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NPR1-mediated gene activation of plant immunity

a,b,c

Mingzhe Shen

, Chae Jin Lim“9, Junghoon Park“?®, Jeong Eun Kim¢, Dongwon Baek‘®, Jaesung Nam®®,

Sang Yeol Lee“®, Jose M. Pardo™9(, Woe-Yeon Kim®®, David Mackey®®'®, and Dae-Jin Yun?’

2Department of Horticulture and Crop Science, The Ohio State University, Columbus, OH 43210; PDepartment of Molecular Genetics, The Ohio State
University, Columbus, OH 43210; “Division of Applied Life Science (BK21 Plus Program), Plant Molecular Biology and Biotechnology Research Center,
Institute of Agriculture and Life Science, Gyeongsang National University, 52828 Jinju, Republic of Korea; “Department of Biomedical Science and
Engineering, Konkuk University, 05029 Seoul, South Korea; “Department of Molecular Biotechnology, Dong-A University, 604-714 Busan, South Korea;
finstitute of Plant Biochemistry and Photosynthesis, Consejo Superior de Investigaciones Cientificas, 41092 Seville, Spain; and Institute of Plant Biochemistry

and Photosynthesis, University of Seville, 41092 Seville, Spain

Edited by Pamela C. Ronald, University of California, Davis, CA, and approved October 15, 2020 (received for review August 12, 2020)

Transcriptional regulation is a complex and pivotal process in
living cells. HOS15 is a transcriptional corepressor. Although tran-
scriptional repressors generally have been associated with inactive
genes, increasing evidence indicates that, through poorly under-
stood mechanisms, transcriptional corepressors also associate with
actively transcribed genes. Here, we show that HOS15 is the
substrate receptor for an SCF/CUL1 E3 ubiquitin ligase complex
(SCFH95"5) that negatively regulates plant immunity by destabilizing
transcriptional activation complexes containing NPR1 and associ-
ated transcriptional activators. In unchallenged conditions, HOS15
continuously eliminates NPR1 to prevent inappropriate defense
gene expression. Upon defense activation, HOS15 preferentially as-
sociates with phosphorylated NPR1 to stimulate rapid degradation
of transcriptionally active NPR1 and thus limit the extent of defense
gene expression. Our findings indicate that HOS15-mediated ubiqg-
uitination and elimination of NPR1 produce effects contrary to
those of CUL3-containing ubiquitin ligase that coactivate defense
gene expression. Thus, HOS15 plays a key role in the dynamic reg-
ulation of pre- and postactivation host defense.
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ffective innate immune responses require that host cells

quickly sense and respond to pathogen attack (1). Cellular
immune responses are associated with rapid and intense induc-
tion of so-called defense genes (2, 3). However, inappropriate or
excessive defense gene expression has negative consequences on
plant growth and development (4). To balance these factors, host
cells use fundamental yet complex mechanisms to tightly regu-
late defense gene expression. Control of transcription is not only
dependent on transcription factors but also requires a coordi-
nated regulation of multiprotein coregulator complexes, includ-
ing coactivators and corepressors (2, 5, 6). Transcription factors
bind to specific DNA sequences in regulatory regions of their
target genes and participate in protein—protein interactions that
regulate promoter activity and/or local chromatin remodeling.
Collectively, these interactions control both the rate and timing
of transcription.

NPR1 is a key regulator of plant immune responses. In re-
sponse to redox changes mediated by the defense hormone sal-
icylic acid (SA), NPR1 deoligomerizes and moves to the nucleus
where it induces the expression of a suite of defense genes, in-
cluding transcription factors and pathogenesis-related (PR)
genes (7-11). NPR1, which functions as a transcriptional coac-
tivator, has an N-terminal BTB/POZ domain, a central ankyrin
repeat domain, and a C-terminal transactivation domain and
nuclear localization sequence (12, 13). The interaction of
nuclear-localized NPR1 with three functionally redundant basic
leucine zipper TGA transcription factors, TGA2, TGAS, and
TGAG, leads to SA-mediated PR gene activation in Arabidopsis
thaliana (9, 14). Intriguingly, proteasome-mediated degradation
of NPR1 both negatively and positively regulates its activity (15).

www.pnas.org/cgi/doi/10.1073/pnas.2016049117

In the cells of an uninduced leaf, basal levels of nuclear-localized
NPR1 are degraded by the proteasome to limit inappropriate
defense gene expression. Following defense induction, nuclear-
localized NPR1 is phosphorylated at Ser11 and Ser15 and then is
rapidly subjected to proteasome-mediated turnover in a CUL3-
dependent manner. The counterintuitive observation that CUL3-
mediated degradation of phosphorylated NPR1 is required for
maximal expression of NPR1-targeted defense genes supports a
model in which loading of “fresh” NPR1 at target promoters is
required for new cycles of transcription initiation (15).

We have previously reported that HIGH EXPRESSION OF
OSMOTICALLY RESPONSIVE GENES 15 (HOSI15) is a
transcriptional corepressor that regulates plant acclimation and
tolerance to cold stress through histone deacetylation at target
genes in Arabidopsis (16). HOS15, which encodes an N-terminal
LISH domain and C-terminal WD40 repeat protein, shares
high sequence similarity with human transducin beta-like 1
(TBL1) that is a core component of Nuclear receptor Co-
Repressor 1/Silencing Mediator of Retinoic acid and Thyroid
hormone receptor (NCoR1/SMRT)-histone deacetylases 3
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Immune responses protect organisms against biotic challenges
but can also produce deleterious effects, such as inflammation
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control of immune responses, including the activation of de-
fense gene expression. The transcriptional coactivator NPR1 is
a key regulatory hub of immune activation in plant cells. Sur-
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quires proteasome-mediated degradation of NPR1 induced by
a CUL3-based E3 ubiquitin ligase complex. Our work demon-
strates that HOS15 is the specificity determinant of a CUL1-
based E3 ubiquitin ligase complex that limits defense gene
expression by targeting NPR1 for proteasome-mediated deg-
radation. Thus, distinct ubiquitin-based degradation pathways
coordinately modulate the timing and amplitude of transcrip-
tional outputs during plant defense.
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(HDAC3)-TBL1 corepressor complex in human (17-19). Simi-
larly, HOS15 forms a core corepressor complex with histone
deacetylase 9 (HDA9) and POWERDRESS (PWR) to regulate
transcription and development in Arabidopsis (20, 21). A hosl5
mutant is dwarfed and displays histone hyperacetylation and
methylation, similar to hda9 and pwr mutants. The HOS15-
HDAO9-PWR corepressor complex controls gene expression via
transcriptional repression, including genes that are responsive
to biotic and abiotic stimuli (21). In addition, HOS15 also in-
teracts with HDAO to regulate photoperiodic flowering with the
evening complex via transcriptional repression of the floral
activator GIGANTEA (22). Taken together, these findings in-
dicate that HOS15, together with HDA9 and PWR, plays an
important role in transcriptional repression in Arabidopsis.
Moreover, HOS15 contains a conserved DWD motif and acts as
a substrate receptor of a CUL4-RING E3 ubiquitin ligase
(CRLA4) complex that targets HD2C and OST1 in responses to
cold stress and ABA-signaling, respectively (23-25).

