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Summary

Much like a factory, the endoplasmic reticulum assembles simple cellular building blocks into
complex molecular machines known as proteins. In order to protect the delicate protein folding
process and ensure the proper cellular delivery of protein products under environmental stresses,
eukaryotes have evolved a set of signaling mechanisms known as the unfolded protein response
(UPR) to increase the folding capacity of the endoplasmic reticulum. This process is particularly
important in plants, because their sessile nature commands adaptation for survival rather than
escape from stress. As such, plants make special use of the UPR, and evidence indicates that the
master regulators and downstream effectors of the UPR have distinct roles in mediating cellular
processes that affect organism growth and development as well as stress responses. In this review
we outline recent developments in this field that support a strong relevance of the UPR to many
areas of plant life.
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Introduction

As the endoplasmic reticulum (ER) is the entry point to secretory pathway (Vitale and
Denecke 1999), the primary site of phospholipid synthesis (Ohlrogge and Browse 1995), a
hub for critical stress and growth signaling molecules (Light ef a/. 2016, Ron and Walter
2007, Shore et al. 2011), and the assembly plant for a third of a cell's total proteome (Wallin
and Heijne 1998), interruptions in its functions can have vast consequences in cellular
health. Under physiological conditions of growth, a dedicated battery of ER-resident
proteins can prevent misfolding of nascent polypeptides and facilitate acquisition of the
proper tertiary structure through post-translational modification (e.g., covalent addition of
oligosaccharide chains or catalysis of disulfide bond formation) (Dobson 2003, Gupta and
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Tuteja 2011). In plants affected by environmental stress (e.g. heat stress (Gidalevitz et al.
2011)), proper folding of secretory proteins can be impaired and misfolded proteins can
accumulate in the ER igniting a potentially lethal condition known as ER stress (Dobson
2003, Hartl and Haver-Hartl 2009, Buchberger et a/2010). Indeed, under prolonged or
severe levels of stress, the accumulation and aggregation of unfolded proteins can become
cytotoxic and lead to death of the plant cell in a manner akin to the effect of misfolded
proteins that aggregate and cause human neurodegenerative diseases such as Alzheimer's
(Hoozemans et al. 2005). The unfolded protein response (UPR) is a set of signaling
mechanisms designed to prevent accumulation of misfolded proteins in the ER. Specialized
ER-localized membrane proteins are able to detect the buildup of unfolded proteins and
activate signaling cascades that modulate the abundance of the proteins dedicated to the
folding of nascent polypeptides within the ER to maintain homeostasis (Ron and Walter
2007, Ruberti and Brandizzi 2014, Ruberti et a/. 2015). In metazoans the ER-localized stress
sensor array consists of the Inositol Requiring Enzyme 1 (IRE1), Activating Transcription
Factor 6 (ATF6) and Protein kinase R-like Endoplasmic Reticulum Kinase (PERK) (Harding
et al. 1999, Shen et al. 2002, Wang et al. 1998). In plants, the functional homologs of IRE1
and ATF6 (termed IRE1a, IRE1b and bZIP28 in Arabidopsis thaliana) have been identified
to date (Iwata and Koizumi 2012). In yeast, only the IRE1-dependent UPR pathway has
been identified (Ron and Walter 2007, Mori 2009). A number of comparative reviews have
highlighted the similarities between UPR components shared among plants, metazoans and
yeast, and should be referred to for greater contexts on the depth of gene conservation shared
by all eukaryotes in regards to UPR-related mechanisms (Chen and Brandizzi 2013, Liu and
Howell 2016, Ruberti and Brandizzi 2014, Ruberti ef al. 2015).

The study of the UPR in human and animal models largely centers on genetic defects that
allow the buildup of misfolded proteins, and mitigating the cytotoxic effects of the resulting
aggregates (Rao and Bredesen 2004, Stefani and Dobson 2003). In plants, UPR research also
focuses on improving crop yield under adverse environmental conditions. There is a large
potential for biotechnological applications for UPR-related mechanisms in ensuring plant
productivity. However, considerable work must be done to understand how the UPR is
integrated into intra and intercellular signaling mechanisms that are plant specific. Even
though there is considerable evidence to suggest that the UPR components are required for
many different aspects of plant physiology, from seed germination to meristematic
maintenance (Barba-Espin et al. 2014, Chen and Brandizzi 2012,Chen et al. 2014, Deng et
al. 2013, Klein et al. 2006, Deng et al. 2016, Meng et al. 2016), we are only beginning to
connect the molecular activities of IRE1 and bZIP28 to the modulation of organism growth
and development.

