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ARTICLE INFO ABSTRACT
Keywords: A cytosolic iron chaperone poly(rC)-binding protein 1 (PCBP1) is a multifunctional RNA-binding protein
Ferroptosis involving gene transcription, RNA regulation, and iron loading to ferritins. PCBP1 is also known to repress
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Ferritinophagy

Iron

Lipid peroxidation

autophagy, but the role of PCBP1 in ferritinophagy and ferroptosis remains unrevealed. Therefore, we examined
the role of PCBP1 in ferritinophagy-mediated ferroptosis in head and neck cancer (HNC) cells. The effects of
system xc~ cystine/glutamate antiporter (xCT) inhibitors and PCBP1 gene silencing/overexpression were tested
on HNC cell lines and mouse tumor xenograft models. These effects were analyzed by assessing cell viability and
death, lipid reactive oxygen species and iron production, lipid, malondialdehyde, mRNA/protein expression, and
autophagy flux assays. Interaction between PCBP1 and BECN1 mRNA was also examined by luciferase and RNA-
protein pull-down assays. PCBP1 gene silencing increased autophagosome generation and autophagic flux.
Conversely, PCBP1 upregulation inhibited autophagy activation via direct binding to the CU-rich elements on the
3’-untranslated region (3'-UTR) of BECN1 mRNA. The internal deletion or mutation of the 3'-UTR F2 region
recovered BECN1 mRNA stability repressed by PCBP1, resulting in enhanced ferritinophagy-mediated ferrop-
tosis. Besides, PCBP1 knockdown promoted polyunsaturated fatty acid peroxidation by increasing ALOX15
expression. Further, excess iron accumulation caused mitochondrial dysfunction in PCBP1-suppressed cells. A
ferroptosis inducer sulfasalazine significantly suppressed tumor growth in mice with the transplantation of
PCBP1-silenced HNC. Our data suggest that the dual functions of PCBP1 repressing BECN1 and ALOX15 mRNAs
contribute to attenuating cancer susceptibility to ferroptosis inducers.

reducing and oxidizing glutathione (GSH) [7]. System xc  cys-
tine/glutamate antiporter (xCT) is another central regulator of ferrop-
tosis as a substrate of GSH synthesis contributing to lipid ROS
detoxification [7].

Poly(rC)-binding protein 1 (PCBP1) is a multifunctional RNA-
binding protein that plays various roles in gene transcription, RNA
regulation, and iron chaperone [8,9]. PCBP1 is a major iron chaperon
facilitating iron loading to ferritins and an RNA-binding protein inter-
acting with other target protein BolA2 independently at its different
faces [10]. PCBP1-lacked mice in bone marrow showed impaired heme
synthesis by iron flux dysfunction [11]. PCBP1 works as an adapter
protein containing three conserved K homology (KH) domains enabling
interactions with RNA and binding multiple types of ligands such as
iron-GSH complexes [12]. Further, PCBP1 is associated with regulating
15-lipoxygenase (15-LOX, ALOX15) translation via binding the 3'-un-
translated region (3'-UTR) regulatory complex controlling 80s ribosome
subunit assembly [13,14]. ALOX15 is a non-heme iron-containing

1. Introduction

Ferritinophagy is an autophagic phenomenon that involves iron-
storing ferritin to release intracellular free iron by nuclear receptor
coactivator 4 (NCOA4) [1,2]. This process is accompanied by autopha-
gosome formation of microtubule-associated proteins 1A/1B-light chain
3 (LC3) and is completed when combined with lysosomes [3]. Mounting
evidence also shows that redox reaction between ferrous iron and
polyunsaturated fatty acid (PUFA) leads to distinct non-apoptotic cell
death, ferroptosis [4]. Ferroptosis is an autophagic process based on the
iron-dependent accumulation of excessive lipid peroxidation [5]. PUFAs
are essential sources to produce lipid peroxidation by multiple inner
bonds of reactive oxygen species (ROS) [4]. Consequently, excessive
lipid peroxidation disturbs cellular membrane integrity and causes cell
death [6]. Glutathione peroxidase 4 (GPX4), a key regulator of ferrop-
tosis, is a seminal cellular antioxidant for eliminating lipid ROS by
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Abbreviations 15-LOX ALOX15, 15-lipoxygenase
MDA malondialdehyde

