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Abstract

Endoplasmic reticulum (ER) stress is a potentially lethal condition that is induced by the abnormal
accumulation of unfolded or misfolded secretory proteins in the ER. In eukaryotes, ER stress

is managed by the unfolded protein response (UPR) through a tightly regulated, yet highly
dynamic, reprogramming of gene transcription. Although the core principles of the UPR are
similar across eukaryotes, unique features of the plant UPR reflect the adaptability of plants to
their ever-changing environments and the need to balance the demands of growth and development
with the response to environmental stressors. The past decades have seen notable progress in
understanding the mechanisms underlying ER stress sensing and signalling transduction pathways,
implicating the UPR in the effects of physiological and induced ER stress on plant growth

and crop yield. Facilitated by sequencing technologies and advances in genetic and genomic
resources, recent efforts have driven the discovery of transcriptional regulators and elucidated the
mechanisms that mediate the dynamic and precise gene regulation in response to ER stress at the
systems level.

Introduction

In his evolution theory, Charles Darwin articulated that “a plant on the edge of a desert

is said to struggle for life against the drought, though more properly it should be said

to be dependent on the moisture”?, which encapsulates the inherent struggle for survival
plants face in their natural habitats. As sessile organisms, plants lack the mobility to evade
adverse environmental conditions, relying instead on robust preparation and resilience. Such
immobility exposes them to a multitude of environmental stresses, including drought, heat,
salinity and pathogen infections, throughout the life cycle. Notably, when confronted with
such adverse conditions, the demand for proper folding of secretory proteins — a crucial
process orchestrated in the endoplasmic reticulum (ER) — can exceed the ER biosynthetic
capacity?3. This imbalance gives rise to a potentially lethal condition known as ER

stress. ER stress is managed by a suite of conserved signalling pathways, collectively
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termed the unfolded protein response (UPR), which swiftly reprogramme the expression
of molecular chaperone and foldase genes, augmenting the protein folding capacity of

the ER. Concurrently, the UPR curtails general secretory protein synthesis and promotes
protein degradation through ER-associated protein degradation®:> and ER-phagy®, thereby
alleviating the ER burden. When effective, these ER stress management strategies enable
plants to adapt to environmental changes, ensuring their survival and growth in dynamic
environments. Should these adaptive measures prove inadequate, the UPR can trigger
programmed cell death?7:8.

The fundamental mechanisms of the UPR are highly conserved across eukaryotes?.
However, plants have evolved unique UPR features to adapt to environmental challenges and
control organ growth in stressful conditions®13, which involves the addition or omission of
regulators and pathways. Unlike the three distinct branches found in metazoans?2, only two
signalling cascades initiated by the ER membrane protein sensors ribonuclease and kinase
inositol requiring 1 (IRE1) and basic leucine zipper 28 (bZIP28) exist in the plant UPR

(Fig. 1). Among these, IRE1 stands out as the most highly conserved ER stress sensor?:9,

as the bZIP28/ATF6 branch is present in metazoans and plants but absent in yeast?. IRE1
represses a universal growth regulator, target of rapamycin (TOR)19; this repression of TOR
function indicates that the UPR governs conserved key developmental factors, albeit through
yet unknown mechanisms. Even if components of the UPR are conserved across kingdoms,
their mechanism of action can differ in plants. For instance, Bax inhibitor 1 (BI-1) has a
crucial role as a highly conserved modulator of cell death in metazoans, in which it interacts
with and inhibits IRE1 in response to ER stress4, yet BI-1 does not suppress IRE1 activity
during plant ER stress'1:15, These nuanced differences underscore the intricate nature of

the plant UPR, honed over millions of years of divergent evolution and adaptation to the
environment.

A better understanding of the mechanisms involved in ER stress management has the
potential to help meet the food demands of a growing world population®, for example,

by promoting the development of stress-tolerant crop varieties and improving global
agricultural sustainability. Among the various layers that constitute the plant UPR, the
dynamics of transcriptional responses stand out as a key regulatory point for restoring

ER homeostasis. Recent insights from systems-level approaches have revealed that gene
regulation within the plant UPR is a finely orchestrated process, tightly governed by master
regulatorsl”18, their co-regulators®-24, cis-regulatory elements (CREs)1719 and epigenetic
components23, which differentially act depending on the intensity, duration and nature of the
environmental challenges leading to ER stress. Of note, although the basic gene regulatory
mechanisms of UPR signalling seem to be highly conserved across plant lineages, the UPR
has evolved in a species-specific manner (Box 1).

Here, we review research into gene regulation in the plant UPR and its transformative impact
on understanding ER stress management in plants. We first provide a historical overview

of the application of genetic technologies for understanding gene regulation in the plant
UPR and resulting biological insights into underlying mechanisms. Next, we delve into the
intricate gene regulation models of the plant UPR built on results gathered from cutting-edge
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systems-wide approaches. Finally, we consider the potential implementation of emerging
technological advances to enhance our insights into the gene regulation of the plant UPR.

A timeline of plant UPR research

Originating from a fortuitous observation and capitalizing on Arabidopsis thaliana as a
model plant system (Fig. 2), as well as substantial work in crop species®26:27 (Box 2),
plant UPR research gained momentum with the advent of sequencing technologies and the
availability of numerous genetic and genomic tools and resources, including multi-omics
data, for this tractable multicellular model species. Upon completion of the Arabidopsis
reference genome?8, DNA microarray technologies soon enabled measurements of gene
expression levels in response to ER stress at genome scale in a single experiment2?. In
2003, the first transcriptome-wide studies, covering approximately one-third of Arabidopsis
genes, implicated hundreds of genes associated with non-secretory biological pathways

in the UPR and identified the existence of ER stress-responsive CREs in the promoters

of ER stress-responsive genes39-31, Subsequent research adopted microarray technologies
with increased gene coverage and under various conditions32-34. For example, Mishiba et
al. revealed that 96% of genes that were previously downregulated in ER stress were not
differentially regulated in a double loss-of-function mutant of /REZaand /RE1b, indicating
that the majority of ER stress-inducible transcriptional changes are under the control of
IREla and IRE1b.34 Although the microarray platforms did not cover the entire collection
of Arabidopsis genes and had inevitable technical challenges (for example, high levels of
signal-to-noise ratio or the inability to distinguish homologues), they successfully revealed
a global landscape of gene expression reprogramming of the plant UPR under ER stress
conditions and initiated notable discoveries in the early genomics era.

