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Abstract

Environmental stresses cause an increased number of unfolded or misfolded proteins to accumulate in the endoplasmic re-
ticulum (ER), resulting in ER stress. To restore ER homeostasis and survive, plants initiate an orchestrated signaling pathway
known as the unfolded protein response (UPR). Asparagine-rich protein (NRP) 1 and NRP2, two homologous proteins har-
boring a Development and Cell Death domain, are associated with various stress responses in Arabidopsis (Arabidopsis
thaliana), but the relevant molecular mechanism remains obscure. Here, we show that NRPT and NRP2 act as key pro-
survival factors during the ER stress response and that they inhibit cell death. Loss-of-function of NRP1 and NRP2 results in
decreased tolerance to the ER stress inducer tunicamycin (TM), accelerating cell death. NRP2 is constitutively expressed
while NRP1 is induced in plants under ER stress. In Arabidopsis, basic leucine zipper protein (bZIP) 28 and bZIP60 are im-
portant transcription factors in the UPR that activates the expression of many ER stress-related genes. Notably, under ER
stress, bZIP60 activates NRP1 by directly binding to the UPRE-I element in the NRP1 promoter. These findings reveal a pro-
survival strategy in plants wherein the bZIP60—NRPs cascade suppresses cell death signal transmission, improving survival
under adverse conditions.

2007b; Deng et al, 2011; Gidalevitz et al, 2011; Moreno et
al, 2012). In order to adjust the protein folding capacity of

Introduction

Because of their sessile nature, plants are constantly sub-
jected to a variety of environmental stresses caused by abi-
otic and biotic factors. These adverse environmental cues
(heat, drought, salt, cold, etc.) disturb cell homeostasis and
cause the accumulation of misfolded or unfolded proteins in
the endoplasmic reticulum (ER), causing ER stress (Liu et al,,

ER and promote cell survival, organisms have evolved a con-
served mechanism: the unfolded protein response (UPR),
which restores ER homeostasis or ultimately induces cell
death under irremediable ER stress conditions (Hetz et al,
2020). This evolutionarily conserved mechanism has been
revealed in eukaryotes from yeast to angiosperms and
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mammals (Mori et al, 1992; Tirasophon et al, 1998; Iwata
and Koizumi, 2005).

In mammals, the ER-localized stress sensors consist of the
protein kinase RNA-like ER kinase (PERK), activating tran-
scription factor 6 (ATF6), and inositol-requiring enzyme 1
(IRET; Harding et al, 1999; Shen et al, 2002; Tirasophon et
al, 1998). In plants, the functional orthologs of IRE1(IRE1a/
b) and ATF6 (basic leucine zipper protein 28 [bZIP28]) have
been identified, and their regulatory mechanisms involved in
the UPR are similar to those in mammals, in principle.
Under normal conditions, the membrane-anchored tran-
scription factors bZIP28 and IRE1a/b, the so-called “first
responders,” are retained in the ER by interacting with chap-
erone binding immunoglobulin protein (BiP). Upon mild ER
stress, BiP dissociates from the lumen-facing domain, thus
liberating bZIP28 from the endoplasmic membranes to the
Golgi where bZIP28 undergoes proteolytic processing medi-
ated by sites 1 and site-2 proteases (S1P and S2P; Liu et al,
2007a; Srivastava et al, 2013; Sun et al, 2013a, 2015).
Recently, it has been reported that the proteolytic activation
of bZIP28 in Arabidopsis (Arabidopsis thaliana) does not re-
quire S1P (lwata et al,, 2017). On the other hand, the activa-
tion of IRETa/b triggers an unconventional cytosolic splicing
of the bZIP60 mRNA, resulting in the removal of the C-ter-
minal transmembrane domain of bZIP60 due to a frameshift
(Deng et al, 2011; Nagashima et al, 2011). The spliced
bZIP60 and bZIP28 proteins are subsequently re-localized to
the nucleus for the transcriptional modulation of down-
stream UPR target genes, such as the chaperone protein
genes BiP/ERdj/CNX/CRT, or NAC transcription factor genes
NAC062/103/089 (Kamauchi et al, 2005; Sun et al, 2013b;
Yang et al, 2014a, 2014b; Song et al, 2015; Kim et al, 2019).
However, reducing the overall frequency of translation via
the PERK pathway in response to ER stress remains to be
confirmed in plants.

Mild ER stress can be relieved by the “proximal UPR,” as
mentioned above, while prolonged or severe stress triggers
the “terminal UPR” signaling to ultimately commit cells to
programmed death (Hetz and Papa, 2018; Hetz et al, 2020).
Interestingly, the ER stress sensors IRE1, ATF6, and PERK that
can restore ER homeostasis are also implicated in the activa-
tion of caspases in ER stress-induced cell death (Nakagawa et
al, 2000). As the “initiator” and “executor,” caspases are es-
sential for triggering cell death (Piszczek and Gutman, 2007;
Kurokawa and Kornbluth, 2009). There are three groups of
caspase-like proteases also involved in cell death in plants:
metacaspases (MCs), vacuolar processing enzymes (VPEs),
and saspases (Piszczek and Gutman, 2007; Hao et al, 2008).
In Arabidopsis, NAC089, which is induced by bZIP28/60, can
promote caspase-3/7-like activity and regulate cell death-
related downstream genes including MC5 (Yang et al,
2014b). Two soybean (Glycine max) transcription factors,
GmNAC81/30, activate cell death by enhancing the expres-
sion of VPE, a protease with caspase-1-like activity, in re-
sponse to ER stress and osmotic stress (Mendes et al., 2013).

It has been reported that the NRP-mediated cell death
pathway is a plant-specific branch of ER stress response.
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NRPs are asparagine-rich proteins that contain a
Development and Cell Death (DCD) domain at the C-termi-
nus (Tenhaken et al, 2005). DCD domain-containing pro-
teins have been identified in algae and plants but not in
bacteria, fungi, and animals (Tenhaken et al, 2005). Based
on previous reports, NRPs may be closely related to various
stress responses since NRPs are induced in salt, osmotic,
cold, and ER stress, and so on (Reis and Fontes, 2012). In
soybean, GmERD15 activates the expression of GmNRP-B in
response to ER stress (Alves et al, 2011). GmNRP-A/B can
trigger the expression of GmNAC81/30, thereby activating
the caspase-like activity and promoting cell death (Mendes
et al, 2013). Overexpression of GmBiP in Nicotiana ben-
thamiana can prevent the NRP-mediated cell death signals
from spreading out under ER stress (Reis et al, 2017;
Carvalho et al,, 2014).

