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Metabolic reprogramming is one of the hallmarks of cancer. Nrf2 pathway is one of the critical signaling cascades involved in cell
defense and survival against oxidative stress. The significance of Nrf2 in cancer metabolism begins to be recognized. In this
minireview, we focus on the Nrf2-mediated cancer metabolic reprogramming and intend to highlight the role of Nrf2 in the
regulation of malignant transformation, cancer proliferation, and the development of treatment resistance via metabolic
adaptations. We hope for the development of noninvasive biomarkers and novel therapeutic approaches for cancer based on
Nrf2-directed cancer metabolic reprogramming in the near future.

1. Introduction

Metabolic reprogramming is the one of the hallmarks of
cancer [1, 2]. In order to meet the biosynthetic demands
of increased proliferation, cancer cells modify core metabo-
lism by increasing key metabolic pathways such as glycol-
ysis, pentose phosphate pathway (PPP), and glutaminolysis
[3–9]. These metabolic modifications not only support can-
cer cells to survive but also interact with oncogenic signaling
pathways, such as phosphoinositide 3-kinase/protein kinase
B- (PI3K/Akt), Myc-, Ras-, p53-, and reactive oxygen spe-
cies- (ROS-) related pathways. These interactions enhance
the invasive and metastatic properties of cancer cells
[10, 11]. As one of the critical components of antioxida-
tive molecules, Nrf2 affects multiple aspects of metabolic
reprogramming, including inhibition of lipogenesis, facilita-
tion of flux through the PPP, and increased nicotinamide
adenine dinucleotide phosphate (NADPH) regeneration
and purine biosynthesis through regulating key metabolic
enzymes or affecting the crosstalk with several oncogenic
pathways [12–18]. For example, increased glycosylation and
glutaminolysis in early-stage lung cancer accompanied by

Nrf2 activation was observed in recent study [19], demon-
strating a critical role of Nrf2 in metabolic reprogramming
of cancer.

The interface between redox and metabolism of cancer
has been extensively reviewed before [15]. In this minireview,
we focus on the Nrf2-mediated cancer metabolic reprogram-
ming and highlight the role of Nrf2 in the regulation of
malignant transformation, cancer proliferation, and develop-
ment of treatment resistance via metabolic adaptations.

2. Nrf2 Signaling Pathway

The Nrf2 signaling pathway has a crucial role in maintain-
ing cellular and tissue homeostasis and protecting cells
against electrophilic or oxidative stress [20, 21]. As a cap
“n” collar (CNC) transcription factor, Nrf2 can interact with
small Maf proteins and bind to the promoters of cytopro-
tective and antioxidative genes to induce their transcrip-
tion [22, 23]. Under homeostatic conditions, Nrf2 binds
to its cytosolic inhibitor Keap1 and facilitates ubiquitination
by the Cullin E3 ligase [24]. In response to stress, the cysteine
residues in Keap1 change conformation [25, 26], therefore
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leading to the separation of Keap1 and Nrf2. As a conse-
quence of the separation, Nrf2 translocates into the
nucleus and induces the expression of target genes, such
as NADPH quinone oxidoreductase (NQO-1), glutathione
S-transferases (GSTs), heme oxygenase-1 (HMOX1), and
glutamate-cysteine ligase (GCL) subunits [27, 28]. More-
over, protein which contains the motif that is similar to
the ETGE of Nrf2, such as p62, can compete with Nrf2
to bind Keap1 and directly activate Nrf2 [29, 30]. In addi-
tion to Keap1-dependent activation, there are other alter-
native pathways that can impact Nrf2 signaling. For
example, protein kinase C (PKC) can directly phosphory-
late Nrf2 at Ser40 leading to the upregulation of Nrf2
[31, 32]. Emerging evidence indicates that the activation
of Nrf2 can profoundly influence the initiation and pro-
gression of cancer [16, 33–35].

