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Abstract

Macroautophagy/autophagy is a conserved process in eukaryotes that contributes to cell survival
in response to stress. Previously, we found that endoplasmic reticulum (ER) stress induces
autophagy in plants via a pathway dependent upon AT5G24360/IRE1B (INOSITOL
REQUIRING 1-1), an ER membrane-anchored factor involved in the splicing of
AT1G42990/BZIP60 (basic leucine zipper protein 60) mMRNA. IRE1B is a dual protein kinase
and ribonuclease, and here we determined the involvement of the protein kinase catalytic
domain, nucleotide binding and RNase domains of IRE1B in activating autophagy. We found
that the nucleotide binding and RNase activity of IRE1B, but not its protein kinase activity or
splicing target BZIP60, are required for ER stress-mediated autophagy. Upon ER stress, the
RNase activity of IRE1B engages in regulated IRE1-dependent decay of messenger RNA
(RIDD), in which mRNAs of secreted proteins are degraded by IRE1 upon ER stress. Twelve
genes most highly targeted by RIDD were tested for their role in inhibiting ER stress-induced
autophagy, and 3 of their encoded proteins, AT1G66270/BGLU21 (B-glucosidase 21),
AT2G16005/ROSY1/ML (MD2-related lipid recognition protein) and AT5G01870/PR-14
(pathogenesis-related protein 14), were found to inhibit autophagy upon overexpression. From
these findings, IRE1B is posited to be a “licensing factor” linking ER stress to autophagy by

degrading the RNA transcripts of factors that interfere with the induction of autophagy.



Introduction

Environmental stresses are a major threat to optimal productivity of plants in agricultural settings
[1,2], and multiple simultaneous stresses are often encountered. Plants activate a suite of
protective and adaptive mechanisms to respond to these stresses, including transcriptional,
metabolic and cellular adaptations that often limit growth while increasing stress tolerance and
survival [3]. One such mechanism is the upregulation of a degradation pathway-termed
autophagy, in which cellular materials are transferred inside the vacuole, degraded by the
resident vacuolar lytic enzymes, and the breakdown products recycled [4,5]. Autophagy is active
at a basal level under normal growth conditions, but is highly upregulated by a wide variety of
biotic and abiotic stresses [6-14]. During nutrient deficiency autophagy functions in the recycling
of materials for re-use of breakdown products to-enable cell survival [7,15-18], whereas in other
conditions it degrades oxidized and aggregated proteins and other macromolecules to prevent

toxicity [12,19-21].

In plants, autophagy is initiated by the recruitment of ATG5 (autophagy-related protein
5) to the ER, which results in membrane expansion to form a bowl-shaped double-membrane
intermediate, the phagophore [22]. Membrane expansion continues until sealing of the
phagophore to generate a double-membrane vesicle termed an autophagosome [18,23], along
with its release from the ER. The source of membrane for autophagosome formation is still
unclear, but may derive from newly-synthesized lipids originating at the ER as well as
membrane trafficked from pre-existing organelles including the ER, Golgi, endosomes and
plasma membrane [24-28]. Cargo for degradation is incorporated into the forming

autophagosomes either non-selectively or via binding by a receptor protein that recruits cargo by



interacting with the autophagosome membrane protein ATGS8 (autophagy-related protein 8)
[12,29-32]. The autophagosome outer membrane then fuses with the tonoplast, releasing the

inner membrane and contents into the vacuole for degradation and recycling [4].

In Arabidopsis thaliana, autophagy is upregulated by ER stress, a condition in which
unfolded or misfolded proteins accumulate in the ER. ER stress can be induced by agents that
prevent proper folding of ER proteins, including dithiothreitol (DTT) and tunicamycin (Tm)
[33,34]. Under ER stress conditions, but not other autophagy-inducing conditions such as
starvation, fragments of ER are delivered to the vacuole by autophagy. [6], potentially as a
mechanism for disposal of aggregates of unfolded proteins that cannot be degraded by other
proteolysis pathways [35]. The activation of autophagy by ER stress requires the accumulation of
misfolded proteins in the ER, as demonstrated by the observation that the process can be
moderated by either chemical or molecular chaperones and also can be triggered by expression

of chronically misfolded proteins [36].

ER stress elicits the unfolded protein response (UPR), in which plants activate signaling
pathways that result in-the upregulation of genes that function in protein import and folding and
in the degradation of misfolded ER proteins [34]. There are two arms of the UPR signaling
pathway in-Arabidopsis. One arm involves AT3G10800/BZ1P28 (basic leucine zipper protein
28), a membrane-anchored transcription factor that is retained in the ER under normal conditions
by its interaction with the molecular chaperone BiP [37]. In response to ER stress, BZIP28 is
transported to the Golgi, where it is processed and released from the membrane, allowing it to
move into the nucleus and activate transcription of ER stress response genes [38-40]. The second

arm involves the unconventional RNA splicing factor IRE1A or B, which splices the mMRNA



encoding the transcription factor AT1G42990/BZIP60 (basic leucine zipper protein 60) [41].
Unspliced BZIP60 mRNA encodes a potentially membrane-associated protein, whereas splicing
by IRE1A or B leads to loss of the transmembrane domain and the acquisition of a nuclear
targeting signal. The spliced form can therefore enter the nucleus and activate transcriptional
responses [41-43]. IRE1 also functions in the degradation of mMRNASs encoding secretory proteins
[44]. Arabidopsis contains 2 active IRE1 isoforms, AT2G17520/IRE1A (INOSITOL
REQUIRING 1-2) and AT5G24360/IRE1B, which overlap substantially in function but also
have some functional specificity [6,45,46]. We have shown previously that IRE1B is required for
activation of autophagy during ER stress, whereas disruption of IRELA has no detectable effect

on autophagy [6].

