
1 3

DOI 10.1007/s00018-013-1409-y Cellular and Molecular Life Sciences
Cell. Mol. Life Sci. (2013) 70:4681–4694

Review

Nrf2 and Nrf1 signaling and ER stress crosstalk:  
implication for proteasomal degradation and autophagy

Hadi Digaleh · Mahmoud Kiaei · Fariba Khodagholi 

Received: 13 February 2013 / Revised: 26 May 2013 / Accepted: 13 June 2013 / Published online: 26 June 2013 
© Springer Basel 2013

mechanisms and highlight the crosstalk of specific mol-
ecules mediating these correlations.
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Introduction

The endoplasmic reticulum (ER) is a membranous net-
work within the cytoplasm that is essential for the synthe-
sis, folding, and modification of proteins destined to be 
secreted or embedded in the plasma membrane [1, 2]. This 
subcellular platform orchestrates major regulatory events in 
signal transduction of cellular development, differentiation, 
and stress. Since protein folding has a complex pathway, it 
is an error-prone process, resulting in unstable intermedi-
ates. Accumulation of unfolded/misfolded proteins in the 
lumen of ER can cause an imbalance between ER protein 
folding load and capacity, a condition referred to as “ER 
stress”, due to different physiological and pathological 
circumstances such as oxidative stress, glucose depriva-
tion and excessive mutant proteins [3]. ER stress triggers 
an evolutionarily conserved response with an integrated 
signal transduction pathway termed the “unfolded protein 
response (UPR)”. Activation of the UPR facilitates pro-
tein folding and simultaneously attenuates aggregation of 
unfolded/misfolded protein. A transient shutdown in pro-
tein translation ameliorates the protein load in the lumen of 
ER, preventing subsequent damage [3]. Due to pathological 
processes associated with ER stress, some key regulatory 
molecules and subcellular signaling, acting as defensive 
responses, are destroyed, resulting in blockage of ER stress 
stimuli. Interestingly, in some of these cases, survival sign-
aling can induce ER-dependent cell death. The correlations 

Abstract  The endoplasmic reticulum (ER) lumen is 
chemically complex and crowded with polypeptides in 
different stages of assembly. ER quality control monitors 
chaperone-assisted protein folding, stochastic errors and 
off-pathway intermediates. In acute conditions, potentially 
toxic polypeptides overflow the capacity of the chaperone 
system and lead to ER stress. Activation of the unfolded 
protein response (UPR) following ER stress buys time for 
non-native polypeptides to refold or be eliminated; other-
wise cell death occurs. The clearance routes for deleteri-
ous proteins are endoplasmic reticulum-associated deg-
radation (ERAD) and ER stress-activated autophagy. The 
ERAD pathway is a chaperone and proteasome-mediated 
polypeptide degradation, while autophagy applies to wider 
range of substances. ER stress signal transduction recruits 
diverse molecules and pathways upon UPR induction to 
compensate stress condition. NF-E2-related factor 1 (Nrf1) 
and Nrf2 are two transcription factors mostly known by 
their induction through an antioxidant response; they can 
also be activated by UPR machinery. Discovery of diverse 
molecules downstream of Nrf1 and Nrf2 has expanded our 
understanding of the biological impacts of these transcrip-
tion factors beyond classic antioxidant activation. In this 
review, we summarize our current understanding of mutual 
relationships between Nrf1, Nrf2, and ER stress clearance 
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between neurodegenerative disorders such as Alzheimer’s 
disease (AD), amyotrophic lateral sclerosis (ALS), Parkin-
son’s diseases (PD), and ER stress are well documented 
[4–7].

During adverse conditions, UPR get activated, followed 
by upregulation of chaperones and components of ER-asso-
ciated degradation (ERAD) machinery. ERAD degrades the 
misfolded proteins that are more than folding capacity of 
ER chaperones, by activation of the ubiquitin–proteasome 
pathway. To eliminate the toxic protein components outside 
the ER, autophagy has been shown as another major deg-
radation system that is responsible for degrading a wider 
spectrum of substrates [8].

Interestingly, compelling evidence suggests that the ER 
can act as a sensor organelle in eukaryotic cells [1]. The 
ER can do this by sensing local stress through chaperones, 
Ca2+-binding proteins, Ca2+ release channels, and other 
stress response proteins such as nuclear factor-E2-related 
factor 1 (Nrf1) and Nrf2, and then the response will be 
directed to mitochondria, Golgi or nucleus [1, 2]. This 
leads the activation of a subset of molecules mainly those 
that are resident with high specificity in ER membrane, fol-
lowed by various changes in physiological functions of the 
cell [3].

ER stress has been the subject of numerous studies and 
multiple models proposed to describe the molecular events 
and mechanisms of ER stress. Nrf2 as an effective bZIP 
Cap‘n’Collar transcription factor, is a target for PERK kinase 
activity and subsequent activation. Nrf1 is an ER membrane-
settled transcription factor, sharing many similarities with 
Nrf2 in structure and activity. As a result of increasing evi-
dence suggesting fundamental roles of Nrf1 and Nrf2 in oxi-
dative and also non-oxidative stresses, this review will focus 
on the studies of Nrf2 and Nrf1 as regulatory transcription 
factors involved in ablation of stress in ER.

ER acting as local sensor organelle and leads  
to lunching UPR

UPR is a regulatory system that was first reported in the 
1980s. Kozutsumi et  al. [9] observed that the presence of 
misfolded proteins in the ER signals the induction of glu-
cose-regulated protein (GRP). GRP78 is a chaperon with 
the ability to interact with both resident proteins and recep-
tors. GRP78 is responsible for maintaining the inactive 
state of UPR signaling arms by preventing their dimeriza-
tion. Elevation of misfolded/unfolded proteins occupies 
more GRP78 interacting sites and results in dissociation 
of GRP78 from signaling molecules and their subsequent 
dimerization.