3. Metabolic Reprogramming in Cancer

In order to support extensive proliferation and sustain the
invasive phenotypes, cancer cells need to reprogram their
metabolic pathways and energy production networks. This
phenomenon is named cancer metabolic reprogramming
and observed by Warburg et al. firstly in 1920s [8]. As we
know, metabolic reprogramming makes a great contribution
to the rapid proliferation of cancer at least via supporting the
biosynthetic needs [6, 8, 11]. Apart from the well-known
Warburg effect of aerobic glycolysis, several other metabolic
adaptations, such as enhancement of mitochondrial biogene-
sis, elevation of lipid metabolism, and upregulation of gluta-
minolysis, have been described [2]. Glycolysis is one of the
remarkable features of cancer metabolic alternations. Com-
pared to healthy and well-differentiated cells, cancer cells
prefer using glycolysis even in the presence of oxygen,
thereby producing lactate and cutting down the use of the tri-
carboxylic acid (TCA) cycle [36]. In addition to glycolysis,
many tumors also fuel their cellular bioenergetics and metab-
olism through glutaminolysis. Glutaminolysis catabolizes
glutamine as a carbon donor, not only for adenosine triphos-
phate (ATP) but also for biosynthesis and rapid proliferation
of cancer [37]. Oncogenic activation also elevates mitochon-
drial metabolism to produce ATP and TCA cycle intermedi-
ates used as precursors for biosynthesis [38]. Another major
change in cancer metabolism is upregulation of lipid metab-
olism. In fact, increased lipogenesis is considered a critical
characteristic of many cancers, with de novo fatty acid (FA)
synthesis supporting membrane biogenesis, as well as the
energetic demands of rapid proliferation [39]. Nrf2 is a tran-
scription factor that activates the transcription of antioxidant
genes as indicated previously. More and more evidences sug-
gest that Nrf2 signaling pathways represent regulatory medi-
ators of the perturbed metabolic activities of various cancer
cells [16, 40].

4. Nrf2-Mediated Metabolic Reprogramming in
Cancer

4.1. Malignant Transformation. Caveolin-1 (Cav-1), a scaf-
fold protein, can be modulated by elevated ROS and

contributes to the regulation of cellular responses to environ-
mental cues [41]. Hart et al. [42] found that Cav-1, Nrf2, and
Keap1 could bind together and form a ternary complex. The
suppression of Cav-1 by any cause or oxidative stress itself
can promote the disassembly of the Nrf2/Cav-1/Keap1
complex, persistent Nrf2 activation, and the upregulation
of manganese superoxide dismutase (MnSOD). Enhance-
ment of MnSOD expression activated adenosine 5′-mono-
phosphate- (AMP-) activated protein kinase (AMPK),
which led to glycolytic switch and malignant transformation.
On the contrary, rescued Cav-1 expression in a breast cancer
cell line suppressed Nrf2 and downregulated MnSOD.
Clinical data also confirmed that decreased Cav-1 expres-
sion was associated with high tumor grade and low 5-
year survival of breast cancer. These results revealed the
role of Cav-1 and Nrf2 in metabolic reprogramming and
breast malignant transformation.

Kowalik et al. [43] investigated the value of metabolic
reprogramming in the transformation of early preneoplastic
foci to hepatocellular carcinoma (HCC). The suppression of
oxidative phosphorylation (OXPHOS) and enhancement of
glucose utilization to fuel the PPP were observed during the
malignant transformation. In addition, they also found that
Nrf2 triggers the activation of glucose-6-phosphate dehydro-
genase (G6PD) via inhibition of miR-1, contributing to the
switch from OXPHOS to glycolysis and the invasive property
of the preneoplastic foci.

Fahrmann et al. [19] analyzed the biochemical and
molecular alterations between early-stage lung adenocarci-
noma and matched control tissue using integrated metabolo-
mics and proteomics approach. They found increased
glycosylation and glutaminolysis, activated nicotinic and nic-
otinamide salvaging pathways, and increased polyamine bio-
synthesis accompanied by Nrf2 activation in early-stage lung
adenocarcinoma compared to control tissue. This study indi-
cates that the interaction of Nrf2 and metabolic reprogram-
ming has a role in malignant transformation.

In summary, a series of metabolic functions have con-
tributed to the malignant transformation of cancer cells.
Nrf2 exerts an important role in metabolism reprogramming
and carcinogenesis. More investigation focusing on Nrf2-
mediated metabolic reprogramming can discover the
mechanisms of carcinogenesis and identify more diagnos-
tic markers for malignant transformation.

