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PKCpBII-ACSL4 pathway mediating ferroptosis execution

and anti-tumor immunity

Ferroptosis is an iron-dependent form of regulated cell
death that results from oxidative damages of membrane
phospholipids, and is mechanistically and morphologi-
cally unique compared to other cell death modalities,
such as apoptosis and necroptosis [1]. Excessive ferroptosis
is indicative of many pathological conditions, includ-
ing cardiovascular diseases, neurodegenerative diseases,
and acute organ injury, whereas ferroptosis impairment
has been shown to fuel tumor progression and metasta-
sis; therefore, targeting ferroptosis represents a promising
strategy for treating these diseases [2-10]. Ferroptosis is
triggered by a lethal accumulation of lipid peroxides on the
cell membrane. Cells have evolved effective antioxidant
defense systems to counteract membrane damages caused
by lipid peroxidation and escape from their ferroptotic
fate. The most potent defense system is powered by glu-
tathione peroxidase 4 (GPX4), a peroxidase that requires
glutathione as its cofactor to quench the otherwise toxic
lipid peroxides [11]. This ferroptosis defense system can be
overridden by ferroptosis inducers (FINs) that inactivate
GPX4 or deplete glutathione pools in cells; consequently,
ferroptosis defense systems collapse and ferroptosis ensues
[12].

Polyunsaturated-fatty-acid-containing  phospholipids
(PUFA-PLs), particularly arachidonic acid (AA)- and
adrenic acid (AdA)-containing PLs, are critical for trigger-
ing lipid peroxidation [12]. To be incorporated into PLs,
AAs and AdAs are first catalyzed by acyl-coenzyme A syn-
thetase long-chain family member 4 (ACSL4) to generate
their acyl-coenzyme A (CoA) derivatives (AA-CoA and
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synthetase long chain family member 4; AdA, adrenic acid; CoA,
coenzyme A; FIN, ferroptosis inducer; ICI, immune checkpoint
inhibitor; IFNy, interferon gamma; IRF1, interferon regulatory factor 1;
KEAPI, kelch-like ECH-associated protein 1; LPCAT3,
lysophosphatidylcholine acyltransferase 3; PCBP1, poly(RC) binding
protein 1; PKC, protein kinase C; PUFA-PL,
polyunsaturated-fatty-acid-containing phospholipid; ROS, reactive
oxygen species; STAT], signal transducer and activator of transcription 1;
VB, glutathione peroxidase 4.

AdA-CoA) [13]. These PUFA-CoAs are further integrated
into PLs to form PUFA-PLs by lysophosphatidylcholine
acyltransferase 3 (LPCAT3) and other enzymes [14]. Due
to their unstable double bonds, PUFAs are especially
vulnerable to peroxidation within reactive oxygen species
(ROS)- and iron-rich cellular environments, driving
lipid peroxidation chain reactions in PUFA-PLs in the
cellular membrane through the Fenton reaction and other
enzymes, and ultimately resulting in membrane rupture
and ferroptotic cell death if left unchecked by ferroptosis
defense systems [12]. However, the sensing and amplifi-
cation mechanisms of lipid peroxidation remain poorly
understood, and whether or how ACSL4 is activated in
ferroptosis remains elusive. In fact, ACSL4-mediated
PUFA-PL synthesis is generally believed to operate in a
passive way to constitutively provide substrates for lipid
peroxidation.

Protein kinase C (PKC) constitutes a family of protein
kinases, including eight PKC isozymes (namely PKCa,
PKCpBI, PKCPII, PKCy, PKCS, PKCe, PKCO and PKCp),
which control the activity of downstream proteins by phos-
phorylating their serine/threonine residues [15]. PKCs play
important roles in a wide variety of cellular processes,
such as cell proliferation, cell survival/death, and oxida-
tive stress responses [15]. Notably, PKCs have been shown
to promote ROS generation [15, 16]. The increased levels
of ROS can further amplify PKC signaling, thus forming
a positive feedback loop [17]. Given that ferroptosis is a
form of oxidative stress-induced cell death, one interest-
ing question is whether PKCs are also engaged in lipid
peroxidation and ferroptosis. A recent study by Zhang
et al. [18] showed that lipid peroxidation activates PKCpII;
subsequently, the activated PKCPII further amplifies lipid
peroxidation by phosphorylating and activating ACSL4,
constituting a lipid peroxidation-PKCBII-ACSL4 positive
feedback loop for ferroptosis execution.

