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Keywords:
 In eukaryotic cells, proteins that enter the secretory pathway are translated on membrane-
bound ribosomes and translocated into the endoplasmic reticulum (ER), where they are
subjected to chaperone-assisted folding, post-translational modification and assembly. During
the evolution of the eukaryotic cell, a homeostatic mechanism was developed to maintain the
functions of the ER in the face of various internal and external stresses. The most severe
stresses imposed on eukaryotic cells can induce ER stress that can overwhelm the processing
capacity of the ER, leading to the accumulation of unfolded proteins in the ER lumen. To cope
with this accumulation of unfolded proteins, the unfolded protein response (UPR) is activated to
alter transcriptional programs through inositol-requiring enzyme 1 (IRE1) and bZIP17/28 in
plants. In addition to transcriptional induction of UPR genes, quality control (QC), translational
attenuation, ER-associated degradation (ERAD) and ER stress-induced apoptosis are also
conserved as fundamental adaptive cellular responses to ER stress in plants.
This article is part of a Special Issue entitled: Translational Plant Proteomics.
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1. Introduction

In eukaryotic cells, most proteins destined for secretion, lyso-
somes, or the plasma membrane are translated on membrane-
bound ribosomes and translocated into the rough endoplasmic
reticulum (ER) through protein channels either while they are
being translated on membrane-bound ribosomes or following
completion of translation in the cytosol. In the ER lumen, they
are subjected to a variety of post-translational modifications,
chaperone-assisted folding, and/or assembly into oligomeric
structures. Once they are properly folded and assembled in the
ER, most client proteins are transported for further maturation
andsecretion.However, client proteins that fail to foldproperly or
assemble correctly in the ER are recognized by the QC system [1]
and transported back into the cytoplasm for degradation by the
ATP-dependent ubiquitin–proteasome system (UPS), in a process
known as ERAD [2].

The high calcium concentration and oxidizing environment
of the ER lumen relative to the cytosol are favorable for proper
function of the ER chaperones required for folding disulfide
bond-containing proteins [3,4]. The ER resident molecular
chaperone BiP/GRP78 is the most abundant protein that assists
in folding and assembly of newly synthesized proteins in the ER
lumen [5]. BiP also binds misfolded proteins in the ER lumen,
functioning as a sensor of ER stress and assisting in folding or
targeting them for ERAD [6,7]. Calnexin (CNX) and calreticulin
(CRT) are lectins that preferentially recognize and bind newly
synthesized glycoproteins bearing Glc1Man5–9GlcNAc2 oligosac-
charides and ensure their proper folding and QC [8]. Protein
disulfide isomerase (PDI) catalyzes the formation and isomer-
ization of protein disulfide bonds [9].

A variety of environmental, physiological and pathological
conditions such as loss of ER luminal calcium, inhibition of
disulfide bond formation or posttranslational modification of
secretory proteins, hypoxia, aging, genetic mutation, and virus
or pathogen infection can lead to accumulation of unfolded and
misfolded proteins in the ER lumen (ER stress). Eukaryotic cells
respond to ER stress by activating an integrated signal trans-
duction pathway called the UPR [10,11]. The UPR reestablishes
cellular homeostasis or induces apoptotic programs. UPR
activation triggers a series of complementary adaptive mecha-
nisms including transient attenuation of global protein biosyn-
thesis, transcriptional upregulation of ER chaperones, and ERAD
[12]. However, prolonged UPR activation eventually triggers
proapoptotic signals to protect the organism from rogue cells
expressing dysfunctional or even toxic signalingmolecules [12].

Transient attenuation of global protein synthesis is an
important cellular response to ER stress. By transiently reducing
the influx of nascent proteins into the ER lumen, eukaryotic cells
canmitigate ER stress and the accumulation of unfolded proteins
[12]. Temporary blocking of protein loading into the ER lumen
facilitates the maintenance of protein-folding homeostasis of
the stressed cells. This attenuation of global protein translation
in response to ER stress is mediated by protein kinase double-
stranded-RNA-dependent protein kinase (PKR)-like ER kinase
(PERK) through the phosphorylation of the serine 51 residue in
the α-subunit of translational initiation factor 2 in eukaryotes
(eIF2α) [13,14]. The heterotrimeric translation initiation factor 2 in
eukaryotes (eIF2) bound to GTP transfers methionyl-initiator
Please cite this article as: Wahyu Indra Duwi Fanata , et al, The u
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tRNAMet to the 40S ribosomal subunit. The phosphorylated eIF2α
acts as a competitive inhibitor of its guaninenucleotide exchange
factor (GEF), eIF2B [15]. This inhibition of the formation of the eIF2
ternary complex, caused by phosphorylated eIF2α, leads to
decreased translation initiation and ultimately reduced protein
loading into the ER. Attenuation of global translation via selective
inhibition of eIF2α dephosphorylation protects mammalian cells
from ER stress-induced apoptosis and blocks viral replication
[16,17]. Although general protein synthesis is decreased by eIF2α
phosphorylation, translation of a subset of mRNAs that harbor
upstream open reading frames (uORFs) in their 5′ untranslated
terminal regions (UTRs) is selectively stimulated. Such mRNAs
include mammalian ATF4 and yeast GCN4 mRNAs, members of
the bZIP family of transcription factors responsible for activation
of the integrated stress response (ISR), a pro-survival gene
expression program [18–22]. Following a first translation initiated
at the upstream uORF, under normal conditions, 40S ribosome
bound to the eIF2 · GTP · Met-tRNAi