4.2. Cancer Proliferation. G6PD is the first and rate-limiting
enzyme in the PPP. Increased G6PD expression and activ-
ity have been observed in several cancers [44–46]. Liu
et al. [47] demonstrated that G6PD was highly expressed
in chronic hepatitis B virus- (HBV-) associated HCC. In
the mechanism study, they found that X protein of HBV
(HBx) interacts with p62 and Keap1 to form HBx-p62-
Keap1 complex. In the cytoplasm, the complex hijacked
Keap1 from Nrf2 leading to the nuclear translocation and
activation of Nrf2. Subsequently, Nrf2 promoted the G6PD
transcription and hepatocyte proliferation. These results
imply a potential mechanism of HBV on the malignant
transformation of hepatocytes via Nrf2-related glucose
metabolism reprogramming.
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B7-H3 is a member of B7 immunoregulatory glycopro-
tein family. The expression of B7-H3 is increased in a wide
variety of cancers compared. Overexpression of B7-H3 is
related to cancer progression, metastasis, and poor treatment
response [48]. However, the exact underlying mechanisms
are mostly unknown. Recently, Lim et al. [49] illuminated
an immune-independent contribution of B7-H3 in cancer
proliferation. They found that B7-H3 reduced Nrf2 tran-
scription in breast cancer cells via an unknown mechanism.
The downregulation of Nrf2 led to reduced transcription of
the antioxidant targets superoxide dismutase 1 (SOD1),
SOD2, and peroxiredoxin 3 (PRDX3) and increased tran-
scription of ROS. The accumulation of ROS subsequently
stabilized hypoxia-inducible factor 1 alpha (HIF1α), thus
increasing the expression of key enzymes in the glycolytic
pathway, such as lactate dehydrogenase A (LDHA) and pyru-
vate dehydrogenase kinase 1 (PDK1), which promoted pyru-
vate conversion into lactate while inhibiting pyruvate flux
through the tricarboxylic acid (TCA) cycle. Metabolic imag-
ing of human breast cancer xenografts in mice also con-
firmed the effects of B7-H3 in promoting glucose uptake
and tumor growth. These results revealed a relationship
between B7-H3/Nrf2-induced metabolic reprogramming
and cancer proliferation.

As an important aspect of epigenetic regulation, micro-
RNA is also involved in the Nrf2-induced metabolic repro-
gramming of cancer. Singh et al. [50] demonstrated that
activation of Nrf2 signaling in cancer cells switched the
carbon flux toward the PPP and the TCA cycle, reprogram-
ming glucose metabolism via downregulation of miR-1 and
miR-206. Conversely, loss of Nrf2 attenuated the level of his-
tone deacetylase 4 (HDAC4) and increased the level of miR-1
and miR-206. Increased miR-1 and miR-206 subsequently
downregulated metabolic genes and impaired NADPH
production, ribose synthesis, and in vivo tumor growth.
Taken together, these findings demonstrate the contribu-
tion of Nrf2 in the regulation of cancer proliferation via
metabolic reprogramming and also establish the relation of
miRNA regulation, glucose metabolism, and ROS homeosta-
sis in cancer.

Nrf2 can interact with some oncogenic pathways, such
as the PI3K/Akt pathway, and increase the proliferation of
cancer cells via metabolic reprogramming. Mitsuishi et al.
[51] showed that Nrf2 could activate genes involved in
the PPP, nucleotide synthesis, and NADPH production
and redirect glucose and glutamine into anabolic pathways,
especially in the presence of active PI3K-Akt signaling.
Forced activation of PI3K pathway increased the nuclear
availability of Nrf2 and enabled Nrf2 to promote metabolic
reprogramming that increases cell proliferation. The posi-
tive feedback loop between the PI3K/Akt and Keap1-Nrf2
pathway promoted the malignant evolution of lung cancer.
Targeting the feedback would be an effective strategy for
anticancer therapy.

Pancreatic stellate cells (PSC) is thought to be responsible
for the aggressive behaviors of pancreatic ductal adenocarci-
noma (PDAC) via secreting various soluble factors. Wu et al.
[52] evaluated the relationship between PSC and Nrf2 and
Nrf2’s contribution to the progression of PDAC. They found

that PSC contributed to the progression of PDAC through
activation of Nrf2. As a consequence, metabolic genes
involved in PPP, glutaminolysis, and glutathione biosynthe-
sis were upregulated. Inhibition of G6PD with siRNA and
chemical approaches reduced PSC-mediated cell prolifera-
tion. Among the cytokines present in PSC-conditioned
media, stromal cell-derived factor-1 alpha (SDF-1α) and
interleukin-6 (IL-6) were identified as the upstream modula-
tors of Nrf2. In conclusion, this study reveal that SDF-1α and
IL-6 secreted from PSC induced PDAC cell proliferation via
Nrf2-activated metabolic reprogramming.

In summary, in order to sustain the rapid division of can-
cer, Nrf2 triggers metabolic reprogramming and provides the
materials for biosynthesis.

4.3. Treatment Resistance. p62 is a key molecules of several
critical signaling pathways [53, 54]. Increasing evidences
illustrate the interaction between the p62 and Nrf2 pathway
[29, 30, 55–57]. Saito et al. [58] found that metabolic repro-
gramming through the p62-Keap1-Nrf2 axis contributed to
tumor growth and the development of drug resistance of
HCC. Phosphorylated p62 can bind with Keap1 and inhibit
Keap1-driven ubiquitination of Nrf2, leading to the accumu-
lation of Nrf2 in nucleus. Subsequently, genes encoding
enzymes involved in PPP, glutathione synthesis, and gluta-
minolysis are upregulated and cause rearrangement of glu-
cose and glutamine metabolism. These changes stimulate
proliferation potency of HCC cells and increase their toler-
ance to anticancer drugs. Furthermore, a small compound,
K67, which inhibits Nrf2 and disrupts the interaction
between phosphorylated p62-peptide and Keap1, was identi-
fied. The identified compound can sensitize cancer cells to
anticancer drugs, especially in hepatitis C virus- (HCV-) pos-
itive HCC patients.