Although DCD domain-containing proteins in Arabidopsis
have been reported years ago, their detailed function is still
obscure. Recently, two Arabidopsis DCD domain-containing
protein genes, NRP1 and NRP2, were demonstrated to pro-
mote cell death and senescence (Reis et al, 2016), which is
consistent with the hypothetical role of GmNRPs in soybean
(Mendes et al, 2013). However, these observations were
mostly established on transient expression evidence in N.
benthamiana leaves, and the real biological role of NRP
genes in plants remains to be verified. Contrary to the previ-
ous reports, in this study, we reveal that NRPT and NRP2
function as pro-survival factors in ER-stress response and
negatively regulate cell death and senescence in Arabidopsis.
Although the overexpression and loss-of-function of either
NRP1 or NRP2 have no effect on growth and ER stress re-
sponse, loss-of-function of both NRPT and NRP2 can remark-
ably induce cell death and promote senescence.
Furthermore, we demonstrate that NRPT is activated by
bZIP60, a UPR key regulator, via directly binding to the
NRP1 promoter during ER stress response, while NRP2 is
constitutively expressed in plants. Our findings support that
NRP1 and NRP2, with distinct expression patterns, play im-
portant roles in modulating ER stress response by the inhibi-
tion of cell death.

Results

NRP1 and NRP2 are essential for ER stress tolerance

in Arabidopsis

In order to study the biological role of NRP genes in stress
response, we obtained the Arabidopsis T-DNA insertion
mutants of NRPT (At5g42050) and NRP2 (At3g27090) from
the Arabidopsis Biological Resource Center (ABRC)
(Supplemental Figure S1A). Reverse transcription-PCR(RT-
PCR) analysis confirmed that nrp1 and nrp2 are null alleles
(Supplemental Figure S1B). These two mutants were visually
indistinguishable from Col wild-type plants (Supplemental
Figure S2). However, the nrp1 nrp2 double mutant (nrpD)
exhibited a markedly precocious senescence phenotype
compared with Col and the single mutants at 21d after ger-
mination  (Supplemental  Figure  S2).  Consistently,
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quantitative RT-PCR (RT-qPCR) showed that the expression
of SAG12 and SEN4, the known senescence genes, was also
dramatically induced in nrpD (Supplemental Figure S3). As
senescence process is generally accompanied by ER stress
and autophagy (Xiong et al, 2005; Reis et al,2017; Liu et al,
2012; Carvalho et al,2014; Pluquet et al, 2015), we further
examined the transcription of several marker genes involved
in ER stress response and autophagy process. Notably, the
expression of BIP3 and CNX1, the indicator genes of UPR
(Chen and Brandizzi, 2013), and that of ATG8a and ATG18a,
the indicator genes of autophagy (Liu et al,, 2012), were also
more induced in nrpD compared with that in Col wild-type
after 3 weeks’ growth (Supplemental Figure S3). This demon-
strated that a chronic ER stress occurs in adult nrpD plants.
However, we observed no ER stress-triggered mRNA splicing
of the UPR key regulator bZIP60, which generally happens in
ER stress response, during plant senescence (Supplemental
Figure S4, A and B), indicating that there is a difference be-
tween these two processes.

To further explore the possible role of NRPs in ER stress
adaptation, 7-d-old Arabidopsis seedlings were treated with
1ug/mL ER stress inducer tunicamycin (TM), which blocks
N-glycosylation and causes protein misfolding in the ER.
Unlike the previous report that both nrp1 and nrp2 exhib-
ited more tolerance to ER stress than the wild-type (Reis et
al, 2016), we observed no visible difference between nrp1/2
and Col under TM-triggered ER stress by multiple examina-
tions. On the contrary, compared with Col, nrp1, and nrp2,
the double mutant nrpD exhibited a noticeable growth re-
tardation, chlorosis, and partial death (Figure 1, A and B).
The ratios of green-small (G-S) and yellow-dead (Y-D) seed-
lings in nrpD were ~70% and ~30%, respectively, which
were far higher than other genotypes (Figure 1, A and B).
Furthermore, either the genomic complementation of NRP1
or NRP2 gene driven by the native promoter (termed as
NRP1COM and NRP2COM) can completely rescue the nrpD
phenotype to the Col extent (Figure 1, C and D;
Supplemental Figure S2), confirming that loss-of-function of
NRP1/2 is indeed responsible for the hypersensitivity of
nrpD to TM. These observations suggested that NRPT and
NRP2 may play a redundant and essential role in ER stress
response in Arabidopsis. However, there was no significant
difference in the expression of BIP3 and ATG18a between
Col and nrpD with a short term of TM treatment (4-8h;
Supplemental Figure S5). Therefore, we speculated that
NRP1/2 may participate mainly in the regulation of cell
death during late stage of ER stress response.

Loss-of-function of NRP1 and NRP2 enhances cell
death

Although a previous study has reported that the loss-of-
function of NRPT or NRP2 enhanced ER stress tolerance and
attenuated ER stress-induced cell death (Reis et al, 2016),
we clearly observed the opposite phenotype in the double
mutant nrpD, as described above. To further verify the cell
death phenotype mediated by NRPs, the seedlings of Col,
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nrp1, nrp2, and nrpD were stained with trypan blue, which
only stains dead cells (van Wees, 2008). The TM-treated
cotyledons of nrpD showed obviously larger patches of
darkly stained cells compared with those of Col, nrp1, and
nrp2 (Figure 2A). The terminal deoxynucleotidyl transferase-
mediated dUTP nick and labeling (TUNEL) assay (Yang et
al, 2014b) further confirmed the cell death result with re-
markably stronger TUNEL-positive signals in the root cell of
nrpD treated with TM (Figure 2B). bzip60 and irela irelb,
two typical ER stress-related mutants, were used as addi-
tional controls to evaluate the validity of cell death assays
under ER stress (Supplemental Figure S6), respectively. These
observations indicated that a higher degree of cell death
occurs in nrpD under ER stress.