The advent of RNA sequencing (RNA-seq) technology3® marked a notable leap in
understanding transcriptome changes, enabling functional genomics (for example, mutant
analyses) and time course analyses at scale. In 2018, Kim et al. applied RNA-seq to

perform comparative transcriptome profiling in double loss-of-function mutants of the

UPR transcription factors (TFs), bZIP28, bZIP60 (hereafter called UPR-bZIP TFs) and
bZIP17, under exposure to multiple ER stress inducers, including tunicamycinl®. This

study underscored intricate regulatory cohorts of these TFs in the UPR. In the same year,
Srivastava et al. performed RNA-seq in maize (Zea mays) with high resolution of time
points under persistent ER stress, which spanned from the early pro-survival to mid-phase
and the late pro-death phase3®. This study revealed multi-modal phases of the transcriptome
during ER stress, suggesting that the interplay of transcriptional alterations associated with
diverse phase-specific biological pathways has a critical role in the UPR. These studies
demonstrate the power of RNA-seq in obtaining a comprehensive landscape of ER stress-
inducible transcriptomic changes. Since then, several RNA-seq studies have afforded notable
biological insights into gene regulation in the plant UPR17:22.23.37.38 For example, the
recent application of coexpression network modelling to transcriptomic datasets revealed the
existence of ER stress-responsive gene modules associated with distinct biological pathways
and has unveiled dynamic transcriptomic changes when ER stress is resolved’. Through
RNA-seq analyses in a maize mutant lacking functional 62/P60, Li et al. revealed a bZIP60-
mediated molecular link of the UPR to the heat stress response38.
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Gene regulation is mediated mainly by dynamic interactions between TFs and DNA3.
Therefore, identifying global binding targets of TFs is a straightforward approach to
understanding gene regulatory mechanisms in the plant UPR. To decipher the regulatory
hierarchy under ER stress, chromatin immunoprecipitation followed by sequencing (ChIP-
seq) has been applied in multiple ER stress studies in plants, including Arabidopsist’-2!
and maize3%, revealing hundreds of TF binding targets and temporal binding intensity
changes of, for example, UPR-bZIP TFs. In maize, RNA-seq data were captured along with
open chromatin and small RNA profiles during an extensive period of ER stress36; these
multi-omics data revealed extensive waves of transcriptomic changes as well as chromatin
accessibility and microRNA abundance changes induced by ER stress3. Enhanced yeast-
one hybrid (Y1H) screening, a semi-automatic version of Y1H4C, identified numerous

TFs upstream of UPR biomarker genes in Arabidopsis?* and maize*!, facilitating the
identification of new regulators in the UPR. Specifically, enhanced Y 1H screens of

23 promoter fragments from six maize UPR biomarker genes against 500 maize TFs
unveiled hundreds of interactions with a wide array of multifunctional TFs, broadening

the scope of plant UPR beyond ER stress*L. By integrating transcriptomes and protein—
DNA interactomes into gene regulatory networks!?:21.2241 ‘muylti-omics approaches have
greatly advanced our understanding of plant UPR gene regulation in recent years, providing
foundational resources for further characterization.

Mechanisms of UPR gene regulation

Eukaryotic cells consistently monitor the levels of unfolded or misfolded proteins in the
ER, enabling communication of ER homeostasis status with the nucleus and cytoplasm to
prompt rapid transcriptional changes if ER stress occurs, that is, when ER protein-folding
capacity is insufficient22. In this section, we delve into the fundamental aspects of plant
UPR signalling and how dynamic gene expression changes ultimately influence cell fate
under ER stress. We focus on Arabidopsis as most of the advances have been gained in this
model species.

ER stress sensing and cytoplasmic signalling

The ER membrane-associated protein sensors IRE1 and bZIP28 possess an ER luminal
domain for sensing unfolded proteins and cytosolic regions that facilitate transcriptional
regulation (Fig. 1). Upon ER stress, the type | transmembrane protein IRE1 oligomerizes
and autophosphorylates to activate its RNase activity, splicing a 23-nucleotide intron in the
bZ1P60-encoding MRNA%*243 (Fig. 1). This frameshift results in a spliced mRNA encoding
a TF with a nuclear localization signal, known as spliced bZIP60 (sbZIP60). Direct IRE1
phosphorylation targets other than itself have yet to be identified in vivo in any organism.

In addition to controlling gene expression through the splicing of 62/P60 mMRNAs, IRE1
can exert post-transcriptional gene regulation through a conserved process dubbed regulated
IRE1-dependent decay3444:45, The GTP-binding protein B1 (AGB1) seems to participate

in UPR gene regulation mediated by IRE1, as evidenced by dramatic transcriptional
reprogramming of the UPR biomarker genes £Raj3A and ERdj3B, and higher growth
suppression in response to ER stress in a triple-mutant of /RE1a, IRE1band AGBI, relative
to a double-mutant of /REZaand /RE14/6:47,
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In the other UPR branch, bZIP28, a type Il transmembrane protein, is typically retained

in the ER through its association with BiP48. Upon ER stress, it dissociates from BiP

and translocates to the Golgi apparatus, where it is cleaved by site-1 protease (S1P) and
subsequently by S2P*9. The released N-terminal fragment contains a bZIP domain and
relocates to the nucleus (Fig. 1). However, a later genetic study showed that bZIP28
undergoes proteolytic cleavage by S2P and as-yet-unidentified protease(s), bypassing the
S1P cleavage in the Golgi apparatus®. Therefore, further investigation is needed to establish
the mechanisms underlying the sequential cleavage of bZIP28.

Because the main regulatory UPR branch initiated by the protein kinase RNA-like ER kinase
(PERK) in metazoans is missing in plants® — although PERK-like activity exists in plants
through a stress-inducible orthologue of the elF2a kinase, general control non-repressible 2
(GCN2)°1 - the plant UPR seems to centralize its transcriptional regulation around bZIP60
and bZIP28 (Fig. 1). Overall, the plant UPR utilizes a combination of these two signalling
pathways to relay sensing signals to the nucleus, where dynamic gene expression changes
are orchestrated to maintain ER proteostasis and uphold cellular functions under ER stress.

