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Awide variety of intrinsic and extrinsic cues lead to cell death with unclear mechanisms. The infertility of some death mutants often
hurdles the classical suppressor screens for death regulators. We have developed a transient RNA interference (RNAi)-based screen
using a virus-induced gene silencing approach to understand diverse cell death pathways in Arabidopsis (Arabidopsis thaliana). One
death pathway is due to the depletion of a MAP kinase (MAPK) cascade, consisting of MAPK kinase kinase 1 (MEKK1), MKK1/2,
and MPK4, which depends on a nucleotide-binding site Leu-rich repeat (NLR) protein SUMM2. Silencing of MEKK1 by virus-
induced gene silencing resembles the mekk1 mutant with autoimmunity and defense activation. The RNAi-based screen toward
Arabidopsis T-DNA insertion lines identified SUMM2, MEKK2, and Calmodulin-binding receptor-like cytoplasmic kinase 3
(CRCK3) to be vital regulators of RNAi MEKK1-induced cell death, consistent with the reports of their requirement in the mekk1-
mkk1/2-mpk4 death pathway. Similar with MEKK2, overexpression of CRCK3 caused dosage- and SUMM2-dependent cell death,
and the transcripts of CRCK3 were up-regulated in mekk1, mkk1/2, and mpk4. MEKK2-induced cell death depends on CRCK3.
Interestingly, CRCK3-induced cell death also depends on MEKK2, consistent with the biochemical data that MEKK2 complexes
with CRCK3. Furthermore, the kinase activity of CRCK3 is essential, whereas the kinase activity of MEKK2 is dispensable, for
triggering cell death. Our studies suggest that MEKK2 and CRCK3 exert concerted functions in the control of NLR SUMM2
activation and MEKK2 may play a structural role, rather than function as a kinase, in regulating CRCK3 protein stability.

Plants and microbes are engaged in a continuous
battle for survival. Plants have evolved sophisticated

defense mechanisms to detect the telltale molecules
produced by pathogens and to initiate defense re-
sponses to ward off potential infections (Peng et al.,
2018). In the first layer, plasma membrane-localized
pattern recognition receptors detect conserved patho-
gen- or microbe-associated molecular patterns, and in-
duce pattern-triggered immunity (Yu et al., 2017; Saijo
et al., 2018). Adapted pathogens deliver an arsenal of
effectors into host cells to damp host immune responses
and promote parasitism (Dou and Zhou, 2012; Macho
and Zipfel, 2015). Facing these challenges, plants have
evolved a second layer of defenses whereby a plethora
of intracellular nucleotide-binding site Leu-rich repeat
(NBS-LRR) receptors (NLRs) detect those effectors di-
rectly or indirectly and initiate effector-triggered im-
munity (Cui et al., 2015), which sometimes results in
localized programmed cell death called hypersensitive
response (Coll et al., 2011).
Activation of MAPK cascades is one of the earliest

responses in plant immune signaling (Meng and
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Zhang, 2013). A conventional MAPK cascade is as-
sembled by three interlinked kinases: MAPKs (MPKs)
are activated by MAPK kinases (MAPKKs, or MKKs),
which are further phosphorylated and activated by
MAPK kinase kinases (MAPKKKs, or MEKKs; Zhang
et al., 2018). Generally, activated MPKs phosphorylate
downstream targets, such as transcriptional factors and
enzymes, to regulate gene expression and other cellular
activities. In Arabidopsis (Arabidopsis thaliana), one
MAPK cascade consisting of MAPKKK3/5, MKK4/5,
and MPK3/6 plays diverse roles in plant immune re-
sponses, such as ethylene and camalexin synthesis,
and stomatal immunity (Tena et al., 2011; Thulasi
Devendrakumar et al., 2018). MPK3/6 were reported
to regulate ethylene production at both transcriptional
and posttranscriptional levels. Activated MPK6 phos-
phorylates and stabilizes 1-AMINOCYCLOPROPANE-
1-AARBOXYLIC ACID SYNTHASE 2 (ACS2) and
ACS6, two rate-limiting enzymes in ethylene biosyn-
thesis, leading to enhanced ACS proteins and increased
ethylene production (Liu and Zhang, 2004). Besides,
MPK3/6 also phosphorylate WRKY33, a transcription
factor that binds to the promoters of ACS2 and ACS6, to
regulate the expression of ACS2 and ACS6 (Li et al.,
2012). Another MAPK cascade comprising MEKK1,
MKK1/2, and MPK4 is also activated during plant de-
fense responses (Gao et al., 2008; Qiu et al., 2008). This
signaling pathway was considered to negatively regu-
late plant immunity. Plants carrying the active form of
MPK4 showed compromised disease resistance to bac-
terial pathogens, andMPK4 activity negatively regulates
certain responses of plant pattern-triggered immunity
and effector-triggered immunity (Berriri et al., 2012). In
addition, MPK4 phosphorylates a trihelix transcription
factor ARABIDOPSIS SH4-RELATED3 to suppress the
expression of a subset of flg22-induced genes (Li et al.,
2015a).

The Arabidopsis mekk1, mkk1/2, and mpk4 mutants
exhibit autoimmune phenotypes, described as dwarf-
ism, spontaneous cell death, constitutively activated
defense responses, and accumulation of reactive oxy-
gen species (Petersen et al., 2000; Ichimura et al., 2006;
Nakagami et al., 2006; Suarez-Rodriguez et al., 2007;
Gao et al., 2008). The cell death of mekk1, mkk1/2, and
mpk4 mutants could be suppressed by loss-of-function
mutations in coiled-coil (CC)–type NLR SUPPRESSOR
OF MKK1 MKK2 2 (SUMM2; Zhang et al., 2012). Re-
cently, it was reported that the mekk1 cell death could
be conditionally suppressed by a mutation in the Toll/
IL-receptor–type NLR RPS6 (Takagi et al., 2019), sug-
gesting that the MEKK1-MKK1/2-MPK4 pathway
regulates the activation of both CC-NLR and Toll/
IL-receptor–NLR. MEKK1 belongs to a tandemly du-
plicated gene family withMEKK2 andMEKK3, and the
mutations in MEKK2, also called SUMM1, suppressed
the autoimmunity and defense responses of mekk1,
mkk1/2, and mpk4 (Kong et al., 2012; Su et al., 2013).
MEKK2 is also a substrate of MPK4 (Kong et al., 2012).
Furthermore, the abundance of MEKK2 transcripts is
tightly associated with the autoimmunity observed in

the mekk1, mkk1/2, and mpk4 mutants (Su et al., 2013).
MPK4 also associates and phosphorylates CALMOD-
ULIN-BINDING RECEPTOR-LIKE CYTOPLASMIC
KINASE 3 (CRCK3), which is required for the autoim-
mune phenotype of mekk1, mkk1/2, and mpk4 (Zhang
et al., 2017). Both MEKK2 and CRCK3 function up-
stream of SUMM2, and CRCK3 is proposed to be
guarded by SUMM2 for defense activation (Kong et al.,
2012; Zhang et al., 2017).

