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Abstract

The transcription factor, Nrf2 (nuclear factor, erythroid derived 2, like 2) belongs to the CNC-bZip 

protein family, forming a transcriptosome with its direct heterodimer partner, sMaf, and co-factors 

such as CBP/p300. Nrf2 binds to one or more ARE (Antioxidant Response Element) that are 

located in the gene regulatory regions of the hundreds of Nrf2 target genes. The ARE is a key 

enhancer that is activated in response to endogenous or exogenous stresses in order to maintain 

cellular and tissue homeostasis. Data emanating from gene expression microarray analyses 

comparing Nrf2-disrupted and wild-type mouse embryonic fibroblasts (MEF) showed that 

expression of Notch1 and Notch-signaling related genes were decreased in Nrf2-disrupted cells. 

This observation triggered our research on Nrf2-Notch crosstalk. A functional ARE has been 

identified upstream of the Notch1 major transcription start site. Furthermore, an Rbpjκ binding site 

is conserved on the promoters of Nrf2 among animal species. Notch1 is one of the transmembrane 

Notch family receptors, which drives Notch-signaling together with the Rbpjκ transcription factor. 

After canonically accepting ligands such as Jags and Deltas, the receptor undergoes cleavage to 

yield the Notch intracellular domain which translocates to the nucleus. Recent studies using 

conditional knockout mice indicate that Notch1 as well as Notch2 play important roles postnatally 

in liver development and in maintenance of hepatic function. In this review, we summarize current 

understanding of the role of reciprocal transcriptional regulation between Nrf2 and Notch in adult 

liver from studies using Nrf2, Keap1, and Notch1 genetically engineered mice.
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Introduction

Molecular pathways that contribute to basic biological functions are often conserved across 

species. Both canonical Notch and Nrf2 signaling pathways are evolutionally conserved 

from C. elegans to higher vertebrate animals[1, 2]. Interestingly, both are transcription 

factors. Nrf2 and Notch signaling pathways were discovered and described independently. 

However, the use of conditional knock-out and other constructs of genetically engineered 

mice have begun to unveil both the presence and functional significance of Nrf2-Notch 

reciprocal signaling interactions, principally in adult tissues.

Notch

In the earliest phase of Notch research, genetic models employed lower species such as 

Drosophila and C. elegans. Indeed, a gene locus was discovered from the phenotype of a 

mutant fly with an indentation in the wings. The gene in the locus responsible for this 

phenotype, which was later called “Notch”, was considered to play a role in cell fate 

decisions during Drosophila embryogenesis. Moreover, a deletion mutation of this locus 

resulted in excessive differentiation to neuronal tissue. Subsequent molecular biological 

analyses revealed that the Notch gene encoded a single-pass transmembrane protein that 

functioned as a receptor for ligands on the cell surfaces of neighboring cells. This ligand-

receptor interaction was verified consequently to enable the fate decisions of the signal-

receiving cells to become non-neuronal cells by restraining neuronal differentiation; this 

process leads to “lateral specification” which is essential for normal embryonic development 

[3].

After the concept of Notch signaling had been established in lower animal models, a gene 

located at the break point on chromosome 9 in the t(7;9)(q34;q34) translocation in a subset 

of acute T lymphoblastic leukemias in humans was identified as a Notch homolog. It was 

named translocation-associated Notch homolog 1 (TAN-1) [4]. This gene is currently called 

NOTCH1, and this discovery revealed that the Notch genes are highly conserved from 

nematodes up to humans. Leukemia cells harboring the t(7; 9) translocation express a 

truncated NOTCH1, which does not include a large part of the extracellular domain. This 

truncated NOTCH1, consequently, is detected in the intracellular space and acts as a 

constitutively activated transcription factor. Enhanced Notch signaling, such as transduced 

by TAN1, has led NOTCH1 to be considered an oncogenic factor.

Nowadays, it is clear that the Notch signaling pathway influences cell fate decisions in 

animals, such as cell differentiation, survival/apoptosis, and cell cycle in both physiologic 

and pathologic contexts, while also playing a role in stem cell biology. Many Notch 

signaling-modifier proteins including Rbpjκ have been identified, and the presence of a non-

canonical, Rbpjκ-independent pathway has also been described [5, 6]. This review will 

focus on Rbpjκ-dependent canonical Notch signaling[7].