Met ternary complex con-
tinues scanning and resumes translation at the downstream
uORF, which results in ribosome disassembly and blocks
translation of mRNAs with uORFs including ATF4 and GCN4
[23–25] (Fig. 1A). By contrast, when eIF2α is phosphorylated in
response to ER stress, the probability that ribosomes resume
translation at the inhibitory uORFs is diminished and transla-
tion initiation at the downstream AUG start codon is favored
(Fig. 1B).

Another common cellular strategy to mitigate ER stress
is enhancing the capacity of the ER-protein folding machin-
ery through transcriptional upregulation of ER chaperones.
UPR signaling components were first identified in the yeast
Saccharomyces cerevisiae by genetic approaches using the
unfolded protein response element (UPRE) in the yeast Kar2
(BiP) promoter [26]. The UPR signaling pathway in yeast cells is
mediated by inositol-requiring enzyme 1 (IRE1), an ER trans-
membrane kinasewith anN-terminal stress-sensing domain in
the lumen of the ER and C-terminal cytosolic serine/threonine
kinase and endoribonuclease domains [27,28]. In response to
the accumulation of unfolded proteins, BiP is released from
the ER-sensing domain, which results in self-association and
autophosphorylation of IRE1, and activation of the cytosolic
endonuclease domain. The activated IRE1 catalyses unconven-
tional splicing of the 252 nucleotide intron from the precursor
mRNA HAC1u in the cytosol to produce the mature mRNA
HAC1s encoding a basic domain/leucine zipper (bZIP) transcrip-
tion factor (TF) [29–34]. HAC1s activates transcription of target
genes involved in protein folding/modification/degradation,
vesicle transport and phospholipid biosynthesis, and apoptosis
[32,35–37].

In mammalian cells, the up-regulation of ER chaperone
genes is controlled by two pathways: the IRE1 and activating TF
6 (ATF6) pathways. The IRE1-mediated pathway is an evolu-
tionarily well-conserved signal transduction branch of the UPR
that is found inmost eukaryotic cells. Mammalian cells contain
two yeast IRE1 homologues, namely IRE1α (ubiquitously
expressed) and IRE1β (expressed only in the gut) [38,39]. In
response to ER stress, protein kinase and endoribonuclease
activities of IRE1α are activated through the dissociation of BiP
from IRE1α and subsequent dimerization. Activated IRE1α
removes an unconventional intron from unspliced XBP1
(uXBP1) mRNA in the cytosol, generating a frameshift in sXBP1
nfolded protein response in plants: A fundamental adaptive
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Fig. 1 – Schematic illustration of the attenuation of global protein translation. (A) Protein translation under normal conditions.
PERK physically interacts with BiP and this interaction maintains the PERK in its inactive state. The inactivation of PERK
contributes to the abundance of eIF2-GTP, which subsequently binds to methionyl-initiator tRNA (Met-tRNAi

Met) to form the
ternary complex eIF2-Met-tRNAi

Met-GTP. This ternary complex delivers the initiator tRNA to the 40S ribosomal subunit and
allows translation of proteins including translation at uORF1 and uORF2 of ATF4. As uORF2 overlaps with the ATF4 ORF, the
translation of uORF2 suppresses the translation of ATF4. (B) Attenuation of global protein translation under ER stress
conditions. BiP dissociates from PERK and allows its activation through oligomerization and trans-autophosphorylation. The
active PERK phosphorylates the α-subunit of the eIF2 heterotrimeric complex and inhibits the activity of eIF2B to exchange
GDP to GTP on eIF2. eIF2-GDP does not bind Met-tRNAi

Met, resulting in inhibition of ternary complex formation. The low
abundance of the ternary complex increases the likelihood of ribosomes initiating the scanning process through uORF2, which
subsequently allows translation at the ATF4 start codon. As a consequence, transcription of ATF4 downstream genes is
activated through the binding of ATF4 to the amino acid response element (AARE).
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that allows the translation of a functional TF. sXBP1 trans-
locates to the nucleus and controls the transcription of the
genes encoding ER chaperones and ERAD components [40–42].
In response to ER stress, IRE1β induces translational repression
Please cite this article as: Wahyu Indra Duwi Fanata , et al, The u
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through 28S ribosomal RNA cleavage [43]. Like the IRE1-XBP1
signaling pathway, ATF6 also transduces UPR signals from the
ER to the nucleus. ATF6 is an ERmembrane-bound TF activated
by intramembrane proteolysis in response to ER stress. When
nfolded protein response in plants: A fundamental adaptive
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unfolded proteins accumulate in the ER, ATF6α and ATF6β are
transported from the ER to the Golgi. Then, the cytoplasmic
fragments containing the DNA-binding and transcriptional
activation domains are released by regulated intramembrane
proteolysis (RIP), a two-step cleavage mediated sequentially by
site-1 protease (S1P) and site-2 protease (S2P) [44–46]. The free
ATF6 fragment moves to the nucleus to induce genes with
promoters containing an ER stress response element (ERSE).
ATF6 mediates transcriptional activation of UPR- and non-
UPR-target genes, including the UPR-associated proapoptotic
transcriptional regulator CHOP [C/EBP homology protein, also
known as GADD153 (growth arrest and DNA damage inducible
protein 153)] and XBP1, which provides a positive feedback for
the UPR [42,47–49].

