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Simple Summary: Although NRF1 (nuclear factor erythroid 2-like 1; NFE2L1) and NRF2 (nuclear
factor erythroid 2-like 2; NFE2L2) belong to the CNC (cap‘n’collar) transcription factor family and
share DNA recognition elements, their functions in vivo are substantially different. In cancer cells,
while NRF2 confers therapeutic resistance via increasing antioxidant capacity and modulating glucose
and glutamine metabolism, NRF1 confers therapeutic resistance via triggering proteasome bounce
back response. Proteasome inhibition activates NRF1, and NRF1, in turn, activates the proteasome
by inducing the transcriptional activation of proteasome subunit genes. One of the oncometabolites,
UDP-GlcNAc (uridine diphosphate N-acetylglucosamine), has been found to be a key to the NRF1-
mediated proteasome bounce back response. In this review, we introduce the roles of NRF1 in the
cancer malignancy in comparison with NRF2.

Abstract: Cancer cells exhibit unique metabolic features and take advantage of them to enhance
their survival and proliferation. While the activation of NRF2 (nuclear factor erythroid 2-like
2; NFE2L2), a CNC (cap‘n’collar) family transcription factor, is effective for the prevention and
alleviation of various diseases, NRF2 contributes to cancer malignancy by promoting aggressive
tumorigenesis and conferring therapeutic resistance. NRF2-mediated metabolic reprogramming
and increased antioxidant capacity underlie the malignant behaviors of NRF2-activated cancer
cells. Another member of the CNC family, NRF1, plays a key role in the therapeutic resistance
of cancers. Since NRF1 maintains proteasome activity by inducing proteasome subunit genes
in response to proteasome inhibitors, NRF1 protects cancer cells from proteotoxicity induced by
anticancer proteasome inhibitors. An important metabolite that activates NRF1 is UDP-GlcNAc
(uridine diphosphate N-acetylglucosamine), which is abundantly generated in many cancer cells
from glucose and glutamine via the hexosamine pathway. Thus, the metabolic signatures of cancer
cells are closely related to the oncogenic and tumor-promoting functions of CNC family members.
In this review, we provide a brief overview of NRF2-mediated cancer malignancy and elaborate on
NRF1-mediated drug resistance affected by an oncometabolite UDP-GlcNAc.
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1. Introduction

Cancer cells are subjected to various stresses, including oxidative stress and pro-
teotoxic stress, which can interfere with cell growth [1,2]. Genetic, metabolic, and epigenetic
alterations enable cancer cells to survive and proliferate in response to these stresses [1,2].
The KEAP1 (Kelch-like ECH-associated protein 1)–NRF2 (nuclear factor erythroid 2-like 2;
NFE2L2) system is a molecular mechanism for the response to oxidative stress [3]. NRF2
is a member of the cap‘n’collar (CNC)–basic region-leucine zipper (bZIP) transcription
factor family, which contains a well-conserved bZIP motif and CNC domain. NRF2 het-
erodimerizes with the small MAF (sMAF) protein, and the NRF2–sMAF heterodimer binds
to a consensus sequence called antioxidant response element (ARE; GCNNNG/CTCAC/T),
resulting in the activation of a battery of target genes and the subsequent elimination of
oxidative stress [3]. In addition to the antioxidant function, NRF2 exerts anti-inflammatory

Cancers 2021, 13, 541. https://doi.org/10.3390/cancers13030541 https://www.mdpi.com/journal/cancers

https://www.mdpi.com/journal/cancers
https://www.mdpi.com
https://orcid.org/0000-0002-0929-6456
https://orcid.org/0000-0002-7261-1033
https://doi.org/10.3390/cancers13030541
https://doi.org/10.3390/cancers13030541
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/cancers13030541
https://www.mdpi.com/journal/cancers
https://www.mdpi.com/2072-6694/13/3/541?type=check_update&version=2


Cancers 2021, 13, 541 2 of 14

function [4,5], stem cell regulation [6–8], and anti-aging function [9,10]. KEAP1 negatively
regulates NRF2 by serving as a substrate recognition subunit of CUL3 (Cullin3)-based E3
ubiquitin ligase under normal conditions [11,12]. KEAP1 also serves as an oxidative stress
sensor via its multiple redox-sensitive cysteine residues [13–17]. Reactive electrophile
species attack specific cysteine residues and provoke structural changes in the KEAP1
protein, causing a functional decline of KEAP1–CUL3 E3 ubiquitin ligase and consequent
stabilization of NRF2 [13–17]. In addition to the above-mentioned cytoprotective functions
of the KEAP1–NRF2 axis, we and other groups have reported NRF2-dependent metabolic
and epigenetic shifts in cancer cells [18–21]. Somatic mutations of the KEAP1 gene, causing
the constitutive activation of NRF2, were found among lung cancer patients and confer a
robust growth advantage and tumor-initiating ability on cancers through the promotion of
metabolic reprogramming and enhancement of cancer stemness [18–23].

NRF1 (nuclear factor erythroid 2-like 1, NFE2L1), another member of the CNC–bZIP
transcription factor family, also heterodimerizes with sMAF, binds to AREs, and activates
target genes. The NRF1–sMAF heterodimer is known to activate proteasome subunit
genes via ARE sequences in response to proteasome inhibitors, which is referred to as
the “proteasome bounce back response” [24,25]. As several cancers have and depend on
increased proteasome activity, proteasome inhibitors are considered effective therapeutics
for these cancers [26,27]. However, NRF1 antagonizes the effect of proteasome inhibitors
on cancer cell growth through the proteasome bounce back response, suggesting that
the suppression of NRF1 activity sensitizes cancer cells to these compounds. Recently,
O-GlcNAcylation of NRF1 by O-linked N-acetylglucosamine (GlcNAc) transferase (OGT)
was found to be indispensable for the nuclear accumulation of NRF1 and transcriptional
activation of NRF1 [28,29]. UDP-GlcNAc, a substrate of the O-GlcNAc reaction, is synthe-
sized from glucose and glutamine and is expected to be abundantly available in cancer cells
that consume large amounts of glucose and glutamine [30]. Indeed, cells cultured under
high-glucose conditions have increased cellular O-GlcNAcylated proteins and, as expected,
increased NRF1 protein levels [28,29]. Consistently, the suppression of O-GlcNAcylation
enhances the anticancer effect of proteasome inhibitors in xenograft experiments [28].

In this review, we first describe the distinct and redundant functions of NRF2 and
NRF1 and the molecular mechanisms critical for their functions. Then, we introduce the
NRF2 addiction of cancer cells, which confers unique features in terms of metabolism
and epigenetic regulation, and the contribution of NRF1 to cancer malignancy, which is
regulated by one of the oncometabolites, UDP-GlcNAc. In particular, we focused on the
role of NRF1 in cancer cells as a transducer of metabolic signals to induce transcription.

2. Unique and Redundant Roles of NRF2 and NRF1 in Gene Expression

NRF2 and NRF1 were originally isolated as transcription factors related to NF-E2,
and they possess highly conserved CNC domains and bZIP motifs [31,32]. Although the
DNA-binding motifs of NRF2 and NRF1 are very similar to each other, the generation of
gene-knockout mice revealed dramatic functional differences between Nrf2 and Nrf1 genes.
Nrf2-null mice exhibited no obvious developmental defects [33] but exhibited an almost
complete absence of inducible expression in response to oxidative stress [34], whereas
Nrf1-null mice appear to be embryonic lethal due to impaired fetal liver erythropoiesis [35].
Although Nrf1-null mice exhibit no developmental abnormalities until embryonic day
12.5 [36], Nrf1:Nrf2-double-knockout embryos exhibit developmental delay at E10.5, sug-
gesting the functional redundancy and compensation of NRF1 and NRF2 in early mouse
development [28]. Mouse embryonic fibroblasts (MEFs) lacking both NRF1 and NRF2
exhibit higher levels of intracellular reactive oxygen species (ROS) than single knockout
MEFs, suggesting a redundant and compensatory relationship between NRF1 and NRF2 in
the control of cellular ROS levels [36].

In addition, NRF1 has been reported to activate proteasome subunit genes via AREs
in response to proteasome inhibition [24,25]. Proteasome activity is required for the main-
tenance of normal neural function, and defects in its activity lead to neurodegenerative
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diseases [37]. Brain- or central nervous system-specific NRF1-knockout in mice show
impaired proteasome function and the accumulation of ubiquitinated proteins, resulting in
neurodegeneration [38,39]. We discuss later (Section 6) whether NRF2 is involved in the
transcriptional regulation of proteasome subunit genes.

