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JASMONATE ZIM-DOMAIN (JAZ) transcriptional repressors are key regulators of jasmonate (JA) signaling in plants. At the
resting stage, the C-terminal Jas motifs of JAZ proteins bind the transcription factor MYC2 to repress JA signaling. Upon
hormone elicitation, the Jas motif binds the hormone receptor CORONATINE INSENSITIVE1, which mediates proteasomal
degradation of JAZs and thereby allowing the Mediator subunit MED25 to activate MYC2. Subsequently, plants desensitize JA
signaling by feedback generation of dominant JAZ splice variants that repress MYC2. Here we report the mechanistic
function of Arabidopsis (Arabidopsis thaliana) MED25 in regulating the alternative splicing of JAZ genes through recruiting the
splicing factors PRE-mRNA-PROCESSING PROTEIN 39a (PRP39a) and PRP40a. We demonstrate that JA-induced generation
of JAZ splice variants depends on MED25 and that MED25 recruits PRP39a and PRP40a to promote the full splicing of JAZ
genes. Therefore, MED25 forms a module with PRP39a and PRP40a to prevent excessive desensitization of JA signaling
mediated by JAZ splice variants.

INTRODUCTION

Jasmonate (JA) is a lipid-derived hormone that regulates diverse
aspects of plant immunity and development (Browse, 2009;
Wasternack and Hause, 2013; Chini et al., 2016; Goossens et al.,
2016; Zhai et al., 2017). In Arabidopsis (Arabidopsis thaliana), JA
triggers a genome-wide transcriptional program that is largely
regulated by MYC2 (Boter et al., 2004; Lorenzo et al., 2004;
Dombrecht et al., 2007; Fernández-Calvo et al., 2011; Kazan and
Manners, 2013; Zhai et al., 2013; Chini et al., 2016; Zhai et al.,
2017). The activity of this master transcription factor depends on
its physical and functional interactions with MED25, a subunit of
the plant Mediator transcriptional coactivator complex (Çevik
et al., 2012; Chen et al., 2012; An et al., 2017; Zhai et al., 2018;
Wang et al., 2019). At the resting stage, a group of JASMONATE
ZIM-DOMAIN (JAZ) proteins physically interact with MYC2,
thereby repressing the expression of JA-responsive genes (Chini
et al., 2007; Thines et al., 2007; Yan et al., 2007; Pauwels et al.,
2010).

In thepresenceof the bioactive JA ligand, jasmonoyl-isoleucine
(JA-Ile), JAZproteins function ashormonecoreceptors by forming
a JA-Ile–dependent coreceptor complex with CORONATINE-

INSENSITIVE1 (COI1), the F-box subunit of the ubiquitin ligase
SCFCOI1 (Xie et al., 1998; Devoto et al., 2002; Xu et al., 2002; Chini
et al., 2007; Thines et al., 2007; Yan et al., 2007; Fonseca et al.,
2009; Sheard et al., 2010). SCFCOI1-dependent degradation of
JAZ repressors leads to the liberation of MYC2 from transcrip-
tional repression (Chini et al., 2007; Thines et al., 2007; Yan et al.,
2007; Fonseca et al., 2009; Sheard et al., 2010). Therefore, JAZ
proteins can act asboth transcriptional repressors (in the absence
of JA-Ile) and hormone coreceptors (in the presence of JA-Ile).
In-depth investigations have provided insights into the mech-

anism by which JAZ proteins switch between their repressor and
coreceptor functions. JAZ proteins contain a featured C-terminal
JA-associated (Jas)motif, which is necessary for interactionswith
COI1 and the active hormone, JA-Ile (Chini et al., 2007; Thines
et al., 2007; Melotto et al., 2008; Sheard et al., 2010; Pauwels and
Goossens, 2011). The JAZdegron, which is locatedwithin the Jas
domain, is the minimal amino acid sequence sufficient for COI1
and JA-Ile binding (Sheard et al., 2010; Pauwels and Goossens,
2011). Notably, the Jasmotif is also necessary for the interactions
of JAZ proteins withMYC2 (Chini et al., 2007; Melotto et al., 2008;
Pauwels andGoossens, 2011). Structural studies have pointed to
acritical role for theJAZdegron in switchingJAZproteinsbetween
their repressor and coreceptor functions (Zhang et al., 2015).
In addition to their repressor and coreceptor functions,