IRE1 is a dual-function ribonuclease and protein kinase [33]. Point mutations in
Arabidopsis IRE1B disrupting either its ribonuclease or kinase activities indicated that, as
expected, IRE1B’s ribonuclease activity is required for BZIP60 splicing. However, IRE1B’s role
in linking ER stress to autophagy is independent of BZIP60 splicing since autophagy can be
induced in response to ER stress‘in-an Arabidopsis bzip60 mutant [6]. In animal cells, activation
of autophagy upon ER stress requires the kinase activity of IRE1, which activates the
MAPKS8/IJNK1 (mitogen-activated protein kinase 8/c-Jun N-terminal kinase 1)-MAPKO9-
MAPK10 pathway, in turn upregulating autophagy [47]. However, MAPK8/9/10 orthologs and

components of its signaling pathway are absent in plants.

Here, we demonstrate that the ribonuclease activity of IRE1B is required for ER stress-
induced autophagy in Arabidopsis, although independent of its normal downstream splicing

target, BZIP60 mRNA. Instead, we identify factors that inhibit the activation of autophagy,



indicating that the degradation of their mMRNAs by IRE1B’s RIDD activity [48] is required for

the upregulation of autophagy in response to ER stress.

Results

Possible roles for IRE1B in linking ER stress to autophagy

We have previously shown that IRE1B is required for activation of autophagy during ER stress
[6]; we therefore considered several possible mechanisms by which IRE1B might serve in this
role (Fig. 1A). One possibility is that IRE1B splices BZIP60 mRNA to make an active form of
BZIP60 that upregulates genes required for the induction of autophagy. A second is that, through
its protein kinase activity, IRE1B might autophosphorylate itself or phosphorylate other factors,
initiating a signaling cascade leading to the induction of autophagy. Third, upon activation,
IRE1B may oligomerize and cluster in the ER membrane, and the clustering might promote
autophagy. Fourth, in response to ER stress, IRE1B might attack other mRNAs through its RIDD

activity [48], with the destruction of these RNAs being required for the induction of autophagy.

BZIP60 is not required for the IRE1B-dependent induction of autophagy by ER stress

Because BZIP60 is a highly active transcription factor [49] and its mRNA is the principal target
of the mRNA splicing activity of IRE1A or IRE1B [41], we reexamined the issue as to whether
BZIP60 functions downstream from IRE1B in linking ER stress to autophagy. Earlier studies by
Liu et al [6] address this matter using a loss-of function mutant, bzip60-1. In the interim,
however, it is reported that bzip60-1 is a weak allele with respect to certain phenotypes [50].
bzip60-1 is a T-DNA mutant with an insertion in the first exon of the gene. However, an in-

frame ATG downstream from the T-DNA insertion may be functional (Fig. 1B), and we
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observed a modest level of partial transcript accumulation in bzip60-1 representing the second
exon, but not the full first exon (Fig. 1C). Another allele, bzip60-3, is an intron insertion, and we
observed low level accumulation of partial transcripts representing the first exon, but not the
second. The third allele, bzip60-2, has an insertion in the second exon and like bzip60-3 we
found modest accumulation of partial transcripts bearing the first exon. Although all 3-mutants
accumulated partial transcripts, bzip60-2 is considered to be a strong allele because the T-DNA
insertion disrupts the IRE1 splice site, preventing the formation of a functional transcription

factor targeted to the nucleus [50].

When autophagy was examined in the roots of the bzip60 mutants treated with Tm, the
levels of autophagy induced by ER stress in the mutants were comparable to wild-type (WT) as
assessed by the formation of autophagosomes (Fig. 1D and E). We previously have demonstrated
that our MDC (monodansylcadaverine) staining method reliably detects autophagosomes under
our conditions in Arabidopsis seedling roots [51]. Thus, we concluded that in accordance with
earlier findings, BZIP60 is not required for the IRE1B-dependent induction of autophagy by ER

stress.

Kinase activity of IRE1B is not involved in autophagy induction upon ER stress

The second mechanism we explored was whether IRE1B might phosphorylate other proteins,
initiating a signaling cascade culminating in the induction of autophagy. To test this possibility,
we used site-specific mutations in the cytoplasmic domain of IRE1B to disrupt various IRE1B
functions (Fig. 2A) [52]. The Asp to Ala mutation at residue 628 (D628A) is in the protein
kinase catalytic domain responsible for the phospho-transfer activity of IRE1B [52-56]. In
Arabidopsis, the D628A mutation in IRE1B knocks out its phospho-transfer activity [52]. In
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other organisms, it has been shown that IRE1 undergoes auto-transphosphorylation upon
activation [57-59]. In metazoans, IRE1 activates MAP3K5/ASK1 (mitogen-activated protein
kinase kinase kinase 5), initiating a phosphorylation cascade leading to the activation of
MAPKS8/9/10 [60]. However, plant genomes do not contain MAPKS8/9/10 pathway orthologs-and

in yeast, Irel is not known to phosphorylate any other cellular proteins.

The D628A mutation in IRE1B was tested for its support of UPR biomarkers and
autophagy by transient expression in Arabidopsis leaf protoplasts derived from irela irelb null
mutant leaves. When protoplasts from irela irelb mutant plants were transfected with a non-
mutant IRE1B construct driven by the CaMV 35S promoter; expression levels of the spliced
form of BZIP60 mRNA and AT1G09080/BIP3 (BINDING PROTEIN 3) comparable to WT were
observed upon Tm treatment (Fig. 2B). To test for support of ER stress-induced autophagy,
protoplasts were cotransfected with the IRE1B construct driven by the CaMV 35S promoter and
the autophagosome marker GFP-AT2G45170/ATGSE, to facilitate detection of autophagosomes.
As controls, protoplasts were mock-treated (DMSO treated), or were treated with the ER stress
agent Tm. In mock-treated WT protoplasts, only about 15% showed evidence of autophagy,
defined as protoplasts-with 3. or more autophagosomes [36] (Fig. 2C). Conversely, more than
50% of WT protoplasts displayed significant levels of autophagy when treated with 5 pg/mL Tm.
In irela irelb mutant protoplasts, mock treatment or Tm treatment resulted in the same basal
level of autophagy, with little more than 15% of the protoplasts showing 3 or more
autophagosomes. irela irelb mutant protoplasts expressing non-mutant IRE1B showed similar

autophagy levels as WT protoplasts.