NRF2 enhances the cancer metabolic pathway through the gene expression involving
the pentose phosphate pathway, purine nucleotide synthesis, glutaminolysis, and glu-
tathione synthesis. Green boxes exhibit NRF2-target genes with ARE sequence. Red arrows
show metabolic pathways activated by NRF2. R5P, Ribose 5-phosphate; G6P, Glucose-6-
phosphate; F6P, Fructose 6-phosphate

3. Domain Structure of NRF2 and NRF1

Six domains are defined in NRF2 and NRF1, which are designated as NRF2–ECH
homology (Neh) 1-6 domains, based on conserved amino acid sequences (Figure 1) [40].
The Neh1-6 domains are categorized into two groups according to their functions: common
domains and unique domains. Neh1 belongs to a common domain that consists of a CNC
region and bZip motif and mediates heterodimerization with sMAF proteins and DNA
binding at ARE sequences. Neh6 is another common domain that is recognized by the
β-TrCP-Cul1 E3 ubiquitin ligase complex and is categorized as second degron [41,42].
The remaining domains, Neh2, 3, 4, and 5, are regarded as unique domains. Neh2 is a
degron of NRF2 containing two motifs, which are designated DLG and ETGE, and these
interact with KEAP1 [3]. NRF1 also has completely conserved DLG and ETGE motifs
in Neh2, which is consistent with a report describing that the NRF1 protein complex
contains KEAP1 [43]. However, mutating the DLG or ETGE motifs does not change
the transcriptional activity or protein level of NRF1 [44], indicating that the functional
contribution of the Neh2 domain is different in NRF2 and NRF1. Neh3 and Neh4/5 of NRF2
serve as transcriptional activation domains [45–48]. In particular, Neh4/5 shows strong
transcriptional activity upon interacting with many transcriptional activators, including
histone acetyl transferases (p300 and CBP), ATP-dependent chromatin remodeler (BRG1),
and the Mediator complex (MED16) [45,47,48]. Neh4/5 is also reported as a region that
interacts with the glucocorticoid receptor (GR) [49,50]. GR recruits histone deacetylases
(HDACs) through the Neh4/5 domain to the promoter or enhancer of NRF2 target genes in
cells treated with both dexamethasone, a GR agonist, and diethyl maleate (DEM), an Nrf2
inducer, indicating that Neh4/5 is also essential for the repression of NRF2 activity [50].
Neh3 and Neh4/5 of NRF1 are also expected to serve as transcriptional activation domains.
However, detailed analysis remains to be completed, because the NRF1 protein complex
contains p300/CBP but not the Mediator complex [43]. In addition to Neh1-6 domains,
NRF1 has a unique N-terminal extension that binds to the endoplasmic reticulum (ER),
which endows NRF1 with responsiveness to ER stress [51].
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share two functionally conserved domains involving -TrCP-dependent proteasomal Figure 1. Structure of NFE2L2 (NRF2) and NFE2L1 (NRF1) transcription factors. NRF2 and NRF1 share two functionally

conserved domains involving -TrCP-dependent proteasomal degradation (Neh6) and DNA binding and heterodimerization
with small MAF (sMAF) (Neh1). NRF2 possesses unique domains involving transactivation (Neh4/5) and Keap1-dependent
proteasomal degradation (Neh2). NRF1 contains a unique endoplasmic reticulum (ER)-binding domain at its N-terminal
region. TAD, transactivation domain; DBD, DNA binding domain.
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4. Contributions of NRF2 and NRF1 to Cancer Malignancy

Cancer cells with the persistent activation of NRF2 rely heavily on NRF2 for prolifera-
tion, tumorigenesis, therapeutic resistance, and the maintenance of cancer stemness [18,21].
This NRF2 addiction status of cancer cells [52] is supported by potent antioxidant and
detoxifying functions and unique metabolic adaptation [19,53] (Figure 2). In addition to
a battery of cytoprotective genes, NRF2 directly activates genes encoding enzymes for
the pentose phosphate pathway and serine synthesis pathway, resulting in the altered
metabolic flux of glucose [18,20]. NRF2 also activates genes encoding a rate-limiting
enzyme for glutathione synthesis, resulting in the remarkably enhanced production of
glutathione, shifting the metabolic flux of glutamine to the glutathione synthesis pathway.
An interesting metabolic feature of NRF2 addiction status is that glutamine consumption is
accelerated because glutamate is actively used as a substrate for enhanced glutathione syn-
thesis and because glutamate is excreted via the cystine–glutamate antiporter xCT, whose
gene expression is also directly activated by NRF2. Thus, NRF2-activated cancers acquire
potent antioxidant activity that leads to therapeutic resistance at the cost of vulnerability to
glutamate restriction [19]. Additionally, epigenetic alterations are also responsible for the
emergence of NRF2 addiction status by enhancing cancer stemness [21].
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boxes exhibit NRF2-target genes with antioxidant response element (ARE) sequence. Red arrows show metabolic pathways
activated by NRF2. R5P, Ribose 5-phosphate; G6P, Glucose-6-phosphate; F6P, Fructose 6-phosphate.

Intriguingly, NRF1 does not show an apparent contribution to metabolic regula-
tion, although the consensus DNA-binding sequence of NRF1 is similar to that of NRF2.
Conversely, NRF1 activity is under metabolic regulation in cancer cells. One of the on-
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cometabolites, UDP-GlcNAc, turned out to be critical for NRF1 activation [28]. As a master
regulator of proteasome subunit genes, NRF1 is critical for the “proteasomal bounce back
response”, which confers resistance to proteasome inhibitors on cancer cells [28]. In the
following sections, we focus on NRF1 as a regulator of proteasome activity and elaborate on
the unique regulation of NRF1 activity by the oncometabolite UDP-GlcNAc for provoking
the proteasome bounce back response.

5. NRF1 and Proteasome Regulation
5.1. O-GlcNAc Reaction

O-GlcNAcylation is a post-translational modification of nuclear and cytoplasmic pro-
teins [54,55]. Enzymes catalyzing the addition and removal of the GlcNAc moiety are OGT
and O-GlcNAcase (OGA; also known as MGEA5), respectively [56,57]. The addition of
GlcNAc moieties to the hydroxyl groups of serine or threonine residues in target proteins
by OGT requires a sugar nucleotide, UDP-GlcNAc, as a substrate [58]. UDP-GlcNAc is gen-
erated via the hexosamine biosynthetic pathway (HBP), to which glucose is shunted from
the glycolytic pathway (Figure 3) [58]. In this pathway, glucosamine:fructose-6-phosphate
aminotransferase (GFAT) catalyzes the conversion of fructose-6-phosphate, an intermediate
of glycolysis, to glucosamine-6-phosphate by consuming glutamine [58]. Thus, cellular
UDP-GlcNAc levels are affected by glucose and glutamine availability. As many cancer
cells exhibit an elevated uptake of glucose and glutamine, UDP-GlcNAc production is most
likely to be activated in cancers. Indeed, a recent comprehensive metabolomics-based study
demonstrated that UDP-GlcNAc is abundant in colon cancers [59], providing justification
for considering UDP-GlcNAc as an oncometabolite.
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in cancer cells increase cellular UDP-GlcNAc levels, leading to increased O-GlcNAcylation of NRF1. O-GlcNAcylation
antagonizes the proteasomal degradation of NRF1, and stabilized NRF1 activates the transcription of proteasome subunit
genes. GFAT, Glucosamine:fructose-6-phosphate aminotransferase; OGT, O-GlcNAc transferase; G, O-GlcNAc moiety.

5.2. Role of O-GlcNAc Modification in Cancer

Protein O-GlcNAcylation is increased in many cancer cell types and is reported to
associate with cancer malignancy [60,61]. In hepatocellular carcinoma (HCC) patients,
high O-GlcNAcylation levels and low expression of OGA mRNA are associated with high
frequency of HCC recurrence [62]. Gene expression analysis of urine sediments from blad-
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der cancer (BC) patients revealed the relationship between tumor grades and OGT/OGA
expression [63]. This study showed that OGA expression was significantly decreased in
poorly differentiated BC (grade III) in comparison to grade I tumors. In contrast, OGT
expression level was significantly higher in grade II/III BC than grade I BC, suggesting that
cellular O-GlcNAcylation correlated with cancer malignancy. Other groups showed that
OGT expression is involved in prostate cancer metastasis [64]. OGT mRNA is significantly
increased in metastatic prostate cancers compared with primary cancers. Furthermore, high
OGT expression is associated with poor disease-free survival after treatment with prostate
cancer. These clinical data analysis demonstrated that increased cellular O-GlcNAcylation
plays a key role in cancer progression and malignancy.

Many oncogenic factors are O-GlcNAcylated and consequently acquire increased
activity, promoting the proliferation of cancer cells [65–73]. For instance, O-GlcNAcylation
of c-MYC at Thr58 blocks its phosphorylation, which hinders its recognition by the β-TrCP
E3 ubiquitin ligase and blocked proteasomal degradation, resulting in the stabilization
and increased expression of c-MYC target genes, including those encoding glycolytic
enzymes [69,70]. β-Catenin is another example of a target of O-GlcNAcylation [71,72].
Mutations in and the overexpression of β-catenin underlie the progression of many tumors,
including colon, liver, lung, breast, and ovarian tumors, where β-catenin serves as a
structural component for cell adhesion and a regulator of transcription. Phosphorylated
β-catenin is destabilized by β-TrCP-mediated ubiquitination and subsequent proteasomal
degradation. Similar to c-MYC, O-GlcNAcylation of β-catenin inhibits GSK-3β-dependent
phosphorylation, which is required for recognition by the β-TrCP E3 ubiquitin ligase,
resulting in the high levels of accumulated β-catenin and target gene expression, such
as E-cadherin expression [69–72]. Another example is HIF-1α, whose protein levels are
controlled by cellular O-GlcNAcylation levels without being O-GlcNAcylated itself in
breast cancers. The deficiency of OGT reduces alpha-ketoglutarate levels, which is a
metabolite essential for the degradation of HIF-1α via its hydroxylation by HIF-PHDs,
indicating that upregulated O-GlcNAcylation enhances HIF-1α activity and cell survival
in cancer cells [73]. These results suggest that OGT may be a good therapeutic target for
cancer treatment.