emerging evidence suggests that JAZ proteins play a pivotal role
in regulating the desensitization of JA signaling, which is nec-
essary to prevent uncontrolled JA responses. For example, most
Arabidopsis JAZgenes contain a highly conserved Jas intron, and
alternative splicing (AS) involving the Jas intron generates a rep-
ertoireofJAZsplicevariants lacking the intactC-terminal Jasmotif
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(Yan et al., 2007; Chung and Howe, 2009; Chung et al., 2010;
Moreno et al., 2013). Transgenic Arabidopsis plants expressing
these JAZsplice variants showattenuated JA responses, as these
JAZ splice variants still retain the ability to repress MYC2 but are
more resistant tohormone-induceddegradation than thewild type
(Chung and Howe, 2009; Chung et al., 2010; Moreno et al., 2013).
A recent study has provided structural insight into themechanism
by which JAZ splice variants desensitize JA signaling: Some JAZ
splice variants contain an N-terminal cryptic MYC-interaction
domain (CMID) that inhibits the access of MED25 to the tran-
scriptional activation domain of MYC transcription factors (Zhang
et al., 2017).

Although Jas intron-dependent AS of JAZ genes is thought to
provide a general mechanism to desensitize or deactivate JA
responses, how this process is properly regulated remains elu-
sive. For example, it is unclear howplants control thegenerationof
dominant JAZsplice variants toproper levels to prevent excessive
and/or uncontrolled desensitization of JA signaling. The splicing
factors involved in Jas intron-dependent AS of JAZ genes, and
how these splicing factors are recruited, remains enigmatic.

“Mediator” is an evolutionarily conserved multisubunit co-
activator complex whose activity is essential for RNA polymerase
II (Pol II)-dependentgene transcription (BjörklundandGustafsson,
2005; Kornberg, 2005; Malik and Roeder, 2005, 2010; Poss et al.,
2013; Allen and Taatjes, 2015). Since its discovery in yeast and
animals (Fondell et al., 1996), the most extensively investigated
function of Mediator has been its ability to orchestrate tran-
scription factor-dependent assembly of the Pol II preinitiation
complex (PIC) via discrete interactions with signal-dependent
transcription factors and Pol II (Kornberg, 2005; Malik and
Roeder, 2005, 2010; Soutourina et al., 2011). In addition to its role
in transcriptional initiation, novel functions are continuously being
ascribed to yeast and animal Mediator in controlling almost every
stage of Pol II-dependent gene transcription, including epigenetic
regulation, transcriptional elongation and termination, noncoding
RNA activation, chromatin loop formation, and perhaps mRNA
processing (Malik and Roeder, 2010; Huang et al., 2012; Carlsten
et al., 2013; Conaway and Conaway, 2013; Poss et al., 2013; Yin
and Wang, 2014; Allen and Taatjes, 2015; Malik, 2016). Indeed, it

has been shown that the human MED23 subunit regulates AS
through interacting with the splicing factor hnRNP L (Huang et al.,
2012). Recent transcriptome analysis revealed that the function of
MED23 in regulating AS is conserved in Arabidopsis (Dolan and
Chapple et al., 2018).
Isolation of the Arabidopsis Mediator complex revealed 21

conserved and six plant-specific subunits (Bäckström et al.,
2007).Despite the identificationof several plantMediator subunits
that are implicated in the regulation of plant development and
adaptive responses (Kidd et al., 2011; Samanta andThakur, 2015;
Yang et al., 2016), our mechanistic understanding of the roles of
plant Mediator is still in its infancy.
We have shown that the plant Mediator subunit MED25

physically and functionally interacts with MYC2, thereby playing
a pivotal role in PIC formation during the activation of MYC2-
mediated transcriptionof JA-responsivegenes (Chenet al., 2012).
Furthermore, MED25 is also involved in the assembly of
a MYC2–MED25 functional transcription complex, which acts as
an integrative hub to coordinate the actions of multiple regulators
during hormone-triggered activation of MYC2 (An et al., 2017; Du
et al., 2017; Liu et al., 2019; Wang et al., 2019; You et al., 2019).
Here, we report the mechanistic function of MED25 in regulating