Many chaperones and folding enzymes have been detected
as abundant proteins by analyses of the ER proteome [50]. BiP,
GRP94, CNX, CRT, peptidylprolyl isomerases (PPIase) and thiol
disulfide oxidoreductases have also been identified by mass
spectrometry (MS)-based proteomic analysis of purified
rough microsomes from mouse liver [51]. However, the three
ER-resident transmembrane sensors PERK, IRE1 and ATF6 have
not been detected by proteomic analyses, probably because
of their presence in small amounts or their low solubility.
Quantitative proteomic analysis of human neuroblastoma cells
revealed that ER chaperones responsible for protein folding,
aminoacyl-tRNA synthetases, and proteins belonging to the
Sec61 complex are increased in response to tunicamycin
(TM)-induced ER stress [52]. Increased expression of UPR-
associated proteins such as BiP and eIF2α has been demon-
strated by proteomic analysis of cells deficient in the ataxia-
telangiectasia mutated (ATM) gene and undergoing oxidative
stress. Proteomic analysis of an oral squamous carcinoma cell
(Ca9–22) showed that proteins involved in mitochondrial
dysfunction and the ER stress pathway are increased by
treatment with 11-dehydrosinulariolide, an active compound
isolated from the soft coral Sinularia leptoclados [53]. These
results suggest that proteomic analysis is a potent tool along
with transcriptomic analysis to study UPR, especially in a high-
throughput manner.
2. The UPR in plants

2.1. Effects of internal and environmental stresses on the
UPR in plants

Internal factors, such as genetic mutations and hereditary
metabolic defects, and external factors including various biotic
and abiotic stresses and impairedmetabolismcaused by oxygen,
glucose, amino acid or nutrient deprivationmay also result in ER
stress in plant cells. Aberrant protein synthesis, inhibition of
protein glycosylation or disulfide bond formation, improper
protein transfer to the Golgi, and ER Ca2+ depletion can also lead
to the accumulation of unfolded and misfolded proteins in the
ER lumen, inducing the UPR in plant cells. Inhibition of N-linked
glycosylation in Arabidopsis seedlings by treatment with TM
induces transcription of genes encoding ER chaperones and
enzymes involved in protein glycosylation, folding, transport in
the secretory pathway and UPR signaling [54]. In response to ER
stress, plant cells also transduce stress signals from the ER to the
Please cite this article as: Wahyu Indra Duwi Fanata , et al, The u
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nucleus for transcriptional regulation of genes involved in
protein folding and degradation [55,56].

In Arabidopsis, ER stress is sensed and stress signals are
transduced by the membrane-bound IRE1-like (IRE1A and IRE1B)
and ATF6-like (bZIP17 and bZIP28) transducers [57–61]. Plants
exposed to environmental stress activate UPR signaling compo-
nents. The transcription and IRE1-mediated unconventional
splicing of bZIP60 mRNA to produce the active TF increase
under conditions of salt stress, heat stress or pathogen attack in
Arabidopsis [62,63]. Rice bZIP74 (also known as bZIP50) is
activated by the same mechanism; its mRNA is induced by salt
stress and subjected to unconventional splicing by IRE1 in the
cytoplasm in response to heat and salicylic acid [64,65]. Expres-
sion of Nicotiana tabacum bZIP60 mRNA significantly increases
upon infection with the non-host pathogen Pseudomonas cichorii,
whereas it is unaffected by infection with the compatible
pathogen Pseudomonas syringae pv. tabaci [66]. Similarly, infection
with Potato virus X (PVX) in Nicotiana benthamiana plants leads to
increased transcript levels of bZIP60 together with ER chaperone
genes [67]. Salt stress induces an S1P-dependent proteolytic
cleavage of Arabidopsis bZIP17 and translocation of the active TF
to the nucleus [59]. Heat stress induces the transcription, RIP-
dependent activation and nuclear translocation of Arabidopsis
bZIP28 TF [61]. Taken together, these results suggest that various
internal and environmental stresses that diminish the protein-
folding capacity of the ER may result in the UPR in plants.

