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Abstract

Metabolic network has been intensely studied and considered as fundamental
biological phenomena that participate in numerous healthy and pathological
processes, especially in tumorigenesis and cancer development. One hallmark
of cancer cells is adaptive metabolic reprogramming which is highlighted by
reduced oxidative phosphorylation and enhanced aerobic glycolysis. The meta-
bolic reprogramming is accompanied by accumulated oxidative stress which is
another important hallmark of cancer. Simultaneously, redox signaling is
emerging as a critical aspect that maintains proper cellular functions, and redox
imbalance is thought to be a hallmark of various diseases. Growing body of
evidence has suggested an intrinsic link between metabolic network and redox
biology. Redox status can change the shift of metabolic flux through regulating
the expression, function, or subcellular distribution of metabolic enzymes. The
alteration of metabolic flux can in turn modulate the redox status, which controls a
wide range of cellular processes. Therefore, uncovering the intricate mechanisms
underlying redox regulation of metabolic enzymes will lead to a deep understand-
ing of tumorigenesis and tumor progression and facilitate the translational
medicine.
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Metabolic abnormalities are widely identified in cancer cells and reported to be
closely linked with the tumorigenesis and tumor development [1]. Cancer cells are
prone to utilize glycolysis to fulfil the substance requirement for rapid proliferation
even in the presence of oxygen [2]. This phenomenon is known as aerobic glycolysis
or Warburg effect [3]. These metabolic alterations are associated with oncogenic
mutations and activation of pro-proliferation signaling pathway, leading to malig-
nant transformation of cancer [4]. Therefore, targeting metabolic abnormalities holds
great potential for cancer therapy [5]. However, since metabolic enzymes are also
utilized by normal cells, targeting these metabolic enzymes may lead to side effect
and thus impedes its application. On account of this, new insight is urgently needed
to improve our understanding in the regulatory mechanism of metabolic
reprogramming. Emerging evidence suggests that oxidative stress induced by onco-
genic mutation or metabolic reprogramming is involved in the regulation of meta-
bolic reprogramming through modulating the expression, function, or subcellular
localization of metabolic enzymes [6]. Intriguingly, some metabolic enzymes are
redox sensors which could be oxidized under oxidative stress [7]. These oxidative
modifications are occurred on the free cysteine residues of metabolic enzymes,
leading to alteration of the function and subcellular localization of metabolic
enzymes, thus influencing cell fate [8—10]. Although some questions have not
been fully understood, this field holds the potential to be a research hot spot that
leads toward translational medicine. In this review, we will discuss the bidirectional
regulation of redox homeostasis and metabolic abnormalities, as well as the potential
therapeutic strategies derived.

Oxidative stress is exerted by accumulated reactive oxygen species (ROS) which
include non-radical molecules such as hydrogen peroxide (H,O,) and free radicals
such as superoxide (O, ) and (HO") [11]. These oxygen-containing chemical
species are principally produced in the mitochondria, the endoplasmic reticulum
(ER), and the peroxisomes [12, 13]. Mitochondrion is the major organelle that
produces superoxide through the electron leakage from the electron transport chain
(ETC) [14]. The ER is another ROS-producing compartment in which electrons
transfer from the FADH, to oxygen and generate ROS [15]. The peroxisome is
considered to play dual roles in regulating ROS production: one is to scavenge ROS
by catalase (CAT) which decomposes H,O, to H,O and the other is to produce ROS
through p-oxidation of fatty acids [16—18] (Fig. 11.1). Moreover, some mitochon-
drial metabolic enzymes including glycerol-3-phosphate dehydrogenase (GPDH),
flavoprotein-ubiquinone oxidoreductase (FQR), 2-ketoglutarate dehydrogenase
(KGDH), and pyruvate dehydrogenase (PDH) can directly promote the conversion
of O, to superoxide [6, 19, 20]. In addition, other metabolic-associated enzymes
such as NADPH oxidases (NOXs) and xanthine oxidases (XOs) also contribute to
the generation of ROS [21]. Furthermore, glycolytic enzymes such as



11 Redox Regulation of Metabolic Enzymes in Cancer 265

Metabolic enzymes

Peroxisomes (PGAMS5, eftc.)