CCK-8  cell counting kit-8 MMP mitochondrial membrane potential

DMSO  dimethyl sulfoxide; MUFA  monounsaturated fatty acid

DMT1  divalent metal transporter 1 PCBP1  Poly(rC)-binding protein 1

EMT epithelial-mesenchymal transition PCBP2  Poly(rC)-binding protein 2

FFA free fatty acid PUFA polyunsaturated fatty acid

GSH glutathione

GPX4 Glutathione peroxidase 4

HNC head and neck cancer

4-HNE  4-hydroxynonenal

KH K homology

LC3 microtubule-associated proteins 1A/1B-light chain 3
LIP labile iron pool

RPA rhodamine B-[(1,10-phenanthroline-5-yl)-aminocarbonyl]
benzyl ester

ROS reactive oxygen species

TMRE  tetramethylrhodamine ethyl ester

xCT system xc~ cystine/glutamate antiporter
3-UTR  3'-untranslated region

protein known for generating PUFAs, a source of lipid peroxidation [15].

PCBP1 represses autophagy, an essential process of ferroptosis, but
the role of PCBP1 in ferritinophagy and ferroptosis remains unknown.
The present study has newly found the therapeutic possibility of PCPB1
depletion promoting ferroptosis in cancer cells. Here, we examined the
role of PCBP1 in ferritinophagy-mediated ferroptosis in head and neck
cancer (HNC) cells.

2. Methods
2.1. Cell viability and death assays

After exposure to cyst(e)ine deprivation, erastin, or sulfasalazine,
cell viability and death were assessed using cell counting kit-8 (CCK-8)
(Dojindo Molecular Technologies, Inc., Tokyo, Japan) and SYTOX Green
(Thermo Fisher Scientific, Waltham, MA, USA) staining, respectively,
according to the manufacturer’s protocol.

2.2. Measurements of lipid and mitochondrial ROS

Cellular lipid and mitochondrial ROS were measured by adding 5 pM
BODIPY™ (11 (Thermo Fisher Scientific) and 5 pM mitoSOX™ Red
(Thermo Fisher Scientific). Image quantification was performed using
ImageJ software.

2.3. Measurements of intracellular iron

Labile iron pool (LIP) assay was measured by using calcein acetox-
ymethyl ester (Corning Inc., Corning, NY, USA) and iron chelator,
deferoxamine (Abcam, Cambridge, UK). Intracellular iron contents were
also quantified using an iron assay kit (Sigma-Aldrich, St. Louis, MO,
USA). FerroOrange (Dojindo) was used to stain intracellular ferrous iron
using a 5 pM FerroOrange solution. The mitochondrial ferrous iron level
was assayed using rhodamine B-[(1,10-phenanthroline-5-yl)-amino-
carbonyl]benzyl ester (RPA) assay (Squarix GmbH, Marl, Germany) and
Mito-FerroGreen (Dojindo) staining.

2.4. Measurements of autophagic flux

The LC3-GFP-puncta was assessed using the ZEISS LSM 880 confocal
microscope in the cells treated with erastin, sulfasalazine, cyst(e)ine
deprivation with or without 30 pM bafilomycin Al. Co-localization of

LC3-GFP-puncta and lysosome was also examined with Lysotracker™
Red DND-99 (Thermo Fisher Scientific) staining.

2.5. Measurements of free fatty acid and malondialdehyde

Intracellular free fatty acid was measured using the PicoSens™ Free

Fatty Acid Quantification Kit (BIOMAX, Seoul, Republic of Korea).
Cellular malondialdehyde (MDA) level was quantified using a lipid
peroxidation (MDA) assay kit (Abcam, Cambridge, UK).

2.6. RNA interference, gene transfection, plasmid construction, and RNA-
protein pull-down assays

Supplementary methods refer to details on target gene silencing,
expression induction, and plasmid construction. Interaction between
PCBP1 and BECN1 mRNA was examined by luciferase and RNA-protein
pull-down assays.

