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Glutathione peroxidase 4 (GPX4) is one of the most important antioxidant enzymes. As the
key regulator of ferroptosis, GPX4 has attracted considerable attention in the fields of
cancer, cardiovascular, and neuroscience research in the past 10 years. How to regulate
GPX4 activity has become a hot topic nowadays. GPX4 protein level is regulated
transcriptionally by transcription factor SP2 or Nrf2. GPX4 activity can be upregulated
by supplementing intracellular selenium or glutathione, and also be inhibited by ferroptosis
inducers such as ML162 and RSL3. These regulatory mechanisms of GPX4 level/activity
have already shown a great potential for treating ferroptosis-related diseases in preclinical
studies, especially in cancer cells. Until recently, research show that GPX4 can undergo
post-translational modifications (PTMs), such as ubiquitination, succination,
phosphorylation, and glycosylation. PTMs of GPX4 affect the protein level/activity of
GPX4, indicating that modifying these processes can be a potential therapy for treating
ferroptosis-related diseases. This article summarizes the protein characteristics, enzyme
properties, and PTMs of GPX4. It also provides a hypothetical idea for treating ferroptosis-
related diseases by targeting the PTMs of GPX4.
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INTRODUCTION

In 1982, a new glutathione peroxidase was first isolated from the pig liver (Ursini et al., 1982).
Unlike previously discovered glutathione peroxidase 1-3 (GPX1-3), this new enzyme,
phospholipid hydroperoxide glutathione peroxidase (PHGPX), acts directly on peroxidized
phospholipids in the membrane. GPX1-3 are tetramers that mainly reduce H,O, and fatty
acid hydroperoxide (Gladyshev and Hatfield, 1999; Olson et al., 2010), whereas PHGPX is a
monomeric protein and reduces lipid hydroperoxides specifically (Schuckelt et al., 1991). Later,
PHGPX was renamed glutathione peroxidase 4 (GPX4) (Nam et al., 1998). Until 2014, GPX4 was
identified as the central regulator of ferroptosis, which is an iron-dependent, non-apoptotic,
programmed necroptotic cell death form (Dixon et al., 2012). How to regulate the protein level of
GPX4 and its activity has become a hot topic to discover the potential treatment of ferroptosis-
related diseases recently.

Frontiers in Molecular Biosciences | www.frontiersin.org 1

May 2022 | Volume 9 | Article 901565


http://crossmark.crossref.org/dialog/?doi=10.3389/fmolb.2022.901565&domain=pdf&date_stamp=2022-05-12
https://www.frontiersin.org/articles/10.3389/fmolb.2022.901565/full
https://www.frontiersin.org/articles/10.3389/fmolb.2022.901565/full
https://www.frontiersin.org/articles/10.3389/fmolb.2022.901565/full
https://www.frontiersin.org/articles/10.3389/fmolb.2022.901565/full
http://creativecommons.org/licenses/by/4.0/
mailto:qianli@ccmu.edu.cn
https://doi.org/10.3389/fmolb.2022.901565
https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org/journals/molecular-biosciences#editorial-board
https://doi.org/10.3389/fmolb.2022.901565

Cui et al.

PTMs of GPX4 Regulates Ferroptosis
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FIGURE 1 | Antioxidant Reaction of GPX4 by the Ping-Pong Pattern.
GPX4 reduces lipid hydroxide (LOOH) to alcohol (LOH) and then supplements
its active site residues through glutathione (GSH) which is synthesized from
cystine (Cys-Cys) pumped by the (system xc7). Glu: glutamate; Gly:
glycine; GCL: glutamate—cysteine ligase; GSS: glutathione synthetase; BSO:
L-buthionine sulfoximine; GR: glutathione reductase; NADP: nicotinamide
adenine dinucleotide phosphate; GSSG: oxidized glutathione; IKE: imidazole
ketone erastin; RSL3: Ras-selective lethal small molecule three; WA:
withaferin A.