O\%/QO

Mitochondria

Endoplasmlc
reticulum
)

Nucleus

Fig. 11.1 The major sources of ROS production. Mitochondria, peroxisomes, and endoplasmic
reticulum (ER) are major sources for ROS generation. In mitochondria, O, can be converted to
superoxide, while in peroxisome, ROS can be produced through fB-oxidation of fatty acids. ER
favors the formation of protein disulfide bond and increases ROS levels. Besides, metabolic
enzymes such as PGAMS5 and GPDH can also increase ROS level

phosphoglycerate mutase family member 5 (PGAMS) are reported to influence the
production of ROS [22] (Fig. 11.1). Taken together, these evidences suggest that
these metabolic enzymes might be another leading cause of ROS generation.

To maintain cellular redox homeostasis, cells are developed with nimble antioxi-
dant system. The transcription factor nuclear factor erythroid 2-related factor
2 (NRF2) 1is the master regulator of the transcription of numerous
ROS-detoxifying enzymes such as glutathione peroxidase (GPX), thioredoxin
(TXN), thioredoxin reductase 1 (TXNRDI), and peroxiredoxin 1 (PRDX1)
[23]. Moreover, the metabolic byproducts including glutathione (GSH) and
NADPH are important antioxidant metabolites and essential for redox homeostasis
maintenance [24]. GSH is the most abundant non-enzymatic antioxidant molecule
within the cell. GSH can be oxidized to GSSG, and the ratio of GSH/GSSG indicates
the cellular reductive potential. GSH is regenerated from GSSG by glutathione
reductase (GSR) with the consumption of NADPH [25, 26].

Oxidative stress has long been considered as a key pathological factor, especially
in cancers [27]. Excessive ROS may oxidize and damage the intracellular targets
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such as DNA, protein, and lipid, which is conventionally regarded as the pivotal
reasons for the occurrence of many diseases such as cancer and aging [28]. However,
recent studies have revealed that moderate levels of ROS can serve as a second
messenger, which is indispensable for physiological processes [29]. Appropriate
level of ROS, together with antioxidant systems, coordinates reduction-oxidation
(redox) signaling to maintain intracellular redox homeostasis and proper functions of
organisms [30, 31]. Indeed, redox imbalance has been found to be involved in a
variety of diseases, indicating a possible therapeutic strategy by redox resetting [32—
34].

Redox regulation of protein function is under extensive study, although it’s still
far from resolved. Reduced form of thiol groups (-SH) in cysteine can undergo
oxidative modification, thereby generating S-hydroxylated derivatives (-SOH),
which may then produce disulfides (-s-s-). It allows the conformation changes and
the protein-protein interaction, leading to function alterations. On the contrary, the
oxidized form of protein can also be reduced by cellular antioxidant systems such as
Trx reductase and Grx reductase [35, 36]. Therefore, the redox regulation can serve
as molecular switches that control the function of some proteins. Importantly, a
number of metabolism-related proteins were found to undergo redox modifications,
suggesting that the redox regulation of some metabolic enzymes is critical for the
metabolic alteration [6].

11.1 Redox Regulation of Metabolic Enzymes in Cancer Cells
11.1.1 AMPK

5’-AMP-activated protein kinase (AMPK) is a well-known energy sensor which is
activated to regulate cellular metabolism under energy stress [37]. Our previous
work has demonstrated that PRKAA, a catalytic subunit of AMPK, was activated by
hepatitis B virus (HBV) infection-induced oxidative stress, indicating that AMPK is
a potential target for redox modification [38]. Furthermore, emerging evidence has
proven that AMPK is sensitive to ROS-mediated oxidative posttranslational
modifications (0oxPTMs). Zmijewski et al. reported that the kinase activity of
AMPK can be stimulated under H,O, exposure through S-glutathionylation at
Cys299 and Cys304. In this circumstance, AMPK activation may result from S-
glutathionylation-induced conformational change [39] (Fig. 11.2). Intriguingly,
oxidation at Cys130 and Cys174 of AMPKa can disrupt the interaction between
AMPK and AMPK kinases (AMPKK), thus attenuating the activity of AMPK. In
contrast, thioredoxin-1 (Trx1) can cleave the disulfide bond between Cys130 and
Cys174 to protect AMPK from oxidation-induced inactivation [40]. These studies
imply that redox regulation of AMPK is especially sophisticated, which may be
essential for the establishment of the circuit between cellular redox states and
metabolism. Whether the subtle redox regulation of AMPK activity is correlated
with cancer initiation and progression remains to be further explored.
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Fig. 11.2 The overview of redox modification in several metabolic enzymes. Under oxidative
stress, several metabolic enzymes can undergo oxidative modification on their reduced thiol group
in cysteine residues (GAPDH, PKM2, LDHA, IDH, AMPK, etc.). The oxidative modification of
these metabolic enzymes may alter their metabolic activities and thus affect cell fate