We previously reported a RNA interference (RNAi)-
based genetic screen by virus-induced gene silencing
(VIGS) to identify suppressors of cell deathmediated by
two closely related receptor-like kinases: BRASSINOS-
TEROID INSENSITIVE 1-ASSOCIATED RECEPTOR
KINASE 1 (BAK1), also called SOMATIC EMBRYO-
GENESIS RECEPTOR KINASE 3 (SERK3) and SERK4
(deOliveira et al., 2016; Yu et al., 2019). In this study, we
explored the possibility to apply this screen to under-
stand the mechanism in mekk1 cell death. We report
here that silencing of MEKK1 by VIGS resulted in au-
toimmune phenotypes resembling the mekk1 mutant.
With this RNAi-based genetic screen of Arabidopsis
T-DNA insertion lines, we identified several mutants as
suppressors of MEKK1-mediated cell death and the
corresponding genes for these mutants were named
LETHALITY SUPPRESSORS OF MEKK1 (LETUM, or
LET). Genetic analysis revealed that LET4 is MEKK2,
LET5 is SUMM2, and LET6 encodes CRCK3. Biochem-
ical and genetic analysis indicates that the kinase ac-
tivity of MEKK2 is dispensable, but the kinase activity
of CRCK3 is important to regulate MEKK1-mediated
cell death. Similar with MEKK2, CRCK3 transcription
is up-regulated in themekk1,mkk1/2, andmpk4mutants,
and overexpression ofCRCK3 triggereddosage-dependent
cell death. Furthermore, MEKK2 associates with
CRCK3 and positively regulates the protein homeo-
stasis of CRCK3, which is essential to elicit NLR
SUMM2-dependent cell death. In addition, neither
MEKK2, CRCK3, nor SUMM2 is required for RNAi
BAK1/SERK4- or BAK1-INTERACTING RECEPTOR-
LIKE KINASE 1 (BIR1)-mediated cell death, suggest-
ing diverse signaling pathways involved in cell death
regulation. Thus, our RNAi-based genetic screen is a
useful tool to understand plant cell death regulation,
and our studies reveal the concerted action of MEKK2
and CRCK3 in the control of NLR SUMM2 activation.

RESULTS

Silencing of MEKK1 Activates Spontaneous Cell Death
and Defense Responses

MEKK1 was previously reported to play an impor-
tant role in plant defense responses (Asai et al., 2002).
The mekk1 mutant exhibited a seedling-lethal pheno-
type, accompaniedwith constitutive defense responses,
such as elevated accumulation of hydrogen peroxide
(H2O2) and defense-related genes (Ichimura et al., 2006;
Nakagami et al., 2006; Suarez-Rodriguez et al., 2007;
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Gao et al., 2008).We testedwhether silencing ofMEKK1
by Agrobacterium-mediated VIGS could phenocopy the
mekk1 mutants. As shown in Figure 1, A and B, at
2 weeks after inoculation, Arabidopsis Col-0 wild-type
plants inoculated with Agrobacteria carrying a tobacco
rattle virus –based VIGS vector targeting MEKK1
exhibited a severe cell death phenotype with a reduced
plant stature, and curly and collapsed leaves, similar to
the mekk1 mutant (Fig. 1, A and B). The plants inocu-
lated with control vector carrying GFP behaved simi-
larly with noninoculated plants (Fig. 1A). VIGS of a

chloroplast development gene, CLOROPLASTOS
ALTERADOS 1 (CLA1; Gao et al., 2011), induced the
leaf albino phenotype, which was included as a visible
marker for silencing efficiency (Fig. 1B). We further
carried out the trypan blue staining to examine the cell
death and 3,39-diaminobenzidine (DAB) staining to
determine the accumulation of H2O2 in MEKK1-
silenced and control plants. When compared with the
leaves from control plants, the leaves from MEKK1-
silenced plants displayed extensive cell death and ac-
cumulation of H2O2 (Fig. 1C). Defense marker genes,

Figure 1. The mekk2 and summ2 mutants suppress the cell death mediated by silencing of MEKK1. A, Silencing of MEKK1 by
VIGS triggers cell death phenotype resembling the mekk1 mutant. Col-0 wild-type (WT) and mekk1 were grown on soil for
3 weeks (left two). Plant phenotypes of Col-0 wild-type plants are shown 2 weeks after VIGS of a vector control (Ctrl) orMEKK1.
Bars5 1 cm. B, The let4/mekk2mutant suppresses growth defects triggered by RNAi-MEKK1. Plant phenotypes of wild-type and
mekk2 after VIGS ofMEKK1. CLA1 is a visible marker for VIGS efficiency. Plant pictures were digitally extracted and placed on a
black background in (A) and (B). Bars5 1 cm. C, Themekk2mutant suppresses cell death and H2O2 accumulation triggered by
RNAi-MEKK1. Plant true leaves after VIGS of MEKK1 were stained with trypan blue for cell death (left) and 3,39-
diaminobenzidine (DAB) for H2O2 accumulation (right). Bars 5 0.5 cm. D, The mekk2 mutant suppresses PR1 and PR2 ex-
pression triggered by RNAi-MEKK1. The expression of PR1 and PR2 was normalized to the expression of UBQ10. The data are
shown as mean 6 SE from three independent repeats. The different letters denote statistically significant difference according to
one-way ANOVA followed by Tukey test (P , 0.05). E, The let5/summ2-9mutant suppresses growth defects triggered by RNAi-
MEKK1. Plant phenotypes of wild-type and let5/summ2-9 after VIGS ofMEKK1 or CLA1. Bars5 1 cm. F, PCR analysis of SUMM2
in let5. At top, SUMM2 was not amplified in the let5 mutant with primers amplifying full length genomic DNA. At bottom,
ACTIN2 control is shown. G, The mekk2, summ2, and crck3 mutants specifically suppressed RNAi MEKK1, but not BAK1/
SERK4 or BIR1 cell death. Plant phenotypes of Col-0 plants and mutants are shown 2 weeks after VIGS of a vector control,
MEKK1, BAK1/SERK4, BIR1, or CLA1. Bars 5 1 cm.
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including pathogenesis-related 1 (PR1) and PR2 were
constitutively expressed in the mekk1mutant (Ichimura
et al., 2006). Analysis of the expression of PR1 and PR2
by reverse transcription quantitative PCR (RT-qPCR)
revealed that their expression was drastically increased
in theMEKK1-silenced plants (Fig. 1D). Taken together,
these data indicate that silencing of MEKK1 via VIGS
resulted in constitutively activated cell death and
spontaneous defense responses, similar to the mekk1
mutants.

The mekk2 and summ2 Mutants Suppress the Cell Death
Triggered by Silencing of MEKK1, But Not BAK1/SERK4
or BIR1

The availability of the sequence-indexed T-DNA in-
sertion library in Arabidopsis has greatly advanced
plant biology research (Alonso et al., 2003). The fast and
efficient VIGS to transiently silence endogenous genes
enabled us to carry out multiple suppressor screens of
Arabidopsis T-DNA insertion lines, and to compare the
divergence and convergence of cell death signaling
pathways mediated by key immune regulators, such
as BAK1/SERK4 and MEKK1. Multiple candidates
that showed suppression of the cell death caused by
MEKK1-silencing were isolated from screening of
;10,000 Arabidopsis T-DNA insertion lines. The cor-
responding genes for these mutants were named as
LETUM (LET). Of the eight mutants we identified, the
let4 mutant (SALK_150039C) potently suppressed the
dwarfism and lethality induced by silencing ofMEKK1
(Fig. 1B). The cell death suppression was not due to the
impaired RNA silencing machinery in the let4 mutant
because silencing of CLA1 induced leaf albino pheno-
type in both wild type and let4 (Fig. 1B). The let4 mu-
tant, which was renamed as mekk2, harbors a T-DNA
fragment inserted at 385 bp upstream of the start codon
of At4g08480, encoding MEKK2. Several ethyl meth-
anesulfonate mutagenized mutant alleles of MEKK2
have been identified as suppressors of mkk1/2 cell death,
thusMEKK2wasalsonamedas SUMM1(Konget al., 2012).
The mekk2 T-DNA insertion mutant (SALK_150039C) was
also able to suppress mpk4-mediated cell death (Su et al.,
2013). Because MEKK1 and MEKK2 are closely linked
(;12 kb apart), it is not feasible or very tedious to test
whether mekk2 could suppress mekk1 cell death by generat-
ing the mekk1mekk2 double mutant with genetic crosses
(Kong et al., 2012). Our VIGS approach could silence genes
independent of their genetic distance, and we convincingly
show here that the mutation in mekk2 suppressed mekk1
cell death.

