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Abstract
Background Nuclear respiratory factor 1 (NRF1), historically perceived as a protein regulating genes controlling mitochondrial
biogenesis, is now widely recognized as a multifunctional protein and as a key player in the transcriptional modulation of genes
implicated in various cellular functions. Here, we present emerging data supporting novel roles of NRF1 in cancer development
and progression through its interplay with the transcription factors E2F4 andMYC. To identify common human NRF1, E2F4 and
MYC target genes, we analyzed the Encyclopedia of DNA Elements (ENCODE) NRF1 ChIP-Seq data. By doing so, we
identified 9253 common target genes with NRF1, E2F4 and MYC binding motifs. NRF1 binding motifs were found to be
present in genes operating in signaling pathways governing all hallmarks of malignant transformation and progression, including
proliferation, invasion, self-renewal and apoptosis.
Conclusions In addition to controlling mitochondrial biogenesis NRF1, in conjunction with E2F4 and MYC, may play a critical
role in the acquisition of human cancer characteristics. Additionally, NRF1 may orchestrate both MYC and E2F4 to regulate
common target genes linked to multiple networks in the development and progression of cancer. A comprehensive understanding
of this dynamic interplay will set the stage, not only for the design of novel treatment strategies, but also for the discovery of pan-
cellular transcription factor regulatory strategies to predict cancer risk, therapy response and patient prognosis.
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1 Introduction

Cancer is a complex disease that evolves through discrete stages
involving multiple genetic and epigenetic changes. Aberrations
in distinct pathways at each stage appear to be required for the
ultimate development of a malignant metastatic phenotype.
Dysfunctional regulation of transcription factors (TFs), with
gain or loss of functions controlling cell fate decisions, is impor-
tant for the etiology of human cancers [1]. Currently, there are
1500 to 3000 known human TFs [2]. The interplay between
multiple TFs affecting biological pathways and networks has
been found to contribute to the differential susceptibility, pro-
gression and treatment response seen in patients. Recently,

Falco et al. [3] reported increased activity of TFs in eleven
different human cancers. Nuclear respiratory factor 1 (NRF1),
E2F4 and MYC were among the top five TFs that showed an
increased activity across all eleven human cancers. The role of
both MYC and E2Fs in human cancer development has amply
been documented [4], but evidence supporting a role of NRF1 in
cancer development is just emerging. NRF1 has e.g. been found
to be highly expressed in head and neck cancer, skin cancer,
testicular cancer and glioma, and at lower levels in stomach
cancer and liver cancer (www.proteinatlas.org). In addition, we
recently uncovered a novel oncogenic function of NRF1 in
breast cancer development and progression [5–7]. Many MYC
binding motif-enriched genes have been found to be associated
with E2F or NRF1 binding motifs, suggesting that MYC target
genes require additional transcription factors for their expression
[4]. The pluripotency transcription factors SOX2, OCT4 and
KLF4, and several cancer stem cell (CSC) marker genes have,
for example, been found to be regulated by multiple TFs, in-
cluding MYC and E2Fs [4], implying that a single TF may not
be sufficient to activate CSC acquiring target genes.
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NRF1, MYC and E2Fs have been found to regulate many
common genes in mammalian cells, and these genes have also
been implicated in various human diseases including cancer
[3]. Therefore, it is of critical importance to assess whether
these TFs actively co-operate or compete with each other dur-
ing early cancer development, progression and/or metastasis.
In this review, we discuss emerging new roles of NRF1 and
elaborate on its role in the pathogenesis of cancer by highlight-
ing evidence for overlap, cooperation and exclusivity of its
activity in conjunction with MYC and E2Fs.

2 NRF1, MYC and E2F4 - an overview

The literature is rich in information on MYC and E2Fs. Here,
we focus on the underlying orchestration of their combined
regulatory effects, as well as on that of NRF1.

NRF1 (synonym: alpha palindromic-binding protein, α-PAL):
Human NRF1 is homologous to P3A2 in sea urchin and erect
wing (ewg) in Drosophila [8]. The chromosomal location of
its gene is 7q32.2, and it codes for a 68 kDa nuclear protein
(503 amino acids) [7–9]. As per Uniprot, there are 4 known
isoforms that can be generated through alternative splicing
(http://www.uniprot.org/uniprot/Q16656). Several 5′-
untranslated exons spanning a region of 47 kb contribute to
transcript heterogeneity, and mutations within UTR1 have
been shown to alter NRF1 expression through mRNA
translational efficiency interference [9]. The continued use of
the NRF1 (Nrf1) gene symbol also for the nuclear factor
erythroid-derived 2-like 1 (official symbol NFE2L1) gene,
has created confusion in the scientific community. Chan et
al. [10] identified NFE2L1, a distinct human bZIP transcrip-
tion factor, which they called Nrf1 (NFE2-related factor-1).
Subsequently, Tiranti et al. [11] mapped the gene to 7q32
and referred to it as NFE2L1. Many researchers working on
NFE2L1- or NFE2L1-regulatable proteins continue to use
Nrf1 instead of NFE2L1, which has led to erroneous interpre-
tations of the original findings. Here, we use NRF1 as symbol
for the human, and Nrf1 for the rodent nuclear respiratory
factor 1 in accordance with current HGNC recommendations
[9].

The various NRF1 protein isoforms can form homo-dimers
and bind to unique DNA recognition sequences to regulate the
transcription of target genes [9, 12]. The initial discovery of
NRF1 target genes suggested that its main role was to control
the transcription of genes involved in mitochondrial respirato-
ry sub-complexes [9]. It was soon recognized, however, that
the target genes controlled by NRF1 extend beyond the respi-
ratory subunits to genes controlling the assembly of the respi-
ratory apparatus, constituents of the mtDNA transcription and
replication machinery, mitochondrial and cytosolic enzymes
of the heme biosynthetic pathway, and components of the

mitochondrial protein import pathway. Despite these ad-
vances, the role of NRF1 initially remained confined to the
transcriptional regulation of genes involved in mitochondrial
function and biogenesis. Non-mammalian NRF1 homologues
showed, however, more diverse functions. P3A2, for example,
has been found to direct the transcription of muscle genes in
sea urchin embryos, and ewg (nrf1) to control the transcription
of flight muscle and neuronal genes in Drosophila embryos [9,
12]. Based on the varied roles of these non-mammalian NRF1
homologs, it was reasoned that NRF1 may also control the
transcription of similar genes during human embryogenesis
[13]. Indeed, NRF1 binding elements have been identified in
genes involved in cellular growth, metabolic energy produc-
tion, protein translation and DNA replication/repair [13].
ChIP-on-chip analysis of human T98G glioblastoma-derived
cells showed that NRF1 binds to ~691 genes encoding pro-
teins regulating cellular growth, DNA replication, DNA re-
pair, chromosome organization and mRNA processing [14].
Recent analysis of NRF1 ChIP-Seq data from the
Encyclopedia of DNA Elements (ENCODE) revealed that
NRF1 binds to promoter sequences of thousands of genes
involved in regulating RNAmetabolism, DNA damage repair,
protein translation, cell cycle progression and ubiquitin-
mediated protein degradation in SK-N-SH human
neuroblastoma-derived cells [15]. Hence. it is now widely
recognized that NRF1 is a multifunctional protein with critical
roles in diverse cellular functions.