In this review, we provide a summary of causative ER stress conditions followed by an
examination of UPR signaling pathways through a discussion of recent advancements in the
field. Given space constraints, this review focuses mainly on UPR studies in the model dicot
Arabidopsis thaliana. Throughout, we draw attention of the reader to new developments in
the context of plant growth, development, and metabolic functioning. This is done in an
attempt to move beyond a classical linear signal transduction paradigm, and visualize the
plant UPR as a network that incorporates energy availability, plant production needs, and
environmental conditions into a cohesive output governing plant life.
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ER Quality Control and Important ER Client Proteins Mediate both Programmed Cell Death
and Cell Cycle Control

If the plant cell was reimagined as a city, it would be easy to see how the ER could be
described as the town's central factory. At the ER, shipments of raw materials in the form of
amino acids and carbohydrates are reshaped and assembled into fully-functional molecular
machines in the form of proteins. Properly folded proteins are then shipped out and utilized
for a variety of different purposes in different places throughout or outside the cell. In order
to prevent the production of faulty goods, the ER has specific machinery, collectively called
ER quality control (ERQC), to survey the protein folding status, facilitate folding and ensure
quality of the produced protein. The production of most secretory proteins begins with the
co-translational introduction of the protein into the ER. In this process, specific peptide
sequences target nascent polypeptide chains to the ER and are translocated across the
membrane as they are synthesized via the Sec translocon, which is largely conserved
between yeast and plants (Akopian et a/. 2013, Denecke et al. 1992, Deneke et al. 1993,
Schweiger and Schenkert 2013). As the polypeptide enters the ER lumen, molecular
chaperones such as the luminal binding proteins (BiPs), bind to the chain of the nascent
polypeptides and prevent premature folding (Carvalho et a/. 2014, Foresti et al. 2003). The
oligosaccharyltransferase (OST) complex (Lerouxel et al. 2005) recognizes specific amino
acid sequences and transfers A-linked glycans to the peptides. In some cases, this post
translational modification adds to the intrinsic stability or solubility of a protein, and
importantly, it functions as a recognition beacon for major ER luminal foldase complexes
(Sinclair and Elliott 2005). Nascent polypeptides undergo iterative folding cycles where they
are passed between the calnexin/calreticulin complex, and UDP-glucose glycoprotein-
glucosyltransferase (UGGT), which monitor protein folding and retains unfolded proteins in
the ER (Totani et al.,, 2009) as a part of the ERQC. Other proteins participate in folding
cycles under the purview of these central ER foldase complexes, such as thioredoxins (e.g
protein disulfide isomerases (PDIs)), which catalyze the reduction and reformation of
disulfide bonds (Bottomley ef a/. 2001, Wilkinson and Gilbert 2004). Properly folded
proteins are then transported to the Golgi apparatus, while the unfolded or irremediably
misfolded proteins are picked up by proteins like OS9 of the ER-associated protein
degradation (ERAD) system, dislocated out of the ER, ubiquitinated, and finally degraded
by the 26S proteasome (Huttner et a/. 2012). The process is conserved across eukaryotes
and, for example, it mediates the proper folding of critical client plasma membrane receptor
proteins in plants, including the Arabidopsis elongation factor Tu (EF-Tu) receptor which
mediates pathogen associated molecular pattern based immunity (Li ef a/. 2009) and
brassinosteroid insensitive 1 (BRI1) receptor (Li and Chory 1997).

Although not directly related to the activation of the UPR, the essential physiological
relevance of these folding processes, which are monitored by the UPR regulators (via
unfolded protein accumulation), are continuously being demonstrated. Beyond enabling
proper function of cellular signaling pathways with receptors at the plasma membrane (like
EF-Tu and BRI1), the specificity of A-linked glycosylation-bearing proteins has recently
been shown to play important roles in regulating cell death. The Arabidopsis BAK1 (BRI1-
associated receptor kinase 1) and SERK4 (somatic embryo receptor kinase 4) both interact
with immune receptors and BRI1 and negatively regulate hypersensitive response-like
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programmed cell death (PCD) through yet-unknown mechanisms (Gou et a/. 2012, Li et al.
2002, Nam and Li 2002, Roux et al. 2011). Intriguingly, loss of STT3a (staurosporin and
temperature sensitive 3), one of the two catalytic subunits of the OST complex involved in
N-glycosylation of ER proteins, is linked to the cell death phenotype observed in BAK1/
SERK4 silenced plants (de Oliveira et al. 2016). However, UPR deficient mutants did not
respond differently to BAK1/SERK1 silencing, which led to the conclusion that UPR
regulators IRE1la, IRE1b and bZIP28 may not modulate this specific type of PCD (de
Oliveira et al. 2016).

When examined under salt stress conditions, a sft3a knockout line showed UPR activation
and halted cell cycle progression in a similar manner to that described in yeast and
mammalian cells after being subjected to ER stress-inducing conditions (Arnold and Tanner
1982, Brewer et al. 1999, Koiwa et al. 2003). This may suggest a possible antagonistic role
between STT3a and the UPR components, or may simply indicate that the proteins needed
to adapt to salt stress may be glycosylated in order to fold or function properly. In both
cases, although the UPR may not directly regulate the expression of BAK1/SERK4 or N-
glycosylated salt protective genes, these examples underscore the importance of maintaining
the ER as a fully-functional protein folding factory so a plant may adapt to various sources
of stresses.