In addition to associating with transcriptionally inactive genes,
accumulating evidence from studies in yeast and mammalian
models indicates that transcriptional corepressors, such as the
NCoR1/SMRT, Sin3-Rpd3, and NuRD corepressor complexes,
also associate with actively transcribed genes (26-29). For ex-
ample, NCoR1 and SMRT (NCoR2) were identified more than
20 y ago as interacting partners of the thyroid and retinoic acid
nuclear receptors that mediate ligand-independent transcrip-
tional repression (30, 31). NCoR1 and SMRT mediate transcrip-
tional repression by recruiting a multiprotein complex including
HDAC3, TBL1 and its homolog TBL-related 1 (TBLR1), and a
G-protein pathway suppressor (GPS2) (17, 19). NCoRl1 is re-
quired for cellular function in many biological processes, in-
cluding metabolism, development, and glucocorticoid receptor
signaling (32-35). Unexpectedly, NCoR1 is also a transcrip-
tional activator of certain retinoic acid response elements (26).
Similarly, SMRT was also observed to positively mediate
agonist-dependent ERa transcriptional activation (28). HDACs
associated with corepressor complexes have also been linked
with active genes in yeast and mammals (27, 36, 37). However,
most of these studies are based on genetic and genome-wide
analysis, such as chromatin immunoprecipitation followed by
high-throughput sequencing (ChIP-seq), but the molecular
mechanisms through which corepressor complexes function at
active genes remain poorly understood.

In this study, we show that HOS15 is part of a transcriptional
corepressor complex that limits NPR1-dependent defense gene
expression by controlling NPR1 stability through proteasome-
mediated degradation. Our findings revealed a mechanism by
which the coordinated activity of a transcriptional coactivator
and a transcriptional corepressor tunes the amplitude and du-
ration gene expression during plant immunity.

Results

HOS15 Is a Component of an SCF E3 Ubiquitin Ligase Complex.
HOSI15 is a homolog of human transducin beta-like 1 proteins
TBL1 and TBLR1 (16). In human, although the F-box motifs did
not reach the threshold expected of a presumptive F-box (38),
TBL1 and TBLR1 were reported to encode F-box-like motifs
that link them to SKP1 and Cullinl proteins to form SCF
(SKP1-Cullinl-F-box) complexes. As substrate receptors for
these SCF complexes, TBL1 or TBLR1 mediates ubiquitination
and degradation of CtBP1/2 and NCoR1/SMRT, respectively
(39). Similar to human TBL1/TBLR1, amino acid sequence
alignment showed that HOS15 also contains an F-box-like motif
at its N-terminal region (amino acids 42 to 88) (40). Therefore,
to determine whether HOS1S5 also functions in an SCF complex
through interaction with Arabidopsis SKP1-like proteins
(ASKs) and Cullinl proteins, we carried out luciferase com-
plementation imaging (LCI) assays. Agrobacterium-mediated
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transient coexpression of CLuc-HOS15 with ASKI1-NLuc or
ASK2-NLuc in Nicotiana benthamiana leaves resulted in strong
LUC activity compared to the negative controls of CLuc-HOS15
or ASK1/2-NLuc with empty NLuc or CLuc vectors, respectively
(8I Appendix, Fig. S14). To confirm the interactions between
HOS15 and ASK1 or ASK2, we conducted in vivo coimmuno-
precipitation (Co-IP) assays. For this assay, we coexpressed
HOS15-Flag with ASK1-3xHA (SI Appendix, Fig. S1B) or ASK2-
3xHA (SI Appendix, Fig. S1C) in N. benthamiana leaves. Total
protein extracts were immunoprecipitated with anti-HOS15 anti-
body, and coprecipitation of ASK1-3xHA or ASK2-3xHA pro-
teins was determined by anti-HA immunoblotting (S Appendix,
Fig. S1 B and C). In a bimolecular fluorescence complementation
(BiFC) assay, we observed that HOS15 interacts with ASK1 in
the nucleus of N. benthamiana leaf epidermal cells (SI Appendix,
Fig. S2). To further assess HOS15 interaction with ASKs, we
conducted a yeast two-hybrid assay. Five ASK proteins, ASK1,
-2, -4, -11, and -18, were tested, and all except ASK1 directly
interacted with HOS15 (SI Appendix, Fig. S1D). These results
indicate that HOS15 associates with ASK proteins both in yeast
and in planta.

Next, we used similar LCI and Co-IP assays to determine
whether HOS15 associates with CULL. Transient coexpression
of NLuc-HOS15 with CUL1-CLuc in N. benthamiana leaves
resulted in strong LUC activity compared to negative controls
(SI Appendix, Fig. S1E). This interaction was confirmed in planta
by a Co-IP assay following coexpression of HOS15-Flag with
CULI1-3xHA or the positive control, ASK1-3xHA (SI Appendix,
Fig. S1F). Taken together, these results indicate that HOS15
undergoes protein associations consistent with its function as an
F-box-like protein that acts as a substrate receptor for plant
SCFH9S15 similar to TBL1 and TBLR1 in humans.