Staining results indicated that overaccumulation of
H2O2 and dead cells induced by silencing of MEKK1
were abolished in the mekk2 mutant compared with
wild-type plants (Fig. 1C). Additionally, constitutive
expression of PR1 and PR2 was also markedly sup-
pressed in themekk2mutant whenMEKK1was silenced
(Fig. 1D). Consistent with the previous reports (Kong
et al., 2012; Su et al., 2013), the cell death and defense

activation induced by silencing of MEKK1 also
depends on MEKK2, which further supports the fea-
sibility to use VIGS approach to understand mekk1-
mediated cell death.

The let5 mutant identified from this screen is
SALK_062374, which suppressed the growth defect and
cell death caused by silencing of MEKK1 (Fig. 1E). The
let5mutant (SALK_062374) was originally annotated to
bear a T-DNA insertion in At3G15720, which encodes a
pectin lyase-like superfamily protein. However, recent
TDNA-Seq with next generation sequencing identified
additional T-DNA insertions in the SALK_062374 genome
(https://www.arabidopsis.org/servlets/TairObject?
id54664962&type5germplasm). One T-DNA insertion
is located in the CC region of SUMM2 (At1G12280;
Supplemental Fig. S1, A and B). To confirm whether
there is a T-DNA insertion in the SUMM2 gene in let5,
we PCR amplified SUMM2 full length genomic DNA
in the wild type and let5 mutant. The SUMM2 gene
could be amplified from wild type, but not let5
(Fig. 1F), suggesting that let5 carries a T-DNA inser-
tion in SUMM2. We thus named let5 as summ2-9
(Supplemental Fig. S1A).

We have shown before that components required for
BAK1/SERK4 cell death may not be involved in
MEKK1 or BIR1 cell death (de Oliveira et al., 2016). We
tested here whether MEKK2 and SUMM2 are involved
in BAK1/SERK4- or BIR1-mediated cell death by VIGS
assays. Although the mekk2 or summ2 mutants sup-
pressed RNAiMEKK1 cell death, they did not affect the
cell death caused by RNAi BAK1/SERK4 or BIR1
(Fig. 1G). The data strengthen the notion that diverse
mechanisms underlie cell death regulation mediated by
MEKK1, BAK1/SERK4, and BIR1.

The MEKK2 Kinase Mutant Is Able to Activate Cell
Death Responses

MEKK2 shows 64% identity with MEKK1 at the
amino acid level (Supplemental Fig. S2). The conser-
vation of the kinase domain of MEKK1 and MEKK2 is
particularly high (Supplemental Fig. S2). When
expressed in Arabidopsis protoplasts, MEKK1 strongly
activated MAPKs as shown by a-pERK antibody that
detects phosphorylatedMAPKs (Supplemental Fig. S3).
However, we did not observe the activation of MAPKs
by MEKK2, although MEKK2 proteins were expressed
well and even stronger than MEKK1 (Supplemental
Fig. S3). Those observations prompted us to test
whether the kinase activity of MEKK2 is required for its
function in cell death control. Overexpression of
MEKK2 led to constitutive cell death and defense re-
sponses (Kong et al., 2012; Su et al., 2013). We generated
a binary vector harboring the full-length coding sequence
of MEKK2 under the control of a double cauliflower
mosaic virus 35S promoter with a double HA epitope at
its C terminus (2x35S::MEKK2-HA).We further generated
aMEKK2 kinasemutant (KM) variant with the conserved
Lys (K) residue in the kinase ATP-binding loop mutated

334 Plant Physiol. Vol. 183, 2020

Yang et al.

https://www.arabidopsis.org/servlets/TairObject?id=4664962&type=germplasm
https://www.arabidopsis.org/servlets/TairObject?id=4664962&type=germplasm
http://www.plantphysiol.org/cgi/content/full/pp.19.01555/DC1
http://www.plantphysiol.org/cgi/content/full/pp.19.01555/DC1
http://www.plantphysiol.org/cgi/content/full/pp.19.01555/DC1
http://www.plantphysiol.org/cgi/content/full/pp.19.01555/DC1
http://www.plantphysiol.org/cgi/content/full/pp.19.01555/DC1
http://www.plantphysiol.org/cgi/content/full/pp.19.01555/DC1
http://www.plantphysiol.org/cgi/content/full/pp.19.01555/DC1


toMet (K529M; 2x35S::MEKK2KM-HA). The 2x35S::MEKK2-
HA and 2x35S::MEKK2KM-HA constructs were in-
troduced into the wild-type Col-0 background. As
previously reported (Kong et al., 2012; Su et al.,
2013), we observed that overexpression of MEKK2
transgenic plants were small and dwarfedwith reduced
plant architecture and cell death apparent in leaves
(Fig. 2A). Interestingly, MEKK2KM transgenic plants
were also small and dwarfed, morphologically indis-
tinguishable from MEKK2 transgenic plants (Fig. 2B).
The severity of the dwarfism and cell death was posi-
tively associated with an increasing level of MEKK2 or
MEKK2KM protein expression (Fig. 2, A and B). As the
phenotypes varied among the individual transgenic
plants, we screened and carefully characterized a large
number of transgenic plants.We obtained 42 transgenic
plants carrying 2x35S::MEKK2-HA, which showed
positive signals by a-HA immunoblots. We further
classified them into three categories according to the
phenotypic severity: 21.4% (9 out of 42) plants exhibited
severe dwarf and cell death phenotypes, 57.1% (24 out

of 42) showed moderate dwarf phenotypes, and 21.4%
(9 out of 42) exhibited weak dwarfism (Fig. 2A). Simi-
larly, for 2x35S::MEKK2KM-HA transgenic plants,
among 56 transgenic plants with positive signals by
a-HA immunoblots, 16.0% (9 out of 56) were severe
dwarf with cell death, 55.4% (31 out of 56) were mod-
erate dwarf, and 28.6% (16 out of 56) were weak dwarf
(Fig. 2B). Similarly, overexpression ofMEKK2KM under
the control of a double cauliflower mosaic virus 35S
promoter with a double FLAG epitope at its C terminus
(2x35S::MEKK2KM-FLAG) also induced plant growth
defects and cell death (Fig. 2C). Among 57 transgenic
plants with positive signals by a-FLAG immunoblots,
17.5% (10 out of 57) were severe dwarf with cell death,
52.6% (30 out of 57) were moderate dwarf, and 29.8%
(17 out of 57) were weak dwarf (Fig. 2C). These results
indicate that both wild-type MEKK2 and the kinase
mutant MEKK2KM could trigger cell death when over-
expressed in plants. It is likely that the kinase activity of
MEKK2 is not required for its function in regulating
plant cell death.

Figure 2. Overexpression of both wild-type (WT) and kinase mutant of MEKK2 induces cell death. A, Overexpression ofMEKK2
induces dwarf phenotype. Four-week-old soil-grown plants were photographed. Transgenic plants of 35S::MEKK2-HA in wild
type show severe dwarfism, and were grouped into three categories. Each category was calculated as a percentage of the total
dwarf plants. Bottom shows the protein expression of MEKK2-HA from the above plants detected by immunoblot (IB) with an
a-HA antibody. Coomassie Brilliant Blue (CBB) staining was used as the loading control. Bars 5 1 cm. B, Overexpression of
MEKK2KM, a kinase-dead mutant (Lys-529 to Met), triggers plant dwarfism. Five-week-old soil-grown plants were photographed.
Transgenic plants of 35S::MEKK2KM-HA in wild type show severe dwarfism, and were grouped into three categories. Each cat-
egory was calculated as a percentage of the total dwarf plants. Immunoblots with an a-HA antibody showMEKK2KM-HA protein
expression and CBB staining was used as the loading control (bottom). Bars 5 1 cm. C, Overexpression of MEKK2KM-FLAG
triggers plant dwarfism. Five-week-old soil-grown plants were photographed. Transgenic plants of 35S::MEKK2KM-FLAG in wild
type show severe dwarfism, and were grouped into three categories. Each category was calculated as a percentage of the total
dwarf plants. Immunoblots with an a-FLAG antibody showMEKK2KM-FLAG protein expression and CBB staining was used as the
loading control (right). Plant pictures were digitally extracted and placed on a black background. Bars 5 1 cm.
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The Genomic DNA of CRCK3 Complements let6 in
Regulating MEKK1-Mediated Cell Death

