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Unfolded and misfolded proteins in the endoplasmic reticulum 
(ER) of eukaryotic cells elicit a highly conserved unfolded protein 
response (UPR) that leads to an increase in the capacity of the ER 
to deal with protein folding by hightened expression of enzymes 
such as chaperone and protein disulfide isomerases. However, 
cells die by apoptosis if the function of the ER cannot be restored 
in metazoans. To what extent is this mechanism evolutionarily 
conserved in plant cells remains to be elucidated. Emerging data 
from our recent study now provide compelling evidence that a 
conserved cell death suppressor, BAX inhibitor-1 (BI-1), plays 
a pivotal role as a survival factor against endoplasmic reticulum 
stress-mediated programmed cell death (PCD) that likely acts in 
parallel to the UPR pathway. This finding suggests a clear func-
tional correlation to the predicted ER localization of AtBI1 as 
well as directly implicating the ER of plant cells as an important 
modulator of cell death activation. Furthermore, ER stress and its 
associated cell death in plants can be relieved by administration of 
chemical chaperones which have been clinically used for treatment 
of many human diseases linked to neurodegenerative disorders that 
are triggered by the dysfunction of ER homeostasis. This opens the 
way for future studies to decipher the mechanisms and pathways of 
ER-mediated PCD, and function of this pathway in plant develop-
ment and stress response. 

PCD is an essential biological process for organisms not only 
in normal development and ageing but also in maintenance of 
homeostasis and in response to stresses and pathogen insults.1,2 In 
animal cells, the best understood type of PCD is apoptosis, which is 

coordinated by multiple pathways such as mitochondria-dependent 
(internal), mitochondria-independent (external) and endoplasmic 
reticulum (ER)-mediated pathways.3 The ER is a highly dynamic 
organelle that has evolved specific mechanisms to ensure protein 
synthesis, folding and post-translational modifications as well as the 
maintenance of its own homeostasis.4 When proteins fold improp-
erly and these misfolded proteins accumulate in the ER, cellular 
function can become compromised. This condition is referred to as 
“ER stress”. The UPR or ER stress response is a defense system for 
dealing with the accumulation of unfolded and misfolded proteins in 
the ER lumen via a conserved transcriptional response.5,6 However, 
cells die if they cannot relieve the ER stress caused by excessive and 
prolonged inputs, and apoptosis is induced via activation of caspases, 
cytochrome c release and DNA fragmentation.6,7 In animal system, 
accumulating evidence has suggested that both mitochondria-depen-
dent and -independent cell death pathways likely mediate apoptosis 
in response to ER stress.7 In addition, members of the BCL-2 
protein family are found in multiprotein complexes at the ER, likely 
regulating diverse cellular processes including autophagy, calcium 
homeostasis and calcium-dependent cell death, and the unfolded-
protein response.8-12 Thus, BCL-2–related proteins do not only serve 
as the “anti- or pro-cell death switch”, but they also have alternative 
functions in essential cellular processes. However, which molecular 
components of these pathways control plant PCD still remains to be 
clarified, as plant genomes do not contain any structural homologues 
to members of the BCL-2 family found in metazoans. 

To obtain molecular and physiological insight into the process 
of ER stress in plants, we used the drug tunicamycin (TM) that 
is widely used as an inducer of ER stress in animals, fungi and 
plants. This drug inhibits N-linked glycosylation and disulfide bond 
formation, thereby leading to the accumulation and aggregation of 
improperly folded proteins in the ER. Earlier studies showed that 
treatment with TM can kill suspension cultured cells or young 
plants rapidly.13-15 However, whether TM kills plants by a necrotic 
or programmed mechanism (i.e., PCD) remained obscure. We 
first studied the impact of ER stress on Arabidopsis seedlings and 
found that TM perturbs root development including elongation 
of primary and secondary roots and formation of lateral roots and 
root hair cells in a dose-dependent manner, concomitantly with 
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overexpressing AtBI1 proteins, resulting in accelerated or attenuated 
PCD, respectively. Thus, the level of AtBI1 can be thought of serving 
as a rheostat that functions to gauge the threshold of misfolded 
proteins in the ER for PCD activation. Here, we propose a simple 
working model for the role of AtBI1 as a survival factor during ER 
stress that could account for the results reported in our paper (see 
Fig. 1). ER stress agents such as TM, CPA and AZC all trigger the 
accumulation of unfolded and misfolded proteins in the ER lumen. 
This condition is referred to as “ER stress” and involves the UPR 
that induce a set of UPR genes such as BIP2 and CRT1 to restore 
ER homeostasis. BI-1 is also induced transcriptionally through a 
similar pathway. This upregulation should increase the amount of 
AtBI1 on the ER membrane and support its biological activity as a 
survival factor involved in the anti-PCD pathway. However, under 
persistent or intense ER stress conditions, the UPR will not be suffi-
cient to regain ER homeostasis and misfolded proteins accumulate. 
Cell death is ultimately activated at a certain threshold of misfolded 
proteins, likely involving increased calcium release from the ER 
lumen into the cytosol and accumulation of reactive oxygen species 
such as H2O2.20-23 In the atbi1 mutants or AtBI1 overexpressors, 
TM-induced cell death is accelerated or delayed, consistent with the 
proposed cell death rheostat function for AtBI1 in the ER. Thus, 
the anti-PCD function of AtBI1 may provide the necessary time for 
the UPR to remedy stresses perceived in the ER. Since alterations in 
AtBI1 levels do not appear to significantly impact expression of some 
of the key genes in the UPR pathway, we concluded that AtBI1 func-
tions in parallel to the UPR and is not involved in the signalling of 
the UPR per se. Overall, our results indicate that AtBI1 is a critical 
survival factor for suppression of PCD induced by ER stress, thereby 
allowing the UPR sufficient time to re-establish proper homeostasis 
in the cell. 