ENZYME PROPERTIES OF GPX4 AND ITS
ROLE IN CANCER THERAPIES

The selenoprotein GPX4 has high antioxidant activity. It directly
reduces phospholipid hydroperoxide through a conserved
catalytic triad of selenocysteine 46, asparagine 81, and
tryptophane 136 (Maiorino et al., 1995). The reaction kinetics
of GPX4 is described as a Ping-Pong pattern that is embodied in
two phases (Takebe et al., 2002) (Figure 1). Firstly, the peroxide is
reduced through the active site selenocysteine 46 and then
converted to the oxidized form (selenenic acid derivative). The
second stage is to recharge the oxidized catalytic site via
glutathione (GSH) (Takebe et al., 2002). The content of GSH
and nicotinamide adenine dinucleotide phosphate (NADPH)
directly affect the GPX4 activity.

Cystine/glutamate transporter (system xc ) on the cell
membrane, composed of a catalytic subunit SLC7A1l and a
chaperone subunit SLC3A2, pumps cystine from extracellular
into cells for GSH biosynthesis (Bannai, 1986; Sato et al., 1999).
Therefore, classic ferroptosis inducers (FINs) are divided into two
classes (Figure 1): class | FIN such as sorafenib (Louandre et al.,
2013), sulfasalazine (Gout et al., 2001), erastin (Dixon et al., 2012)
and its analog imidazole ketone erastin (IKE) (Zhang et al., 2019),
can block the GSH synthesis through inhibiting system Xc~, and
then reduce the GPX4 enzyme activity by GSH depletion; class ||
FIN such as Ras-selective lethal small molecule 3 (RSL3) (Yang
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FIGURE 2 | PTMs of GPX4. (A) Present identified PTMs sites of GPX4

from proteomics and drug research. mGPX4: mitochondrial isoform; cGPX4:
cytosolic isoform. (B) Various PTMs have been found to modify GPX4 protein
and regulate its protein level/activity in physiological and/or
pathophysiological conditions. HLRCC: hereditary leiomyomatosis and renal
cell cancer; NSCLS: non-small cell lung cancer; TNBC: triple-negative breast
cancer cell; HRCEC: human retinal capillary endothelial cell; FINs: ferroptosis
inducers.

and Stockwell, 2008), ML162 (Weiwer et al., 2012), and ML210
(Eaton et al., 2020), can directly inhibit GPX4 activity. They
eventually lead to the accumulation of lipid peroxides without the
reduction of GSH (Yang et al., 2014). Apart from these two types
of FINs, other methods or compounds can also induce ferroptosis
(Figure 1): L-buthionine sulfoximine (BSO) suppresses
glutamate-cycteine ligase (GCL) and induces GSH depletion
(Seiler et al, 2008; Sun et al, 2018), driving cells to
ferroptosis; ~ Cystine  starvation leads to  glutamate
accumulation, GSH biosynthesis reduction, and GPX4
translation blockage, therefore sensitizing cancer cells to
ferroptosis (Zhang Y. et al.,, 2021). FINs and other compounds
that cause ferroptosis drive tumor cell death, sensitizing cancer
cells to radiotherapy and chemotherapy in prostate cancer (Li
et al., 2021), colorectal cancer (Sui et al., 2018), osteosarcoma (Liu
and Wang, 2019), and leukemia (Yu et al., 2015). Therefore,
traditional chemotherapy/radiotherapy combined with FINs
treatment is beneficial to reverse multidrug resistance.

POST-TRANSLATIONAL MODIFICATIONS
OF GPX4 IN CANCER CELLS

Besides small molecular compounds like FINs, post-translational
modifications (PTMs) also provide an emerging perspective to
regulate its protein level/activity (Figure 2). Thus, studying and
targeting PTMs of GPX4 has a great potential to treat cancers in
the future.
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Succination of GPX4

Succination was discovered in 2006 as a non-enzymatic,
irreversible protein modification (Alderson et al., 2006). This
post-translational modification is mediated by fumarate.
Fumarate is an intermediate of the Krebs cycle in
mitochondria. It binds to the sulthydryl group of the cysteine
residue and forms a thioether bond in the absence of an enzyme
(Blatnik et al., 2008; Manuel and Frizzell, 2013). An elegant study
showed that intracellular fumarate aggregation led to the
succination of GPX4 at cysteine 93 (mono- and di-
succination), which significantly reduced the enzymatic activity
of GPX4 and sensitized cancer cells to FINs (Kerins et al., 2018).
In addition, fumarate hydratase (FH)-inactivated cells were
shown to be synthetic lethal with FINs (Kerins et al., 2018).
This study suggests that targeting PTMs of GPX4 is a promising
therapeutic strategy for ferroptosis-related diseases for the
first time.