HOS15 Negatively Regulates Plant Immunity against Bacterial
Pathogens. Emerging evidence indicates that the HOS15 play
important roles in plant development and abiotic stress re-
sponses (16, 20-22, 24). However, it remains unknown whether
HOSI15 is also involved in plant immunity. The hos15-1 plants
display reduced growth and spontaneous cell death (SI Appendix,
Fig. S3 A-C), similar to other lesion-mimic mutants that also
display enhanced disease resistance to bacterial pathogen in-
fection (41). In addition, previously reported microarray analysis
shows increased expression of a set of defense-response genes in
hos15-1 mutant plants compared with wild-type C24 in the ab-
sence of any pathogen (SI Appendix, Table S1) (16). Increased
expression of several defense-response genes from this set—
including WRKY family transcription factors WRKY46, WRKY54,
and WRKY70 (10, 42-44); ISOCHORISMATE SYNTHASEI (ICS1,
also known as SID2) (45, 46); PHYTOALEXIN DEFICIENT4
(PAD4) (47, 48); ENHANCED DISEASE SUSEPTIBILITY 5
(EDSS, also known as SIDI) (49, 50); WHITE RUST RESISTANCE4
(WRR4) (51); and PATHOGENESIS-RELATED genes (PRI, PR2
and PR5) (52)—were confirmed by RT-PCR analysis (SI Appendix,
Figs. S3D and S4). The expression of PR1 protein level was further
confirmed by immunoblot analysis using anti-PR1 antibody (SI Ap-
pendix, Fig. S3D). We also examined other defense-response genes
and found increased expression of NON-RACE SEPCIFIC DISEASE
RESISTANCEI (NDRI) (53, 54) and ENHANCED DISEASE
SUSCEPTILILITYI (EDSI) (55), decreased expression of PLANT
DEFENSINI.2 (PDFI1.2) (56), and no change in the expression of
NONEXPRESSOR OF PATHOGENESIS-RELATED GENESI
(NPRI) (7, 8) (SI Appendix, Fig. S4). This overall pattern of gene
expression is consistent with enhanced SA-mediated disease resis-
tance. Consistent with this prediction, increased resistance of hos15-1
plants to Pseudomonas syringae pv. tomato DC3000 (Pst DC3000),
compared to wild-type C24 (SI Appendix, Fig. S3E), indicates that
HOSIS5 is a negative regulator of plant immunity.
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To further support the conclusion that HOS15 acts as a neg-
ative regulator of plant immunity, a GABI-Kat transfer DNA
(T-DNA) insertion line in the Col-0 ecotype, hosl5-2, and two
native-promoter HOS15pro::HOS15-HA complementation lines
in the hosl5-2 mutant background were employed for further
tests. Similar to hosi5-1, reduced plant size and constitutive
expression of PRI was detected in hos15-2 plants compared with
wild-type Col-0 and the two complementation lines (Fig. 1 A-C).
To confirm elevated expression of the PRI gene, next we ana-
lyzed PR1 protein levels in wild-type Col-0 and hosi5-2 plants
inoculated with Pst DC3000 and found that PR1 protein was
more abundant in #os15-2 than in Col-0 at 2 d after infection
although expression was similar at 4 d after infection (Fig. 1D).
Moreover, chromatin immunoprecipitation (ChIP) showed that
HOS1S5 associates with the PRI-promoter region containing as-1
elements, which are binding sites of TGA transcription factors,
indicating that HOS15 directly regulates PRI gene expression
(Fig. 1E). In addition, consistent with these findings, hosl5-2
displays greater resistance against Pst DC3000 compared to
wild-type Col-0 or the two complementation lines (Fig. 1F).
Thus, we conclude that HOS15 negatively regulates plant im-
munity and that, consistent with previous reports that HOS15
functions as a transcriptional corepressor in Arabidopsis, the
enhanced disease resistance phenotype in 4os15 mutants appears
to be based on derepression of PRI and misregulation of other
defense genes (16, 22).

HOS15 Physically Interacts with NPR1. In order to identify the
interacting partner or target proteins through which HOS15 1)
acts as a transcriptional corepressor (16, 22), 2) functions as a
substrate receptor in an E3 ubiquitin ligase complex (SI Ap-
pendix, Fig. S1), and 3) negatively regulates plant immunity (S/
Appendix, Fig. S3 and Fig. 1), we selected a number of putative
interacting proteins that also function in transcriptional gene
regulation or posttranslational modifications during plant im-
munity. Eighteen candidate genes were tested by LCI for inter-
action with HOS15 (ST Appendix, Table S2 and Fig. S5). Among
them, four proteins (SGT1b, TGA2, NPR1, and HD2C) were
identified as the strongest interacting proteins according to LUC
activity (SI Appendix, Fig. S5 and Fig. 2 A and B). Notably, Park
et al. (24) previously used a yeast two-hybrid screen of an Ara-
bidopsis complementary DNA library to identify HD2C as an
interacting partner of HOS15. The interaction of HOS15 with
SGT1b is perhaps unsurprising because SGT1 also associates
with SKP1 and CULL1 (57-59). We were especially interested in
the NPR1 protein, which is a widely studied transcriptional
coactivator and positive regulator of plant immunity (7, 13,
60-62). Considering the biological functions of HOS15 in plants
and the effect of mutation HOS15 on PRI transcript abundance
(SI Appendix, Fig. Sland Fig. 1), we hypothesized that HOS15
negatively regulates NPR1 by regulating its protein stability.
Furthermore, the strong association of HOS15 with TGA2 (SI
Appendix, Fig. S5), which interacts with NPR1 to mediate SA-
induced PRI gene induction (9, 13, 61-64), led us to further
speculate that TGA2 may participate in the HOS15-NPR1
interaction.

We first focused on investigating the interaction between
HOS15 and NPR1. Co-IP following transient coexpression of
HOS15-3xHA with NPR1-Flag in N. benthamiana leaves, per-
formed using anti-Flag (Fig. 2C) or anti-HOS15 (Fig. 2D) anti-
bodies, indicated that the two proteins interact in planta. The
interaction of HOS15 with NPR1 and TGA2 was also confirmed
by a BiFC assay. HOS15 was fused with the N-terminal fragment
of eYFP (VYNE-HOSI15) and NPR1 or TGA2 was fused to the
C-terminal fragment of eYFP (NPR1-VYCE or TGA2-VYCE),
and, following transient expression of the two pairs in N. ben-
thamiana leaves, YFP fluorescent signals were detected in the
nucleus (SI Appendix, Fig. S2). These results indicate that
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HOS15 interacts with NPR1 and TGA?2 in the nucleus of plant
cells. F-box proteins are substrate receptors that specifically
recognize and recruit selected substrate proteins to be ubiquiti-
nated by the SCF E3 ubiquitin ligase complex and subsequently
degraded (65, 66). To determine if HOS15 directly interacts with
NPRI1, we conducted a yeast two-hybrid assay (Fig. 2E). The
detected interaction between HOS15 and NPR1 indicates that
HOS15 directly interacts with NPR1, possibly to recruit it to the
SCFH9S15 E3 ubiquitin ligase.

HOS15 Regulates NPR1 Stability in Arabidopsis. Proteasome-dependent
turnover regulates NPR1 protein levels during SA-mediated
defense responses (15). Thus, our identification of HOS15 as
an F-box-like protein capable of directly interacting with NPR1
led us to predict that HOS15 regulates NPR1 protein stability
at steady state and/or during SA signaling. To begin investi-
gating this hypothesis, NPR1 protein levels were measured by
anti-NPR1 immunoblotting in wild-type C24 and hos15-1 plants
with or without exposure to SA. The NPR1 protein level was
higher in hos15-1 than in the C24 in both conditions (SI Ap-
pendix, Fig. S6 A and B). Consistent with previous reports (15,
67), NPR1 protein levels increase after treatment with SA.
Even under these induced conditions, NPR1 protein still ac-
cumulated to higher levels in hosl5-1 compared to C24 (SI
Appendix, Fig. S6 A and B), indicating that HOS15 not only
continuously eliminates NPR1 protein in unchallenged cells but
also does so in challenged cells. In contrast, HOS15 protein
level is not affected by SA in the C24 (SI Appendix, Fig. S6C).
Thus, constant levels of HOS1S protein regulate NPR1 protein
levels during the SA-mediated cellular immune responses.
Next, to check whether the higher level of NPR1 protein is due
to increased NPRI gene transcription in hosl5-1 plants, we
monitored the level of NPRI transcripts in the wild-type C24
and hosl5-1 plants (SI Appendix, Fig. S6D). Although SA
treatment induced expression of NPRI, no significant differ-
ences in messenger RNA levels were found in the C24 and
hos15-1 plants either with or without SA treatments.