Proteolytic enzymes, such as MCs, are linked to develop-
mental and stress-induced cell death (Coll et al, 2010). We
thus examined the cell death status by analyzing the expres-
sion of several MC genes in response to long-term ER stress
treatment (Piszczek and Gutman, 2007). In the Col, nrpf,
and nrp2 seedlings, the expression level of MC1, MC2, M7,
and MC8 began to increase after the first day of TM treat-
ment and reached the maximum level at the second day,
and then declined gradually to the basal level in the follow-
ing days (Figure 2C). In contrast, the expression of these
genes increased continuously and presented a higher level in
nrpD spanning the treatment time (Figure 2C). Consistent
with the phenotype, the NRP1TCOM and NRP2COM lines pre-
sented an identical expression pattern of MC1 and MC2 to
that in Col (Supplemental Figure S7). Other MC genes
(MC3, MC5, and MC9) were not significantly induced by
TM, while the expression of MC4 and MC6 only showed an
increasing pattern in nrpD compared with other genotypes
at the fifth day of treatment (Supplemental Figure S8).
Therefore, our findings, different from the previous report
(Reis et al, 2016), suggested that NRP1 and NRP2 act redun-
dantly as pro-survival factors to enhance the ER stress toler-
ance and repress cell death in plants.

bZIP60 is required for ER stress-induced NRP1
expression

To further investigate the role of NRPT and NRP2 in ER
stress response, we performed qRT-PCR to detect their ex-
pression. NRP1, but not NRP2, was significantly upregulated
by either TM or dithiothreitol (DTT), another ER stress in-
ducer (Figure 3A). As DTT triggers ER stress by preventing
disulfide bond formation, a different mechanism from that
of TM (Braakman et al., 1992), it was further confirmed that
the induction of NRP7 by ER stress could result from the ac-
cumulation of universal misfolded proteins in the ER, rather
than the inactivation of specific proteins. These results indi-
cated that NRPT and NRP2 diverge in expression patterns
during ER stress response.bZIP60 and bZIP28 are important
regulators in ER stress response (lwata et al, 2010; Liu and
Howell, 2010). Interestingly, like nrpD, the bzip28 bzip60
double mutant also showed hypersensitivity to TM (with a
more severe cell death phenotype than nrpD), while there
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Figure 1 Double mutant of NRPT and NRP2 exhibits reduced tolerance to the ER stress inducer TM. A and B, TM sensitivity of Col, nrp1, nrp2,
and nrpD. C and D, TM sensitivity of the complementation transgenic lines nrpD pNRP1:NRP1-mVenus (NRP1COM #2 and #7) and nrpD
PNRP2:NRP2-mVenus (NRP2COM #1 and #9). Seven-day-old seedlings were transferred to 1/2 MS medium containing 1pg/mL TM (DMSO as
mock) for 10d, and the picture was taken (A and C). The percentages of green-big (G-B), G-S, and Y-D seedlings were calculated (B and D). The
images next to the boxes display the phenotype of plants in the three groups. Data represent means = standard deviation (sp) of biological tripli-
cates. Asterisks indicate significant differences compared with Col (Student’s t test, P< 0.01; “p< 0.001).

was no obvious phenotype in bzip28 or bzip60 single
mutants (Sun et al, 2013a; Figure 3, B and C). Considering
the regulatory role of bZIP60/28 in ER stress, we wondered
whether these two genes function in the NRP1/2 pathway in
ER stress response. To this end, we examined the expression
of NRP1/2 and bZIP60/28 in different genotypes. No signifi-
cant difference in the bZIP60 and bZIP28 transcription or
bZIP60 mRNA splicing was observed between the wild-type
and nrpD subjected to mock or TM treatment
(Supplemental Figures S4C and S9), indicating that bZIP60/
bZIP28 are not regulated by NRP1/2. Notably, the TM-
triggered induction of NRP1 observed in Col and bzip28 was
remarkably impaired in bzip60 single and bzip28 bzip60 dou-
ble mutant (Figure 3D). In contrast, NRP2 transcripts pre-
sented no significant change among Col, bzip28, bzip60, and
bzip28 bzip60 before or after TM treatment (Figure 3D).
Although a higher expression level of NRPT was observed in
bzip28 compared with that in Col after 8 h of TM treatment,
these analyses may indicate that the expression of NRP1 is
activated by bZIP60, but not bZIP28, and that NRP2 is not
involved in such regulation.

It has been reported that bZIP60 is also involved in salt
stress response (Henriquez-Valencia et al, 2015; Li et al,
2017). Different from that in ER stress, bZIP60 can regulate
salt-responsive gene expression under salt stress without

IRE1-mediated mRNA splicing (Henriquez-Valencia et al,
2015). Here, we found that NRP1 and NRP2 were also in-
volved in the regulation of salt stress response. Compared
with Col and the single mutants, the nrpD double mutant
exhibited markedly less tolerance to salt stress
(Supplemental Figure S10). Expression analysis showed that
both NRPT and NRP2 were upregulated after 4h under salt
stress, and the induction of NRPT presented a greater level
than that of NRP2 (Supplemental Figure S11). Interestingly,
there was no significant difference in the transcription level
of NRP1 and NRP2 between Col, bzip28, bzip60, and bzip28
bzip60 (Supplemental Figure S11), suggesting that the salt
stress-triggered induction of NRP1 and NRP2 is independent
of bZIP60 and bZIP28.

