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ABSTRACT

Many transcription factors (TFs) in animals bind to
both DNA and mRNA, regulating transcription and
mRNA turnover. However, whether plant TFs function
at both the transcriptional and post-transcriptional
levels remains unknown. The rice (Oryza sativa) bZIP
TF AVRPIZ-T-INTERACTING PROTEIN 5 (APIP5) neg-
atively regulates programmed cell death and blast
resistance and is targeted by the effector AvrPiz-t
of the blast fungus Magnaporthe oryzae. We demon-
strate that the nuclear localization signal of APIP5
is essential for APIP5-mediated suppression of cell
death and blast resistance. APIP5 directly targets two
genes that positively regulate blast resistance: the
cell wall-associated kinase gene OsWAK5 and the
cytochrome P450 gene CYP72A1. APIP5 inhibits Os-
WAK5 expression and thus limits lignin accumula-
tion; moreover, APIP5 inhibits CYP72A1 expression
and thus limits reactive oxygen species production
and defense compounds accumulation. Remarkably,
APIP5 acts as an RNA-binding protein to regulate
mRNA turnover of the cell death- and defense-related
genes OsLSD1 and OsRac1. Therefore, APIP5 plays
dual roles, acting as TF to regulate gene expression
in the nucleus and as an RNA-binding protein to reg-
ulate mRNA turnover in the cytoplasm, a previously
unidentified regulatory mechanism of plant TFs at
the transcriptional and post-transcriptional levels.

INTRODUCTION

Programmed cell death (PCD) is a ubiquitous genetically
regulated process in prokaryotes and eukaryotes. In plants,
PCD occurs during germination, growth, development and

senescence, or under abiotic or biotic stresses (1). For exam-
ple, PCD has important functions in disease resistance: the
hypersensitive response (HR), a plant-specific form of PCD,
occurs during effector-triggered immunity (ETI) (2) and
pathogen-associated molecular pattern (PAMP)-triggered
immunity (PTI) (3,4). The PCD and plant immunity path-
ways are intertwined and defense signal transduction cas-
cades depend on several layers of gene regulation at the
transcriptional, translational and post-translational levels
(5,6).

Transcription factors (TFs) play pivotal roles in regulat-
ing the transcriptional reprograming of plant immune re-
sponses and the coordination of defense signaling networks
with other stress and growth pathways (7). Most TFs lo-
calize to the nucleus where they bind to DNA and selec-
tively activate or suppress defense gene expression (7). The
cytoplasmic-nuclear trafficking of activated TFs is also es-
sential for their specific roles in different cellular compart-
ments (8,9). For example, the NAC TFs NAC Targeted by
Phytophthora (NTP) 1 and NTP2 were released from the en-
doplasmic reticulum membrane into the nucleus in potato
(Solanum tuberosum) following treatment with P, infestans
culture filtrate, while the RXLR effector Pi03192 directly in-
teracted with and inhibited their re-localization to prevent
defense activation (10). Similarly, the membrane-tethered
NAC TF BnaNAC60 from oilseed rape (Brassica napus)
was translocated into the nucleus in response to oxidative
stress, inducing reactive oxygen species (ROS) accumula-
tion and HR-like cell death, in transgenic tobacco (Nico-
tiana tabacum) (11).

Some TFs are re-translocated into the cytoplasm to reg-
ulate PCD or other cellular processes during pathogen
infection. For example, when the basic leucine zipper
(bZIP) TF bZIP10 was co-expressed with its interac-
tor LESIONS SIMULATING DISEASE 1 (LSDI) in
Arabidopsis thaliana, its binding activity was weakened
and most of the bZIP10 was translocated into the cyto-
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plasm, thereby enhancing LSD1-mediated cell death and
antagonistically modulating RECOGNITION OF PER-
ONOSPORA PARASITICA 2 (RPP2)-mediated resistance
to Hyaloperonospora parasitica (12). However, the molecu-
lar mechanisms underlying the dynamic homeostasis of TFs
in different subcellular compartments in PCD and plant im-
munity, and the effects of changes in TF localization, are
largely unknown.

The bZIP TF family is one of the largest TF fami-
lies in plants. Most bZIP TFs investigated to date lo-
calize to the nucleus, preferentially bind to cis elements
with an ACGT core sequence in their target genes
via their basic region, and form dimers via their the
leucine zipper region (13). In Arabidopsis, several bZIP
TFs are known to be involved in plant immunity such
as the TGACG-Binding (TGA) subfamily members in
NON-EXPRESSOR OF PATHOGENESIS-RELATED
GENES 1 (NPR1)-mediated resistance (14) and ELON-
GATED HYPOCOTYL 5 (HYS5) in ENHANCED DIS-
EASE SUSCEPTIBILITY 1 (EDS1)-dependent ROS and
salicylic acid signaling (15) and defense to Hyaloper-
onospora arabidopsidis (16). Among the 89 bZIP TFs in
rice (Oryza sativa), several are known to regulate PCD
and plant immunity, but the target genes of only a few
TFs have been identified. For instance, rTGA2.1/OsbZIP63
coordinates with rice NPR1 HOMOLOG 1 (NH1) to
activate the expression of CYSTEINE RECEPTOR KI-
NASE 6 (CRK6) and CRKI0 during NH1-mediated im-
munity against Xanthomonas oryzae pv. oryzae (Xoo) (17).
OsTGA2/0sbZIP28 selectively binds to TGACGT se-
quences in the promoters of defense-related genes and over-
expressing OsTGA2/OsbZIP28 significantly increased re-
sistance to Xoo (18).

In animal systems, a significant number of TFs bind to
mRNAs to regulate their turnover (19,20). These DNA and
RNA binding proteins allow multiple signals to be inte-
grated into cellular signaling networks for the fine-tuning
of target gene expression and the modulation of cellular
metabolism during stress. To date, no plant TF has been
shown to bind to mRNA to regulate target gene expression
at the post-transcriptional level. Nevertheless, a few RNA-
binding proteins exhibit DNA-binding activity in plants.
For example, the tandem zinc finger domain-containing
CCCH proteins TZF1, C3H14 and C3H15 in Arabidop-
sis show both RNA- and DNA-binding capacity and shut-
tle between cytoplasmic foci and the nucleus (21-23). In
rice, the CCCH-type zinc finger protein OsLIC binds to
both double-stranded DNA and single-stranded poly(A),
(G) and (U) (24). However, the target genes of these CCCH
proteins remain to be identified. Another example is the
RNA recognition motif (RRM)-containing protein PIBP1
in rice, which not only has RNA-binding capacity but can
also bind to the OsWA K14 and OsPALI promoters to mod-
ulate resistance to Magnaporthe oryzae (25).

We previously demonstrated that the rice bZIP TF
AVRPIZ-T-INTERACTING PROTEIN 5 (APIPS) nega-
tively regulates PCD and immunity against M. oryzae, and
is directly suppressed by the M. oryzae effector AvrPiz-t
(26). APIPS contains a nuclear localization signal (NLS)
motif and a nuclear export signal (NES) motif and mainly
localizes to the cytoplasm. In the current study, we dis-
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covered that the NLS of APIPS is essential for APIPS-
mediated repression of age-dependent cell death and re-
sistance to M. oryzae. Upon pathogen infection, APIPS
translocates from the cytoplasm to the nucleus and di-
rectly suppresses the expression of the defense-related genes
WALL ASSOCIATED KINASE 5 (OsWAKS5) and CY-
TOCHROME P450 72A1 (CYP72Al), thereby weaken-
ing lignin and ROS accumulation. Intriguingly, APIPS also
functions as an unconventional RNA-binding protein that
directly targets and regulates the mRNA turnover of the cell
death- and defense-related genes OsLSD]I (a functional ho-
molog of LSDI in Arabidopsis) and RHO-LIKE GTPASE
GENE 1 (OsRacl) to regulate PCD and plant immunity
against M. oryzae. Therefore, APIPS plays dual roles as a
TF and an RNA-binding protein in cell death and defense
pathways.