Other ER membrane-anchored proteins respond to ER stress and participate in UPR

gene regulation. For example, two TFs of the plant-unique NAC (No apical meristem,
Arabidopsis transcription activation factor and Cup-shaped cotyledon) family, NAC089°2
and NAC062°3, are anchored to the ER membrane, cleaved and transported to the

nucleus under ER stress and abiotic stresses, modulating programmed cell death. B cell
lymphoma 2-associated athanogene 7 (BAG7), another ER membrane-associated protein,
is proteolytically processed in response to heat stress, which could trigger ER stress, and

is translocated into the nucleus to regulate gene expression changes necessary for stress
tolerance®®. Currently, the extent of gene regulation by these membrane-associated proteins
compared with bZIP28 and bZIP60 remains largely unknown.

Nuclear signalling

In the nucleus, the UPR-bZIP TFs bZIP28 and bZIP60 can heterodimerize and
homodimerizel?, and they can thus independently or jointly regulate hundreds or thousands
of genes involved in a broad array of biological pathways, including ER protein
translocation, folding and secretion, as well as the degradation of misfolded proteinsl?18:25,
In transactivation assays using tobacco infiltration, introducing agrobacterium cells
containing shZIP60 alone induced a 2.5-fold increase in luciferase gene expression driven
by a BiP3 promoter, whereas introducing both bZIP28 and sbZIP60 effector cells resulted in
a 14.7-fold increase?2. These findings suggest that bZIP28 and bZIP60 work synergistically
to coordinate gene expression changes in the UPR. Notably, integrating RNA-seq and ChIP-
seq profiles revealed that over 90% of the genes differentially regulated by bZI1P28 and
bZIP60 under ER stress and recovery are not directly bound by these TFs?, hinting to
indirect regulation via transcriptional signal cascades in the UPR.

When they work together, bZI1P28 and bZIP60 regulate their target genes by directly binding
to the promoters via canonical ER stress-responsive CREs1921.22_|n plants, two canonical
ER stress-responsive CREs are predominantly enriched in the promoters of ER stress-
responsive genes: ER stress-responsive element-1 (ERSE-I; 5"-CCAAT-N1g-CACG-3") and
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unfolded protein response element-1 (UPRE-I; 5 -TGACGTG-G/A-3")17.19.30.55 Muytations
in these motifs significantly reduce the binding intensity and transcriptional activity of
bZIP28 and bZIP601921, ChIP-seq analyses of bZIP28 and bZI1P60 confirmed that ERSE-

I is the most highly enriched motif in the centre of global bZIP28-binding and bZI1P60-
binding peaks!’, supporting the idea that UPR-bZIP TFs regulate UPR target genes by
binding to promoters via ERSE-I in vivol’. Plant UPR gene regulation also involves
ERSE-I and UPRE-I variants, such as ERSE-II (5"-ATTGG-N,-CACG-3")17:56 UPRE-II
(5"-GATGACGCGTAC-3")17:57 and UPRE-III (5'-TCATCG-3")17:58,

The observation that some transcription of UPR genes occurs in a triple-mutant lacking
bZIP28, bZIP60 and their repressor, G-class bZIP TF2 (GBF2)2L, raises the question

of whether UPR gene expression may be modulated by yet another pathway working
redundantly but much less prominently than bZI1P28 and bZIP60. Such a pathway might

be governed by bZIP17, an ER membrane protein sensor that is activated by a proteolytic
machinery similar to bZIP28 (that is, sequential cleavage by S1P and S2P)%9-60, Although
bZIP17 has been demonstrated to interact with bZIP28 or bZIP60 in yeast using a yeast
two-hybrid system19, heterodimerization has yet to be substantiated through other means,
and, importantly, in vivo under conditions of ER stress. Consequently, the functional role
of bZIP17 in regulating the transcriptional activities of bZIP28 and bZIP60 in the UPR
remains to be explored. Genetic mutant and transcriptome analyses have revealed significant
contributions of bZIP17 to plant growth under physiological conditions and salt stress13:18,
However, it is noteworthy that bZIP17 is not considered a primary regulator in the UPR.
Indeed, one RNA-seq study® highlighted bZIP28 and bZIP60, but not bZIP17, as major
modulators in transcriptional responses to ER stress. Particularly in ER stress conditions,
the expression of UPR biomarker genes was not induced in a 6zijp28/bzip60 double mutant,
whereas it was significantly induced in bzip17/bzip28 and bzip17/bzip60 double mutants®,
which supports the hypothesis that bZIP17 is dispensable for UPR gene regulation in ER
stress. The challenge of isolating a viable triple-mutant involving 62/P17, bZ/P28 and
bZIP60has impeded the exploration of potential functional redundancies among these bZIP
TFs.

Gene expression dynamics upon ER stress

During ER stress, the plant UPR swiftly enacts an adaptive phase to help cells survive by
enhancing the quality control machinery for maintaining ER homeostasis. This encompasses
maintaining optimal rates of protein production and folding as well as rapid responses to
diverse stimuli such as plant hormones, nutrient levels, growth factors, energy status and
redox balancel’-30-33.36 However, when the UPR capacity to maintain ER homeostasis

is overwhelmed, cells initiate cell death programmes such as autophagy and metabolic
changes38. This transition coincides with a decline in s6.2/P60 expression3®, a proxy for
IRE1 activity#243, suggesting that reduced IRE1 splicing activity may contribute to cell
death. BI-1, a modulator of cell death in both plants and animals®1.62, has a role in this
process, with its expression peaking in the middlelate phase of the adaptive UPR3® and
being modulated by the IRE1-bZIP60 branch!®. These results support a model in which
IRE1 helps make transitional decisions for cellular fates. Emerging evidence increasingly
points to transcriptional reprogramming in the plant UPR extending beyond the adaptive—
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apoptotic transition, encompassing various biological pathways, such as organ development,
metabolism, hormone regulation and stress responses!’:36. Interestingly, the expression of
bZIP28 and unspliced 62/P60is highly co-induced upon ER stress!”:36 and upon abiotic
and biotic stresses®3:64 (Fig. 3). This finding suggests the existence of transcriptional
regulatory mechanisms for 62/P60and b2/P28that are independent of IRE1-mediated
post-transcriptional modification and proteolysis cleavage, respectively. Further observations
suggest that the expression of unspliced 62/P60 is intricately regulated by multiple TFs,
with its promoter having an ERSE-I-like sequence that can be bound by multiple TFs in
vivo, including bZIP60 itselfl?, bZIP28 (ref. 17) and Abscisic acid insensitive 5 (AB15)22,
Furthermore, enhanced Y1H screen studies?14! revealed that 120 Arabidopsis TFs and

107 maize TFs bind to the 1-kb promoter of Arabidopsis bZIP60 and maize bZ/P60,
respectively?1:41, These findings suggest complex transcriptional regulation of unspliced
bZIP60, potentially involving feedback loops between UPR-bZIP TFs. Overall, at the
transcriptional level, the plant UPR coordinates multi-phase gene reprogramming, which has
an impact on not only the adaptive—apoptotic transition but also a wide array of biological
pathways.