Additionally, NPR1 expression was analyzed in wild-type Col-
0 and hos15-2 plants before or after treatment with SA. Although
we could not detect the NPR1 protein in the Col-0 and hosI5-2
in the absence of exogenously applied SA, results were otherwise
similar to those in hosI5-1 and C24. NPR1 protein was more
abundant in hos15-2 plants compared with Col-0 following SA
treatment (SI Appendix, Fig. S6 E and F), and the HOS15 pro-
tein level was not affected by SA in Col-0 and nprl-1 plants (S
Appendix, Fig. S6G). Moreover, similar expression levels of
NPRI transcripts were also detected in the Col-0 and hosI5-2
with or without SA treatment (SI Appendix, Fig. SOH). These
results indicate that the hyperaccumulation of NPR1 in hosI5 is
due to posttranscriptional regulation.

To further investigate the role of HOS15 in the regulation of
NPR1 protein degradation, we employed a cell-free degradation
assay. During a 30-min incubation at room temperature, the
NPR1 protein degradation that was observed in C24 and in Col-
0 was delayed in hosI5-1 and hosl15-2 samples, respectively (SI
Appendix, Fig. S6 I-L). The Col-0/hos15-2 samples (SI Appendix,
Fig. S6 K and L) were from plants pretreated with SA, which is
required to detect the NPR1 protein. In C24 and hosI5-1, plants
with and without SA pretreatment were compared. NPR1 was
degraded more rapidly in samples from C24 plants that had been
pretreated with SA, and the delayed degradation of NPR1 in
hos15-1 was observed in both cases. Consistent with previous
reports of proteasome-mediated turnover of NPR1 and with the
hypothesis that the HOS15-dependent degradation of NPR1
results in its being targeted by the SCFH95!° E3 ubiquitin ligase,
we observed that degradation of NPR1 in the cell-free degra-
dation assay was delayed by the proteasome inhibitor MG132 (SI
Appendix, Fig. S6 I and K) (15).
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Fig. 1. The hos75-2 plants show increased resistance to the bacterial pathogen Pst DC3000. (A) Morphology of 5-wk-old Col-0, hos75-2, and two transgenic
lines (#1-3 and #3-4) containing HOS15 transgene driven by native promoter in hos15-2 (HOS15pro:HOS15-HA/hos15-2). (B) Fresh weight of the rosette leaves
of 5-wk-old Col-0, hos15-2, and HOS15pro:HOS15-HA/hos15-2 plants. Error bars represent means + SD. Different letters (a or b) indicate significant differences
tested by one-way ANOVA with Tukey’s honestly significant difference (HSD) (P < 0.01, n = 10). (C) Abundance of PR7 transcript in the 3-wk-old plants.
Ubiquitin 5 was used as an internal control. Error bars represent means + SD from four biological replicates. Asterisks indicate significant differences between
Col-0 and hos15-2 tested by Student’s t test (***P < 0.001; n = 12). (D) Abundance of PR1 protein in Col-0, hos15-2, and npr1-1. Four-week-old plants were
infiltrated with Pst DC3000 (optical density at 600 nm [ODggo] = 0.0001). Total protein was extracted from leaf tissues at the indicated times, and PR1 protein
was detected by anti-PR1 immunoblotting. Samples from col-0 and hos15 plants from 2 d after infection with Pst DC3000 were included as a positive control
for the right-side blot. Coomassie brilliant blue (CBB) staining of the membrane was used as a loading control. (E) Chromatin immunoprecipitation (ChIP)
assay showing HOS15 binding on the as-7 element of the PRT promoter. ChIP assays were performed using anti-HA antibody and 4-wk-old Col-0 and
HOS15pro:HOS15-HA/hos15-2 (#3-4) plants. An Actin2 DNA fragment was used for normalization. Error bars represent means + SEM from three biological
replicates. Different letters (a or b) indicate significant differences tested by one-way ANOVA with Tukey’s HSD (P < 0.001, n = 15). bp, base pairs. (F) Bacterial
growth on Col-0, hos715-2, two transgenic HOS15pro:HOS15-HA/hos15-2 lines (#1-3 and #3-4), and npr1-1. Rosette leaves of 4- to 5-wk-old plants were
infiltrated with Pst DC3000 (ODgoo = 0.0001), and colony-forming units (cfu) were quantified at 4 d after inoculation. Error bars represent means + SD from
five biological replicates, each with eight or nine technical replicates that consisted of three pooled tissue samples. Different letters (a or b) indicate significant
differences tested by one-way ANOVA with Tukey’s HSD (P < 0.01).

Because the differential protein stability of NPR1 could be
confounded by inducible NPR1 gene expression, the influence of
HOS15 in NPR1 degradation was also tested using constitutively
expressed NPR1-GFP protein. The 35S::NPRI-GFP/npri-1/
hos15-2 plants were generated by crossing 355::NPR1-GFP/nprI-
1 with hos15-2. As observed for native NPR1, 355::NPRI-GFP/
nprl-1/hos15-2 plants had elevated levels of NPR1-GFP com-
pared to 358::NPRI-GFP/nprl-1, both prior to and following
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treatment with SA (SI Appendix, Fig. S7A). Furthermore, to de-
termine if differences in NPR1-GFP accumulation were based on
protein stability, 35S::NPRI-GFP/npri-1 and 35S::NPRI-GFP/
nprl-1/hos15-2 plants were treated with cycloheximide (CHX). As
shown in SI Appendix, Fig. STB, levels of NPR1-GFP decreased
following CHX treatment, and the degradation was delayed in
358::NPRI-GFP/npri-1/hos15-2 relative to 358::NPRI-GFP/nprl-
1 plants. Since HOS15 is predominantly localized in the nucleus
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Fig. 2. HOS15 interacts with NPR1 in planta and in yeast. (A and B) CLuc-
HOS15 was coexpressed with NPR1-NLuc in N. benthamiana, and the biolu-
minescence signal after 3 d was visualized (A) and quantified (B) using a
charge-coupled device imaging system. Error bars represent means + SD
from four biological replicates. Different letters (a or b) indicate significant
differences tested by one-way ANOVA with Tukey’s HSD (P < 0.001, n = 17).
(C and D) HOS15-3xHA was coexpressed with NPR1-Flag in N. benthamiana,
and proteins immunoprecipitated with anti-Flag (C) or anti-HOS15 (D) an-
tibodies were immunoblotted with anti-Flag or anti-HA antibodies. (E)
HOS15 and NPR1 interaction was examined in a yeast two-hybrid assay. BD-
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(16) and interacts with NPR1 in the nucleus (S Appendix, Fig. S2),
we measured cytosolic and nuclear levels of NPR1 in 35S5::NPRI-
GFP/npri-1 and 358::NPRI1-GFP/npri-1/hos15-2 plants, before and
after treatment with SA. Levels of NPR1-GFP were higher in
358::NPRI-GFP/npri-1/hos15-2 relative to 355::NPRI-GFP/npri-1
in both conditions and in both subcellular fractions (SI Appendix,
Fig. S7C). To further demonstrate the relationship between HOS15
and NPR1 protein levels, NPR1-3xHA was coexpressed with
increasing levels of HOS15-Flag in N. benthamiana leaves. As
the level of HOS15-Flag increased, the level of NPR1-3xHA
decreased (SI Appendix, Fig. S7D), indicating again that
HOS15 negatively regulates the stability of the NPR1 protein.