2.7. Tumor xenograft

HN12 cells with transfection of shPCBP1 or control vector and HN2
cells with PCBP1 overexpression vector or control vector were subcu-
taneously injected into the bilateral flank of six-week-old athymic
BALB/c male nude mice (nu/nu) that were subjected to the treatment of
vehicle or sulfasalazine (250 mg/kg daily per intraperitoneal route).

2.8. Statistical analyses

The expression levels of PCBP1 mRNA were obtained from the
normal mucosa (n = 44) and HNC (n = 526) datasets of TCGA and
compared using a t-test. The Kaplan—-Meier and log-rank tests were used
to determine and statistically compare the survival rates in the HNC
cohort, respectively. The statistically significant differences between the
treatment groups were assessed using Mann-Whitney U test or analysis
of variance (ANOVA) with the Bonferroni post-hoc test. All statistical
tests were two-sided, and a P-value of <0.05 was statistically significant.

Additional details on the data analyses and experimental procedures
are provided in Supplementary Methods.

3. Results

PCBP1 expression was associated with cancer survival and ferrop-
tosis sensitivity. The mean mRNA expression levels of PCBP1 of normal
mucosa and HNC from the TCGA did not significantly differ (P = 0.770,
Fig. S1A). The best cutoff of tumor PCBP1 expression was 99.89. Five-
year overall survivals of patients with high and low PCBP1 expression
were 40.8 £+ 3.7% and 62.9 + 5.9%, respectively (P = 0.016, Fig. S1B).
HN2, HN5, and HN10 had relatively low PCPB1 expression, but HN3,
HNG6, and HN12 had high PCBP1 expression (Figs. SID-E). The cells
with low PCBP1 expression were more sensitive to erastin than those
with high PCBP1 expression, accompanied by significantly higher lipid
peroxidation and LIP accumulation (Fig. S1C, S1F-I). These were
attenuated by ferrostatin-1 or deferoxamine treatment (Fig. S1J). These
findings indicate that PCBP1 expression is closely related to HNC
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survival and ferroptosis sensitivity.

Next, our data showed that PCBP1 depletion promoted iron accu-
mulation and ferroptosis. We examined whether the modulation of
PCBP1 expression affected ferroptosis sensitivity in cancer cells.
Knockdown of PCBP1 (shPCBP1) in the HN3, HN6, and HN12 with high
PCPBI1 expression significantly increased intracellular total or ferrous
iron, LIP and ROS levels, and cell death compared to vector control when
exposed to erastin, sulfasalazine, or cyst(e)ine deprivation (P < 0.001),
which was reduced by PCBP1 re-expression (PCBP1res) (Fig. 1A-J and
S2). The findings were attenuated by ferrostatin-1 or deferoxamine
treatment (Figs. S2B-C). On the contrary, PCBP1 overexpression in HN2
cells with low PCBP1 expression (PCBP1 plasmid) decreased cell death
and intracellular iron and lipid ROS levels (Fig. S3). These results were
consistent with a previous study: excess iron accumulation might lead to
ferroptosis [4]. PCBP1 knockdown induced increased ferrous and total
iron accumulation, while introducing the PCBP1 gene decreased intra-
cellular iron levels, and PCBP1 overexpression lowered the ferrous and
total iron levels after treatment with erastin, sulfasalazine, or cyst(e)ine
deprivation (Fig. 1 and Fig. S3). The expression levels of iron
homeostasis-related molecules were changed along with the knockdown
of PCBP1: FTH1 and FPN were downregulated, whereas DMT1 and
TFRC were upregulated (Fig. 1K-L). Taken together, these findings
indicate that PCBP1 depletion promotes the sensitivity to ferroptosis
inducers via intracellular ferrous iron accumulation.

Next, this study examined that PCBP1 was functionally connected to
the molecules related to ferritinophagy. PCBP1 has a seminal role in
translation as an RNA regulator [16]. ELAVL1/HuR, an RNA-binding
protein, increases BECN1 mRNA stability while activating ferritinoph-
agy [17]. We analyzed the sequence of BECN1 mRNA by using the RBP
map to find a putative binding region of PCBP1. Our data showed that a
putative binding region of PCBP1 was located in the 3'-UTR of BECN1
mRNA (Fig. 2A). The fragments of BECN1 mRNA for luciferase assay
were produced from this finding (Fig. 2B and C). With the introduction
of pcDNA 3.1-PCBP1, luciferase activity decreased in pLFL (full-length
fragment) and pLF2 (including the PCBP1-binding region) (Fig. 2D). The
RNA-protein direct interaction was confirmed by RNA-protein pull--
down assay (Fig. 2E). Therefore, our data suggested that PCBP1 nega-
tively controls BECN1 mRNA.