Jas intron-dependent ASof JAZgenes.We show that JA-induced
production of dominant JAZ splice variants depends on the
functions of MYC2 and MED25. Using affinity purification and
mass spectrometry, we found that PRE-mRNA-PROCESSING
PROTEIN39a (PRP39a; Lockhart andRymond, 1994;Wang et al.,
2007; Kanno et al., 2017) and PRP40a (Kao and Siliciano, 1996;
Kang et al., 2009), two subunits of the evolutionarily conserved
spliceosomal U1 small nuclear ribonucleoprotein particle (snRNP)
involved in cotranscriptional AS, are components of MYC2–MED25
functional transcription complex. We demonstrate that MED25
controls JA-induced recruitment of PRP39a andPRP40a to JAZ loci
to facilitate the full splicing of Jas intron. Therefore, the MED25-
PRP39a/PRP40amoduleplaysacritical role inpreventingJAZsplice
variant-mediated excessive desensitization of JA signaling. This
study exemplifies how a Mediator subunit integrates the effects of
general splicing factors into a specific signaling pathway to
accurately control gene expression.
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RESULTS

Generation of Dominant JAZ Splice Variants Is an Integral
Part of MYC2- and MED25-Dependent JA Signaling

Among the Arabidopsis JAZ genes, JAZ2, JAZ3, JAZ4, JAZ5,
JAZ6, JAZ9, JAZ10, and JAZ12 contain a conserved Jas intron
thatsplits theJasmotif intoa20aminoacidN-terminal JAZdegron
and a seven amino acid C-terminal (X5PY) submotif (Chung et al.,

2010; Figure 1A). Jas intron-dependent AS generates truncated
JAZsplicevariants (DPYJAZshereafter) thatplayan important role
in the desensitization of JA signaling (Chung and Howe, 2009;
Chung et al., 2010; Moreno et al., 2013; Figure 1A). To investigate
how JA regulates the AS of JAZ genes, we performed RT-qPCR
with RNA from methyl jasmonate (MeJA)-treated wild-type
seedlings to measure fully spliced JAZ transcripts and DPYJAZ
transcripts. We found that both fully spliced JAZ transcripts
(Figure 1B) and DPYJAZ transcripts (Figure 1C) were quickly

Figure 1. MeJA-Induced Generation of DPYJAZs Depends on MYC2 and MED25.

(A)Schematic diagramof Jas intron-dependent ASof JAZ and its corresponding translational products. In the gene structure, boxes represent exons, lines
represent introns, red boxes represent Jasmotif-encoding regions, and thegreen line represents the Jas intron. Arrows indicate forward primers (FPor FP1)
and reverse primers (RP or RP1) used for RT-qPCR to amplify transcripts in which the Jas intron is spliced (FP/RP) or retained (FP1/RP1). In the protein
structures of JAZ and DPYJAZ, cyan boxes represent CMID, blue boxes represent the ZIM domain, and red boxes represent the Jas motif.
(B)and (C)RT-qPCRshowing fully spliced transcripts (B)or Jas intron-retained transcripts (C)of Jas intron-containedJAZgenes inMeJA-treatedwild-type
seedlings. Ten-d–old seedlings were treated without or with 100 mM of MeJA for the indicated time before RNA extraction.
(D)and (E)RT-qPCRshowingJAZ6 (D)andDPYJAZ6 (E)expression in response toMeJA inwild type,coi1-2,myc2/3/4, andmed25-4seedlings. Ten-d–old
seedlings were treated with 100 mM of MeJA for 60 min before RNA extraction.
(B) to (E)Expression levelsof targetgeneswerenormalized toACTIN7, and theexpression levels inwild typewithoutMeJA treatmentwerearbitrarily set to1.
Data shown are mean values of three biological repeats with SD.
(D) and (E) Statistical analysis was performed via one-way ANOVA (Supplemental File); bars with different letters are significantly different from each other
(P < 0.01).
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induced at 0.25 h after MeJA treatment and reached to a peak at
1 h after MeJA treatment, indicating that the MeJA-mediated
induction kinetics of DPYJAZs is similar to that of the corre-
sponding fully spliced JAZs.