Based on the negative relationship between HOS15 and NPR1
protein stability, we predicted that NPR1-target genes PRI,
WRKY18, WRKY38, WRKY62, and SARDI (10, 15, 68) would be
more strongly induced in fos15 mutant plants. The expression of
these genes before and after SA treatment was examined by
qRT-PCR in C24, hos15-1, Col-0, hos15-2, and nprl-1 plants. As
expected, SA induced NPR1-dependent expression of each of
these genes. Also, consistent with elevated levels of NPR1 in
hos15, transcripts of each NPR1-target gene accumulated to
higher levels in hos15 relative to C24 or Col-0 plants both before
and after SA induction (SI Appendix, Fig. S8). Spoel et al. (15)
demonstrated that proteasome-mediated degradation of NPR1
plays both inhibitory and stimulatory roles in activating expres-
sion of its target genes. Our results indicate that HOS15 func-
tions as a corepressor by facilitating inhibitory, proteasome-
mediated turnover of NPR1 that limits its activity as a tran-
scriptional activator (16, 22). Taken together, we conclude that
the corepressor HOS15 regulates the dynamic balance between
transcriptional gene activation and repression in plant immunity
by functioning as a substrate receptor in the E3 ubiquitin ligase
complex that mediates degradation of the coactivator NPR1 to
prevent target gene activation in unchallenged conditions and to
limit activation during SA-mediated defense signaling.

NPR1 Degradation Is Mediated by the SCF E3 Ubiquitin Ligase Complex.
In Arabidopsis, three cullin-based E3 ubiquitin ligase complexes
have been best characterized, CULI-based ubiquitin ligase
complex (SCF), CUL3-based ubiquitin ligase complex (BCR/
CLR3), and CULA4-based ubiquitin ligase complex (DCX/
CRL4) (69-71). Here, we have shown that HOS15 displays
protein interactions consistent with its function as a substrate
receptor for an SCF E3 ubiquitin ligase complex (SI Appendix,
Figs. S1 and S2). Furthermore, DDB1-binding WD40 (DWD)
proteins are reported to act as substrate receptors for CRL4 E3
ubiquitin ligase complexes (25). HOS15 contains a conserved
16-amino acid DWD motif and also serves as a substrate re-
ceptor for CRL4 E3 ubiquitin ligase (24, 25). Therefore, we
sought to determine the role of different E3 ubiquitin ligase
complexes on NPR1 accumulation and plant innate immunity.
To address this question, we first analyzed the relationship
between NPR1 and the SCF E3 ubiquitin ligase complex. In an
LCI assay following transient coexpression in N. benthamiana
leaves, interactions between the NPR1-CLuc and ASK1-NLuc
or ASK2-NLuc and between NPR1-NLuc and ASK1-CLuc or
CULI1-CLuc indicated that NPR1 interacts with these SCF
complex components (SI Appendix, Fig. S9 A and B). These

NPR1 in the pAS2-1 vector was used as bait, and AD-HOS15 in the pGAD424
vector was used as prey. Growth of yeast cells on media without tryptophan
and leucine (-TL) indicated cotransformation, and growth on media addi-
tionally lacking histidine (-TLH) or histidine and adenine (-TLHA) indicated
direct interaction between HOS15 and NPR1. Empty vectors pAS2-1 (BD) and
pPGAD424 (AD) were used as negative controls. Shown are results represen-
tative of three independent transformants.
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data further support the in planta interaction of NPR1 with an
SCFHO815 E3 ybiquitin ligase complex.

We next sought to test the role of CUL1-containing SCF E3
ubiquitin ligase complexes in the stability of NPR1 and plant
immunity. The T-DNA insertion mutants of cull (cull-1, cull-2,
cull-3, and cull-4) are embryo lethal (72, 73). Thus, nonlethal
cull alleles were examined. Plants homozygous for the weak
cull-6 allele display a dwarf phenotype due to disrupted inter-
action between CUL1 and CAND1 (SI Appendix, Fig. S9C) (74).
Plants homozygous for the gain-of-function axr6-1 allele are
seedling lethal due to a lack of interaction between ASK1 and
CUL1 while heterozygous plants exhibit shorter and more
wrinkled phenotypes (SI Appendix, Fig. S9C) (73, 75). Similar to
the observation in sos15-2, NPR1 protein levels in the axr6-17"*
and cull-6 plants were increased relative to Col-0 after treatment
with SA (SI Appendix, Fig. SOD). Levels of NPRI transcript did
not differ significantly between Col-0 and the cu/l mutant plants
either before or after SA treatment (SI Appendix, Fig. SOE),
indicating that the increase in NPR1 protein levels was post-
transcriptional. The change in NPR1 protein levels in the cull
mutant plants also did not result from a change in levels of
HOS1S5 protein (SI Appendix, Fig. SOF). Additionally, similar to
plants with a cull-7 knock-down allele, cull-6 and axr6-17'*
plants exhibited increased expression of PRI (SI Appendix, Fig.
S9G) (76). As expected for a plant constitutively expressing
PRI, cull-6 and axr6-1~'* displayed increased resistance against
Pst DC3000 (SI Appendix, Fig. SOH). Collectively, these findings
indicate that a CULIl-containing SCF E3 ubiquitin ligase
complex negatively regulates NPR1 protein stability and
plant immunity.