The Causes of ER Stress: Unavoidable Exogenous Threats

Enhancing the UPR appears potentially critical to efforts to maintain crop productivity by
priming plants to survive under adverse environmental conditions (Valente et a/. 2009,
Carvalho et al. 2014, Luan et al. 2016 Xiang et al. 2016). One of the most thoroughly
described environmental UPR inducer is heat stress (Deng ef a/. 2011, Duke and Doehlert
1996, Gao et al. 2008, Schmollinger et al. 2013, Yang et al. 2009). More conveniently than
heat conditions in the lab, chemical UPR inducers such as tunicamycin, which inhibits the
N-linked glycosylation in the ER lumen, are often used to investigate the UPR in many
eukaryotic model organisms by mimicking the conditions associated with environmental
stresses that cause the buildup of unfolded proteins. Extreme osmatic stress and heavy
metals such as selenium have also shown to induce the UPR (Liu ef a/. 2007, Van Hoewyk
2016). The UPR also plays a role in response to pathogens and other biotic stresses (Moreno
etal. 2012, Prasch and Sonnewald 2013, Zhang et a/. 2015). Through an unknown
mechanism, treatment of Arabidopsis plants with the biotic stress-hormone salicylic acid
(SA) was shown to activate both arms of the UPR controlled by IRE1 and bZIP28 (Moreno
et al. 2012, Nagashima et al. 2014). This SA-induced UPR activation was also given context
by Meng et al. (2016), which showed that the SA-accumulating ¢pr5 (Constitutive
Expression of PR genes 5) mutant is dependent on the UPR to suppress growth. Other
studies have demonstrated the interesting effect of organelle sourced reactive oxygen species
(ROS) (e.g. plastids and mitochondria) on the induction of the UPR (Ozgur et a/. 2015)
suggesting a possible functional connection between the UPR and non-secretory organelles.
It was demonstrated that plastid-originated ROS production induced UPR activation
suggesting that plastidial stress may be intimately linked with, and responded to, through the
ER stress signal transduction mechanisms (Ozgur et a/. 2015). Given the close connections
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between SA and ROS signaling (Torres et al. 2006, Mou et al. 2003), these observations may
indicate a functional link between the two UPR activating conditions.

The Canonical Response to Unfolded Proteins: New Look at the Master Regulators IRE1,
bzIP60, and bZIP28

IRE1—In environmentally stressful conditions, the accumulation of unfolded and
irremediably misfolded proteins leads to the activation of the UPR via IRE1 and bZIP28
(Figure 1). Although the activation mechanism of IRE1 has yet to be established in plants,
studies of IRE1 in yeast have indicated that BiP binds the IRE1 luminal domain in non-
stressful conditions. However, upon stress, BiP chaperones preferentially bind unfolded
proteins thereby freeing the ER luminal domains of IRE1 (Pincus et a/. 2010). Unfolded
proteins then bind to IRE1 (Gardner and Walter 2011) which oligomerizes; as a
consequence, the kinase domain in the cytosolic portion of the protein is autophosphorylated
(Shamu and Walter 1996, Welihinda and Kaufman 1996). These steps lead to activation of
the IRE1 ribonuclease domain (Cox and Walter 1996). In mammalian cells misfolded
proteins bind to BiP chaperones which keep IRE1 in an inactive monomeric state under
normal conditions (Berlotti ef al. 2000). After dissociation from BiP, interactions between
the freed luminal domains of IRE1 bring cytoplasmic domains together allowing the
necessary autophosphorylation (Credle et a/. 2005, Ali et al. 2011). Although the underlying
mechanisms for activation of plant IRE1 are not known, it is certain that activation of IRE1
results in the unconventional cytosolic splicing of the mMRNA transcripts of 62/P60, the only
UPR target of plant IRE1 known to date (Deng, et al. 2011, Nagashima et a/. 2011, Hayashi
etal 2012, Lu et al 2012, Li et al. 2012 Moreno et al. 2012). In Arabidopsis, the tRNA
ligase RLG1 was recently shown to complete the splicing of 62/P60 in vitro by ligating the
fragments derived from IRE1 cleavage (Nagashima et al. 2016). Whether the ligation of
bZIP60 spliced transcripts is mediated by RLG1 /n vivo, while likely, has yet to be
experimentally demonstrated, partly due to the lethality of complete RLG1 loss-of-function
mutations (Nagashima et a/. 2016). In yeast and mammalian cells, the ligation of the
functional equivalents of 62/P60, Hacl and Xbpl, respectively, occurs via tRNA ligases that
operate in opposite fashion. In detail, the ligation of HacZ mediated by RLG1p in yeast is
completed in a 5°-3 fashion followed by removal of 2° phosphate group by a phosphatase
(Sawaya et al. 2003, Steiger et al. 2005). In mammalian cells, the ligation is mediated by
RTCB, which operates in a 3’-5’ ligation (Jurkin et a/. 2014). Evidence suggests that plants
have evolved a 5°-3’ ligation mechanism similar to that found in yeast, and this finding is
supported by observations that Arabidopsis RLG1 can also ligate the HacZ mRNA in yeast
cells (Mori et al. 2010). However, the resulting Hac1 transcripts are not efficiently translated
indicating that functional differences between yeast and Arabidopsis catalytic mechanisms
remain. The splicing of 62/P60leads to a frameshift that removes a transmembrane domain
from the translated transcription factor. Spliced bZIP60 subsequently translocated to the
nucleus for transcriptional modulation of the downstream UPR target genes. Intriguingly, the
activity of IRE1 is not limited to unconventional splicing of a transcription factor. Regulated
IRE1 dependent decay (RIDD) is a process which regulates mRNA abundance and it is
active during ER stress. Such IRE1 mediated cleavage of cytosolic and ER-associated
mRNAs has been implicated in promoting cell death in yeast (Tam et a/. 2014). In
metazoans, RIDD activity under prolonged or severe ER stress also has proapoptotic effects,
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and can be associated with human diseases such as diabetes (Maurel et a/. 2014, Hetz and
Glimcher 2011). RIDD activity was also described for the Arabidopsis IRE1 homolog
(Mishiba et al. 2013), although the implications related to stress outcomes are yet to be
tested /n vivo.