Riz et al. [59] established a carfilzomib-resistant multiple
myeloma cell line (LP-1/Cfz) characterized by decreased
levels of ROS, elevated levels of fatty acid oxidation, and pro-
survival autophagy, while mechanistic studies demonstrated
that Nrf2 is involved in metabolic reprogramming and the
development of drug resistance of LP-1/Cfz. Overexpression
of protein kinase R- (PKR-) like endoplasmic reticulum
kinase- (PERK-) eukaryotic initiation factor 2 alpha (eIF2α)
was detected in the resistance cell line, which caused the
activation of p62. p62 competes with Nrf2 for the binding
of Keap1, leading to Nrf2 activation and its target gene
eukaryotic translation initiation factor 4E family member
3 (EIF4E3). The upregulation of positive feedback loop
among Nrf2 and EIF4E3 led to the carfilzomib resistance
of multiple myeloma cells. Genetic and pharmacologic
inhibition of the Nrf2-EIF4E3 axis or the PERK-eIF2α path-
way can sensitize the LP-1/Cfz cell to carfilzomib through
modulating redox homeostasis via inhibiting fatty acid oxi-
dation or autophagy.

Multiple studies reveal that the folate cycle is crucial to
cancer-specific nutrient demands. Methylenetetrahydrofo-
late dehydrogenase 1-like (MTHFD1L) is a critical compo-
nent of folate cycle [60–62]. As a transcription target of
Nrf2, elevated MTHFD1L increased the proliferation of can-
cer cells in HCC via metabolic reprogramming. Knockdown
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of MTHFD1L caused impairment of glycolysis and metabolic
changes in the TCA cycle, which impeded HCC proliferation
and increased the sensitivity of HCC cells to sorafenib treat-
ment in vitro and in vivo [63].

These studies, which focused on the Nrf2-modulated
treatment resistance via metabolic reprogramming, increase
our understanding on the development treatment resistance
of cancer. More precise inhibitors that specifically target the
Nrf2-regulated resistance will be developed in the near
future.

5. Conclusion

The phenomenon of cancer metabolic reprogramming is ini-
tially described by Warburg et al. in the 1920s [8]. With the
development of new biochemical and molecular biological
tools, the field of cancer metabolism has been intensively
investigated. The spectrum of metabolic reprogramming in
cancer has expanded dramatically since Warburg, especially
in the recent years [2]. ROS has a huge impact on various
stages of tumorigenesis. Nrf2, a key regulator of ROS, has
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Figure 1: The summary of Nrf2-mediated metabolic reprogramming in cancer.
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been shown to contribute to the interplay between redox
homeostasis and metabolic alternation within cancer cells
[15]. In the past few years of research development, it is evi-
dent that Nrf2 not only plays a role in the malignant transfor-
mation but also contributes to cancer proliferation and the
development of treatment resistance via metabolic repro-
gramming (Figure 1). These studies suggest that Nrf2 signal-
ing represents a critical process in the regulation of central
metabolism in cancer. Although there is still much work
needed to determine the precise molecular mechanisms of
Nrf2-mediated cancer metabolic reprogramming, researches
focusing of Nrf2 hold the potential to discover noninvasive
biomarkers and develop targeted metabolic cancer therapies.

Conflicts of Interest

The authors declare no conflicts of interest.

Authors’ Contributions

Yan-Yang Wang and Juan Chen wrote the manuscript. Xiao-
Ming Liu, Hong Zhe, and Ren Zhao assisted with the revision
of the English grammar and style. All authors discussed the
content and approved the final version of the manuscript.

Acknowledgments

This work is supported by the National Natural Science
Foundation of China (81502094, 81460477) and First Class
Discipline (Clinical Medicine) project of Ningxia Medical
University (NXYLXK2017A05).

References

[1] D. Hanahan and R. A. Weinberg, “Hallmarks of cancer: the
next generation,” Cell, vol. 144, no. 5, pp. 646–674, 2011.

[2] N. N. Pavlova and C. B. Thompson, “The emerging hallmarks
of cancer metabolism,” Cell Metabolism, vol. 23, no. 1, pp. 27–
47, 2016.