BP%%A mutant

When irela irelb protoplasts were transfected with the kinase-dead IRE1
driven by the CaMV 35S promoter, together with the GFP-ATG8E autophagosome marker, full
restoration of ER stress—induced autophagy was observed upon Tm treatment (Fig. 2C and D).
The complementation by constructs encoding IRE1B with disabled protein kinase activity
indicated that the phospho-transfer activity of IRE1B is not required for ER stress to induce
autophagy. Similar results were obtained with stably-transformed seedlings (Fig. 3A and B).

BP%%A mutant construct in an irela irelb double-mutant

Transgenic lines expressing the IRE1
background [52] were assessed for autophagy activity in the presence or-absence of Tm by
staining with MDC. These results indicate that phosphorylation of other proteins by Arabidopsis

IRE1B, if it does occur, is not required for the induction of autophagy by ER stress.
The ribonuclease activity of IRE1B is required for autophagy induction upon ER stress

The RNase activity of plant IRE1B mediates the splicing of BZIP60 mRNA and supports its
RIDD activity. The RNase domain of IRE1B is located near its C terminus, and the Asn to Ala
mutation at residue 820 (N820A) in the catalytic site inactivates its endonuclease activity [52].
The effect of the IRELB"®2°* mutation on splicing was demonstrated by expressing the construct
driven by a 35S promoter in-irela irelb protoplasts or transgenic plants and testing by RT-PCR
for spliced BZIP60 mRNA (BZIP60s, Fig. 2B and Fig. 3C, respectively). RNA splicing activity
was disrupted.in the irela irelb double knockout mutant, and expression of IRE1B"*** failed to
complementirela irelb protoplasts, while expression of the WT protein rescued splicing
activity. Consistent with this, BIP3 expression was upregulated by Tm in irela irelb protoplasts

expressing WT IRE1B but not in protoplasts expressing the IRE1B"**** mutant (Fig. 2B).
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As above, the IRE1BN®%** construct was transfected into irela irelb protoplasts and
tested for its ability to restore ER stress-induced autophagy. Unlike the IRE1B”®*** mutant, the
RNase-dead construct failed to complement the double irela irelb mutant and restore ER stress-
induced autophagy in transient assays with protoplasts (Fig. 2C and D) and in stably transformed
seedlings (Fig. 3A and B). This suggested that the RNase activity of IRE1B is necessary for

activation of autophagy upon ER stress.

In yeast, nucleotide binding to Irel, but not its phospho-transfer activity, is required to
activate Irel’s RNase activity [61]. For example, Papa et al. [61] show that a form of Irel with
an expanded nucleotide-binding pocket is activated by an ATP.mimic-and kinase inhibitor,
1INM-PP1. Other studies demonstrated that the RNase activity of wild-type Irel can also be
activated in vitro by other kinase inhibitors, such as ARPY29 and sunitinib [62]. The binding of
ATP-mimetic ligands to the nucleotide-binding site-.of human ERN1/IRE1a promotes its
oligomerization, which, in turn, activates its RNase activity. Thus, ligand occupancy in the

nucleotide-binding site drives the conformational changes activating ERN1/IRE1a [63].

In Arabidopsis, the effect of the Asp to Asn at residue 608 (D608N) and Lys to Asn at
residue 610 (K610N) double mutation in IRE1B, blocking nucleotide binding, on BZIP60
MRNA splicing was demonstrated by expressing the construct driven by a 35S promoter in irela
irelb protoplasts and again testing by RT-PCR for the spliced form of BZIP60 mRNA. Like the
N820A mutant, the IRE1BP*®®NK81N qoyble mutant failed to complement the splicing of BZIP60
mRNA in irela irelb protoplasts (Fig. 2B). Thus, nucleotide binding is needed to activate

IRE1B mRNA splicing function [52].
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We therefore determined whether a functional nucleotide-binding site in IRE1B was
required for ER stress induction of autophagy, using the IRE1BP%%®N-K81N goyble mutant. In the
transient expression system (Fig. 2C and D) and in stably transformed seedlings (Fig. 3A and B),
D608N K610N double mutants failed to restore ER stress-induced autophagy to the irela irelb
null mutant. Thus, we reason that nucleotide binding to IRE1B is needed to activate IRE1B’s

RNase activity in order for IRE1B to link ER stress to autophagy.
IRE1B clustering is not sufficient for autophagy induction upon ER stress

Nucleotide binding activates IRE1 by altering its conformation-and promoting its
oligomerization or clustering [59,64]. Oligomerization is-vital to IRE1’s function because it
promotes transphosphorylation of IRE1 monomers and creates surfaces for the binding of the
target MRNA [62]. Yeast Ireland mammalian ERN1/IRE1a undergo clustering in response to
stress [65], and so we assessed whether IRE1B clusters in Arabidopsis, and whether clustering
promotes autophagy. We generated an-IRE1B-YFP fusion construct and demonstrated that it is
biologically active, as shown by its support for the splicing of BZIP60 mRNA in response to Tm
(Fig. 4A). When transfected into protoplasts, IRE1B-YFP was distributed in protoplasts in a
pattern mostly coinciding with an ER marker, as expected (Fig. 4B). When the protoplasts were
treated with Tm, we observed pronounced clustering of IRE1B-YFP (Fig. 4C and D). A similar
YFP fusion was generated with the RNase dead mutant IRE1B to make IRE1BN***A-YFP. This
construct was not biologically active as demonstrated by its failure to splice BZIP60 mRNA in
response to stress (Fig. 4A). When the RNase mutant fusion construct was introduced into

protoplasts, it clustered normally in response to treatment with Tm (Fig. 4C and D). Because the
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RNase-dead mutant clustered normally, but did not support ER stress induced autophagy, this

fails to implicate IRE1B clustering as a key event in ER stress-induced autophagy.