Evidence that plant IRE1 assumes other roles besides the splicing of 62/P60, including
RIDD and/or other yet-unknown activities of IRE1, can be found when comparing the stress
responsive and vegetative phenotypic differences between IRE1 and bZIP60 loss-of-function
mutants in Arabidopsis. Although no other direct splicing substrate has been found for IRE1
activity other that 62/P60in plants, 6zijp60 knockout mutants are not nearly as sensitive as
the Jjrela/ire1b mutant to prolonged ER stress (Deng, et al. 2013, Mishiba, et al. 2013),
implying diverse roles of IRE1 during the UPR. Whether these may depend on the ability of
IRE1 to phosphorylate other substrates as opposed to its ribonuclease domain is a tantalizing
idea that is yet to be experimentally tested. Furthermore, 6zijp60 plants are apparently
indistinguishable from wild-type plants under normal conditions of growth, while IRE1
partial loss of function mutants (irela/ire1b) display shorter root growth as developmental
defects, and /reZ null mutations are lethal (Chen and Brandizzi 2012, Deng et a/. 2013, Lu
and Christopher 2008). Comparative analyses between bzjp60and irela/ire1b mutants under
stressed and unstressed conditions may yet yield information that could potentially explain
these physiological differences and provide a better understanding of the molecular
mechanisms which tie IRE1 specifically to the control of plant health and cell fate decisions.

bZ1P60—Although seemingly unimportant when compared with IRE1 or redundant when
compared with other UPR signal transducers like bZIP28 (Sun et a/. 2013a) in conditions
tested thus far, bZIP60 appears to have unique contributions to the UPR management.
Indeed, a close examination of the ER molecular phenotypes associated with bzjp60
knockouts and expression patterns of 62/P60yields some interesting information. The
unspliced version of 62/P60encodes a membrane bound transcription factor, and while it is
found to be transcribed under normal conditions, the accumulation of the protein encoded by
unspliced 6Z1P60 has been debated (Iwata et al. 2008, Iwata et al. 2009, Parra-Rojas et al.
2015). Although methods of detection between studies have been different, it has been
shown that the product of the unspliced 62/P60 isoform accumulates to higher levels in
seedlings treated with a proteasome inhibitor compared to untreated seedlings (Parra-Rojas
et al, 2015). When this is taken into context with the observation that a cellular recycling
process known as macroautophagy (hereafter termed autophagy) is constitutively active in
the bzjp60 knockout (Liu et al. 2012), it could be hypothesized that the dynamic levels of
unspliced bZIP60 products are post-translationally subject to selective protein degradation
and may regulate aspects of ER homeostasis, including protection of the ER against
autophagy.

bZIP60 has also been shown to be transcriptionally regulated in conditions outside of the
canonical UPR as well. In chloroplasts, reductive potential is funneled into carbon fixation
and the synthesis of long carbon chains through the plastid isoprenoid metabolic pathway,
collectively known as the methylerythritol 4-phosphate (MEP) pathway (Banerjee and
Sharkey 2014). This biosynthetic track produces numerous molecular-end products, which
range in function from growth and development (e.g., gibberellin precursors) to synthesis of
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isoprene gas, which protects chloroplast under heat stress (Banerjee and Sharkey 2014,
Hedden and Thomas 2012, Sharkey 2005). Retrograde stress signaling mechanisms from
chloroplasts to nucleus utilize the buildup of the MEP pathway intermediate methylerythritol
cyclodiphosphate (MECPP) in an abiotic stress dependent manner (Xiao et al. 2012). The
CEH1 (1-hydroxy-2-methyl-2-(E)-butenyl4-diphosphate synthase) enzyme, which catalyzes
the conversion of MECPP to hydroxymethylbutenyl diphosphate (HMBPP) is dependent
upon reductive potential of NADPH from the light reactions and, as a result, the activity of
CEHL1 is known to be oxidative stress sensitive (Ostrovsky et al. 1998). Fascinatingly, the
MECPP retrograde signal, transmitted in a calcium-dependent way via the calmodulin
binding transcription activator 3 (CAMTAZS), leads directly to transcriptional induction of
bzZIP60 (Benn et al. 2016). The possibility that the UPR responds to plastid metabolic
dysfunction may also indicate that, like in humans (Ron and Walter 2007), the UPR may
have tissue-specific metabolic reprogramming functions that have gone unnoticed in plants.
This intracellular organelle bridge deserves further scrutiny, and its connection to the
observations made by Ozgur et al. (2015) in their study of UPR activation under oxidative
stress cannot be understated. When sourced from different organelles, ROS had highly
variable effects in stimulating expression of some UPR genes while repressing others (e.g.
methyl viologen induces B/P3 expression but heavily repressed BiP2 expression). Although
bzZIP60 expression and splicing have yet to be tracked under these conditions, this
information could help identify mechanisms for selective upregulation or downregulation of
UPR genes. This is especially valuable given that current studies of the two arms of the plant
UPR are most often considered in the context of coordinated upregulation of UPR genes
(Nagashima et al. 2014).