[3] S. J. Bensinger and H. R. Christofk, “New aspects of the War-
burg effect in cancer cell biology,” Seminars in Cell & Develop-
mental Biology, vol. 23, no. 4, pp. 352–361, 2012.

[4] W. H. Koppenol, P. L. Bounds, and C. V. Dang, “Otto War-
burg’s contributions to current concepts of cancer metabo-
lism,”Nature Reviews Cancer, vol. 11, no. 5, pp. 325–337, 2011.

[5] T. N. Seyfried, R. E. Flores, A. M. Poff, and D. P. D'Agostino,
“Cancer as a metabolic disease: implications for novel thera-
peutics,” Carcinogenesis, vol. 35, no. 3, pp. 515–527, 2014.

[6] D. A. Tennant, R. V. Duran, and E. Gottlieb, “Targeting met-
abolic transformation for cancer therapy,” Nature Reviews
Cancer, vol. 10, no. 4, pp. 267–277, 2010.

[7] O. Warburg, “On the origin of cancer cells,” Science, vol. 123,
no. 3191, pp. 309–314, 1956.

[8] O. Warburg, F. Wind, and E. Negelein, “The metabolism of
tumors in the body,” The Journal of General Physiology,
vol. 8, no. 6, pp. 519–530, 1927.

[9] P. S. Ward and C. B. Thompson, “Metabolic reprogramming: a
cancer hallmark even Warburg did not anticipate,” Cancer
Cell, vol. 21, no. 3, pp. 297–308, 2012.

[10] M. D. Hirschey, R. J. DeBerardinis, A. M. E. Diehl et al., “Dys-
regulated metabolism contributes to oncogenesis,” Seminars in
Cancer Biology, vol. 35, pp. S129–S150, 2015.

[11] C. B. Thompson, “Metabolic enzymes as oncogenes or tumor
suppressors,” The New England Journal of Medicine, vol. 360,
no. 8, pp. 813–815, 2009.

[12] L. K. Boroughs and R. J. DeBerardinis, “Metabolic pathways
promoting cancer cell survival and growth,” Nature Cell Biol-
ogy, vol. 17, no. 4, pp. 351–359, 2015.

[13] D. V. Chartoumpekis, N. Wakabayashi, and T. W. Kensler,
“Keap1/Nrf2 pathway in the frontiers of cancer and non-
cancer cell metabolism,” Biochemical Society Transactions,
vol. 43, no. 4, pp. 639–644, 2015.

[14] A. Costa, A. Scholer-Dahirel, and F. Mechta-Grigoriou, “The
role of reactive oxygen species and metabolism on cancer cells
and their microenvironment,” Seminars in Cancer Biology,
vol. 25, pp. 23–32, 2014.

[15] J. D. Hayes and A. T. Dinkova-Kostova, “The Nrf2 regulatory
network provides an interface between redox and intermediary
metabolism,” Trends in Biochemical Sciences, vol. 39, no. 4,
pp. 199–218, 2014.

[16] S. Menegon, A. Columbano, and S. Giordano, “The dual roles
of NRF2 in cancer,” Trends in Molecular Medicine, vol. 22,
no. 7, pp. 578–593, 2016.

[17] E. Panieri and M. M. Santoro, “ROS homeostasis and metabo-
lism: a dangerous liason in cancer cells,” Cell Death & Disease,
vol. 7, no. 6, article e2253, 2016.

[18] A. R. Wende, M. E. Young, J. Chatham, J. Zhang, N. S. Rajase-
karan, and V. M. Darley-Usmar, “Redox biology and the inter-
face between bioenergetics, autophagy and circadian control of
metabolism,” Free Radical Biology & Medicine, vol. 100,
pp. 94–107, 2016.

[19] J. F. Fahrmann, D. D. Grapov, K. Wanichthanarak et al., “Inte-
grated metabolomics and proteomics highlight altered nicotin-
amide and polyamine pathways in lung adenocarcinoma,”
Carcinogenesis, vol. 38, no. 3, pp. 271–280, 2017.

[20] L. Baird and A. T. Dinkova-Kostova, “The cytoprotective role
of the Keap1-Nrf2 pathway,” Archives of Toxicology, vol. 85,
no. 4, pp. 241–272, 2011.

[21] A. Uruno and H. Motohashi, “The Keap1-Nrf2 system as an
in vivo sensor for electrophiles,” Nitric Oxide, vol. 25, no. 2,
pp. 153–160, 2011.

[22] K. Itoh, T. Chiba, S. Takahashi et al., “An Nrf2/small Maf het-
erodimer mediates the induction of phase II detoxifying
enzyme genes through antioxidant response elements,” Bio-
chemical and Biophysical Research Communications, vol. 236,
no. 2, pp. 313–322, 1997.