To further investigate the role of NRPs in other stress
responses, we treated the mutant seedlings under a mild
heat stress (37°C). Like that under salt and ER stress, nrpD
exhibited less tolerance to heat stress (Supplemental Figure
S12, A and C), and transcript levels of both NRP1 and NRP2
were increased, although NRP2 was more remarkably in-
duced by heat stress (Supplemental Figure S12B). In con-
trast, NRP1 was regulated by bZIP60, like it was under ER
stress (Supplemental Figure S13). These observations suggest
that NRPs likely participate in the regulation of ER and heat
stress response in a same manner. Since the mRNA of active
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bZIP60 requires an IRE1a/b-mediated unconventional splic-
ing in ER stress response (Nagashima et al, 2011), we next
evaluated the expression of NRP1 in irela ire1b. As expected,
the bZIP60 mRNA splicing was abolished in this double mu-
tant (Deng et al, 2011; Nagashima et al, 2011). Strikingly,
the expression of NRP1 was less changed in irela ire1b com-
pared with that in Col wild-type under either ER stress, high
salinity, or heat stress (Supplemental Figure S13). Thus, it
was indicated that IRE1a/b is not required for the regulation
of bZIP60-NRP1 cascade, and that the NRP genes might be
regulated by multiple regulators under diverse stresses.

bZIP60 activates NRP1 expression by binding to
UPRE-I element

To investigate how bZIP60 regulates the transcription of
NRP1 under ER stress, we performed ChIP-qPCR assay with
transgenic plants harboring a FLAG-bZIP60 fusion gene
driven by the cauliflower mosaic virus (CaMV) 35S promoter
(bZIP60OE). The results showed that the P2 region of the
NRP1 promoter was enriched significantly by bZIP60 in the
TM-treated seedlings (Figure 4A). Likewise, bZIP60 also
bound to the same promoter region in the seedlings under
heat stress (Supplemental Figure S14B). In contrast, bZIP60
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sent means * sp of biological triplicates.

was not associated with the NRPT promoter when the seed-
lings were subjected to salt stress (Supplemental Figure
S14A), which further supported that the induction of NRP1
by salt stress is independent of bZIP60. Consistent with the
result that NRP2 was not regulated by bZIP60 (Figure 3D),
bZIP60 did not bind to the NRP2 promoter region
(Supplemental Figure S15A).

We next searched the NRPT promoter region for known
ER stress-responsive cis-elements (Sun et al, 2013b), and
found that one copy of UPRE-l (TGACGTGG/A) element
was present on the minus strand (—176 to —183, relative to

the transcription start site [TSS]) within the P2 region of the
NRP1 promoter (Figure 4, A and B). Previous studies have
reported that the UPRE elements can be recognized by
bZIP60 (Iwata and Koizumi, 2005; Sun et al, 2013b); thus, it
is likely that bZIP60 activates NRP1 by binding to this cis-
element. To test this hypothesis, electrophoretic mobility
shift assay (EMSA) was performed with a biotinylated NRP1
DNA probe containing UPRE-I and recombinant bZIP60 N-
terminal protein (His-bZIP60AC) that is sufficient to activate
the expression of ER stress-responsive genes (lwata and
Koizumi, 2005; Figure 4B). His-bZIP6OAC bound to the
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Figure 4 bZIP60 activates the expression of NRP1 by directly binding to its promoter. A, ChIP analysis of bZIP60 binding to the NRP1 promoter.
The upper part shows schematic diagram of the NRP1 genomic regions. P1-P3 indicate fragments for ChIP-qPCR amplification. The lower part
shows ChIP analysis of bZIP60 binding to the NRP1 genomic regions upon the precipitation with anti-FLAG antibody. Seven-day-old seedlings of
35S:FLAG-bZIP60 and Col were treated with 1g/mL TM (DMSO as mock) for 4 h and harvested for ChIP assay. The enrichment of Actin 2 (ACT2)
genomic fragment was used as the negative control. PP2A was used as an internal control for ChIP analysis. The values are means = sp of biological
triplicates. Asterisks indicate significant differences compared with mock (Student’s t test, *P < 0.01). B, The upper panel shows the UPRE-| ele-
ment sequence and its mutated sequences used for EMSA (C) and transient expression assay (D). The lower panel shows the schematic diagrams
of the effector and reporter constructs used in transient expression assay in (D). aa, amino acid. C, EMSA experiment detecting the protein—-DNA
binding. The purified His-bZIP60AC was incubated with the biotin-labeled NRPT DNA fragments (40 bp) (Lane 2-10). The un-labeled NRP1/2
DNA and various mutated NRPT DNA were use as cold competitors. Lane 3, 10x un-labeled NRP1 (N1); lane 4, 100x unlabeled NRPT; lane 5, 10X
unlabeled mutated form NRP1-Mut1 (N1-Mut1); lane 6, 100x unlabeled mutated form NRP1-MutT; lane 7, 10x unlabeled form NRP2 (N2); lane 8,
100x unlabeled form NRP2; lane 9, 10x unlabeled mutated form NRP7-Mut2 (N1-Mut2); lane 10, 100X unlabeled mutated form NRP1-Mut2.
Black and white arrow heads point to the positions of shifted bands and free probes, respectively. D, Transient expression assay of the expression
of NRP1 regulated by bZIP60. pNRP1:LUC (pNRPT), pNRP1-Mut1:LUC (pNRP1-Mut1), pNRP1-Mut2:LUC (pNRP1-Mut2), pNRP2:LUC (pNRP2), pNRP2-
Mut:LUC (pNRP2-Mut), and empty vector (Empty) were co-transformed with 35S:bZIP6OAC-FLAG effectors (35S:FLAG as a control) into
Arabidopsis Col mesophyll protoplasts and cultured overnight. The LUC activity was calculated by relative LUC activity (LUC/REN). The values are
means = sp of biological triplicates. Asterisks indicate significant differences between pNRP1:LUC and pNRP1-Mut1:LUC or pNRP1-Mut2:LUC
(Student’s t test, P < 0.05; P < 0.01).

labeled NRP1 probe to form a shift band, which was notably ~ (Figure 3, A and D; Supplemental Figure S15A). Interestingly,
counteracted by excess cold competitors, but not by the  the NRP2 DNA region also contains a UPRE-I-like element
un-labeled NRP1 probe containing a mutated UPRE-I (NRP1- (+62 to +69, relative to the TSS). This element
Mut1) (Figure 4, B and C), suggesting that the UPRE-l ele-  (TGACGTGT) differs only in one base from that of NRP1
ment is necessary for the binding of bZIP60 to the NRP1 (TGACGTGG; Figure 4B). EMSA showed that bZIP60AC can-
promoter. not bind to the UPRE-I-like element in NRP2 promoter

Our foregoing results demonstrated that NRP2 is constitu-  (Supplemental Figure S15B). We thus speculated that the
tively expressed and not regulated by bZIP60 under ER stress ~ mismatched base (G-T) in UPRE-l-like element may cause
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the nonrecognition. As expected, the unlabeled NRP2 was
unable to compete with the NRP1 probe (Figure 4, B and
C). Nevertheless, a high concentration (100x) of mutated
NRP1 cold probe that contains a UPRE-I-like element (NRP1-
Mut2; Figure 4B) could attenuate the shifted band (Figure
4C), indicating that the key mismatched base (G-T) in the
UPRE-I-like element, probably together with the flanking se-
quence, leads to the nonrecognition of bZIP60 from the
NRP2 promoter.