2.2. Major UPR signaling pathways in plants

Arabidopsis IRE1A and IRE1B share key structural features
with their yeast and mammalian counterparts. They contain
N-terminal sensor domains facing the lumen of the ER,
transmembrane domains near the middle of the proteins, and
cytosol-facing C-terminal putative kinase and ribonuclease
domains. Amino acid sequence comparison indicates that the
C-terminal kinase and ribonuclease domains are highly
conserved (30–40%) among the IRE1 homologues in different
kingdoms [68]. Like its yeast and mammalian counterparts,
Arabidopsis IRE1plays a central role in theER stress response by
catalyzing unconventional splicing of bZIP60 mRNA to produce
the active TF (Fig. 2) [60,62]. The unspliced bZIP60 mRNA
(bZIP60u) encodes bZIP60 TF with a C-terminal transmembrane
domain (TMD), which tethers the protein in the ER membrane
under unstressed conditions. In response to ER stress, IRE1
catalyzes unconventional splicing of the 23-nucleotide intron
from bZIP60u to produce the spliced bZIP60 mRNA (bZIP60s),
which encodes an active bZIP60 TF with a different open
reading frame (ORF) in the C-terminal region. The active
bZIP60 TF is recruited to the nucleus to activate transcription
of UPR-associated genes in Arabidopsis [62]. The unconven-
tional splicing of bZIP60 mRNA is detected in ire1a and ire1b
single mutants, but not in the ire1a ire1b double mutant [60].
This indicates that Arabidopsis IRE1A and IRE1B are function-
ally redundant in the unconventional splicing of bZIP60
mRNA. IRE1 in rice also catalyzes unconventional splicing of
the 20-nucleotide intron from unspliced rice bZIP74 mRNA
(bZIP74u) [65]. This process generates a C-terminal amino acid
frame shift that not only removes the TMD of bZIP74u but also
produces an additional putative bipartite nuclear localization
signal (NLS) RRKRmediating the effective nuclear localization of
nfolded protein response in plants: A fundamental adaptive
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Fig. 2 – Schematic illustration of the core elements and UPR signaling network in plants. Under conditions that promote ER
stress, plant IRE1 is activated by autophosphorylation and dimerization. The active IRE1 unconventionally splices bZIP60
mRNA, creating a frameshift that replaces the C-terminal region including the trans-membrane domain (TMD) and
contributing to the relocation of bZIP60 from the ER membrane to the nucleus. ER stress also induces proteolytic cleavage of
bZIP17 and bZIP28 by S1P and S2P, releasing the cytoplasm-facing N-terminal domain containing the transcriptional activation
and bZIP domain from the ER membrane and allowing it to target to the nucleus. These ER stress-activated TFs bind to ERSE
and P-UPRE to induce the expression of UPR-associated genes encoding ER chaperones and ERAD proteins. ER chaperones
assist in correct protein folding during ER stress, and ERAD proteins mediate the disposal of permanently unfolded proteins.
ERAD is initialized when the N-glycan of a permanently misfolded protein is recognized by OS9 and associates with
Sel1L/Hrd3. The efficient disposal of the terminally misfolded protein requires Hrd1, an E3 ubiquitin ligase. Finally, the
Hrd1-Sel1L/Hrd3-OS9 complex disposes of themisfolded protein through ubiquitination and subsequent proteasomal degradation
in the cytosol. Derlin-1 has also been identified in plants, but the mechanism by which it contributes to the ERAD remains to be
elucidated. Plant genomes also encode proteins that are involved in eIF2α phosphorylation-mediated protein translational control
such as GCN2 and p58IPK. However, the functional mechanism of these proteins during ER stress remains obscure.
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the active bZIP74TF (bZIP74s). The additionalNLS obtainedafter
the C-terminal amino acid frame shift is also found in some
other bZIP60/bZIP74 orthologues in plants [64,65]. However,
transiently expressed Arabidopsis bZIP60ΔC-GFP lacking the
C-terminal region localizes to the nucleus [69]. Thus, further
studies are needed to determine whether the additional NLS of
bZIP60/bZIP74 orthologs is essential for nuclear localization in
plants.

The Arabidopsis bzip60 mutant shows markedly reduced
induction of many ER stress-responsive genes when compared
to wild type (WT) plants [69]. A number of bZIP60-responsive
genes contain cis-elements responsible for the ERSE and the
plant-specific unfolded protein response element (P-UPRE)
[69]. Thus, it seems likely that active bZIP60 TF binds to the
cis-elements in the promoters of downstream genes to activate
their transcription, leading to the ER stress response. The
truncated bZIP60 activates not only transcription of BiP1/2 and
BiP3, but also its own transcription [70,71], indicating that the
transcription factor is its own activator in a positive feedback
loop. Together, these results reveal that IRE1-mediated
Please cite this article as: Wahyu Indra Duwi Fanata , et al, The u
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unconventional splicing and nuclear translocation of the active
bZIP TFs that are found in yeast and mammals as well are also
conserved in plants.

bZIP28 and bZIP17 are ER-membrane localized TFs that have
been identified as signal transducers from the ER to the nucleus
under ER- and salt-stress conditions [58]. bZIP28 and bZIP17
were identified based on their domain structures, which are
similar to that ofmammalianATF6. They contain anN-terminal
bZIP domain, a transmembrane segment, and a canonical S1P
cleavage site (RXXL or RXLX) on the C-terminal side of the
transmembrane segment. Like mammalian ATF6, in response
to ER stress, both bZIP28 and bZIP17 are translocated from the
ER through the Golgi, where the cytoplasm-facing N-terminal
regions are released by RIP to be active TFs (Fig. 2). The active
TFsmove into thenucleuswhere they activate the transcription
of downstream genes including UPR-associated genes [72].