Context dependency of gene reprogramming

The remarkable plasticity in growth and development55.65, coupled with quantifiable
responses to ER stress inducers1:21.22.67 renders plants an ideal system for elucidating

the dynamics and mechanisms of ER stress-responsive gene regulation through phenotypic
screening (Fig. 4). Three distinct experimental approaches to ER stress conditions discussed
here have played a pivotal role in the molecular characterization of the plant UPR.

Adaptive ER stress

In the context of adaptive ER stress, seedlings grown in physiological conditions are
transferred to growth media containing an ER stress inducer, allowing for the timely
controlled exploration of gene regulatory responses in a dose-dependent mannerl’-68 (Fig.
4a). ER stress induced by the drug treatment triggers a rapid and massive wave of
transcriptional changes as an adaptive response to maintain ER homeostasis!7:30:36, For
instance, the expression of the UPR biomarker genes BiP3and £Rdj3B sees exponential
increases exclusively during early phases (for example, 2 h or 4 h) of adaptive ER
stress30:36, A double loss-of-function mutant of £2/P28and bZ/P60 showed almost no
signs of BiP3transcriptional induction!?, 1ntriguingly, the TF single mutants 5zjp28-2and
bzip60-2 exhibit varying degrees of attenuation in the transcriptional induction of B/P3

and ERaj3BL. Therefore, although functional redundancy between bZIP28 and bZIP60 is
evident, the extent to which they contribute to the UPR gene regulation seems to be distinct,
depending on target genes. However, diversified functions of UPR-bZIP TFs during adaptive
ER stress are confined to a small set of genes. Indeed, RNA-seq data have revealed that
transcriptome profiles are largely similar among wild type (Col-0), bzijp28-2and bzip60-2,
with only 59 and 62 differentially expressed genes (DEGS) in a bZIP28-dependent and
bZIP60-dependent manner, respectivelyl’. Therefore, UPR-bZIP TFs predominantly act as
functionally redundant master regulators during adaptive ER stress. Recent research has
further highlighted that during the adaptive phase of ER stress, pathways related to growth
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and development are downregulated, whereas those associated with plant hormones are
upregulated”22:36 Adaptive phases witness dynamic alterations in the expression of genes
tied to a wide range of significant biological pathways!8:22:30-33.36 sypporting a broad
integration of the UPR with cellular homeostasis.

Chronic (unresolved) ER stress

Chronic ER stress assays generally involve germination and seedling growth on media
containing low levels of ER stress inducer to mimic conditions of unresolved ER stress
and/or insufficient UPR (Fig. 4b). Although some studies have explored gene expression
changes during chronic ER stress89.70, the nature of the gene regulatory mechanism in this
condition remains speculative. For instance, the expression of BiP3at 5 days of chronic
ER stress diminished by 29.5% compared with that at 3 days, remaining stable thereafter
for 10 days (D.K.K. and F.B., unpublished observations). This observation suggests that the
functional role of BiP3as a critical adaptive strategy component is most likely confined to
the early stages of the UPR, and, thus, that samples taken after 3 days of planting may not
offer biologically relevant insights into BiP3-specific functions. Therefore, understanding
whether molecular snapshots reflect genuine molecular changes remains a challenge.
Nevertheless, chronic ER stress set-ups, being easy to establish and specifically designed
for observing effects accumulated over an extended period, prove ideal for investigating
growth phenotypes under ER stress, particularly in mutant screenings in which qualitative
rather than quantitative phenotypes are of interest (for example, life or death)12:22:43.69.71,

ER stress recovery

Because environmental stresses that plants experience can trigger ER stress®47276, the
recovery of ER function is essential for re-establishing cellular homeostasis and resume
growth, which is hampered during ER stress?2:67.76 (Fig. 4c). It was shown recently that,

in addition to making critical cell fate decisions under ER stress, the plant UPR contributes
to the coordination of gene expression changes and restores growth when ER stress is
resolved!117. A transcriptional profiling of Arabidopsis seedlings exposed to ER stress

for 6 h and then set in conditions of ER stress recovery upon ER stress inducer washout
showed that the numbers of DEGs at 12 h and 24 h of ER stress recovery were significantly
higher (2,484 and 2,930, respectively) with respect to the period just before recovery (576
DEGs at 6 h of adaptive ER stress)1’. This drastic expansion in transcriptional programming
encompasses not only gene quantity but also diverse functions, involving cellular, molecular,
physiological and metabolic changes necessary for growth re-establishment. A pressing
question is how systematic transcriptional coordination is achieved in a relatively short time
frame. Increasing evidence suggests that the diversified roles of bZIP28 and bZIP60 play an
important part. The single knockout mutants of 62/P28 and bZIP60 (bzip28-2 and bzjp60-2,
respectively) have no visible phenotype under ER stress?8, leading to the classification of
these regulators as functionally redundant under ER stress. However, in recovery from ER
stress, bzjp28-2 exhibits a more pronounced delay in root growth re-establishment than
bzjp60-21:17, Notably, the time course RNA-seq analyses during ER stress recovery reveal
almost twice as many DEGs in bzjp28-2 or bzjp60-2 as there are in Col-0 at 12 h and

24 h of recovery, whereas the number of DEGs was similar at the onset of recovery (0 h,
which is 6 h of ER stress). The phenotype and transcriptomic data collectively suggest that
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bZ1P28 and bZIP60 have diversified roles alongside shared functions specifically when ER
stress is resolved, influencing a wide range of biological pathways, including root growth,
photosynthesis and primary metabolism.