MYC The humanMYC gene is located at chromosome 8q24.21
[4, 19]. MYC is the prototype of a family of related proteins
that are not only conserved across metazoans, but can also be
found in similar forms and functions in pre-metazoan organ-
isms such as choanoflagellates [20]. In mammalian cells,
MYC proteins are encoded by three distinct gene family mem-
bers - CMYC, NMYC and LMYC - which function in a sim-
ilar manner, but display notable differences in potency and
patterns of expression [20]. Rodents also express a b-Myc
variant that shares homology with the amino-terminus of the
MYC proteins [20].

MYC has a carboxyl terminal DNA binding domain con-
taining a ~100 amino acid basic helix-loop-helix-leucine zip-
per (BR-HLH-LZ) region. BR-HLH-LZ containing proteins
bind DNA as obligate dimers and recognize a consensus se-
quence BCACGTG^, which is termed the BEnhancer box^ (E-
box). At physiological concentrations MYC does not
homodimerize, but instead interacts with the small BR-HLH-
LZ protein MAX to form a heterodimer that constitutes a core
DNA-binding module. Dimerization of MYC with MAX is
driven by the leucine zipper which forms an extended coiled
coil between the two proteins that, following a crisp turn at the
loop, presents two basic helices that insert into themajor groove
of the DNA in a scissor-like fashion. Interaction of MYC with
MAX, which occurs at all MYC bound genes across the
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genome, is crucial for the oncogenic potential of MYC and is
important for trans-gene regulation by MYC, since MAX is
known to dimerize with additional BR-HLH-LZ proteins that
antagonize the MYC-MAX interaction [20]. In contrast to the
two ends of the MYC protein, the central portion is poorly
defined. MYC regulates a multitude of diverse biological
functions [16–18]. MYC target genes include several genes
that code for proteins involved in ribosome biogenesis, me-
tabolism, chromatin structure/function, mitochondrial bio-
genesis, nuclear metabolism, DNA replication and cell cycle
progression, as well as genes that code for tRNAs, rRNAs and
miRNAs [19]. MYC is often deregulated in cancer [4].

E2F4 E2F4 belongs to the E2F family of transcription factors,
which includes seven Bclassical^ E2Fs (E2F1, E2F2, E2F3a,
E2F3b, E2F4, E2F5, E2F6) that bind DNAwith an essential
dimerization partner protein (DP1–4), and two Batypical^
E2Fs (E2F7 and E2F8) that function in a DP-independent
manner. The classical E2Fs, with the exception of E2F6, in-
teract physically with the retinoblastoma (RB) family of pro-
teins (RB, p130 and p107) through their transactivation do-
mains. In some cases E2Fs make contact with the C-terminus
of RB and p107 at the DP dimerization domain. E2F4 associ-
ates with all three RB protein family members under physio-
logical conditions. Most studies to date have indicated that
E2Fs 1, 2 and 3a act as transcriptional activators, E2F3b, 4
and 5 as passive repressors, and E2F6, 7a, 7b and 8 as active
repressors [21]. Although such classification is an oversimpli-
fication, all E2Fs play critical roles in cell cycle regulation [22,
23]. The E2F genes are scattered across different chromosom-
al locations, with the E2F4 gene being located at 16q22.1.
This chromosomal region has frequently been associated with
allelic imbalances in several different cancers including breast
cancer, prostate cancer and hepatocellular carcinoma [24].

The E2F4 gene has a unique structural property in that it
contains a polymorphic trinucleotide repeat which codes for a
poly-serine stretch [22]. The number of serine residues in this
stretch has been shown to vary from 8 to 17 [25]. The DNA
binding domain is located at the N-terminal end of the protein,
whereas the C-terminal end contains a tumor protein-
associated or p107/p130 binding domain [22]. Although
E2F4 can bind to three tumor suppressors (i.e., pRb, p107
and p130), it binds to the latter two with a higher affinity.

3 Co-occurrence of NRF1, MYC and E2F4
binding motifs in human gene promoters

The canonical DNA binding sites for the three TFs are as
follows: 5′ – YGCGCAYGCGCR– 3′ for NRF1, 5′ –
CACGTG– 3′ (canonical E-box) for MYC, and 5′ – TTTC
[CG]CGC – 3′ for E2F4. The canonical NRF1 binding site
contains a non-canonical E-box sequence nested within it.

Full-lengthMYC alone cannot bind DNA under physiological
conditions: it needs to partner with MAX. On the other hand,
MAX can homodimerize, heterodimerize with MYC, or
heterodimerize with NRF1 (Fig. 1). E2F4 is known to bind
to DNA as a homodimer, but exhibits a higher DNA binding
affinity when heterodimerized with one of the TFDP proteins.
Such E2F4-DP1/2 heterodimers also have the capacity to bind
to E-boxes [26]. These data suggest that NRF1, MYC and
E2F4 may bind to adjacent regions on the DNA (Fig. 1).
There are gene promoters such as those of PARK2, E2F6
and eIF2-α, which are regulated by NRF1, E2F and MYC
individually, and these promoter regions contain NRF1 bind-
ing sites in relatively close proximity [27, 28]. Concordantly,
over-expression of MYC or NRF1 has been found to repress
PARK2 gene expression [29, 30]. This observation suggests
that NRF1 may compete with MYC to regulate common tar-
get genes (Fig. 1).

Within human gene promoters, MYC, E2F1, E2F4 and
NRF1 recognition sequences belong to the most conserved
motifs [31]. Significant enrichment in MYC, E2F and NRF1
binding motifs is found in promoters of key human cell cycle
regulating genes [14, 32, 33]. Co-occurrence of NRF1, MYC
and E2F binding motifs on the same human gene promoters
suggests that these TFs may act together to regulate target
genes [32].