We also examined whether the knockdown of PCBP1 promotes fer-
ritinophagy. LC3-GFP vector was transfected into cells, and LC3
expression via GFP was observed after erastin treatment. Bafilomycin Al
was also used to determine autophagic flux. The number of puncta (and
co-stained puncta with ferrous iron) increased, cell viability decreased,
and intracellular ferrous iron increased in the PCBP1-silenced cells more
than in vector control (Fig. 3 and Fig. S2F). LC3B-II, Atg5, and 4-HNE
increased, but p62, NCOA4, and ferritin decreased in the PCBP1-
silenced cells, whereas Bafilomycin Al increased the number of
puncta and the expression of LC3B-II and p62 when the cells were
treated with the ferroptosis inducers (Fig. 3D). Knockdown of PCBP1
significantly increased the cellular contents of ferrous iron and the
number of co-stained puncta when cells were exposed to ferroptosis
inducers (Fig. 3E-F, Fig. S2F). However, PCBP1 overexpression in HN2
cells decreased autophagy and ferritinophagy when treated with the
ferroptosis inducers (Fig. S4). Therefore, these findings indicate that
PCBP1 hindered iron release from ferritinophagy via repression of
BECN1 mRNA. Further, our study showed that iron overload into
mitochondria could cause mitochondrial dysfunction [18]. In addition,
TMRE significantly decreased, but mitochondrial superoxide and ferrous
iron staining intensities significantly increased in PCBP1-inhibited cells
after exposure to the ferroptosis inducers (P < 0.01), which was recov-
ered by re-introduction of PCBP1 (Fig. S5). These findings indicate that
the knockdown of PCBP1 induced mitochondrial dysfunction by
increasing iron overload into mitochondria.

PCBP1 is also known to specifically regulate translation from the 3’
end of ALOX15, a critical molecule for oxidized PUFA generation [14].
Therefore, we examined whether the knockdown of PCBP1 contributed
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to oxidized PUFA increase. Knockdown of PCBP1 increased cellular
lipid, oxidized PUFA, free fatty acid levels, and its related molecule
expression, and the cellular level of MDA and 4-HNE, the end products of
oxidized PUFA (Fig. S6). Cell viability significantly decreased in cells
with linoleic acid (10 pM) compared to cells with oleic acid (10 pM)
when exposed to erastin or sulfasalazine (Fig. S6F). FASN, FADS2, SCD1,
and SREBP1 increased in the cells with PCBP1 knockdown and
decreased in the cells with PCBP1 overexpression (P < 0.001) (Fig. S6H).
These findings suggest that the knockdown of PCBP1 promoted PUFA
generation and lipid peroxidation by activating fatty acid synthesis and
ALOX15 expression.

Finally, we examined whether PCBP1 depletion increased ferroptosis
susceptibility in vivo. Tumor growth was faster in both the PCBP1-
suppressed group (HN12 shPCBP1) and the PCBP1l-overexpressing
group (HN2 PCBP1 plasmid) than the vector control (P < 0.001)
(Fig. 4A-C). Further, tumor growth was significantly suppressed by
sulfasalazine administration: more significantly in PCPB1 silencing
(HN12 shPCBP1) or low expressing tumors (HN2 vtr) by sulfasalazine
treatment (P < 0.001). Cellular iron contents, lipid amounts, and lipid
peroxidation accumulation were relatively high in PCBP1-suppressing
tumors and increased in those with sulfasalazine treatment
(Fig. 4D-F). ACSL4, ALOX15, 4-HNE, and PTGS2 expression increased in
the PCBP1-suppressed or low expression group with sulfasalazine
treatment, whereas FTH1 and NCOA4 expression decreased, which was
reversed in PCBP1-overexpressing cells (Figs. 4G and S7). Therefore, the
findings suggest that PCBP1 suppression contributes to the increased
ferroptosis sensitivity in vivo.