Coordination of complex UPR gene regulation

In various biological processes, such as developmental transitions, cell fate specification and
responses to environmental stresses, gene expression changes are often orchestrated through
the concerted action of master regulators’’:’8, These regulators dynamically coordinate their
activities by interacting with coregulators in a highly interconnected network’®. Although
this mechanism enables efficient and rapid temporal changes to take place, it necessitates
dominant master regulators capable of orchestrating molecular events, along with numerous
coregulators that customize transcriptional activities based on cellular status and available
resources. In the context of plant UPR gene regulation, identifying coregulators of UPR-
bZIP TFs has been challenging due to functional redundancy within the UPR and the
multifunctionality of TFs. Recent studies, however, have revealed that the scope of UPR
gene regulatory machinery is more extensive than previously thought and that the said
machinery is finely controlled by diverse coregulators that adapt to ER stress progression.
This maximizes regulatory impact while minimizing unnecessary energy expenditure during
critical cellular conditions. In this section, we highlight coregulatory factors working
alongside UPR-bZIP TFs and the underlying mechanisms.

Transcriptional co-regulators

The first coregulators identified and functionally characterized in association with UPR-
bZIP TFs were NF-Y subunits'9, also known as CCAAT box binding factors®. Through
physical interactions, NF-Y subunits, which bind to the first subunit (5"-CCAAT-3") of
ERSE-I, form a transcriptional complex with bZIP28 to promote BiP3expression. This
co-binding offers gene regulatory specificity given that the second subunit (5"-CACG-3")

of ERSE-I is nearly identical to the G-box (5"-CACGTG-3") recognized by bZIP or bHLH
TFs8L. These observations imply that other bZIP TFs can function as heteromeric protein
complexes to increase possible regulatory combinations and are potentially involved in
UPR-bZIP TFs-mediated gene regulation during the onset, progression or recovery of ER
stress. However, identifying coregulators among the 78 bZIP TFs82 and 162 bHLH TFs83
encoded in the Arabidopsis genome, along with understanding their working mechanismes, is
akin to finding a needle in a haystack. To address this fundamental challenge, the plant UPR
research community has recently adopted genetic, genomic and multi-omics approaches. For
instance, the bZIP TF HY5, which functions as a positive regulator of light signalling®4,
represses the transcriptional activities of bZIP28 under ER stress by competing for ERSE-I
binding2°. GBF2, a crucial component of abscisic acid signalling®, competes with UPR-
bZIP TFs for binding to the B/P3promoter via the G-box, thereby maintaining appropriate
gene expression levels?L, Interestingly, in a triple mutant of £2/P28, bZIP60and GBF2,

the expression of BiP3and ERdf3B was de-repressed, suggesting the presence of unknown
transcriptional executer(s) independent of UPR-bZIP TFs. ABI5, a bZIP TF involved in
stress responses8®, positively regulates UPR biomarker genes by binding to the £2/P60
promoter via the G-box?2. There are also a few examples of non-bZIP TF coregulators. For

Nat Rev Genet. Author manuscript; available in PMC 2024 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ko and Brandizzi

Page 10

example, NON EXPRESSOR OF PR1 (NPR1), a critical redox-regulated master regulator
of salicylic acid-dependent responses®’, antagonizes transcriptional activities of UPR-bZIP
TFs through a physical interaction in the nucleus?4. WRKY75 positively regulates the
transcriptional activity of bZ1P28 through physical interactions, yet WRKY75 alone has

no activity on the promoters of UPR biomarker genes88. Importantly, the functions of
GBF2, ABI5 and NPR1 in the UPR seem independent of their originally reported roles

in the hormone signalling pathways, as both abscisic acid and salicylic acid levels

remain unchanged during ER stress?224, TBP-ASSOCIATED FACTOR 12b (TAF12b),

a core factor of TF subcomplexes within the transcription preinitiation complex89, acts

as a cofactor of bZIP60 in the UPR, enhancing the transcriptional activity of bZIP60
through physical interactions23. How the physical interactions between TAF12b and bZ1P60
positively affect bZIP60’s transcriptional activity remains unknown. Taken together, in this
model (Fig. 5), the transcriptional activities of bZIP28 and bZIP60 are finely tuned by
coactivators and co-repressors to elicit rapid but precise transcriptional reprogramming in a
dynamically changing environment.

Epigenetic regulators

CREs

The packaging of DNA with histone octamers into chromatin provides a sophisticated
regulatory module for diverse gene regulation patterns in plant growth, development and
adaptation to the environment®%:91, Posttranslational modifications of histones directly or
indirectly govern chromatin states, making them crucial for gene expression92. Given their
critical role in gene regulation, histone modifications have been extensively studied in the
context of abiotic stress-induced gene expression changes®%93. Concerning the UPR, Song
et al. reported that COMPASS (complex proteins associated with Setl)-like components
interact with bZ1P28 and bZIP602°, directing the deposition of an activation mark H3K4me3
on the promoters of the UPR biomarker genes. Although these results underscore an aspect
of the intricately regulated nature of gene regulation within the plant UPR, COMPASS may
be the only epigenetic regulatory machinery in the UPR.

Canonical CREs such as ERSE-1 and UPRE-I have crucial roles in mediating TF binding
to the promoters of ER stress-responsive genes, as described above. However, it is worth
noting that de novo motif analyses in RNA-seq studies have identified numerous other
TF-binding motifs that could function as CREs. For instance, the promoters of DEGs
regulated in a bZIP28-dependent or bZIP60-dependent manner during ER stress recovery
showed significant enrichments of C2H2 and NAC TF-binding motifsl’. Similarly, ChIP-
seq analyses of bZIP28 and bZIP60 revealed significant enrichments of MYB96-binding,
CRABS CLAW (CRC)-binding, WRKY 75-binding and PHL4-binding motifs in UPR-
specific bZIP28-binding and bZIP60-binding peaks (that is, presence only in tunicamycin-
treated samples but not in DMSO-treated ones). These findings suggest that TFs other than
bZIPs can participate in UPR-bZIP TF-mediated gene regulation. Further investigation is
needed to understand whether and how these potential CREs function in mediating UPR
gene regulation.
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Conclusions and future perspectives

Rapid and precise transcriptional responses are at the heart of the UPR, ultimately
determining the fate of a cell under ER stress. Yet, the mechanisms orchestrating this
transcriptional coordination remain largely enigmatic. Adding to this complexity, the

plant UPR has a systemic component enabled by the movement of bZIP60 through
plasmodesmata®*, supporting the idea that the coordination of the UPR assumes a non-

cell autonomous component. The transcriptional machinery orchestrated by UPR-bZIP

TFs is exquisitely tailored to meet the demands of dynamically changing ER stress
environments. It comprises a wide array of transcriptional regulators, permitting fine-tuning
with activators and repressors, all within a highly interconnected network. Although this
intricate mechanism shares commonalities with responses to other environmental stresses,
such as heat, drought and pathogen infection’89%, the uniqueness of the plant UPR system
lies mainly in the dominance of two master regulators, bZIP28 and bZIP60, that coordinate
a multitude of gene expression changes. Such streamlined centralization, although seemingly
risky, seems to be highly efficient and effective for timely decisions.