[23] M. McMahon, K. Itoh, M. Yamamoto et al., “The Cap ‘n’
Collar basic leucine zipper transcription factor Nrf2 (NF-
E2 p45-related factor 2) controls both constitutive and
inducible expression of intestinal detoxification and gluta-
thione biosynthetic enzymes,” Cancer Research, vol. 61,
no. 8, pp. 3299–3307, 2001.

[24] A. Kobayashi, M. I. Kang, H. Okawa et al., “Oxidative stress
sensor Keap1 functions as an adaptor for Cul3-based E3 ligase
to regulate proteasomal degradation of Nrf2,” Molecular and
Cellular Biology, vol. 24, no. 16, pp. 7130–7139, 2004.

[25] A. T. Dinkova-Kostova, W. D. Holtzclaw, R. N. Cole et al.,
“Direct evidence that sulfhydryl groups of Keap1 are the sen-
sors regulating induction of phase 2 enzymes that protect
against carcinogens and oxidants,” Proceedings of the National

5Oxidative Medicine and Cellular Longevity



Academy of Sciences of the United States of America, vol. 99,
no. 18, pp. 11908–11913, 2002.

[26] S. Fourquet, R. Guerois, D. Biard, and M. B. Toledano, “Acti-
vation of NRF2 by nitrosative agents and H2O2 involves
KEAP1 disulfide formation,” The Journal of Biological Chemis-
try, vol. 285, no. 11, pp. 8463–8471, 2010.

[27] T. W. Kensler and N. Wakabayashi, “Nrf2: friend or foe for
chemoprevention?,” Carcinogenesis, vol. 31, no. 1, pp. 90–99,
2010.

[28] J. D. Hayes, M. McMahon, S. Chowdhry, and A. T. Dinkova-
Kostova, “Cancer chemoprevention mechanisms mediated
through the Keap1-Nrf2 pathway,” Antioxidants & Redox Sig-
naling, vol. 13, no. 11, pp. 1713–1748, 2010.

[29] A. Jain, T. Lamark, E. Sjøttem et al., “p62/SQSTM1 is a target
gene for transcription factor NRF2 and creates a positive feed-
back loop by inducing antioxidant response element-driven
gene transcription,” The Journal of Biological Chemistry,
vol. 285, no. 29, pp. 22576–22591, 2010.

[30] M. Komatsu, H. Kurokawa, S. Waguri et al., “The selective
autophagy substrate p62 activates the stress responsive tran-
scription factor Nrf2 through inactivation of Keap1,” Nature
Cell Biology, vol. 12, no. 3, pp. 213–223, 2010.

[31] D. A. Bloom and A. K. Jaiswal, “Phosphorylation of Nrf2 at
Ser40 by protein kinase C in response to antioxidants leads to
the release of Nrf2 from INrf2, but is not required for Nrf2 sta-
bilization/accumulation in the nucleus and transcriptional
activation of antioxidant response element-mediated
NAD(P)H:quinone oxidoreductase-1 gene expression,” The
Journal of Biological Chemistry, vol. 278, no. 45, pp. 44675–
44682, 2003.

[32] H. C. Huang, T. Nguyen, and C. B. Pickett, “Phosphorylation
of Nrf2 at Ser-40 by protein kinase C regulates antioxidant
response element-mediated transcription,” The Journal of Bio-
logical Chemistry, vol. 277, no. 45, pp. 42769–42774, 2002.

[33] I. Ganan-Gomez, Y. Wei, H. Yang, M. C. Boyano-Adanez, and
G. Garcia-Manero, “Oncogenic functions of the transcription
factor Nrf2,” Free Radical Biology & Medicine, vol. 65,
pp. 750–764, 2013.

[34] H. M. Leinonen, E. Kansanen, P. Polonen, M. Heinaniemi, and
A. L. Levonen, “Dysregulation of the Keap1-Nrf2 pathway in
cancer,” Biochemical Society Transactions, vol. 43, no. 4,
pp. 645–649, 2015.

[35] X. J. Wang, Z. Sun, N. F. Villeneuve et al., “Nrf2 enhances
resistance of cancer cells to chemotherapeutic drugs, the dark
side of Nrf2,” Carcinogenesis, vol. 29, no. 6, pp. 1235–1243,
2008.

[36] L. Yu, X. Chen, X. Sun, L. Wang, and S. Chen, “The glycolytic
switch in tumors: how many players are involved?,” Journal of
Cancer, vol. 8, no. 17, pp. 3430–3440, 2017.

[37] D. Daye and K. E. Wellen, “Metabolic reprogramming in
cancer: unraveling the role of glutamine in tumorigenesis,”
Seminars in Cell & Developmental Biology, vol. 23, no. 4,
pp. 362–369, 2012.