Canonical Notch signaling

Notch encodes single-pass transmembrane receptors: there are 4 Notch genes (Notch1-

Notch4) and 5 specific ligand genes (Jag1, Jag2, Delta-like <Dll> 1, Dll3, Dll4). The ligand 
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genes also encode single-pass transmembrane proteins in mammals. As summarized in 

figure 1, de novo synthesized Notch protein products firstly undergo intramolecular cleavage 

to form heterodimers, composed of extracellular and transmembrane subunits localized to 

the plasma membrane. Once receptor-ligand interactions occur, the Notch molecules in the 

target cells are processed by two successive proteolytic cleavages. The first cleavage begins 

extracellularly, close to the transmembrane domain, and is mediated by metalloproteases of 

the ADAM family [8]. The cleaved extracellular domain of Notch is trans-endocytosed by 

the ligand presenting neighboring cell. The second cleavage proceeds within the 

transmembrane domain and is mediated by γ-secretase, which is a multiple protein complex 

consisting of Presenilin, Nicastrin, Aph1a (Anterior pharynx defective 1 homolog), and 

Psenen (presenilin enhancer 2 homolog) proteins. The cleavage by γ-secretase permits 

translocation of the Notch intracellular domain (NICD) fragment into the nucleus, where it 

binds to Rbpjκ, a direct cis-element binding protein, through the RAM (Rbp-associated 

molecule) domain and ankyrin repeats. Further, NICD associates with Mastermind-like 

proteins (MAMLs) through ankyrin repeats and recruits transcriptional activators such as 

p300, finally converting the Rbpjκ complex from a transcriptional repressor into an 

activator. Then, target genes begin to be expressed. Hes (hairy and enhancer of split) [9, 10] 

encodes a basic helix loop helix inhibitory transcription factor that leads to self-renewal of 

target cells by inhibiting differentiation. Hes is the one of the best characterized of the Notch 

target genes. The cell cycle promoter CyclinD1, the proliferation-related gene c-Myc, the 

anti-apoptotic gene Bcl2, the gene for Notch-regulated ankyrin repeat protein (Nrarp), 

Deltex1, and the pre–T-cell receptor gene (Ptcra) have also been identified as Notch target 

genes [11]. Thus, mechanistically, Notch transduces the signal received on the plasma 

membrane of the target cell into the nucleus to contribute to gene expression through 

collaboration with the specific transcription factor Rbpjκ. Responses are dependent upon 

cellular context.

Pleiotropic biological effects by Notch signaling

The Notch pathway in mammals can exert pleiotropic effects in each tissue that expresses 

Notch. As such, Notch-signaling networks regulate a wide range of events in embryonic and 

post-natal development, including proliferation, apoptosis, border formation and cell fate 

decisions. There are four major events regulated through Notch. (i) Prevention of 

differentiation: Notch maintains stem cells and/or transit amplifying cells in an 

undifferentiated state in the intestinal crypt by inhibiting expression of differentiation 

promoting genes [12, 13]. (ii) Binary cell fate decisions: in the lymphoid system Notch 

specifies the T cell lineage at the expense of the B cell lineage from bi-potent early 

thymocyte progenitors [14]. Equipotent precursor cells provide two alternative cell fates 

depending on whether an uncommitted progenitor cell receives a strong Notch signal or not 

[15]. Hepato-cholangiogenesis in the liver may be included in this context. (iii) Induction of 

differentiation: this phenomenon follows in a different or an opposite context from (i). For 

example, Notch induces terminal differentiation of transit amplifying cells in the skin. 

During thymocyte differentiation Notch1 promotes differentiation of pro-T cells into pre-T 

cells [14]. (iv) Tumorigenesis: constitutive overexpression of Notch within hematopoietic 

bone marrow cells or in T cell progenitors results in T cell leukemias. Hence, Notch 

functions as an oncogene in this case [16]. However, Notch seems to function as a tumor 
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suppressor in the skin since the loss of Notch signaling causes the development of basal cell 

carcinoma-like tumors [17].

Thus, although both the canonical Notch pathway and the Notch-Rbpjκ transcriptional 

machinery are conserved, the resulting biological responses are rich in variety; sometimes 

bringing even opposite outcomes in different tissues of mammals. Such diversity in 

responses is a peculiarity of Notch signaling. Elucidation of Notch signaling crosstalk with 

other signaling pathways might shed light on these Notch-mediated effects and provide 

better understanding of their underlying mechanisms.

Keap1-Nrf2-ARE gene expression pathway

Nrf2 is a member of the CNC family transcription factors that includes Nrf1, 2, 3, Bach1, 2 

and NF-E2p45 [2]. Expression of Nrf2 target genes is highly and rapidly inducible following 

exposure of cells to endogenous and exogenous oxidants and electrophilic stresses [18, 19]. 