bZIP28—The ER transmembrane transcription factor bZ1P28 is released from binding to
BiP chaperones and is trafficked to the Golgi apparatus where putative site 1 and site 2
protease (S1P and S2P)-mediated proteolytic mechanisms split the active transcription factor
from its transmembrane domain and allow its relocation to the nucleus (Gao ef a/. 2008, Liu
et al. 2007, Srivastava et al. 2013, Liu et al. 2013, Sun et al. 2013c, Sun et al. 2015). Once in
the nucleus the activated bZIP28 forms protein complexes with NF-Y transcription factors,
and together bind specific ER stress related cis-elements (ERSE), which consist of two
consensus sequences separated by 10 nucleotides (CCAAT-N10-CACG) and are commonly
found in UPR upregulated gene promoter regions (Liu ef a/. 2010).

Looking beyond the functions of bZIP28 in the nucleus, recent work has elucidated the
mechanisms by which bZIP28 is shuttled to the Golgi apparatus in an ER stress dependent
fashion. In exploring the functional diversity of the COPII components involved in ER
export, Zeng et al. (2015) mapped the biochemical interactions necessary for proper transfer
of bZIP28 to the Golgi apparatus under ER stress. ER-to-Golgi transport is mediated by a
specialized protein machinery collectively known COPII (Brandizzi and Barlowe, 2014).
Assembly of this machinery requires SAR1, a GTPase that in the active form recruits the
COPII coat components, SEC23/Sec24 and SEC13/SEC31. These components are required
for cargo selection at the ER and shuttling to the Golgi. Although SAR1a shares high
sequence identity to other secretion associated RAS-related GTPase homologs of the SAR1-
family in Arabidopsis (Hanton et a/. 2008), a single cysteine residue substitution at the
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amino acid position 84 was found to be required for interaction with SEC23a (Zeng et al.
2015). A dominant negative allele of SAR1a impaired the export of bZIP28 from the ER to
the Golgi under tunicamycin-induced stress in Arabidopsis protoplasts. In contrast with
other SAR1 and SEC23 homologs in Arabidopsis, the SAR1a/SEC23a pair is
transcriptionally induced under ER stress conditions (Song et al. 2013). As such they may
play an important role in promoting and sustaining the activity of bZIP28 during ER stress.
This also opens up avenues to explore other conditions which could promote condition-
specific trafficking of bZIP28, and subsequently potential activation of bZIP28 in
developmental or growth contexts without activation of the canonical UPR cascade. This
may be especially impactful with respect to bZIP28 functions in promoting brassinosteroid
(BR) sensitivity (Che et al. 2010). S1P-S2P mediated cleavage of bZIP28 and another bZIP-
transcription factor (bZIP17) under ER stress promote active BR signaling in adaptation to
abiotic stress responses (Che et al. 2010). Although this phenomenon is presumed to be
result of ERQC upregulation and increased delivery of functional client protein BRI1 sensor
to the cell surface (Gendron and Wang 2007, Jin et al. 2007, Hong et al. 2008, Jin et al.
2009, Che et al. 2010), the exact mechanism through which bZIP28 and bZIP17 positively
impact BR signaling remains to be discovered.

Future Exploration: bZIP60 and bZIP28 mediate Epigenetic Modifications with
the COMPASS like Complex—In contrast with the single 6zjp60and bzip28 mutants,
the bzip60 bzip28 double mutant shows enhanced susceptibility to prolonged ER stress
(Deng et al. 2013), indicating both functional redundancy and potential cooperativity. Under
ER stress conditions both bZIP60 and bZ1P28 localize to the nucleus and have been shown
to interact with each other to modulate the expression of UPR genes (Song ef a/. 2015). The
recent findings implicating bZIP60 and bZIP28 in the direction of histone methylation
activities of the COMPASS complex presents interesting opportunities for further study. In
plants the COMPASS complex is responsible for increasing the frequency of trimethylation
of histone 3 in the promoter region of actively expressed genes through association with an
unidentified histone methyltransferase (Jiang et a/. 2011). Previously, although there was
strong evidence supporting the correlation between H3K4 histone trimethylation and gene
transcription, no mechanisms were known to direct these epigenetic modifications in
sequence-specific ways in plants (Li et a/. 2008, Zhang et al. 2009). However, Song et al.
(2015) showed that bZIP60 and bZI1P28 interact with the proteins Ash2 (absent, small,
homeotic like factor 2) and WDR5a (WD40 containing repeat 5a), which form the core
elements of the COMPASS complex in plants (Jiang et a/. 2011). Furthermore, the inducible
expression of a subset of UPR responsive genes during ER stress was dramatically
compromised in the wadr5aand ash2 mutants (Song et al. 2015). The lasting effects of these
epigenetic marks after ER stress are not clear, but H3K4 trimethylation marks accumulate on
genes involved in heat stress memory (Lamke et a/. 2015). This may indicate that the UPR
plays an important role in priming plants against future environmental stresses. Furthermore,
H3K4 methylation and the COMPASS complex also play important roles in mediating
temperature sensitive transitions in plant development (Jiang ef a/. 2011, Kumar and Wigge
2010, Zilberman et al. 2008). Exploring how UPR stress signaling and the constitutive
functions of UPR related genes integrate with these epigenetic regulating mechanisms
through bZ1P28 and particularly bZIP60 might also provide useful insights into the
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developmental phenotypes found in jrela/ire1b (Chen and Brandizzi 2012, Deng et al.
2013), which are deficient in 62/P60 splicing.