MATERIALS AND METHODS
Plant materials and growth conditions

All transgenic rice lines used in this study are in the Nippon-
bare (NPB) background. Rice plants were grown in a green-
house for breeding and phenotypic observation. Plants used
for M. oryzae inoculation were grown in growth chambers
(26/20°C day/night, 70% humidity with a 12-h light/dark
photoperiod). Nicotiana benthamiana plants used for tran-
sient expression were grown in a phytotron at 22°C under a
16-h light/8-h dark photoperiod.

Blast fungus inoculation and disease resistance assay

Magnaporthe oryzae isolate was cultured on oatmeal
medium in the dark for 7 days at 26°C and transferred to
the light for sporulation for 7-10 days before use. The spore
concentration in the suspension was adjusted to approxi-
mately 5 x 103 conidia/ml for punch inoculation. Six-week-
old rice plants were subjected to punch inoculation as previ-
ously described (27). At 14 days after inoculation, the inocu-
lated leaves were photographed, and relative fungal biomass
was determined by DNA-based quantitative PCR as pre-
viously reported (27). All inoculation experiments were re-
peated at least three times independently. The primers used
for PCR analysis are listed in Supplementary Table S1.

Nuclear and cytoplasmic protein extraction

Cell fractionation assays were performed as described pre-
viously (28). Briefly, 0.5 g samples of GFP-APIP5 and GFP-
APIP5nls plants were homogenized in liquid nitrogen and
mixed with Honda buffer (25 mM Tris-HCI, pH 7.4, 10
mM MgCl,, 0.4 M sucrose, 2.5% Ficoll 400, 5% dextran, 10
mM B-mercaptoethanol, | mM phenylmethylsulfonyl fluo-
ride [PMSF], 0.5% Triton X-100 with S mM DTT and 1 x
protease inhibitor cocktail [Roche, Cat. No. 04693132001]
added before use). Each mixture was vortexed, incubated
on ice for 30 min and filtered through Miracloth (Millipore,
475855). The flow-through was centrifuged at 1500 g for
5 min at 4°C, and the supernatants were collected as the
cytoplasmic fraction. The pellets were washed with Honda
buffer, centrifuged at 1000 g for S min at 4°C to pellet starch
and cellular debris, and re-centrifuged at 1800 g for 5 min at



5066 Nucleic Acids Research, 2022, Vol. 50, No. 9

4°C to pellet the nuclei. The pellets were washed eight times
with nuclear re-suspension buffer (20 mM Tris-HCI, pH 7.5,
2.5 mM MgCl,, 25% glycerol, 0.2% Triton X-100, S mM -
mercaptoethanol and 1 mM PMSEF, with 1 x protease in-
hibitor cocktail [Roche, Cat. No. 04693132001] added be-
fore use). The pellets were resuspended in denatured ex-
traction buffer (50 mM Tris-HCI, pH 7.5, 150 mM NacCl,
4 M urea and 1 mM PMSF), vortexed and centrifuged at
16 000 g at 4°C. The supernatants were collected as the nu-
clear fractions. Both the cytoplasmic and nuclear fractions
were mixed with 4 x SDS loading buffer and boiled for
the immunoblot assays. GFP-APIPS and GFP-APIP5nls
were detected using anti-GFP antibody (Roche, Cat. No.
11814460001). HSP82 proteins were detected using anti-
HSP antibody (Beijing Protein Innovation, AbM51099-31-
PU) as a cytoplasmic marker, and histone H3 proteins
were detected using anti-Histone H3 antibody (TransGen,
HL102) as a nuclear marker.

Electrophoretic mobility shift assay (EMSA)

EMSA was performed as described previously (29). The
recombinant proteins MBP, MBP-APIPS5, MBP-APIP5nls
and MBP-APIPSnes were expressed in Escherichia coli
Rosetta (DE3) and purified with amylose resin (NEB,
E8201) according to the manufacturer’s instructions. DNA
fragments were 5-end-labeled with 5-carboxyfluorescein
(FAM). The labeled DNA probes were incubated with
purified MBP, MBP-APIP5, MBP-APIP5nls and MBP-
APIP5nes in a 20 pl binding reaction system (50 mM Tris-
HCI, pH 7.5, 5 mM EDTA, 10 mM MgCl,, 0.5 M NacCl,
5 mM DTT, 0.05 mg/mL poly [dI-dC] and 40% glycerol)
at 25°C for 30 min. For the competition assays, non-labeled
competitor DNA probe was also added to the reaction. The
reaction mixtures were electrophoresed at 4°C on a 6% na-
tive polyacrylamide gel in 0.5 x Tris-borate-EDTA (TBE)
buffer for 60-90 min and imaged on a Typhoon 9400 imager
(GE Healthcare).

For RNA EMSA, synthesized RNA fragments were 5'-
end-labeled with FAM and incubated with MBP, MBP-
APIP5, MBP-APIP5nls and MBP-APIP5nes. For the com-
petition assay, unlabeled RNA fragments were added to the
reactions. The reaction mixtures were also electrophoresed
at 4°C on a 6% native polyacrylamide gel in 0.5 x TBE
buffer and imaged on a Typhoon 9400 imager (GE Health-
care). EMSA experiments were repeated three times.

Dual-luciferase reporter assay

The ~2000-bp OsWAKS5S and CYP72A1 promoter se-
quences were amplified from NPB genomic DNA
and inserted into pGreenll 0800-LUC vector through
Hindl11 + BamHI and Sall + Smal to generate the reporter
constructs, respectively. The Renilla luciferase (REN) gene
under the control of the 35S promoter in the pGreenll
0800-LUC vector was used as the internal control, and the
35SPro::GFP, 35SPro::GFP-APIP5nls and 35S Pro.: GFP-
APIP5nes constructs were used as effectors. The plasmids
were infiltrated into N. benthamiana leaves. At 48-70 h
after infiltration, leaf discs were collected and examined for
LUC activity using the Dual-Luciferase Reporter Assay

System (Promega, E2920) with a GLOMAX 96 microplate
luminometer (Promega).

Chromatin immunoprecipitation (ChIP) assay

The ChIP assay was performed as previously reported (30).
Briefly, the precipitated DNA fragments were recovered
with cetyltrimethyl ammonium bromide (CATB) and dis-
solved in sterile water for constructing the sequencing li-
brary. The libraries were constructed according to Illu-
mina’s instructions, and then sequenced on the Illumina
Hiseq X10. The high-quality reads were mapped to the
MSU Rice Genome Annotation Project database using
Bowtie2 (31,32). The enriched peaks were identified us-
ing MACS (version 2.0.0) software and annotated using
ChIPseeker (33,34), which was followed by MEME Suite
(MEME and DREME tools for motif discovery, and TOM-
TOM searches for similar motifs in databases of known
motifs) to generate the APIP5-binding motif (35). The raw
sequence data reported in this paper were deposited in
Gene Expression Omnibus (GEO), under accession num-
ber GSE198135.