4 NRF1 regulates both MYC and E2F

There are numerous reports indicating that these three TFs are
involved in common biological and cellular processes, and
may share binding sites, binding partners and downstream
targets [27–33]. In mouse embryonic stem cells, the Nrf1
DNA bindingmotif has been found to be indicative of a strong
Nrf1 pioneer activity along with 8 other motifs (Klf/Sp, NFY,
ETS/GABP/NRF2, CREB/MYC, YY1, GFY, Clus1 and
TBP) [34]. Impairing Nrf1 binding impacts adjacent binding
of the settler TF Myc at several genomic loci, which is con-
sistent with the concept that Nrf1 contributes in the opening of
chromatin in order to allow other TFs, such as Myc/Max, to
bind [35]. Recently, Lavigne et al. [36] found that NRF1 can
bind to the variant histone protein macroH2A (mH2A) and
that mH2A/NRF1 nucleosomes are strategically placed within
key gene promoters, thereby leading to stable chromatin land-
scapes that provide and/or limit access to subsets of TFs [37].
The possibility of NRF1 acting upstream of MYC has been
underscored. Experiments specifically aimed at investigating
regulatory relationships between the two proteins have been
focused on MYC performing NRF1 functions by binding to
non-canonical E-box sequences within the NRF1 response
element. Previously, MYC has been suggested to act as an
upstream regulator of NRF1 in the context of mitochondrial
biogenesis and diverse other mitochondrial functions [33].
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Contrary to this, many MYC binding motif-enriched genes
have been found to be associated with E2F or NRF1 binding
motifs, which suggests that MYC target genes may require
additional transcription factors for their expression [4]. There
is some evidence pointing at the possibility of NRF1 regulat-
ing MYC. In rat fibroblasts it has, for example, been found
that dominant negative Nrf1 inhibits Myc-induced apoptosis,
but has no effect on the proliferation-inducing function of
Myc [38]. The PARK2 gene (see above) is a target of NRF1,
MYC and p53 [29, 39, 40]. Since NRF1 is one of the pioneer
transcriptions factors, it has been suggested that it may help
MYC to gain access to target sites where MYC as a settler
possibly could not do so on its own [41].

NRF1 has also been shown to regulate human E2F1 and
E2F6 promoter activity [27]. The observed binding of NRF1
and E2F4 to common target genes suggests a potential func-
tional crosstalk between these factors [42]. NRF1 binding sites
have also been identified and confirmed to be present in several
E2F target gene promoters using motif-finding algorithms and
genome-wide factor binding assays, respectively [14, 43].

E2Fs and MYC have been shown to function together to
control cell cycle progression in normal and Rb-deficient cells
within the mouse intestine. Specifically, MYC and E2F1–3
have been found to be required for progression through the
S/G2 phase, but not the G1/S phase. In Rb-deficient cells,
however, MYC and E2F3 are recycled for G1/S cell cycle
phase progression [44]. E2F4/5, along with p107, has been
found to acts as a co-factor of Smad3 and, thus, to repress
MYC at the transcriptional level [45]. E2F6 is together with
MAX part of a multimeric protein complex that can bind, not
only to E2F binding sites, but also to MYC binding sites. The
multimeric protein complex containing E2F6 and MAX pref-
erentially occupies target gene promoters in cells in the G0
rather than in the G1 phase of the cell cycle, and it also con-
tains a novel histone methyltransferase that can modify lysine
9 of histone H3, HP1γ and Polycomb group (PcG) proteins

[46]. Even more intriguingly, it has been found that NRF1-
MAX heterodimers can bind to both tandem palindromic re-
peat sites present in the eIF2-α gene promoter [28].

NRF1 may also regulate E2F4 in cells based on their cell
cycle status, since NRF1 has been shown to bind promoters of
E2F4 target genes in states of transcriptional repression, and to be
implicated in the activation of these genes in a cell-cycle depen-
dent manner [43]. It has also been reported that E2F activities
may affect the potential of MYC-induced oncogenesis [47]. In
summary, these findings suggest that that NRF1 may regulate
MYC and E2F in a cell context-dependent manner. NRF1 may
regulate MYC functions through three distinct mechanisms: (i)
by acting as a Bpioneer^ TF and facilitating or repressing the
ability of Bsettler^MYC protein to bind to the DNA, (ii) through
the formation of NRF1-MAX heterodimers that may compete
with MYC-MAX heterodimers in a fashion similar to that of the
well-known MAD-MAX heterodimers and/or (iii) by regulating
E2F1/E2F6 expression, which may result in MYC modulation
by forming multimeric complexes with MAX (Fig. 2).

5 Impact of NRF1, MYC and E2Fs on cancer
stem cell transcriptomes

A gradual loss of epithelial cell identity and gain of properties
of cancer precursor/progenitor cells are considered to be early

Fig. 1 NRF1, MYC and E2F4
co-operate or compete for DNA
binding

Fig. 2 NRF1 regulates E2F and MYC and many of their target genes
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steps in carcinogenesis [48–50]. NRF1 has been found to reg-
ulate mitochondrial activity and the proliferation of mitochon-
dria in adult hematopoietic stem cells [51]. The NRF1 binding
motif exhibits one of the strongest pioneer activities (the pio-
neer index indicates the increase in chromatin opening activity
during developmental processes) in mouse embryonic stem
cells. We have recently shown that NRF1 plays an important
role in estrogen-driven breast cancer [30, 52] and that NRF1
controls estrogen-induced malignant transformation of breast
epithelial cells to breast cancer stem cells (BCSCs) through
transcriptional regulation of chemokine receptor 4 (CXCR4)
[30].We have also shown that exogenous expression of NRF1
can reprogram MCF10A mammary epithelial cells to become
induced pluripotent stem cells [53]. As recent work has impli-
cated pioneer TFs in cellular reprogramming [38], also NRF1
may participate in cell fate decision making [53, 54]. We have
also shown that NRF1 can reprogram adult human brain cells
into neural stem/progenitor cells (NSPCs) [53]. Both 17β-
estradiol and NRF1 over-expression have been found to in-
crease the percentage of cells co-expressing SOX2 andNestin.
Nestin is an intermediate filament protein important for
guaranteeing NSPC self-renewal, while SOX2 is expressed
at the earliest developmental stages of the brain and functions
as a marker of neural development. SOX2 also plays a key
role in the maintenance of neural stem cell (NSC) properties,
including proliferation, survival, self-renewal and
neurogenesis. NRF1-induced SOX2+/Nestin+ NSPCs have
been found to express the neuronal marker β-III-tubulin, and
to exhibit a neural phenotype and a capacity to form
neurospheres [53]. Bayesian network (BN) analysis on
RNA-Seq data of 154 glioblastoma patient samples obtained
from TCGA showed that NRF1 gene networks are associated
with the development of these tumors. Some of the NRF1
network genes associated with glioblastoma are known to be
involved in the acquisition of cancer stem cell (CSC) charac-
teristics. NRF1-based gene association networks have been
found to significantly differ between short-term and long-
term glioblastoma survivors. In conclusion, these data provide
evidence in support of a role of NRF1 in the acquisition of
breast cancer and glioblastoma stem cell characteristics [54].