RIDD genes negatively regulate induction of autophagy upon ER stress

Having eliminated 3 mechanisms by which IRE1B might mediate the link between ER stress and
autophagy, we explored the possibility that the RIDD activity of IRE1B is involved inthis role.
RIDD targets in Arabidopsis have been identified by Mishiba et al. [44] and Deng et al. [52] as
genes with expression that declines in response to ER stress in WT, but'not inirela irelb null
mutants. We performed a transcriptomic analysis (Gene Expression Omnibus database, accession
number GSE99576) and identified the top 12 genes that were most highly spared from
downregulation in an irela irelb null mutant compared-to WT and also in the irelb mutant alone
compared to WT (Table 1). The most vulnerable targets are mRNA transcripts encoding

secretory proteins, translated on ribosomes associated with the ER membrane.

We interpret the involvement of RIDD in mediating ER-stress induced autophagy to
mean that certain RNA transcripts have to be degraded by IRE1B for ER stress to induce
autophagy. Therefore, we overexpressed each of the top RIDD targets to determine whether they
would interfere with ER stress-induced autophagy in a WT background. cDNAs representing the
RIDD target mRNAs were introduced into Arabidopsis protoplasts together with the
autophagosome marker GFP-ATGS8E, and autophagosome production in response to treatment
with- Tm was assessed. We found that the expression of cDNAS representing
AT1G66270/BGLU21 (B-glucosidase 21), AT5G01870/PR-14 (pathogenesis-related protein 14)
and AT2G16005/ROSY 1/ML (interactor of synaptotagmin 1, also known as MD2-related lipid

recognition protein) were the most disruptive to ER stress-induced autophagy (Fig. 5A).
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It is possible that either the RNA or the protein that it encodes might interfere with the induction
of autophagy. Therefore, we generated mutant forms of BGLU21, PR-14 and ROSY1/ML in
which the initiating AUG was knocked out, and tested them for their ability to disrupt ER stress-
induced autophagy (Fig. 5B). We found that none of the mutants interfered with ER stress-
induced autophagy, indicating that the protein product encoded by the RNA, rather than the RNA

itself, was most likely responsible for the interference.

To confirm that the inhibition of autophagy by the RIDD targets is specific to ER stress,
cDNAs representing the RIDD target mMRNAS were introduced into Arabidopsis protoplasts
together with the autophagosome marker GFP-ATGS8E, and the protoplasts were subjected to
sucrose starvation as an alternative well-characterized condition that activates autophagy [28].
None of the mutants had an effect on starvation-induced autophagy (Fig. 5C). Taken together,
our results suggest that BGLU21, PR-14 and ROSY-1/ML specifically inhibit ER stress-induced

autophagy and that IRE1B relieves their inhibition by degrading their RNA transcripts.

Discussion

Autophagy is generally regardedas a cell survival or renewal response that functions by turning
over cellular contents. Autophagy in response to ER stress is thought to degrade damaged ER
components since ER stress induces the formation of autophagosomes that include ER
membranes and their contents. We showed previously in Arabidopsis that IRE1B is required for
activation of autophagy specifically during ER stress [6]. Here, we considered possible
mechanisms by which IRE1B might function in autophagy, and distinguished between them by
knocking out BZIP60 and by selectively disabling various IRE1B activities. We eliminated
several possibilities, including the involvement of BZIP60, a protein phosphorylation cascade
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initiated by the protein kinase activity of IRE1B, and the stress-induced clustering of IRE1B.
Loss of BZIP60 had no effect on autophagy, nor did a D628A mutation in IRE1B, which inhibits
its phospho-transfer activity. By contrast, a N820A mutation in the RNase domain of IRE1B
effectively blocked ER stress-induced autophagy, demonstrating the essential role of the RNase
activity. In addition, disruption of the nucleotide-binding site in IRE1B by the IRE1BP8%N.K010N
double mutation had the same effect. The likely explanation for this is that nucleotide binding,

but not phospho-transfer, is required to activate the RNase activity of IRE1 [61].

Because IRE1B’s RNase activity, but not BZIP60, is required to link ER stress to
autophagy, it suggests that the RIDD activity and not the RNA splicing activity of IRE1B is
important in making the connection. In view of these findings, we assessed whether the RNA
degradation that links ER stress to autophagy is global or selective with respect to the transcripts
degraded. To address this issue, we tested the top 12 RIDD targets individually for their ability to
disrupt ER stress-induced autophagy. The transcripts from 3 genes negatively regulated ER
stress-induced autophagy, BGLU21, ROSY1/ML and PR-14, whereas the others had no effect.
Knocking out the major open reading frames in these transcripts demonstrated that the proteins

encoded by the transcripts, and not the RNAs themselves, were critical for inhibiting autophagy.

The 3 genes that enable ER stress-induced autophagy are not well described, although they
allegedly-have different functions, all relating to the ER. BGLU21 is a member of the 3-
glucosidase family, a major component of ER bodies [66]. ER bodies are large spindle-shaped
structures that are contiguous with the ER and are produced constitutively in seedlings, but are
wound-induced in rosette leaves [67], where they are thought to function in defense responses

[68]. Upon encountering stresses such as salt stress, ER bodies fuse with the vacuole, delivering
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stress-response and cell death components into the vacuole [66]. BGLUZ21 itself is not wound
inducible, but is a component of ER body contents. 3-glucosidase family members have been
implicated in ER body formation; the Arabidopsis nail knockout mutant downregulates
AT3G09260/B-glucosidase 23 and lacks constitutive ER bodies, while another mutant with
downregulation of AT1G52400/B-glucosidase 18 prevents the formation of wound inducible ER
bodies [69]. BGLU21 is closely related to B-glucosidase 23, and whereas single loss-of-function
bglu21 mutants have no ER body phenotype, they synergize with B-glucosidase 23 mutants in
reducing ER bodies [70], suggesting that these proteins work together in ER body formation. It is
not known whether glucosidases are recruited into ER bodies as they form or whether they
assemble ER bodies. In either case, the B-glucosidases appear to have a role in the assembly of
large membrane-bound structures such as ER bodies. Autophagosome formation also requires
large quantities of membrane components. Under stress conditions, whether ER body
glucosidases such as BGLU21 compete with assembly of other vesicular structures from the ER,

such as autophagosomes, needs further investigation.