Despite significant progress over the past decades, uncovering the molecular mechanisms
driving dynamic transcriptional changes in plant UPR remains a formidable challenge,

in particular owing to technical limitations. For instance, mutant suppressor screening

has proven powerful in identifying qualitative phenotypes such as life versus death?2:23,

but additional assessments are required for quantitative traits (for example, root length),
potentially causing delays in the selection processes. This limitation becomes even

more apparent when dealing with molecular components exhibiting a high degree of
functional redundancy, a characteristic often found in the plant UPR®. Furthermore,
analysis of regulatory complexity has been conducted on bulk populations of millions of
highly differentiated input cells, complicating the identification of functionally redundant
transcriptional regulators. Consequently, UPR research needs to embrace state-of-the-art
approaches that dissect this regulatory complexity at higher resolution, both temporally and
spatially. The integration of single-cell omics technologies for transcriptome profiling® and
machine learning-based network models®’ being trained with accumulated datasets presents
an auspicious starting point for this journey.

Identifying the molecular components and their regulation within the UPR using plants as
models will not only aid in the development of climate-resilient crops (Box 2) but also offer
fresh perspectives on the UPR of other species, potentially uncovering novel mechanisms for
the management of ER stress in intact organisms.
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Related links

Glossary

Expression Atlas: https://www.ebi.ac.uk/gxa/experiments

Abscisic acid
A plant hormone that regulates numerous biological pathways, including growth,
development and responses to environmental stress.

Chaperone

A group of functionally related proteins that facilitate and regulate polypeptide folding
within cells, including the highly conserved heat shock protein 70 (HSP70), which is present
in all cellular compartments.

Chromatin immunoprecipitation followed by sequencing
(ChlP-seq). The most popular in vivo technique to identify DNA sequences bound by a
transcription factor of interest at genome scale.

DNA microarray

A technology utilizing over 20,000 DNA probes attached to a surface, which are
hybridized with cDNA (reverse-transcribed from mRNA using reverse transcriptase),
enabling simultaneous measurement of expression levels of numerous genes.

Endoplasmic reticulum
(ER). A cellular organelle composed of a membranous tubule network involved in the
synthesis of protein and lipids and the export of secreted proteins.

ER-associated protein degradation
A cellular pathway that eliminates misfolded proteins in the ER via ubiquitination followed
by degradation by a protein-degradation complex known as the proteasome.

ER-phagy
A mechanism that degrades portions of the ER in response to an excessive accumulation of
misfolded proteins.

Foldase
A particular set of molecular chaperones that facilitate the non-covalent folding of proteins
in an ATP-dependent manner.

Golgi apparatus
A cellular organelle where proteins and lipids are modified, packaged and transported to
target destinations.

Nuclear localization signal
An amino acid sequence that serves as a ‘tag’ for directing a protein into the nucleus through
nuclear transport.
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Plasmodesmata
Small channels that connect plant cells to each other, providing living tubes between cells.

Salicylic acid
A plant hormone that is crucial for triggering plant defence against both biotic and abiotic
stresses, using morphological, physiological and biochemical mechanisms.

Tunicamycin
A mixture of four homologous nucleoside antibiotics that inhibits N-linked glycosylation in
the ER, thus disrupting protein folding and maturation.
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Box 1
Evolution of the UPR across plant lineages

Orthologues of the master Arabidopsis unfolded protein response (UPR) regulators have
been successfully identified and characterized in rice (Oryza sativaL.)117-121 maize (Zea
mays)36:120.122 sorghum (Sorghum bicolor L.)123, potato (Solanum tuberosum L.)124 and
tomato (Solanum lycopersicum cv. Moneymaker)12°, Interestingly, copy numbers of UPR
genes vary among plant species, likely owing to multiple rounds of genome duplication
events that occurred independently in each species'26. In plants, the duplication of

genes and genomes followed by sub-functionalization and neo-functionalization are
generally considered as the main contributors to the emergence of new traits, especially
in stress resiliencel?”.128_ For instance, whereas Arabidopsis and maize possess three

and two isoforms of the /REI gene, respectively, the rice genome only contains a single
isoform2L, Furthermore, the Arabidopsis IRE1 gene partially duplicated to generate

an isoform known as /REI1c, which encodes a protein that lacks the ER luminal
domain!2, considered a sensor region12%130, Although IRE1c does not have a major

role in sensing ER stress, it functions in gametophyte development with IRE1b12. The
maize genome encodes one bZIP transcription factor, in addition to the homologue

of bZIP60that encodes a type Il membrane-anchored protein, yet sequence analyses
indicate that it matches both bZIP17 and bZIP2836. Additionally, the pro-death factor
PHOSPHATASE TYPE 2CA-INTERACTING RING FINGER PROTEIN 1 (PIR1),
which acts downstream of IRE1 under ER stress, is found exclusively in dicots (for
example, soybean) and not in monocots (for example, maize and sorghum)22. Moreover,
the EMS-MUTAGENIZED BRI SUPPRESSOR (EBS7) seems to be a plant-specific
component of a broadly conserved ER-associated protein degradation complex!3L, These
observations underscore the dynamic evolution of the UPR throughout plant lineages.
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Box 2
Insights into gene regulation for crop UPR implementation