5.3. Molecular Mechanism for the Release of NRF1 from the Endoplasmic Reticulum

NRF1 is regulated at multiple levels, including post-translational modification and
processing (Figure 4). In contrast to NRF2, NRF1 is initially synthesized as an ER-localized
protein, and a large portion of N-glycosylated NRF1 exists in the ER lumen [51,74–76]. Un-
der normal conditions, NRF1 is degraded through ER-associated degradation (ERAD) [24].
When cells are exposed to ER stress, including treatment with proteasome inhibitors, the
C-terminus portion of NRF1 is retrotranslocated from the ER lumen to the cytoplasm by
p97/VCP, which is followed by the de-N-glycosylation of NRF1 through NGLY1 [77,78].
De-N-glycosylated NRF1 is cleaved by DDI2, and processed NRF1 is translocated into the
nucleus, where it heterodimerizes with sMAF before binding to ARE sequences to activate
target genes, including those encoding proteasome subunits [79–82].

5.4. Molecular Mechanism of NRF1 Transactivation in the Nucleus

In addition to the regulation on ER, NRF1 protein levels are controlled after process-
ing (Figure 5). In the nucleus, the human NRF1 protein is phosphorylated at Ser350 and
Ser448/451 to enable its interaction with Fbw7 and β-TrCP ubiquitin E3 ligase, respectively,
and then, it undergoes proteasomal degradation [41,83]. However, it remains unknown
how nuclear NRF1 escapes phosphorylation-dependent proteasomal degradation and
activates transcription. Comprehensive proteome analysis of the nuclear NRF1 complex
revealed a regulatory mechanism of NRF1 in the nucleus. The OGT/HCF-1 complex
was identified as an NRF1-binding partner [28,29,43]. Similar to NRF1-knockdown cells,
deficiency of the OGT/HCF-1 complex attenuates the transcriptional activation of protea-
some subunit genes induced by treatment with proteasome inhibitors [28]. In accordance
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with the reduced transcription of proteasome subunit genes, protein accumulation and
chromatin binding of NRF1 were decreased in OGT/HCF-1-knockdown cells. It is now
known that O-GlcNAcylation of NRF1 at Ser448/451 mediated by OGT/HCF-1 antago-
nizes phosphorylation and inhibits the interaction of NRF1 with β-TrCP, resulting in the
accumulation of NRF1 in the nucleus and transactivation of its target genes [28].Cancers 2021, 13, x 7 of 15 
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5.5. NRF1 Regulation by Cellular UDP-GlcNAc through O-GlcNAcylation

Since OGT is essential for the accumulation and transcriptional activation of NRF1, the
regulation of NRF1 activity is thought to be influenced by the availability of UDP-GlcNAc,
which is a substrate of OGT for O-GlcNAcylation. Indeed, NRF1 accumulation responds to
the cellular availability of UDP-GlcNAc. When cells are exposed to high glucose to increase
cellular UDP-GlcNAc levels or treated with an OGA inhibitor to increase O-GlcNAcylated
protein levels, NRF1 accumulation and cellular O-GlcNAcylation levels are increased. It is
very plausible that NRF1 activity is regulated by UDP-GlcNAc synthesis, which is often
enhanced in cancer cells [28].

5.6. The Proteasome as a Target for Cancer Therapy

The ubiquitin–proteasome system is related to many biological processes and main-
tains protein homeostasis. The proteasome is a 26S multiprotein complex that degrades
polyubiquitinated proteins and is constituted by two subcomplexes called 20S, which has
proteolytic activity, and 19S, which has regulatory activity, including deubiquitinating
activity. An impaired proteasome system contributes to various diseases, such as neurode-
generative diseases, whereas the proliferation and survival of certain cancer species are
known to be based on their elevated proteasome activity [84]. Proteasome inhibitors are
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hence considered promising drugs for the treatment of proteasome-activated cancers and
are indeed used for patients with multiple myeloma or mantle cell lymphoma but not for
those with solid tumors [84]. One of the main causes for the limited use of proteasome
inhibitors is the “proteasome bounce back response”, which is the transcriptional activation
of proteasome subunit genes in response to proteasome inhibitors. Importantly, NRF1
is a key regulator of the proteasome bounce back response. NRF1 inhibition sensitizes
cancer cells to proteasome inhibitors, suggesting that the suppression of NRF1 activity may
have a synergizing effect with proteasome inhibitors for the treatment of cancer patients
exhibiting elevated proteasome activities [25].Cancers 2021, 13, x 8 of 15 
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5.7. Combination of NRF1 Inhibitors and Proteasome Inhibitors

As expected, the suppression of NGLY1, a regulator of NRF1 activation, attenuates
NRF1 accumulation and increases cell death in cancer cells exposed to proteasome in-
hibitors [78]. Similarly, disruption of the TIP60 complex, which is required for NRF1
transcriptional activity, leads to the decreased viability of proteasome inhibitor-treated
cancer cells [85]. The effectiveness of the combination of NRF1 inhibition and proteasome
inhibition was verified in cell culture experiments. However, whether this combination
truly affects in vivo tumorigenesis remains to be tested.

5.8. Clinical Correlation between OGT and Proteasome Subunit Proteins

Recently, the suppression of OGT was demonstrated to enhance the efficacy of pro-
teasome inhibitors against solid tumors in xenograft mouse models [28]. As high OGT
activity is correlated with poor clinical outcomes in cancer patients, OGT is anticipated to
be a target molecule for cancer therapies [68]. Although no apparent inhibition of tumor
growth was observed by OGT suppression alone or proteasome inhibitor treatment alone
in a lung cancer xenograft model, the combination of these two significantly reduced tumor
growth [28].



Cancers 2021, 13, 541 9 of 14

Intriguingly, datasets deposited in The Cancer Genome Atlas (TCGA) revealed a
positive correlation between proteasome subunit expression levels and OGT levels, which
is regarded as an NRF1 activator, in breast cancer cases [28]. Thus, as a regulator of
NRF1, OGT is a promising target for use in combination with proteasome inhibitors as an
anti-cancer therapy.

5.9. Roles of Other CNC Family Transcription Factors in Cancer

NRF3 has been identified as another bZIP–CNC transcription family member [86].
Whereas NRF3 possesses an ER-binding region that is identical to that of NRF1 and is
regulated in a similar manner as NRF1, NRF3 directly upregulates a gene encoding the 20S
proteasome assembly chaperone, the proteasome maturation protein (POMP), but it does
not activate proteasome subunit genes, which is distinct from NRF1 [87–89]. Activation of
the 20S proteasome subunits by NRF3 confers growth advantages on colon cancers through
the degradation of the p53 protein [89]. As nuclear NRF3 is degraded through the β-TrCP
E3 ligase, which is released from NRF1 upon its O-GlcNAcylation, it is likely that NRF3 is
O-GlcNAcylated and stabilized in the nucleus, similar to NRF1. It remains unclear whether
and how NRF1 and NRF3 regulate proteasome activity cooperatively in cancer cells.

6. Concluding Remarks

Many cancer cells exhibit increased levels of glucose and glutamine uptake, leading to
an abundant synthesis of UDP-GlcNAc that fuels OGT-mediated O-GlcNAcylation and the
subsequent accumulation of NRF1 protein and the facilitation of the proteasome pathway
(Figure 5). On the other hand, NRF2 activates the pentose phosphate pathway, nucleotide
synthesis, and glutathione synthesis by utilizing glucose and glutamine (Figure 5). As both
proteasome subunit genes and NRF2-regulating metabolic pathway genes contain ARE
sequences, the functional differences between NRF1 and NRF2 raise the question of whether
these two CNC factors compete with each other to activate these target genes; in fact, it has
been reported that NRF1 competes with NRF2 at the ARE sequence in the Slc7a11 gene
in mouse liver [90]. This study demonstrated that one of the NRF2 target genes, Slc7a11,
was upregulated in NRF1-deficient mouse liver, which was interpreted as that NRF1 and
NRF2 represses and activates Slc7a11, respectively, in a competitive manner because NRF1
and NRF2 share the consensus DNA binding motif.

In the case of proteasome subunit gene regulation, NRF1 is regarded as a key regulator,
allowing the hyperactivation of the proteasome in several cancer species through the
transcriptional activation of proteasome subunit genes because NRF1 has been shown to
make a major contribution to the induction of proteasome subunit genes in response to
proteasome inhibitors. Supporting this interpretation, a significant correlation between
OGT, an NRF1 activator, and proteasome subunit genes was observed in clinical breast
cancer specimens [28]. In contrast, NRF2 was reported to transcriptionally activate the
expression of proteasome subunit genes in a few cancers, including colon and breast
cancer [91,92], and it was also demonstrated to be an activator of proteasome subunit genes
in cells treated with electrophiles, such as sulforaphane and 3H-1,2-dithiole-3-thione [93].
Both NRF1-sMAF and NRF2-sMAF heterodimers have been shown to bind to the ARE
sequence in the promoters of proteasome subunit genes [24,25,81,82,91–93]. According to
these reports, NRF1 and NRF2 share target genes, and both activate their transcription
but in different cellular contexts, namely, in response to distinct endogenous or exogenous
signals.