Next, we explored the relationship between CRL4 E3 ubig-
uitin ligase complexes and NPR1. DDB1A and DDBIB are
substrate adaptors of CRL4 E3 ubiquitin ligase complexes (69).
DDB1A-3xHA or DDB1B-3xHA was coexpressed in N. ben-
thamiana leaves with NPR1-GFP or NPR1-GFP and HOS15-
3xHA and subjected to anti-GFP Co-IP (SI Appendix, Fig.
S10 4 and B). DDB1A-3xHA was coimmunoprecipitated with
NPR1-GFP in the presence or absence of HOS15-3xHA, but
DDBIB was coimmunoprecipitated with NPR1-GFP only in the
presence of HOS15-3xHA. This finding indicates that NPR1
associates with DDB1A and DDBI1B in planta. To examine the
interaction of NPR1 and CULA4 in Arabidopsis, we analyzed F1
progeny from a cross between 35S::NPRI-GFP/nprl-1 and
358::Flag-CUL4 plants. Co-IP from leaves of these plants indi-
cated that Flag-CUL4 could be coimmunoprecipitated with
NPR1-GFP and that the association was increased after treat-
ment with MG132, but not after treatment with SA (SI Appendix,
Fig. S10 C and D). These results indicate that NPR1 associates
with CRL4 E3 ubiquitin ligases in Arabidopsis. However, unlike
hos15-2, the plants homozygous for cul4-1 or 35S::Flag-CUL4 do
not differ morphologically from Col-0 (SI Appendix, Fig. S10E).
NPR1 protein levels following SA treatment were increased,
relative to Col-0, in cul4-1 and 35S::Flag-CUL4 plants to a sim-
ilar level as observed in hos15-2 (SI Appendix, Fig. S10F). These
similar phenotypes for mutant and overexpression of CUL4 are
likely due to confounding pleiotropic effects. Neither mutation
nor overexpression of CUL4 altered the levels of HOS15 protein
prior to or following SA treatment (SI Appendix, Fig. S10G).
Considering the elevated levels of NPR1 observed in cul4-1
plants, it was surprising that they did not display enhanced re-
sistance to Pst DC3000 (SI Appendix, Fig. S10H). Though spec-
ulative, this result may indicate that, like CUL3-containing E3
ligase complexes, CRL4 E3 ligase complexes are involved in
stimulatory turnover of NPR1 associated with defense gene ac-
tivation in plant immunity (15). It is also possible that CRL4 E3
ubiquitin ligase may mediate NPR1 degradation under an abiotic
stress because NPR1 also plays an essential role in response to
abiotic stresses (77-81).
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HOS15 Regulates Immune Function through NPR1- and SA-Dependent
Pathways. The role of HOS15 in proteasome-mediated degra-
dation of NPR1 is consistent with the prediction that enhanced
disease resistance in hosl5 mutant plants is dependent on SA
and NPRI1. To test this hypothesis, we crossed plants to generate
sid2-2 hos15-2 and npri-1 hosl5-2 double mutant plants, and a
line of hos15-2 expressing NahG (SI Appendix, Fig. S11 A and B).
The sid2-2 mutant fails to accumulate SA (45) whereas the
bacterial NahG protein degrades SA (82). Mutations of SID2 or
NPRI or expression of NahG only partially suppressed the dwarf
phenotype of hos15-2 plants (Fig. 34), indicating that this phe-
notype of hos15-2 is not fully dependent on NPR1-dependent SA
signaling. However, NPR1- and SID2-dependent accumulation
of SA was essential for SA-induced expression of the NPRI-
target genes, PRI, WRKY62, and SARDI (Fig. 3 B-D) and ac-
cumulation of the PR1 protein (SI Appendix, Fig. S11C). Since
the increased expression of these defense genes observed in
hosl5 mutant plants is entirely dependent on the SA-NPR1
signaling module, increased accumulation of NPR1 protein may
account entirely for the phenotype. Similarly, infection of the
single and double mutant/transgenic plants revealed that the
enhanced susceptibility of npri-1, sid2-2, and NahG plants to Pst
DC3000 are epistatic to the enhanced resistance of hosl5-2
(Fig. 3E). Thus, both defense gene expression and resistance
against a bacterial pathogen indicate that the enhanced resis-
tance phenotypes of hosl5 are dependent on SA and NPR1.

HOS15 Targets Phosphorylated NPR1 for Degradation. Recruitment
of phosphorylated substrates by F-box proteins for ubiquitination
by an SCF E3 ubiquitin ligase complex and subsequent degra-
dation is a common regulatory mechanism (65, 66, 83-85). Since
phosphorylation of NPR1 facilitates its proteasome-dependent
turnover (15), we sought to determine whether HOS15-
dependent degradation was influenced by the phosphorylation
status of NPR1. To this end, plants expressing phosphomimetic
NPR1 (358::npriS11/15D-GFP/hos15-2) and nonphosphorylatable
NPR1 (35S::npriS11/15A-GFP/hos15-2) were generated
by crossing hos15-2 with the 35S::npriS11/15D-GFP and
358::npr1S11/15A-GFP transgenic plants. With these plants, we
were then able to assess the abundance of phosphomimetic
(S11/15D) and nonphosphorylatable (S11/15A) nprl-GFP
proteins in HOS15 and hos15-2 plants. Consistent with previ-
ous findings that nonphosphorylatable mutants prevent NPR1
from proteasome-dependent degradation, the amount of
npr1S11/15A-GFP proteins remained at similar, high levels in
both HOS15 and hos15-2 plants prior to and following SA
treatment (Fig. 4 A and B) (15). The npr1S11/15D-GFP protein
displayed lower levels in the wild type and hos15-2. However,
compared with wild-type plants, increased levels of npr1S11/
15D-GFP proteins were detected in hos15-2 with or without SA
treatment (Fig. 4 A and B). Further, the interactions of HOS15
with wild-type NPR1-GFP and nprl1-GFP derivatives were ex-
amined using transgenic plants 35S::NPRI1-GFP, 35S::nprl S11/
15D-GFP, and 35S8::nprl S11/15A-GFP. The plants were treated
with MG132 and the SA functional analog INA (2,6-dichlor-
oisonicotinic acid), and the NPRI1-HOSI15 interaction was
tested by Co-IP (Fig. 4C). Enhanced interaction between
HOS15 and npr1S11/15D-GFP was revealed by the increased
ratio of coimmunoprecipitated to input protein relative to the
similar comparison for NPR1-GFP and npr1S11/15A-GFP
(Fig. 4C). These results indicate that HOS15 likely contributes
to phosphorylation-mediated degradation of NPR1.

Next, we tested the effect of the S11/15D and S11/15A de-
rivatives of NPR1-GFP on SA-induced expression of NPRI-
target genes. Interestingly, although npr1S11/15A-GFP pro-
teins accumulated to higher levels in 35S::npriS11/15A-GFP and
358::nprl S§11/15A-GFP/hos15-2 plants, NPR1-dependent, SA-
induced expression of the NPR1-target genes PRI, WRKY62,
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Fig. 3. The effect of HOS15 on plant immunity is dependent on NPR1. (A) Morphology of 4-wk-old Col-0, hos15-2, sid2-2, sid2-2 hos15-2, NahG, NahG hos15-
2, npri-1, and npri-1 hos15-2. (B) Abundance of PR1 transcript in 10-d-old seedlings of Col-0, hos15-2, sid2-2, sid2-2 hos15-2, NahG, NahG hos15-2, npr1-1, and
npri-1 hos15-2 before and 12 h after spraying with 0.5 mM SA. Error bars represent means + SD. Different letters (a, b, and ) indicate significant differences
tested by one-way ANOVA with Tukey’s HSD (P < 0.001, n = 3). The experiment was repeated three times with similar results. (C and D) Abundance of
WRKY62 and SARDT1 transcripts in 10-d-old seedlings of Col-0, hos15-2, npri-1, and npr1-1 hos15-2 seedlings before and 12 h after spraying with 0.5 mM SA.
Error bars represent means + SD. Asterisks indicate significant differences between Col-0 and hos15-2 tested by Student'’s t test (*P < 0.05; n = 3) (C). Different
letters (a, b, ¢, and d) indicate significant differences tested by one-way ANOVA with Tukey’s HSD (P < 0.01, n = 3) (D). The experiment was repeated three
times with similar results. (E) Bacterial growth on Col-0, hos15-2, sid2-2, sid2-2 hos15-2, NahG, NahG hos15-2, npr1-1, and npr1-1 hos15-2 plants. Four- to
five-week-old plants were inoculated with Pst DC3000 (ODgoo = 0.0001), and bacterial growth was quantified 4 d after infiltration. Error bars represent
means + SD from three biological replicates, each with three or nine technical replicates that consisted of three pooled tissue samples. Different letters (a or b)
indicate significant differences tested by one-way ANOVA with Tukey’s HSD (P < 0.001). .

and SARD] was significantly reduced in these plants compared
with the 35S::nprl S11/15D-GFP and 35S::nprl S11/15D-GFP/
hos15-2 (Fig. 4 D-F). Also, consistent with this observation,
358::npri1S11/15A-GFP and 358::npr1S11/15A-GFP/hos15-2 plants
exhibited increased susceptibility to Pst DC3000 compared to their
S11/15D counterparts (Fig. 4G). These results indicate that in-
creased expression of NPR1-target genes and resistance against a
bacterial pathogen in hosI5 are largely dependent on NPR1 S11/
15 phosphorylation.