[38] P. E. Porporato, N. Filigheddu, J. M. B. S. Pedro, G. Kroemer,
and L. Galluzzi, “Mitochondrial metabolism and cancer,” Cell
Research, 2017.

[39] U. Ray and S. S. Roy, “Aberrant lipid metabolism in cancer
cells - the role of oncolipid-activated signaling,” The FEBS
Journal, 2017.

[40] K. Taguchi and M. Yamamoto, “The KEAP1-NRF2 system in
cancer,” Frontiers in Oncology, vol. 7, p. 85, 2017.

[41] K. G. Rothberg, J. E. Heuser, W. C. Donzell, Y. S. Ying, J. R.
Glenney, and R. G. W. Anderson, “Caveolin, a protein compo-
nent of caveolae membrane coats,” Cell, vol. 68, no. 4, pp. 673–
682, 1992.

[42] P. C. Hart, B. A. Ratti, M. Mao et al., “Caveolin-1 regulates
cancer cell metabolism via scavenging Nrf2 and suppressing
MnSOD-driven glycolysis,” Oncotarget, vol. 7, no. 1,
pp. 308–322, 2016.

[43] M. A. Kowalik, G. Guzzo, A. Morandi et al., “Metabolic repro-
gramming identifies the most aggressive lesions at early phases
of hepatic carcinogenesis,” Oncotarget, vol. 7, no. 22,
pp. 32375–32393, 2016.

[44] E. J. Zampella, E. L. Bradley Jr., and T. G. Pretlow 2nd, “Glu-
cose-6-phosphate dehydrogenase: a possible clinical indicator
for prostatic carcinoma,” Cancer, vol. 49, no. 2, pp. 384–387,
1982.

[45] J. Wang, W. Yuan, Z. Chen et al., “Overexpression of G6PD is
associated with poor clinical outcome in gastric cancer,”
Tumour Biology, vol. 33, no. 1, pp. 95–101, 2012.

[46] R. Bokun, J. Bakotin, and D. Milasinovic, “Semiquantitative
cytochemical estimation of glucose-6-phosphate dehydroge-
nase activity in benign diseases and carcinoma of the breast,”
Acta Cytologica, vol. 31, no. 3, pp. 249–252, 1987.

[47] B. Liu, M. Fang, Z. He et al., “Hepatitis B virus stimulates
G6PD expression through HBx-mediated Nrf2 activation,”
Cell Death & Disease, vol. 6, no. 11, article e1980, 2015.

[48] L. Wang, F. B. Kang, and B. E. Shan, “B7-H3-mediated tumor
immunology: friend or foe?,” International Journal of Cancer,
vol. 134, no. 12, pp. 2764–2771, 2014.

[49] S. Lim, H. Liu, L. M. da Silva et al., “Immunoregulatory protein
B7-H3 reprograms glucose metabolism in cancer cells by ROS-
mediated stabilization of HIF1α,” Cancer Research, vol. 76,
no. 8, pp. 2231–2242, 2016.

[50] A. Singh, C. Happel, S. K. Manna et al., “Transcription factor
NRF2 regulates miR-1 and miR-206 to drive tumorigenesis,”
The Journal of Clinical Investigation, vol. 123, no. 7,
pp. 2921–2934, 2013.

[51] Y. Mitsuishi, K. Taguchi, Y. Kawatani et al., “Nrf2 redirects
glucose and glutamine into anabolic pathways in metabolic
reprogramming,” Cancer Cell, vol. 22, no. 1, pp. 66–79,
2012.

[52] Y. S. Wu, C. Y. Looi, K. S. Subramaniam, A. Masamune, and
I. Chung, “Soluble factors from stellate cells induce pancreatic
cancer cell proliferation via Nrf2-activated metabolic repro-
gramming and ROS detoxification,” Oncotarget, vol. 7,
no. 24, pp. 36719–36732, 2016.

[53] J. Moscat and M. T. Diaz-Meco, “Feedback on fat: p62-
mTORC1-autophagy connections,” Cell, vol. 147, no. 4,
pp. 724–727, 2011.

[54] J. Moscat and M. T. Diaz-Meco, “p62 at the crossroads of
autophagy, apoptosis, and cancer,” Cell, vol. 137, no. 6,
pp. 1001–1004, 2009.

[55] Y. Ichimura, S. Waguri, Y.s. Sou et al., “Phosphorylation of p62
activates the Keap1-Nrf2 pathway during selective autophagy,”
Molecular Cell, vol. 51, no. 5, pp. 618–631, 2013.