Three components of UPR that are primarily initiated 
by ER transmembrane receptors are: inositol-requiring 

protein-1 (IRE1), activating transcription factor 6 (ATF6), 
and protein kinase RNA-like ER kinase (PERK) [3].

IREI, evolutionarily the oldest molecule in UPR path-
way, has a dimerization domain and two effector sites, con-
sisting of kinase and endoribonuclease (RNase) domains. 
X-box-binding protein 1(XBP1) mRNA is the main target 
of IRE1 RNase, resulting in spliced XBP1 (sXBP1) that 
encodes for an active leucine zipper (bZIP) transcription 
factor. XBP1 regulates the transcription of 380 target genes 
during the UPR activation process [10]. In IRE1 activation, 
the kinase arm of IRE1 is responsible for recruiting TNF-
receptor-associated receptor 2 (TRAF2) in order to initi-
ate the ASK1-MAP3  K-JNK/P38 signaling pathway [11]. 
Activation of mitogen-activated protein kinases (MAPKs), 
such as P38 and JNK, leads to activation of adaptive mech-
anisms or cell death via an apoptotic pathway. Pathway 
selection depends on cell status and other interfering fac-
tors [4].

Phosphorylation and inactivation of eukaryotic initia-
tion factor-2α (eIF2α) causes a transient translational shut-
down. PERK, a Ser/Thr protein kinase, is activated during 
ER stress by oligomerization and autophosphorylation and 
has been shown to phosphorylate and inactivate eIF2α [3]. 
However, certain mRNAs escape from this translational 
shut down, such as activating transcription factor 4 (ATF4), 
a member of the bZIP family of transcription factors, and 
the factors that contribute in autophagy.

ATF6α and ATF6β homologous to bZIP family tran-
scription factors, similar to ATF4, are present in all cell 
lines. The mechanism of ATF6 activation is release from 
GRP78 and, following translocation into Golgi, it under-
goes a protease cleavage at juxtamembrane site. Released 
ATF6α and ATF6β translocate to the nucleus and regulate 
gene expression such as XBP1 and GRP78 genes that are 
mainly related to enhancing ER chaperone activity and 
degradation of misfolded proteins [12, 13]. The summary 
of UPR pathway is illustrated in Fig. 1. 

An abstract of ER stress‑associated substance deletion; 
different manifestations of ERAD and autophagy

Eukaryotic cells always face waste products, toxic sub-
stances, and nonfunctional structures that must be elimi-
nated rapidly and efficiently. Autophagy and proteasomal 
degradation are in charge of active elimination of sub-
stances in the cell [14]. Interestingly, these major paths are 
responsible not only for homeostasis in healthy cells but 
also involved in stress cases with modified and enhanced 
function. This section attempts to make an overview of 
the main points of the ERAD and the ER stress-mediated 
autophagy, with attributed major molecules that are men-
tioned in the recent reviews.



4683Nrf2 and Nrf1 signaling and ER stress crosstalk

1 3

ERAD pathway and qualifications of ERAD substrates

One of the deleterious routes for ER resident proteins 
is known as ERAD, which is activated by UPR in severe 
conditions. IRE1 is predominantly liable for activation 
of ERAD genes through its ribonuclease action on XBP1 
mRNA [3]. On the other hand, the ATF6 arm of UPR sign-
aling is shown to cooperate with IRE1 by inducing XBP1 
transcription [12, 13]. Inefficiency of IRE1 signal transduc-
tion in ERAD has been reported in many pathological indi-
cations, such as dysfunctional elimination of mutant rho-
dopsin polypeptides that leads to photoreceptor cell death 
and vision loss [15]. PERK as another arm in UPR signal-
ing has the ability to induce ERAD genes through selective 
translational activation of eIF2α (Fig. 1).

Protein degradation, which is mediated by proteasome 
and activated by ER stress, has a multistage course that can 
be summarized as: substrate selection, targeting, cytosol 
retro-translocation, followed by ubiquitination. Finally, it 
leads to protein degradation in the protease active sites of 
proteasome [16, 17].

ER quality control (ERQC) is a chaperon-assisted pro-
cess that verifies protein folding accuracy. ERQC regulates 
protein selection and allows the polypeptides to perform 
additional folding or tag them for cytosol retrotransloca-
tion to undergo proteasomal cleavage [16]. Unstable pro-
teins are not the only molecules to be picked up by ERQC, 
but wild-type proteins can also be selected and deleted 
by ERAD. Ubiquitin proteasome system (UPS) has been 
shown to be the primary and the main pathway devoted to 
elimination of misfolded/unfolded proteins in the ER [18]. 
Soluble proteins, conjugated with ubiquitin, are delivered to 
the proteasome where they are unfolded, deubiquitinated, 
and broken in oligopeptides in an ATPase-dependent man-
ner [19]. At the end of the pathway, de-ubiquitination prior 
to proteasome degradation is essential and permits the pro-
tein to enter the protease complex.

Although the mechanisms through which the ER rec-
ognizes the misfolded and toxic substrate have not been 
completely understood, some key molecules are identi-
fied to be responsible for binding to aggregation-inducing/
insoluble proteins. These couplings separate them from 