Send in the Cavalry: Downstream Effectors during ER Stress

Nuclear translocation of spliced bZIP60 and cleaved bZIP28 leads to an increase in the
transcription of genes coding for ER luminal proteins (BiP/Hsp70, ERdj/HSP40, HSP90),
which (i) prevent aggregation of misfolded protein and newly translated polypeptides (Gupta
et al. 2011), (ii) limit uncontrolled folding of nascent polypeptides through ERQC, and (iii)
translocate terminally misfolded proteins across the ER membrane to the 26S proteasome by
a group of membrane bound complexes in a processes collectively termed ER associated
degradation (ERAD-L, -M and —C for luminal, membrane, and cytoplasmic ERAD,
respectively (Olzmann et al. 2013). These downstream effectors, although largely conserved
across eukaryotes, have been found to have specific significance in plants during normal
growth and in response to ER stress (Klein et a/. 2006, Liu et al. 2015, Yang et al. 2009). A
noteworthy example of this is provided in the study of the plant specific properties of the
conserved ER luminal chaperone HSP90.7, also known in Arabidopsis as SHEPHERD
(SHD) (Ishiguro et al. 2002). When compared to the non-selective foldase activities of its
mammalian counterpart GRP94, the designation of HSP90.7 as a general ER chaperone in
plants (like BiP/HSP70) has been questioned (Klein et al. 2006, Marzec et al. 2012). In
particular, Arabidopsis HSP90.7 which is highly upregulated under ER stress conditions was
also found to have specific functions in proliferating tissues (Ishiguro et a/. 2002, Klein et al.
2006). The shd (hsp90.7) knockout mutant is phenotypically identical to ¢/va mutant
defective in CLAVATA signaling, a critical negative modulator of shoot apical meristem
activity, indicating it may be required for plant specific production of the CLAVATA peptide
(Aichinger et al. 2012, Miwa et al. 2009). Additional plant specific activities of HSP90.7
were demonstrated by Chong et a/.(2014) who found that a short sequence of highly charged
amino acids present only in plant ER-localized homologs drastically affected the survival
rates of Arabidopsis seedlings under tunicamycin - and high calcium- induced ER stress. As
expected overexpression of the HSP90.7 chaperone conferred significant resistance to
tunicamycin, heat and high calcium induced ER stress; conversely overexpression of an
HSP90.7 mutant with the highly charged 22 residue sequence deleted (HSP90.7422 ) while
still more resistant to heat stress than wild type, showed a marked increase in lethality in
response to tunicamicyn compared to both native HSP90.7 overexpressor plants and even
wild-type plants. These observations beyond illustrating plant specific chaperone functions
also provide an important example which implies that in plants tunicamycin-induced stress
may be responded to in a manner that is separate from heat induced ER stresses.
Furthermore, it may be possible that the UPR directly mediates meristematic growth within
undifferentiated tissues themselves through the HSP90.7/ CLAVATA relationship, perhaps in
combination with transmission of signals through secondary messengers from distant
tissues.