Previously, it was reported that the direct binding of ATF6
to the CCACG box of the ERSE element occurs only when NF-Y,
a heterotrimeric complex composed of NF-YA, NF-YB, and
NF-YC, bind to the CCAAT box [49]. Similarly, bZIP28 assembles
nfolded protein response in plants: A fundamental adaptive
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a larger transcriptional activation complex by interaction with
the heterotrimeric CCAAT binding factors composed of sub-
units NF-YA4, NF-YB3 and NF-YC2 [72]. Although base sub-
stitutions in the CCAAT box in ERSE-I reduce promoter activity
induced by TM treatment, bZIP28 alone can bind to CACG in
vitro, and knockout of NF-YA4 does not affect the induction of
BiP3 by TM, indicating possible functional redundancy of the
NF-YA family in Arabidopsis [72]. In a yeast two-hybrid assay,
bZIP28 interacts with itself, bZIP17 and bZIP60. Although bZIP60
exhibits a much weaker ability to homodimerize, it also
interacts with bZIP17 and bZIP28 to make heterodimers [72].
This indicates that bZIP28, bZIP17 and bZIP60 interact with each
other to make a larger transcriptional activation complex in
plants. Nevertheless, it is still unclear whether bZIP28 and
bZIP17 are functionally redundant [61]. Arabidopsis bZIP17 and
its homologue in Nicotiana tabacum, TGA1b, are induced by salt
stress and activated by RIP to induce salt stress-responsive
genes containing theTGACGelement in their promoters [73–75].
However, our analysis revealed that double mutation of bZIP28
and bZIP17 is lethal at some point during gametogenesis or
embryogenesis. Therefore, functional redundancy of bZIP28
and bZIP17 is supported by the genetic analysis, and it is
possible that salt stress can influence the UPR in plants.

2.3. Translational attenuation of global protein biosynthesis

Plants respond with changes in their patterns of gene expres-
sion and protein biosynthesis when exposed to various types of
stress. Regulation of gene expression at the level of translation
initiation allows an immediate response to stress. In response
to ER stress, global protein biosynthesis by ribosomes is
inhibited by phosphorylation of eIF2α to relieve the overloaded
ER machinery and to translate TFs that trigger downstream
stress adaptation responses selectively in eukaryotic cells
(Fig. 2). Several serine/threonine eIF2α kinases that respond to
different stress signals have been identified inmammals. These
include PKR, which is activated during viral infection, PERK,
which is activated during the UPR, heme-regulated inhibitor
kinase (HRI), which is activated by heme-deficiency, and
general control non-depressible 2 (GCN2), which is activated
during amino acid starvation [12,76–79].

Whereas no apparent plant orthologues of PKR, PERK and
HRIhavebeen identified, a GCN2homologue that is activated by
various stresses including aminoacid starvation,UV irradiation,
wounding, cold shock, salicylic acid, methyl jasmonate and
I-aminocyclopropane-I-carboxylic acid (ACC) has beencloned in
Arabidopsis [80–83]. Expression of the Arabidopsis GCN2 in
yeast gcn2 mutants complements the growth inhibition of the
mutants in the presence of amino acid biosynthesis inhibitors
[80]. Arabidopsis GCN2 interacts with uncharged tRNA and
functions as an eIF2α kinase using both Arabidopsis eIF2α
homologues as direct substrates in vitro, and its activity results
in strong inhibition of global protein synthesis in plants [81–84].
However, additional studies are required to elucidate whether
the eIF2α phosphorylation is relevant to selective translation of
the TFs that trigger downstream stress adaptation responses in
plants.

P58IPK is amember of the tetratricopeptide repeat (TPR)- and
J-domain-containing protein families. P58IPK, transcriptionally
activated by ER stress, is known to interact with the kinase
Please cite this article as: Wahyu Indra Duwi Fanata , et al, The u
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domain of PERK and inhibit its activity [85,86]. However, it has
also been reported that P58IPK plays an essential role in the
recruitment of Hsp70 chaperones to the cytosolic face of the ER
protein translocation channel Sec61 for translational control
[87]. A P58IPK homologue has been cloned in Arabidopsis and its
role in plant survival during viral infection has been demon-
strated [88]. However, further studies are needed to elucidate
the functional relevance and underlying molecular mecha-
nisms of P58IPK in plant responses to ER stress.

2.4. Folding and quality control (QC) in the ER

N-glycosylation is an important co- and post-translational
modification affecting thephysicochemical properties of proteins
in the secretory pathway [89]. N-linked glycosylation appears to
function in protein folding, QC and ERAD [90–92]. In eukaryotic
cells, glycoproteins cotranslationally translocated in an unfolded
state through the Sec61 translocon into the ER lumen are rapidly
modified by covalent addition of the preassembled oligosaccha-
ride precursor (Glc3Man9GlcNAc2) to the Asn residue in the
sequence Asn-X-Ser/Thr (where X is not proline) of the nascent
polypeptide [93]. Subsequently, the glucose (Glc) residues of the
fourteen-sugar oligomannose glycan (Glc3Man9GlcNAc2) are
trimmed by α-glucosidase I (GI) and α-glucosidase II (GII) in the
ER [94,95]. Two genes encodingGI and three genes encoding anα-
and two β-subunits of GII have been identified in Arabidopsis
[96,97].