The let6 mutant (SALK_039370) isolated during this
VIGS-based suppressor screen also suppressed the cell
death phenotypes induced by silencing of MEKK1
(Fig. 3, A and B). The T-DNA fragment is located in the
third intron of At2G11520 (Supplemental Fig. S4A),
which was recently identified as SUMM3 (CRCK3), and
let6 was named as summ3-17 (Zhang et al., 2017). Sim-
ilar withmekk2 and summ2, let6/summ3-17 did not affect
the cell death induced by RNAi BAK1/SERK4 or BIR1
(Fig. 1G). To confirm that CRCK3 is LET6, we trans-
formed the full-length complementary DNA (cDNA) of
CRCK3 (referred as cCRCK3) under the control of 35S
promoter tagged with a double FLAG epitope at its C
terminus (p35S::cCRCK3-FLAG) into the let6/summ3-17
mutant. More than 70 transformants were obtained
from the hygromycin resistant screens. The presence of
cCRCK3 construct was confirmed by PCR analysis in

the transgenic lines (Supplemental Fig. S4B). To our
surprise, cCRCK3-FLAG proteins were undetectable by
immunoblots in all the transgenic lines. In addition,
none of transgenic lines could complement the cell
death phenotype induced by RNAi MEKK1 in summ3-
17 (Supplemental Fig. S4C).

It is known that introns can affect gene expression in
variousways (Le Hir et al., 2003; Rose, 2008). There are
six introns in the gDNA region of CRCK3. We gener-
ated a construct harboring the full-length genomic
DNA of CRCK3 containing all six introns with a
C-terminalGFP tag under the control of 35S promoter,
and transformed 35S::CRCK3-GFP into summ3-17
plants. The CRCK3-GFP proteins could be detected
by immunoblots in these transgenic lines, and the cell
death phenotype induced by MEKK1 silencing was
restored to a level similar to or even more severe than
that of wild-type Col-0 (Fig. 3, C and D), suggesting
that the introns of CRCK3 might be important for its
expression in planta.

Figure 3. Kinase activity of CRCK3 is important for its function in MEKK1-mediated cell death. A, The let6/summ3-17 mutant
suppressesMEKK1-silencing induced growth defect. Bars5 1 cm. B, The summ3-17mutant suppresses cell death (left) and H2O2

accumulation (right) triggered byRNAi-MEKK1. Plant true leaves after VIGS ofMEKK1were stainedwith trypan blue for cell death
and DAB for H2O2 accumulation. Bars 5 0.5 cm. C, Phenotype of 5-week-old Arabidopsis wild type (WT), summ3-17, and
indicated transgenic lines after silencing ofMEKK1. L15 and L8 are lines expressing GFP-taggedwild-type CRCK3 genomic DNA
in the summ3-17mutant. L5 and L6 are lines expressing the kinase dead CRCK3KM-GFP (Lys-253 toGlu) in the summ3-17mutant.
Bars5 1 cm. Plant pictures were digitally extracted and placed on a black background in A and C. D, Immunoblot analysis of the
protein levels of CRCK3-GFP and CRCK3KM-GFP in the transgenic lines in (C). Ponceau (Ponc.) staining of Rubisco (RBC) was
used as the loading control (Ctrl). E, CRCK3 has kinase activity. CRCK3-FLAG or CRCK3KM-FLAG was expressed in Arabidopsis
protoplasts, and immunoprecipitated with a-FLAG agarose beads for an in vitro kinase assay. The autoradiograph (Autorad.; top)
shows kinase activity, and the immunoblot (bottom) shows protein expression. GFP-FLAG was included as a control.
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The Kinase Activity of CRCK3 Is Important for its
Function in Regulating Cell Death

To determinewhether the kinase activity of CRCK3 is
necessary for its function in the MEKK1-mediated cell
death pathway, we mutated a conserved Lys residue in
the ATP-binding loop of CRCK3 to Glu (K253E, CRCK3
kinase mutant CRCK3KM) and generated transgenic
lines expressing CRCK3KM in the summ3-17 mutant back-
ground. Two representative lines with CRCK3KM-GFP
protein expression level similar to CRCK3-GFP were
used for the subsequent complementation analysis
(Fig. 3D). Three weeks after silencing of MEKK1, the
CRCK3KM-GFP transgenic lines only showed a weak
cell death phenotype, whereas CRCK3-GFP transgenic
plants showed a much more severe cell death pheno-
type (Fig. 3C), suggesting that unlike the wild-type
CRCK3, CRCK3KM was not able to complement the
summ3-17 mutant for RNAi MEKK1-triggered cell
death. We examined whether CRCK3KM bears reduced
kinase activity in plants. We first expressed CRCK3-
FLAG and CRCK3KM-FLAG in protoplasts, and immu-
noprecipitated for an in vitro kinase assay. As shown in
Figure 3E, CRCK3KM-FLAG exhibited a substantially
reduced phosphorylation level compared with CRCK3-
FLAG (Fig. 3E). Taken together, the data indicate that
CRCK3KM could not fully complement the phenotype of
summ3-17, and the kinase activity of CRCK3 is required
for its full function in the MEKK1-mediated cell death
pathway.

Overexpression of CRCK3 Induces a Kinase
Activity-Dependent Cell Death in a Protein
Dosage-Dependent Manner

When we introduced the 35S::CRCK3-GFP construct
into the wild-type Col-0 background, we observed that
transgenic plants with elevated CRCK3-GFP protein
expressions showed dwarfism and cell death. Of the 73
transgenic lines obtained in the T1 generation, seven
displayed phenotypes that resembled wild type (like
L15 and L5 in Fig. 4A), 40 exhibited stunted growth and
twisted leaves (like L11 in Fig. 4A), whereas 26 plants
were small (like L3 and L12 in Fig. 4A). Trypan blue and
DAB staining indicated the cell death and H2O2 accu-
mulation in the leaves of plants exhibiting dwarf phe-
notypes (Fig. 5, A and B). Immunoblot analysis
indicated that the level of plant dwarfism and cell death
was positively associated with the protein level of
CRCK3-GFP in transgenic plants: lines expressing low
or moderate level of CRCK3 proteins resembled wild-
type phenotype and those with high level of CRCK3
proteins exhibited severe dwarf phenotype (Fig. 4B).
These results indicate that overexpression of CRCK3
leads to constitutively activated cell death in a protein
dosage-dependent manner.
The kinase activity of CRCK3 is important for its

function in regulating MEKK1-mediated cell death
(Fig. 3). To investigate whether the kinase activity of

CRCK3 is also important in CRCK3 overexpression-
induced cell death, we introduced 35S::CRCK3KM-GFP
into the wild-type background and found that none of
the transgenic lines displayed abnormal growth phe-
notypes (Fig. 4A). Interestingly, immunoblot analysis
indicated that the proteins of CRCK3KM-GFP accumu-
lated to a relatively lower level than those of wild-
type CRCK3-GFP (Fig. 4B). We could not identify
35S::CRCK3KM-GFP plants with protein levels similar to
35S::CRCK3-GFP plants with strong cell death. The data
suggest that the kinase activity of CRCK3 is required for
its function in the activation of cell death.
To further determine whether overexpression of

CRCK3 could promote cell death, we silenced MEKK1
by VIGS in 35S::CRCK3-GFP/wild-type transgenic
plants L15 and L5, which phenotypically resembled
wild-type Col-0. Substantially, L15 and L5 transgenic

Figure 4. Kinase activity of CRCK3 is required for its cell death in-
ducibility. A, Phenotypes of 4-week-old wild-type (WT), CRCK3-GFP,
and CRCK3KM-GFP transgenic lines in wild-type background. Bars5 1
cm. B, Immunoblot analysis of CRCK3-GFPandCRCK3KM-GFP proteins
in the indicated transgenic lines in (A) with an a-GFPantibody. Ponceau
(Ponc.) staining of Rubisco (RBC) was used as the protein loading
control (Ctrl). C, Silencing of MEKK1 causes more severe cell death in
CRCK3-overexpressing plants. Phenotypes of Col-0 wild type, and
CRCK3-GFP/wild-type L15 and L5 (two independent lines) transgenic
plants are shown 2 weeks after VIGS of a vector control or MEKK1.
Bars 5 1 cm. Plant pictures were digitally extracted and placed on a
black background in A and C.
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plants displayed more severe cell death than wild-type
plants when MEKK1 was silenced (Fig. 4C), further
supporting the important role of CRCK3 level in mekk1
cell death.