Control of this expression is mediated through one or more cis-elements located on the 5′ 

flanking gene regulatory regions as enhancers, or sometimes, suppressors for gene 

expression. Initially, this cis-element was called the “electrophile-responsive element” 

(EpRE) because the first compounds demonstrated to activate this element were 

electrophiles or compounds easily oxidized to electrophiles [20]. Follow-up studies by 

others using phenolic antioxidants provided a nomenclature of “antioxidant responsive 

element” (ARE) [21], which has largely superceded the use of EpRE, despite a poor 

reflection of the chemistry of pathway activation. The CNC family transcription factors 

possess a basic leucine zipper domain for direct DNA binding, principally to the ARE. CNC 

transcription factors, including Nrf2, are conserved among species, as happens with the 

Notch family. Nrf2 heterodimerizes with small Maf protein (sMaf) to elicit the most potent 

gene expression mediated through the ARE transcriptosome. Global gene expression 

analyses in Nrf2 null mouse embryonic fibroblasts or in Nrf2 null mice have revealed that 

ARE containing genes regulated by the Nrf2 include a wider array of genes that have 

important biological functions for cell and organism survival. Furthermore, these studies 

have confirmed that Nrf2 can contribute to the basal and/or induced or repressed expression 

of its target genes, depending on the particular gene and its cellular context [18].

Keap1 was strategically discovered using the yeast two-hybrid system based on the 

predicted existence of a negative regulator acting through the Neh2 domain of Nrf2 [22]. 

Keap1 possesses bric à brac, tram track and broad complex (BTB) domains and β-propeller 

structures carrying 6-blades contained in the Kelch domain. Keap1, principally localized to 

the cytoplasm, serves as a scaffold for the degrasome complex for Nrf2 by coupling with the 

Cul3-Ubiquitin-system [23]. Keap1 null mice died postnatally due to malnutrition caused by 

constriction of the esophagus and cardia of the stomach due to hyper-keratinization. 

However, the Keap1 null mice were rescued completely by deleting the Nrf2 gene [24]. 

Furthermore, the relative expression of most all Nrf2 target genes, such as Nqo1, Gclc and 

Gclm, which were initially defined by comparisons between Nrf2 null and wild type mice, 

has a generally inverse relation with the relative expression of the same genes when 

comparing Keap1 null and wild type mice, due to the constitutive expression of Nrf2 in the 

Keap1 null mice. Thus, the specificity of Keap1-Nrf2 molecular interaction was elucidated 
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in vivo. ChIP-seq and other approaches have greatly subsequently expanded the list of Nrf2 

target genes [25].

The essence of the Nrf2-ARE signaling system lies in the sequestration of Nrf2 away from 

the nucleus in the basal state and the translocation and accumulation in the nucleus as a 

rapid response to stressors including ROS in the induced state [18]. Mechanistically, in the 

basal state, the majority of de novo synthesized Nrf2 is undergoing proteasomal degradation. 

When phosphorylation occurs on the Neh6 domain of Nrf2, the Cul1-β-Trcp system can 

modify it, either in the cytoplasm or nucleus [26]; however, the Keap1-Cul3 system marks 

de novo synthesized Nrf2 through polyubiquitination leading to rapid proteasomal 

degradation. In the nucleus, the exportin complex transports Nrf2 to the cytoplasm. In this 

situation, basal expression of target genes is maintained. Whereas, in the induced state, 

modification of the Keap1-Cul3 complex through interactions of reactive cysteines by 

electrophiles or ROS leads to conformational changes disrupting the degrasome function of 

the complex. This outcome allows newly synthesized Nrf2 access to the nucleus and results 

in altered expression of target genes [27] (Figure 2).

Reciprocal Nrf2-Notch transcriptional regulation in the hepatobiliary 

system

Nrf2 to Notch1 signaling

Nrf2 and Notch1 expression in MEF—Differential gene expression analyses using 

microarrays, and more recently ChIP-Seq and RNA-Seq technologies, have been the most 

effective ways to provide insights into the downstream targets of signaling pathways. In this 

regard, many microarray analyses have been performed in various tissues of wild-type and 

Nrf2 null mice to define cytoprotective pathways and to characterize the role of the Keap1-

Nrf2-ARE pathway in the pharmacodynamic action of several classes of anticarcinogens 

[28]. One limitation of using microarray gene expression data from tissues is that the 

observed differential gene expression patterns are likely to be affected by the presence of 

heterogeneous cell populations. For this reason our initial gene expression analysis utilized 

immortalized mouse embryonic fibroblasts (MEF) from Keap1−/−, Nrf2−/−, 

Keap1−/−::Nrf2−/−, and wild-type mice so as to compare gene expression patterns among 

homogeneous cell populations [29]. This improved approach led to the observation of 

differential Notch1 expression that was dependent on the content of Nrf2 in the MEF. 