The other 2 genes that negatively act upon ER stress-induced autophagy encode proteins
that interact with lipids. AT2G16005 is the gene ID (as assigned by The Arabidopsis Information
Resource) corresponding to an MD2-related lipid recognition domain protein (ROSY1/ML), and
proteins with this domain often bind and/or transport lipids or sterols [71]; ROSY1 binds
stigmasterol and phosphoethanolamines [72]. The third gene identified, AT5G01870, is a
pathogenesis related protein (PR-14) related to lipid transfer proteins, and is unrelated in
sequence to ROSY1/ML proteins. Lipid transfer proteins provide non-vesicular means by which

lipids can be transferred from the ER to other organelles. Autophagosome formation involves the
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lipidation of Atg8 (or members of its protein family in mammals), achieved by its coupling to

phosphatidylethanolamine [73], and also requires the recruitment of lipids to the newly-forming
autophagosome membrane. It is possible that these lipid-interacting proteins negatively regulate
autophagy by competing or interfering with the lipidation of autophagic factors or by disrupting

the recruitment or assembly of lipid components in the formation of autophagosomes.

An important question is whether the transcripts of these genes are the incidental or
intended targets of IRE1B. In our work and that of Mishiba et al. [44] in Arabidopsis, the major
RIDD targets are RNA transcripts encoding proteins that enter the endomembrane system. These
transcripts are loaded onto ribosomes and serve as templates for the synthesis of proteins
undergoing cotranslational insertion into the ER. During stress, the degradation of RNAs
encoding secreted proteins by IRE1 may reduce the load of proteins in the ER requiring folding.
The slowing of translation during ER stress is-well documented in metazoans in which
EIF2AK3/PERK (eukaryotic translation initiation factor 2-alpha kinase 3/protein kinase R-like
endoplasmic reticulum kinase) phosphorylates and inactivates EIF2S1/elF2a, which in turn reduces
translation initiation [74]. Arabidopsis has no currently identifiable EIF2AK3/PERK ortholog,

and instead, RIDD may serve to slow translation during ER stress.

If the role of IRE1B in regulating ER stress-induced autophagy is to eliminate factors that
interfere with the induction of autophagy, then what actually induces autophagy in response to
stress? Is it simply the elimination of these negative regulators that leads to the induction of
autophagy? Or does IRE1B function as a “licensing factor” that renders cells competent to

respond to positive induction signals? The problem is similar to the induction of autophagy in
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response to metabolic deprivation. Future work is needed to characterize the mechanism by

which IRE1B regulates autophagy upon ER stress.

Materials and Methods

Plant materials and growth conditions

All lines used in this study were in the Columbia-0 (Col-0) background. Seeds were sterilized in
33% (v:v) bleach with 0.1% (v:v) Triton X-100 (Fisher Scientific, BP151) for 20 min, followed
by washing with sterile water at least 5 times. After being stratified in the dark at 4°C for at least
48 h, sterilized seeds were plated and germinated on % strength MS solid medium (Murashige &
Skoog vitamin and salt mixture [Caisson Laboratories, MSP01], 0.5% [w:V] sucrose [Sigma-
Aldrich, S0389], 2.4 mM MES [Sigma-Aldrich, M3671}, pH-5.7, and 0.6% [w:Vv] phytoagar
[Caisson Laboratories, PTP01]). Unless otherwise noted, plants were grown at 22°C in long-day
conditions (16 h light/8 h dark). bip60-1, bzip60-2, irelb mutants, as well as irela irelb T-DNA
insertion mutants and transgenic lines harboring various IRE1B point mutants were described
previously [52]. The bzip60-3 (GABI-Kat, 326 A12) mutant was obtained from the Nottingham
Arabidopsis Stock Centre and GABI-Kat [75], and homozygous plants were genotyped using
gene specific primers and the T-DNA specific primer pAC161-LB1. Primers used in this study

are listed in Table S1.

MDC staining and microscopy analyses

MDC staining of Tm treated Arabidopsis roots was described previously [6,76]. Seven-day-old
seedlings were treated with DMSO (as the control; Fisher Scientific, D128) or 5 pg/mL Tm

(Sigma-Aldrich, T7765) in 1/2 MS liquid medium for 6 h, followed by incubation with 0.05 mM
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MDC (Sigma-Aldrich, 30432) for 10 min in the dark. After 3 brief washes with phosphate-
buffered saline (8% [w:v] NaCl [Sigma-Aldrich, S3014], 0.2% [w:Vv] KCI [Fisher Scientific,
BP366], 1.4% [w:v] Na;HPO, [Sigma-Aldrich, S5136], 0.24% [w:v] KH,PO, [Fisher Scientific,
P285], pH 7.4), samples were observed by epifluorescence microscopy (Carl Zeiss Axio
Imager.A2, Carl Zeiss, Jena, Germany), and a 4°, 6-diamidino-2-phenylindole (DAPI)-specific
filter was used to visualize MDC fluorescence. For confocal microscopy analysis, samples were
observed with a Leica SP5 X MP confocal microscope (Leica Microsystems, Wetzlar, Germany)
with excitation and emission at 520 nm and 550 nm for YFP, 488 nm and 509 nm for GFP, and