Both SUMM2 and MEKK2 Are Required for Cell Death
Caused by Overexpression of CRCK3

SUMM2 is a NLR functioning genetically down-
stream of MEKK2 and CRCK3 (Zhang et al., 2012;
Zhang et al., 2017). We next investigated whether cell
death caused by overexpression of CRCK3 requires
SUMM2 by transforming 35S::CRCK3-GFP into the
summ2-8 mutant, which is morphologically similar to
wild-type plants. Unlike the transgenic lines in the
wild-type background, the 35S::CRCK3-GFP transgenic
lines in the summ2-8 mutant background exhibited
normal plant growth phenotypes similar to wild-type
or summ2-8 plants (Fig. 5A). In addition, the extensive
cell death and overaccumulation of H2O2 were not
observed in the 35S::CRCK3-GFP transgenic lines in the
summ2-8 background (Fig. 5B). The protein levels of
CRCK3-GFP in the summ2-8 mutant were comparable
with those in wild-type plants (Fig. 5C). These data
indicate that CRCK3 overexpression-induced cell death
depends on SUMM2.

It has been reported that CRCK3 is required for the
autoimmune phenotypes induced by overexpression of
MEKK2 (Zhang et al., 2017), suggesting that CRCK3

functions genetically downstream of MEKK2 in the
mekk1 cell death pathway. Thus, it is plausible to spec-
ulate that the autoimmune phenotypes triggered by
overexpression of CRCK3 are independent of MEKK2.
Surprisingly, when we transformed 35S::CRCK3-GFP
into mekk2 plants, all of 35S::CRCK3-GFP/mekk2 trans-
genic plants (more than 60 independent transgenic lines
were isolated and characterized) showed similar
growth phenotypes as wild-type plants (Fig. 5A), and
no cell death or overaccumulation of H2O2 was detec-
ted in the transgenic lines (Fig. 5B). The data indicate
that CRCK3-induced autoimmune phenotypes also
genetically depend on MEKK2. Together, CRCK3 and
MEKK2 are intricately linked with each other for the
cell death inducibility, pinpointing the possibility of a
protein complex containing both CRCK3 and MEKK2.
In addition, the protein levels of CRCK3-GFP in the
mekk2mutant were slightly lower than those in the wild
type or the summ2-8 mutant (Fig. 5C).

CRCK3 Transcription Is Up-Regulated in the mekk1,
mkk1/2, and mpk4 Mutants

Apparently, similar with MEKK2, the expression
level of CRCK3 is critical for cell death inducibility. It has
been shown that the cell death and autoimmune phe-
notypes in the mekk1, mkk1/2, and mpk4 mutants are as-
sociatedwith the up-regulation ofMEKK2 transcripts (Su
et al., 2013). A modest increase in MEKK2 transcription

Figure 5. Overexpression of CRCK3 induces a SUMM2 and MEKK2-dependent cell death. A, Phenotypes of representative
transgenic lines with overexpression of CRCK3-GFP in wild-type (WT), summ2-8, andmekk2 backgrounds. Pictures were taken
from4-week-old soil-grown plants. Bars5 1 cm. Plant pictureswere digitally extracted and placed on a black background. B, Cell
death (top) and H2O2 production (bottom) of leaves from transgenic lines in (A). Leaves from 5-week-old plants were used for
trypan blue staining for cell death and DAB staining for H2O2 production. Bars 5 0.5 cm. C, Immunoblot analysis of the ex-
pression of CRCK3-GFP proteins in the representative transgenic lines in A. CRCK3 protein levels were examined via an a-GFP
antibody. Ponceau (Ponc.) staining of Rubisco (RBC) serves as the protein loading control (Ctrl).
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could induce defense responses (Su et al., 2013). We
therefore investigated whether CRCK3 transcripts are
also mis-regulated in the mekk1, mkk1/2, and mpk4 mu-
tants (Fig. 6A). Consistent with the previous report (Su
et al., 2013), the transcripts ofMEKK2were up-regulated
about 2-fold higher in the mekk1, mkk1/2, and mpk4 mu-
tants compared with wild-type plants (Fig. 6B). Simi-
larly, the transcripts of CRCK3 were also about 2-fold
higher in themekk1, mkk1/2, andmpk4mutants compared
with those in wild-type plants (Fig. 6C). The mekk1/2/3
mutant, which bears a deletion of MEKK1, MEKK2, and
MEKK3, and suppresses the mekk1 cell death phenotype
(Su et al., 2013), showed a similar expression level of
CRCK3 as wild-type plants (Fig. 6C). Thus, the increased
CRCK3 transcripts in the mekk1 mutant are also likely
suppressed by the mekk2 mutation. The data suggested
that the transcript levels of both CRCK3 andMEKK2 are
associated with mekk1, mkk1/2, and mpk4 cell death, and
the expression of CRCK3 and MEKK2 might be coregu-
lated. Indeed, the expression pattern of CRCK3 and
MEKK2 is very similar as observed in the Arabidopsis
eFP Brower (Supplemental Fig. S5).

MEKK2 Associates with and Stabilizes CRCK3

The genetic interaction between CRCK3 and MEKK2
led us to hypothesize that MEKK2 forms a complex
with CRCK3. To test whether MEKK2 associates with
CRCK3, a coimmunoprecipitation (Co-IP) assay was
performed. MEKK2-FLAG and CRCK3-HA were tran-
siently expressed in Arabidopsis protoplasts, and the
proteins were immunoprecipitated with a-FLAG af-
finity beads. We then examined whether CRCK3 was
in the precipitates by immunoblotting with an a-HA
antibody. As shown in Figure 7A, the CRCK3-HA
proteins were detected only in the sample containing

MEKK2-FLAG, not in the negative control. Further-
more, an in vitro pull-down assay was performed with
MEKK2-FLAG transiently expressed in Arabidopsis
protoplasts as the bait against the cytoplasmic domain
of CRCK3 fused with GST at its N terminus (GST-
CRCK3CD). As shown in Figure 7B, GST-CRCK3CD, but
not GST protein itself, was able to pull down MEKK2-
FLAG. Taken together, the data suggest that CRCK3
and MEKK2 form a complex.
The observation that the protein level of CRCK3-GFP

in mekk2 was lower than that in wild-type plants
(Fig. 5C) prompted us to test whether MEKK2 may
positively regulate the protein accumulation of CRCK3.
When we coexpressed CRCK3-HA together with
MEKK2-FLAG in protoplasts for the Co-IP assay, we
observed an increased CRCK3-HA protein level in the
presence of MEKK2-FLAG compared with the vector
control (Fig. 7A, third section). We further transiently
coexpressed CRCK3-FLAGwithMEKK2-HA or a vector
control in Nicotiana benthamiana, and the increased
CRCK3-FLAG protein level was detected in the pres-
ence of MEKK2-HA compared with the control
(Fig. 7C), suggesting that MEKK2 regulates CRCK3
protein accumulation. We then examined whether
CRCK3 is degraded in proteasome-dependent manner.
The seedlings of the 35S::CRCK3-GFP/wild-type trans-
genic plantswere treatedwithMG132, a 26S proteasome
inhibitor, for different times, and subjected to immuno-
blot analyses. As shown in Figure 7D,MG132 treatments
stabilized the accumulation of CRCK3 proteins, sug-
gesting that CRCK3 stability is regulated by 26S
proteasome-mediated degradation.
We further tested the importance of CRCK3 protein

level in MEKK1-mediated cell death. We generated
transgenic plants carrying CRCK3-GFP under its native
promoter in the summ3-17 mutant (pCRCK3::CRCK3-
GFP/summ3), and silenced MEKK1 by VIGS (Fig. 7E).