Fig. 1   UPR-activated autophagy and ERAD in ER stress. Upon accu-
mulation of misfolded proteins in the lumen of ER, the protein chap-
erone glucose-regulated protein, 78 KDa (GRP78) is released from 
the termini of IRE1α, PERK and ATF6, which causes their oligomeri-
zation and activation. ER stress associated clearance is mainly attrib-
uted to IRE1 and PERK activities. Endoribonuclease (RNase) activ-
ity of IRE1α on XBP1 results in formation of spliced XBP1 (sXBP1) 
which then translates to an active leucine zipper (bZIP) transcription 
factor and translocates to the nucleus, where it enhances the transcrip-
tion of ERAD genes. Phosphorylation of JNK by kinase domain of 
IRE1α causes its activation and subsequent upregulation of autophagy 

components. Phosphorylation of eIF2α on Ser51 by PERK results in 
the rapid shutdown of general translation, while under these condi-
tions selected mRNAs, including autophagy and ERAD components, 
are translated. Inhibiting the inhibitory impact of eIF2α on expression 
of certain genes results in upregulation of those gene products (arrow 
with dashed outline). PERK also phosphorylates and activates the 
NFκB, which regulates autophagy genes (atgs). ATF6 has been shown 
to assist IRE1 in its expressional signaling through upregulation of 
unspliced XBP1 (uXBP1). The green arrows and the red reverse 
arrows, represent activatory and inhibitory effects, respectively
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other resident proteins and also keep them soluble during 
cytosolic exportation. Heat shock protein 70 (HSP70) fam-
ily members (such as GRP78) are well-studied samples of 
ER-luminal ATP dependent chaperones whose interactions 
with several ERAD substrates have been proved. Binding 
and dissociation of HSP70s are shown to maintain the solu-
bility of ERAD polypeptides and to facilitate their selection 
and targeting [16, 18]. In this manner, HSP40s have been 
demonstrated to work as co-chaperones and to cooperate 
in ATPase activity of HSP70s. Since the main targets for 
HSP70s are the hydrophobic sites of polypeptides, HSP40s 
facilitate interactions that can be productive, withhold-
ing misled ones. During or after cytoplasmic retrotrans-
location, ERAD substrates are ubiquitinated by means of 
enzymes, mainly those are resident in the cytoplasm, such 
as E3 ubiquitin ligases, Hrd1, Doa10. The ubiquitination 
occurs in different pathways, depending on their location 
(including ERAD-L, ERAD-C, and ERAD-M, referring 
to luminal, cytoplasmic, and membrane spanning path-
ways, respectively). Substrate recognition and targeting 
occur concomitantly in multiprotein complexes that result 
in undistinguishable intermediates. As an example, cell-
division cycle-48 (Cdc48) is a cytoplasmic protein complex 
that plays a pivotal role in polypeptide retrotranslocation. It 
extracts substrates, using ATPase, and binds to some ER-
resident components, such as GRP78 and Hrd1. Cdc48 
mutations lead to complex pathological signs, including 
Paget’s disease and frontotemporal dementia with body 
myopathy manifestation [20].

ER‑regulated autophagy and participant molecules

Autophagy, which includes macroautophagy, microau-
tophagy and chaperone-mediated autophagy, is a highly 
conserved degradation pathway for bulk cellular com-
ponents [14, 20]. Macroautophagy, generally known as 
autophagy, is different from microautophagy and chaper-
one-mediated autophagy, mainly in delivering substances 
to lysosome [21]. Autophagy is marked by dynamic forma-
tion of vesicles with double membranes, called autophago-
somes. This newly developed autophagosome sequesters 
proteins, lipids, and organelles, which are destined to termi-
nate by lysosomal enzymes. Atgs are the core regulators of 
autophagosome formation and its lysosomal conjugation. 
The products of atgs take part in all stages of autophagy, 
including autophagy induction, autophagosome nucleation, 
expansion, and eventually lysosomal conjugation with fol-
lowing content degradation. Regulatory and effector mol-
ecules affecting this pathway have been discovered exten-
sively in recent years [21, 22].

As we observed in our recent study, ER can be a site 
for autophagy activation, mainly in stress, and a sub-
ject for neuroprotective substances [23]. In some specific 

cases, there are overlaps between ERAD and ER activated 
autophagy; however, protein half-lives seem to affect path-
way selection [24], although interactions between specific 
substrates, or substrate overload, have been speculated to 
play significant roles in this manner [25]. P62-mediated 
selective autophagy can be described as a good example in 
connection between UPS and autophagy. Certain ubiquit-
inated substrates are subjected to delivery into autophago-
some by simultaneous interaction of P62 with ubiquitin and 
Atg8 (LC3) [26, 27]. It seems, at least in certain circum-
stances, that autophagy and ERAD substrates are differ-
ent. In this manner, knockout of autophagy-related genes 5 
(atg5) or atg7 (key autophagic genes in neurons) leads to 
aggregation of polyubiquitinated polypeptides, where the 
UPS arm of degradation system is still working [28].

According to recent reports, IRE1 and PERK serve as 
a UPR platform for the induction of autophagy in context 
of ER stress. In a tunicamycin- or thapsigargin-induced 
ER stress, IRE1 component of UPR is necessary for 
autophagy induction [29]. JNK has been proposed and 
widely accepted as the main regulatory arm in controlling 
autophagy by IRE1 [21] (Fig. 1), while its RNase activity 
in mice indicates a XBP1-dependent autophagy regula-
tion [30]. In this manner, JNK phosphorylation mediated 
by cytosolic adaptor TRAF2, leads to activation of Bec-
lin-1 (Atg6). Becline-1 is an essential autophagy regulator, 
which then causes autophagy upregulation [8]. However, 
in an elegant study, Lee et al. [31] reported that the kinase 
activity of IRE1 negatively regulates autophagy induction. 
This indicates a complex contribution of kinase activity of 
IRE1, mainly on JNK, in controlling ER stress-associated 
autophagy. On the other hand, cell type-dependent or sta-
tus-dependent regulation of downstream targets also plays 
a role. PERK signaling is considered to activate autophagy 
mainly through gene regulation [8]. Atg12 upregulation 
in a PERK-eIF2α-dependent manner acts in an ubiquitin-
like protein conjugation complex, consisting of Atg12 and 
Atg5, that affects the expansion process of autophagosome 
formation. Although ATF4 plays a crucial role in Atg12 
gene upregulation in a PERK-eIF2α-ATF4 axis, contribu-
tion of transcription factors p8 and C/EBP homologous 
protein (CHOP), essential mediators of the active com-
ponent of marihuana (THC) in activating autophagy via 
ER stress, have been demonstrated in this pathway [8]. 
In another report, LC3 expression is suggested to be acti-
vated by ATF4 and it was also shown that CHOP could be 
responsible for upregulation of Atg5 [32].