575 nm and 650 nm for mCherry.
Vector construction

For cloning the RIDD target genes, PCR fragments were first amplified with gene-specific
primers (Table S1) from Col-0 cDNA using PfuUltra Il Fusion HS DNA Polymerase (Agilent,
600670-51). Primers for generation of mBGLU21, mROSY1/mML and mPR-14 contained the
desired mutations as indicated in Table S1. PCR fragments of BGLU21, VSP1, PRX34, PROX-P,
PR-14, CTS1, GLH19, ROSY1/ML, PROX-S, mBGLU21, mROSY1/mML and mPR-14 were
digested with Bam HI and Sall, and PR4 and PME41 fragments were digested with BamH| and
Xhol. After being cleaned with a QIAquick Gel Extraction Kit (QIAGEN, 28704), fragments
were inserted using Ligation Kit Mighty Mix (Takara Bio USA, 6023) into a pCambia2301
vector [77], which contains a double 35S promoter to drive expression and a downstream NOS

terminator.

For constructs for analysis of IRE1B clustering, PCR fragments of IRE1B and
IRE1BN®* were amplified directly from the constructs in our former study [52], digested with
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Smal and Spel, and inserted into a modified pCambial300S-YFP vector [78], which contains a

double 35S promoter and NOS terminator [78].
Subcellular localization analyses

Protoplast isolation and transformation were previously described [79]. A protoplast was
considered to have active autophagy if it contained 3 or more autophagosomes [36]. For-analysis
of IRE1B-YFP and IRE1B"*?®_YFP clustering in response to ER stress, 20 ug plasmid
(GenElute HP Plasmid Maxiprep Kit; Sigma-Aldrich, NA0310-1KT) at a-concentration of 1
ug/uL was introduced into WT protoplasts. After dark incubation for 12 h, protoplasts were
treated with DMSO (as control) or with 5 ug/mL Tm for 6.h in 6-well COSTAR Cell Culture
Plates (Corning Incorporated, 3506). For colocalization-analyses, WT protoplasts were
cotransformed with 20 ug of IRE1B-YFP and 20 pg ER-mCherry (TAIR stock number CD3-959)
or Golgi-mCherry (TAIR stock number CD3-967) [80] and incubated in the dark for 12 h before
observation by confocal microscopy. For visualization of autophagosomes, GFP-ATGS8E was
introduced alone or together with-various IRE1B constructs. Images were taken using a Leica
SP5 X MP confocal microscope using a x63 Leica oil immersion objective, with excitation and
emission at 520 nm-and 550 nm for YFP, 488 nm and 509 nm for GFP, and 575 nm and 650 nm

for mCherry.
RNA isolation and RT-PCR analyses

RNA samples were extracted using an RNeasy Plant Mini Kit (QIAGEN, 74904), according to
the manufacturer’s instructions. Synthesis of the first strand cDNA was performed with an

iScript™ cDNA Synthesis Kit (BioRad, 1708891). RT-PCR was performed using a C1000
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Touch Thermal Cycler (Bio-Rad Laboratories, Hercules, CA, USA) in 8-well strip PCR tubes.

Primers used in RT-PCR are listed in Table S1.

RNA-seq analysis

Seeds from WT, irelb and irela irelb genotypes were germinated and seedlings grown
vertically on 100 mm x 100 mm square plates (Fisher Scientific, FBO875711A) on 1/2 MS
medium for 7 days. Seedlings of similar size were treated with DMSO (as the control) or with 5
ug/mL Tm in 6-well cell culture plates with liquid 1/2 MS-0 media for 6 h. Samples were
harvested by removal of the liquid and immediately ground into powder in liquid nitrogen. Total
RNA was extracted using an RNeasy Plant Mini Kit (QIAGEN, 74904). Quality and quantity of
RNA were assessed using a Nanodrop1000 spectrophotometer (Thermo Fisher Scientific,
Wilmington, DE, USA), and samples with a ratio of absorbance for both OD 260/230 and OD
260/280 > 1.8 were sent for RNA sequencing by BGI-Hong Kong. RNA-seq libraries were
prepared and subjected to paired end-sequencing with read length 250 base pairs. Read counts in
each library were normalized using the TMM method, which is the weighted trimmed mean of
M-values proposed by Robinson and Oshlack [81], where the weights are from the delta method
on Binomial data. Sequences were aligned to the Arabidopsis TAIR10 genome, using STAR
(version 2.4.0). The read count for each annotated gene was calculated by htseq-count (version
0.6.0 with parameters “-t mMRNA -m intersection-nonempty --stranded no”). Differential gene
expression between samples was assessed using negative-binomial generalized-linear models
with'DESeq?2 tools [82]. Significant differentially expressed genes were defined as those with a
false discovery rate (Q value) < 0.01. The raw data and gene read counts have been deposited in

the Gene Expression Omnibus database under accession number GSE99576.
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Statistical analysis
All experiments in this study were performed with at least 3 biological replicates. Data were
subjected to a Student’s t test and differences with a P value of < 0.05 were considered

statistically significant.
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Figure Legends