Figure 6. The transcript levels of CRCK3 are up-
regulated in the mekk1, mkk1/2, and mpk4 mu-
tants. A, Phenotypes of 16-d-old wild type (WT),
mekk1, mkk1/2, mpk4, and mekk1/2/3. Bars 5
1 cm. B and C, Expression levels of MEKK2 and
CRCK3 in the indicated seedlings as determined
by RT-quantitative PCR. Values were normalized
to the expression levels of UBQ10. The data are
shown as mean 6 SE from three independent
repeats.
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Transformation of pCRCK3::CRCK3-GFP into the summ3
mutant restored the RNAiMEKK1-induced cell death as
the wild-type plants (Fig. 7E). Importantly, the protein
level of CRCK3-GFP was substantially increased (;4- to
6-fold) upon silencing of MEKK1 in all transgenic lines
examined (Fig. 7F). Notably, there was only about a 2-
fold increase of CRCK3 transcripts in the mekk1 mutant
compared with wild-type plants (Fig. 6C). Apparently,
CRCK3 proteins are stabilized or translationally in-
creased in the MEKK1-silenced plants. Thus, CRCK3
protein homeostasis plays a crucial role in the MEKK1
cell death pathway.

DISCUSSION

Modifier and suppressor screens are powerful for-
ward genetic approaches to understand signaling path-
ways and uncover genetic interactions in a particular
biological process. However, the beauty of this approach
can be diminished when it is used to understand the

functions of some essential genes due to the lethality of
the null mutants. In plants, VIGS is a widely used RNAi
approach for functional analysis of individual genes by
knocking down the expression of endogenous genes,
avoiding lethality caused by complete loss-of-functions
(Burch-Smith et al., 2004; Senthil-Kumar and Mysore,
2011). In addition, this approach could silence multiple
members of a gene family spontaneously to eliminate
functional redundancy. We have used VIGS to silence
two functionally redundant receptor-like kinases BAK1
and SERK4, which resembled the bak1/serk4 mutant
plants (de Oliveira et al., 2016). VIGS could also be
readily deployed in different genetic backgrounds,
which could substantially expedite the tedious and
time-consuming process of generating higher order
mutants. For examples, we have silenced two closely
related Cys-rich protein kinases CRK22 and CRK28 in
the crk29 mutant to reveal their redundant functions in
plant immunity (Yadeta et al., 2017). By making a ran-
dom cDNA library of certain plant species, VIGS could
also be used as a high throughput and fast forward

Figure 7. MEKK2 associates with and stabilizes CRCK3. A, MEKK2 associates with CRCK3 in the Co-IP assay.MEKK2-FLAG and
CRCK3-HAwere transiently expressed in Arabidopsis protoplasts, immunoprecipitated with a-FLAG affinity beads (IP: a-FLAG),
and immunoblotted with an a-HA (IB: a-HA) or a-FLAG (IP: a-FLAG) antibody (two at top). The protein inputs were detected
before immunoprecipitation by an a-HA or a-FLAG immunoblot, respectively (two at bottom). B, MEKK2 interacts with CRCK3 in
a pull-down assay. Arabidopsis protoplasts transiently expressing MEKK2-FLAG were incubated with GSTor GST-CRCK3CD. The
interaction between MEKK2 and CRCK3 was detected by a-FLAG immunoblot after immunoprecipitation with glutathione-
agarose beads (top). The protein levels of MEKK2 and CRCK3CD were detected with an a-FLAG immunoblot or CBB staining,
respectively. C, Immunoblot analysis of CRCK3-FLAG protein levels in N. benthamiana. CRCK3-FLAG was transiently coex-
pressed in N. benthamiana with either a control (Ctrl) vector or MEKK2-HA. Total protein extract was subjected to immunoblot
analysis using an a-FLAG or a-HA antibody. The protein loading is shown by Ponceau staining of Rubisco (RBC). D, MG132
stabilizes CRCK3. The 10-d-old 35S::CRCK3-GFP/wild-type seedlings were treated with 2 mM MG132 for 0, 1, 2, or 3 h. Total
protein extracts were analyzed by immunoblotting using an a-GFP antibody. CBB staining was used as a loading control. E,
Phenotype of 5-week-old Arabidopsis wild type, summ3-17, and pCRCK3::CRCK3-GFP/summ3-17 complementation lines after
silencing ofMEKK1. L16, L17, L31, and L32 are lines expressing GFP-tagged CRCK3 genomic DNA driven by its native promoter
in the summ3-17mutant. Bars5 1 cm. Plant pictures were digitally extracted and placed on a black background. F, Silencing of
MEKK1 by VIGS increased CRCK3 protein accumulation. The CRCK3 protein levels in the representative transgenic lines in D
were examined via an a-GFP immunoblot. The band intensities were quantified using ImageJ software and labeled underneath
the gel. The protein loading is shown by CBB staining. The above experiments were repeated three times with similar results.
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genetic screen for identifying components in a biological
process (Lu et al., 2003; Li et al., 2015b). In Arabidopsis,
the availability of sequence index T-DNA insertion li-
brary makes it possible to identify the mutants that
suppress or enhance the phenotype caused by VIGS of
gene(s). The causal mutations could be easily identified
based on the information of T-DNA insertions. With this
approach, we have shown that protein glycosylation is
important in bak1/serk4 cell death (de Oliveira et al.,
2016). Thus, this unbiased and highly efficient genetic
screen combines the features of both forward and re-
verse genetics, and provides an alternative to uncover
the pathways and mechanisms regulating plant cell
death, and embryonic or postembryonic seedling le-
thality caused by one or multiple redundant genes.
Understanding the mekk1-mkk1/2-mpk4 cell death

pathway was mainly achieved through the suppressor
screen of the mkk1/2 mutant, which is able to produce
seeds when grown at 28°C (Gao et al., 2009; Kong et al.,
2012; Zhang et al., 2017). Interestingly, certain mutants
could suppress mkk1/2 cell death, but did not affect
mekk1 or mpk4 cell death (Lian et al., 2018), suggesting
the independent functions of individual components in
the MEKK1-MKK1/2-MPK4 cascade. Unlike mkk1/2,
the genetic mutants of mekk1 are unable to produce
enough seeds for a suppressor screen. We show here
that silencing of MEKK1 by VIGS in wild-type plants
resembles the mekk1 mutant with autoimmune pheno-
types. We further used this approach to screen the
Arabidopsis T-DNA insertion library and identified
MEKK2, SUMM2, and CRCK3 as specific regulators of
RNAi MEKK1, but not BAK1/SERK4 nor BIR1-induced
cell death. Previous identification of these components
in the mekk1-mkk1/2-mpk4 cell death pathway supports
the feasibility of our approach to understand the con-
served and specific functions of MEKK1 in regulating
cell death and others.
MEKK2 resides in a tandem repeat region with