In plants, plant PCD is still poorly understood in terms of 
molecular mechanisms and our current view still largely relies on 
analogies from animal systems. In addition, the fundamental ques-
tion regarding how ER stress response pathway is regulated in plant 
cells still remains to be resolved,24 while the possibility that ER 
stress signaling may be a common feature for multiple types of plant 
PCD with different morphotypes have been raised.16 The latter is 
especially interesting in regard to explaining how AtBI1 may be able 
to suppress plant PCD activated by biotic and abiotic inducers.19 
Further mechanistic analysis of ER stress response and AtBI1-
dependent PCD pathways will certainly increase our knowledge in 
this field. 
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the loss of cell viability and induction of PCD phenotypes.16 As a 
consequence, seedlings die within 3 days following TM treatment. 
Notably, we showed that such lethal effect of TM can be relieved by 
an administration of two different chemical chaperones, 4-phenyl 
butyric acid (PBA) and tauroursodeoxycholic acid (TUDCA), even 
in the presence of a lethal dose of TM (0.5 µg ml-1). These results 
provide evidence that TM induces root growth defect and PCD 
via defected protein folding that leads to ER stress. However, PBA 
was found to cause partial growth arrest of seedlings with yellowish 
leaves at doses that we used (1 mM or more) in the absence of TM. 
In contrast, apparent growth defect was not observed with TUDCA 
even at a higher dose (5 mM). TUDCA would thus appear to be 
a better agent to dissect the mechanisms of ER stress response and 
PCD in Arabidopsis. As supporting evidence to the result obtained 
with TM treatment, we also examined the impact of two other ER 
stress inducers, cyclopiazonic acid (CPA, a calcium pump inhibitor) 
and the proline analogue L-azetidine-2-carboxylic acid (AZC), on 
Arabidopsis seedlings. The data collectively indicated that those ER 
stress-inducing agents induce root growth defect in Arabidopsis seed-
lings accompanied by induction of PCD (our unpublished results). 
Using three types of pharmacological ER stress inducers, we thus 
presented a better framework for understanding how ER stress affects 
growth and survival of Arabidopsis seedlings. However, their distinct 
modes of action likely contribute to quantitative differences in the 
phenotypes observed. 

BI-1 is an evolutionally conserved protein that predominantly 
localizes to the ER membrane and acts as a broad spectrum cell 
death suppressor in mammals, fungi and plants.17,18 Overexpression 
of BI-1 proteins from a variety of origins was shown to suppress 
Bax-induced and abiotic stress-induced cell death in numerous 
eukaryotes. In Arabidopsis, BI-1 was shown by genetic analysis to 
play a role as attenuator of mycotoxin- and heat shock stress-induced 
cell death.19 Our more recent study demonstrated an involvement  
of AtBI1 in the ER stress response and its related cell death pathway 
in Arabidopsis.16 Our data collectively suggest that ER stress-
mediated PCD can be manipulated by the disruption of AtBI1 or 

Figure 1. Working model for a role of AtBI1 in ER stress-induced PCD. See 
the text for more detail. AtBI1, Arabidopsis Bax inhibitor-1; AZC, L-azetidine-
2-carboxylic acid; CPA, cyclopiazonic acid; PCD, programmed cell death; 
TM, tunicamycin; UPR, unfolded protein response.
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