Ubiquitination of GPX4

Ubiquitination is a reversible process in which the ubiquitin is
added to lysine residue(s) of the substrate protein by three
different types of enzymes, E1, E2, and E3. The process of
ubiquitination ultimately renders proteins to degradation by
the proteasome thereby affecting intracellular protein levels
(Popovic et al, 2014). On the other hand, deubiquitinases
(DUBs) remove ubiquitin chains from ubiquitinated proteins
(Ronau et al., 2016). E3 ligase and DUB are both having substrate
specificity.

Proteomic analyses reveal that GPX4 could be ubiquitinated at
lysine 107, 162, and 167 (Wagner et al, 2011; Akimov et al.,
2018). However, those hypothetically ubiquitinated residues have
not been verified in bench works. Whereas, a study showed that
when treating non-small cell lung cancer cells with the DUB
inhibitor, pyridinium sulfur palladium complex (PdPT), GPX4
was ubiquitinated and degraded (Yang et al., 2020). Subsequently,
cancer cell growth was restrained by inducing GPX4-dependent
ferroptosis (Yang et al., 2020). Later, another study showed that a
Parthenolide (PTL)-derived drug DMOCPTL directly bound to
the GPX4 active site (selenocysteine 46), and led to GPX4
ubiquitination in triple-negative breast cancer cells (Ding
et al., 2021). Unfortunately, the above-mentioned studies did
not reveal the ubiquitinated residue(s) of GPX4.

Discovering the E3 ligase is also very important for
understanding the regulatory mechanisms of protein
ubiquitination. A very recent study discovered that the
E3 motif-containing 46 (TRIM46) might be one of the E3
ligases of GPX4 in human retinal capillary endothelial cells
with high glucose treatment (Zhang J. et al, 2021). Whether
GPX4 has other E3 ligases is needed further investigation. These
findings indicate that GPX4 can be ubiquitinated under certain
circumstances. Importantly, treating cells with PdPT,
DMOCPTL, or other similar compounds could potentially kill
cancer cells by inducing ferroptosis.

Alkylation of GPX4

Alkylation is a chemical process of introducing one or more alkyl
groups into a protein or a compound. An alkyl group is an alkane

PTMs of GPX4 Regulates Ferroptosis

molecule that is missing a hydrogen atom. For example, methyl
groups are the simplest alkyl and are added to various proteins
including core histones (Chen et al., 1999; Strahl et al., 1999).
Previous studies have shown several class || FINs such as RSL3
(Yang and Stockwell, 2008) and ML162 (Weiwer et al., 2012)
exerted covalent inhibition activity. These class || FINs bound to
selenocysteine 46 residue of GPX4 via an electrophilic alkyl
chloride moiety, mediating alkylation on GPX4 (Eaton et al,
2020; Vuckovi¢ et al., 2020). Besides selenocysteine 46, GPX4
contains several cysteine residues which are also nucleophilic
sites. A report showed that GPX4 was most likely alkylated at
cysteine 107 with the addition of withaferin A (Grossman et al,,
2017). In addition, the alkylation of GPX4 resulted in ferroptosis
in high-risk neuroblastoma (Hassannia et al., 2017). However,
Hassaniia ef al did not further investigate the specifically modified
residue(s) of GPX4 or which kind(s) of alkylation occurs
on GPX4.