Figure 1. ER stress-induced autophagy in Arabidopsis seedling roots is independent of BZIP60.
(A) Possible mechanisms by which IRE1B links ER stress to autophagy, either by BZIP60
splicing, protein phosphorylation, IRE1B clustering or Regulated IRE1-dependent DNA
Degradation (RIDD). (B) Schematic diagram of T-DNA insertions in bzip60 mutants. Exons and
intron are depicted to scale by boxes and lines, respectively. The positions of T-DNA insertions
are indicated by triangles, the numbers below show the insertion sites or start and stop codons in
base pair units, and the arrows below indicate primer-binding sites. (C) RT-PCR analysis of
BZIP60 gene expression in wild-type (WT) and the 3 bzip60 mutants using the primers depicted
in (B). Total RNA was isolated from 7-day-old seedlings. AT3G18780/ACT2 (actin 2) was used
as a loading control. (D) Seven-day-old WT and-3 bzip60 mutants were transferred to 1/2 MS
liquid medium plus DMSO as control, or supplemented with 5 pg/mL Tm for 6 h to induce ER
stress. Autophagosomes were visualized by MDC staining and confocal microscopy. Bar: 50 um.
(E) The number of autophagosomes per root section was assessed following Tm treatment and
staining by MDC. Error bars represent SE, n > 20 for 3 biological replicates. Asterisks indicate
significant differences (P < 0.05) using the Student t test compared with WT under control

conditions.
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Figure 2. Complementation of autophagy defect in irela irelb null mutant protoplasts by IRE1B
mutant constructs. (A) Illustration of the disposition of IRE1B in the ER membrane. The
cytoplasmic domain bears both-RNase-and protein kinase subdomains. Point mutations used in
this study that disrupt the nucleotide binding site, kinase catalytic and RNase domains are
indicated. (B) RT-PCR analysis of the expression of spliced BZIP60 mRNA, BIP3 and IRE1B
after 6-h treatment +/- 5 pg/mL Tm in WT and irel irelb protoplasts, or in irela irelb
protoplasts transfected with various IRE1B mutants. (C) Protoplasts were cotransformed with
GFP-ATGS8E and the indicated constructs and treated as in (B), and the number of successfully
transformed protoplasts with active autophagy, defined as 3 or more autophagosomes per
protoplast, was assessed using epifluorescence microscopy. Three replicates with 100 protoplasts
per replicate were analyzed. Error bars represent SE. Asterisks indicate significant differences (P
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< 0.05) using the Student t test compared with WT under control conditions. (D) Leaf protoplasts
from WT and the irela irelb mutant expressing GFP-ATGS8E alone, or from the irela irelb
mutant background coexpressing GFP-ATGS8E and IRE1B constructs bearing mutations as
described in (A), were treated with 5 ug/mL Tm for 6 h in the dark, then imaged by confocal

microscopy. Bar: 10 pm.

IRE1
A BZIP60 mRNA D DMSO Tm

GFP-ATGS8E Bright field GFP-ATGS8E Bright field

c
‘®
§ RNase N820A RNase domain
2 )
8 Protein D628A Kinase catalytic
5 kinase domain L wt
gL
= D608N Nucleotide
5 r K610N binding site
E UL
s /
T irela
[
EL it oa et ed irelb
B irela D60SN
WT irelb IRE1B K610N D628A N820A IRE1B
™ _ & . o+ -+ -+ -+ - s
BIP3 - » - .. -

IRE1B Ll I I SR P P —

e T T
C

D608N
K610N

C3J DMSO B8 Tm
* *

cells with >3 autophagosomes %

0
WT irela IRE1IB D608N D628A N820A
irelb K610N

Figure 3. Complementation of defects in ER stress-induced autophagy induction in transgenic
irela irelb mutant plants bearing IRE1B mutant constructs. (A) Seven-day-old WT or irela

irelb seedlings expressing various IRE1B mutant constructs were treated in liquid 1/2 MS

36



medium with 5 pg/mL Tm for 6 h and then stained with MDC. Autophagosomes were visualized
by confocal microscopy, bar: 50 um. (B) The number of autophagosomes in root sections was
assessed by fluorescence microscopy. 15 sections per sample were analyzed, with 3 biological
replicates. Error bars represent SE. Asterisks indicate significant differences (P < 0.05) usingthe
Student t test compared with WT under control conditions. (C) Expression of IRE1B and BZIP60

splicing (BZIP60s) in the treated seedlings was analyzed by RT-PCR. ACT2 was employed as a

loading control.
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Figure 4. Clustering of IRE1B is induced upon ER stress. (A) BZIP60 is spliced by IRE1B-YFP
but not by the RNase dead IRE1B fusion in Tm-treated irela irelb protoplasts. Leaf protoplasts
from'WT andirela irelb plants, or protoplasts transfected with a plasmid encoding IRE1B-YFP
or IRE1BM**A.YFP in an irela irelb mutant background, were incubated in the dark for 12 h,
treated with DMSO (as the control) or 5 pg/mL Tm for 6 h and RNA was extracted. RT-PCR
was carried out to detect BZIP60 mRNA splicing (BZIP60s), and ACT2 was used as a loading

control. (B) Colocalization of IRE1B with an ER marker. Protoplasts isolated from leaves of WT
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plants were cotransfected with IRE1B-Y FP-expressing constructs and mCherry-tagged ER or
Golgi markers, incubated in the dark for 12 h and observed using confocal microscopy. Bar: 10
um. (C) Confocal microscopy analysis of the clustering of IRE1B-YFP and RNase-dead
IRE1IBN®°A_YFP. |eaf protoplasts from WT seedlings were transfected with a plasmid
expressing an ER-YFP marker, IRE1B-YFP or RNase dead IRE1B"***-YFP, incubated in the
dark for 12 h, and then treated with DMSO or 5 pg/mL Tm for 6 h before imaging by confocal
microscopy. Bar: 10 um. (D) Quantitation of the number of clusters per cell for at least 9
protoplasts/treatment derived from images such as those shown in (C), with-3 biological

replicates. Error bars = SD.
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Figure 5. Some RIDD target genes repress ER stress induced autophagy. (A) Suppression of
autophagy induction by transfecting WT leaf protoplasts with RIDD target genes. The top 12
RIDD target genes expressed from a 35S promoter were introduced into protoplasts together
with GFP-ATGS8E. After incubation in the dark for 12 h, samples were treated with DMSO (as
the control) or 5 pg/mL Tm for 6 h. Autophagosomes were quantified and normalized to WT
protoplasts transfected with the empty vector (Control) with DMSO treatment. The average of 3
biological replicates is shown, with 100 protoplasts per replicate, and error bars represent SE. (B)

