
via the 2722 method [20]. Based on the untreated group, the
relative concentration of mRNA was expressed in arbitrary
units, and its assigned value was 1.

Western blot analysis

After treatment, whole cells were harvested and lysed at 4°C in
ice-cold Cell Lysis Buffer (Cell Signaling Technology, 9803)
containing a protease inhibitor cocktail (Thermo Fisher
Scientific, 78429) [74]. A bicinchoninic acid (BCA) assay was
used to detect protein concentration, and then 30 pg of protein
in each lysate sample was subjected to SDS-PAGE (Bio-Rad,
3450124) at 100-120V for 90 min, and then transferred to
PVDF membrane (Bio-Rad, 1704273). The PVDF membrane
was blocked with 5% nonfat dry milk (Cell Signaling
Technology, 9999), and then incubated with the indicated
primary antibody (1:500-1:1000) at 4°C overnight. The mem-
brane was washed 3 times in tris-buffered saline Tween 20 (Cell
Signaling Technology, 9997) buffer, and then incubated with an
HRP-linked anti-mouse IgG secondary antibody (Cell Signaling
Technology, 7076; 1:1000) or HRP-linked anti-rabbit IgG sec-
ondary antibody (Cell Signaling Technology, 7074; 1:1000) for
1h at room temperature. After enhanced chemiluminescence
exposure, a ChemiDoc Touch Imaging System (Bio-Rad,
1708370) or X-ray films were used for visualization and analy-
sis of protein expression. ACTB was used as a housekeeping
control for whole cell lysates.

Immunoprecipitation analysis

After treatment, the cells were lysed at 4°C using an ice-cold
radio-immunoprecipitation assay lysis buffer (Millipore, 20-
188), and the cell insoluble matter was removed by centrifu-
gation (12,000 g, 10 min) [75]. BCA was used to detect the
protein concentration, and then 300 pg of protein in each
lysate sample was pre-cleared for 3h with protein A/G
Sepharose beads (Abcam, ab193262) at 4°C. Then, in the
presence of protein A/G Sepharose beads, the sample with
control IgG or a specific antibody (4 ug/mL) was gently sha-
ken overnight at 4°C. After incubation, the protein A/G
Sepharose beads were washed thoroughly with PBS, and the
protein was eluted by boiling in 2 x Laemmli sample buffer
(Bio-Rad, 161-0737) before SDS-PAGE electrophoresis.

Immunofluorescence analysis

Cells were cultured on glass coverslips and fixed in 3% for-
maldehyde for 30 min at room temperature prior to detergent

extraction with 0.1% Triton X-100 (Cell Signaling
Technology, 39487) for 10 min at 25°C. Coverslips were satu-
rated with 2% bovine serum albumin (Cell Signaling
Technology, 9998) in PBS for 1h at room temperature and
processed for immunofluorescence with MAP1LC3B antibody
(1:200; Cell Signaling Technology, 3868), followed by Alexa
Fluor 488-conjugated IgG (1:500; Thermo Fisher Scientific,
A21206). Images were taken with a ZEISS LSM 800 confocal
microscope. Relative quantitative colocalization analysis was
performed from 10 random fields.

Bioinformatics analysis

The TCGA datasets, including gene expression and clinical
outcomes data, were obtained from level 3 datasets at
FireBrowse (http://gdac.broadinstitute.org; 2016 January).
GEPIA (http://gepia.cancer-pku.cn/index.html), a developed
interactive web server for analyzing the TCGA data, was
used to separate the TCGA cohorts into groups with high/
low expression of selected genes, which were then used for the
prognostic signature validation. TIMER2.0 (http://timer.cis
trome.org/), a web resource for systematic evaluations of the
clinical impact of different immune cells in diverse cancer
types, was used to assay the impact of the expression of
TMEM164 on immune cell infiltration in patients with pan-
creatic ductal adenocarcinomas. The analysis of protein
expression in human pancreatic cancer was based on The
Human Protein Atlas online platform (http://www.proteina
tlas.org/). In brief, the immunohistochemical staining of the
indicated protein was used to yield a protein expression
profile by the Human Protein Atlas consortium.

Statistical analysis

GraphPad Prism 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 or two-way analysis of variance
(ANOVA) with Tukey’s multiple comparisons test was used
for comparison among the different groups. A P value of
<0.05 was considered statistically significant.
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