SA Stimulates the Formation of the HOS15-NPR1-TGA2 Complex. The
SA-NPR1 module is a central regulator in SA-dependent de-
fense responses (68, 86). Given that HOS15 interacts with NPR1
(Fig. 2) and limits its accumulation during SA signaling (SI Ap-
pendix, Fig. S6), we further analyzed the interaction between
HOS15 and NPR1 under the influence of exogenous SA and its
synthetic, functional analog, INA. Coimmunoprecipitation with
Arabidopsis 35S::NPRI1-GFP/nprl-1 plants revealed that, in the
presence of the proteasome inhibitor MG132, exogenous appli-
cation of INA or SA enhances the interactions between HOS15
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and NPR1-GFP (SI Appendix, Fig. S124). Since HOS15 and
NPRI1 share the ability to associate with TGA2 (SI Appendix,
Figs. S2 and S5) (9, 63), we next tested the influence of TGA2 on
the HOS15-NPR1 interaction. Following transient coexpression
in N. benthamiana and treatment with SA, TGA2-Flag enhanced
the interaction between NPR1-GFP and HOS15-3xHA (SI Ap-
pendix, Fig. S12B). Similarly, in the LCI assay, we observed that
TGA2-Flag increased the interaction of NLuc-HOS15 and
NPR1-CLuc and, notably, that this ability of TGA2 was only
apparent in leaves treated with SA (SI Appendix, Fig. S12C).
These results indicate that, dependent on SA, TGA2 positively
influences HOS15-NPR1 interaction. Additional coimmuno-
precipitation assays following transient coexpression in N. ben-
thamiana were conducted to test the influence of HOS15 and SA
on the interaction of TGA2 and NPR1 (SI Appendix, Fig. S12D).
In the absence of HOS15, NPR1-GFP weakly coimmunopreci-
pitated with TGA2-Flag, but only if the leaves were treated with
SA. Coexpression of HOS15-3xHA in the absence of SA had the
counteracting effects of reducing the abundance of NPR1-GFP
and TGA2-Flag in the input samples, while also promoting a
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Fig. 4. NPR1 phosphorylation regulates its interaction with HOS15. (A and B) The 12-d-old seedlings of 35S::npr1 S11/15D-GFP(S11/15D), 35S::npr1 $11/15D-
GFP/hos15-2 (511/15D hos15-2), 35S::npr1 S11/15A-GFP(S11/15A), and 35S::npr1 S11/15A-GFP/hos15-2(S11/15A hos15-2) were treated with 0.5 mM SA. (A) Total
protein was prepared from leaves collected at 0 and 8 h after treatment, and NPR1-GFP protein levels were measured by anti-GFP immunoblotting. CBB
staining of membrane was used as a loading control. (B) Error bars represent means + SD. Asterisks indicate significant differences between S11/15D and S11/
15D/hos15-2 tested by Student’s t test (*P < 0.05, ***P < 0.001). (B) Quantification of two of the independent biological replicates. (C) The 12-d-old seedlings
of 35S::NPR1-GFP, 35S::NPR1S11/15D-GFP, and 35S::NPR1S11/15A-GFP were treated with 50 M MG132 and 0.4 mM INA. Total proteins prepared 8 h later
were immunoprecipitated with anti-GFP antibody and immunoblotted with anti-GFP or anti-HOS15 antibodies. (D-F) Abundance of PR1, WRKY62 and SARD1
transcripts in 4- to 5-wk-old 35S:npr1 S11/15D-GFP (S11/15D), 35S::npr1 S$11/15D-GFP/hos15-2 (S11/15D hos15-2), 35S:npr1 S11/15A-GFP (S11/15A), and
35S::npr1 S11/15A-GFP/hos15-2 (S11/15A hos15-2) plants before or 12 h after spraying with 0.5 mM SA. Error bars represent means + SD from two biological
replicates. Different letters (a, b, ¢, or d) indicate significant differences tested by one-way ANOVA with Tukey’s HSD (P < 0.001, n = 6). (G) Four- to
five-week-old plants were infiltrated with Pst DC3000 (ODggo = 0.0001), and colony-forming units (cfu) were quantified at 4 d after inoculation. Error bars
represent means + SD from three biological replicates, each with six or eight technical replicates that consisted of three pooled tissue samples. Different
letters (a or b) indicate significant differences tested by one-way ANOVA with Tukey’s HSD (P < 0.001).

weak interaction of NPR1-GFP with TGA2-Flag. However, when  with the hypothesis that HOS15 is central to a nuclear complex
the leaves coexpressing HOS15-3xHA were treated with SA, the  mediating turnover of both NPR1 and TGA2 and that nuclear
interaction of NPR1-GFP and TGA2-Flag was enhanced more = accumulation of NPR1 during SA-signaling increases the abun-
greatly than can be accounted for by their modest increase in  dance of this complex. Since TGA2 enhances the formation of a
abundance (SI Appendix, Fig. S12D). These data are consistent complex between HOS15 and NPR1, we speculated that TGA
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proteins might participate in HOS15-mediated NPR1 turnover.
Accordingly, immunoblotting indicated that, following SA treat-
ment, 1ga2/5/6 triple mutant Arabidopsis plants overaccumulate
NPR1 while displaying no change in the levels of HOS15 (SI
Appendix, Fig. S12 E and F). Collectively, these findings indicate
that TGA2, in complex with HOS15 and NPR1, promotes deg-
radation of NPR1 by HOSI5.

Discussion

Control of transcription is vital to cellular stress responses.
Previously, we reported that HOS15 represses transcription
through recruiting HDAC to target genes (16, 22) and regulates
cold and ABA signaling as the substrate receptor of a CUL4-
containing CRL4™515 'E3 ubiquitin ligase complex (23, 24).
However, whether HOS15 corepresses transcriptionally active
genes and the molecular mechanism by which it does so are
largely unknown. Here, we show that HOS15, within SCFHOS1S,
targets NPR1 for degradation. This activity accounts for the
ability of HOSI15 to limit the nuclear activity of NPR1 in unin-
duced cells and to corepress transcriptionally activated genes in
defense-induced cells, which prevent the NPR1-mediated de-
fense from pre- and hyperactivating, respectively (SI Appendix,
Fig. S13).