4. Discussion

The present study showed that PCBP1 was a seminal ferroptosis
regulator by inhibiting iron-mediated ferritinophagy and lipid peroxi-
dation. High expression of PCBP1 was closely related to poor survival
outcomes of the HNC patients and decreased response to xCT inhibitors.
Knockdown of PCBP1 caused an iron depletion response inducing
enhanced ferritinophagy to replenish iron in cancer cells. PCBP1
repressed autophagy through direct binding to the 3'-untranslated re-
gion of BECN1 mRNA. Knockdown of PCBP1 increased fatty acid syn-
thesis and ALOX15 mRNA expression as well as ferritinophagy-mediated
ferroptosis. Knockdown of PCBP1 increased susceptibility to ferroptosis
inducers in vitro and in vivo. Therefore, our data suggest that PCBP1
negatively regulated ferroptosis, and its depletion promoted ferroptosis.

PCBP1 depletion led to iron accumulation and increased ferroptosis
sensitivity. Blocking PCBP1 function as an iron carrier induced the
increased levels of cellular free iron that could predispose iron-
dependent cell death, ferroptosis. A recent study suggested iron accu-
mulation and suppression of tumor growth by PCBP1 depletion via
blocking p62 degradation [19]. Iron accumulation in cells with PCBP1
suppression appears not to be interrupted by a little increased expression
of PCBP2 that carries out the supplement function of iron efflux via
ferroportin [9]. The cellular iron levels are modulated by molecules
related to iron homeostasis [20]. Suppression of PCBP1 made the cells
perceive a lack of cellular iron by a failure of its iron- and RNA-binding
activity and caused insufficient iron supply into chaperons requiring
iron for a proper role [10,12]. The depletion of PCBP1 may hamper
cytosolic iron-sulfur cluster assembly, such as the PCBP1-BolA2 and
BolA2-Glrx3 chaperone complexes [10,12]. This may induce a reaction
similar to the iron starvation response seen in cancer cells with sup-
pression of NFS1 or Glrx5 when the proteins are not properly supplied
with iron: this increased iron import and decreased iron storage and
efflux [21,22]. Our results underline that PCBP1 plays a vital role as a
defender in ferroptosis by blocking an iron depletion response. There-
fore, knockdown of PCBP1 may be a potential target to promote fer-
roptosis from enhanced cellular iron levels.

The current results showed that PCBP1 had different functions to
regulate autophagy, an essential process of ferroptosis, and fine-tune
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Fig. 1. Knockdown of PCBP1 increases ferroptosis sensitivity.

(A) The iron assay measured the total iron level in HN12 with transfection of vector, shPCBP1, or shPCBP1 plus PCBP1 cDNA plasmid (PCBP1res). The shPCBP1 #1
and #2 were prepared by inserting two different target sequences for PCBP1 into the shRNA vector. (B-G) Cell viability (B) and cell death (C-D), immunoblotting (E),
lipid peroxidation (F), and labile iron pool (LIP) (G) assays in HN12 cells with vector, shPCBP1, or PCBP1res transfection. Cell viability and death were measured by
using cell counting kit-8 (CCK-8) and SYTOX Green staining, respectively, after exposure to ferroptosis inducers, e.g., 10 uM erastin, 1 mM sulfasalazine (SAS), or cyst
(e)ine deprivation (cys (—)) for 48 h. The SYTOX Green-stained cells were quantified using ImageJ software (C), and the mean positive fractions were compared with
those of the control or different group (D). Lipid peroxidation was measured by adding 5 pM BODIPY C11 for 30 min, and LIP was measured using calcein ace-
toxymethyl ester and iron chelator, deferoxamine, in the cells after exposure to the ferroptosis inducers for 6 h. The error bars represent standard errors from three
independent experiments. Original magnification, x 200. Scale bar, 50 pm. (H-J) Images of lipid peroxidation cells (H-I) and cellular iron amounts (J). Non-oxidized
(red) and oxidized (green) were measured in cells exposed to DMSO or 10 pM erastin for 6 h by adding 5 pM BODIPY C11. Image quantification was performed using
ImageJ software (H), and the ratios of oxidized cells to total cells were calculated (I). Iron levels were measured by iron assay after 10 pM erastin, 1 mM SAS, or cys
(-) for 6 h. Original magnification, x 200. Scale bar, 50 pm. (K-L) mRNA (K) and protein (L) expression levels of PCBP1, PCBP2, DMT1, FTH1, FPN, and TFRC in
HN12 cells were confirmed by RT-qPCR and immunoblotting, respectively. The error bars represent standard errors from three independent experiments. ns; no
significance, *P < 0.05, **P < 0.01, ***P < 0.001 among different cells or treatments. (For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)
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Fig. 2. PCBP1 destabilizes BECNI mRNA.

