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The hypersensitive response (HR) is a form of programmed
cell death (PCD) commonly associated with the immune
response in plants. HR cell death is often characterized by DNA
fragmentation, loss of plasma membrane integrity, protein
degradation and typical morphological changes such as plasma
membrane shrinkage and nuclear condensation. Initiation of
HR cell death requires de novo protein synthesis, suggesting
that HR cell death induction involves a transcriptional network
regulated by a key factor. We recently identified the OsNAC4
gene, which encodes a plant-specific transcription factor that
exhibited rapid but transient transcriptional activation during
the early stages of HR cell death. Overexpression of OsNAC4
in rice plants induced cell death accompanied by all charac-
teristics of HR cell death: DNA fragmentation, loss of plasma
membrane integrity, and protein degradation. In OsNAC4
RNAIi knock-down lines exposed to an avirulent bacterial strain,
the cellular response was characterized by a marked decrease in
HR cell death compared to wild-type rice cells. Gene expression
profiling, which compared rice cells and OsNAC#4 knock-down
transformants using a rice cDNA microarray, demonstrated
that OsNAC4 controls the transcription of at least 139 genes
including OsHSP90, involved in loss of plasma membrane
integrity, and IREN, which encodes novel plant nuclease
involved in cleavage of nuclear DNA. Here we report that
although OsNAC4 overexpression caused rapid protein degrada-
tion during HR cell death, neither IREN nor OsHSP90 were
involved. Thus, three important processes that accompany HR
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cell death are regulated by independent signaling pathways that
are collectively induced by OsNAC4.

Plants respond to infection using a two-branched innate
immune system that shares features with animal innate immu-
nity.! The first branch, referred to as the pathogen-associated
molecular pattern (PAMP)-triggered immunity (PTI), involves
the recognition of PAMPs (conserved microbial factors) and
subsequent induction of basal defenses.>?> The second branch
involves molecular recognition of virulence factors, either directly
or through their effects on host targets. A class of nucleotide
binding leucine-rich repeat (NB-LRR) resistance R proteins has
been implicated in this layer of resistance, which is referred to as
effector-triggered immunity (ETI).? This type of immunity is also
known as pathogen race-host plant cultivar-specific disease resis-
tance. ETT seems to be an accelerated and amplified PTT response
and is often associated with a type of cell death that is referred to
as hypersensitive response (HR).?

HR cell death is often accompanied by 180-bp nucleosomal
DNA laddering, cell morphological changes such as plasma
membrane shrinkage and nuclear condensation, loss of plasma
membrane integrity and protein degradation.4’5 HR cell death
results from overexpression of certain transgenes in plants, and its
initiation requires de novo protein synthesis, suggesting that HR
cell death is induced by a transcriptional network regulated by a
key factor.%”

We previously identified several genes that are upregulated
during HR cell death using PCR subtraction analysis and
microarray analysis.”® Of these, OsNAC4 exhibits rapid and
transient transcriptional activation during the early stages of HR
cell death. The OsINAC4 gene encodes a plant-specific transcrip-
tion activation region (TAR) and an NAC domain, which was
originally identified in a consensus sequence found in petunia
NAM and Arabidopsis ATAF1.9!! The presence of these domains
suggests that OsNAC4 is a plant-specific transcription factor func-
tioning as a component of the cell death pathway conditioning
HR. Overexpression of OsINAC4 leads to cell death accompanied
by the loss of plasma membrane integrity, nuclear DNA fragmen-
tation, protein degradation and the morphological changes specific
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to HR cell death. In cell lines in which OsINAC4 levels have been
suppressed by RNAi, HR cell death is markedly decreased in
response to avirulent bacterial strain.!?> Gene expression profiling,
comparing rice cells and OsNAC4 knock-down transformants
using a rice 22 k oligo microarray, demonstrated that OsNAC4
controls the transcription of at least 139 genes, including OsHSP90
and JREN, which encodes a Ca?*-dependent nuclease. During the
induction of HR cell death, OsHSP90 is involved in loss of plasma
membrane integrity, while IREN causes cleavage of nuclear DNA,
suggesting that these two events occurring during HR cell death
are regulated by independent pathways that are both induced by
OsNAC4.1?