Focusing on NRF1, we consider that metabolism impacts proteostasis in cancer
cells. NRF1 transduces intracellular glucose and glutamine levels to induce proteaso-
mal activity via the O-GlcNAcylation of NRF1 consuming UDP-GlcNAc as a substrate.
The O-GlcNAcylation sites of NRF1 overlap with GSK-3β-dependent phosphorylated
serine residues required for the interaction with β-TrCP [28,41]. GSK-3β is reported to
phosphorylate not only NRF1 but also NRF2 and NRF3, leading to β-TrCP proteasomal
degradation [41,42,87]. This similarity raises the question of whether increased cellular



Cancers 2021, 13, 541 10 of 14

O-GlcNAcylation also enhances the protein levels of NRF2 and NRF3. Notably, KEAP1 is
reported to be O-GlcNAcylated, which elevates KEAP1 E3 ligase activity and promotes
the degradation of NRF2 in cells with increased cellular O-GlcNAcylation [94], suggesting
that NRF2 is not involved in the activation of proteasome subunit genes in cancer cells
with high O-GlcNAcylation activity. Thus, cellular UDP-GlcNAc and O-GlcNAcylation
levels are most likely to determine transcription factor specificity for proteasome subunit
gene regulation: NRF1 or NRF2. Interestingly, oxidative stress evokes an unfolded protein
response that activates the NRF1 pathway, and moreover, cellular O-GlcNAcylated proteins
are increased in response to many stresses, including oxidative stress [95,96]. Cross-talk
between oxidative stress and proteotoxic stress (unfolded protein stress) factors in various
nutrient states might lead to optimal response modes mediated by CNC transcription
factors for cytoprotection.

C. elegans is a well-established animal model used to study how CNC transcrip-
tion factors respond to different stresses because C. elegans possesses only a single gene,
skn-1, which encodes NRF1 and NRF2 orthologs [97]. Skn-1 regulates both proteasome
subunit genes and antioxidant/detoxification genes in response to each corresponding
stimulus, which is mainly regulated by phosphorylation signaling [98]. Notably, skn-1 is
O-GlcNAcylated [99], and the overexpression of GFAT, which is a rate-limiting enzyme of
UDP-GlcNAc synthesis, confers resistance against ER stresses in C. elegans, suggesting that
UDP-GlcNAc is a critical metabolite for protein homeostasis [100,101]. A close relationship
between metabolism and proteostasis via NRF1 O-GlcNAcylation is a highly conserved
defense mechanism among various species that is hijacked by cancer cells.

Author Contributions: Both authors were involved in the literature survey and wrote the paper.
All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by funding from JSPS [grant numbers 20K07320 (HS), 18H02621
(HM) and 18H04794 (HM)], the Naito Foundation (HM), a research grant from the Princess Takamatsu
Cancer Research Fund [grant number 15-24728 (HM)], the Uehara Memorial Foundation (HM),
AMED [grant number JP20gm5010002 (HM)] and Japan-Sweden Research Cooperative Program
between JSPS and STINT [grant number JPJSBP120195402 (HM)].

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Conflicts of Interest: The authors declare no competing financial or nonfinancial interest.

References
1. Hayes, J.D.; Dinkova-Kostova, A.T.; Tew, K.D. Oxidative Stress in Cancer. Cancer Cell 2020, 38, 167–197. [CrossRef] [PubMed]
2. Guang, M.H.Z.; Kavanagh, E.L.; Dunne, L.P.; Dowling, P.; Zhang, L.; Lindsay, S.; Bazou, D.; Goh, C.Y.; Hanley, C.; Bianchi, G.; et al.

Targeting Proteotoxic Stress in Cancer: A Review of the Role that Protein Quality Control. Pathways Play in Oncogenesis. Cancers
2019, 11, 66. [CrossRef] [PubMed]

3. Yamamoto, M.; Kensler, T.W.; Motohashi, H. The KEAP1-NRF2 System: A Thiol-Based Sensor-Effector Apparatus for Maintaining
Redox Homeostasis. Physiol. Rev. 2018, 98, 1169–1203. [CrossRef]

4. Kobayashi, E.H.; Suzuki, T.; Funayama, R.; Nagashima, T.; Hayashi, M.; Sekine, H.; Tanaka, N.; Moriguchi, T.; Motohashi, H.;
Nakayama, K.; et al. Nrf2 suppresses macrophage inflammatory response by blocking proinflammatory cytokine transcription.
Nat. Commun. 2016, 7, 11624. [CrossRef] [PubMed]

5. Suzuki, T.; Murakami, S.; Biswal, S.S.; Sakaguchi, S.; Harigae, H.; Yamamoto, M.; Motohashi, H. Systemic Activation of NRF2
Alleviates Lethal Autoimmune Inflammation in Scurfy Mice. Mol. Cell. Biol. 2017, 37. [CrossRef]

6. Murakami, S.; Suzuki, T.; Harigae, H.; Romeo, P.H.; Yamamoto, M.; Motohashi, H. NRF2 Activation Impairs Quiescence and
Bone Marrow Reconstitution Capacity of Hematopoietic Stem Cells. Mol. Cell. Biol. 2017, 37. [CrossRef]

7. Murakami, S.; Shimizu, R.; Romeo, P.H.; Yamamoto, M.; Motohashi, H. Keap1-Nrf2 system regulates cell fate determination of
hematopoietic stem cells. Genes Cells 2014, 19, 239–253. [CrossRef]

8. Murakami, S.; Yamamoto, M.; Motohashi, H. Hematopoietic stem and progenitor cell activation during chronic dermatitis
provoked by constitutively active aryl-hydrocarbon receptor driven by Keratin 14 promoter. Toxicol. Sci. 2014, 138, 47–58.
[CrossRef]

9. Oishi, T.; Matsumaru, D.; Ota, N.; Kitamura, H.; Zhang, T.; Honkura, Y.; Katori, Y.; Motohashi, H. Activation of the NRF2 pathway
in Keap1-knockdown mice attenuates progression of age-related hearing loss. NPJ Aging Mech. Dis. 2020, 6, 14. [CrossRef]

http://doi.org/10.1016/j.ccell.2020.06.001
http://www.ncbi.nlm.nih.gov/pubmed/32649885
http://doi.org/10.3390/cancers11010066
http://www.ncbi.nlm.nih.gov/pubmed/30634515
http://doi.org/10.1152/physrev.00023.2017
http://doi.org/10.1038/ncomms11624
http://www.ncbi.nlm.nih.gov/pubmed/27211851
http://doi.org/10.1128/MCB.00063-17
http://doi.org/10.1128/MCB.00086-17
http://doi.org/10.1111/gtc.12126
http://doi.org/10.1093/toxsci/kft273
http://doi.org/10.1038/s41514-020-00053-4


Cancers 2021, 13, 541 11 of 14

10. Wati, S.M.; Matsumaru, D.; Motohashi, H. NRF2 pathway activation by KEAP1 inhibition attenuates the manifestation of aging
phenotypes in salivary glands. Redox Biol. 2020, 36, 101603. [CrossRef]

11. Itoh, K.; Wakabayashi, N.; Katoh, Y.; Ishii, T.; Igarashi, K.; Engel, J.D.; Yamamoto, M. Keap1 represses nuclear activation of
antioxidant responsive elements by Nrf2 through binding to the amino-terminal Neh2 domain. Genes Dev. 1999, 13, 76–86.
[CrossRef]

12. Kobayashi, A.; Kang, M.I.; Okawa, H.; Ohtsuji, M.; Zenke, Y.; Chiba, T.; Igarashi, K.; Yamamoto, M. Oxidative stress sensor Keap1
functions as an adaptor for Cul3-based E3 ligase to regulate proteasomal degradation of Nrf2. Mol. Cell. Biol. 2004, 24, 7130–7139.
[CrossRef] [PubMed]

13. Wakabayashi, N.; Dinkova-Kostova, A.T.; Holtzclaw, W.D.; Kang, M.I.; Kobayashi, A.; Yamamoto, M.; Kensler, T.W.; Talalay, P.
Protection against electrophile and oxidant stress by induction of the phase 2 response: Fate of cysteines of the Keap1 sensor
modified by inducers. Proc. Natl. Acad. Sci. USA 2004, 101, 2040–2045. [CrossRef] [PubMed]

14. Kang, M.I.; Kobayashi, A.; Wakabayashi, N.; Kim, S.G.; Yamamoto, M. Scaffolding of Keap1 to the actin cytoskeleton controls the
function of Nrf2 as key regulator of cytoprotective phase 2 genes. Proc. Natl. Acad. Sci. USA 2004, 101, 2046–2051. [CrossRef]
[PubMed]

15. Yamamoto, T.; Suzuki, T.; Kobayashi, A.; Wakabayashi, J.; Maher, J.; Motohashi, H.; Yamamoto, M. Physiological significance of
reactive cysteine residues of Keap1 in determining Nrf2 activity. Mol. Cell. Biol. 2008, 28, 2758–2770. [CrossRef] [PubMed]

16. Saito, R.; Suzuki, T.; Hiramoto, K.; Asami, S.; Naganuma, E.; Suda, H.; Iso, T.; Yamamoto, H.; Morita, M.; Baird, L.; et al.
Characterizations of Three Major Cysteine Sensors of Keap1 in Stress Response. Mol. Cell. Biol. 2016, 36, 271–284. [CrossRef]
[PubMed]