Environmental stresses, including drought, heat, salinity and pathogen infections,

can directly or indirectly induce ER stress, leading to substantial agronomic
losses3:38.64.71-76,124 Thjs realization has prompted plant researchers to harness
knowledge gained from Arabidopsis in investigating unfolded protein response (UPR)
gene regulation in crops. These efforts have established valuable connections between
the functional roles of UPR gene regulation and crop resilience and productivity3-132,
For example, drawing parallels with the heat stress-inducible activation of IRE1 in
Arabidopsis*?, Li et al. observed a similar response in maize, in which heat stress
triggered the unconventional splicing of 6Z/P60P8. Intriguingly, the increased levels
of maize spliced 62/P60 (sbZIP60) conferred heat tolerance by directly influencing
the expression of a crucial transcription factor (TF), heat shock transcription factor
13, through direct DNA binding via a canonical endoplasmic reticulum (ER) stress-
responsive cis-regulatory element (CRE). Tomato also exhibits heat stress-mediated
induction of s62/P60, bZIP28and BiPs 23, indicating conserved gene regulatory
mechanisms between monocots and dicots. Notably, overexpressing B/Pin soybean
enhances drought tolerance, resulting in reduced expression levels of drought-responsive
genes!33, Knockout Chinese Cabbage lines, which have a disrupted gene encoding
ELONGATED HYPOCOTYL 5 (HY5) — a transcriptional repressor in the UPR that
competes with bZIP28 on the gene promoters in Arabidopsis?® — show reduced growth
inhibition under ER stress compared with the wild typel34. Collectively, these results
underscore the feasibility of engineering the UPR to generate stress-resilient crops.

The development of high-throughput data collection techniques has enabled the
simultaneous exploration of transcriptomes and TF-DNA interactomes in crops,
providing foundational resources for further characterizations. For instance, an RNA
sequencing dataset has been generated in maize during an extensive time frame of

ER stress, along with open chromatin and small RNA profiles36. These multi-omics
data revealed the existence of extensive ER stress-inducible waves of transcriptomic
changes as well as chromatin accessibility and microRNA abundance changes. Herath
and Verchot reported transcriptomic changes induced by ER stress in potato, revealing
an extension of the UPR to other signalling pathways!3°. Furthermore, enhanced yeast-
one hybrid screens of 23 promoter fragments from six maize UPR biomarker gene
promoters against 600 maize TFs unveiled hundreds of interactions with a wide array
of multifunctional TFs, broadening the scope of plant UPR beyond ER stress*l. These
large-scale datasets are invaluable resources for future functional research in crops.
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Fig. 1|. The ER stressresponsein plants ver sus metazoans.
a, Endoplasmic reticulum (ER) stress sensing and signalling mechanisms in the plant

unfolded protein response (UPR). In response to ER stress, plants activate a protective
mechanism called the UPR to maintain the stability of the ER. The plant UPR is primarily
controlled by two distinct signalling pathways. The first is a response mediated by bZI1P28,
a transcription factor (TF) associated with the ER membrane, which, when ER stress
occurs, plays a crucial role by undergoing a process of post-translational cleavage. This
cleavage takes place in the Golgi apparatus, and, as a result of it, the N-terminal part of
bZ1P28 is released and moves to the nucleus. Inside the nucleus, the N-terminal domain

of bZIP28 regulates the expression of genes involved in responding to ER stress. In the
second pathway, a dual-functioning protein kinase and ribonuclease, IREL, is activated when
ER stress occurs. IRE1 splices the mRNA encoding the transcription factor bZIP60. This
splicing event leads to a change in the mRNA sequence, generating a transcription factor
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with a nuclear localization signal (NLS; indicated by a green bar). The newly formed
bZ1P60 with an NLS enters the nucleus, where it participates in regulating genes related to
the ER stress response. IRE1 controls the abundance of transcripts also through regulated
IRE1-dependent decay, a process not highlighted in this figure. Additionally, bZIP28 and
bZIP60 can form combinations either by pairing with themselves (homodimerization) or
with each other (heterodimerization). Together, they collaborate to control the expression of
genes that help the plant adapt to ER stress via binding to cis-regulatory elements such as
ER stress-responsive element-1 (ERSE-I) or unfolded protein response element-1 (UPRE-I).
b, ER stress sensing and signalling mechanisms in the metazoan UPR. IRE1, bZIP28
(ATF6) and bZIP60 (XBP1) maintain their structural integrity and processing mechanisms
in metazoans, reflecting the evolutionary importance of these pathways. However, in the
metazoan UPR, a distinctive branch emerges, orchestrated by the protein kinase RNA-like
ER kinase (PERK). As an immediate adaptive response to ER stress, PERK phosphorylates
eukaryotic translation initiation factor 2 subunit-a (elF2a), causing a transient reduction of
protein synthesis. Simultaneously, the phosphorylated elF2a triggers a specific translation
programme, targeting a select group of mMRNAs, including A7/4 mRNA and others
harbouring upstream open reading frames within their 5" untranslated regions. ATF4 is a
transcription factor that functions as a master regulator, orchestrating the expression of a
multitude of UPR target genes. 23-nt, 23-nucleotide mMRNA segment; 26-nt, 26-nucleotide
MRNA segment; P, phosphate group; s6.2/P60, spliced bZ/P60 mRNA; sXBP1, spliced
XBPImRNA.
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1983: Excessive production of the b-70 protein is found in the
semidominant floury-2 maize mutant®®

1991: b-70 belongs to the family of HSP70-related proteins and
functions as the plant counterpart of mammalian BiP, a highly
conserved ER chaperone whose induction is widely recognized as a
hallmark of UPR induction®®

1991: Tobacco BiP is encoded by a multigene family, whose
expression is induced by ER stress'®

1994-1997: Characterization of plant BiP at a molecular level reveals
it binds to unassembled proteins even in the absence of induced ER
stress'04105

2000: i is thaliana gt

2001: Identification of two Arabidopsis genes encoding IRE1®

2003: Two microarray studies report on ER stress-modulated
Arabidopsis transcriptomes, shedding light on plant UPR gene
regulation®3!