(A) BENC1 mRNA 3'-UTR sequence and putative PCBP1 binding region were analyzed using RBP map and UCSC genome browser. (B-C) The fragments of BECN1 3'-
UTR mRNA were produced by deletion and site-directed mutation PCR and inserted into the pGL4.54 vector. (D) Luciferase activity was measured in the HEK293FT
cell line transfected with BECN1 fragment inserted vector and pcDNA3.1-PCBP1 overexpression vector. (E) mRNA affinity isolation assay was performed with the
biotinylated transcripts of the BECN1 mRNA 3'-UTR, and then PCBP1 binding to the different fragments of the BECN1 mRNA 3'-UTR was determined by immu-
noblotting. The error bars represent standard errors from three independent experiments. ns; not significant, *P < 0.05, **P < 0.01, ***P < 0.001 between vector and

PCBP1 plasmid.

cellular iron homeostasis. In this context, a potential link between fer-
ritinophagy and PCBP1 needed to be studied since cellular iron accu-
mulation and ferroptosis were related to ferritinophagy [1,2]. The
previous study suggests that ELAVL1/HuR protein promotes ferriti-
nophagy by stabilizing BECN1 mRNA [17]. PCBP1 can also inhibit
autophagy by downregulating LC3B and cancer cell survival [23].
However, the study did not elucidate any mechanism linking PCBP1 and
LC3B. The present study showed that PCBP1 repressed ferritinophagy
via direct binding of the CU-rich elements on BECN1 mRNA 3'-UTR. On
the contrary, knockdown of PCBP1 activated ferritinophagy, promoting
ferroptosis sensitivity to xCT inhibitors. Interestingly, the knockdown of
PCBP1 led to the upregulation of ELAVL1/HuR. We assumed that

v

ELAVL1 and PCBP1 competitively bound the BECN1 mRNA 3'-UTR since
the ELAVL1/HuR-binding region was close to the PCBP1-binding region
[17]. The BECN1-activated autophagy by PCBP1 knockdown enhanced
NCOA4-mediated ferritinophagy in the cells with exposure to xCT in-
hibitors. The regulation of PCBP is directly related to cellular iron
metabolism. It is a more effective means of enhancing ferroptotic cell
death since cancer cells commonly require more cellular iron levels than
normal cells [20]. Further, PCBP1 knockdown induced cellular and
mitochondrial iron overload, boosting mitochondrial dysfunction by
ferroptosis inducers [18]. Our study suggests that PCBP1 negatively
regulates ferritinophagy-mediated ferroptosis by destabilizing BECN1
mRNA.
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Fig. 3. Knockdown of PCBP1 enhances ferritinophagy induction.

(A-B) The LC3 puncta were measured using immunofluorescence in HN12 cells with stable transfection of pEGFP-LC3 after 10 pM erastin treatment for 6 h and then
treated with or without 30 uM bafilomycin (Baf) Al for 2 h. The number of puncta was quantified by ImageJ. Original magnification, x 400. Scale bar, 25 pm. (C)
Cell viability was measured 48 h after erastin treatment with or without bafilomycin Al. (D) Autophagic flux and ferroptotic cell death were determined by
immunoblotting. (E) Cytoplasmic ferrous iron was measured using FerroOrange staining after exposure to ferroptosis inducers for 6 h, and then all samples were
quantified by ImageJ. (F) Co-staining of LC3-GFP puncta and lysosomes was observed by immunofluorescence after 10 M erastin treatment for 6 h. The yellow color
indicates co-stained regions. Original magnification, x 400. Scale bar, 25 pm. The error bars represent standard errors from three independent experiments. ns; no