Further examples of UPR effectors which have plant-specific roles in growth and
development can also be found with respect to ERd]j3 (ER resident J domain 3) protein
function during gametophyte development (Yamamoto ef a/. 2008). J domain proteins
(Hsp40) found in the ER lumen bind BiP proteins and stabilize their interactions with client
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unfolded proteins (Misselwitz et al. 1998, Yamamoto et a/. 2008). ERdj3A, which is induced
under ER stress, contains a C-terminal protein disulfide isomerase domain that has reductive
capabilities on substrates /n vitro (Yang et al. 2009), in addition to a HSP40 ATPase activity
(Ma et al. 2015). This suggests that ERdj3A may act on a specific subset of client proteins.
Further /n vivo analysis of ERdj3A and its homologs ERd;j3B and P58!PK support this
possibility by demonstrating their importance in development (Maruyama et al. 2014b).
Indeed, genetic analysis of the mutant 7hermosensitive male sterile 1 (tms1)revealed a
nonfunctional allele of ERdj3A that under elevated temperatures was defective in pollen
tube growth (Yang et a/. 2009). Under normal conditions, in conjunction with P58/PK and
ERdj3b, ERdj3A was also shown to mediate polar haploid nuclei fusion in female
gametophytes (Maruyama et al. 2014b) prior to double fertilization. During this nuclear
fusion process, the perinuclear ER fuses with the outer nuclear envelope and creates a
continuous outer membrane around the two haploid nuclei, and it is followed by a second
fusion of the inner nuclear membranes (Jensen 1964, Maruyama et al. 2010). Recently it was
demonstrated that ERdj3A and P58!PK are required for the fusion of the ER membrane with
the outer nuclear membranes. A double knockout (eraj3a p58/PK) resulted in seed abortion
after fertilization due to aberrant endosperm proliferation, similar to that found in b/jpI bip2
double mutants (Maruyama et al. 2010, Maruyama et al. 2014b). The inner membrane fusion
requires the ERdj3B/ P58!PK pair, and although the ergj3b p58 /PK double mutants had
unfused haploid nuclei in close proximity, unlike eraj3a p58'°K no aborted seeds were found
(Maruyama et al. 2014a). The developmental defects found in plants with mutant alleles of
UPR induced ER resident proteins (e.g., ERd], BiP, SHD) are consistent with the evidence
that pollen development in an Jirela ire1b double mutant is highly vulnerable to heat stress
(Deng et al. 2016, Fragkostefanakis et al. 2016). However, the observed rescue of male
fertility through the overexpression of a single COPII coat component SEC31a is intriguing
given the large gene list shown to be regulated by IRE1 in these conditions (Deng et al.
2016). This underscores the need to fully understand the detailed functional mechanisms of
downstream UPR components. Although studies exploring the similarities between yeast,
mammalian, and plant UPR have led to significant advances in plant ER stress research, in
order to fully understand the mechanisms connecting the UPR to plant specific physiology it
will also be important to look at the contrasting characteristics. These plant specific cases,
such as the single amino acid substitution in the case of SAR1a important for bZIP28
shuttling (Zeng et al. 2015), or the small charged region in the case of HSP90.7, which
drastically alters stress responsive phenotypes compared to the deletion mutant (Chong et a/.
2014), are potent reminders to expect the unexpected, even in evolutionarily conserved
contexts.

NAC Membrane Transcription Factors: A Second Set of UPR activators?—In
addition to the transcriptional activities of bZIP60 and bZIP28, a veritable menagerie of
plant-specific transcription factors is involved in the response to ER stress (Figure 2) (Sun et
al. 2013b, Yang et al. 2014a, Yang et al, 2014b). Thus far however, their mechanistic
involvement in the UPR is yet to be fully elucidated. ANACO062 a plasma membrane-bound
transcription factor, which is proteolytically cleaved and nuclear localized in response to
cold stress, has been linked to the expression of multiple pathogenesis-related genes in a
salicylic acid independent fashion and has also been shown to be upregulated under ER
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stress (Seo et al. 2010). Overexpression of a truncated form lacking the C-terminal
membrane domain was shown to induce canonical UPR responsive chaperones and improve
prolonged ER stress outcomes (Yang et al. 2014b), supporting a functional connection
between ANACO062 and the UPR. Furthermore, ANAC103, a soluble nuclear transcription
factor was shown to be transcriptionally induced under ER stress (Sun et al. 2013b).
Overexpression of ANAC103 with a small C-terminal deletion to enhance stability of the
expressed protein was also shown to induce UPR genes, although true knockouts showed no
appreciable ER stress phenotype suggesting a functional redundancy between ANAC103
and other UPR related transcription factors in response to tunicamycin (Sun et al. 2013b). A
third transcription factor, the membrane bound ANACO089, has been implicated in promoting
programmed cell death in Arabidopsis. Inducible overexpression of truncated ANAC089
ignited mammalian apoptotic-like symptoms in roots (Yang et al. 2014a). RNA. lines
targeting ANACO089 also displayed resistance to tunicamycin induced ER stress (Yang et al.
2014a). These results support earlier findings implicating ANACO089 in the control of ER-
related homeostatic mechanisms. Smyczynsk et al. (2006) in their study of a conserved
immunophilin peptidylprolyl cis-trans-isomerase PASTICCINO1 (PAS1) demonstrated
through a series of biochemical experiments that PAS1 and ANAC089 (which they termed
FAN, for FKBP associated NAC) interact in vivoand in vitro (Smyczynski et al. 2006).
PASL1 is important in maintaining proper morphology during embryo development in
Arabidopsis (Vittorioso et al. 1998). Expressed in response to cytokinin, ER-localized PAS1
associates with the VLCFA (very long chain fatty acid) synthesis complex and promotes
sphingolipid biosynthesis and subsequently organ polarity through the lipids effect on the
localization of the PIN1 efflux carrier (Roudier et al. 2010). A C-terminal domain of PAS1 is
required for interaction and co-localization with ANACO089 (Smyczynski et a/. 2006). That
same domain is also required for nuclear exclusion of the PAS1. Interestingly, both PAS1
and ANACO089 are highly expressed in the mature embryo and were found to relocate from
ER to the nucleus dependent upon exogenous 1-naphthaleneacetic acid treatment during
cellular dedifferentiation in Arabidopsis root tips (Smyczynski et al. 2006). When
overexpressed in the pasz loss of function allele, the full-length ANACO089 resulted in partial
complementation of the deformed growth phenotype (Smyczynski ef al. 2006). When this is
taken into account in the context of the RNAi knockdowns of ANACO089 under ER stress, it
may be possible that the reduction of endogenous ANAC89 may perturb cytokinin-auxin
balance in a manner that promotes cell divisions in spite of continued stress signals. Taken
together, these ANAC transcription factors may indeed play important roles in the secondary
activation of the UPR cascade; they might also play important roles in activation of the UPR
in response to other stress or hormone signaling mechanisms. For example, in a manner
opposite STT3a which seems to prevent the activation of the UPR in salt stress conditions
(Koiwa et al. 2003), perhaps plants treated with tunicamycin in cold conditions may require
NACO062 for full UPR gene expression regulation as cold signaling mechanisms may
interfere with canonical activation of IRE1 or bZIP28. Expansion of combinatorial stress
experiments incorporating tunicamycin-induced stress with other environmental stressors
may give a more accurate picture of regulation, and downstream targets of these
transcription factors. This may consequently lead to more information regarding the in vivo
function of the unmodified transcription factors in relation to the unfolded protein response.
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Concluding Remarks: The Case for an Expanding UPR