The authors set out to identify novel ferroptosis regu-
latory genes by using CRISPR- Cas9 screening, through
which they uncovered several known ferroptosis regu-
lators, such as ACSL4, GPX4, Kelch-like ECH-associated
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protein 1 (KEAP1), and Poly(RC) Binding Protein 1 (PCBPI),
thereby validating the robustness of their CRISPR screens
[18]. Of note, PKCS was identified as a top suppressor
hit (whose deficiency suppresses ferroptosis and whose
guide RNAs were enriched upon FIN treatment) with
previously unknown function in ferroptosis. The authors
also showed that PKC inhibitors exerted the strongest
inhibitory effect on ferroptosis among 644 compounds
from a kinase inhibitor library [18]. Furthermore, they
excluded the potential involvement of other PKC isoforms,
such as PKCa, PKCy, PKCS and PKCY, in regulating fer-
roptosis, and found that only PKCII isoform contributed
directly to the susceptibility of cancer cells to ferroptosis:
cancer cell lines with high levels of PKCSII were gen-
erally more sensitive to ferroptosis than those with low
levels of PKCPII, and PKCSII deficiency resulted in resis-
tance to FIN-induced lipid peroxidation and ferroptosis
[18]. Interestingly, Zhang et al. [18] showed that FINs
could induce PKCSII activation by promoting its phos-
phorylation and membrane localization, and lipophilic
radical-trapping antioxidants completely inhibited PKCSII
activation, indicating that lipid peroxidation is vital for
PKCgII activation.

These findings raised an intriguing possibility that
PKCPBII might act as a lipid peroxidation sensor and
prompted the question of how PKCQII is engaged in lipid
peroxidation and ferroptosis. As noted above, the ferrous-
catalyzed Fenton reaction is required for lipid peroxidation
and ferroptosis [12]. In addition, inactivation of GPX4-
mediated ferroptosis defense promotes an overload of
lipid peroxides and ferroptosis [11, 12]. Zhang et al. [18]
therefore tested the potential connection of PKCEII to
iron and GPX4, but found that PKCSII inactivation did
not affect GPX4 levels or cellular ferrous levels. Instead,
they showed that PKCSII was capable of interacting with
ACSL4 and directly phosphorylating ACSL4 at Thr328.
ACSL4 Thr328 phosphorylation was increased during
ferroptotic stress, which could be inhibited by PKCBII
deletion or inactivation; likewise, blocking PKCSII activa-
tion by scavenging lipid peroxides restrained FIN-induced
phosphorylation of ACSL4 at Thr328 [18]. Mechanistically,
the authors revealed that PKCSII-mediated ACSL4 phos-
phorylation at Thr328 is imperative for the dimerization of
ACSL4 (which represents the activation form of ACSL4)
[18]. Therefore, they speculated that PKCpAII-mediated
ACSL4 phosphorylation activates ACSL4, thereby promot-
ing PUFA-PL generation and ferroptosis. In support of this
hypothesis, non-targeted lipidomic analyses established
that FINs increased PUFA-PL generation in ACSL4 wild-
type cells, but not in ACSL4-Thr328Ala mutant-expressing
cells, and that PKCSII inhibition impaired FIN-induced
increases of PUFA-PL levels in ACSL4 wild-type cells.
Furthermore, phosphorylation of ACSL4 at Thr328 was
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FIGURE 1 PKCpII-ACSL4-mediated positive feedback loop
for sensing and amplifying lipid peroxidation and its relevance to
ferroptosis execution and anti-cancer immunity. PKCpII senses lipid
peroxidation. Even a moderate accumulation of lipid peroxides can
induce the activation of PKCfII (by promoting its phosphorylation
and membrane localization). Subsequently, PKCQII activates ACSL4
by phosphorylating the Thr328 site of ACSL4, promoting
PUFA-CoA formation and therefore amplifying the accumulation of
lipid peroxides to a lethal level, ultimately triggering ferroptosis.
Interferon gamma (IFNy) secreted by CD8™ T cells stimulates
ACSLA4 expression and increases ACSL4-mediated biosynthesis of
PUFA-CoA, thereby promoting tumoral ferroptosis. Accordingly, a
promising strategy to induce tumoral ferroptosis in cancer therapy
is to combine immune checkpoint inhibitors (ICIs) with PUFA
(such as AA) supplementation or drugs that activate the
PKCpBII-ACSL4 pathway