17. Suzuki, T.; Muramatsu, A.; Saito, R.; Iso, T.; Shibata, T.; Kuwata, K.; Kawaguchi, S.I.; Iwawaki, T.; Adachi, S.; Suda, H.; et al.
Molecular Mechanism of Cellular Oxidative Stress Sensing by Keap1. Cell Rep. 2019, 28, 746–758.e744. [CrossRef]

18. Mitsuishi, Y.; Taguchi, K.; Kawatani, Y.; Shibata, T.; Nukiwa, T.; Aburatani, H.; Yamamoto, M.; Motohashi, H. Nrf2 redirects
glucose and glutamine into anabolic pathways in metabolic reprogramming. Cancer Cell 2012, 22, 66–79. [CrossRef]

19. Romero, R.; Sayin, V.I.; Davidson, S.M.; Bauer, M.R.; Singh, S.X.; Le Boeuf, S.E.; Karakousi, T.R.; Ellis, D.C.; Bhutkar, A.; Sánchez-
Rivera, F.J.; et al. Keap1 loss promotes Kras-driven lung cancer and results in dependence on glutaminolysis. Nat. Med. 2017, 23,
1362–1368. [CrossRef]

20. DeNicola, G.M.; Chen, P.H.; Mullarky, E.; Sudderth, J.A.; Hu, Z.; Wu, D.; Tang, H.; Xie, Y.; Asara, J.M.; Huffman, K.E.; et al. NRF2
regulates serine biosynthesis in non-small cell lung cancer. Nat. Genet. 2015, 47, 1475–1481. [CrossRef]

21. Okazaki, K.; Anzawa, H.; Liu, Z.; Ota, N.; Kitamura, H.; Onodera, Y.; Alam, M.M.; Matsumaru, D.; Suzuki, T.; Katsuoka, F.; et al.
Enhancer remodeling promotes tumor-initiating activity in NRF2-activated non-small cell lung cancers. Nat. Commun. 2020, 11,
5911. [CrossRef] [PubMed]

22. Ohta, T.; Iijima, K.; Miyamoto, M.; Nakahara, I.; Tanaka, H.; Ohtsuji, M.; Suzuki, T.; Kobayashi, A.; Yokota, J.; Sakiyama, T.; et al.
Loss of Keap1 function activates Nrf2 and provides advantages for lung cancer cell growth. Cancer Res. 2008, 68, 1303–1309.
[CrossRef] [PubMed]

23. Shibata, T.; Ohta, T.; Tong, K.I.; Kokubu, A.; Odogawa, R.; Tsuta, K.; Asamura, H.; Yamamoto, M.; Hirohashi, S. Cancer related
mutations in NRF2 impair its recognition by Keap1-Cul3 E3 ligase and promote malignancy. Proc. Natl. Acad. Sci. USA 2008, 105,
13568–13573. [CrossRef] [PubMed]

24. Steffen, J.; Seeger, M.; Koch, A.; Krüger, E. Proteasomal degradation is transcriptionally controlled by TCF11 via an ERAD-
dependent feedback loop. Mol. Cell 2010, 40, 147–158. [CrossRef] [PubMed]

25. Radhakrishnan, S.K.; Lee, C.S.; Young, P.; Beskow, A.; Chan, J.Y.; Deshaies, R.J. Transcription factor Nrf1 mediates the proteasome
recovery pathway after proteasome inhibition in mammalian cells. Mol. Cell 2010, 38, 17–28. [CrossRef] [PubMed]

26. Petrocca, F.; Altschuler, G.; Tan, S.M.; Mendillo, M.L.; Yan, H.; Jerry, D.J.; Kung, A.L.; Hide, W.; Ince, T.A.; Lieberman, J. A
genome-wide siRNA screen identifies proteasome addiction as a vulnerability of basal-like triple-negative breast cancer cells.
Cancer Cell 2013, 24, 182–196. [CrossRef]

27. Frankland-Searby, S.; Bhaumik, S.R. The 26S proteasome complex: An attractive target for cancer therapy. Biochim. Biophys. Acta
2012, 1825, 64–76. [CrossRef]

28. Sekine, H.; Okazaki, K.; Kato, K.; Alam, M.M.; Shima, H.; Katsuoka, F.; Tsujita, T.; Suzuki, N.; Kobayashi, A.; Igarashi, K.; et al.
O-GlcNAcylation Signal Mediates Proteasome Inhibitor Resistance in Cancer Cells by Stabilizing NRF1. Mol. Cell. Biol. 2018, 38.
[CrossRef]

29. Han, J.W.; Valdez, J.L.; Ho, D.V.; Lee, C.S.; Kim, H.M.; Wang, X.; Huang, L.; Chan, J.Y. Nuclear Factor-Erythroid-2 Related
Transcription Factor-1 (Nrf1) is Regulated by O-GlcNAc Transferase. Free. Radic. Biol. Med. 2017, 110, 196–205. [CrossRef]

30. Ferrer, C.M.; Sodi, V.L.; Reginato, M.J. O-GlcNAcylation in Cancer Biology: Linking Metabolism and Signaling. J. Mol. Biol. 2016,
428, 3282–3294. [CrossRef]

31. Moi, P.; Chan, K.; Asunis, I.; Cao, A.; Kan, Y.W. Isolation of NF-E2-related factor 2 (Nrf2), a NF-E2-like basic leucine zipper
transcriptional activator that binds to the tandem NF-E2/AP1 repeat of the beta-globin locus control region. Proc. Natl. Acad. Sci.
USA 1994, 91, 9926–9930. [CrossRef] [PubMed]

32. Chan, J.Y.; Han, X.L.; Kan, Y.W. Cloning of Nrf1, an NF-E2-related transcription factor, by genetic selection in yeast. Proc. Natl.
Acad. Sci. USA 1993, 90, 11371–11375. [CrossRef] [PubMed]

http://doi.org/10.1016/j.redox.2020.101603
http://doi.org/10.1101/gad.13.1.76
http://doi.org/10.1128/MCB.24.16.7130-7139.2004
http://www.ncbi.nlm.nih.gov/pubmed/15282312
http://doi.org/10.1073/pnas.0307301101
http://www.ncbi.nlm.nih.gov/pubmed/14764894
http://doi.org/10.1073/pnas.0308347100
http://www.ncbi.nlm.nih.gov/pubmed/14764898
http://doi.org/10.1128/MCB.01704-07
http://www.ncbi.nlm.nih.gov/pubmed/18268004
http://doi.org/10.1128/MCB.00868-15
http://www.ncbi.nlm.nih.gov/pubmed/26527616
http://doi.org/10.1016/j.celrep.2019.06.047
http://doi.org/10.1016/j.ccr.2012.05.016
http://doi.org/10.1038/nm.4407
http://doi.org/10.1038/ng.3421
http://doi.org/10.1038/s41467-020-19593-0
http://www.ncbi.nlm.nih.gov/pubmed/33219226
http://doi.org/10.1158/0008-5472.CAN-07-5003
http://www.ncbi.nlm.nih.gov/pubmed/18316592
http://doi.org/10.1073/pnas.0806268105
http://www.ncbi.nlm.nih.gov/pubmed/18757741
http://doi.org/10.1016/j.molcel.2010.09.012
http://www.ncbi.nlm.nih.gov/pubmed/20932482
http://doi.org/10.1016/j.molcel.2010.02.029
http://www.ncbi.nlm.nih.gov/pubmed/20385086
http://doi.org/10.1016/j.ccr.2013.07.008
http://doi.org/10.1016/j.bbcan.2011.10.003
http://doi.org/10.1128/MCB.00252-18
http://doi.org/10.1016/j.freeradbiomed.2017.06.008
http://doi.org/10.1016/j.jmb.2016.05.028
http://doi.org/10.1073/pnas.91.21.9926
http://www.ncbi.nlm.nih.gov/pubmed/7937919
http://doi.org/10.1073/pnas.90.23.11371
http://www.ncbi.nlm.nih.gov/pubmed/8248256


Cancers 2021, 13, 541 12 of 14

33. Chan, K.; Lu, R.; Chang, J.C.; Kan, Y.W. NRF2, a member of the NFE2 family of transcription factors, is not essential for murine
erythropoiesis, growth, and development. Proc. Natl. Acad. Sci. USA 1996, 93, 13943–13948. [CrossRef] [PubMed]

34. Itoh, K.; Chiba, T.; Takahashi, S.; Ishii, T.; Igarashi, K.; Katoh, Y.; Oyake, T.; Hayashi, N.; Satoh, K.; Hatayama, I.; et al. An
Nrf2/small Maf heterodimer mediates the induction of phase II detoxifying enzyme genes through antioxidant response elements.
Biochem. Biophys. Res. Commun. 1997, 236, 313–322. [CrossRef] [PubMed]

35. Chan, J.Y.; Kwong, M.; Lu, R.; Chang, J.; Wang, B.; Yen, T.S.; Kan, Y.W. Targeted disruption of the ubiquitous CNC-bZIP
transcription factor, Nrf-1, results in anemia and embryonic lethality in mice. EMBO J. 1998, 17, 1779–1787. [CrossRef] [PubMed]

36. Leung, L.; Kwong, M.; Hou, S.; Lee, C.; Chan, J.Y. Deficiency of the Nrf1 and Nrf2 transcription factors results in early embryonic
lethality and severe oxidative stress. J. Biol. Chem. 2003, 278, 48021–48029. [CrossRef]