11.1.2 GAPDH

It has been reported for a long time that GAPDH is one of the major targets in
response to oxidative stress [41]. In 1994, Ravichandran and colleagues found that
GAPDH can be S-thiolated with a decrease in enzymatic activity during the respira-
tory burst in blood monocytes [42]. Consistently, in yeast cells, S-thiolation of
GAPDH may serve as an adaptive response during oxidative stress to protect cells
from irreversible oxidation [43]. More in-depth studies revealed that Cys152 is an
active site of GAPDH and can be oxidatively modified (Fig. 11.2). Oxidized
GAPDH interacts with different proteins to exert moonlighting functions beyond
metabolism [44]. Interestingly, Nakajima et al. found that the amyloid-like aggrega-
tion of GAPDH triggered by oxidative stress can lead to cell death, in which Cys152
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plays a critical role. This study indicates the importance of GAPDH redox regulation
in brain damage and some types of neuroblastoma [45]. Furthermore, in KRAS and
BRAF mutant colorectal cancer cells, the S-glutathionylation level of GAPDH was
demonstrated to be significantly higher during oxidative stress which resulted from
high-dose vitamin C treatment. S-glutathionylation inhibits the activity of GAPDH
and subsequent glycolysis, contributing to ATP depletion and cell death [46]. This
study demonstrates that redox regulation of GAPDH plays an essential role in the
homeostasis of cancer cell metabolism, thus determining cell fate. Taken together,
GAPDH has been recognized as the critical mediator of oxidative stress responses.
Redox regulation of GAPDH in cancer is now under wide investigation.

11.1.3 PKM2

The glycolytic enzyme PKM2 catalyzes the dephosphorylation reaction of phospho-
enolpyruvate to pyruvate, which is accompanied by net ATP production [47]. PKM2
is upregulated in several types of cancers, and its oxidation form plays an important
part in tumor progression. In human lung cancer cells, the enzymatic activity of
PKM?2 is inhibited through Cys358 oxidation, which rewires glycolysis flux to the
oxidative pentose phosphate pathway (PPP) (Fig. 11.2). This diversion is especially
critical for ROS detoxification through generating reducing potential, leading to lung
cancer formation and progression [48]. This example illustrates that the redox
regulation of PKM2 is necessary for cancer cell to withstand oxidative stress. In
addition, oxidative stress can induce mitochondrial translocation of PKM?2, where it
phosphorylates Bcl2 to prevent the ubiquitin-mediated degradation of Bcl2. These
events protect glioma cells from oxidative stress-induced apoptosis, which further
highlights the importance of PKM2 in cancer cell adaption to high levels of ROS
[49]. A recent study has reported that tetrameric PKM?2 oxidized at its Cys423 can
bind with and suppress the transcriptional activity of pS3, thus inhibiting apoptosis.
The high oxidation state of PKM?2 is critical for its regulatory role in p53 activity
[50] (Fig. 11.2). Thus, PKM2 is one of the typical enzymes sensitive to redox
regulation, which is a key regulator in metabolic-redox circuits.

11.1.4 LDHA

LDHA catalyzes the conversion of pyruvate to L-lactate with the production of
NADH in the last step of glycolysis. According to our recent work, LDHA
translocates to the nucleus in response to human papilloma virus (HPV)-mediated
ROS accumulation, which is accompanied by ROS-induced tetramer-to-dimer tran-
sition of LDHA (Fig. 11.2). Nuclear LDHA acquires a non-canonical enzymatic
activity to produce o-hydroxybutyrate, which promotes the interaction between
LDHA and DOTIL, and triggers histone H3K79 hypermethylation. This epigenetic
alteration finally activates antioxidant responses and maintains cellular redox
homeostasis. The non-canonical function of LDHA triggered by oxidative stress is
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crucial to HPV-induced cervical cancer progression [51]. This finding indicates that
the redox status of LDHA is a potential biomarker for cervical cancer and that LDHA
may have the potential to become a therapeutic target.