We further performed dual-luciferase (LUC) reporter assay
using the promoter regions of NRP1 (~1kb) and NRP2
(~2kb) fused with firefly LUC gene as reporters. Various
reporters were co-transformed with 35S:FLAG and
35S8:bZIP6OAC-FLAG into Arabidopsis mesophyll protoplasts,
respectively (Figure 4B). The LUC activity driven by the
NRP1 promoter was remarkably induced by bZIP60AC
(Figure 4D). Mutation of the UPRE-I at the NRP1 promoter
(pPNRP1-Mut1:LUC and pNRP1-Mut2:LUC) significantly atten-
uated this induction (Figure 4, B and D). In contrast, the
LUC activity in pNRP2:LUC was not induced even if the pro-
moter contained an identical UPRE-l sequence to NRP1
(pNRP2-Mut; Figure 4, B and D). In addition, we examined
the activity of the unspliced bZIP60, and found that the full-
length bZIP60 can activate the expression of NRPT in irela
ire1b double mutant protoplasts where the bZIP60 mRNA is
not spliced (Supplemental Figure S16). Therefore, it can be
concluded that the UPRE-I in the NRP1 promoter is the key
element for bZIP60 binding, and its flanking sequence may
also play an important role in the bZIP60 recognition.

NRP1 and NRP2 are not sufficient to rescue the
loss-of-function of bZIP28/60 in ER stress response
NRP1 and NRP2 were reported to promote senescence and
cell death when ectopically expressed in N. benthamiana
leaves or protoplasts (Reis et al, 2016), but our study
revealed a presumably opposite role of NRPs in cell death
regulation. To further verify the biological function of NRPs
in plants, we generated stable NRP7 and NRP2 overexpres-
sion transgenic lines and confirmed their overexpression by
gqRT-PCR (Supplemental Figure S17A). The overexpression of
both NRP1 and NRP2 can rescue the susceptibility of nrpD
to TM (Supplemental Figure S17, B and C), suggesting that
these genes are functional alleles. Inconsistent with the tran-
sient assay in previous reports, no visible morphological dif-
ference between Col and the overexpression lines was
observed under either normal growth conditions or TM
treatment with different concentrations (Supplemental
Figures S2 and 18).

To investigate the genetic relationship between bZIP60
and NRP1, we generated various combined genetic back-
grounds of NRP1, NRP2, bZIP28, and bZIP60 by crossing.
Under TM treatment, the phenotype of nrp1 bzip60 was
similar to that of Col; and nrp1 bzip28 bzip60 was similar to
bzip28 bzip60; and nrpD bzip60 was similar to nrpD
(Supplemental Figure S19, A and B). These observations sup-
ported that there is functional redundancy between NRP1
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and NRP2, and between bZIP60 and bZIP28. Notably, the
nrpD bzip28 bzip60 quadruple mutant exhibited a more se-
vere growth retardation and cell death phenotype than
nrpD and bzip28 bzip60 (Figure 5, A and B). This could be
explained by bZIP28 and bZIP60 regulating multiple down-
stream genes besides NRP1. Unexpectedly, neither the over-
expression of NRP1 nor that of NRP2 could rescue the
hypersensitivity of bzip28 bzip60 to TM (Figure 5, C and D).
Studies have demonstrated that bZIP28 and bZIP60 present
overlapping but partially independent functions in chronic
ER stress response (Ruberti et al,, 2018). In addition, bZIP60
regulates diverse downstream genes, such as transcription
factors NAC089/103/062 and chaperone proteins BiP/CNX
(lwata and Koizumi, 2005; Sun et al, 2013b; Yang et al,
20143, 2014b), functioning through a complex regulatory
network. Thus, it is suggested that the NRP genes may be
necessary but not sufficient for the bZIP28/60-mediated tol-
erance to ER stress.

Discussion

As the assembly factory for a third of the total proteome in
cells (Wallin and von Heijne, 1998), the ER is the center of
growth and various stress signal transmission (Nawkar et al,,
2018; Hetz et al, 2020). Thus, ER stress caused by adverse
conditions is related to cell fate (Hetz and Papa, 2018).
However, the regulatory mechanisms in the determination
of survival or death of cells under irreversible ER stress re-
main elusive in yeast and mammals; meanwhile in plants,
even the understanding of UPR is largely limited. Here, we
uncovered that NRP1/2, specific in algae and plants, func-
tion as pro-survival factors involved in the inhibition of cell
death under chronic ER stress. Furthermore, bZIP60 serves
as the activator of NRP1, but not NRP2, by directly binding
to the UPRE-I element in the NRP1 promoter in ER stress re-
sponse. The regulation of bZIP60 to NRP1 is independent of
IRE1a/b-mediated mRNA splicing, indicating an unidentified
mechanism that triggers the release of bZIP60 protein from
ER. Under salt stress, the expression of NRP1/2 is regulated
by unknown factors other than bZIP60 (Figure 6). These
findings revealed the positive role of NRP1/2 in ER stress tol-
erance. Notably, previous studies have reported a contradic-
tory observation that NRPs may promote senescence and
cell death in plants (Costa et al, 2008; Reis et al, 2016).
However, the conclusions in these studies were mainly
established on ectopic transient expression systems using N.
benthamiana leaves and protoplasts. More genetic evidence
would be required to clarify the biological role of NRPs in
plants. Meanwhile, the seedling age (2 weeks) for TM treat-
ment in previous studies also differed from our study. By
providing biological and genetic evidence in plants, our find-
ings reveal that NRPT and NRP2 play important roles in
modulating ER stress response by inhibiting but not pro-
moting cell death.