significance, *P < 0.05, **P < 0.01, ***P < 0.001 among different groups. (For interpretation of the references to color in this figure legend, the reader is referred to
the Web version of this article.)
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Fig. 4. PCBP1 depletion increases tumor ferroptosis sensitivity in vivo.
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(A-C) Representative images (A), in vivo growth (B), and weights (C) of tumors treated with or without daily intraperitoneal injection of SAS (250 mg/kg) for 20
days. Each group included seven mice. (D) Cellular iron contents were measured using iron assay kits in tumor tissues. (E-F) Malondialdehyde (MDA) assays (E) and
oil red staining (F) in tumor tissues. (G) Immunoblotting of PCBP1, ACSL4, ALOX15, NCOA4, FTH1, 4-HNE, and PTGS2 in HN12 tumors. The error bars represent
standard errors from tumors of different groups. ns; no significance, *P < 0.05, **P < 0.01, ***P < 0.001 between different groups. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)

Lipid peroxidation is the main component of pillars consisting of
ferroptosis [3]. Suppression of PCBP1 activated lipid synthesis and
changed cellular lipid composition, which set up a favorable condition
to cause lipid peroxidation and ferroptosis in cancer cells. A recent study
indicates that PCBP1 knockdown promotes lipid synthesis and peroxi-
dation [24]. Besides, other previous studies suggest that PCBP1 nega-
tively regulates ALOX15 [13,14]. The upregulation of ALOX15 by
knockdown of PCBP1 leads to accelerated oxidized PUFA generation,
which helps to induce ferroptosis. Although a clear link between PCBP1
and lipid synthesis is still elusive, the changes of cellular lipid contents
might cause epithelial-mesenchymal transition (EMT) as PCBP1 func-
tions as a negative regulator of EMT [25]. Transforming growth
factor-p2 might also activate partial EMT and fatty acid metabolism by
increasing lipid uptake, promoting cellular membrane fluidity and
mobility [26,27]. The changes might promote ferroptosis susceptibility
in cancer cells [28]. Our results indicate that PCBP1 negatively regulates
ferroptosis via repressing lipid synthesis and peroxidation.

The present study has shown that the knockdown of PCBP1 is a
promising approach to promoting ferroptosis in cancer cells. However,
this study has several limitations. First, PCBP1 plays diverse roles in cell

differentiation, iron delivery, and transcription. Knockdown of PCBP1
may affect the functions of normal cells and cancer cells. Second, we did
not use any specific inhibitors of PCBP1 because these have not been
developed up to now. The absence of pharmacological PCBP1 inhibition
may make this method hardly used in the clinical fields of cancer patient
treatment. This may call the urgent development of PCBP1-suppressing
agents. Third, this study could not in detail explain that in vivo tumor
growth was enhanced in both the PCBP1-suppressed group (HN12
shPCBP1) and the PCBP1 overexpressing group (HN2 PCBP1 plasmid)
compared to the vector controls. This may be because PCBP1 plays a role
in accelerating tumor growth [29] as well as a role of a tumor suppressor
[301, which needs more research. Nevertheless, changes in the amount
of intracellular iron and lipid composition according to the regulation of
PCBP1 expression affected the tumor-suppressive effect of sulfasalazine.
Therefore, PCBP1 depletion provides novel mechanisms of ferritinoph-
agy induction and lipid peroxidation. Our findings may provide aid to
the advanced understanding of ferroptosis mechanisms.

In conclusion, the present study suggests that the dual functions of
PCBP1 inhibiting BECN1 and ALOX15 mRNAs contribute to attenuating
cancer susceptibility to ferroptosis. The tumor expression level of PCBP1
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might be a predictor of post-treatment outcomes and response to cancer
treatment using ferroptosis inducers. The role of PCBP1 as a negative
regulator of autophagy through its direct binding to the 3'-untranslated
region of BECN1 is also spotlighted in regulating ferroptosis in cancer
cells. Suppression of PCBP1 might be a potential strategy to kill iron-
avid recalcitrant cancer cells via promoting their ferroptosis
susceptibility.
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