The role ofMYC in the acquisition of CSCs is well accepted
and widely reviewed and, therefore, only briefly described
here. In order to maintain glioma CSCs in culture, MYC ex-
pression has been found to be required [55]. It has been sug-
gested that MYC may link glycolysis to stemness [56]. In glio-
blastoma, oncomyc, a MYC-derived polypeptide interfering
with MYC activity, has been found to affect proper MYC lo-
calization. In the presence of oncomyc, OLIG2, POU3F2 and
SOX2 have been found to be downregulated, while ID4,MIAT
and PTEN have been found to be upregulated [57]. Mouse
embryonic stem cells (mESCs) that are maintained in a naive
ground state of pluripotency in the presence of MEK and
GSK3 inhibitors express low Myc levels. Deletion of both c-

Myc and N-Myc in double knockout mice or pharmacological
inhibition of Myc activity in rodents strongly decreases gene
transcription, mRNA splicing and protein synthesis, leading to
proliferation arrest in a reversible manner without affecting
pluripotency, suggesting that Myc-depleted stem cells enter a
state of dormancy similar to embryonic diapause [58].

E2Fs also play a significant role in influencing the self-
renewal capacities of human pluripotent stem cells (hPSCs).
E2Fs directly target broad classes of genes regulating metab-
olism in hPSCs [59]. E2Fs, in conjunction with their partner
pocket proteins, have been found to regulate stem cell homeo-
stasis in a highly evolutionarily conserved manner [60].
Pauklin et al. [61] have shown that initiation of stem cell
differentiation involves a cell cycle-dependent regulation of
developmental genes by Cyclin D, and that E2F1 is involved
in a transcriptionally repressive interaction with Cyclin D1,
specifically in the late G1 phase.

The concept that E2F, MYC and NRF1 co-regulate genes
in hPSCs is underscored by the finding that a number of NRF1
target genes involved in mitochondrial biogenesis, mitosis,
DNA replication and cytokinesis are transcriptionally regulat-
ed by E2F4 and/or MYC [47, 62]. Similarly, it has been found
that expression of the embryonic pluripotency transcription
factors SOX2, OCT4 and KLF4, as well as several CSCmark-
er genes, are regulated by multiple TFs, including MYC, E2F
and NRF1 [4, 52, 54]. These observations imply that a single
TF may not be sufficient to activate CSC phenotype acquiring
target genes, unless they are bound by multiple TFs. Some of
the phenotypic characteristics associated with tumor initiation
and progression, including the acquisition of CSC pheno-
types, may be affected by joint activities of NRF1, MYC
and E2Fs.

6 Role of NRF1, MYC and E2Fs in evading
senescence and developing resistance
to apoptosis

Cellular senescence and apoptosis are major barriers to cellu-
lar reprogramming, and removal of these barriers facilitates
the acquisition of CSC characteristics. NRF1/MYC/E2F4 tar-
get genes are critical for the regulation of cellular senescence
and apoptosis. Recently, we have shown that NRF1 overex-
pression enhances the acquisition of induced adult pluripotent
cells as well as the growth, survival and maintenance of stem
cells [30, 52]. NRF1 has also been found to regulate human
telomere transcription [62], and pharmacological activation of
AMPK has been found to upregulate telomeric repeat-
containing RNA (TERRA), sequences that are important for
telomere integrity, thereby linking metabolism to telomere
fitness. Notably, it was also found that endurance exercise,
which is associated with AMPK activation, increases
TERRA levels in skeletal muscle cells [62]. Interaction
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between NRF1 and sirtuin 7 (SIRT7) suppresses the mito-
chondrial translational machinery and leads to depletion of
mitochondrial activity. Consistent with the ability of sirtuins
to perform metabolic sensing, SIRT7 levels have been found
to increase with nutrient deprivation, which in cooperation
with NRF1 hampers mitochondrial function, yet promotes cell
survival by promoting nutritional stress resistance. While loss
of mitochondrial proteostasis triggers the unfolded protein re-
sponse (UPRmt), SIRT7 and NRF1 have been found to interact
and, thereby, to reduce mitochondrial protein folding stress
[63]. NRF1 protects neural stem cells from neurotoxin-
induced apoptosis and senescence by enhancing their self-
renewing ability via upregulating SOX2/nestin expression
[53]. Overexpression of NRF1 suppresses cellular senescence
and increases resistance to anoikis pathways and to
anchorage-independent growth during estrogen-induced ma-
lignant transformation [30, 52]. Since the role of E2F and
MYC in the regulation barriers of senescence is widely recog-
nized and documented [63–68], we do not elude further on
their role in senescence here. Together, these finding suggest
that NRF1, E2F4 and MYC may play pivotal roles in remov-
ing senescent and apoptosis barriers and in enhancing cancer
stem cell self-renewing capacities.

7 Impact of NRF1, MYC and E2Fs onmalignant
transformation, tumor progression
and metastasis

NRF1 has been found to exhibit a strong association with
epithelial ovarian cancer risk [69] and to act in conjunction
with estrogen in the development of breast cancer [5, 52–54].
It has also been found that interactions of KISS1 with NRF1
may contribute to metastasis [70] and that NRF1 overexpres-
sion may inhibit 4-OHT-induced apoptosis and increase cell
survival, suggesting that NRF1 may act as an anti-apoptotic
modulator [71]. The expression of the HIF1A gene in imma-
ture hematopoietic cells has been found to be inhibited by
hyper-methylation of its promoter. NRF1 acts as a transcrip-
tional repressor of HIF1A [72] and, in addition, has been
found to regulate the transcription of the CpG island-
associated insulin-degrading enzyme (IDE) gene [73]. It has
amply been reported that through fine-tuning the accessibility
of DNA, CpG island gene promoter methylation contributes
to the regulation of normal developmental processes as well as
tumorigenesis [74–76]. CPG-rich promoter regions predis-
pose genes to hyper-methylation by directly or indirectly
interacting with DNA methyltransferases [77]. These regions
seem to be deprived of some TF binding sites, such as those
for Sp1, Yin Yang 1 (YY1) and NRF1, which are regarded as
methylation inhibitors in cancer cells [78]. Therefore, it is
possible the NRF1 maintains mitochondrial activity in

hypoxic CSCs independent of HIF1/2 through some other
proteins, such as the prolyl hydroxylase EglN2/PHD1.