2007: Identification of bZIP28 as the Arabidopsis counterpart of ATF64

2011: Characterization of IRE1 splicing of bZIP60 mRNA%243

2012: ification of orthol of i is bZIP60 in rice™™®

2013: Pivotal role for IRETin ing tr iptional chang

2015: iation of epi { with bZIP28
and bZIP60-mediated gene regulation in plant UPR?*

2018: bZIP28 and bZIP60 are master transcriptional regulators in the
plant UPR, whereas bZIP17 does not exhibit a similar regulatory role’®
2018: Multi-phasic gene reprogramming occurs during persistent ER
stress in maize®

2018: Plant UPR is non-cell autonomous signalling partially
dependent on systematic movement of bZIP60%

2020: Impls ion of TF-DNA i profiling®

2022: bzIP28 and bZIP60-dep: gene repr ing
during ER stress recovery using multi-omics, coexpression network
and gene regulatory network modelling”

2023: Ubiquitin proteasome system is a pro-death pathway
downstream of IRE12

Fig. 2 |. Historical timeline of plant UPR research.
Plant unfolded protein response (UPR) research has evolved along historical milestones, a

selection of which is highlighted in the figure. In 1983, Galante et al. observed excessive
production of the b-70 protein in the semidominant #loury-2 maize mutant, which exhibited
reduced levels of zein, a maize endosperm storage protein®8, It was not until 1991

that the surplus b-70 production in the maize mutant was fully characterized. It was
confirmed that b-70 belongs to the family of HSP70-related proteins and functions as
the plant counterpart of the mammalian luminal binding protein (BiP), a critical protein
associated with UPR induction®3-101, The floury-2 mutation caused a signal peptide
defect in an a-zein protein, resulting in the accumulation of abnormal zein proteins

that induces BiP overexpression102, By the early 1990s, researchers established that
plant BiP, like its metazoan counterpart, aided in protein folding within the endoplasmic
reticulum (ER). Using tobacco as a model, they found that BiP bound to assembly-
defective proteins even without induced ER stress, demonstrating its role in protein
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folding and quality control193-105_|n the late 1990s, research shifted to Arabidopsis, a
model plant with abundant genetic and genomic tools!06-198, Research in Arabidopsis
enabled the identification of plant counterparts of key UPR components?2:43.49,109-115

and provided a platform to study ER stress responses at the molecular level but also

at the organismal level®4. Microarray technologies'16 and later RNA-seq technologies
revolutionized genomics, enabling genome-scale analysis of gene expression in response

to ER stress. These tools unveiled the roles of UPR-bZIP transcription factors (TFs; bZIP28
and bZ1P60) and dynamic transcriptomic changes'’-18:30-34 |n recent years, chromatin
immunoprecipitation followed by sequencing (ChIP-seq)1736 and enhanced yeast-one
hybrid (eY1H) screening?141 have revealed hundreds of transcription factor-binding targets
and upstream UPR biomarker genes, respectively, offering a deeper understanding of

plant UPR gene regulation and its broader implications, which has been further expanded
with multi-omics approaches!”:21.2241 These discoveries have substantially advanced our
understanding of the plant UPR, shedding light on the molecular mechanisms underlying
gene regulation in response to ER stress in plants. These large-scale datasets are invaluable
resources for future functional research in crops.
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Fig. 3|. Transcriptional coregulation of bZI P28 and bZI P60 in responseto various stress
conditions.

The plant unfolded protein response is responsive to diverse environmental stresses,
including abiotic stresses, such as heat, drought and cold, and biotic stresses, such as
pathogen infections or tissue damage by herbivores. Of note, the expression of 62/P28 and
unspliced 621P60 exhibits high inducibility in response to endoplasmic reticulum stress,
albeit with 62/P28 showing lower transcriptional amplitude than £2/P60. For instance,
analysis of expression data from 82 Arabidopsis transcriptome datasets sourced from the
EMBL-EBI Expression Atlas revealed Pearson correlation coefficients of 0.66 (P=1.31 x
107") and 0.59 (P= 4.15 x 10~4) under abiotic and biotic stress conditions, respectively,
which supports a high degree of correlation of the expression of the two master regulators
during stress (see the graph). log,FC, log-transformed fold change (stress/control).
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Fig. 4|. Experimental designsfor analysing responsesto ER stressin Arabidopsis.
a, Adaptive endoplasmic reticulum (ER) stress. In this approach, 5-day-old seedlings are

subjected to a high dose of tunicamycin (Tm) (for example, 500 ng mI~2) in liquid growth
media using multi-well plates for a duration determined by the experimental objectives.
The Tm solvent dimethyl sulfoxide (DMSO) is used as mock control. b, Chronic ER
stress. Seeds are directly sown onto solid growth media containing a low dose of Tm (for
example, 25 ng mI~1) or DMSO as control. Different doses of Tm can induce various
cellular environments (for example, low dose for pro-survival environment; high dose for
pro-death environment) that researchers can utilize to investigate their biological questions.
Bi-plates featuring Tm-containing media on one side and DMSO-containing media on the
other are advantageous for this method. Phenotypic assessments are typically conducted
between 9 and 14 days after planting. c, ER stress recovery. After exposure to adaptive
ER stress, seedlings are transferred to plates containing solid growth media for recovery.
Growth restoration is evaluated between 5 and 7 days after the transfer. Collectively,
these experimental systems offer powerful means to analyse molecular and physiological
responses to ER stress in a highly reproducible manner.
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Fig. 5|. A schematic model for generegulation in plant UPR.
The transcriptional activities of unfolded protein response (UPR)-bZIP transcription factors

(TFs) are meticulously orchestrated by the collaborative interplay of coactivators and
corepressors. The plant UPR transcriptional system can be broadly categorized into two key
components: ‘executer’ and ‘coregulators’. The coregulators, in turn, are further classified
into ‘activator’ and ‘repressor’, based on their functional relationship with UPR-bZIP TFs.
These coregulators are pivotal in fine-tuning the UPR response, ensuring the fidelity of gene
expression. The executer group predominantly comprises UPR-bZIP TFs; however, it is
important to note the potential existence of as-yet-uncharacterized executer(s). Maintaining
a delicate balance between the activities of repressors and activators is crucial for the

swift execution of gene expression changes. This equilibrium is important, especially in

the context of limited energy resources and challenging environmental conditions, in which
efficient resource allocation is essential for plant survival and adaptation. bZIP TFs are
represented by elliptical shapes, whereas non-bZIP TFs are denoted by hexagons. ERSE-

I and UPRE-I are canonical ER stress-responsive cis-regulatory elements. COMPASS,
complex proteins associated with Setl; ER, endoplasmic reticulum.
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