11.1.5 IDH

IDH catalyzes the conversion of isocitrate to a-ketoglutarate (a-KG) and carbon
dioxide, which includes oxidation of isocitrate and the following decarboxylation.
The point mutations of IDH have been widely documented in cancer, especially in
gliomas and glioblastomas [52, 53]. Mutated IDH catalyzes the conversion of a-KG
to 2-hydroxyglutarate (2-HG), which competitively suppresses a-KG-dependent
enzymes, thus resulting in the global alterations of methylation levels [54]. It has
been reported that IDH is a potential target of oxPTMs. Mitochondrial NADP(+)-
dependent isocitrate dehydrogenase (IDPm) can be glutathionylated at Cys269
during oxidative stress, which leads to a decrease in IDPm activity (Fig. 11.2).
The inactivated IDPm can also be reactivated through deglutathionylation,
indicating that IDPm plays a crucial role in maintaining mitochondrial redox balance
[55]. Moreover, a recent study on intracranial patient-derived xenografts of gliomas
found that IDH mutations trigger metabolic landscape alteration, which affects
cellular oxidative stress pathways [56]. This finding further highlights the regulatory
role of IDH in redox hemostasis, in which oxPTMs of IDH may be involved. More
interestingly, a competitive inhibitor of IDH, oxalomalate, has been proven to inhibit
metastatic melanoma through ROS-dependent signaling pathways [57]. This finding
suggests that IDH can act as a promising therapeutic target in clinical cancer
management.

11.2 Targeting the Metabolic Abnormalities in Cancer Cell

As metabolism-derived cofactors are critical in regulating epigenetics, which is
involved in tumorigenesis and cancer progression, it is feasible to target these
metabolic cofactors or enzymes to interfere with chromatin modifications to benefit
clinical outcomes. The most straightforward way to affect the chromatin
modifications on the basis of metabolites adjustment is to deplete or replenish
cellular metabolic cofactors such as SAM, a-KG, FAD, acetyl-CoA, NAD™, and
lactate. Multiple agents designed to inhibit the production or recycling of these
metabolites are now under intensive investigations for cancer treatment. For exam-
ple, 3-deazaneplanocin A (DZNep), which could inhibit the activity of SAH hydro-
lase and disrupt the recycling of SAM thus influencing the methylation of DNA and
histones, has been found to induce apoptosis and reduce proliferation in AML cells
and breast cancer cells, respectively [58, 59]. Moreover, quinoxaline compound
1-(2,3-di(thiophen-2-yl) quinoxalin-6-yl)-3-(2-methoxyethyl) urea could inhibit the
activity of acyl-CoA synthetase short-chain family member 2 (ACSS2), leading to
decreased acetate incorporation into both lipid and histones [60]. In addition,
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modifying the ratio between epigenetics-associated metabolites and their competi-
tive metabolites (a-KG/2-HG, SAM/SAH, acetyl-CoA/CoA, etc.) could also influ-
ence the chromatin modifications. Moreover, biosynthesis of epigenetics-associated
metabolites at different subcellular compartments could lead to specific alteration of
chromatin modifications by changing the concentrations of local cofactors [61].

Glucose and glutamine are essential biomolecules which provide cancer cells
with energy and intermediates to fulfil the requirement of rapid proliferation. Several
compounds are developed for targeting the glucose or glutamine addiction in cancer
cells. For example, 2-deoxy-D-glucose (2-DG), known as a glucose analog, could
inhibit glycolysis and induce proliferation arrest in several cancer types [62]. More-
over, inhibition of LDHA could prevent the regeneration of NAD* which is essential
for glycolysis and thus suppress tumor growth. Gossypol is a LDHA inhibitor which
shows antitumor effect in several solid cancer types and is now under clinical trials
[63, 64]. Metformin, known as a reference drug for type II diabetes treatment, could
reduce cancer risk through the inhibition of mitochondrial complex I [65]. In
addition, pyruvate dehydrogenase kinase (PDK) is overexpressed in several cancer
types and promotes glycolytic phenotype [66]. PDK inhibitor dichloroacetate (DCA)
can inhibit aerobic glycolysis and restrain tumor growth, indicating that targeting
highly glycolytic tumors holds great potential for cancer therapy. Glutamine can be
converted to a-KG to fuel TCA, during which glutaminase (GLS) and glutamate
dehydrogenase (GDH) are required. Therefore, targeting GLS or GDH may benefit
cancer therapy through inhibiting glutamine addiction in cancer cells. BPTES and
CB-839 are two established GLS inhibitors for restricting the supply of a-KG to the
TCA, and CB-839 is now under clinical studies in several cancers. Furthermore,
aminooxyacetate (AOA) is an important aminotransferase inhibitor which exhibits
potent antitumor effect in several cancer types including lung adenocarcinoma
through targeting glutamine metabolism [67].

11.3 Modulating ROS for Cancer Therapy

The fact that some metabolic enzymes are regulated by cellular redox state highlights
the promise of modulating the redox status for cancer therapy. For instance, as
mentioned above, HPV16 E7 induces intracellular ROS accumulation, resulting in
the translocation of LDHA in the nucleus where it gets a non-canonical function to
generate o-HB and epigenetically regulate antioxidant responses [51]. Hence, ROS
modulators that have been specifically developed to disable nuclear translocation of
LDHA may be a promising choice to prevent and treat cervical cancer.