By promoting cell proliferation, survival, differentiation
blockade, genetic instability and angiogenesis in cancer, the
MYC protein has the ability to directly contribute to tumor
progression and metastasis [79]. Paradoxically, however,
MYC has also been shown to suppress the metastatic capacity
of xenografted lung and liver tumors through direct transcrip-
tional silencing of αv and β3 integrin subunits [80]. Jung et al.
[81] identified an 18-geneMYC activity signature that is high-
ly predictive for a poor prognosis in MYC-associated malig-
nancies. When MYC is overexpressed in high expressing/
gain-of-function mutated c-RAF, K-RAS or LKB1 lung can-
cer cells, MYC itself is sufficient to induce tumor progression
and/or metastasis [82]. MYC has been found to drive a self-
reinforcing regulatory network that maintains stem cell iden-
tity [83]. TLR4-dependent NFκB and CREB activation has
been found to result in co-regulation of the NRF1 gene pro-
moter with NFκB intronic enhancement and redox-regulated
nuclear translocation in mouse liver cells [84]. The induction
of glutaminolysis in mitochondria is a key factor explaining
how tumors become Baddicted^ to MYC [85]. Interaction of
MYCwith the zinc finger proteinMIZ1mediates resistance to
anti-mitogenic signals [86]. Enforced expression of miRNAs
that have been repressed as a result of MYC signaling has
been found to diminish the tumorigenic potential of lympho-
ma cells, thus providing evidence that extensive
reprogramming of the miRNA transcriptome by MYC con-
tributes to tumorigenesis [87].

Mutations of components regulating the CDK-RB-E2F
pathway have been identified in almost every human malig-
nancy, and several studies have shown that the CDK-RB-E2F
pathway is critical for the control of cell proliferation [88–92].
More recently, additional roles of E2Fs in tumor progression,
angiogenesis and metastasis have been reported. Specific
E2Fs may also be used as prognostic markers for human
breast cancer [93] and in a mouse metastatic breast cancer
model E2Fs have been found to regulate tumor development
and metastasis [94]. It has also been found that HER2-positive
human breast cancers exhibiting altered E2F activities may
show differences in relapse-free survival rates [95].
Additionally, E2F4 expression has been found to be associat-
ed with lymph node metastasis in triple-negative breast cancer
patients [96]. Nuclear E2F4 expression has been reported to
induce cell death via multiple pathways in normal human
intestinal epithelial crypt cells, but not in colon cancer cells
[97]. Finally, genetic and biochemical data indicate an essen-
tial negative function of E2F4 in cardiac myocyte apoptosis
[98].

In summary, these studies point at an emerging role of
NRF1 in human cancer. A gradual loss of epithelial cell iden-
tity and a gain of precursor/progenitor cell properties are con-
sidered early steps in tumorigenesis. Some of the
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characteristics of malignant transformation and progression
may be affected by combined effects of NRF1, MYC and
E2Fs. Notably, E2F4 seems to be a transcriptional regulator
associated with both MYC and NRF1. Like MYC and E2F4,
NRF1 also controls cell cycle progression, DNA replication
and apoptosis [30]. Thus, NRF1 deregulation coupled to E2F4
and MYC may lead to uncontrolled cellular growth. Like
MYC, NRF1-regulated E2F4 activity contributes to cell cycle
control. The cooperative binding of NRF1, MYC and E2F4 to
key downstream targets, followed by transcriptional activation
and/or repression, may play a pivotal role in tumorigenesis
through promoting cell proliferation and invasion, removing
senescent and apoptosis barriers, and enhancing self-renewing
abilities.

8 Role of NRF1, MYC and E2Fs in therapy
resistance

Radiotherapy resistance of nasopharyngeal carcinoma cells
has been directly linked to miR504-mediated downregulation
of NRF1 [99]. NRF1 and its target mitochondrial transcription
factor A (TFAM) have been reported to exhibit higher expres-
sion levels in tamoxifen-resistant LCC2 and LCC9 than in
tamoxifen-sensitiveMCF-7 breast cancer cells [100].We have
shown that redox sensitive transcription factors, including
NRF1, may act in concert to activate the expression of genes
that contribute to the resistance of breast cancer cells to endo-
crine therapeutic agents [100]. NRF1, in conjunction with 17
other genes (collectively defined as a MitoBiogenesis signa-
ture), serves as a biomarker for inherent MAPKi resistance in
BRAF-mutated melanoma cells [101]. MAPKi has been
found to block the expression of NRF1 and other
MitoBiogenesis genes in A375 melanoma cells (with a high
inherent expression of the MitoBiogenesis genes), but to up-
regulate the mitochondrial biogenesis genes, including NRF1,
in WM793 and WM9 melanoma cells (with a low inherent
expression of the MitoBiogenesis genes). This dual response
towards MAPKi by cells exhibiting a high expression of mi-
tochondrial regulatory genes, such as NRF1, versus those with
low expression levels, may explain the mechanism underlying
the resistance to MAPKi treatment observed in mitochondrial
biogenesis low expressors [101]. Recently, NRF1 has been
suggested as a target of choice for combatting mitochondrial
biogenesis-associated chemoresistance in a multicenter case-
control study of Caucasian patients with epithelial ovarian
cancer [102].

When MET-addicted EBC1 human lung cancer cells that
have acquired resistance to anti-MET therapy were subjected
to MYC blockade by RNA interference or pharmacologic
inhibition, they could circumvent the acquired resistance to
MET inhibition. Using MET-amplified patient-derived xeno-
graft mouse models, it was subsequently found that

combining MYC blockade with MET inhibition increased
the therapeutic efficacy of the MET inhibitors [103]. It has
also been reported that drug resistant acute myeloid leukemia
cells may undergo differentiation and switch to a drug sensi-
tive phenotype when MYC is inhibited [104, 105].

It has additionally been found that downregulation of en-
dogenous E2F1 mRNA and protein expression by E2F1
shRNA in cisplatin-resistant SGC7901/DDP gastric cancer
cells may significantly promote the sensitivity of these cells
to cisplatin, doxorubicin and 5-fluorouracil [106]. The major
multidrug transporter ABCG2 (BCRP/MXR) is directly and
specifically activated by E2F1, which is perturbed in the ma-
jority of human cancers. Concordantly, E2F1 has been found
to regulate ABCG2 expression in multiple cell systems, and a
significant correlation has e.g. been observed between elevat-
ed E2F1 and ABCG2 expression in human lung cancers
[107].