Follow-up analyses revealed that the regulatory region of the mouse Notch1 gene possessed 

a functional ARE on the proximal region of the promoter. Interestingly, Notch-signaling was 

debilitated in the Nrf2 null MEF. Expression of the direct downstream target genes of Notch 

signaling, such as Hes/Herp and Nrarp, was dampened in Nrf2 null MEF compared with 

wild type MEF when co-cultured with human cells constitutively expressing either a delta or 

jagged Notch-ligand. Hence, the Nrf2-ARE transcriptional machinery on the Notch1 

promoter directly influenced the magnitude of Notch-signaling [28].

ARE function in the Notch1 promoter during embryogenesis—Nrf2 null mice are 

viable, fertile and have not displayed evidence of developmental defects independent of the 

genetic backgrounds of specific mouse strains [30–32]. By contrast, Notch1 disrupted mice 
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show complete embryonic lethality during organogenesis; most mutants are dead at E10.5 

and all die by E11.5 [33]. This phenotypic difference in lethality between Nrf2 null and 

Notch1 null mice could either mean that the ARE-driven Notch1 gene expression may not 

contribute to embryonic survival or some other CNC transcription factors, such as Nrf1 and 

Nrf3, may associate with the ARE to induce Notch1 gene expression. If the ARE on the 

Notch1 gene regulatory region is functional during embryogenesis and taking into account 

the lethal phenotype of Nrf1 null mice at mid-late gestation [34, 35], Nrf1 might be 

implicated in the Notch1-ARE machinery. In addition, Nrf1 and Nrf2 double null mice occur 

at about 30% of theoretical Mendelian rate at E11.5 but are not observed at E13.5 [36]. This 

outcome suggests that Nrf2 may compensate in the embryonic form of the Notch1-ARE 

machinery over a short term in Nrf1 null mice.

Nrf2 and Notch1 coexist in adult hepatocytes—Due to remarkable advances in 

mouse developmental engineering, such as conditional knockout and conditional, cell-

specific gene expression, it has became feasible to generate mouse models with both loss 

and gain of functions in the Notch or Nrf2 signaling pathways and to study the outcomes in 

adult tissues. Although both Notch1 and Notch2 gene deletions among the 4 Notch receptor 

genes are embryonic lethal, the use of conditional gene knockout or overexpression led to 

the conclusion that Notch1 is dominantly expressed in hepatocytes as evidenced by Notch1-

EGFP reporter mice analyses[37]. Furthermore, Notch2 is expressed in cholangiocytes and 

in the common progenitor cells of both hepatocytes and cholangiocytes as supported by 

Notch2-LacZ knock-in mouse analyses using an X-gal staining assay [37]. The Nrf2-ARE 

signaling system is also of vital importance in these cells, regulating an adaptive response 

against stressors to maintain liver function [18]. Given the huge hepatocyte population in 

parenchymal cells, Notch1 is apparently the dominant Notch in the liver. Hence, a crosstalk 

between Notch1 and Nrf2 pathways in hepatocytes can be envisioned to be of essential 

biological importance.

Nrf2 to Notch1 during liver regeneration—After partial hepatectomy (PH), the 

existing mature hepatocytes leave their quiescent status and replicate, followed by 

replication of the non-parenchymal cells of the liver. In this setting, the regenerative 

response does not require activation of the hepatic progenitor cell compartment, which is 

proposed to be located in the canals of Hering and is represented by oval cells in rodent liver 

[38]. When considering the biological importance of Notch and Nrf2 signaling crosstalk, the 

hypothesis for a role in cell proliferation and tissue repair to maintain liver homeostasis was 

raised, based on the following observations:

i. When Notch1 expression was knocked down in the liver of rats by injection of a 

Notch1-siRNA expression vector 2 days before a two-thirds PH, the proliferation 

of hepatocytes at days 2 to 4 during the regenerative response was significantly 

suppressed [39].

ii. A phenotype of a delayed early regrowth phase is observed in the Nrf2 null mice 

following PH [40].

iii. Nrf2 null alveolar epithelial cells enter cell-cycle arrest [41].
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In general, liver of wild-type mice recovers to 75% of the weight of sham control mice 3-

days after two-thirds PH. However, in the case of Nrf2 null mice, liver weight returns to 

only 50% of sham control levels at 3 days post PH. In order to investigate whether a 

reduction in Notch1 signaling caused this retardation in regrowth of livers of Nrf2 null mice, 

liver specific NICD expressing mice in the Nrf2 null background were established. This 

Nrf2 null, NICD overexpressing mouse exhibited a complete rescue from the growth 

retardation phenotype at 3 days post PH. Thus, Nrf2 to Notch crosstalk is functional in the 

early phase of liver regeneration when hepatocyte self-renewal occurs [42]. Subsequently, 

this conjoined molecular signaling has been observed in airway basal stem cells, in turn 

affecting their proliferation and self-renewal states [43]. It could be speculated that 

protection from endogenous or exogenous stressors and maintenance of vital homeostasis in 

adult tissue stem cells and their niches could be mediated, at least partially, by directed Nrf2 

to Notch1 signaling.