If the glycoproteins are not correctly folded, however, they
are reglucosylated in the ER with a Glc unit by the action of
UDP-Glc: glycoprotein glucosyltransferase (UGGT), which spe-
cifically recognizes misfolded glycoproteins [98,99]. A UGGT
homologue is found in Arabidopsis and the ebs1-1 mutant with
a defect in UGGT allows bri1-9, a weak mutant caused by ER
retention of a structurally defective brassinosteroid (BR) recep-
tor BRI1, to escape QC and reach the cell surface as a functional
receptor [98]. This indicates that UGGT in Arabidopsis is also
involved in the retention of misfolded glycoproteins in the
ER. Misfolded proteins with monoglucosylated intermediate
N-glycans are retained in the ER where they bind to the
membrane-bound CNX and to its soluble homologue CRT,
which serve as molecular chaperones [100]. In the QC system,
PDI also interacts with CNX and CRT to facilitate the folding
process [101]. Glycoproteins with native conformations are
liberated from the folding machinery through the removal of
the innermost of Glc by GII and delivered to subsequent
organelles of the secretory pathway. By contrast, glycoproteins
are subject to continuous deglucosylation and reglucosylation
cycles as long as they remain misfolded or incompletely folded
in the ER [102,103]. Essential components of the QC system
appear to have been conserved during land plant evolution.
Nevertheless, additional studies are needed to elucidate their
specific molecular mechanisms in plants.

2.5. ER-associated degradation (ERAD)

If the QC system fails to prevent protein misfolding, causing an
overload of unfolded proteins in the ER, cells activate a defense
mechanism called ERAD. ERAD is amisfolded protein clearance
pathway that facilitates maintenance of ER functions by
reducing levels of misfolded proteins in the ER via the
nfolded protein response in plants: A fundamental adaptive
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ubiquitin–proteasome pathway in eukaryotes. In yeast
(S. cerevisiae), ERAD substrates and elimination pathways are
classified into three categories based on the topologies of the
lesions that cause the misfolding [104]. Secretory and ER
luminal proteins that contain lesions in the ER lumen are
degraded through the ERAD-L pathway. Membrane proteins
that contain lesions in the ER lumen, within the membrane, or
in the cytoplasm are the substrates of ERAD-L, ERAD-M or
ERAD-C, respectively [104]. The process of ERAD can be
subdivided into three steps: (i) recognition of substrates,
(ii) retro-translocation, and (iii) degradation by the 26S
proteasome. Polyubiquitination is essential for the retro-
translocation of misfolded substrates from the ER into the
cytosol [105]. In yeast, the ER membrane-resident ubiquitin
ligase (E3) Hrd1p/Der3p forms a complex predominantly with
the ubiquitin-conjugating enzymes (E2s) Ubc7p and Ubc1p
to mediate both retrograde transport and ubiquitination of
substrate molecules [106]. ERAD-L and ERAD-M appear to be
dependent on Hr1p and Hrd3p, whereas ERAD-C ismediated by
Doa10, an ER membrane-resident ubiquitin ligase (E3) with an
unusual RING finger [107–110].

Prolonged residence of misfolded proteins in the ER leads
to exposure of the terminal α1,6-mannose residue on their
N-glycans, which is mediated by the action of the α1,2-specific
exomannosidase Htm1 [111,112]. The exposed terminal
α1,6-mannose residue together with polypeptide regions sur-
rounding the N-glycosylation site serves as the degradation
signal recognized by the mannose-6-phosphate receptor ho-
mology (MRH) domain of Yos9 [112]. Similarly, ERAD substrates
in mammalian cells are recognized by OS-9 and XTP3-B via the
actionof ERdegradation–enhancingα-mannosidase-like lectins
(EDEMs) [113–116]. Sel1L, the mammalian homologue of yeast
Hrd3p, which is an ER membrane protein with a large luminal
domain, seems to mediate the dislocation of ERAD substrates
from the ER [117]. BLAST searches of the plant genome
databases identified two, three and two degradation in ER
protein (Derlin) genes in corn, Arabidopsis and rice, respectively
[118]. The plant Derlin genes are classified into two groups
(Derlin-1 andDerlin-2) according to the similarity in their amino
acid sequences [118].