Nuclear factor kappa B (NFκB) is one of the stress-
sensing transcription factors and autophagy regulators 
(discussed below) whose activation has been indicated 
in PERK signaling, mainly through eIF2α phosphoryla-
tion [33]. PERK−/− and eIF2α−/− knockout cells show 
a decreased NFκB level, which suggests participation of 
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PERK-eIF2α pathway in NFκB activation, importantly 
in stress conditions. Interestingly, IRE1 with its kinase 
activity is shown as another activation site for NFκB, 
which is considered as IRE1-TRAF2-mediated response 
[34] (Fig. 1). However, autophagy activated via UPR still 
has some unknown components and its exact mechanism 
remains to be unraveled.

Nrf1 and Nrf2’s overview: CNC bZIP family members

Cis-acting antioxidant responsive element (ARE, 
5′-TGANNNNGC-3′), which is also called electrophile 
response element, is a target for a subset of transcription 
factors. These are in charge of adaptively and dynami-
cally counteracting intrinsic and extrinsic oxidants, 
mainly generated by reactive oxygen and nitrogen spe-
cies (ROS/RNS) [35, 36]. Nrf1 and Nrf2, as the members 
of Cap’n’Collar-basic leucine zipper (CNC-bZIP) tran-
scription factors, bind preferentially to the ARE region. 
Subsequently, these launch an adaptive response aimed at 
reversing redox imbalance [37, 38]. Both Nrf1 and Nrf2 
have the ability to regulate various genes in the antioxidant 
stress response. Target genes are comprised of a number of 
phase II of xenobiotic metabolism enzymes: GCLC (gluta-
mate cysteine ligase catalytic subunit), glutathione peroxi-
dase (GPX-1), heme oxygenase-1(HO-1), and catalase [37, 
39–41]. Disequilibrium in oxidant production and antioxi-
dant defense leads to an oxidative stress that can counteract 
cellular signaling pathways and physiological functions, 
where the major survival role of Nrf2 has been widely stud-
ied (reviewed by Qiang Ma) [42]. Since neuroprotective 
effects of Nrf1 and Nrf2 activation have been observed [43, 
44], our investigations of Nrf2 inducers have also shown 
elevated neuronal antioxidant capacity, both in vitro and 
in vivo, along with reduced death signaling after various 
stress insults [45–48].

Since it has been reported that, in comparison to Nrf2, 
Nrf1 exhibits a lower transactivation activity, Nrf2 has 
been described as the crucial transcription factor in activa-
tion of ARE regulated genes, mainly in acute stress [49]. 
However, it should be kept in mind that basal expression in 
some ARE-containing genes has been covered by both Nrf1 
and Nrf2 with an approximately equal affinity [50]. This 
suggests that the existence of a competitive occupation for 
each factor is possible. There is precedence for this, as spe-
cific Nrf1 knockout in mice has been reported to lead in 
hyper-activation of Nrf2 and downstream target genes [41]. 
Moreover, it seems transcriptional regulation of Nrf2 is 
affected by Nrf1 [51]. Interestingly, Wang et al. have inde-
pendently discovered a 65-kDa isoform of Nrf1 that settles 
in the nucleus and is responsible for negative feedback reg-
ulation of ARE-containing gene expression. This inhibition 

arises from the ability of this p65 isoform to bind the ARE 
region with no further gene expression [52]. Distinct tar-
gets of Nrf1 and Nrf2 demonstrate their separate contribu-
tion in gene expression. Metallothionein-1 (MT1) and -2  
(MT2) genes could be activated predominantly through 
Nrf1 transactivation, whereas Nrf2 persistent activation (by 
keap1 knockdown) has no significant modification in MT1 
and MT2 expression level [41].

Microarray, transfection, and knockout studies have 
illustrated gene targets for Nrf1 and Nrf2 that are beyond 
classic oxidative response elements. Osteoblast and 
odontoblast development and inflammatory response are 
the examples of non-oxidative operative sites of Nrf1 tran-
scriptional activity [53–55]. Furthermore, and consistently, 
Nrf2 microarray analysis has indicated that affected genes 
including both oxidative and non-oxidative agents (e.g., 
immunity protein and proteasome subunit genes) are major 
players in ER stress and autophagy [56].

Induction of Nrf2 includes its dissociation from Keap1 
(Kelch-like ECH-associated protein1), primarily by electro-
phile attachment. Nrf2–Keap1 interconnection is not only 
responsible for preventing Nrf2 from nuclear translocation 
but it also facilitates its degradation in a ubiquitin–protea-
some pathway by ubiquitination with E3 ligase action on 
Nrf2. In order to free Nrf2 from Keap1, cysteine residues 
in Keap1 with their sulfhydryl groups are good candidates 
as sensors mainly of oxidative inducers. Nonetheless, in 
another point of view, MAPKs have been shown to play 
a role in the activation of the Nrf2–Keap1 axis [57]. Con-
tribution of MAPKs in activation of ARE, which is medi-
ated by Nrf2, wee introduced primarily by Chen et al. [68]. 
Consistent with this conclusion, Keum et al. [59] reported 
the result of an elegant experiment that showed positive 
regulation of Nrf2 by JNK as an upstream activator. ERK 
and JNK, among the MAPKs, are suggested as more likely 
molecules to take part in Nrf2 activation, mainly by direct 
phosphorylation on serine and threonine residues of Keap1 
and Nrf2 [57, 59]. Upon dissociation of Nrf2 from Keap1, 
it results in escaping of Nrf2 from further proteasome-
mediated degradation; on the other hand, Nrf2 still being 
expressed. This means Nrf2 is stabilized within the cell and 
its total level is upregulated. Stabilized Nrf2 then translo-
cates to the nucleus and upregulates its downstream com-
ponents. Another important point is that Nrf2 stabilization 
through MAPKs phosphorylation seems not to be a general 
mechanism, and can be cell type/status dependent.