Notch to Nrf2 signaling

Conserved Rbpjκ recognition sequence in Nrf2 gene regulatory regions—As 

described in the Introduction, signaling crosstalk fundamental for animal survival is often 

conserved across species. The cis-elements in the regulatory region of the genes playing 

pivotal roles in the signaling are also usually conserved among animal species. From this 

point of view, in silico analyses revealed that Rbpjκ recognition sequences are highly 

conserved in the Nrf2 promoter regions of many species of animals. Reporter gene assays 

with mutant Rbpjκ sequences, EMSA and ChIP assay using specific antibodies against 

NICD or Rbpjκ revealed that at least one Rbpjκ sequence in murine Nrf2 and human Nrf2 

gene promoters function as a cis-element at the level of cell culture analyses. When Nrf2 

signaling in wild-type MEF was assessed following induction of Notch signaling by a co-

culture system with human Notch-ligand presenting cells, the chronological expression of 

transcripts of Nrf2 and its target genes was increased during the early phase of co-culture as 

well as that of a representative Notch signaling target gene, Hes1. These studies showed that 

signaling in the direction of Notch to Nrf2 could be observed at the cellular level.

The immediate next question was to determine whether this signaling flow was biologically 

relevant in vivo by using mouse models. To this end, Nrf2 expression levels in liver specific 

NICD overexpressing mice (Rosa NICD/− ::AlbCre) were analyzed. It became evident that 

Notch to Nrf2 signaling was also functional in vivo [44]. All members of the Notch family 

can produce NICDs that act as transcriptional co-factors. However, the function of each 

NICD is not always common as there are diversities in NICD target gene expression among 

Notch1-3 [45, 46]. The mechanistic details for this diversity in response are not understood. 

A follow-up question is to determine what kind, if any, diversity exists in the responses of 

the Nrf2 promoter within the hepatobiliary system, in which the Notch1 intracellular domain 

is expressed in hepatocytes and the Notch2 intracellular domain in cholangiocytes and their 

common progenitors.

Morphological and functional similarities in liver specific Notch or Nrf2 
overexpressing mice—Since the liver specific NICD overexpression mice have higher 

levels of hepatic Nrf2 signaling, studies comparing them with liver specific Keap1 null mice 
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were conducted. As seen in liver-specific Keap1 null mice, liver specific NICD 

overexpressing mice showed striking hepatomegaly. Interestingly, in both mouse constructs, 

liver size was reduced when the Nrf2 gene was deleted. Another common phenotype was 

observed in the structure of the intrahepatic bile ducts (IHBD). The density of the IHBD had 

been reported to increase markedly in liver specific NICD overexpressing mice [47]. Resin 

casting analysis of the liver specific Keap1 null mice also showed a higher density of 

branches arborizing from major branches compared to the livers of control mice. When the 

Nrf2 gene was deleted from liver specific NICD overexpressing mice, the excess micro-

branched phenotype and the total cast size of bile ducts returned to controls level. Thus, 

Notch to Nrf2 signaling probably contributes to total liver size and bile duct formation [44]. 

Sparks et al reported on ALT activity in a series of Notch-related genetic mutant mice (liver 

specific Notch2, both Notch1 and Notch2, Rbpjκ knock out mice). They showed that 

deletion of Notch signaling from parenchymal cells and its progenitor cells at postnatal days 

led to higher levels of serum ALT [47], which is indicative of damage to hepatocytes in the 

basal state.

Therefore, to better assess liver functionality, the NICD overexpressing mice were 

challenged with the hepatotoxin acetaminophen. These mice displayed resistance against 

acetaminophen, as adjudged by protection against elevated serum ALT levels. However, 

when the Nrf2 gene was disrupted from these mice, the protective effect against 

acetaminophen hepatotoxicity evoked by enhanced Notch signaling was eliminated [44]. 

This result indicated that the cytoprotective effect of Notch signaling might be mediated 

through Nrf2 signaling. Thus, Notch to Nrf2 directional signaling is likely relevant to 

cytoprotection in the liver.