Targeting of NPR1 by HOS15 Regulates Pre- and Postactivation
Defense Gene Expression. Proteasome-mediated degradation of
NPR1 plays dual roles in activation and repression of tran-
scription. In unchallenged leaves, proteasome-mediated degra-
dation of nuclear NPR1 prevents inappropriate expression of
defense genes (15). Elevated expression of NPR1-target genes in
unchallenged hos15 mutant plants indicates a role for HOS15 in
the basal repression of these genes in the absence of defense
activation (SI Appendix, Fig. S13, Left). The NPR1 homologs
NPR3 and NPR4 associate with TGA2/5/6 but, contrary to
NPR1, act as corepressors of defense gene expression when SA
levels are low (68). Thus, elevated levels of NPR1 in unchal-
lenged hosl5 mutant plants may alter the competition between
TGA/coactivator (TGA/NPR1) and TGA/corepressor (TGA/
NPR3 or TGA/NPR4) complexes. In defense-activated cells,
binding of SA to NPR3/NPR4 alleviates their corepressor ac-
tivity. Simultaneously, SA enhances the coactivating role of
NPR1 through increased nuclear protein accumulation and,
surprisingly, its ubiquitin-dependent turnover (15, 60, 64, 68).
Following SA treatment or pathogen exposure, HOS15 targets
phosphorylated NPR1 for ubiquitin-dependent degradation that
limits the extent of defense gene expression. Thus, the activity of
HOS15 negatively regulates the expression of NPR1-target genes
prior to and following defense activation.

HOS15 Serves as a Substrate Receptor in Distinct E3 Ubiquitin Ligase
Complexes. Human F-box and WD-repeat domain containing 5
(FBXWS5) protein contains a conserved N-terminally located
F-box motif and two DWD motifs (87, 88). FBXWS5 acts as a
substrate receptor in both SCF and CRL4 E3 ubiquitin ligase
complexes and plays an essential role in response to various
pathophysiological and disease processes (89-94). HOS15, which
also contains an F-box-like motif in its N terminus (40) and
associates with ASK1/2 and CUL1, mediates NPR1 degradation
as a substrate receptor for SCF'OS15, HOS15 also acts as a
substrate receptor for CRL4 E3 ubiquitin ligase complexes that
regulate the stability of HD2C and OST1 during cold stress and
ABA signaling, respectively (23, 24). Therefore, HOS15 func-
tions as a substrate receptor in distinct E3 ubiquitin complexes to
target various proteins involved in diverse biological processes.
Accordingly, we and others recently found that HOS15 plays a
crucial role in regulation of plant development, flowering, and
response to environmental stresses (20-22, 24, 95). In this study,
we found that the SCF"©5!'5 E3 ubiquitin ligase complex

Shen et al.

negatively regulates plant immunity against Pst DC3000 through
destabilization of NPR1.

NPR1 Is Targeted by Multiple E3 Ubiquitin Ligases. A particular
substrate can be targeted by multiple E3 ubiquitin ligases. For
example, ABA-insensitive 5 (ABI5) is a basic leucine zipper
transcription factor that plays an important role in the ABA-
mediated inhibition of seed germination and is targeted by
both RING E3 ligase, KEG, and CRL4”"P"2 E3 ubiquitin li-
gase in ABA signal transduction (96). Strikingly, ubiquitin-
mediated turnover of NPR1 during plant immunity is mediated
by at least three distinct E3 ubiquitin ligases. One is the bacterial
effector AvrPtoB, which inhibits immunity by ubiquitinating and
thus destabilizing cytosolic NPR1 monomers (97, 98). Plant E3
ubiquitin ligase complexes, based on CULI1 (SCF"95") and
CULS3, also target nuclear NPR1.

Posttranslational modifications of NPR1 contribute to its ac-
tivity following defense induction (99). Notably, phosphorylation
of S11/15 is critical for full induction of defense gene expression
by NPR1 (15). S11/15 phosphorylation increases association of
NPR1 with HOS15 and reduces its stability based on both
SCF"9S15_dependent and CUL3-dependent degradation (SI
Appendix, Fig. S13, Right). SA-induced activation of gene ex-
pression by NPR1 is enhanced by a CUL3-based ubiquitin ligase
through a proposed “promoter-refreshing” mechanism (15). In-
dependently, HOS15-mediated degradation of NPR1 inhibits
target gene expression and immunity. The opposite effects of
HOS15- and CUL3-dependent elimination of NPR1 may reflect
their different modes of action. CUL3-mediated degradation
that supports promoter “refreshing” may be facilitated by high
levels of nuclear NPR1 present early after pathogen challenge.
On the contrary, HOS15-mediated inhibition may rely on limit-
ing the overall abundance of TGA/NPR1 coactivating com-
plexes. Additionally, the association of HOS15 with the PR-1
promoter, presumably via its interaction with NPR1, raises the
possibility that HOS15 also recruits HDA9 to further corepress
NPRI1-target genes through local chromatin modifications.

Surprisingly, we also found that NPR1 associated with not only
SCF'®S15 E3 ubiquitin ligase, but also with CUL4-based
CRLATOSY E3 ubiquitin ligase (SI Appendix, Figs. S9 and S10).
However, cul4-1 plants did not display any enhanced resistance to
Pst DC3000 (SI Appendix, Fig. S10). Since HOS15 and NPR1 are
involved in regulation of various biological processes (20-22, 24,
77-81, 95), a CRL4 E3 ubiquitin ligase may mediate NPR1 sta-
bility in other biological contexts. Alternatively, an NPRI-
dependent effect of cul4-1 on resistance to Pst DC3000 may be
obscured by the pleiotropic nature of the mutation.

Insight of HOS15 in the Regulation of Gene Expression. Previous
studies have shown that HOS15 acts as a transcriptional core-
pressor by recruiting HDAC to regulate plant development,
flowering, and response to environmental stresses (16, 21, 22,
95). Transcriptional repression can result from repressors
maintaining transcriptional inactivity of a gene that is otherwise
primed for derepression or from corepressors down-regulating
an actively transcribed gene (100). Our study indicates that, by
targeting NPR1, HOS15 functions as both a repressor in un-
challenged conditions and a corepressor to limit the magnitude/
duration of gene expression following defense activation (S
Appendix, Fig. S13). Transcriptional activation requires forma-
tion of a complex of general transcription machinery and coac-
tivators at the promoter. The relationship between coactivators
and corepressors at transcriptionally active genes is less well
understood. Our findings indicate that the coactivator NPR1 and
corepressor HOS15 coordinately regulate target genes active
during plant immunity (S Appendix, Fig. S13, Right). At these
genes, HOS15 functions analogously to a “brake” that, perhaps
through integration of other stress or developmental signals,
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enforces the appropriate “speed limit” for defense gene ex-
pression. This biological rheostasis through graduated, quanti-
tative regulation of signal output has recently been suggested for
HOS15 in ABA signaling (23).

Regulation of gene expression in space and time is a funda-
mental biological process. Considering the diversity, versatility,
and complexity of transcriptional gene regulation, we are now
faced with the challenge of developing a coherent view of tran-
scriptional gene regulation. Our finding that HOS15 is a multi-
functional repressor of NPR1 gene activation provides a
mechanistic platform for deeper understanding of transcriptional
gene regulation.

Methods

Detailed information, including plant materials and growth conditions,
plasmid construction, protein extraction and immunoblot analysis, RNA
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