When plants suffer from ER stress, the S1P/S2P-bZIP28
and IRE1-bZIP60 signaling pathways are activated in a similar
pattern to that described in yeast and mammalian cells
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Figure 5 TM tolerance analysis of plants with combined NRP1/2 and bZIP28/60 genetic background. The sensitivity of nrpD bzip28 bzip60 (A and
B), bzip28 bzip60 NRP10OE, and bzip28 bzip60 NRP20OE (C and D) to the ER stress inducer TM was detected. Seven-day-old seedlings were trans-
ferred to 1/2 MS medium containing 0.5 pg/mL (A and B) or 1 pg/mL (C and D) TM (DMSO as mock) for 10d, and the pictures were taken (A
and C). The percentages of G-B, G-S, and Y-D seedlings were calculated (B and D). The images next to the boxes display the phenotype of plants
in the three groups. Data represent means = sp of biological triplicates. Asterisks indicate significant differences between nrpD, bzip28 bzip60, and

nrpD bzip28 bzip60 (Student’s t test, **P < 0.001).

(lwata and Koizumi, 2005; Liu and Howell, 2010). As an im-
portant upstream transcription factor, bZIP60 cooperates
with bZIP28 to activate the downstream genes in UPR
(Song et al, 2015). In this study, we found that NRP1 is a di-
rect target of bZIP60 in ER stress response. Interestingly, this
regulatory model is not applicable to salt stress, although
both genes are involved in the regulation of salt stress re-
sponse (Henriquez-Valencia et al, 2015 Supplemental
Figures S10 and S11). NRPs are reported to be involved in
numerous stress responses (Costa et al,, 2008; Hoepflinger et
al, 2011), implying a general role of NRPs in modulating cell
death during these responses. Like the regulation cascade of
bZIP60-NRP1 in UPR, it is quite likely that the expression of
NRPs is also regulated by the key transcription factors under
different stresses. In contrast to NRP1, NRP2 is constitutively
expressed under ER stress and is not regulated by bZIP60/
28, but it presents a redundant function with NRP1 in the
inhibition of cell death.

Previous reports indicated that the proteins containing a
DCD domain are expressed throughout the life cycle and
under stressful conditions in Arabidopsis (Tenhaken et al,
2005; Hoepflinger et al,, 2011; Zhou et al, 2017). It could be

speculated that the constitutive expression pattern of NRP2
is mainly responsible for a basal function in cells to maintain
normal homeostasis in mildly fluctuating environments. In
contrast, the expression of NRP1 induced by ER stress might
ensure cell homeostasis in response to the “emergencies” or
“major safety events” under adverse conditions. Such a “belt
and braces” mechanism involving different regulatory pat-
terns may be an important strategy for the survival and
stress adaptation in plants.

Despite the fact that the expression of NRP1 is regulated
directly by bZIP60 during ER stress, unexpectedly, NRP1/2
overexpression cannot rescue the hypersensitivity of bzip28
bzip60 to TM (Figure 5, C and D). Recent work has eluci-
dated the mechanisms by which bZIP60 and bZIP28 activate
the expression of downstream NAC transcription factor
genes ANAC062/103/089 to regulate ER stress response (Sun
et al, 2013b; Yang et al, 2014a, 2014b). NRPs were also
reported to mediate cell death by regulating NAC genes in
soybean (Faria et al, 2011; Mendes et al, 2013). Considering
the promoting effect of NAC089 on cell death (Yang et al,
2014b), we examined the expression of NAC089 in nrpD,
and intriguingly found that NAC089 was not regulated by
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Figure 6 Hypothetical model of the mechanism by which NRP1/2 regulate cell death in various stress responses. Under ER stress and heat stress,
the expression of NRP1 activated by bZIP60 is independent of the IRE1a/b splicing pathway, while during salt stress, the expression of NRP1 is reg-
ulated by unknown factors (green item with question mark) other than bZIP60. NRP2 is regulated by unknown factors (blue and pink items with
question marks) under these stresses. In turn, NRP1/2 represses the transcription of MC genes, thereby inhibiting cell death. Dotted lines indicate

unknown regulations.

NRP1/2 (Supplemental Figure S20). Our observations
showed that MC1/2/7/8—unlike MC5, which is activated by
NAC089 (Yang et al, 2014b)—are involved in NRP1/2-
mediated cell death (Figure 2C; Supplemental Figure S8).
Thus, it seems that NRP1/2 are not linearly coupled to the
bZIP60/28-NAC pathway, but an independent branch of ER
stress signaling regulated by bZIP60. It is noteworthy that
the mRNA of active bZIP60 requires an IRE1a/b-mediated
unconventional splicing in UPR (Nagashima et al, 2011).
Notably, the expression of NRP1, same as that of Bax
Inhibitor-1 (BI-1), an anti-apoptotic molecule conserved in
mammals and plants (Watanabe and Lam, 2008; Lebeaupin
et al, 2020), was unaltered in irela irelb double mutant
compared with the wild-type (Supplemental Figures S13 and
S21), whereas the activation of NA089/103 and BIP3 can be
inhibited by loss-of-function of IRE1a and IRE1b (Nagashima
et al, 2011). In contrast, both NRP1 and BI-1 were still acti-
vated by bZIP60 (Figure 3D; Supplemental Figure S21).
These observations suggest that the anti-death molecules,
BI-1 and NRP1, share a similar transcriptional regulation pat-
tern mediated by bZIP60 and which is independent of IRE1.