[56] A. Lau, X. J. Wang, F. Zhao et al., “A noncanonical mechanism
of Nrf2 activation by autophagy deficiency: direct interaction
between Keap1 and p62,” Molecular and Cellular Biology,
vol. 30, no. 13, pp. 3275–3285, 2010.

[57] S. H. Bae, S. H. Sung, S. Y. Oh et al., “Sestrins activate Nrf2 by
promoting p62-dependent autophagic degradation of Keap1

6 Oxidative Medicine and Cellular Longevity



and prevent oxidative liver damage,” Cell Metabolism, vol. 17,
no. 1, pp. 73–84, 2013.

[58] T. Saito, Y. Ichimura, K. Taguchi et al., “p62/Sqstm1 promotes
malignancy of HCV-positive hepatocellular carcinoma
through Nrf2-dependent metabolic reprogramming,” Nature
Communications, vol. 7, article 12030, 2016.

[59] I. Riz, T. S. Hawley, J. W. Marsal, and R. G. Hawley, “Nonca-
nonical SQSTM1/p62-Nrf2 pathway activation mediates pro-
teasome inhibitor resistance in multiple myeloma cells via
redox, metabolic and translational reprogramming,” Oncotar-
get, vol. 7, no. 41, pp. 66360–66385, 2016.

[60] A. S. Tibbetts and D. R. Appling, “Compartmentalization of
mammalian folate-mediated one-carbon metabolism,” Annual
Review of Nutrition, vol. 30, no. 1, pp. 57–81, 2010.

[61] S. T. Pike, R. Rajendra, K. Artzt, and D. R. Appling, “Mito-
chondrial C1-tetrahydrofolate synthase (MTHFD1L) supports
the flow of mitochondrial one-carbon units into the methyl
cycle in embryos,” The Journal of Biological Chemistry,
vol. 285, no. 7, pp. 4612–4620, 2010.

[62] J. Fan, J. Ye, J. J. Kamphorst, T. Shlomi, C. B. Thompson, and
J. D. Rabinowitz, “Quantitative flux analysis reveals folate-
dependent NADPH production,” Nature, vol. 510, no. 7504,
pp. 298–302, 2014.

[63] D. Lee, I. M. J. Xu, D. K. C. Chiu et al., “Folate cycle enzyme
MTHFD1L confers metabolic advantages in hepatocellular
carcinoma,” The Journal of Clinical Investigation, vol. 127,
no. 5, pp. 1856–1872, 2017.

7Oxidative Medicine and Cellular Longevity



Stem Cells 
International

Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

MEDIATORS
INFLAMMATION

of

Endocrinology
International Journal of

Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

Disease Markers

Hindawi
www.hindawi.com Volume 2018

BioMed 
Research International

Oncology
Journal of

Hindawi
www.hindawi.com Volume 2013

Hindawi
www.hindawi.com Volume 2018

Oxidative Medicine and 
Cellular Longevity

Hindawi
www.hindawi.com Volume 2018

PPAR Research

Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2013
Hindawi
www.hindawi.com

The Scientific 
World Journal

Volume 2018

Immunology Research
Hindawi
www.hindawi.com Volume 2018

Journal of

Obesity
Journal of

Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

 Computational and  
Mathematical Methods 
in Medicine

Hindawi
www.hindawi.com Volume 2018

Behavioural 
Neurology

Ophthalmology
Journal of

Hindawi
www.hindawi.com Volume 2018

Diabetes Research
Journal of

Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

Research and Treatment
AIDS

Hindawi
www.hindawi.com Volume 2018

Gastroenterology 
Research and Practice

Hindawi
www.hindawi.com Volume 2018

Parkinson’s 
Disease

Evidence-Based 
Complementary and
Alternative Medicine

Volume 2018
Hindawi
www.hindawi.com

Submit your manuscripts at
www.hindawi.com

https://www.hindawi.com/journals/sci/
https://www.hindawi.com/journals/mi/
https://www.hindawi.com/journals/ije/
https://www.hindawi.com/journals/dm/
https://www.hindawi.com/journals/bmri/
https://www.hindawi.com/journals/jo/
https://www.hindawi.com/journals/omcl/
https://www.hindawi.com/journals/ppar/
https://www.hindawi.com/journals/tswj/
https://www.hindawi.com/journals/jir/
https://www.hindawi.com/journals/jobe/
https://www.hindawi.com/journals/cmmm/
https://www.hindawi.com/journals/bn/
https://www.hindawi.com/journals/joph/
https://www.hindawi.com/journals/jdr/
https://www.hindawi.com/journals/art/
https://www.hindawi.com/journals/grp/
https://www.hindawi.com/journals/pd/
https://www.hindawi.com/journals/ecam/
https://www.hindawi.com/
https://www.hindawi.com/