For ChIP-qPCR assay, N. benthamiana leaves co-
infiltrated with GFP, GFP-APIP5nls or GFP-APIP5nes
and reporter plasmids (0800-OsWAK5Pro or 0800-
CYP72A1Pro) or the leaves of GFP-APIPS5, GFP-APIP5nls
and GFP-APIP5nes rice plants at the tillering stage were
ground into a power in liquid nitrogen, and the extracted
protein was cross-linked in cross-linking buffer with 1%
(v/v) formaldehyde via vacuum infiltration for 15 min.
Glycine (0.25 M) was added to quench the cross-linking
reaction. The chromatin complexes were isolated, sonicated
and immunoprecipitated with anti-GFP antibody (Roche,
Cat. No. 11814460001). Immunoprecipitated proteins
were captured by Protein G magnetic beads (Invitrogen,
88847) and thoroughly washed to remove non-specific
bound DNA fragments. The precipitated and input DNA
fragments were recovered with CTAB and dissolved in
sterile water. ChIP-qPCR results were calculated as the
percentage of input DNA. Independent ChIP-qPCR exper-
iments were performed three times with similar results. All
primers used for ChIP-qPCR are listed in Supplementary
Table S1.

In vitro and in vivo RNA-immunoprecipitation (RIP) assays

In vitro RIP assays were performed as previously described
(36). Briefly, total RNA was extracted from rice plants and
divided into two equal fractions for incubation with MBP-
APIP5 or MBP. MBP and MBP-APIP5 were purified with
amylose resins (NEB, E8201) and washed five times with
binding/washing buffer (150 mM NaCl, 20 mM Tris-HCI,
pH 8.0, 2 mM EDTA, 1% Triton X-100, 0.1% SDS and 20
units/ml RNase inhibitor [Invitrogen, N8080119]). Follow-
ing incubation with total RNA for 3 h at 49°C, RNA/MBP
and RNA/MBP-APIPS resin complexes were thoroughly
washed eight times with binding/washing buffer and com-
bined with TRIzol reagent (Invitrogen, 15596018) to extract
RNA. The cDNA synthesized from the eluted RNA was
used for qRT-PCR. Each RIP value was normalized to its
respective input RNA value.



For the in vivo RIP assay, 2-week-old GFP-APIPS5
seedlings were homogenized in liquid nitrogen, cross-linked
in cross-linking buffer with 1% (v/v) formaldehyde, and
suspended in extraction buffer (100 mM KCI, 2.5 mM
MgCl,, 10 mM HEPES pH 7.5, 10% glycerol, 0.5% NP40,
I mM DTT, 100 U/ml RNasin RNase inhibitor [Invitro-
gen, N8080119], 25 mM MGI132 and EDTA-free protease
inhibitor cocktail [Roche, Cat. No. 04693132001]). Follow-
ing two rounds of centrifugation at 16 000 g for 10 min at
4°C to remove the insoluble material, the supernatants were
divided into two fractions and incubated with or without
anti-GFP antibodies (Roche, Cat. No. 11814460001) for 2
h at 4°C before adding Protein G magnetic beads (Invit-
rogen, 88847). The bead mixtures were washed ten times
with washing buffer (100 mM KCI, 2.5 mM MgCl,, 10 mM
HEPES pH 7.5, 10% glycerol, 0.5% NP40, 40 U/ml RNasin
RNase inhibitor [Invitrogen, N8080119]) and eluted with
TRIzol reagent (Invitrogen, 15596018). The resulting RNA
was analyzed by qRT-PCR.

Analysis of cellulose and lignin content

To analyze cellulose and lignin contents, 6- to 8-week-old
OsWAKS5-overexpression and NPB plants were harvested
individually and dried thoroughly at 60°C. Dry leaf tissue
(0.3 g) was ground in liquid nitrogen. The cellulose con-
tent was measured according to the method described pre-
viously (37).

To analyze lignin content, after adding 7 ml of 50 mM
potassium phosphate buffer (pH 7.0), the mixtures were
incubated at 4°C overnight and centrifuged at 1400 g for
10 min. The pellets were extracted with the following sol-
vents: 7 ml PBS (pH 7.0; repeated twice), 7 ml PBS con-
taining 1% (v/v) Triton X-100 (repeated three times), 7
ml PBS containing 1 M NaCl (repeated twice), 7 ml dis-
tilled water (repeated twice) and 5 ml acetone (repeated
twice). The pellets were dried at 60°C for 24 h to obtain
protein-free cell wall samples. The acetyl bromide method
was used to quantify lignin content as described previously
(38).

Measuring Cytochrome ¢ Oxidase (COX) complex activity
and oxidative burst

COX 1V activity in CYP72Al-overexpression and NPB
plants was measured using a Mitochondrial Complex IV
Assay Kit (FHTD-2-Y, Suzhou Keming Biotechnology) ac-
cording to the manufacturer’s protocol.

Oxidative burst detection in CYP72A41-OFE, Cas9-
cyp72al and NPB plants was detected as described
previously (39).

Statistical analysis

All data for quantification analyses are presented as mean
=+ standard error (SE). Statistical analysis was performed by
two-tailed Student’s ¢-test (*P < 0.05, **P < 0.01).

Accession numbers

The accession numbers of major genes mentioned in this
study are as follows: APIP5 (LOC_0s06g50310), OsWAKS
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(LOC_0Os01g26174), CYP72A1  (LOC_0Os03g25500),
OsLSD1 (LOC_0s08g06280) and OsRacl
(LOC_0s01g12900).

RESULTS

APIPS regulation of age-dependent cell death and plant im-
munity requires its NLS

We previously demonstrated that APIP5 contains an NLS
in its DNA-binding domain and an NES in its C termi-
nus (26). To further explore the functions of these do-
mains in APIP5, we mutated the hydrophilic amino acids
in the NLS and NES to alanine (Ala), producing APIP5nls
and APIP5nes, respectively (Supplementary Figure S1A).
We then generated N-terminal green fluorescent protein
(GFP)-labeled fusion proteins with APIPS5, APIP5nls and
APIP5nes. When the constructs encoding these proteins
were expressed in rice protoplasts, GFP-APIP5 and GFP-
APIP5nls primarily localized to the cytoplasm, whereas
GFP-APIP5nes mainly localized to the nucleus (Supple-
mentary Figure S1B). Meanwhile, APIP5nls and APIP5nes
had similar self-transactivation activities in yeast and
formed homodimers in N. benthamiana and rice protoplasts,
like APIP5 (Supplementary Figure SIC-G). These results
suggest that the mutations in the NLS and NES do not af-
fect the self-transactivation activity or homodimerization of
APIP5. Furthermore, APIP5nls formed heterodimers with
APIPS in yeast-two hybrid (Y2H), luciferase complementa-
tion (LCI), and glutathione S-transferase (GST) pull-down
assays (Supplementary Figure STH-J).

To investigate the biological functions of the APIP5 NLS
and NES in APIP5-mediated cell death and blast resis-
tance, we cloned APIP5, APIP5nls and APIP5nes into the
transformation vector p RH VnGFP under the control of the
maize UBIQUITIN promoter. The resulting plasmids con-
taining GFP-APIP5, GFP-APIP5nls and GFP-APIP5nes
were transformed into the japonica rice cultivar Nipponbare
(NPB). Because the dimerization of GFP-APIP5, APIP5nls
and APIPSnes with the intrinsic APIPS may interfere with
the ectopic expression of the transgenes, we checked the
transcript and protein levels of GFP-APIPS5, APIP5nls and
APIP5nes in the transgenic plants by quantitative reverse-
transcription PCR (qQRT-PCR) and immunoblot analysis.
The results showed that the transcript and protein levels of
GFP-APIPS, APIPS5nls and APIP5nes were much higher
than the intrinsic APIPS (Supplementary Figure S2A-F).
We also used CRISPR/Cas9 to generate Cas9-apip5 mu-
tants, and APIP5 was significantly down-regulated in the
mutants than in NPB plants (Supplementary Figure S2G
and H).