Molecular signaling networks in hepatic regeneration

Delays in liver regeneration have been demonstrated by blocking of signals mediated by 

Nrf2, Notch, TNF, components of complement and IL6, bile acids, serotonin and 

norepinephrine, among others [48]. There is clearly a multiplicity of pathways affecting the 

kinetics of cellular proliferation that are involved in the initiation and termination of liver 

regeneration. The interplay between different transcription factors and signaling molecules 

are not clearly established. The molecular roles of Nrf2 and/or Notch in the reconstitution of 

the hepatic environment, replacement and repopulation of parenchylmal and non-

parenchymal cells following damage or during regeneration are unknown. It is unlikely that 

there is a single driver for liver regeneration or indeed other areas of regenerative biology 

[48]. Indeed, cross-talk between multiple pathways certainly underlie the regenerative 

response. A network of interactions and responses with Nrf2 artificially set at the nexus is 

presented in Figure 3. Connections are based on literature reports, but the depth and function 

of this interactome of signaling factors has not been established. The molecules listed in this 

figure are confirmed to be expressed in the liver.

When hepatocytes encounter a regenerative stress condition, both the effector and target 

cells of Notch signaling likely need to enhance Nrf2 signaling (Figure 4, left). In the case of 

the effector cells, they need to express quiescence mediating genes such as p57kip2 [79, 80] 

together with cytoprotective gene expression through Nrf2 signaling (Figure 4, left and right 
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upper). Consequently, the effector cells succeed in providing the ligand to Notch signaling 

target cells, contributing both to their protection and that of the target cells. The major role 

of the target hepatocytes is to renew cell number through one round of mitosis [81]. In order 

to quickly allow for mitosis under a setting of stress, Hes/Hey family genes, which are 

transcriptional repressors and direct target genes of Notch, might turn off the expression of 

quiescence gene. Cell cycle promoter genes such as Ccnd1, which is also Notch target gene 

[82], simultaneously begin to be expressed along with cytoprotective genes through coupled 

Notch-Nrf2 signaling. Therefore, higher levels of Nrf2 expression might be expected at the 

transcriptional level (Figure 4, lower left). How signaling for hepatic regeneration is 

terminated back into the mode of quiescence is unclear. However, the putative Nrf2 target 

gene [25] Jag1, one of the Notch-ligands expressed in postnatal liver, could play a role in 

cis-inhibition of Notch signaling [71, 72] (Figure 4, right). Perhaps the biological 

importance of the Notch-Nrf2 axis in the liver regeneration lies in the early phase of cell 

division to compensate for the triggering loss of the cells.

Lessons from genetically engineered mice

Biological significance of Nrf2-Notch crosstalk

In general, Nrf2 is widely expressed in tissues and various cell types. However, careful 

analysis of the data by the Kan group [30] indicates that Nrf2 mRNA expression patterns are 

not held at a constant level. Their in situ hybridization analyses clearly showed differences 

in expression levels among tissues and cells types. Hence the conclusion “The various cells 

could express Nrf2 gene opportunely when it is required”. This variable expression pattern 

makes Nrf2-Notch crosstalk much more suitable for promulgating survival of cells and 

organisms. As Nrf2 disruption has not shown any apparent phenotype during 

embryogenesis, Nrf2-Notch crosstalk might be less important or perhaps inactive during 

gestation. However, by postnatal days Nrf2-Notch crosstalk could be harnessed in tissues 

that possess the functions of regeneration, repair or compensation of damaged or injured 

cells, especially in the liver and digestive tract. Furthermore, in those tissues, adult stem 

cells have been discovered [83]. This crosstalk can probably influence the adaptive defenses 

of the stem cells and be important for the maintenance of homeostasis of the niche. In 

addition to hepato-cholagionenesis in adult liver [47, 84, 85], the airways basal stem cell 

system for proliferating or self-renewal in the lung [43], enterogenesis in the intestinal crypt 

[86], adult neurogenesis occurring in the subventricular zone and/or the dentate gyrus of the 

hippocampus in the central nervous system [15, 87, 88], dermatogenesis in the skin [17, 89, 

90], osteogenesis in bone [91, 92], cell fate determination in hematopoiesis [93, 94] and 

angiogenesis in various tissues [95] might all be valuable settings for further evaluation 

(Figure 5A).

Possible endogenous trigger of the Notch-Nrf2 axis: ROS

Reactive oxygen species (ROS) are formed as byproducts of the normal metabolism of 

oxygen and have important roles in cell signaling and homeostasis. They are also inducers of 

Nrf2-ARE signaling. Recently, it was reported that ROS could activate the Notch pathway 

in fibroblasts derived from a systemic sclerosis model mouse. In these mice, skin fibrosis is 

induced by intradermal generation of HOCl that oxidizes skin proteins. This stress leads to 
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the stimulation and proliferation of fibroblasts and to the overproduction of collagen and 

then to fibrosis [96]. The Keap1-Nrf2-ARE pathway likely contributes to this process. 