To examine the roles of OsHSP90 and IREN in protein degra-
dation during cell death, we developed a transient assay system in
rice protoplasts. Two plasmids were co-introduced into rice proto-
plasts, one of which encoded the test gene (OsINAC4, OsHSP90 or
IREN) and the other contained the Luc gene that encodes firefly
luciferase. Both genes were under the control of the constitutive
ubiquitin promoter derived from maize.'? If overexpression of the
test gene induces protein degradation, then little accumulation of
luciferase activity would be observes in the transformed rice due
to degradation of the luciferase proteins. If overexpression did
not induce protein degradation, the transformed cells would be
expected to exhibit high levels of luciferase activity.

When the Luc vector was co-introduced with an empty vector
into rice protoplasts, a high level of accumulated luciferase activity
was observed 12 and 24 h after transformation. The accumula-
tion of luciferase activity in OsNAC4 co-introduced cells was
dramatically reduced in comparison to that of the empty vector-
transformed cells (Fig. 1). Interestingly, co-transformation of /REN
or OsHSPI0 with the Luc vector caused no reduction of luciferase
activity. Similar phenomena were also observed when a vector
containing the DsRed gene, which encodes red fluorescence protein
downstream of the cauliflower mosaic virus 3>S promoter, was used
as a monitor for protein degradation. When the /REN or OsHSP90
and DsRed genes were co-introduced into the rice protoplasts
using polyethylene glycol (PEG), transformed rice protoplasts
exhibited the same level of DsRed fluorescence as was observed in
empty vector-introduced cells (Fig. 2). These results indicate that
although OsNAC4 overexpression causes rapid protein degrada-
tion accompanied by HR cell death, IREN and OsHSP90, which
are transcriptionally regulated by OsNAC4, are not involved in
protein degradation during OsNAC4-mediated HR cell death.

Our results suggest an attractive and simplified model for HR
cell death induction. Following pathogen recognition signaling
during immune response, OsNAC4 induces the expression of at
least 139 genes including OsHSP90 and /REN. The OsHSP90
protein is located in the endoplasmic reticulum (ER) and appears
to cause a loss of plasma membrane integrity either directly or
indirectly, while IREN is translocated into the nucleus where
it cleaves nuclear DNA via its endonuclease activity. Although
OsHSP90 and IREN independently regulate two events in HR
cell death (loss of plasma membrane integrity and DNA frag-
mentation), protein degradation, the other important event in
HR cell death, is caused by another factor (Fig. 3). The protein
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Figure 1. Cell death induction by OsNAC4, IREN and OsHSP?0. Luc
vector co-introduced with empty vector, IREN, OsHSP90 or OsNAC4 into
rice protoplasts. After 12 h (solid bars) and 24 h (open bars), luciferase
activity was measured by Luciferase assay system kit according to the
manufacturer’s instructions. Each data point represents the mean and
standard deviation of five replicate samples.
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Figure 2. Contribution of OsHSP?0 and IREN to the protein degradation
accompanied by OsNAC4-mediated HR Cell Death. DsRed vector co-
infroduced with empty vector, IREN and OsHSP90 into rice protoplasts.
After 12 h transformation, DsRed fluorescence was observed at an excita-
tion wavelength of 540 nm and an emission wavelength of 600 nm. BF,
bright field image.

degradation factor is assumed to be transcriptionally controlled
by the OsNAC4 transcription factor because overexpression of
OsNAC4 in plant cells caused rapid protein degradation. Indeed
139 genes that are upregulated by OsNAC4 contain several
genes encoding a proteasome such as the F-box protein and
ubiquitin. An identification of the protein degradation factor
will help further our understanding of the induction mechanism

OsNAC4-mediated HR cell death.
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Figure 3. Induction model of DNA fragmentation, loss of plasma membrane integrity, and protein degradation during OsNAC4-mediated HR cell
death.
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