At the seedling stage, GFP-APIP5, GFP-APIP5nls and
GFP-APIP5nes transgenic plants and Cas9-apip5 mutants
grew normally and accumulated similar levels of H,O,
compared to NPB, as detected by 3,3’-diaminobenzidine
(DAB) staining (Supplementary Figure S3). However, at the
tillering stage, both GFP-APIP5nls and Cas9-apip5 mutant
plants displayed cell death-like lesions and greater H,O,
accumulation on the older leaves (Figure 1A and B; Sup-
plementary Figure S4A). However, the growth of GFP-
APIP5 and GFP-APIP5nes transgenic plants was similar
to NPB at this stage (Supplementary Figure S4C, D, F
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Figure 1. The nuclear localization signal is required for avoiding 4 PIP5-mediated age-dependent cell death and resistance to M. oryzae. (A) Cell death
phenotypes of GFP-APIP5nls transgenic plants growing in a greenhouse. (B) Cell death phenotypes in the leaves of GFP-4PIP5nls transgenic plants (left
panel) and ROS levels detected by DAB staining (right panel). (C) Expression levels of cell death-related gene OsMT2b in GFP-APIP5nls transgenic plants
detected by qRT-PCR. UBIQUITIN (UBI) was used as an internal control. Values are means + SE (n = 3, technical repeats). The mean and SE values
were obtained from three biological samples (one leaf disc each). (D and E) Disease symptoms and relative fungal biomass of representative leaves of
GFP-APIP5nls and NPB plants after punch inoculation with M. oryzae isolate RO1-1. The images were taken at 14 d after inoculation. Similar results
were obtained from three independent experiments (biological replicates), and the representative data from one replicate are shown. Values are means & SE
(n = 3, technical repeats). The mean and SE values were obtained from five samples. (F) Expression levels of defense-related gene OsCHITINASES in GFP-
APIP5nls transgenic plants detected by qRT-PCR. UBI was used as an internal control. Values are means & SE (n = 3, technical repeats). The mean and SE
values were obtained from three biological samples (one leaf disc each). (G and H) Disease symptoms and relative fungal biomass of representative leaves
of GFP-APIP5 and NPB plants after punch inoculation with M. oryzae isolate RO1-1. The images were taken at 14 d after inoculation. Similar results
were obtained from three independent experiments (biological replicates), and the representative data from one replicate are shown. Values are means & SE
(n = 3, technical repeats). The mean and SE values were obtained from five samples. (I) Expression levels of defense-related gene OsCHITINASE3 in GFP-
APIPS transgenic plants detected by qRT-PCR. UBI was used as an internal control. Values are means & SE (n = 3, technical repeats). The mean and SE
values were obtained from three biological samples (one leaf disc each). (J and K) Disease symptoms and relative fungal biomass of representative leaves of
GFP-APIP5nes and NPB plants after punch inoculation with M. oryzae isolate RO1-1. The images were taken at 14 d after inoculation. Similar results were
obtained from three independent experiments (biological replicates), and the representative data from one replicate are shown. Values are means + SE
(n = 3, technical repeats). The mean and SE values were obtained from five samples. (L) Expression levels of defense-related gene OsCHITINASES in
GFP-APIP5nes transgenic plants detected by qRT-PCR. UBI was used as an internal control. Values are means + SE (n = 3, technical repeats). The mean
and SE values were obtained from three biological samples (one leaf disc each). Asterisks represent significant difference determined by Student’s z-test
(*P < 0.05, **P < 0.01) compared to NPB.



and G). Consistent with this phenotype, ORYZA SATIVA
METHALLOTHIONEIN2b (OsMT2b), encoding a neg-
ative regulator of cell death, was significantly downregu-
lated in both GFP-APIP5nls and Cas9-apip5 plants com-
pared with NPB (Figure 1C and Supplementary Figure
S4B). By contrast, the expression of OsMT2b was not dis-
cernibly affected in GFP-APIP5 or GFP-APIP5nes plants
(Supplementary Figure S4E and H). Additionally, to con-
firm GFP-APIPS is functional, we transformed the Cas9-
apip5 construct into the calli of GFP-APIP5 overexpres-
sion seeds and obtained transgenic plants with deletions
in the endogenous A PIP5 gene and the intact GFP-APIP5
transgene. The Cas9-apip5/GFP-APIP5 transgenic plants
did not show any cell death and excessive accumulation of
H,0O,, which was similar with that of NPB and GFP-APIP5
plants (Supplementary Figure S41 and J). These results in-
dicate that GFP-APIPS can functionally complement Cas9-
apip5 and the NLS in APIPS is essential for the negative
regulation of age-dependent cell death in rice.

Next, we punch-inoculated GFP-APIPS5, GFP-APIP5nls
and GFP-APIP5nes plants with the compatible M. oryzae
isolate RO1-1 before visible cell death lesions appeared on
GFP-APIP5nls plants. Compared to NPB plants, GFP-
APIP5nls plants exhibited elevated resistance level to
ROI1-1 with reduced fungal biomass (Figure 1D and E),
while GFP-APIP5 and GFP-APIP5nes plants displayed de-
creased resistance, with elevated fungal biomass (Figure
1G, H, J and K). Additionally, GFP-APIP5 and GFP-
APIP5nes transgenic plants were also more susceptible to
both RB22 (without AvrPiz-t) and RB22-AvrPiz-t isolates
than NPB plants (Supplementary Figure S4K, L, O and
P). In contrary, GFP-APIP5nls transgenic plants exhib-
ited more resistance to RB22 and RB22-AvrPiz-t (Supple-
mentary Figure S4M and N). As expected, the defense-
associated gene OsCHITINASES3 was significantly upreg-
ulated in GFP-APIP5nls plants but downregulated in GFP-
APIPS5 and GFP-APIP5nes plants compared to NPB (Fig-
ure 1F, I and L). Taken together, these results indicate that
the NLS in APIPS5 also plays an important role in the de-
fense response to M. oryzae.

APIPS accumulation in the nucleus is associated with plant
development and blast infection

The importance of the NLS in APIPS suggested that APIPS
might undergo nucleocytoplasmic trafficking during plant
development. To examine this, we analyzed GFP-APIP5
protein abundance in the nucleus and cytoplasm in GFP-
APIPS5 plants at the seedling and tillering stages. Im-
munoblot of the nuclei-enriched fraction and confocal im-
age analyses revealed that GFP-APIPS mainly accumulated
in the nucleus at the tillering stage but not the seedling
stage (Figure 2A and Supplementary Figure S5A). By con-
trast, GFP-APIP5nls mainly localized to the cytoplasm at
both the seedling and tillering stages (Figure 2B and Sup-
plementary Figure S5B). We transiently expressed A4 PIP5
fused with an N-terminal GFP tag under the control of the
35S promoter in 1- and 2-month-old N. benthamiana. Both
confocal image analysis and western blotting consistently
showed that GFP-APIPS5 was predominantly expressed in
the cytoplasm in 1-month-old leaves, whereas a portion of
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GFP-APIPS translocated into the nucleus in 2-month-old
leaves (Figure 2C and D).

Given that AvrPiz-t targets APIP5 during blast infection
(26), we reasoned that activated APIP5 might translocate
into the nucleus to act on defense activation. To examine
this possibility, we inoculated GFP-APIP5 plants with M.
oryzae strain RO1-1 and investigated the nucleocytoplasmic
distribution of APIPS during blast infection. More GFP-
APIPS accumulated in the nuclear pools at 1, 2, and 3 day
after inoculation (DAI) compared to the control, but GFP-
APIPS5 decreased to basal levels at 4 DAI (Figure 2E). In-
terestingly, APIPS accumulated rapidly in the cytoplasm at
1 DAI but reduced at 5 DAI (Figure 2E). These results sug-
gest that plant development and blast infection induce the
trafficking of APIP5 from the cytoplasm into the nucleus
during the early stage of infection.