Inhibition of RIDD target gene translation results in failure of autophagy suppression.
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ROSY1/ML, PR-14 and BGLU21 and mutant forms of each (mMROSY1/mML, mPR-14 and
mBGLU21) with a mutated start codon were expressed from a 35S promoter in protoplasts with
GFP-ATGS8E. Protoplasts were treated and examined as in (A). (C) Overexpression of RIDD
target genes has no effect on sucrose starvation-induced autophagy. RIDD target genes were
coexpressed in protoplasts with GFP-ATGS8E and incubated in the presence or absence of 0.5%
sucrose for 2 days in the dark. Autophagosomes were quantified and normalized to WT
protoplasts transfected with the empty vector (Control). The average of 3 biological replicates is
shown, with 100 protoplasts per replicate, and error bars represent SE. For all experiments,
asterisks indicate significant differences (P < 0.05) using the Student t test compared with vector

alone under control conditions.
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Table 1. Top 12 genes most highly spared of downregulation in irela irelb null mutants

compared to WT, and in an irelb null mutant alone compared to WT.

Locus irelairelb* | irelb** | WT*** | Name/Description
AT4G36430 3.52 281 -1.04 PROX-S/Peroxidase
AT2G43620 2.48 1.72 -2.41 CTS1/Chitinase
AT5G24780 2.30 1.92 -2.50 | VSP1/Veg Storage protein 1
AT3G49120 2.20 0.95 -2.30 | PRX34/Peroxidase
AT2G43610 2.09 1.10 -2.07 GLH19/Glycoside hydrolase 19
AT3G04720 1.97 0.77 -2.13 PR4/Pathogenesis related 4
AT1G66270 1.78 0.69 -2.99 | BGLU2//B-glucosidase 21
AT2G38390 1.69 1.73 -2.41 PROX-P/Peroxidase
AT4G02330 1.63 0.69 -1.29 PME41/Pectinase
AT2G39760 1.09 0.53 -1.00 ' | RNS2/Ribonuclease 2
AT5G01870 1.61 1.37 -1.35 PR-14/Lipid transfer protein
AT2G16005 1.21 1.94 -1.64 ROSY1/ML/MD2-related lipid
protein

Numbers are log?2 ratio. Data were obtained from the transcriptomic data deposited in the Gene

Expression Omnibus database under accession number GSE99576.

*Log2 fold change (fc) for irela irelb vs WT, both treated with Tm

**.0g2 fc for irelb vs WT, both treated with Tm

***|_0g2 fc Tm treated WT vs. untreated WT
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All edits have been made as requested and the majority of changes accepted. In cases where a change
has been modified, an explanation has been included in the comment box.
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Table S1. Primers used in this study.

Primers used for RT-PCR

Gene/primer AGI* code Forward Primer 5' - 3' Reverse Primer 5' - 3'

bZIP60s AT1G42990 GAAGGAGACGATGATGCTGTGGCT AGCAGGGAACCCAACAGCAC
bZIP60 AT1G42990 ATGGCGGAGGAATTTGGAAGC TCACGCCGCAAGGGTTAAGA
bZIP60ONR AT1G42990 / ATCCGGTGAAGACTGAAGAA
bZIP60CF AT1G42990 CCCTTATATGTCCCACACAAAG /
IRE1B AT5G24360 ATGACAAATCTATCTCCAATCAAATCT CTACTCGAGGAATACAGTGG
actin 2 AT3G18780 GGAAGGATCTGTACGGTAAC GGACCTGCCTCATCATACT
Primers used for genotyping

T-DNA primers 5'-3

LBal
pAC161-LB1

TGGTTCACGTAGTGGGCCATCG
CAAGGCATCGATCGTGAAGTTTC

Primers used for cloning

Gene AGI code Forward Primer 5' - 3' Reverse Primer 5' - 3'

PRX34 AT3G49120 CGCGGATCCATGCATTTCTCTTCGTCTTCA CGCGTCGACTCACATAGAGC
PR4 AT3G04720 CGCGGATCCATGAAGATCAGACTTAGCATAACCA CCGCTCGAGTCAAACGCGAT(
ROSY1/ML AT2G16005 CGCGGATCCATGGCGATATCTCACACCC CGCGTCGACTCACTCGGTAAC
BGLU21 AT1G66270 CGCGGATCCATGGCATTGCAAAAGTTTCCT CGCGTCGACTTAAAGCTCATC
PR-14 AT5G01870 CGCGGATCCATGATGAGAGTTGTGTTACCACTA CGCGTCGACTCACTTAATGCT
PROX-P AT2G38390 CGCGGATCCATGGGGTTTITCGTCTTCATT CGCGTCGACTCAGATAGAAC
PROX-S AT4G36430 CGCGGATCCATGGCAAGACTCACGAGCTT CGCGTCGACTCAAGAGTTAAT
VSP1 AT5G24780 CGCGGATCCATGAAAATCCTCTCACTTTCACT CGCGTCGACTTAAGAAGGTA!
CTs1 AT2G43620 CGCGGATCCATGGCTACCCTAAGAGCAATGT CGCGTCGACTTAGCAACTAA(
GLH19 AT2G43610 CGCGGATCCATGGCGACACAAAATGCGAT CGCGTCGACTCAACATGAGA(
PME41 AT4G02330 CGCGGATCCATGCTATCTCTCAAACTCTTCC CCGCTCGAGTTACGAAAGTA/
mROSY1/mML AT2G16005 CGCGGATCCATGCGCGATATCTCACACCC CGCGTCGACTCACTCGGTAAC
mPR-14 AT5G01870 . “CGCGGATCCATGATCGGAGAGTTGTGTTACCACTA CGCGTCGACTCACTTAATGCT
mBGLU21 AT1G66270. CGCGGATCCATGCGCATTGCAAAAGTTTCCT CGCGTCGACTTAAAGCTCATC

*AGI, Arabidopsis Genome Initiative
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