Molecular components of ERAD including the homologues of
EDEMs,OS9,Hrd1,Hrd3/Sel1L andDerlin-1 are also found inplant
genomes [54–56,118]. However, little is known about the molec-
ular pathways of ERAD in plants and their underlying molecular
mechanisms. The accumulation of misfolded glycoproteins in
the ER and subsequent degradation were first observed in plant
cells when an assembly-defective phaseolin was expressed in
transgenic tobacco [119]. A genetic screen for suppressors of
the ERAD-associated dwarf phenotype of bri1-9, caused by ER
retention of a structurally defective BRI1, resulted in identifica-
tionof theEMS-mutagenizedbri1 suppressor 5 (EBS5) encodingan
Arabidopsis homologue of the yeast Hrd3/mammalian Sel1L
protein [120]. The ERAD-associated dwarf phenotype of bri1-5 can
be also suppressed by the ebs5-1 mutation [120]. ERAD of
bri1-5 seems to be mediated by the terminal α1,6-mannose
residueon theglycan.Additionof class Iα-mannosidase inhibitor
kifunensine or inhibition of α1,6-mannose attachment to the
C-branch ofN-glycan by themutation ofALG12 enhances protein
stability of bri1-5 and suppresses the dwarf phenotype of bri1-5
[121,122]. Suppression of the dwarf phenotype and enhanced
Please cite this article as: Wahyu Indra Duwi Fanata , et al, The u
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protein stability are also observed when Hrd1 homologues are
depleted by introduction of the hrd1a hrd1b double mutation in
the bri1-9 background [123]. Arabidopsis OS9 has been identified
as interacting with Hrd3/Sel1L as well as with bri1-5 and bri1-9
and loss of OS9 function suppresses the dwarf phenotypes of
both bri1-5 and bri1-9 [124]. Taken together, these results strongly
indicate the presence of conserved Hrd1–Hrd3/Sel1L–OS9
machinery in plants for the dislocation of terminally misfolded
proteins from the ER (Fig. 2).

2.6. ER stress-induced apoptosis

Transmembrane sensors recognize unfolded proteins in the ER,
and trigger the UPR tomaintain ER function and folding capacity.
However, if the adaptive response fails to resolve the overload of
unfolded or misfolded proteins, the excessive and prolonged
ER stress leads to ER stress-induced apoptosis to protect the
organism from rogue cells. To combat the deleterious effects of
protein aggregates in the organism, it is likely that plant cells also
are equipped with the ER stress-induced apoptosis system. In
mammals, the transmembrane sensors PERK,ATF6 and IRE1 that
initiate the UPR are also required to trigger proapoptotic signals
during excessive and prolonged ER stress. However, it seems that
they activate proapoptotic signals via inductionof intermediating
signaling molecules such as CCAAT/-enhancer-binding protein
homologous protein (CHOP) and c-Jun NH2-terminal kinase (JNK)
rather than direct induction of the downstream proapoptotic
molecules [125]. As a proapoptotic TF, CHOP mediates ER
stress-induced apoptosis via upregulation of growth arrest
and DNA damage-inducible protein (GADD34) and via down-
regulation of the anti-apoptotic protein B-cell lymphoma 2 (Bcl2)
[18,126]. GADD34 is a protein phosphatase 1 (PP1)-interacting
protein that facilitates PP1dephosphorylationof eIF2α andallows
cells to escape from translational shutoff during ER stress [127].

The Arabidopsis heterotrimeric G protein appears to play a
role in ER stress-induced apoptosis as well as in plant develop-
ment [128]. AGB1 encodes the Gβ subunit of heterotrimeric G
protein,which formsa stableheterodimerwith theGα subunit in
Arabidopsis. The short root phenotype of the Arabidopsis ire1a
ire1b doublemutant is further enhanced by agb1 loss-of-function
mutations [129]. However, induction of UPR genes was lower in
ire1a ire1b double mutant but higher in agb1 mutants compared
to WT [129]. These results suggest that IRE1A, IRE1B and AGB1
are independently involved in the control of plant UPR path-
ways, which possibly initiate ER stress-induced apoptosis under
excessive and prolonged ER stress conditions. However, further
studies are required to clarifywhether the phenotypes shown by
the mutants are relevant to ER stress-induced apoptosis in
plants.

In mammals, overexpression of Bcl2 or loss of Bcl-2–
associated X protein (Bax) and Bcl-2 homologous antagonist/
killer (Bak) block ER stress-induced cytochrome c release and
apoptosis [130,131]. Whereas overexpression of the ER-targeted
Bcl2 blocks ER stress-induced cytochrome c release and
apoptosis, expression of the ER-targeted Bak in bax bak
double mutant cells induces apoptosis, indicating that the
ER stress-induced apoptosis signal is relayed from the ER to
mitochondria via the Bcl2 family of proteins [132–134].
Although homologues of Bcl-2 family proteins have not
been identified in plants and yeast, Bax inhibitor 1 (BI1),
nfolded protein response in plants: A fundamental adaptive
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which is a suppressor of Bax-induced cell death, is widely
conserved across different kingdoms [135].

In Arabidopsis, expression of BI1 is strongly increased before
the initiation of TM-induced cell death [136]. Nevertheless,
alterations inBI1 gene expression levels donot cause a significant
effect on the expression of ER chaperone genes such as BiP2, PDI,
CRT1, and CNX1 [136]. ComparedwithWTplants, Arabidopsis BI1
mutants bi1-1 and bi1-2 exhibit hypersensitivity to TM with
progressed apoptosis [136]. Conversely, overexpression of BI1
leads to reduced sensitivity of Arabidopsis seedlings to TM [136].
Thus, BI1 plays a crucial role as a survival factor during ER
stress-induced cell death in Arabidopsis [136].