APIPS directly targets the cell wall-associated defense gene
OsWAKS

To identify the target genes regulated by APIPS, we
performed an in vitro chromatin immunoprecipitation-
sequencing (ChIP-seq) experiment using anti-GST anti-
body against GST-APIPS (30). In total, we identified 4810
GST-APIPS binding peaks (corresponding to 880 genes)
and 84 GST binding peaks (corresponding to 4 genes), re-
spectively (Supplementary Figure S6A). Genome-wide dis-
tribution analysis revealed that the APIP5 binding sites
were highly enriched in the promoter region (3 kb upstream
of the transcription start site), which accounted for about
64% of all peaks (Supplementary Figure S6B). Gene Ontol-
ogy analysis further revealed that the specific APIPS5 target-
ing genes were enriched in several biological pathways such
Catabolic process, DNA metabolic process and RNA bind-
ing (Supplementary Figure S6C). KEGG pathway enrich-
ment showed that APIPS5 specific targeted genes were asso-
ciated with 2-oxocarboxylic acid metabolism, RNA degra-
dation and biosynthesis of amino acids (Supplementary
Figure S6D). De novo motif analyses revealed that YT-
TYYTT is the best enriched putative transcription factor
binding elements under APIP5 binding peaks (Supplemen-
tary Figure S6E). Then we used electrophoretic mobility
shift assay (EMSA) to confirm the binding by APIP5 (Sup-
plementary Figure S6E). Among the identified candidate
genes, we selected OsWAKS for further analysis because
the YTTYYTT motif was identified in the promoter of Os-
WAKS, and WAK proteins play critical roles in rice immu-
nity (40,41).

To confirm that APIPS targets the OsWAKS5 promoter
(OsWAKS5 Pro), we designed P1 and P2 probes based on the
predicted promoter sequence of OsWAKS for an EMSA.
MBP-APIPS specifically bound to P1 and P2, but not MBP
(Figure 3A and Supplementary Figure S7A). Interestingly,
MBP-APIP5nls showed very little binding to P1 and P2,
and the binding activities of MBP-APIP5nes to P1 and P2
were comparable to that of MBP-APIPS (Supplementary
Figure S7B and C). To confirm the in vitro data, we per-
formed ChIP-qPCR assays using APIP5 transgenic plants.
The OsWAKSPro region was markedly enriched in GFP-
APIP5nes and slightly in GFP-APIPS5 plants at the tillering
stage but not in GFP-APIP5nls plants (Figure 3B). These
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Figure 2. Developmental- and pathogen-dependent nuclear accumulation of GFP-APIPS. (A) GFP-APIP5 abundance in cytosolic- and nuclei-enriched
fractions from GFP-APIPS5 transgenic plants at the seedling and tillering stages. S represents the seedling stage; T represents the tillering stage. Histone
H3 served as a nuclear marker and HSP as a cytosolic marker. The experiment was repeated twice (biological replicates) with similar results, and the
representative data from one replicate are shown. (B) GFP-APIP5nls abundance in cytosolic- and nuclei-enriched fractions from GFP-APIP5nls transgenic
plants at the seedling and tillering stages. S represents the seedling stage; T represents the tillering stage. Histone H3 served as a nuclear marker and HSP as
a cytosolic marker. The experiment was repeated twice (biological replicates) with similar results, and the representative data from one replicate are shown.
(C) Confocal images showing the subcellular localization of GFP-APIPS5 transiently expressed in the leaves of 1- and 2-month-old N. benthamiana plants.
mCherry was used a whole-cell localization marker. Scale bars represent 20 wm. (D) GFP-APIPS abundance in cytosolic- and nuclei-enriched fractions
from 1- to 2-month-old N. benthamiana plants. Histone H3 served as a nuclear marker and Actin as a cytosolic marker. The experiment was repeated twice
(biological replicates) with similar results, and the representative data from one replicate are shown. (E) GFP-APIPS abundance in cytosolic- and nuclei-
enriched fractions from 3-week-old GFP-APIP5 transgenic plants after inoculation with RO1-1. DAI represents day after inoculation. The experiment
was repeated twice (biological replicates) with similar results, and the representative data from one replicate are shown.
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Figure 3. Targeting and suppression of OsWAKS by APIPS and the disease phenotypes of OsWAKS5 overexpression and knock out plants. (A) Binding of
MBP-APIPS to the P1 and P2 probes in the OsWAKS promoter in an EMSA. MBP alone served as a control. The experiment was repeated three times
(biological replicates) with similar results, and the representative data from one replicate are shown. (B) ChIP-qPCR of the binding of GFP-APIPS and
GFP-APIPSnes to the OsWAKS promoter in transgenic plants at the tillering stage. Similar results were obtained from three independent experiments
(biological replicates), and the representative data from one replicate are shown. Values are means + SE (n = 3, technical repeats). (C) Luciferase reporter
assays of APIP5nes-induced suppression of Os WA K5 Pro expression in N. benthamiana. LUC activity was measured by normalizing to REN signal. Similar
results were obtained from three independent experiments (biological replicates) with similar results, and the representative data from one replicate are
shown. Values are means + SE (n = 3, technical repeats). (D) qRT-PCR analysis of Os WAKS expression in GFP-APIP5nls and GFP-APIP5nes and plants.
UBIQUITIN (UBI) was used as an internal control. Values are means + SE (n = 3, technical repeats). The mean and SE values were obtained from
three biological samples (one leaf disc each). (E and F) Disease symptoms and relative fungal biomass of representative leaves of Os WA KS5-overexpression
and NPB plants after punch inoculation with M. oryzae isolate RO1-1. The images were taken at 14 d after inoculation. Similar results were obtained
from three independent experiments (biological replicates), and the representative data from one replicate are shown. Values are means + SE (n = 3,
technical repeats). The mean and SE values were obtained from five samples. Os WAKS5-OE plants represent OsWAKS5-overexpression plants. (G and H)
Disease symptoms and relative fungal biomass of representative leaves of Cas9-oswak5 and NPB plants after punch inoculation with M. oryzae isolate
ROI-1. The images were taken at 14 d after inoculation. Similar results were obtained from three independent experiments (biological replicates), and
the representative data from one replicate are shown. Values are means + SE (n = 3, technical repeats). The mean and SE values were obtained from
five samples. (I) Lignin contents of OsWAKS5-overexpression and NPB plants. Values are means + SE (n = 3, technical repeats). The mean and SE values
were obtained from more than five biological samples. (J and K) Disease symptoms and relative fungal biomass of representative leaves of GFP-APIP5,
OsWAKS-OE, GFP-APIP5/OsWAKS-OFE and NPB plants after punch inoculation with M. oryzae isolate RO1-1. Asterisks represent significance levels
determined by Student’s z-test (**P < 0.01) compared to the negative controls.
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results indicate that the nls mutation in APIPS may affect
its nuclear localization and DNA binding activity to the Os-
WAKS promoter.

Next, we performed a dual-luciferase reporter assay to
dissect the role of APIPS in regulating OsWAKS expres-
sion. Because of the localization of GFP-APIPS mainly
in cytoplasm and slightly enrichment in OsWAKS5 Pro, we
co-expressed the OsWAKS5Pro::LUC reporter with GFP,
GFP-APIP5nls or GFP-APIP5nes in N. benthamiana plants
(Figure 3C). Compared to GFP, the luciferase-to-Renilla
(LUC/REN) ratio decreased in the presence of GFP-
APIP5nes, whereas there were no significant differences
in the presence of GFP and GFP-APIP5nls (Figure 3C).
Consistent with the LUC/REN data, ChIP-qPCR as-
says showed that GFP-APIP5nes was enriched in the Os-
WAKS5 Pro region in N. benthamiana plants, whereas GFP-
APIP5nls were not (Supplementary Figure S7D). We then
evaluated the expression of OsWAKS5 in GFP-APIP5nls and
GFP-APIP5nes plants at the tillering stage. OsWAKS5 was
significantly downregulated in GFP-APIP5nes plants but
not in GFP-APIP5nls plants compared to NPB (Figure
3D). Collectively, these data suggest that APIPS targets Os-
WAKS to negatively regulate its expression in the nucleus.