37. Schmidt, M.; Finley, D. Regulation of proteasome activity in health and disease. Biochim. Biophys. Acta 2014, 1843, 13–25.
[CrossRef]

38. Kobayashi, A.; Tsukide, T.; Miyasaka, T.; Morita, T.; Mizoroki, T.; Saito, Y.; Ihara, Y.; Takashima, A.; Noguchi, N.; Fukamizu,
A.; et al. Central nervous system-specific deletion of transcription factor Nrf1 causes progressive motor neuronal dysfunction.
Genes Cells 2011, 16, 692–703. [CrossRef]

39. Lee, C.S.; Lee, C.; Hu, T.; Nguyen, J.M.; Zhang, J.; Martin, M.V.; Vawter, M.P.; Huang, E.J.; Chan, J.Y. Loss of nuclear factor
E2-related factor 1 in the brain leads to dysregulation of proteasome gene expression and neurodegeneration. Proc. Natl. Acad.
Sci. USA 2011, 108, 8408–8413. [CrossRef]

40. Fuse, Y.; Kobayashi, M. Conservation of the Keap1-Nrf2 System: An Evolutionary Journey through Stressful Space and Time.
Molecules 2017, 22, 436. [CrossRef]

41. Tsuchiya, Y.; Morita, T.; Kim, M.; Iemura, S.; Natsume, T.; Yamamoto, M.; Kobayashi, A. Dual regulation of the transcriptional
activity of Nrf1 by β-TrCP- and Hrd1-dependent degradation mechanisms. Mol. Cell. Biol. 2011, 31, 4500–4512. [CrossRef]
[PubMed]

42. Chowdhry, S.; Zhang, Y.; McMahon, M.; Sutherland, C.; Cuadrado, A.; Hayes, J.D. Nrf2 is controlled by two distinct β-TrCP
recognition motifs in its Neh6 domain, one of which can be modulated by GSK-3 activity. Oncogene 2013, 32, 3765–3781. [CrossRef]
[PubMed]

43. Tsuchiya, Y.; Taniguchi, H.; Ito, Y.; Morita, T.; Karim, M.R.; Ohtake, N.; Fukagai, K.; Ito, T.; Okamuro, S.; Iemura, S.; et al. The
casein kinase 2-nrf1 axis controls the clearance of ubiquitinated proteins by regulating proteasome gene expression. Mol. Cell.
Biol. 2013, 33, 3461–3472. [CrossRef] [PubMed]

44. Zhang, Y.; Crouch, D.H.; Yamamoto, M.; Hayes, J.D. Negative regulation of the Nrf1 transcription factor by its N-terminal domain
is independent of Keap1: Nrf1, but not Nrf2, is targeted to the endoplasmic reticulum. Biochem. J. 2006, 399, 373–385. [CrossRef]

45. Katoh, Y.; Itoh, K.; Yoshida, E.; Miyagishi, M.; Fukamizu, A.; Yamamoto, M. Two domains of Nrf2 cooperatively bind CBP, a
CREB binding protein, and synergistically activate transcription. Genes Cells 2001, 6, 857–868. [CrossRef]

46. Nioi, P.; Nguyen, T.; Sherratt, P.J.; Pickett, C.B. The carboxy-terminal Neh3 domain of Nrf2 is required for transcriptional
activation. Mol. Cell. Biol. 2005, 25, 10895–10906. [CrossRef]

47. Zhang, J.; Hosoya, T.; Maruyama, A.; Nishikawa, K.; Maher, J.M.; Ohta, T.; Motohashi, H.; Fukamizu, A.; Shibahara, S.; Itoh,
K.; et al. Nrf2 Neh5 domain is differentially utilized in the transactivation of cytoprotective genes. Biochem. J. 2007, 404, 459–466.
[CrossRef]

48. Sekine, H.; Okazaki, K.; Ota, N.; Shima, H.; Katoh, Y.; Suzuki, N.; Igarashi, K.; Ito, M.; Motohashi, H.; Yamamoto, M. The Mediator
Subunit MED16 Transduces NRF2-Activating Signals into Antioxidant Gene Expression. Mol. Cell. Biol. 2016, 36, 407–420.
[CrossRef]

49. Ki, S.H.; Cho, I.J.; Choi, D.W.; Kim, S.G. Glucocorticoid receptor (GR)-associated SMRT binding to C/EBPbeta TAD and Nrf2
Neh4/5: Role of SMRT recruited to GR in GSTA2 gene repression. Mol. Cell. Biol. 2005, 25, 4150–4165. [CrossRef]

50. Alam, M.M.; Okazaki, K.; Nguyen, L.T.T.; Ota, N.; Kitamura, H.; Murakami, S.; Shima, H.; Igarashi, K.; Sekine, H.; Motohashi,
H. Glucocorticoid receptor signaling represses the antioxidant response by inhibiting histone acetylation mediated by the
transcriptional activator NRF2. J. Biol. Chem. 2017, 292, 7519–7530. [CrossRef]

51. Zhang, Y.; Lucocq, J.M.; Yamamoto, M.; Hayes, J.D. The NHB1 (N-terminal homology box 1) sequence in transcription factor
Nrf1 is required to anchor it to the endoplasmic reticulum and also to enable its asparagine-glycosylation. Biochem. J. 2007, 408,
161–172. [CrossRef] [PubMed]

52. Kitamura, H.; Motohashi, H. NRF2 addiction in cancer cells. Cancer Sci. 2018, 109, 900–911. [CrossRef] [PubMed]
53. Okazaki, K.; Papagiannakopoulos, T.; Motohashi, H. Metabolic features of cancer cells in NRF2 addiction status. Biophys. Rev.

2020, 12, 435–441. [CrossRef] [PubMed]
54. Haltiwanger, R.S.; Blomberg, M.A.; Hart, G.W. Glycosylation of nuclear and cytoplasmic proteins. Purification and characteriza-

tion of a uridine diphospho-N-acetylglucosamine:polypeptide beta-N-acetylglucosaminyltransferase. J. Biol. Chem. 1992, 267,
9005–9013. [CrossRef]

55. Dong, D.L.; Hart, G.W. Purification and characterization of an O-GlcNAc selective N-acetyl-beta-D-glucosaminidase from rat
spleen cytosol. J. Biol. Chem. 1994, 269, 19321–19330. [CrossRef]

56. Kreppel, L.K.; Blomberg, M.A.; Hart, G.W. Dynamic glycosylation of nuclear and cytosolic proteins. Cloning and characterization
of a unique O-GlcNAc transferase with multiple tetratricopeptide repeats. J. Biol. Chem. 1997, 272, 9308–9315. [CrossRef]

http://doi.org/10.1073/pnas.93.24.13943
http://www.ncbi.nlm.nih.gov/pubmed/8943040
http://doi.org/10.1006/bbrc.1997.6943
http://www.ncbi.nlm.nih.gov/pubmed/9240432
http://doi.org/10.1093/emboj/17.6.1779
http://www.ncbi.nlm.nih.gov/pubmed/9501099
http://doi.org/10.1074/jbc.M308439200
http://doi.org/10.1016/j.bbamcr.2013.08.012
http://doi.org/10.1111/j.1365-2443.2011.01522.x
http://doi.org/10.1073/pnas.1019209108
http://doi.org/10.3390/molecules22030436
http://doi.org/10.1128/MCB.05663-11
http://www.ncbi.nlm.nih.gov/pubmed/21911472
http://doi.org/10.1038/onc.2012.388
http://www.ncbi.nlm.nih.gov/pubmed/22964642
http://doi.org/10.1128/MCB.01271-12
http://www.ncbi.nlm.nih.gov/pubmed/23816881
http://doi.org/10.1042/BJ20060725
http://doi.org/10.1046/j.1365-2443.2001.00469.x
http://doi.org/10.1128/MCB.25.24.10895-10906.2005
http://doi.org/10.1042/BJ20061611
http://doi.org/10.1128/MCB.00785-15
http://doi.org/10.1128/MCB.25.10.4150-4165.2005
http://doi.org/10.1074/jbc.M116.773960
http://doi.org/10.1042/BJ20070761
http://www.ncbi.nlm.nih.gov/pubmed/17705787
http://doi.org/10.1111/cas.13537
http://www.ncbi.nlm.nih.gov/pubmed/29450944
http://doi.org/10.1007/s12551-020-00659-8
http://www.ncbi.nlm.nih.gov/pubmed/32112372
http://doi.org/10.1016/S0021-9258(19)50380-5
http://doi.org/10.1016/S0021-9258(17)32170-1
http://doi.org/10.1074/jbc.272.14.9308


Cancers 2021, 13, 541 13 of 14

57. Gao, Y.; Wells, L.; Comer, F.I.; Parker, G.J.; Hart, G.W. Dynamic O-glycosylation of nuclear and cytosolic proteins: Cloning and
characterization of a neutral, cytosolic beta-N-acetylglucosaminidase from human brain. J. Biol. Chem. 2001, 276, 9838–9845.
[CrossRef]

58. Bond, M.R.; Hanover, J.A. A little sugar goes a long way: The cell biology of O-GlcNAc. J. Cell Biol. 2015, 208, 869–880. [CrossRef]
59. Satoh, K.; Yachida, S.; Sugimoto, M.; Oshima, M.; Nakagawa, T.; Akamoto, S.; Tabata, S.; Saitoh, K.; Kato, K.; Sato, S.; et al. Global

metabolic reprogramming of colorectal cancer occurs at adenoma stage and is induced by MYC. Proc. Natl. Acad. Sci. USA 2017,
114, E7697–E7706. [CrossRef]