Plants also contain the evolutionarily conserved Bcl-2–
associated athanogene (BAG) family that performs diverse
cellular functions in processes ranging from proliferation to
growth arrest and cell death in yeast and in mammals. The
Arabidopsis genome contains seven BAG family homologues.
Arabidopsis BAG7, localized in the ER, interacts with BiP2 in
vivo [137]. Loss-of-function mutant bag7 results in accelerated
TM-induced cell death, indicating that BAG7 plays a role in ER
stress-induced apoptosis [137].

N-rich proteins (NRP-A and NRP-B), synergistically
upregulated by TM and polyethylene glycol treatments, were
identified as new components of the integrated stress-induced
apoptosis process in soybean [138]. Expression of NRPs is
positively regulated by a transcription factor, Glycine max Early
Responsive to Dehydration 15 (ERD15), which is induced by ER
stress and osmotic stress [139]. Overexpression of NRPs results
in increased caspase-3-like activity as well as promotes DNA
fragmentation and leaf senescence in soybean [138]. NAC
domain-containing protein NAC6 was identified as a down-
stream component of the integrated stress-induced NRP-
mediated apoptotic pathway in soybean [140]. Increased levels
of NRP-A and NRP-B transcripts induce the expression of the
NAC6 in soybean [140]. Enhanced expression of BiP prevented
NRP- and NAC6-mediated apoptosis, whereas silencing of
endogenous BiP accelerated the onset of leaf senescence
mediated by NRPs and NAC6. These results indicate that an
ER-resident molecular chaperone, BiP, functions as a negative
regulator in stress-induced NRP-mediated apoptosis [141]
(Fig. 3). However, little is known about how the commitment
to cell death is made and about the mechanisms that are
responsible for ER stress-induced apoptosis in plants.
Fig. 3 – Schematic illustration of ER stress-induced apoptosis
in plants. ER stress-induced apoptosis is negatively regulated
by BI1, AGB1 and BAG7 in Arabidopsis. Transcription of BI1 is
upregulated in response to ER stress, and BI1 negatively
regulates apoptosis during development. Although their
transcriptional levels are not changed during ER stress, BAG7
and AGB1 proteins also function as negative regulators of
apoptosis. ER stress upregulates transcription of ERD15, which
leads to transcriptional induction of NRP-A and NRP-B and in
turn induction of NAC6 expression in soybean. BiP inhibits
apoptosis by negatively regulating the integrated signal
transduction pathway. Green indicates regulators of ER
stress-induced apoptosis found in soybean. Blue denotes
regulators of ER stress-induced apoptosis found in
Arabidopsis.
3. Conclusions and future perspectives

It appears that external factors including abiotic stress [62,63],
biotic stress [66] and plant hormones [64,65], as well as internal
factors such as genetic mutations and hereditary metabolic
defects lead to induction of the UPR in plants. Throughout
evolution, plants have evolved fundamental adaptive cellular
responses termed the UPR, ERAD and ER stress-induced apopto-
sis to cope with various internal and environmental stresses.
Although further studies are required to elucidate their detailed
mechanisms in plant cells, key factors in the plant UPR pathways
may be used in engineering multi-stress tolerant plants. Indeed,
several UPR components have been employed to improve the
stress tolerance of plants. Overexpression of BiP confers drought
tolerance in soybean and tobacco [142,143]. Arabidopsis plants
Please cite this article as: Wahyu Indra Duwi Fanata , et al, The u
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overexpressing full-length bZIP60 exhibit enhanced salt tolerance
[63]. Expression of the bZIP17 active form under the stress-
inducible RD29A promoter confers salt stress tolerance in
Arabidopsis [75]. Thus, these key factors in the plant UPR
pathways are valuable research targets not only to achieve a
better understanding of ER stress and UPR signaling, but also for
crop improvement and stress tolerance in plants and plant-like
algae (green algae).

The UPR is a fundamental adaptive cellular response to
various internal and environmental stresses in plants. It is
evident that phosphorylated eIF2α, a marker of translational
attenuation, is upregulated in response to ER stress in plants.
This finding indicates that assessment of the translational
attenuation bymeasuring the level of phosphorylated eIF2α can
be effective to determine the stress state of plants. This will be
useful not only to examine plant stress at the cellular level
under various environmental or agronomic conditions, but also
to monitor internal stress that could be caused by transgenes
that are introduced into plants for various purposes.

Although results from yeast and animal studies provided
many insights into the nature of UPR in plants, a subset of the
mechanisms underlying UPR in plant cells is still not well
nfolded protein response in plants: A fundamental adaptive
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understood. eIF2α and its kinase GCN2, which are probably
relevant to attenuation of global protein synthesis, have been
identified in plants. However, questions remain about wheth-
er additional kinases for phosphorylation of eIF2α exist, and
whether a TF similar to ATF4 and GCN4 is necessary to
activate ISR in plants. Questions also remain regarding UPR,
ERAD and ER stress-induced apoptosis in plants. Key ques-
tions include whether any negative regulators of the UPR that
play a role in recovery from ER stress exist in plants, and
whether caspase activity is necessary for ER stress-induced
apoptosis in plants. Studies on the underlying mechanisms of
the components and their functional networks are required to
unravel the complexities of the UPR, ERAD and ER stress-
induced apoptosis in plants.
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