To validate the role of OsWAKS5 in blast resistance, we
generated Os WAKS5-overexpression lines (Os WAKS5-OE, in-
dependent lines #38 and #42) and CRISPR/Cas9 mu-
tants (Cas9-oswak5, independent lines #1 and #5) (Sup-
plementary Figure S7E and F) and evaluated their resis-
tance to M. oryzae. Compared with NPB, OsWAKS5-OE
plants showed elevated resistance to M. oryzae isolate RO1-
1, with smaller lesions and reduced fungal biomass (Fig-
ure 3E and F), whereas Cas9-oswak5 mutants displayed re-
duced resistance to RO1-1, with larger lesions and greater
fungal biomass (Figure 3G and H). Moreover, the defense-
associated gene OsCHITINASE3 was significantly upreg-
ulated in Os WAK5-OE plants but downregulated in Cas9-
oswak5 plants compared to NPB (Supplementary Figure
S7G and H).

Cellulose and lignin are the main components of cell
walls and involved in the resistance to rice pathogens. For
example, the resistance gene Xa4 encodes a WAK pro-
tein that promotes cellulose synthesis to enhance resistance
against Xoo (40) and OsMYB30 positively regulates the re-
sistance to M. oryzae by enhancing the accumulations of
lignin (42). These findings prompted us to analyze the cel-
lulose and lignin contents in the OsWAK5-OF plants. The
cellulose contents were comparable in OsWAKS5-OF and
NPB plants (Supplementary Figure S7I), while the lignin
contents were much higher in the OsWAKS5-OE plants than
in NPB (Figure 3I). To further confirm the genetic rela-
tionship between OsWAKS5 and APIP5, we generated the
GFP-APIP5/0OsWAKS5-OE hybrid plants by genetic cross-
ing of the GFP-APIPS5 plants with OsWAKS5-OE plants
(Supplementary Figure S7J). Similar with the Os WAK5-OFE
plants, GFP-APIP5/OsWAKS5-OE plants displayed more
resistance to isolate RO1-1, with smaller lesions and re-
duced fungal biomass (Figure 3J and K). Together, these re-
sults demonstrate that APIPS suppresses the expression of
OsWAKS, which positively regulates resistance to M. oryzae
by inducing defense gene expression and promoting lignin
biosynthesis.

APIPS directly targets the cytochrome P450 defense gene
CYP7241

Cytochrome P450 enzymes (CYPs) participate in the
biosynthesis and catabolism of phytohormones, antioxi-
dants and defense compounds (43,44). CYP72s comprise
one of the largest subgroups of CYPs (45). We identified
CYP72A1 in the in vitro ChIP-seq assay described above
and CYP72A1 contains a YTTYYTT motif in its pro-
moter. Therefore, in addition to OsWAKS5, we focused on
CYP72A1 as a potential target gene. To assess whether
APIP5 binds to the CYP72 A1 promoter (CYP72 Al Pro), we
performed EMSA. Both MBP-APIPS and MBP-APIP5nes
specifically bound to P1 and P2 in the CYP72 A1 promoter,
whereas MBP-APIP5nls showed little binding to P1 and
P2 (Figure 4A and Supplementary Figure SSA-C). ChIP-
gPCR assays indicated that the CYP72A1Pro region was
significantly enriched in GFP-APIP5nes plants and slightly
in GFP-APIP5 plants at the tillering stage but not in GFP-
APIP5nls plants (Figure 4B). These results indicate that the
nls mutation in APIP5 may affect its nuclear localization
and DNA binding activity to the CYP72A41 promoter.

Because of the localization of GFP-APIP5 mainly
in cytoplasm and slightly enrichment in CYP72AIPro,
we co-expressed the CYP72A1Pro::LUC reporter with
GFP, GFP-APIP5nls or GFP-APIP5nes in N. benthamiana
plants, the results showed that GFP-APIPS5nes repressed
the LUC activity of CYP72A41Pro, whereas GFP and GFP-
APIP5nls did not (Figure 4C). Indeed, ChIP-qPCR re-
vealed that GFP-APIPS5nes was enriched at CYP72A1Pro
in N. benthamiana plants (Supplementary Figure S8D).
We analyzed the expression levels of CYP72A41 in GFP-
APIP5nls and GFP-APIPSnes plants at the tillering
stage. CYP72A1 was significantly downregulated in GFP-
APIP5nes plants, but there were no significant differences
in CYP72A1 expression between GFP-APIP5nls and NPB
plants (Figure 4D). These results indicate that APIPS binds
to the CYP72A1 promoter to negatively regulate its expres-
sion following M. oryzae infection.

To determine the role of CYP72 A1 in blast resistance, we
generated CYP72A1-overexpression lines (CYP72A1-OFE,
independent lines #8 and #9) and CRISPR /Cas9 mutants
(Cas9-cyp72al, independent lines #1 and #2) (Supplemen-
tary Figure S8E and F) and evaluated their resistance to M.
oryzae. Compared to NPB, CYP72A1-OE plants were more
resistant to RO1-1, with smaller disease lesions and less
fungal biomass (Figure 4E and F), whereas Cas9-cyp72al
plants were more susceptible to this pathogen, with larger
disease lesions and greater fungal biomass (Figure 4G and
H). The defense-associated gene OsCHITINASES3 was sig-
nificantly upregulated in CYP72A41-OF plants but down-
regulated in Cas9-cyp72al plants compared to NPB (Sup-
plementary Figure S8G and H).

CYPs are heme-containing enzymes involved in various
oxidation-reduction reactions (46); therefore, we analyzed
whether CYP72A1 affects cytochrome ¢ metabolism in rice.
COX is the last electron acceptor of the mitochondrial res-
piratory chain, which is associated with ROS generation
(47,48). We found that COX IV activity was much lower
in CYP72A1-OF plants than in NPB (Figure 4I). More-
over, the ROS burst in CYP72A41-OFE plants were more ro-
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Figure 4. Targeting and suppression of CYP72A1 by APIP5 and the disease phenotypes of CYP72A1 overexpression and knockout plants. (A) MBP-APIPS
binding to P1 and P2 probes of the CYP72 A1 promoter in an EMSA. MBP alone served as a control. The experiment was repeated three times (biological
replicates) with similar results, and the representative data from one replicate are shown. (B) ChIP-qPCR analysis of GFP-APIPS and GFP-APIP5nes
binding to the CYP72 A1 promoter in transgenic plants at the tillering stage. Similar results were obtained from three independent experiments (biological
replicates), and the representative data from one replicate are shown. Values are means + SE (n = 3, technical repeats). (C) Luciferase reporter assays
of APIPSnes-induced suppression of CYP72A41 expression in N. benthamiana. LUC activity was measured by normalizing to the REN signal. Similar
results were obtained from three independent experiments (biological replicates) with similar results, and the representative data from one replicate are
shown. Values are means & SE (n = 3, technical repeats). (D) qRT-PCR analysis of CYP72A41 expression in GFP-APIP5nls and GFP-APIP5nes plants.
UBIQUITIN (UBI) was used as an internal control. Values are means + SE (n = 3, technical repeats). The mean and SE values were obtained from three
biological samples (one leaf disc each). (E and F) Disease symptoms and relative fungal biomass of representative leaves of CYP72A41-overexpression and
NPB plants after punch inoculation with M. oryzae isolate RO1-1. The images were taken at 14 d after inoculation. Similar results were obtained from three
independent experiments (biological replicates), and the representative data from one replicate are shown. Values are means + SE (n = 3, technical repeats).
The mean and SE values were obtained from five samples. CYP72A1-OFE represents CYP72Al-overexpression plants. (G and H) Disease symptoms and
relative fungal biomass of representative leaves of Cas9-cyp72al and NPB plants after punch inoculation with M. oryzae isolate RO1-1. The images were
taken at 14 d after inoculation. Similar results were obtained from three independent experiments (biological replicates), and the representative data from
one replicate are shown. Values are means + SE (n = 3, technical repeats). The mean and SE values were obtained from five samples. (I) Cytochrome ¢
oxidase activity in CYP72Al-overexpression and NPB plants. Values are means &+ SE (n = 3, technical repeats). The mean and SE values were obtained
from more than three biological samples (one leaf each). ROS burst induced by chitin in CYP7241-OE (J) and Cas9-cyp72al (K) leaves. The leaf discs
of CYP72A1-OE, Cas9-cyp72al and NPB plants were treated with 8 nM chitin. Values are means + SE (n = 3, biological repeats). (L and M) Disease
symptoms and relative fungal biomass of representative leaves of GFP-APIP5, CYP72A1-OE, GFP-APIP5/CYP72A1-OFE and NPB plants after punch
inoculation with M. oryzae isolate RO1-1. Asterisks represent significance levels determined by Student’s z-test (*P < 0.05, **P < 0.01) compared to the
negative controls.