60. Gu, Y.; Mi, W.; Ge, Y.; Liu, H.; Fan, Q.; Han, C.; Yang, J.; Han, F.; Lu, X.; Yu, W. GlcNAcylation plays an essential role in breast
cancer metastasis. Cancer Res. 2010, 70, 6344–6351. [CrossRef]

61. Mi, W.; Gu, Y.; Han, C.; Liu, H.; Fan, Q.; Zhang, X.; Cong, Q.; Yu, W. O-GlcNAcylation is a novel regulator of lung and colon
cancer malignancy. Biochim. Biophys. Acta 2011, 1812, 514–519. [CrossRef] [PubMed]

62. Zhu, Q.; Zhou, L.; Yang, Z.; Lai, M.; Xie, H.; Wu, L.; Xing, C.; Zhang, F.; Zheng, S. O-GlcNAcylation plays a role in tumor
recurrence of hepatocellular carcinoma following liver transplantation. Med. Oncol. 2012, 29, 985–993. [CrossRef] [PubMed]

63. Rozanski, W.; Krzeslak, A.; Forma, E.; Brys, M.; Blewniewski, M.; Wozniak, P.; Lipinski, M. Prediction of bladder cancer based on
urinary content of MGEA5 and OGT mRNA level. Clin. Lab. 2012, 58, 579–583. [PubMed]

64. Lynch, T.P.; Ferrer, C.M.; Jackson, S.R.; Shahriari, K.S.; Vosseller, K.; Reginato, M.J. Critical role of O-Linked β-N-acetylglucosamine
transferase in prostate cancer invasion, angiogenesis, and metastasis. J. Biol. Chem. 2012, 287, 11070–11081. [CrossRef] [PubMed]

65. Makwana, V.; Ryan, P.; Patel, B.; Dukie, S.A.; Rudrawar, S. Essential role of O-GlcNAcylation in stabilization of oncogenic factors.
Biochim. Biophys. Acta Gen. Subj. 2019, 1863, 1302–1317. [CrossRef]

66. Fardini, Y.; Dehennaut, V.; Lefebvre, T.; Issad, T. O-GlcNAcylation: A New Cancer Hallmark? Front. Endocrinol. (Lausanne) 2013,
4, 99. [CrossRef]

67. Caldwell, S.A.; Jackson, S.R.; Shahriari, K.S.; Lynch, T.P.; Sethi, G.; Walker, S.; Vosseller, K.; Reginato, M.J. Nutrient sensor
O-GlcNAc transferase regulates breast cancer tumorigenesis through targeting of the oncogenic transcription factor FoxM1.
Oncogene 2010, 29, 2831–2842. [CrossRef]

68. Kamigaito, T.; Okaneya, T.; Kawakubo, M.; Shimojo, H.; Nishizawa, O.; Nakayama, J. Overexpression of O-GlcNAc by prostate
cancer cells is significantly associated with poor prognosis of patients. Prostate Cancer Prostatic Dis. 2014, 17, 18–22. [CrossRef]

69. Chou, T.Y.; Hart, G.W.; Dang, C.V. c-Myc is glycosylated at threonine 58, a known phosphorylation site and a mutational hot spot
in lymphomas. J. Biol. Chem. 1995, 270, 18961–18965. [CrossRef]

70. Kamemura, K.; Hayes, B.K.; Comer, F.I.; Hart, G.W. Dynamic interplay between O-glycosylation and O-phosphorylation of
nucleocytoplasmic proteins: Alternative glycosylation/phosphorylation of THR-58, a known mutational hot spot of c-Myc in
lymphomas, is regulated by mitogens. J. Biol. Chem. 2002, 277, 19229–19235. [CrossRef]

71. Van Stichelen, S.O.; Dehennaut, V.; Buzy, A.; Zachayus, J.L.; Guinez, C.; Mir, A.M.; El Yazidi-Belkoura, I.; Copin, M.C.; Boureme,
D.; Loyaux, D.; et al. O-GlcNAcylation stabilizes β-catenin through direct competition with phosphorylation at threonine 41.
FASEB J. 2014, 28, 3325–3338. [CrossRef] [PubMed]

72. Harosh-Davidovich, S.B.; Khalaila, I. O-GlcNAcylation affects β-catenin and E-cadherin expression, cell motility and tumori-
genicity of colorectal cancer. Exp. Cell Res. 2018, 364, 42–49. [CrossRef] [PubMed]

73. Ferrer, C.M.; Lynch, T.P.; Sodi, V.L.; Falcone, J.N.; Schwab, L.P.; Peacock, D.L.; Vocadlo, D.J.; Seagroves, T.N.; Reginato, M.J.
O-GlcNAcylation regulates cancer metabolism and survival stress signaling via regulation of the HIF-1 pathway. Mol. Cell 2014,
54, 820–831. [CrossRef] [PubMed]

74. Zhang, Y.; Hayes, J.D. Identification of topological determinants in the N-terminal domain of transcription factor Nrf1 that control
its orientation in the endoplasmic reticulum membrane. Biochem. J. 2010, 430, 497–510. [CrossRef] [PubMed]

75. Zhang, Y.; Hayes, J.D. The membrane-topogenic vectorial behaviour of Nrf1 controls its post-translational modification and
transactivation activity. Sci. Rep. 2013, 3, 2006. [CrossRef] [PubMed]

76. Zhang, Y.; Li, S.; Xiang, Y.; Qiu, L.; Zhao, H.; Hayes, J.D. The selective post-translational processing of transcription factor Nrf1
yields distinct isoforms that dictate its ability to differentially regulate gene expression. Sci. Rep. 2015, 5, 12983. [CrossRef]

77. Radhakrishnan, S.K.; den Besten, W.; Deshaies, R.J. p97-dependent retrotranslocation and proteolytic processing govern formation
of active Nrf1 upon proteasome inhibition. eLife 2014, 3, e01856. [CrossRef]

78. Tomlin, F.M.; Gerling-Driessen, U.I.M.; Liu, Y.C.; Flynn, R.A.; Vangala, J.R.; Lentz, C.S.; Clauder-Muenster, S.; Jakob, P.; Mueller,
W.F.; Ordoñez-Rueda, D.; et al. Inhibition of NGLY1 Inactivates the Transcription Factor Nrf1 and Potentiates Proteasome
Inhibitor Cytotoxicity. ACS Cent. Sci. 2017, 3, 1143–1155. [CrossRef]

79. Koizumi, S.; Irie, T.; Hirayama, S.; Sakurai, Y.; Yashiroda, H.; Naguro, I.; Ichijo, H.; Hamazaki, J.; Murata, S. The aspartyl protease
DDI2 activates Nrf1 to compensate for proteasome dysfunction. eLife 2016, 5. [CrossRef]

80. Lehrbach, N.J.; Ruvkun, G. Proteasome dysfunction triggers activation of SKN-1A/Nrf1 by the aspartic protease DDI-1. eLife
2016, 5. [CrossRef]

81. Hirotsu, Y.; Hataya, N.; Katsuoka, F.; Yamamoto, M. NF-E2-related factor 1 (Nrf1) serves as a novel regulator of hepatic lipid
metabolism through regulation of the Lipin1 and PGC-1β genes. Mol. Cell. Biol. 2012, 32, 2760–2770. [CrossRef] [PubMed]

82. Baird, L.; Tsujita, T.; Kobayashi, E.H.; Funayama, R.; Nagashima, T.; Nakayama, K.; Yamamoto, M. A Homeostatic Shift Facilitates
Endoplasmic Reticulum Proteostasis through Transcriptional Integration of Proteostatic Stress Response Pathways. Mol. Cell.
Biol. 2017, 37. [CrossRef] [PubMed]

http://doi.org/10.1074/jbc.M010420200
http://doi.org/10.1083/jcb.201501101
http://doi.org/10.1073/pnas.1710366114
http://doi.org/10.1158/0008-5472.CAN-09-1887
http://doi.org/10.1016/j.bbadis.2011.01.009
http://www.ncbi.nlm.nih.gov/pubmed/21255644
http://doi.org/10.1007/s12032-011-9912-1
http://www.ncbi.nlm.nih.gov/pubmed/21461968
http://www.ncbi.nlm.nih.gov/pubmed/22783592
http://doi.org/10.1074/jbc.M111.302547
http://www.ncbi.nlm.nih.gov/pubmed/22275356
http://doi.org/10.1016/j.bbagen.2019.04.002
http://doi.org/10.3389/fendo.2013.00099
http://doi.org/10.1038/onc.2010.41
http://doi.org/10.1038/pcan.2013.56
http://doi.org/10.1074/jbc.270.32.18961
http://doi.org/10.1074/jbc.M201729200
http://doi.org/10.1096/fj.13-243535
http://www.ncbi.nlm.nih.gov/pubmed/24744147
http://doi.org/10.1016/j.yexcr.2018.01.024
http://www.ncbi.nlm.nih.gov/pubmed/29391154
http://doi.org/10.1016/j.molcel.2014.04.026
http://www.ncbi.nlm.nih.gov/pubmed/24857547
http://doi.org/10.1042/BJ20100471
http://www.ncbi.nlm.nih.gov/pubmed/20629635
http://doi.org/10.1038/srep02006
http://www.ncbi.nlm.nih.gov/pubmed/23774320
http://doi.org/10.1038/srep12983
http://doi.org/10.7554/eLife.01856
http://doi.org/10.1021/acscentsci.7b00224
http://doi.org/10.7554/eLife.18357
http://doi.org/10.7554/eLife.17721
http://doi.org/10.1128/MCB.06706-11
http://www.ncbi.nlm.nih.gov/pubmed/22586274
http://doi.org/10.1128/MCB.00439-16
http://www.ncbi.nlm.nih.gov/pubmed/27920251