GSH, as discussed above, is an important free radical scavenger and detoxifying
molecule in living cells [68]. GSH can maintain a reduced environment of subcellu-
lar compartments such as mitochondria, nucleus, and cytosol. Ten percent of
synthesized GSH is found in mitochondria, where GSH can eliminate excessive
ROS and protect cells from apoptosis. The high ratio of GSH/GSSG in the nucleus
ensures the synthesis of deoxyribonucleotides and preserves the sulfhydryl groups of
proteins for the biosynthesis of proper nucleic acids and DNA repair. In contrast, a
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low ratio of GSH/GSSG leads to an oxidized environment and enhanced addition
reaction of disulfide bonds to the nascent proteins [69]. Moreover, reduced GSH can
conjugate with many chemotherapeutic drugs such as cisplatin and doxorubicin, via
a glutathione S-transferases (GST)-catalyzed reaction, resulting in increased clear-
ance of these drugs [70, 71]. The efflux of chemotherapeutic drugs is often mediated
by multidrug resistance protein 1 (MRP1), leading to cellular detoxification and
apoptosis resistance [72]. Cancer cells are equipped with higher levels of GSH,
which can be utilized for selectively targeting cancer cells. It has been reported that a
doxorubicin-loaded glutathione-responsive cyclodextrin nanosponges (GSH-NS)
could release doxorubicin in cancer cells which possess high GSH levels, resulting
in higher antitumor efficacy and less cytotoxicity in normal cells [73]. Moreover,
buthionine sulfoximine (BSO) is a potent inhibitor of GSH synthesis via inhibiting
the activity of glutamate-cysteine ligase (GCL). BSO is now under intensive studies
and has been used in clinic practice.

SAH, the byproduct of methyl transfer reaction, can be hydrolyzed to homocys-
teine and adenosine by SAH hydrolase (SAHH) [74]. Homocysteine is involved in
the transsulfuration pathway to produce cysteine, a critical precursor and rate-
limiting factor of GSH synthesis [75]. As GSH is the major antioxidant molecule
to buffer ROS, the diversion of homocysteine from methionine regeneration into the
cysteine production is important to maintain cellular redox homeostasis [76]. Con-
ceivably, the direction (methionine/SAM regeneration or GSH biosynthesis) that
homocysteine follows decides the fate of a cell by influencing the cellular redox
states and epigenetic events [77]. Since several types of cancer cells often exhibit
high ROS levels and DNA hypo-methylation, cancer cells are prone to utilize
homocysteine to regenerate methionine during tumorigenesis. Therefore, targeting
the recycle of homocysteine may be promising for tumor suppression.

Targeting the synthesis of GSH and NADPH or using pharmacological ROS
inducers including As,QOs, B-phenylethyl isothiocyanate (PEITC), and doxorubicin
(Dox) constitutes the strategy of increasing ROS for anticancer therapy [78]. Impor-
tantly, scavenging ROS also exhibits favorable anticancer effect. For example,
vitamin E is an important dietary antioxidant which reduces ROS levels through
reacting with free radicals. Intriguingly, it has been reported that intake of vitamin E
can reduce the risk of liver cancer, indicating that clearance of ROS by dietary
supplementation of antioxidant holds great potential for preventing tumorigenesis
[79]. However, this hypothesis is facing challenges since supplementation of
[B-carotene, or vitamin E, cannot reduce the risk of lung cancer [80]. The compre-
hensive understanding of involved regulatory mechanisms is urgently needed for
facilitating the early intervention of tumorigenesis.

11.4 Conclusion

Metabolic network and redox homeostasis are closely intertwined with each other
and constitute an orchestrated regulatory loop to participate in tumorigenesis and
tumor development. Thus, targeting the vulnerabilities of metabolism and redox
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imbalance in cancer cells holds great potential for selectively killing malignant cells.
However, our understanding regarding the complicated metabolic-redox loop still
lacks, and more efforts should be paid to achieve effective approaches. More
importantly, since the roles of ROS are multifaceted, it should be discreet to consider
the application of ROS modulators (scavengers or inducers) in different cancer
types. Furthermore, compounds targeting global metabolism, or redox homeostasis
may elicit unexpected side effects on normal tissues, and more specific delivery
system may be required for favorable therapeutic outcomes.
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