Simultaneously, intradermal ROS can induce the synthesis of the metalloprotease ADAM17, 

which is a trigger protease in the first step of Notch activation and cleaves the ectodomain of 

the Notch receptor. ROS-induced ADAM17 could be another major factor for activation of 

the Notch pathway in systemic sclerosis [97, 98]. In this way, ROS might function as a dual 

trigger of Nrf2-Notch crosstalk.

Dark side of activation of both signaling pathways (oncogenesis)

It is estimated that 15% of all human tumors worldwide are caused by viruses [99]. Viruses 

are usually not complete carcinogens, and the known human cancer viruses display different 

roles in transformation. However, infections are considered to increase the risk of cancer. In 

general, viral gene expression and replication are closely linked to the differentiation state of 

the infected cell. The Notch pathways have been established as attractive targets for virus 

interaction and manipulation as in the cases of the γ-herpes viruses (Epstein-Barr virus 

<EBV> and Kaposi’s sarcoma-associated herpes virus <KSHV> [100]) as well as HTLV-1 

(Human T-cell leukemia virus type 1) [101]. The EBV product, EBNA2, which is one of the 

first viral genes expressed after infection, can function as a transcription co-factor with 

Rbpjκ instead of endogenous NICD, due to its structural mimicry [102–104]. Then, EBV 

can manipulate cellular NICD target gene expression and also contribute to the expression of 

EBV genes by recruiting cellular Rbpjκ onto its promoter regions. In parallel, the KSHV 

product, replication and transcription activator protein (RTA) [105], is also known to exploit 

Notch signaling in a similar manner as EBV in host cells. The establishment of a lifelong 

persistent infection in the host is a critical strategy for the survival of the virus.

Independently, many studies on human cancers have reported an augmentation of NRF2 

signaling. As the prototypic NRF2 target genes fall into the categories of detoxification and 

antioxidant enzymes, increased NRF2 signaling may be a spontaneous “cell decision” in 

cancer cells and provide them an apparent advantage encompassing enhanced cell 

proliferation and metabolic switching as well as in survival against cytotoxic cancer drugs 

and irradiation. Thus, the hijacking of the NOTCH-NRF2 axis might be one of the key 

pathways to promote cancer. The NICD mimicry EBV-product, EBNA2, might induce 

NRF2 gene expression in human cells, as could RTA expressed from KSHV genome 

following infection [106]. This means that both EBV and KSHV might be able to express 

the cell survival factor NRF2 in infected cells at least at the RNA level. In the case of 

KSHV, it was demonstrated and seemed to be important that the latent KSHV protein, 

vFLIP (Fas-associated death domain-like IL-1-converting enzyme-inhibitory protein) 

increased SQSTM1 expression and led to stabilization of NRF2 [107]. Thus, KSHV could 

dually activate the NRF2 pathway during oncogenesis by hijacking canonical NOTCH 

signaling transcriptionally and manipulating the autophagic pathway of KEAP1 degradation 

through induction of SQSTM1 post-translationally (Figure 5B).

An extensive study of somatic point mutations in 4742 human cancers and their matched 

normal-tissue samples (‘tumor–normal pairs’) across 21 tumor types has been reported 

recently[108]. NRF2, KEAP1 and NOTCH1 appear in the list as frequently mutated genes in 
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selected tumor types and were deemed to be significant in both the combined sets of tumors 

and in individual tumor types. This observation leads to the speculative notion that the 

outcome from aberrant NRF2-NOTCH crosstalk by mutation in these genes might enhance 

tumorigenesis and progression to cancer. Examination of the exclusiveness of mutations in 

both pathways within a tumor might further buttress of an important role for aberrant 

crosstalk. Exclusive mutations in NOTCH1 and NRF2 may prevail in head and neck 

squamous cell carcinomas [109]. In addition, NOTCH signaling already has been shown to 

participate in another transcriptional network that includes WNT signaling [77, 110], which 

also participates in oncogenesis.

Possible down-regulation mechanisms of Nrf2-Notch crosstalk

Through Notch-Nrf2 crosstalk studies, it has been clearly shown that NICD can activate the 

Nrf2 pathway and Nrf2 can activate the Notch1 pathway in the liver. This interaction leads 

to a positive feedback loop system; a similar genetically-driven linkage may play a role in 

oncogenesis. Presumably, a system for down-regulation of this crosstalk should exist for the 

maintenance of homeostasis in healthy cells. Perhaps target gene products of each signaling 

program contribute to a negative feedback mechanism for regulation of Notch and/or Nrf2 

signaling. These factors may act as direct transcriptional repressors for Notch genes and/or 

Nrf2 gene expression. Furthermore, epigenetic factors such as histone acetyltransferases, 

histone deacetylases and DNA methyltransferases which modify chromatin structure, may 

gradually alter gene expression leading to cellular homeostatic recovery. Post-translational 

modifications that affect Nrf2 and/or Notch (NICD) degradation machinery may allow for a 

quicker negative feedback response than modulation at the transcriptional level. In any case, 

these processes may be linked to anti-oncogenic pathways, leading to diminished 

proliferation and prompt cell elimination.