MEKK1 and shares 64% amino acid identity with
MEKK1 (Supplemental Fig. S2). MEKK1 is indispens-
able for MPK4 activation, consistent with the fact that
MEKK1 functions as a MAPKKK for the activation of
MPK4 (Ichimura et al., 2006; Nakagami et al., 2006;
Suarez-Rodriguez et al., 2007). Consistently, MEKK1 has
strong kinase activity (Asai et al., 2002; Supplemental
Fig. S3). Surprisingly, the kinase activity of MEKK1
might not be required for the activation of MPK4 since
the kinase-impaired mutant of MEKK1K361M could
complement the mekk1 defects in terms of MPK4 acti-
vation (Suarez-Rodriguez et al., 2007). In addition,
MEKK1K361M could complement the lethality of the
mekk1 mutant, suggesting that the kinase activity of
MEKK1 might not be essential for its function in cell
death control (Suarez-Rodriguez et al., 2007). We show
here that MEKK2 has little kinase activity in our assay
conditions, and the kinase-impaired mutant MEKK2K529M
didnot affect its cell death inducibilitywhenoverexpressed
in Arabidopsis wild-type plants, suggesting that kinase
activity of MEKK2 may not be required for its function in
cell death control (Fig. 2). Thus, bothMEKK1 andMEKK2

may confer roles as structural or scaffold proteins,
rather than functional kinases, in theMEKK1-MKK1/2-
MPK4 cascade. Apparently, MPK4 kinase activation is
associated with its function in plant immunity and cell
death control (Berriri et al., 2012; Su et al., 2013). Thus, it
is tantalizing to hypothesize that another MAPKKK,
which might be scaffolded by MEKK1 or MEKK2,
may form a conventional MAPK cascade together with
MKK1/2 and MPK4 in activating the downstream
signaling.
CRCKs are calcium-dependent CaM-binding

receptor-like cytoplasmic kinases (RLCKs; Yang et al.,
2004). RLCKs play important roles in plant immunity
and development (Lin et al., 2013; Liang and Zhou,
2018). The Arabidopsis genome encodes three CRCKs
(Yang et al., 2004). However, their biological functions
and connections with Ca21/CaM still remain elusive. It
has been shown that Ca21/CaM can stimulate CRCK1
kinase activity (Yang et al., 2004). Ca21 signaling is es-
sential in the activation of plant NLRs (Gao et al., 2013).
It will be interesting to determine in the future whether
Ca21 or CaM is involved in CRCK3-mediated NLR
SUMM2 activation. Several RLCKs, such as AVRPPHB
SUSCEPTIBLE 1 (PBS1) and PBS1-LIKE 2 (PBL2), have
been proposed to act as guardees or decoys for the ac-
tivation of NLR immune receptors (Shao et al., 2003;
Wang et al., 2015). CRCK3 was hypothesized as a
guardee of SUMM2, and the phosphorylation level of
CRCK3 by MPK4 is sensed by SUMM2 for activation
(Zhang et al., 2017). We show here that overexpression
ofCRCK3 led to SUMM2-dependent cell death. Thus, in
addition to phosphorylation, the homeostasis of
CRCK3 is important for NLR SUMM2 activation.
Transcriptional reprogramming is one of the most

important responses in plant defense (Li et al., 2016).
The transcripts of both MEKK2 and CRCK3 are up-
regulated in the mekk1, mkk1/2, and mpk4 mutants,
and the abundance of MEKK2 and CRCK3 is tightly
associated with autoimmune phenotypes (Fig. 6, B and
C; Su et al., 2013). However, it is still unclear whether
the up-regulation of MEKK2 and CRCK3 is responsible
for or the outcome of the autoimmune phenotypes ob-
served in the mekk1, mkk1/2, and mpk4 mutants. The
transcriptional regulation of MEKK2 and CRCK3 ap-
pears to be complicated. Although MEKK2 is a sub-
strate of MPK4 (Kong et al., 2012), the MEKK2
transcript level is regulated by MPK4 activity since
overexpression of constitutively active MPK4 rescued
the mekk1 cell death phenotype and restored the ele-
vated MEKK2 expression of the mekk1 mutant to the
wild-type level (Su et al., 2013). Similarly, the transcript
level of CRCK3might be regulated byMEKK2 since the
increased CRCK3 expression in the mekk1 mutant was
restored in the mekk1/2/3 mutant (Fig. 6C). Thus, mul-
tiple positive feedback regulations may exist in the
mekk1-mkk1/2-mpk4 cell death pathway. It is also pos-
sible that the expression of MEKK2 and CRCK3 might
be regulated at the posttranscriptional or translational
levels. Some RNA processing-associated proteins, such
as MODIFIER OF snc1 (MOS), are involved in the
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regulation of NLR protein SNC1-mediated autoim-
mune phenotypes (Palma et al., 2007). Identification
and functional studies of other LETs have great po-
tential to uncover the detailed molecular mechanisms
underlying NLR SUMM2 activation and regulation at
transcriptional, posttranscriptional, and posttransla-
tional levels.

Co-IP and pull-down assays revealed that CRCK3
associates with MEKK2 in vivo and in vitro (Fig. 7, A
and B), indicating that they exist in a protein complex in
plants, and may require each other for functionality.
Consistently, we observed that CRCK3 cell death in-
ducibility depends on MEKK2 (Fig. 5). MEKK2 cell
death inducibility also depends on CRCK3 (Zhang
et al., 2017). Notably, MEKK2 positively regulates the
protein stability of CRCK3 (Fig. 7C). When the dis-
pensable role of kinase activity in MEKK2 cell death
inducibility is considered, MEKK2 is likely a nonfunc-
tional kinase, and it may function as a scaffold to sta-
bilize CRCK3. It is possible that CRCK3 undergoes
constant turnover in wild-type plants, whereas, in the
mekk1 mutant, CRCK3 transcripts are increased and
proteins are stabilized (Figs. 6C and 7F), partly due to
the increased expression of MEKK2 scaffolding or sta-
bilizing the complex. Notably, the pseudokinase RKS1
is required for RLCK PBL2 and NLR ZAR1-mediated
immunity and to form the PBL2-RKS1-ZAR1 resisto-
some (Wang et al., 2019a, 2019b). The activated NLR
ZAR1 may form pores in the plasma membrane, lead-
ing to cell death and oxidative stress. It is tempting to
hypothesize that CRCK3-MEKK2-SUMM2 also as-
semble into a similar resistosome that is activated by the
depletion of MEKK1-MKK1/2-MPK4 cascade, ulti-
mately triggering cell death.

MATERIALS AND METHODS

Plant Materials and Growth Conditions

TheArabidopsis (Arabidopsis thaliana) mutant lines used herewere described
previously: mekk2 (SALK_150039C), summ2-8 (SAIL_1152_A06), summ2-9
(SALK_062374), summ3-17 (SALK_039370), mekk1 (SALK_052557), mpk4-2
(SALK_056245), mkk1/2, mekk1/2/3 in the Col-0 background (Zhang et al.,
2012; Su et al., 2013; Zhang et al., 2017). Arabidopsis T-DNA insertion lines
and library were obtained from Arabidopsis Biological Resource Center
(ABRC). Arabidopsis andNicotiana benthamiana plants were grown on soil (LP5
RSi, Sun Gro Horticulture) in a growth room at 23°C, 50% relative humidity,
and 75 mE m-2s21 light with a 12-h light/12-h dark photoperiod.

Plasmid Construction and Generation of Transgenic Plants

The VIGS constructs for MEKK1, BAK1/SERK4, BIR1, and CLA1 were
reported previously (de Oliveira et al., 2016). To generate pMDC32-
2x35S::cCRCK3-FLAG and pMDC32-2x35S::MEKK2-HA, the coding sequences
of CRCK3 and MEKK2 were amplified by PCR from Col-0 cDNA and intro-
duced into a plant gene expression vector pHBT containing an HA tag at the C
terminus by Xba I/Sma I or BamH I/Stu I restriction enzyme digestions. The
fragments were released by Bgl II/Sma I or BamH I/Stu I enzyme digestions
and subcloned into modified pMDC32-FLAG or pMDC32-HA vectors. To make
pCB302-35S::CRCK3-GFP and pCB302-35S::CRCK3-FLAG, the genomic frag-
ment of CRCK3was amplified from Col-0 genomic DNA and cloned into pHBT
by Bgl II/Sma I enzyme digestions. The CRCK3 fragments were subcloned into
modified pCB302-GFP or pCB302-FLAG vectors by Nhe I/Sma I digestions. The

pointmutations ofMEKK2KM andCRCK3KMwere generated using site-directed
mutagenesis. To generate pCB302-pCRCK3::CRCK3-GFP, the promoter of
CRCK3was amplified fromCol-0 genomic DNA and cloned into pCB302 by Sac
I/BamH I enzyme digestions; then the CRCK3-GFP fragments from pHBT-
p35S::CRCK3-GFP was released by Bgl II/EcoR I digestion and subcloned into
this modified pCB302 vector. The Escherichia coli expression vector GST-
CRCK3CD was generated by PCR amplifying the CRCK3 cytosolic domain
(146–510 amino acids) from pHBT-35S::cCRCK3-HA, and subcloning it into a
modified pGST vector using a one-step cloning kit (Vazyme Biotech) by BamH I
and Stu I digestion. All DNA fragments cloned into vectors were confirmed via
Sanger sequencing. The primers for cloning and point mutations are listed in
Supplemental Table S1.