POST-TRANSLATIONAL MODIFICATIONS
OF GPX4 IN OTHER CONDITIONS

Phosphorylation of GPX4 is Involved in

Sperm Maturation

Phosphorylation is one of the most common PTMs involved in the
regulation of protein stability and activity. It occurs on serine,
tyrosine, and threonine residues of target proteins and is regulated
by protein kinases and phosphatases (Olsen et al, 2006).
Phosphorylation of GPX4 has been found in the pig heart
(Brigelius-Flohé et al., 1994), golden hamster’s sperms (Nagdas
et al,, 2005), and rat testicles (Lundby et al., 2012). Notably, the
mature testicle is the organ with the highest GPX4 activity in
mammals (Vernet et al., 2004), and sperm express high levels of
GPX4 (Nam etal., 1998). Studies showed that GPX4 lost its enzyme
activity during the differentiation and maturation of sperm (Ursini
etal, 1999). Meanwhile, the phosphorylation of GPX4 on tyrosine
has been found in capacitated sperm of the golden hamster
(Nagdas et al., 2005). Several proteomic analyses also revealed
that human GPX4 might be phosphorylated at serine 40 (Mertins
et al, 2014; Mertins et al., 2016). These data indicate that
phosphorylation of GPX4 participates in the GPX4 activity
regulation. However, the exact phosphorylated residues, the
corresponding phosphatases, and the biological effects of
phosphorylation on GPX4 need to be further investigated.

N-Linked Glycosylation of GPX4 is Related

to the Fertilization of Sperm

Glycosylation (N-linked and O-linked) is under the reaction of
glycosyltransferases (Reily et al., 2019). Protein glycosylation
affects protein stability and folding (Molinari, 2007) and leads
to changes in protein function. GPX4 has been identified as a
membrane glycoprotein in an N-linked glycoproteome study in
human sperm. The modification site was at the asparagine residue
of GPX4 (Wang et al, 2013). In addition, deglycosylation
treatment was also found to significantly decrease sperm
fertilization rate (Wang et al., 2013). This study suggests that
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N-linked glycosylation plays an important role in modifying
membrane GPX4 activity and enables sperm to exert their
normal fertilization functions.

SUMOylation of GPX4 Might Mediate Lipid

Peroxidation Inhibition
In addition to phosphorylation and glycosylation, SUMOylation
is also predicted to occur on GPX4. SUMOylation is a small
ubiquitin-like modifier (SUMO) connected to the substrate
protein through a tertiary enzymatic reaction (Tatham et al,
2001). It often modifies lysine residues of substrate proteins
(Tatham et al, 2001). SUMOylation regulates the protein-
protein interactions, mediates the function and localization of
substrate proteins, and increases protein stability (Ouyang et al.,
2009; Li et al.,, 2016; Han et al.,, 2018). A study using software
resources (SUMOplot) for bioinformatics analysis predicted that
the residues of GPX4 most likely to be modified by SUMO were
lysine 74, 106, and 125 (Sheng et al., 2021). The cationic region of
GPX4, including lysine 125, has the potential to interact with the
phospholipid bilayer. Then the redox-active center of GPX4 was
directed to the H,O, group in the phospholipid fatty acid chain,
resulting in the inhibition of lipid peroxidation of the cell
membrane in silico (Cozza et al., 2017; Sheng et al., 2021).
Since GPX4 is a core regulator of ferroptosis, although it is
unknown whether the phosphorylation, glycosylation or
SUMOylation of GPX4 affect ferroptosis, it would be of
interest to investigate it in future translational studies.

DISCUSSION AND FUTURE DIRECTION

PTMs are an important regulator of protein level and activity
with huge potential in translational and clinical research. For
instance, S-farnesylation is one of the post-translational protein
lipid modifications (Nagase et al,, 1997; Berndt et al, 2011).
Hutchinson-Gilford progeria syndrome (HGPS) is a genetic rare
disease caused by progerin formation due to a deficiency of
removing a farnesylcysteine-containing peptide from prelamin
A (Eriksson et al., 2003). Consequently, prelamin A turned into
farnesylated and non-functional progerin instead of lamin A
(Young et al., 2005). However, progein was identified to be the
critical target of farnesyltransferase inhibitors (FTIs) (Yang et al.,
2010) and one FTI called lonafarnib have been tested in a cohort
study which showed a significantly lower mortality rate (hazard
ratio, 0.12) after a median of 2.2 years of follow-up (Gordon et al.,
2018). S-palmitoylation is also an important PTM in many
oncoproteins such as RAS-family GTPases (Dekker et al,
2010) and epidermal growth factor receptor (EGFR) and
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