Conclusions

Nrf2-ARE signaling and Notch signaling can be regulated by reciprocal transcriptional 

machinery, at least postnatally. Namely, Notch1 is an Nrf2 target gene and Nrf2 is a Notch-

Rbpjκ target gene. Nrf2-Notch crosstalk influences the expression of defense systems 

against endogenous and exogeneous stressors leading to cytoprotection and enhances 

maintenance of cellular homeostasis and tissue organization through actions on cell 

proliferation kinetics and cell fate determinations of stem cell renewal and cell specification 

of differentiation. These actions may vary amongst tissues and particularly within specific 

regions, such as the niche where adult tissue stem cells or progenitor cells reside. At this 

point, it is clear that Nrf2-Notch crosstalk can produce a positive feedback gene expression 

response. Detailed mechanisms for the down regulation of this crosstalk remain to be 

characterized. Given the importance of this crosstalk on cell fate, pharmacological 

interventions targeting aspects of this transcription factor collaboration through agents that 

interfere with Notch signaling or inducers or inhibitors that influence Nrf2 signaling are 

likely to have roles in the prevention of tumorigenesis and suppression of tumor growth. A 

fuller appreciation of the role of cellular and tissue context will be required however, to 

assure the assiduous use of such strategies.
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Highlights

• Reciprocal Nrf2-Notch transcriptional regulation in the hepatobiliary system

• Molecular signaling networks in hepatic regeneration

• Biological significance of Nrf2-Notch crosstalk
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Figure 1. 
Canonical Notch signaling. Rbpjκ forms a negative regulatory complex on the promoter of 

Notch target genes and represses their expression. The Notch receptor on the target cell is 

activated following binding to a ligand presented by a neighboring effector cell. Endocytosis 

and membrane trafficking regulate ligand and receptor availability at the cell surface. Notch 

is then cleaved by ADAM and γ-secretase and the cleaved Notch intracellular domain 

(NICD) migrates to the nucleus. When NICD binds with Rbpjκ, it forms an active 

transcriptional complex, allowing target genes to be expressed.
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Figure 2. 
Keap1-Nrf2-ARE signaling. In the basal state (left), the Keap1-Cul3 system captures de 

novo synthesized Nrf2 and marks it by polyubiquitination for rapid proteasomal degradation. 

In the nucleus, exportin forms a complex with Nrf2, and transports Nrf2 to the cytoplasm. In 

this way, basal levels of target gene expression can be controlled. In the induced state 

(right), the Keap1-Cul3 degrasome complex is disabled, due to conformational changes in 

Keap1 evoked by oxidative or electrophilic stressors. This alteration allows de novo 

synthesized Nrf2 to translocate to the nucleus readily, resulting in accumulation and 

heterodimerization at AREs and increased or suppressed expression of target genes.
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Figure 3. 
Integrated network of Nrf2 signaling that may affect liver regeneration. Published (solid 

lines) and hypothetical (broken lines) elements of Nrf2 crosstalk with other signaling 

networks. Arrows indicate induction and “T” indicates repression. Numbers beside lines link 

to relevant references.
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Figure 4. 
Role of Nrf2-Notch1 crosstalk in the hepatic regeneration.

Left: Early phase of liver regeneration, Right: terminal phase of liver regeneration.
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Figure 5. 
Notch-Nrf2 axis. (A) Possible links for biological events occurring in postnatal tissues 

through this axis. (B) Scheme for hijacking of the NOTCH-NRF2 axis in humans by viral 

infections such as EBV or KSHV, thereby facilitating oncogenesis. Infected cells express 

EBNA2 or RTA, which are viral genome products exhibiting NICD mimicry structures for 

association with Rbpjκ. This mimicry enhances expression of NOTCH target genes such as 

cMYC, BCL2 and possibly NRF2. In the case of KSHV, RTA can recruit cellular RBPJκ 

onto its gene promoters for expression of viral genes such as vFLIP, vIL6 and vGPCR. 

These viral and abused cellular gene products together might contribute to oncogenesis. 

NRF2 signaling consequently supports the survival of the virus infected cell.
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