Cancers 2021, 13, 541 14 of 14

83. Biswas, M.; Phan, D.; Watanabe, M.; Chan, J.Y. The Fbw7 tumor suppressor regulates nuclear factor E2-related factor 1 transcription
factor turnover through proteasome-mediated proteolysis. J. Biol. Chem. 2011, 286, 39282–39289. [CrossRef] [PubMed]

84. Manasanch, E.E.; Orlowski, R.Z. Proteasome inhibitors in cancer therapy. Nat. Rev. Clin. Oncol. 2017, 14, 417–433. [CrossRef]
85. Vangala, J.R.; Radhakrishnan, S.K. Nrf1-mediated transcriptional regulation of the proteasome requires a functional TIP60

complex. J. Biol. Chem. 2019, 294, 2036–2045. [CrossRef]
86. Kobayashi, A.; Ito, E.; Toki, T.; Kogame, K.; Takahashi, S.; Igarashi, K.; Hayashi, N.; Yamamoto, M. Molecular cloning and

functional characterization of a new Cap‘n’ collar family transcription factor Nrf3. J. Biol. Chem. 1999, 274, 6443–6452. [CrossRef]
87. Zhang, Y.; Kobayashi, A.; Yamamoto, M.; Hayes, J.D. The Nrf3 transcription factor is a membrane-bound glycoprotein targeted to

the endoplasmic reticulum through its N-terminal homology box 1 sequence. J. Biol. Chem. 2009, 284, 3195–3210. [CrossRef]
88. Chowdhury, A.M.M.A.; Katoh, H.; Hatanaka, A.; Iwanari, H.; Nakamura, N.; Hamakubo, T.; Natsume, T.; Waku, T.; Kobayashi,

A. Multiple regulatory mechanisms of the biological function of NRF3 (NFE2L3) control cancer cell proliferation. Sci. Rep. 2017, 7,
12494. [CrossRef]

89. Waku, T.; Nakamura, N.; Koji, M.; Watanabe, H.; Katoh, H.; Tatsumi, C.; Tamura, N.; Hatanaka, A.; Hirose, S.; Katayama, H.; et al.
NRF3-POMP-20S Proteasome Assembly Axis Promotes Cancer Development via Ubiquitin-Independent Proteolysis of p53 and
Retinoblastoma Protein. Mol. Cell. Biol. 2020, 40. [CrossRef]

90. Tsujita, T.; Peirce, V.; Baird, L.; Matsuyama, Y.; Takaku, M.; Walsh, S.V.; Griffin, J.L.; Uruno, A.; Yamamoto, M.; Hayes, J.D.
Transcription factor Nrf1 negatively regulates the cystine/glutamate transporter and lipid-metabolizing enzymes. Mol. Cell. Biol.
2014, 34, 3800–3816. [CrossRef]

91. Arlt, A.; Bauer, I.; Schafmayer, C.; Tepel, J.; Müerköster, S.S.; Brosch, M.; Röder, C.; Kalthoff, H.; Hampe, J.; Moyer, M.P.; et al.
Increased proteasome subunit protein expression and proteasome activity in colon cancer relate to an enhanced activation of
nuclear factor E2-related factor 2 (Nrf2). Oncogene 2009, 28, 3983–3996. [CrossRef] [PubMed]

92. Walerych, D.; Lisek, K.; Sommaggio, R.; Piazza, S.; Ciani, Y.; Dalla, E.; Rajkowska, K.; Gaweda-Walerych, K.; Ingallina, E.; Tonelli,
C.; et al. Proteasome machinery is instrumental in a common gain-of-function program of the p53 missense mutants in cancer.
Nat. Cell Biol. 2016, 18, 897–909. [CrossRef] [PubMed]

93. Kwak, M.K.; Wakabayashi, N.; Greenlaw, J.L.; Yamamoto, M.; Kensler, T.W. Antioxidants enhance mammalian proteasome
expression through the Keap1-Nrf2 signaling pathway. Mol. Cell. Biol. 2003, 23, 8786–8794. [CrossRef] [PubMed]

94. Chen, P.H.; Smith, T.J.; Wu, J.; Siesser, P.F.; Bisnett, B.J.; Khan, F.; Hogue, M.; Soderblom, E.; Tang, F.; Marks, J.R.; et al.
Glycosylation of KEAP1 links nutrient sensing to redox stress signaling. EMBO J. 2017, 36, 2233–2250. [CrossRef]

95. Malhotra, J.D.; Kaufman, R.J. Endoplasmic reticulum stress and oxidative stress: A vicious cycle or a double-edged sword?
Antioxid. Redox. Signal 2007, 9, 2277–2293. [CrossRef]

96. Zachara, N.E.; O’Donnell, N.; Cheung, W.D.; Mercer, J.J.; Marth, J.D.; Hart, G.W. Dynamic O-GlcNAc modification of nucle-
ocytoplasmic proteins in response to stress. A survival response of mammalian cells. J. Biol. Chem. 2004, 279, 30133–30142.
[CrossRef]

97. An, J.H.; Blackwell, T.K. SKN-1 links C. elegans mesendodermal specification to a conserved oxidative stress response. Genes Dev.
2003, 17, 1882–1893. [CrossRef]

98. Blackwell, T.K.; Steinbaugh, M.J.; Hourihan, J.M.; Ewald, C.Y.; Isik, M. SKN-1/Nrf, stress responses, and aging in Caenorhabditis
elegans. Free. Radic. Biol. Med. 2015, 88, 290–301. [CrossRef]

99. Li, H.; Liu, X.; Wang, D.; Su, L.; Zhao, T.; Li, Z.; Lin, C.; Zhang, Y.; Huang, B.; Lu, J.; et al. O-GlcNAcylation of SKN-1 modulates
the lifespan and oxidative stress resistance in Caenorhabditis elegans. Sci. Rep. 2017, 7, 43601. [CrossRef]

100. Denzel, M.S.; Storm, N.J.; Gutschmidt, A.; Baddi, R.; Hinze, Y.; Jarosch, E.; Sommer, T.; Hoppe, T.; Antebi, A. Hexosamine
pathway metabolites enhance protein quality control and prolong life. Cell 2014, 156, 1167–1178. [CrossRef]

101. Wang, Z.V.; Deng, Y.; Gao, N.; Pedrozo, Z.; Li, D.L.; Morales, C.R.; Criollo, A.; Luo, X.; Tan, W.; Jiang, N.; et al. Spliced
X-box binding protein 1 couples the unfolded protein response to hexosamine biosynthetic pathway. Cell 2014, 156, 1179–1192.
[CrossRef] [PubMed]

http://doi.org/10.1074/jbc.M111.253807
http://www.ncbi.nlm.nih.gov/pubmed/21953459
http://doi.org/10.1038/nrclinonc.2016.206
http://doi.org/10.1074/jbc.RA118.006290
http://doi.org/10.1074/jbc.274.10.6443
http://doi.org/10.1074/jbc.M805337200
http://doi.org/10.1038/s41598-017-12675-y
http://doi.org/10.1128/MCB.00597-19
http://doi.org/10.1128/MCB.00110-14
http://doi.org/10.1038/onc.2009.264
http://www.ncbi.nlm.nih.gov/pubmed/19734940
http://doi.org/10.1038/ncb3380
http://www.ncbi.nlm.nih.gov/pubmed/27347849
http://doi.org/10.1128/MCB.23.23.8786-8794.2003
http://www.ncbi.nlm.nih.gov/pubmed/14612418
http://doi.org/10.15252/embj.201696113
http://doi.org/10.1089/ars.2007.1782
http://doi.org/10.1074/jbc.M403773200
http://doi.org/10.1101/gad.1107803
http://doi.org/10.1016/j.freeradbiomed.2015.06.008
http://doi.org/10.1038/srep43601
http://doi.org/10.1016/j.cell.2014.01.061
http://doi.org/10.1016/j.cell.2014.01.014
http://www.ncbi.nlm.nih.gov/pubmed/24630721

	Introduction 
	Unique and Redundant Roles of NRF2 and NRF1 in Gene Expression 
	Domain Structure of NRF2 and NRF1 
	Contributions of NRF2 and NRF1 to Cancer Malignancy 
	NRF1 and Proteasome Regulation 
	O-GlcNAc Reaction 
	Role of O-GlcNAc Modification in Cancer 
	Molecular Mechanism for the Release of NRF1 from the Endoplasmic Reticulum 
	Molecular Mechanism of NRF1 Transactivation in the Nucleus 
	NRF1 Regulation by Cellular UDP-GlcNAc through O-GlcNAcylation 
	The Proteasome as a Target for Cancer Therapy 
	Combination of NRF1 Inhibitors and Proteasome Inhibitors 
	Clinical Correlation between OGT and Proteasome Subunit Proteins 
	Roles of Other CNC Family Transcription Factors in Cancer 

	Concluding Remarks 
	References