Transgenic plants were generated via the Agrobacterium-mediated floral-dip
method. The transformants were screened with the herbicide BASTA (Bayer;
resistance conferred by the pCB302 vector) or the antibiotic hygromycin for the
pMDC32 vector.

Agrobacterium-Mediated Virus-Induced Gene
Silencing Assay

The VIGS assay was performed as described previously (de Oliveira et al.,
2016). In brief, the Agrobacterium strain GV3101 containing pYL156-RNA1,
pYL156-MEKK1, pYL156-BAK1/SERK4, pYL156-BIR1, pYL156-CLA1, or pYL156-
GFP (the vector control) was grown overnight in LB medium (50 mg mL21

kanamycin, 50 mg mL21 gentamycin, 10 mM MES, and 20 mM acetosyringone).
The bacteria were harvested by centrifugation at room temperature and
resuspended in infiltration buffer (10 mM MES, 10 mM MgCl2, and 200 mM

acetosyringone). Bacterial cultures containing pYL156-MEKK1, pYL156-BAK1/
SERK4, pYL156-BIR1, pYL156-CLA1, or pYL156-GFP were mixed with pYL156-
RNA1 cultures at the 1:1 ratio, individually. The first pair of true leaves of 10-d-
old plants were hand-infiltrated using a needleless syringe with the mixed
bacterial cultures. The albino phenotype (CLA1-silencing) or cell death phe-
notypes showed up 2 weeks after infiltration.

Trypan Blue and DAB Staining

Staining was performed as described previously, with minor modifications
(Zhou et al., 2019). For trypan blue staining, the leaves from 5-week-old plants
were immersed in boiled latophenol (lactic acid/glycerol/liquid phenol/dis-
tilled water, 1:1:1:1) with 0.25 mg mL21 trypan blue for 30 s. For 3,39-dia-
minobenzidine (DAB) staining, the leaves from 5-week-old plants were
immersed in 1mgmL21 DAB solution under vacuum pressure for 2 h, followed
by an overnight incubation at room temperature in the dark. The trypan blue or
DAB stained leaves were destained with destain buffer (ethanol/lactic acid/
liquid phenol, 2:1:1) at 65°C for 1 h, and washed three times with 75% (v/v)
ethanol. The destained leaves were photographed under the microscope.

Co-IP and transient expression assays

Arabidopsis protoplasts were transfected with different plasmids and in-
cubated overnight. Samples were lysed in Co-IP buffer (100 mM NaCl; 1 mM

EDTA; 20 mM Tris-HCl, pH 7.5; 2 mM NaF; 2 mM Na3VO4; 1 mM dithiothreitol;
0.5% [v/v] Triton X-100; 10% [v/v] glycerol; and 13 protease inhibitor). The
supernatant was collected after centrifugation at 13,000 rpm at 4°C for 15 min
and incubated with a-FLAG affinity beads (Sigma) at 4°C for 2 h with gentle
shaking. The beads were collected and washed three times with Co-IP washing
buffer (20 mM Tris-HCl, pH 7.5; 100 mM NaCl; 1 mM EDTA; 1% [v/v] Triton X-
100). The immunoprecipitated and input proteins were analyzed by immuno-
blot with the indicated antibodies.

The transient expression assays in N. benthamianawere carried out as described
previously (Feng et al., 2016). Briefly,Agrobacterium strainGV3101 containing binary
vectors was cultured overnight at 28°C. Bacteria were harvested and resuspended
with infiltration buffer (10 mM MES, 10 mM MgCl2, and 200 mM acetosyringone) for
inoculation. The leaf samples were harvested at 30 h post infiltration.

RNA Isolation and Reverse Transcription Quantitative
PCR (RT-qPCR) Analysis

Total RNAswere preparedusing the TRIzol reagent (Invitrogen). RNase-free
DNase I (New England Biolabs) was used to remove contaminating genomic
DNA. cDNAs were synthesized with M-MuLV Reverse Transcriptase (New
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England Biolabs) and oligo(dT) primers. RT-qPCR analysis was performed
using iTaq Universal SYBR green Supermix (Bio-Rad) with an 7900HT Fast
Real-Time PCR system (Applied Biosystems). The expression of each gene was
normalized to the expression of UBQ10.

Protein Isolation and In Vitro Pull-Down Assay

GST andGST-CRCK3CDwerepurified fromE. coliwith a standard glutathione
agarose beads (Thermo Scientific). MEKK2-FLAG was transiently expressed in
protoplasts overnight and lysed with 250 mL of extraction buffer (10 mM HEPES,
pH 7.5; 100 mM NaCl; 1 mM EDTA; 10% [v/v] glycerol; 0.5% [v/v] Triton X-100;
and 1:200 complete protease inhibitor cocktail from Sigma). For the pull-down
assay, about 10mg GST or GST-CRCK3CD proteins were mixed with theMEKK2-
FLAG cell lysate at 4°C for 1 h with gentle shaking, subsequently incubated with
20mL of glutathione agarose beads at 4°C for another 2 hwith gentle shaking. The
beads were harvested by centrifugation and washed five times with the washing
buffer (10 mM HEPES, pH 7.5; 100 mM NaCl; 1 mM EDTA; 10% [v/v] glycerol;
0.5% [v/v] TritonX-100). The boundproteinswere released frombeads by boiling
in 50 mL of 23 SDS protein loading buffer for 10 min and detected by an im-
munoblot with an a-FLAG antibody.

In Vitro Kinase Assay

GFP-FLAG, CRCK3-FLAG, and CRCK3KM-FLAG were transiently expressed
in protoplasts for overnight, and purified by a-FLAG agarose. The proteins were
incubated with 20 mL of kinase assay buffer (20 mM Tris-HCl, pH 7.5; 10 mM

MgCl2; 5 mM EGTA; 100 mM NaCl; 1 mM dithiothreitol; and 1 mL [g-32P]ATP) at
room temperature for 3 h with gentle shaking. The reactions were stopped by
adding 43 SDS protein loading buffer. The phosphorylation of proteins was
analyzed by autoradiography after separation with 10% SDS-PAGE.

Accession numbers

Sequence data from this article can be found in The Arabidopsis Information
Resource (TAIR) or GenBank/EMBL databases under the following accession
numbers: CLA1(AT4G15560), CRCK3 (AT2G11520), MEKK1 (AT4G08500),
MEKK2(AT4G08480),SUMM2(AT1G12280),MKK1(AT4G26070),MKK2(AT4G29810),
MPK4(AT4G01370), BIR1 (AT5G48380), BAK1 (AT4G33430), SERK4 (AT2G13790), PR1
(AT2G14610), PR2 (AT3G57260), ACTIN2 (AT3G18780), and UBQ10 (AT4G05320).

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. SALK_062374 is summ2-9.

Supplemental Figure S2. Sequence alignment of MEKK1 and MEKK2.

Supplemental Figure S3. MEKK2 does not have detectable kinase activity.

Supplemental Figure S4. Overexpression of CRCK3 derived from cDNA
cannot complement summ3-17 phenotype.

Supplemental Figure S5. The expression pattern of CRCK3 and MEKK2.

Supplemental Table S1. Primers for gene cloning, point mutation, geno-
typing, and RT-qPCR.
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