In summary, these data indicate that NRF1, E2F4 and
MYC may act in concert to activate/inhibit the expression of
genes that contribute to resistance to both endocrine and che-
motherapeutic agents.

9 Compounds affecting NRF1, MYC and E2F4
activity

Using the NIH Toxicology Data Network (TOXNET) and the
Comparative Toxicogenomics Database (CTD) we identified
160 compounds that may interact with different combinations
of NRF1, MYC and E2F4 (Table 1). Interestingly, no com-
pounds were identified that affect E2F4 and NRF1, but not
MYC. Enriched pathway analysis based on the CTD data
revealed the top pathways associated with a number of com-
mon estrogenic endocrine disrupting compound bisphenol A
(BPA)/E2/NRF1 target genes, including (1) Metabolism (85
genes), (2) Disease (84 genes), (3) Gene Expression (71
genes), (4) Signal Transduction (68 genes), (5) Immune
System (66 genes), (6) Cell Cycle (61 genes), (7) Metabolic
Pathways (58 genes), (8) Metabolism of Proteins (47 genes),
(9) Developmental Biology (41 genes) and (10) Cancer
Pathways (34 genes) [53]. We observed a significant overlap
between the MYC and NRF1 gene networks associated with
brain cancer. Brain cancer-associated NRF1 regulatable genes
were also found to be regulated by both estrogen and the
estrogenic endocrine disrupting compound BPA [54].

It is interesting to note that all compounds affecting NRF1
and E2F4 also affect MYC. Of particular interest are the
groups of compounds that seem to affect well-studied cellular
signaling pathways or specific organelles such as mitochon-
dria. Close to 90% of the compounds that affect all three TFs,
such as aflatoxin B1, curcumin, quercetin, estrogen, arsenic
trioxide and selenium, affect hypoxia driven pathways.
Arsenic trioxide (ATO), under the tradename Trisenox®, is a
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Table 1 Compounds affecting NRF1, MYC and E2F4 activity

NRF1, E2F4 and MYC NRF1 and MYC E2F4 and MYC

Bis(4-aminophenyl)methane Dorsomorphin 2’-Amino-3′-methoxyflavone
Afimoxifene 1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine 2-Acetylaminofluorene
Aflatoxin B1 1,3,5-Tris(4-hydroxyphenyl)-4-propyl-1H-pyrazole PCB 138
Ammonium Chloride 2-(4-Morpholinyl)-8-phenyl-4H-1-benzopyran-4-one Enterolactone
Arsenic 2,2′,4,4’-Tetrabromodiphenyl ether 2,4,4′-Trichlorobiphenyl
Arsenic trioxide 4-Hydroxy-2-nonenal PCB 153
Atrazine 4-Toluidine PCB 101
Benzo(a)pyrene 7,8-Dihydro-7,8-dihydroxybenzo(a)pyrene 9,10-oxide PCB 52
Bisphenol A Acetylcysteine 4-OH-PeCB1
C646 compound Acrolein PCB 126
Carbamazepine Antirheumatic Agents Acetaminophen
Cisplatin Arsenite Amiodarone
Clofibrate Ascorbic Acid Butyraldehyde
Cobaltous chloride Cadmium Coumestrol
Copper Sulfate Caffeine Cuprizone
Curcumin Cannabidiol Cylindrospermopsin
Cyclosporine Carbon Monoxide Diazinon
Decitabine Chlorodiphenyl Diclofenac
Dietary Fats Choline Dieldrin
Estradiol Cocaine Diuron
Estrogens Copper Emodin
Ethinyl Estradiol Dexamethasone Ethyl Methanesulfonate
Formaldehyde Doxorubicin Eugenol
Glucose Dronabinol Flavonoids
ICG 001 Enzyme Inhibitors Fluorouracil
Nicotine Finasteride Genistein
Oxaliplatin Folic Acid Jinfukang
Quercetin Fulvestrant JP8 aviation fuel
Rosiglitazone Gentamicins Methyl Methanesulfonate
Selenium Glafenine Methylselenic acid
Sodium arsenite Hydrogen Peroxide Nanotubes, Carbon
Soman Ionomycin Paclitaxel
Tetrachlorodibenzodioxin Ketolides PCB 180
Tetradecanoylphorbol Lindane Phenobarbital
Topotecan Lipopolysaccharide Potassium chromate (VI)
Tretinoin Losartan Potassium Dichromate
Tunicamycin MnTE-2-PyP Silver
Valproic Acid Metformin Sirolimus
Vehicle Emissions Methamphetamine Smoke
Vinclozolin Methionine Sodium bichromate

Methotrexate Tamoxifen
Methoxyacetic acid Thioacetamide
Methylmercuric chloride Tobacco Smoke Pollution
Monobutyl phthalate Vanadates
Methylarsonous acid
Midomafetamine
Norepinephrine
PCI 5002
Pentachlorophenol
Perfluorooctanoic acid
Pirinixic acid
Piroxicam
Progesterone
Raloxifene
Resveratrol
4-Pentynoic acid
Sodium Selenite
Sulforafan
Sulindac
T-2 Toxin
Testosterone
Thapsigargin
Trichostatin A
Trimellitic anhydride
Troglitazone
Uranium
Uranyl acetate
Vincristine
Vitamin E
Zidovudine
Zinc
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chemotherapeutic agent approved by the US FDA as a second
line treatment for acute promyelocytic leukemia. ATO can
cross the blood-brain barrier, and it has been shown that
ATO induces brain cancer cells to undergo apoptosis [108].
Recently, Bell et al. [109] have reported that ATOmay act as a
potent inhibitor of proneural glioblastoma and glioma stem
cells, while mesenchymal glioma stem cells appear to be less
sensitive. However, ATO is readily absorbed by the digestive
system and may elicit toxic effects when inhaled or upon skin
contact. As a result, it is necessary to thoroughly comprehend
the context-dependent effects of ATO. In summary, environ-
mental compounds affecting TFs suggest a functional overlap
between NRF1, E2F4 and MYC.