5074 Nucleic Acids Research, 2022, Vol. 50, No. 9

bust than that in NPB after treatment with chitin, while
ROS burst in Cas9-cyp72al mutants were much weaker
than that in NPB (Figure 4] and K). CYPs were reported in
the biosynthesis and catabolism of antioxidants and defense
compounds (43,49). We therefore analyzed the non-targeted
metabolite profiling in CYP72A41-OF plants. The result
showed that some defense compounds were significantly in-
creased in CYP72AI1-OE plants than in NPB plants, such
as Oryzalexin S, Momilactone B, Oryzalexin C and so
on (Supplementary Figure S8I). Meanwhile, other com-
pounds, like Oryzalexin F(17)-H,O, Diosgenin and Man-
glieside E, were significantly decreased in CYP72A41-OF
plants than in NPB plants (Supplementary Figure S&I).

To confirm the genetic relationship between CYP72A1
and APIPS, we crossed GFP-APIPS5 plants with CYP72A1-
OE plants to generate GFP-APIP5/CYP72A41-OF plants
(Supplementary Figure S8J). Similar with CYP72A41-OFE
plants, GFP-APIP5/CYP72A1-OE plants displayed more
resistance to isolate ROI1-1, with smaller lesions and re-
duced fungal biomass (Figure 4L and M). Collectively,
these results suggest that APIPS directly suppresses the ex-
pression of CYP72A1 and thus regulates ROS and defense
compounds accumulations in rice during M. oryzae infec-
tion.

APIPS functions as an RNA-binding protein to regulate the
cell death and defense response genes OsLSDI and OsRacl

When the GFP-APIP5 plasmids were transiently expressed
in rice protoplasts, we observed a few bright spots in the
cytoplasm (Figure 5A). These bright spots co-localized
with the processing body (P-body) markers NbDCP1 and
NbDCP2, which recognize some RNAs and target them for
turnover (50,51) (Figure SA). Strikingly, the P-body local-
ization in GFP-APIPS was significantly increased in GFP-
APIP5 sheath epidermal cells at 48 h after infection with
RO1-1 (Supplementary Figure S9A). These findings suggest
that APIP5 may selectively associate with some RNA tran-
scripts in the cytoplasm.

To assess whether APIPS binds to RNA, we performed in
vitro RNA binding assays using recombinant MBP-APIPS
fusion proteins and homopolymers of A, U and C. As a
control, we used OsTZF1, a CCCH-type zinc finger protein
that directly binds to U-rich regions in the 3'untranslated re-
gions (UTRs) of mRNAs (52). An RNA EMSA (REMSA)
showed that APIPS strongly bound to poly(U) and weakly
bound to poly(C) (Figure 5B; Supplementary Figure S9B
and C), like the control OsTZF1. The binding activity of
MBP-APIPS5 to poly(U) probe was out-competed by unla-
beled poly(U) probe (Figure 5C and Supplementary Fig-
ure S9D), and this activity was partially competed by unla-
beled DNA motif (YTTYYTT) probe (Supplementary Fig-
ure S9E), indicating that there may be some cross-talk be-
tween RNA binding and DNA binding of APIPS. Interest-
ingly, MBP-APIP5nls and MBP-APIP5nes showed almost
no binding activity with poly(U) (Figure 5D and E, Sup-
plementary Figure SOF and G). These results suggest that
APIP5 functions as an unconventional RNA-binding pro-
tein selectively with some RNA transcripts in cytoplasmic
foci, which may be influenced by some amino acids in the
NLS and NES motifs.

To identify mRNAs that are regulated by APIPS, we
searched for poly(U)-enriched mRNA transcripts of genes
known to be involved in defense responses. The 3'UTRs
of OsLSDI and OsRacl were enriched with poly(U) (Sup-
plementary Figure S10). OsLSD1 negatively regulates PCD
and is involved in the defense response to M. oryzae (53).
OsRacl, a small GTPase, is associated with ROS pro-
duction, PCD and plant immunity (54,55). To determine
whether APIPS binds to the 3'UTRs of OsLSDI and Os-
Racl, we performed REMSAs and confirmed that biotiny-
lated OsLSD1 and OsRacl 3'UTRs were able to pull down
MBP-APIP5 but not MBP (Figure 6A and B). In in vitro
RIP assays, MBP-APIP5 was substantially enriched in
OsLSDI and OsRacl mRNA, whereas MBP was not (Fig-
ure 6C). We then performed an in vivo RIP assay using GFP-
APIP5 transgenic plants. We designed primers for gPCR in
the A and C regions of OsLSDI and OsRacl, which are
poor in poly(U), as negative controls (Figure 6D). GFP-
APIP5 was specifically enriched with OsLSD1 and OsRacl
mRNA, especially in the 3’UTRs (Figure 6D). These results
demonstrate that APIPS directly binds to OsLSDI and Os-
Racl mRNA in vitro and in vivo.

Finally, we analyzed the mRNA turnover rates of
OsLSDI] and OsRacl in Cas9-apip5 and GFP-APIP5
plants. We designed primers for qPCR to detect the 5'- and
3’-ends of OsLSDI and OsRacl mRNA, respectively. The
ratio of 5- to 3’-ends of OsLSDI was significantly lower
in Cas9-apip5 and much higher in GFP-APIP5 plants com-
pared to NPB, as determined by qPCR (Figure 6E). Sim-
ilarly, the ratio of 5'- to 3’-ends of OsRacl was lower in
Cas9-apip5 and slightly higher in GFP-APIP5 plants than
in NPB (Figure 6F). In addition, the ratio of 5'- to 3’-ends
of OsLSDI rapidly increased in NPB after inoculation by
M. oryzae at 1 d, but not in the Cas9-apip5 mutant (Supple-
mentary Figure S11A), and the ratio of 5'- to 3’-ends of Os-
Racl reached its highest level at 5 d after M. oryzae inocula-
tion in NPB plants, while no changes in the Cas9-apip5 mu-
tant (Supplementary Figure S11B). Together, these results
demonstrate that APIPS functions as an RNA-binding pro-
tein to regulate the expression of the defense-related genes
OsLSDI and OsRacl at the post-transcriptional level.