While ample reviews in recent years underscore Keap1 
and its interrelation with both Neh2 [Nrf2–ECH (chicken 
Nrf2) homologous domain] domain of Nrf2 and cytoskel-
eton [57, 60], the localization and transactivation of Nrf1 
remains unclear. Although Nrf1 contains a Neh2-like 
domain, susceptible to interrelate with Keap1, its N-ter-
minal domain (NTD) has been widely discussed to control 
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its topology and negative regulation, for the reason that 
Keap1 interaction seems not to play any important role in 
this mechanism [61, 62]. Since Nrf1 is subjected to locali-
zation mainly in ER-membrane by its NTD, the nuclear 
retrotranslocation is required in order to express its tran-
scriptional duties on ARE-driven genes. Several post-trans-
lational conversions have been discussed for topological 
determination, predominantly in NTD (e.g., NHB2, SAS), 
in which protein–lipid interactions seem to play a pivotal 
role [63].

Linking Nrf2 to ER stress and subsequent degradation; 
our learned novel pathways

Destined to survive or die, the entire cell undergoes wide-
spread modifications, physiologically or pathologically, 
during ER stress. In addition to the kinase cascades asso-
ciated with direct and rapid activation/inactivation of sub-
strates, the changes in expression profiles require transcrip-
tional regulators [3]. Among transcription factors triggered 
or repressed via UPR, Nrf2 is proposed to be the one that 
may plays a pivotal role in upregulating the non-antioxidant 
response through UPR-gene regulation interrelation. This 

needs to be confirmed, however. Although much less is 
known about the interrelation between Nrf2 and ER stress-
associated clearance, we endeavor to explain our collected 
evidences in order to represent the new outline in the way 
of interplay between Nrf2, ERAD, and ER stress-mediated 
autophagy.

Connecting UPR and Nrf2

Targets of Nrf2 are expanding, where they start from cell 
cycle regulation elements to protein degradation compo-
nents. The most remarkable is Nrf2’s tendency for activa-
tion in diverse stress stimuli [56, 64]. ER stress is one of 
the conditions in which Nrf2 stabilization has been proven 
following UPR induction against oxidative stresses, such 
as cigarette smoke [65, 66]. In our recent in vivo study, 
we observed meaningful upregulation of Nrf2 level in  
Aβ-induced ER stress [46]. Participation of PERK as a 
transmembrane protein to regulate Nrf2 phosphoryla-
tion and dissociation from Keap1 is now well established 
[17, 58, 65] (Fig.  2). Although the PERK–Nrf2 pathway 
has been studied by several groups, and PERK has been 
discussed as a Nrf2 activator in the context of ER stress 
in many papers and reviews, the IRE1α-JNK–Nrf2 axis 

Fig. 2   Connecting Nrf2 and ER stress-activated ERAD. IRE1 and 
PERK are the main pathways that activate Nrf2. PERK phospho-
rylates Nrf2 and disrupts its association with Keap1 resulting in its 
nuclear translocation. JNK, activated by kinase subunit of IRE1, 
induces Nrf2–Keap1 dissociation and Nrf2 stabilization. JNK activa-
tion requires recruitment of the adaptor protein TNF-receptor associ-
ated receptor 2 (TRAF2) which leads to the activation of apoptosis 

signal regulating kinase 1 (ASK1), a MAP3K of the JNK/p38 MAPK 
pathway. In the nucleus, Nrf2 upregulates genes associated with dif-
ferent components of ERAD pathway, including proteasomal subu-
nits, ubiquitin-conjugational elements and molecular chaperones. 
Among chaperones upregulated by Nrf2, HSP90 shows a positive 
feedback on Nrf2 activation
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seems to take part in this phenomenon. Induction of apop-
tosis signal regulating kinase 1 (ASK1), a MAP3 K of the 
JNK MAPK pathway, through TRAF2-mediated kinase 
action of IRE1α, plays a leading role in this route [11, 67]. 
Jeon et  al. [49] demonstrated that HO-1 as a downstream 
of Nrf2 abundantly upregulated in MAPKs-mediated Nrf2 
stabilization. In that study, JNK1/2 inhibition significantly 
reduced ARE activity which was primarily elevated by 
genipin-induced phosphorylation and nuclear translocation 
of Nrf2. Although Jeon et  al. reported JNK as a potential 
activator of Nrf2 pathway, they also showed PI3-kinase as 
a JNK upstream activator where MAP3 K failed to induce 
JNK phosphorylation. 

Upon Nrf2 activation via UPR, an increase in a set of 
antioxidant genes as one of the major downstream groups 
of the Nrf2 signaling pathway has been demonstrated [69]. 
Furthermore, the upregulation of ATF4 and a decrease in 
CHOP expression, whose activities can be altered by Nrf2 
transcription regulator activity, accompany the changes as 
the result of UPR [69, 70]. Altogether, Nrf2 has been sug-
gested to be a PERK direct substrate and an indirect sub-
strate for IRE1α kinase activity; therefore, an indispensable 
role can be proposed for Nrf2 activation during ER stress.