10 NRF1, E2F4 and MYC interplay regulates
target genes affecting malignant
transformation and progression

Functional links between NRF1 and MYC or E2F are well
documeanted [4, 43]. How NRF1 exactly interacts with E2Fs
and MYC is, however, not fully clear yet. It is imperative to
understand how such interactions bring about changes in both
normal and cancer cells. This will allow an assessment of how
NRF1, MYC and E2F4 jointly contribute to the establishment
of hallmark characteristics of malignant transformation and
progression. NRF1, E2Fs and MYC act in concert to regulate
common target genes in cancer cells. The advantage of this
redundancy, however, remains elusive. These TFs bind to a
significant proportion of the GC-rich elements present within
the genome. In many gene promoters NRF1 binding motifs
share a MYC recognition sequence [104], but how exactly
these TF binding motifs contribute to biological function is
not clear. MYC-MAX binding, but not NRF1 binding, to
these DNA motifs has recently been advocated as a key node
of gene regulation control, even though the effects of MYC-
MAX binding to these DNA motifs have been found to be
inhibited by dominant negative NRF1 [110]. To identify com-
mon human NRF1, E2F4 andMYC target genes, we analyzed
the NRF1 ChIP-Seq dataset from the Encyclopedia of DNA
Elements (ENCODE). NRF1, E2F4 and MYC enriched mo-
tifs were found in 9253 common genes (Fig. 3). In order to
uncover putative overlapping roles, we further mapped these
common target genes to different cancer hallmark features. In
Table 2 and Fig. 4 the NRF1, E2F4 and MYC common target
genes identified in different signaling pathways are depicted,
as well as the associated hallmarks of cancer.We found E2F4-,
MYC- and NRF1-enriched motifs in genes operating in sig-
naling pathways governing all hallmark characteristics of ma-
lignant transformation and progression. We found that eleven
critical signaling pathways are enriched in NRF1 target genes,
i.e., the PI3K-Akt, RAS, cadherin, chemokine, cytokine,

NOTCH, apoptosis, TGF-β, VEGF, T-cell receptor and B-
cell receptor signaling pathways.

Using a couple of common downstream targets and
assessing the experimental evidence for TF crosstalk, we here
explore this concept in further detail. One example of a com-
mon downstream target gene of NRF1, MYC and E2Fs is
EZH2. EZH2 (Enhancer of Zeste Homolog 2) is a key epige-
netic regulator and epithelial-mesenchymal transition (EMT)
inducer that participates in a variety of cancer metastasis path-
ways [111]. MYC upregulates EZH2 expression by downreg-
ulating miRNA 101 (miR-101), miR-26a and miR-26b. MYC
expression is also positively regulated by EZH2 in glioblasto-
ma. Meanwhile, it has been found that E2Fs positively control
EZH2 transcription, and that EZH2 is critical for regulation of
the pRB-E2F pathway. EZH2 is considered to suppress miR-
31 [112], which has recently been shown to have the ability to
downregulate NRF1 expression at both the mRNA and pro-
tein levels in a dose-dependent manner [113]. Another target
gene that is co-regulated by NRF1, MYC and E2Fs (specifi-
cally E2F4) is CDC2. CDC2 is co-expressed with MYC,
TFAM and NRF1 [114], and it has been reported that p130/
E2F4 binds to and represses the CDC2 gene promoter in re-
sponse to p53 [115]. MYC cooperates with activated RAS to
induce the CDC2 gene promoter [116]. The CDC2 gene pro-
moter also contains a functional NRF1 consensus binding site
[116, 117]. Activation of NRF1-regulated target cell cycle
genes, including CDC2, has been shown to be involved in
estrogen-induced malignant transformation [118].

A subset of mitochondrial genes acts as targets of NRF1,
MYC and E2F4, and some of the TF binding sites are co-
shared by NRF1 and MYC in the ERE set of ERβ prevalent
sites [119] and in leukemia cell-associated transcriptional net-
works [120]. A degree of redundancy in the system has also
become apparent from a recent study showing that gene mo-
tifs bound by E2F and NRF1 positively correlate with breast
tumor progression, angiogenesis and metastasis [93].
Promoter analysis of breast cancer subtype-specific gene sig-
natures showed that NRF1 represents one of the top 15 signif-
icantly enriched transcription factor binding site (TFBS) ma-
trices in breast cancer subtypes. Principal component analysis

Fig. 3 Venn diagram depicting distribution of NRF1, MYC and E2F4
target genes
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(PCA) of TFBS enrichment, which reduces redundancy and
highlights the most effective tumor subtype discriminators,
indicated that NRF1 acts as one of the dominating discrimi-
nating factors for both the basal-like and luminal B breast
cancer subtypes [121]. Either cooperation or competition be-
tween NRF1 and MYC may take place at many NRF1 or
MYC target sites. The binding motif on TFAM serves, for
example, as a target for both NRF1 and MYC [122].
Retrospective brain tumor microarray-based expression anal-
yses led to the identification of a set of genes that significantly
correlated withMYC, TFAMand NRF1 in brain tumor tissues
[122]. PRIMA analysis revealed that TF signatures enriched
in cell cycle-dependent promoters are also enriched in a
MYC-MAX target gene set (E2F, NF-Y, Sp1, NRF1, ETF,
CREB and AhR/Arnt) [123], and that the MYC-MAX signa-
ture is markedly enriched in a NRF1 target gene set [124].
These findings suggest that by activating or repressing genes
regulating proliferative signaling and growth suppression, ge-
nomic stability, apoptosis/autophagy, senescence, and re-
programming of differentiation and cellular energetics,
NRF1 in conjunction with E2F4 and MYC may play an im-
portant role in regulating the acquisition of CSC characteris-
tics and human cancer hallmark features (Fig. 5).

Coordination between NRF1 and MYC action may take
place at several target gene levels. NRF1 can heterodimerize
with MAX, and the NRF1 α palindromic sequence may serve
as an alternative MAX binding site as identified in the eIF2S2
gene promoter [125]. NRF1 may initiate transcription and
direct dispersed transcription initiation [126], and can displace
MAX from key gene promoters and enhancers in vivo.
Although the cellular context is important, actual TF binding
to genomic DNA is also critical. A recent study using an
attention-based neural network approach strictly relying on
analysis of genomic sequence features (EPIANN) has, for
example, revealed that the NRF1 protein has a higher propen-
sity to bind to enhancer regions compared to promoter regions
[127]. Even more interestingly, E2F4, E2F1 and MAX

proteins bound to promoter regions have been found to inter-
act with NRF1 protein bound to the enhancer region, but not
vice versa [127].