DISCUSSION

Emerging evidence in animal systems shows that, in addi-
tion to their roles in regulating gene expression, TFs bind to
different types of RNA and regulate RNA turnover (19,20).
However, whether plant TFs have similar functions is still
unknown. In the current study, we discovered that APIPS5,
a negative regulator of plant defense responses, translo-
cates from the cytoplasm to the nucleus to directly tar-
get OsWAKS and CYP72A1 and suppress their expression,
thereby reducing lignin contents and ROS accumulation
during M. oryzae infection. Strikingly, in the cytoplasm,
APIP5 functions as an unconventional RNA-binding pro-
tein that directly binds to OsLSDI and OsRacl mRNAs
and regulates their turnover in response to M. oryzae. Our
study thus uncovered the first plant bZIP type TF with dual
functions in transcriptional regulation and RNA turnover
during plant PCD and immunity responses. These findings
open an avenue to exploring the molecular mechanisms un-
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derlying how plant TFs partition between the nucleus and
cytoplasm and how the plant cell coordinates these two ac-
tivities during defense activation.

WAKSs comprise a unique group of receptor like kinases
(RLKSs) that likely associate with pectin in the cell wall,
transduce signals from the cell wall and apoplast to the cy-
toplasm, and contribute to cell expansion during develop-
ment and plant responses to pathogens (56,57). The rice
genome contains 125 genes encoding WAK-like proteins,
including 67 encoding WAK-RLKs. The disease resistance
gene Xa4 encodes a WAK that promotes cellulose synthe-
sis and strengthens the plant cell wall, thus enhancing plant
resistance against Xoo infection and lodging (40). In the

current study, we demonstrated that OsWAKS is a target of
APIPS5 and that overexpressing Os WAKS5 enhances blast re-
sistance and promotes lignin synthesis. Upon pathogen in-
fection, some cytoplasmic APIPS5 protein translocates into
the nucleus where it might bind to the promoter of Os WAKS
to suppress its expression. GhWAK7A functions in the re-
sistance of cotton (Gossypium hirsutum) to Fusarium oxys-
porum f. sp. vasinfectum and Verticillium dahliae by inter-
acting with both GhCERK 1 and GhLYKS5 and phospho-
rylating GhLYKS to induce chitin-induced responses (58).
In tomato (Solanum lycopersicum), SIWak1 acts as an im-
portant positive regulator during the late stages of flagellin-
mediated PTI responses in the apoplast and associates with
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FLAGELLIN SENSITIVE2 (FLS2) and FLS3 to trigger
immune signaling (59). Thus, OsWAKS may act as a co-
receptor with OsCERK 1 and OsLYP4/6 to perceive chitin
(60,61), which leads to the delivery of signals to downstream
defense pathways and enhances lignin biosynthesis.

CYPs function in secondary metabolism, development
and plant responses to pathogens (45,49). The CYP72A
subgroup is one of the largest groups of P450s, which are
recruited for the biosynthesis of monoterpene indole alka-
loids and triterpenoids (46). Suppressing the expression of
TaCYP72 A in wheat (Triticum aestivum) via gene silencing
significantly reduced plant tolerance to mycotoxin deoxyni-
valenol (62). In barberry (Berberis vulgaris), BvCYP72A552
catalyzes the formation of hederagenin-based saponins to
mediate plant defense responses against herbivores (63).
In Catharanthus roseus, CYP72A1 catalyzes the early step
of the indole alkaloid biosynthesis pathway (64). In rice,
CYP72A418, CYP72A419, CYP72A422 and CYP72A23 are
differentially regulated during the incompatible and com-
patible interactions between rice and M. oryzae (65). How-
ever, the biological functions of CYP72As are poorly un-
derstood, especially their roles in coordination with sec-
ondary metabolism and plant immunity and their regula-
tory mechanisms. In the current study, we demonstrated
that CYP72A1 is a positive regulator of blast resistance
and that APIPS directly targets CYP72A1 to inhibit its
expression, thereby comprising plant defense. Intriguingly,
CYP72Al-overexpression plants had higher COX IV ac-
tivity, stronger ROS burst and accumulated more defense-
related secondary metabolism than NPB, suggesting that
CYP72A1 may promote ROS burst through defense com-
pound accumulation in rice immunity.

Proteins containing CCCH motif-, RRM- or TRP-
containing domains are associated with RNA processing
(66). The roles of a few such proteins in plant immunity
have been elucidated, such as AtTZF9, Bsr-k1, and PIBP1
(25,36,67). In the current study, we demonstrated that
APIPS co-localizes with NbDCP1 and NbDCP2 and has
RNA-binding activity, preferentially for poly(U). Notably,
OsLSDI and OsRacl mRNAs are enriched with poly(U)
sequences, especially in their 3’UTRs. In addition, APIPS
directly binds to OsLSDI and OsRacl mRNAs and regu-
lates their turnover rates during M. oryzae infection. In Ara-
bidopsis, LSD1 negatively regulates PCD and directly inter-
acts with catalases (CAT1, CAT2 and CAT?3) to regulate
light-dependent runaway cell death and pathogen-induced
cell death (68). OsLSD1 also plays a negative role in PCD
and regulates resistance to M. oryzae in rice, but the un-
derlying molecular mechanisms are still unknown (53). Os-
Racl is involved in PTT and Pit-mediated resistance against
M. oryzae (69,70). The constitutively active form of Os-
Racl increases ROS production and cell death (71) and di-
rectly interacts with the N-terminal region of the NADPH
oxidase Oryza sativa respiratory burst oxidase homolog B
(OsRbohB) (55). The mRNA turnover rates of OsLSDI
and OsRacl were much lower in Cas9-apip5 mutants and
significantly higher in GFP-APIP5 overexpression plants
compared to NPB. Therefore, it is likely that APIPS func-
tions in the cytoplasm to modulate the RNA processing of
OsLSDI and OsRacl, which is essential for the production
and metabolism of ROS. Further studies are needed to deci-
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pher how APIPS interacts with and regulates the mRNAs of
these two defense genes during immunity responses in rice.

In summary, we characterized the dual roles of APIPS
in regulating PCD and defense responses in rice by func-
tioning as a TF in the nucleus and as a novel RNA-
binding protein in the cytoplasm. We propose a work-
ing model for the dual roles of APIPS in PCD and plant
immunity (Figure 6G). APIPS displays development- and
pathogen-dependent nucleocytoplasmic shuttling, which
may be also regulated by other factors such as light, tem-
perature, humidity and phytohormone. Under normal con-
ditions, APIPS is predominantly localized to the cytoplasm
to control the turnover of OsLSD1 and OsRacl transcripts.
A small fraction of APIPS enters into the nucleus to bind
to the promoters of OsWAKS5 and CYP72A1 and suppress
their expression. These two functions are essential to avoid
auto-immunity and promote plant growth in the absence of
M. oryzae. Upon infection with M. oryzae, APIP5 is in-
duced and some of the APIPS protein in the cytoplasm is
translocated into the nucleus during the early stages of in-
fection (Figure 2E). The increased amount of APIP5 in both
subcellular compartments leads to the suppression of de-
fense gene transcription and the rapid turnover of defense-
related mRNAs, which is beneficial for biotrophic invasion
by M. oryzae at this stage. However, when the fungal hy-
phae grow rapidly inside the rice cells, AvrPiz-t and other
effectors are secreted into the cells to suppress the tran-
scriptional activity and accumulation of APIPS5 (26). Dur-
ing the late stage of infection (approximately 3 days after in-
oculation), APIPS levels gradually decrease in the nucleus,
and this protein may be also degraded in the cytoplasm
during the infection stage (Figure 2E), which leads to in-
creased gene activation, the accumulation of defense-related
transcripts and ultimately the inhibition of fungal infection.
Nevertheless, the intrinsic regulatory mechanisms underly-
ing the nucleocytoplasmic partitioning of APIPS and the
APIP5-mediated suppression of OsWAKS5 and CYP72A41
expression and OsLSDI and OsRacl mRNA turnover war-
rant further investigation.
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