found to be important for ACSL4-mediated AA/AdA-CoA
biosynthesis. Consistently, FINs induced less potent lipid
peroxidation and ferroptosis in ACSL4-Thr328Ala mutant-
expressing cells than in ACSL4 wild-type counterparts [18].
Together, these analyses provide compelling evidence that
PKCfII-mediated phosphorylation of ACSL4 at Thr328 is
critical for ACSL4 activation and ferroptosis execution.
On the basis of these findings, the authors proposed a
positive feedback loop model for lipid peroxidation and
ferroptosis execution, wherein PKCQII senses lipid per-
oxidation and can be activated by lipid peroxides, and
its activation further promotes ACSL4 dimerization and
activity by phosphorylating the Thr328 site in ACSL4 to
enhance PUFA-PL synthesis and amplify the accumu-
lation of lipid peroxides to a lethal level, resulting in
ferroptosis (Figure 1). To place their findings in the con-
text of ferroptosis-associated diseases, Zhang et al. [18]
investigated the potential role of ACSL4 Thr328 phos-
phorylation in ferroptosis-related ischemia-reperfusion.
ACSL4 Thr328 phosphorylation was found to increase
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progressively during ischemia-reperfusion, suggesting that
this phosphorylation may serve as a ferroptosis biomarker
in this pathological model and that targeting the PKCSII-
ACSL4 axis is likely to be a potential strategy for treating
patients with ischemia-reperfusion injury.

Ferroptosis has been shown to partly mediate CD8%
T cell-mediated antitumor immunity [6]. Specifically,
interferon-gamma (IFNy) secreted by CD8" T cells
can downregulate the Solute Carrier Family 7 Mem-
ber 11(SLC7A11)-mediated cystine uptake and glutathione
synthesis in cancer cells, thereby promoting lipid per-
oxidation and ferroptosis [6]. A recent study by Liao
et al. [19] demonstrated that IFNy could also stimulate
ACSL4 expression through signal transducer and activa-
tor of transcription 1 (STAT1)-interferon regulatory factor
1 (IRF1) signaling, thereby promoting ACSL4-mediated
synthesis of PUFA-PLs (particularly AA-containing PLs)
to boost ferroptosis. Therefore, although AA or IFNy
alone does not trigger strong ferroptosis, AA in combina-
tion with IFNy can synergistically induce potent tumoral
ferroptosis. Furthermore, ACSL4 deficiency impaired T
cell-mediated anti-tumor responses, thereby hastening
tumor progression, suggesting that ACSL4 can control
anti-tumor immunity by modulating tumoral ferroptosis
[19]. Importantly, low doses of AA could enhance anti-
tumor immunity by promoting ferroptosis and increase
the sensitivity of tumors to immune checkpoint inhibitors
(ICIs). Furthermore, the analysis of tumor samples from
patients showed that higher ACSL4 expression was asso-
ciated with higher scores of T cell-mediated anti-tumor
immunity and may be correlated with better clinical
responses of these patients to immunotherapy [19]. These
results were confirmed by Zhang et al. [18] who demon-
strated a positive correlation between ACSL4 expression in
tumors and the sensitivity of corresponding tumors to ICIs
in a cohort of melanoma patients. Moreover, preclinical
models showed that Thr328 phosphorylation-inactivating
mutation in ACSL4 or PKCII deletion compromised the
efficacy of ICIs by suppressing ferroptosis. These results
indicate that PKCBII-ACSL4 pathway-mediated PUFA-PL
production and ferroptosis execution are critical for T
cell-mediated anti-tumor immunity (Figure 1).

Collectively, the study by Zhang et al. [18] proposed
the importance of a positive feedback loop by the lipid
peroxidation-PKCBII-ACSL4 pathway in sensing and
amplifying lipid peroxidation, and revealed that PKCPII
activation is required for ACSL4 activation and ferroptosis
execution. Together, Zhang et al. [18] and Liao et al. [19]
suggested that ACSL4 expression may serve as a predictor
for immunotherapy responses in cancer patients and that
targeting the PKCPII-ACSL4 pathway in combination
with ICIs might be a promising strategy for cancer therapy
(Figure 1). These studies also raised several outstanding

questions. In addition to PUFA-PLs, PUFA-containing
ether phospholipids (PUFA-ePLs) are also important
substrates for lipid peroxidation [20]. Whether PKCSII
can sense and amplify the accumulation of PUFA-ePL
peroxides and therefore regulate ferroptosis remains a fas-
cinating area for future studies. It will be also interesting
to study exactly how lipid peroxidation promotes PKCSII
activation during ferroptotic stress. Importantly, this study
challenges the conventional view that ACSL4-mediated
PUFA-PL synthesis promotes ferroptosis in a passive and
incidental manner. Whether there exist other regula-
tory mechanisms that actively participate in ferroptosis
execution awaits further investigations. Finally, from
a therapeutic perspective, it remains to be established
whether there exist appropriate therapeutic windows
for PKCPII activators (or AA) in combination with dif-
ferent ICIs to selectively kill tumors without inducing
obvious toxicities in normal tissues. Whether targeting
the PKCPII-ACSL4 pathway can be effective in treating
other ferroptosis-related diseases, such as acute kidney
injury or degenerative diseases, also deserves further
exploration.
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