In mammalian cells, the pro-apoptotic genes such as
death receptor 5 (DR5) are activated by PERK, which induces
the caspase activity to trigger apoptosis under overwhelming
ER stress (Hetz et al, 2020). Upon mild ER stress, IRET can

degrade the DR5 mRNA to inhibit apoptosis via the IRE1-
dependent decay to maintain cellular health (Hetz et al,
2020). Thus, the fate of cells under prolonged ER stress
depends on the coordination between the PERK and the
IRET pathway (Chang et al,, 2018). The mechanism by which
cell fate is determined under chronic mild ER stress remains
poorly understood in plants. The expression pattern of the
cell death-related genes MC1/2/7/8 presented the initial
rapid increase and the subsequent gradual decline, implying
that the cell survival in plants with chronic ER stress may
also be modulated by the coordination among the various
components (Figure 2C). In nrpD, however, such coordina-
tion appeared to be out of control, resulting in a continuous
increase of the expression of MC1/2/7/8 which eventually
led to cell death. Loss-of-function of NRPs not only reduces
the tolerance of plants to ER stress, but also causes sponta-
neous ER stress during normal growth process
(Supplemental Figure S3). It is not clear whether the preco-
cious senescence in nrpD is triggered by the spontaneous ER
stress, or vice versa, which is so far a controversial issue
(Pluquet et al, 2015). Besides, prolonged or unresolved ER
stress can induce an autophagy event (Srivastava et al,
2018). As a degradation process facilitating the recycling of
cellular components, autophagy is required for maintaining
cell homeostasis for plant growth. It has been reported that
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autophagy contributes to mitigating ER stress (Liu et al,
2012), whereas it also promotes cell death (Minina et
al,2014). Collectively, NRP1/2 is likely to act as the modula-
tors that inhibit the spread of cell death signals. Whether
and how NRPs mediate the processes of ER stress, autoph-
agy, and senescence in plants requires a further
investigation.

Materials and methods

Plant material and growth conditions

The Arabidopsis (A. thaliana) T-DNA mutants nrp1
(SALK_041306), nrp2 (GK_520C04), bzip60 (SALK_050203,
Sun et al, 2013a), bzip28 (SALK_132285, Sun et al, 2013a),
ire1 (SALK_018112; Deng et al, 2011), and irelb
(SAIL_238_F07; Deng et al, 2011) were obtained from the
ABRC. The double mutants, nrpD, bzip28 bzip60, and irela
irelb were generated by crossing nrp1 with nrp2, bzip28
with bzip60, and irela with irel1b, respectively. The quadru-
ple mutant nrpD bzip28 bzip60 were generated by crossing
nrpD with bzip28 bzip60. Seeds were incubated at 4°C for
2d and then grown at 22°C under 16-h light/8-h dark pho-
toperiod conditions.

Plasmid construction and plant transformation

To generate the 35S:NRP1-6HA and 35S:NRP2-6HA overex-
pression transgenic lines, the coding regions of NRP1 and
NRP2 were cloned into pGreen-35S:6HA (Liu et al, 2016). To
generate the pNRPT:NRP1-mVenus and pNRP2:NRP2-mVenus
transgenic lines, the genomic fragment containing ~1kb
(NRPT) or ~2-kb (NRP2) upstream and coding region was
cloned into pGreen-mVenus plasmid. To generate the
355:3FLAG-bZIP60 transgenic lines, the bZIP60 coding se-
quence was cloned into the pGreen-35S:3FLAG vector. By us-
ing Agrobacterium-mediated transformation, the constructs
35S5:NRP1-6HA, 35S:NRP2-6HA and 35S:3FLAG-bZIP60 were
introduced into Arabidopsis Col background, and the
pNRP1:NRP1-Venus and pNRP2:NRP2-Venus constructs were
introduced into nrpD background. These transgenic plants
were selected with Basta. Primers used for the cloning are
listed in Supplemental Table S1.

Stress treatment and cell death assay

Surface-sterilized seeds were plated on one-half-strength
Murashige and Skoog (1/2 MS) medium containing 1% (w/v)
sucrose at 4°C for 2d in the dark and then grown at 22°C
under a 16-h light/8-h dark cycle before treatment. For
chronic ER stress phenotype analyses, the 7-d-old seedlings
were transferred to the 1/2 MS mediums containing 0.5 or
1pug/mL TM (dissolved in DMSO) for another 10 days. For
salt stress phenotype analyses, the 7-d-old seedlings were
transferred to the 1/2 MS mediums containing 150 mM
NaCl for another 7d. For heat stress phenotype analyses,
the 10-d-old seedlings were incubated at 37°C for 1d then
grown at 22°C for 4d. According to the plant size, leaf
color, and survival, the seedlings were divided into three
groups: big-green, small-green, and Y-D. The percentage of
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plants in each group was calculated using at least 20 sam-
ples per genotype and three biological replicates. For cell
death assay, seedlings were collected after 2d of treatment
with 1 pg/mL TM for trypan blue staining or TUNEL label-
ing as described below. More than 20 samples were used
for each cell analysis experiment, and repeated experiments
were carried out for 3 times.

For trypan blue staining, cotyledons were stained with try-
pan blue as described previously (van Wees, 2008).

For TUNEL staining, roots were detached and fixed over-
night in 4% (v/v) paraformaldehyde at room temperature.
TUNEL reaction was performed in a microcentrifuge tube
using TUNEL BrightGreen Apoptosis Detection Kit (Vazyme,
Nanjing, China ) according to the manufacturer’s instruc-
tions. To visualize the nuclei in root cells, samples were
stained using 10 pg/mL propidium iodide (PI, Sigma-Aldrich,
St Louis, MO, USA) in PBS buffer solution for 10 min. The
TUNEL-positive and Pl-stained nucleus were observed with
laser confocal fluorescence microscopy (Leica SP8) fitted
with the configuration: excitation at 488 nm (TUNEL) and
587 nm (PI).

Total RNA extraction and RT-qPCR

Total RNAs were extracted from 7-d-old seedlings treated
with 1pg/mL TM or 2mM DTT (Braakman et al, 1992) by
using Eastep Super Total RNA Extraction Kit (Promega,
Madison, WI, USA) according to the manufacturer’s instruc-
tion. The cDNA was synthesized by using MMLV-RTase
(Promega). RT-qPCR was performed on LightCycler 480 ther-
mal cycler system (Roche, Basel, Switzerland) with KAPA
SYBR Fast gPCR Kit Master Mix (KAPA BIO, Wilmington,
MA, USA). The relative gene expression was quantified using
the comparative Ct method (27AACt), and Tubulin 2 (TUB2)
was used as an internal control. The primers used for gene
expression analysis are listed in Supplemental Table S1.