CSCs are maintained in a hypoxic microenvironment with-
in a tumor. In addition to reprogramming cancer cell metabo-
lism, hypoxia is considered to play an important role in the
survival and maintenance of CSCs, and in resistance to apo-
ptosis. However, the TFs that regulate these properties of
CSCs under physiologic hypoxic microenvironmental condi-
tions remain to be fully understood. Here, we set out to define
the potential role for NRF1 to orchestrate MYC and E2F4 to
regulate PI3K-driven survival mechanisms, as well as apopto-
tic pathways under hypoxic conditions. All genes depicted in
the scheme in Fig. 6 are regulated by NRF1, MYC and E2F4
(Table 2). These three TFs govern the survival and mainte-
nance of CSCs, and have been shown to protect cells from
apoptosis. Under hypoxia, however, a heterodimeric hypoxia-
inducible factor 1 (HIF1) subunit, i.e., HIF1α, escapes the
degradation, dimerizes with ARNT and binds to hypoxia-
regulated element (HRE)-containing gene promoters to drive
apoptosis-related gene expression. Differential expression of
HIF1α and 2α proteins within the hypoxic microenvironment
has been implicated in CSC biology, including stemness,
reprogramming of metabolism, invasion, EMT and
chemoresistance. It is noteworthy that HIF1α, HIF1AN (in-
hibitor of HIF1α), and HIF1A-AS2 (HIF1α antisense RNA 2)
serve as common targets of NRF1, E2F4 and MYC (Table 2).
Recently, a non-canonical role of EZH2 (a common target of
NRF1, E2F4 andMYC, see above) as a molecular switch with
regard to hypoxia has been reported [128]. In case of genes
such as EZH2, for which there is contention whether they act
as a tumor suppressor or an oncogene, it might be helpful to
add the biological context. Hypoxia, for example, and its ef-
fects on TFs such as NRF1, may affect their capacity to act as
master regulators through the choice of TF interactions and
the concomitant sets of proteins that are expressed in one
condition versus another. There is evidence suggesting that

Fig. 4 Illustration of common
target genes of MYC, E2F4 and
NRF1 linked to hallmark-specific
pathways. 1o = Primary, 2o =
Secondary
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NRF1 andMYCmay have opposite effects on HIF1α activity
[72, 129]. Although the role of both TFs has not been studied
under the same experimental conditions, it appears that over-
expression ofMYC inducesHIF1α gene transcription, where-
as NRF1 may be able to competitively inhibit this
transactivation and further inhibit the transcription of the
MYC gene (Fig. 5). Silencing of HIF1α results in a decreased
induction of one of the EMT-associated TFs, ZEB2, and its
related factors VIM and TGFβ1, implying an hypoxia/
HIF1α-dependency for their expression [130]. The HIF2α
gene is directly controlled by E2F1, E2F1 and E2F4 [131,
132]. These findings suggest a joint regulation of hypoxia-
induced genes related to EMT and resistance to apoptosis by
NRF1, MYC and E2F4 as a novel escape mechanism to
hypoxia-driven cytotoxicity. There is further merit added to
the above idea considering the fact that NRF1, E2F4 and
MYC bind to motifs that are consistently over-represented in
bidirectional promoters [31], whereas 73% of the known ver-
tebrate DNA binding motifs are under-represented [31].
Through binding to bidirectional promoter sites, these TFs
may simultaneously govern disparate proteins and non-
coding RNAs that act in concert to bring about even the sim-
plest change in cellular state. ATF such as NRF1 bound to an

enhancer may even be able to control the effect of another TF,
such as MYC, by promiscuously binding to its partner MAX,
since NRF1-MAX heterodimers have previously been report-
ed in the literature [133]. In terms of biophysical aspects of
binding and alteration, NRF1 binding has been reported at
least in one case to bend DNA towards the major groove
[134], while MYC-MAX and other E-box binding proteins
are known to bend DNA towards the minor groove [135]. In
summary, evidence supporting the interplay between NRF1,
MYC and E2F4 points towards a more focused interrogation
with respect to their crosstalk affecting the development and
progression of different human cancers.

11 Conclusions and perspectives

The contribution of both MYC and E2Fs in the pathogenesis
of human cancers is unequivocally proven, while that of
NRF1 is less well understood. Here, we present emerging
evidence supporting a role of NRF1 in cancer development
and for overlap, cooperation and exclusivity of its activity
with MYC and E2Fs. NRF1 is one of the top five TFs that
shows increased activity in many human cancers. Recently,
we have uncovered a novel oncogenic function of NRF1 in
breast cancer development and progression. NRF1, MYC and
E2F recognition sequences are present within the promoters of
many common target genes and these TFsmay compete or co-
operate for binding to these promoter sequences. The frequent
co-occurrence of NRF1, MYC and E2F binding motifs within
human gene promoters suggests that NRF1, in conjunction
with MYC and E2Fs, may commonly regulate many genes
in mammalian cells. A CTD search of chemical compounds
revealed that many of them affecting NRF1 and E2F4, also
affect MYC, again suggesting a functional overlap between
these TFs. Similar to MYC and E2Fs, NRF1 controls EMT,
apoptosis, senescence and chromatin stability/relaxation. By
doing so, NRF1 may contribute to the acquisition of

Fig. 6 Potential of NRF1 to orchestrate MYC and E2F4 effects in
hypoxia driven apoptosis: All proteins shown are regulated by NRF1,
MYC and E2F4

Fig. 5 Putative actions of NRF1
in cooperation or competition
with MYC and E2F transcription
factors
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pluripotent stem cell characteristics, since its underlying pro-
cesses are transcriptionally regulated by E2F4 or MYC.
Contrary to this concept, NRF1 may regulate MYC and E2F
functions in a cellular context-dependent manner by acting as
a Bpioneer^ TF and facilitating or repressing the ability of
Bsettler^ MYC protein to bind DNA through the formation
of NRF1-MAX heterodimers, that may compete with MYC-
MAX heterodimers, or by regulating E2F1/E2F6, which may
modulate MYC activity. The reprogramming of pluripotency
TFs, EMT and cancer stem cell marker genes is regulated by
MYC, E2F and NRF1, which suggests that a single TF may
not be sufficient to reprogram adult cells to CSCs. The coop-
erative binding of NRF1, MYC and E2F followed by tran-
scriptional activation and/or repression of key downstream
target genes, may also play a pivotal role in removing senes-
cent and apoptosis barriers and, thus, enhancing the acquisi-
tion of CSC characteristics. Recently, NRF1 has even been
suggested as a target for combatting chemoresistance in a
multicenter case-control study. NRF1, E2F4 and MYC may
also work in concert to activate/inhibit the expression of genes
that contribute to resistance to endocrine or chemo-therapeutic
agents. A further elucidation of these NRF1/E2F/MYC-
driven mechanisms is expected to guide the development
of new therapeutic regimens to slow down or prevent the
development of human cancers. These efforts should be
aimed at understanding how NRF1 exactly interacts with
E2Fs and MYC in individual normal and tumor cells.
Clinical validation of the role of the interplay between these
transcription factors in the evolution of cancer cells will set
the stage for the establishment of a pan-cellular TF regula-
tory strategy to predict cancer risk, therapeutic response
and patient prognosis.
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