Nrf2 and ERAD; road to the proteasome

The hypothesis that Nrf2 is a master regulator of expres-
sional regulation of ERAD components has been 
seriously tested, and interaction between Nrf2 and 
ubiquitin/proteasome genes assessed [71]. Although Nrf2 
is a substrate for UPS [57], microarray-based studies 
showed that Nrf2 directly activates ubiquitin/proteasome 
genes [56, 72]. Studies by Kong’s and Kensler’s [56, 72] 
groups provided gene study support for distinct ARE/EpRE 
sequence(s) upstream of some proteasome subunit genes. 
In a recent study, the fundamental link between Nrf2-
proteasome and ER stress has been tested. Tunicamy-
cin-induced ER stress significantly upregulates protea-
somal activity mainly due to Nrf2 activation via UPR [73] 
(Fig.  2). Furthermore, silencing Nrf2 using Nrf2-specific 
shRNA revealed increased tunicamycin sensitivity. It was 
followed by a considerable reduction in the transcriptional 
level of oxidative stress genes such as NQO1, GCLM, GSR, 
and also proteasomal genes such as PSMB5 and PSMB6. 
Interestingly, 3H-1,2-dithiole-3-thione (D3T) treatment, a 
Nrf2 activator, after tunicamycin insult resulted in a sig-
nificant suppression of UPR genes. In support of this con-
clusion, Kwak et al. [72, 74] reported in their studies that, 
when both proteasomal 20S catalytic core and 19S regula-
tory core are subjected to enhancement by D3T, Nrf2 sta-
bilization was induced. Sulforaphane, which is another 
compound from cruciferous vegetables (e.g., typical broc-
coli), has been widely used in order to induce phase II 

detoxifying enzymes primarily through Nrf2 [75]. In an 
in vivo study of Nrf2 knockout mice, elevation in protea-
some subunits has been shown via microarray analysis in 
a prolonged (12 h) sulforaphane treatment [56]. As another 
consistent point of view, in a recent study, Pickering et al. 
[76] indicated that 20S proteasome and the Pa28αß regula-
tor are affected downstream of Nrf2, and play a key role in 
oxidative stress response and adaptation by enhanced cel-
lular proteolytic capacity. In spite of crucial role of Nrf2 
in expression levels of proteasome subunits genes, noted in 
the several studies that we have described in this review, it 
appears that induced and adaptive increase in proteasomal 
activity, not basal, is under control of Nrf2, though it may 
depend on cell-type and/or other circumstances [74, 76]. 
Collectively, Nrf2–ARE binding not only reveals an upreg-
ulation in the cellular antioxidant pool but also facilitates 
elimination of oxidized proteins by enhancing proteasomal 
activity. Nevertheless, the precise and full function of Nrf2 
in ER stress-induced proteasome upregulation remains to 
be determined.

Ubiquitin-conjugating and chaperone-protein traffick-
ing systems should be considered as other parts of the 
ERAD clearance pathway as well as proteasomal function, 
whose expression modifications have been reported to be 
regulated by Nrf2 activation (Fig. 3). In one of our previous 
studies, we have demonstrated the concomitant activation 
of Nrf2 and chaperones in ER stress [45]. We used H2O2 
as an ER stress inducer and observed that HSP70 and Nrf2 
levels increased following H2O2 treatment. Chaperonin 
genes including HSP70, HSP90 chaperones, and HSP40 
co-chaperones are upregulated through the Nrf2–ARE 
signaling system, followed by D3T, sulforaphane, or iso-
thiocyanate treatments [56, 65, 72, 77]. Interestingly, oligo-
nucleotide array analysis of sulforaphane-fed wild-type and 
Nrf2-deficient mice showed requirement of Nrf2 for basal 
expression of HSP40 (DnaJ) [65]. In another gene expres-
sion study, HSP90/HSP40 chaperone genes and compo-
nents of ubiquitin pathways that are considered to have an 
ARE region, are capable of being activated by Nrf2 proper 
[72]. In this manner, in vivo D3T administration triggers 
the release of Nrf2 from Keap1 following upregulation 
of the mentioned genes. In the line of Nrf2’s impacts on 
chaperon level, a positive feedback, ascribed to HSP90, has 
been introduced [78]. It has been shown that HSP90 and 
its interaction with Keap1 mediate Nrf2 activation under 
stress conditions [78]. Inconsistently, in our trials, a nega-
tive impact of HSP90 on Nrf2 stabilization, in response to 
ER stress activation, has been detected [45]. However, it 
requires further investigations to establish what is the dis-
tinct position of chaperones and the ubiquitin system in the 
ER stress–Nrf2–ARE axis and what is the physiological 
significance of this expression modification in ER stress-
mediated polypeptide degradation? 
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Nrf2 and Autophagy; complexity of correlations

As we described above, JNK and NFκB are the ER stress-
activated intermediates, which are master regulators of 
autophagy induction. Along with molecule-to-molecule 
activation/inactivation of reaction cascades through JNK 
and NFκB, direct expressional modification is another 
UPR-controlled signaling in order to recruit autophagy for 
the elimination of oxidized, toxigenic, and aggregation-
inducing proteins [8]. With the exception of JNK, acting 
downstream of UPR pathway, we and others demonstrated 
a distinctive role for JNK as an upstream activator of ER 
stress [79, 80]. In any case, in JNK-activated ER stress, our 
attempt to inhibit JNK leads to hyperactivation of Nrf2 [79].

As it appears to be, Nrf2 has been suggested to have 
interplay with autophagic pathways. Considerable effort 
has been invested in the autophagy-deficiency feedback in 
Nrf2 transactivation [81–84]. As an example, autophagy 
inhibition results in P62 upregulation and then P62 itself 
upregulates Nrf2 in a Keap1-dependent manner [84]. In 
spite of these efforts, there have been a few studies that 
directly investigated the Nrf2-autophagy in a feed-forward 
mechanism, in which Nrf2 regulates autophagy.