The molecular products assembled inside the ER have an ever expanding relevance to plants
under environmental stress. Although many open questions still plague the study of the UPR
in plants, including the identity of the molecular mechanisms for the activation and de-
activation of the master regulator IRE1, the general relevance of the UPR maintaining ER
homeostasis is clear. The ERQC and UPR maintain the folding capacity of the ER, and in
doing so, enable a wide range of downstream processes from proper heat stress adaptation to
defense against pathogens. Specifically, the downstream effectors of the UPR have been
implicated in transcriptional and post transcriptional regulation of both ER homeostatic
genes, and developmental processes. However, new oddities arising in research focusing
upstream and downstream of the UPR offer ever expanding possibilities where the UPR may
play a defining role in plant physiology. UPR activation in response to plastid metabolic
dysfunction, and oxidative stress implicates the potential for the UPR to respond in many
different signal transduction cascades that utilize reactive oxygen species as a secondary
messenger. Further inquiry exploring the canonical UPR, in non-canonical and tissue-
specific contexts may help elucidate hidden functions and better integrate our understanding
of UPR functionality in plant life.
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Significance Statement

The endoplasmic reticulum (ER) is the entry point to the secretory pathway, the primary
site of phospholipid synthesis, a hub for critical stress and growth signaling molecules
and for the assembly a third of the proteome. The unfolded protein response (UPR)
increases the protein folding capacity of the ER in response to stresses and through
unknown means exerts control over plant growth and development. Here we review
recent and exciting findings that explore potential molecular mechanisms that support
efficient UPR in plants. We visualize the plant UPR as a network that incorporates energy
availability, plant production needs, and environmental conditions into a cohesive output
governing plant life.
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Figure 1. Mechanisms of the plant UPR activation
Environmental stresses (e.g. heat, oxidative stress, selenium, chemical inhibitors) negatively

affect the protein folding process, leading to the buildup of unfolded proteins. Plastid stress
promotes the buildup of MECPP (2-C-Methyl-D-erythritol-2,4-cyclopyrophosphate), which
through an unknown mechanism, activates CAMTA3 (Calmodulin biding transcriptional
activator 3) inducing transcription of 62/P60. 2. BiP ER luminal proteins bind unfolded
proteins. The buildup of unfolded proteins leads to activation of IRE1 mediated splicing of
bZIP60, which is then potentially ligated by the RNA ligase RLG1. The spliced 62/P60is a
nuclear localized transcription factor which binds to promoters of downstream UPR target
genes, Regulated IRE1 dependent decay (RIDD) although not depicted here, regulates
MRNA abundance and it is active during ER stress. 3. bZIP28 after being freed from BiPs by
the presence of unfolded proteins is trafficked to the Golgi in a SAR1a/SEC23-dependent
way. S2P proteases cleave the active transcription factor from its transmembrane domain.
bZ1P28 enters the nucleus and acts redundantly with bZIP60 to transcriptionally activate the

UPR.

Plant J. Author manuscript; available in PMC 2018 May 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Angelos et al.

Page 22

Auxin? Dedifferentiation? Cold Stress?

2. Secondary
Signal Sensing

3

1. UPR
Upregulated
Transcription
Factors.

3. Reinforced/ UPR Gene Induction

Modified UPR
Activation?

e . N = =
e —

Figure 2. UPR-regulated Transcription Factors may Tailor UPR Activation to Specific Stress
Combinations

Several plant-specific transcription factors are upregulated under ER stress in an IRE1/
bZ1P28 dependent way. Two membrane-bound transcription factors, ANAC062 and
ANACO089, have been shown to relocate to the nucleus under ER stress. ANACO062 also is
nuclear localized under cold stress conditions. ANAC089 along with interactor PAS1
(PASTICCINO1) were also shown to relocate to the nucleus in roots treated with 1-
naphthaleneacetic acid to induce dedifferentiation. ANAC103, a soluble transcription factor,
was also shown to upregulate UPR genes upon over expression. Although truncated forms of
these transcription factors were shown to upregulate UPR responsive genes, the molecular
mechanisms of action of native transcription factors are still unknown. After upregulation by
IRE1/bZ1P28 dependent mechanisms, these transcription factors may respond to secondary
signals which reinforce or alter UPR gene expression.
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