Transient expression assay

For the dual-LUC assay, the genomic fragment containing
~1-kb (NRP1) or ~2-kb (NRP2) upstream relative to the
coding region was cloned into the pGreenll 0800-LUC re-
porter plasmid (Song et al, 2014), respectively. To generate
the 35S:bZIP6OAC-FLAG effector, the truncated coding se-
quence of bZIP60 (Iwata and Koizumi, 2005) was cloned
into the pPZPY122-3FLAG (from ABRC) vector. Primers used
for the constructs are listed in Supplemental Table S1.
Protoplasts were isolated from 4-week-old Arabidopsis me-
sophyll cells. Various constructs of effector and reporter
were transfected into Arabidopsis protoplasts according to
the protocol, as described previously (Wu et al,, 2009). The
activity of firefly LUC and renilla LUC (REN) were quantified
by using Dual-LUC Reporter Assay Kit (Promega) according
to the manufacturer’s instructions. Relative LUC activity was
calculated by normalizing against the REN activity.

ChIP analysis
The ChIP assay was performed as described previously (Liu
et al, 2016). Seven-day-old 35S:FLAG-bZIP60 and Col
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seedlings were treated with 1pg/mL TM (DMSO as mock)
or 150 mM Nadl for 4h, and fixed in 1%(v/v) formaldehyde
under vacuum on ice for 10 min. The nuclear proteins and
chromatins were isolated from fixed samples. The chroma-
tins were sonicated to generate DNA fragments with an av-
erage size of 500 bp and immunoprecipitated by anti-FLAG
(F3165; Sigma, St Louis, MO, USA) at 4°C for 2h. The co-
immunoprecipitated DNA was recovered and analyzed by
gPCR with KAPA SYBR Fast qPCR Kit Master Mix (KAPA
BIO). Relative enrichment folds were calculated by normaliz-
ing the amount of a target DNA fragment to that of a geno-
mic fragment of PP2A (AT1G13320) and then against the
respective input DNA amount. The enrichment of Actin 2
(ACT2) genomic fragment was used as a negative control.
All primers used in ChIP assays are listed in Supplemental
Table S1.

EMSA

The EMSA was performed using the LightShift
Chemiluminescent EMSA kit (Pierce, Waltham, MA, USA) as
described previously (Yang et al, 2014b). The 40-bp 5'-end
biotinylated oligonucleotide containing UPRE-I in the P2 re-
gion of the NRP1/2 promoter was used as a probe, while
unlabeled probes containing the native NRP1 UPRE-I
(TGACGTGG), mutated NRP1 UPRE-l (TCTGCAGG/
TGACGTGT), or NRP2 UPRE-I-like (TGACGTGT), were used
as cold competitors (Figure 4C). For His-bZIP60AC construct,
the truncated bZIP6OAC was cloned into pQE30 and
expressed in the Escherichia coli strain rosetta. Recombinant
His-bZIP6OAC protein was purified by Ni-NTA agarose beads
(Qiagen, Hilden, Germany) and used for protein—DNA
binding. Probes used for EMSA are listed in Supplemental
Table S2.

Accession numbers

NRP1  (AT5G42050), NRP2  (AT3G27090), bZzIP28
(AT3G10800), bZIP60 (AT1G42990), SAG12 (AT5G45890),
SEN4 (AT4G30270), MC1 (AT1G02170), MC2 (AT4G25110),
MC3 (AT5G64240), MC4 (AT1G79340), MC5 (AT1G79330),
MC6 (AT1G79320), MC7 (AT1G79310), MC8 (AT1G16420),
MC9  (AT5G04200), NACO089  (AT5G22290), IRE1a
(AT2G17520), IRE1b (AT5G24360), TUB2 (AT5G62690),
PP2A (AT1G13320), and ACT2 (AT3G18780).

Supplemental data

The following supplemental materials are available in the
online version of this article.

Supplemental Figure S1. Schematic diagram and identifi-
cation of T-DNA insertion mutants nrp1 and nrp2.

Supplemental Figure S2. Loss-of-function of NRP1 and
NRP2 leads to precocious senescence.

Supplemental Figure S3. The expression analysis of senes-
cence, ER stress, and autophagy-related marker genes in Col,
nrp1, nrp2, and nrpD at different growth stages.

Supplemental Figure S4. bZIP60 mRNA splicing analysis.

PLANT PHYSIOLOGY 2021: 187; 1414-1427 | 1425

Supplemental Figure S5. The expression analysis of BIP3
and ATG18a in Col and nrpD.

Supplemental Figure S6 The trypan blue staining and
TUNEL assay of bzip60 and irela irelb.

Supplemental Figure S7. The expression analysis of MC1
and M2 in Col and the complementation transgenic lines.

Supplemental Figure S8. The expression analysis of MC
genes in Col and nrpD.

Supplemental Figure S9. The expression analysis of
bZIP60 and bZIP28 in Col and nrpD.

Supplemental Figure S10. The double mutant nrpD
exhibits less tolerance to salt stress.

Supplemental Figure S11. The expression analysis of
NRP71and NRP2 in Col, bzip28, bzip60, and bzip28 bzip60 un-
der salt stress.

Supplemental Figure S12. NRP1 and NRP2 are involved
in heat stress response.

Supplemental Figure S13. The expression analysis of
NRPTin irela irelTb mutant under ER stress, high salinity
stress, and heat stress.

Supplemental Figure S14. ChIP analysis of bZIP60 bind-
ing to the NRP1 promoter under salt and heat stress.

Supplemental Figure S15. ChIP and EMSA analysis of
bZIP60 binding to the NRP2 genomic regions.

Supplemental Figure S16. Transient expression assay of
the expression of NRP1 regulated by bZIP60.

Supplemental Figure S17. The NRP1/2 overexpression
plants can rescue the nrpD susceptibility to TM.

Supplemental Figure S18. The TM sensitivity of NRP1/2
overexpression plants is similar to that of Col wild-type.

Supplemental Figure S19. The TM sensitivity of nrp1
bzip60, nrpD bzip60, and nrp1 bzip28 bzip60.

Supplemental Figure S20. The expression analysis of
NAC089 in Col, nrp1, nrp2, and nrpD.

Supplemental Figure S21. The expression analysis of Bl-1
in Col, bzip60, irela ire1b, and nrpD.

Supplemental Table S1. Primers used in this study.

Supplemental Table S2. Probes used in this study.
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