In a small proof-of-principle study, Rao et al. attempted 
to clarify the mechanism that is supposed to be responsi-
ble for negative regulation of autophagy by Nrf2. They 
have discovered that NAD(P)H dehydrogenase [quinone] 1 
(NQO1) as a downstream target of Nrf2, may be responsi-
ble for this negative effect of Nrf2 on autophagosome for-
mation [85] (Fig. 3). Very recently, Zhou et al. [86] reported 
that Nrf2 has the ability to inhibit autophagosome forma-
tion. In addition, they observed that silencing its mRNA in 
U251-Si-Nrf2 transfected cells enhanced basal and induced 
levels of autophagy. In another recent study, mitochondrial 
stress-related autophagy was downregulated when Nrf2 
was activated against unilateral ureteral obstruction [85]. 
These data demonstrate a dominantly negative feedback 
following Nrf2 activation. However, it is not clear whether 
Nrf2 directly interrelated with autophagy-inducing agents, 
or whether there are intermediates whose interaction could 
play the main role in regulating autophagy. Interestingly, in 
striking contrast, it was observed that in ER stress condi-
tions both Nrf2 and autophagy activated simultaneously, 
which cannot be consistent with the described dominant-
negative regulation activity [8]. Consistently, deregulation 
of autophagy, with undigested/misdigested intermediates, 

Fig. 3   Complexity of the impact of Nrf2 on ER stress-mediated 
autophagy. IKK, NFκB, and JNK, which are activated via UPR, have 
been discussed in autophagy upregulation during ER stress. Inactiva-
tion of eIF2α also enhances autophagy. Following UPR-dependent 
Nrf2 stabilization, NFκB and IKK are supposed to be responsible 
for Nrf2’s effects on autophagy. Nrf2 activates IKK by enhancing the 
expression of P62. P62-dependent activation of IKK subsequently 

results in dissociation of IκB from NFκB and its activation. Complex 
interrelation of NFκB with autophagy regulating components as well 
as IKK-autophagy interactions indicate both inhibitory and induc-
tion effects, due to various cellular circumstances. In another point of 
view, NQO1 as a target for Nrf2 seems to be relevant to autophago-
some formation. The arrows with dashed outline indicate pathways in 
Nrf2-activated autophagy
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has been reported in Nrf2 knockout of retinal pigment epi-
thelium (RPE) cells [87].

In pursuit of further clues in functional linkage between 
Nrf2 and autophagy, Stępkowski and Kruszewski [88] have 
hypothesized that NFκB appears to be the pivotal plat-
form downstream of Nrf2. They have described the Nrf2-
P62-IKK pathway in order to explain NFκB-dependent 
autophagy activation (Fig.  3). Although indirect, this 
important proposal in parallel may support the observation 
of inconsistent impacts of Nrf2 on the autophagy. Primar-
ily, a trial of clarifying the Nrf2 effect on P62 expression 
has revealed an ARE-containing region between nucleo-
tides 1,305 and 1,295 on the P62 promoter that is respon-
sible for P62 upregulation in an Nrf2-dependent manner 
[89]. The second step is referred to a mechanism in which 
TRAF6 oligomerization and self-polyubiquitination in 
a P62-dependent manner result in IκB kinase (IKK) acti-
vation [90]. IKK is composed of catalytic and regulatory 
subunits with a consensus role in NFκB activation [91]. 
Actually, the interaction between Nrf2 and NFκB is much 
more than the mentioned course. Many experiments have 
been conducted to clarify the direct and indirect interac-
tions of Nrf2 and NFκB (reviewed by Wakabayashi et  al. 
[92]). Surprisingly, negative impact of Nrf2 on NFκB is 
more accepted than positive regulation [92].

In spite of the fact that NFκB is a potent autophagy 
regulator, the manner of interrelation between NFκB and 
autophagy seems puzzling. Autophagy is activated in 
response to multiple distinct routes in the NFκB-autophagy 
signaling axis, such as heat-shock-activated autophagy and 
Beclin1 gene upregulation [93, 94]. Still, the contribution 
of NFκB in TNFα-induced autophagy and Bcl2-mediated 
autophagy inhibition shows inhibitory roles [95–97]. Bcl2 
has been suggested as an NFκB target gene, whereas Bcl2 
itself is responsible for autophagy downregulation through 
inhibiting Becline1.

Interestingly, to find distinct autophagy mediators in the 
NFκB activation pathway, it has been revealed that IKK, 
and not NFκB, is important for induction of autophagy [98] 
(Fig. 3). In vitro studies have implicated that both catalytic 
subunits of IKK (IKKα and IKKβ) are involved in IKK-
dependent autophagy induction [98, 99]. However, in other 
independent studies, physical interactions between IKKα 
and IKKβ with mammalian target of rapamycin (mTOR) 
and tuberous sclerosis protein 1 (TCS1), respectively, have 
been proposed to activate the mTOR pathway and subse-
quently inhibit autophagosome formation [100, 101]. Aside 
from IKK and NFκB interference, it has been shown that 
P62 solely has the ability to inhibit autophagy by formation 
of a complex with Rag GTPases which recruits mTORC1 
as an inhibitory agent [102]. In addition, LC3 and ubiqui-
tin are p62-interacting partners that bind to P62 through the 
LC3-interacting region and ubiquitin-associated domain 

[26, 27]. This double linkage between LC3 and ubiquitin 
predisposes P62 as a selective autophagy mediator. Sig-
nificantly, the presence of Keap1 in the LC3 and p62 pro-
tein complex has been detected; even so, the distinct role 
of Keap1 in P62-mediated autophagy still remains elusive 
[103].

Collectively, it is reasonable to speculate that there are 
intermediates in the pathway of autophagy regulation, more 
than assumed NQO1, with more complex interactions that 
we may not know yet. Although the ER stress is a potential 
activator of both Nrf2 and autophagy, a key challenge is to 
determine whether NFκB, as well as IKK, orchestrates the 
interrelation in these cases or whether there is an alterna-
tive mechanism in this path.

Evidence for and against Nrf1. Can it be regulated  
by ER stress?

The inactivated Nrf1, TCF11 with a mass of 120  kDa, 
anchors to ER membrane by its NTD, predominantly by 
its NHB1 domain (residues 11–30) [104]. Nrf1 undergoes 
fast degradation in non-stress and physiological condi-
tions via HRD1-mediated ubiquitination and subsequently 
ERAD [105]. The NST domain is subjected to glycosyla-
tion since applying deglycosylating enzymes results in for-
mation of 95-kDa activated protein and its translocation to 
the nucleus [104]. Moreover, not only does Nrf1 undergo 
deglycosylation but an intra-membrane/proteasomal cleav-
age has also been observed before nuclear translocation 
[104]. These processes provide posttranslational control of 
Nrf1; however, some co-translational modifications at ribo-
somal sites have been also displayed [63].

There is now a large body of evidence indicating that 
Nrf1 is a potent enhancer in expression of proteasomal sub-
units, with even more affinity compared to Nrf2 (Fig.  4). 
In support of this, Krüger et al. [105] reported that protea-
somal inhibitors trigger Nrf1 nuclear translocation follow-
ing de novo synthetizing 20S proteasomal subunits through 
binding to ARE targets on proteasome genes. Another inde-
pendent report showed that, in mouse embryonic fibroblasts 
Nrf1, but not Nrf2, is necessary for de novo expression of 
proteasomal subunits upon applying proteasomal inhibitors 
[106] (Fig.  4). Interestingly, proteasomal inhibition could 
be one of the ER stress inducers due to the failed ERAD 
pathway and subsequent misfolded/unfolded protein accu-
mulation [107, 108]. Apart from proteasomal inhibition, 
H2O2 preconditioning induces Nrf1 via deglycosylation and 
nuclear localization. When the cells were transfected with 
Nrf1-siRNA, Nrf1 activity following H2O2 precondition-
ing was abolished by downregulation of its phase II detoxi-
fying enzyme targets [109]. Also, in a recent study, Nrf1 
phosphorylation is discussed as an alternative pathway, 
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although their parallel experiments show that hypoxia and 
not proteasome inhibition is involved in Nrf1 transactiva-
tion [110]. They have discussed that, since proteasome is 
one of major platforms for Nrf1 proteolysis and activation, 
its inhibition is unfavorable to transactivate Nrf1. In fact, 
the mechanism through which proteasome inhibition and 
other stressors trigger Nrf1 is not well recognized. Still, it 
is reasonable to speculate that, according to ER membrane 
localization of the inactive form of Nrf1 and its protea-
some upregulatory function as an ERAD pathway compo-
nent, Nrf1 has a strong capacity of being induced through 
ER stress as well as by other ER stressors. The idea of ER 
stress-mediated activation of Nrf1 was put in test primarily 
by treating with tunicamycin as an ER stress inducer in the 
cells transfected with Myc-tagged Nrf1 expression vectors 
[111]. A study by Wang and Chan showed that Myc-tagged 
Nrf1 migrates in two independent bands with 110 and 
120  kDa in both tunicamycin-treated and untreated cells. 
Interestingly, higher levels of p110 Nrf1 were found in ER 
stress-induced cells, particularly in nuclear fractions, with 
noticeable Nrf1 localization in the nucleus. These findings 
indicate a possible membranous cleavage of 120 kDa Nrf1 
and nuclear translocation following ER stress initiation. In 
contrast to Wang and Chan, Zhang’s group later reported 
that, although ER stressors trigger formation of 110-kDa 

Nrf1, this isoform of Nrf1 does not have the ability to 
transactivate downstream ARE-containing genes. Further-
more, even the subcellular localization of Nrf1 remains 
unchanged next to ER stressors administration, such as 
tunicamycin and thapsigargin [62]. 

The interrelation between ER stress and Nrf1 requires 
further investigation. To determine the precise role of Nrf1 
in ER stress, transactivation, posttranslational/co-transla-
tional modification, nuclear translocation, and downstream 
gene induction as targets of Nrf1, must also be studied.

Conclusion

The UPR is a stress response that is activated upon the accu-
mulation of misfolded or unfolded proteins in the ER. The 
degradation of aberrant ER proteins is mediated by two pro-
cesses: ERAD and autophagy. In this review, we summa-
rized the molecular events occurring during ERAD and ER 
stress-associated autophagy and their crosstalk with Nrf2 
and Nrf1 as two stress-sensing transcription factors. Com-
pelling evidence suggests that Nrf2 can upregulate ERAD 
components in ER stress conditions. To date, only a limited 
number of studies have specifically examined direct impact 
of Nrf2 on the autophagy. As another deleterious route, 

Fig. 4   Upregulation of ERAD components through Nrf1 activation. 
Proteasomal inhibition and ER stress are likely activators of Nrf1. 
Although proteasomal inhibition induces ER stress, the activating 
impact of ER stress on Nrf1 activation is doubtful. Interamembrane 
or proteasomal cleavage is required for Nrf1 activation and nuclear 
translocation. Since Nrf1 is glycosylated near its N-terminal, deglyco-

sylation is expected during nuclear translocation. Upon nuclear accu-
mulation of cleaved Nrf1, it binds to ARE-containing proteasomal 
genes and potentially enhances their transcription as ERAD compo-
nents. A dominant inhibitory p65 isoform of Nrf1, a product of alter-
native translation, translocates to the nucleus and inhibits the expres-
sion of ARE-containing genes
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Nrf2 has been supposed to induce autophagosome forma-
tion via P62-IKK-NFκB pathway that can be seen in ER 
stress conditions. In contrast, Nrf2 has also been shown to 
activate some autophagy inhibitory pathways. Eventually, it 
seems that cell type/status, stress severity and duration are 
the determinant factors in this pathway selection. Moreover, 
P62 upregulation in autophagy-deficiency feedback results 
in Nrf2 activation in a Keap1-dependent manner. Nrf1 also 
have shown to induce proteasome subunits as ERAD com-
ponents; however, the impact of ER stress on Nrf1 activa-
tion is still unknown. Further studies are required to eluci-
date detailed mechanisms of the mentioned pathways.
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