We then selected JAZ6, which contains a representative Jas
intron, as a model to investigate whether the AS of JAZ genes
depends on the core JA signaling components including COI1,
MYC2, and MED25. RT-qPCR assays indicated that both fully
spliced JAZ6 (JAZ6 hereafter) and DPYJAZ6 were induced by
MeJA treatment in the wild type (Figures 1D and 1E). Importantly,
MeJA-mediated induction of both JAZ6andDPYJAZ6was largely
abolished in the coi1-2mutant, aweakmutant allele ofCOI1 (Figures
1D and 1E; Xu et al., 2002;Moreno et al., 2013). Parallel experiments
produced similar results for other Jas-intron–containing JAZ genes
(Supplemental Figure 1), indicating thatMeJA-mediated induction of
DPYJAZs strictly depends on the hormone receptor protein COI1.

Similarly, MeJA-induced expression of DPYJAZ6 (Figure 1E)
and otherDPYJAZs (Supplemental Figure 1)was also significantly
reduced in themyc2/3/4 triple mutant (Song et al., 2014) and the
med25-4 mutant (Chen et al., 2012), indicating that MeJA-
mediated induction of DPYJAZs also depends on the MYC
transcription factors and the Mediator subunit MED25.

In addition toDPYJAZs, a previous study identified the JAZ10.4
splice variant fromwounded leaves; JAZ10.4encodesadominant
spliced variant lacking the intact Jas motif (DJasJAZ10; Chung
and Howe, 2009). Our parallel experiments showed that MeJA
induces the expression of JAZ10.4, and this induction is greatly
impaired in coi1-2, myc2/3/4, and med25-4 (Supplemental Fig-
ure 1), indicating that MeJA-mediated induction of JAZ10.4 also
depends on COI1, the MYC transcription factors, and MED25.

Overexpression of DPYJAZ6 Leads To Attenuated
JA Responses

To evaluate the functional significance of Jas intron-dependent
AS on JA signaling, we generated transgenic Arabidopsis plants
(DPYJAZ6-GFP) overexpressing DPYJAZ6 cDNA fused withGFP
under the control of the 35S promoter (Supplemental Figure 2A).
As a control, we also generated JAZ6-GFP plants overexpressing
fully splicedJAZ6cDNA fusedwithGFP (Supplemental Figure2A).
Transgenic lines in which the expression levels of the corre-
sponding transgenes were largely comparable were selected for
further analysis (Supplemental Figure 2B).

Theselected transgenic lineswere thensubject toastandardJA
response assay. In Arabidopsis, VEGETATIVE STORAGE PRO-
TEIN1 (VSP1) and VSP2 are widely used marker genes for JA-
regulated wounding responses, whereas PLANT DEFENSIN1.2
(PDF1.2) and THIONIN2.1 (THI2.1) are widely used marker genes
for JA-regulated pathogen responses (Berger et al., 1995; Pen-
ninckx et al., 1996). JAZ genes are early JA-responsive genes that
are directly targeted by the master transcription factor MYC2
(Chini et al., 2007; Thines et al., 2007; Yan et al., 2007). MeJA-
induced expression of all these JA-responsive genes was not
obviously altered in JAZ6-GFP plants compared with wild type
(Supplemental Figures 3A to 3E), indicating that overexpressing
fully spliced JAZ6 does not alter JA responses. Indeed, over-
expressing several fully spliced JAZ proteins did not obviously
alter JA responses in a previous study due to their rapid

degradation upon JA stimulation (Chini et al., 2007). However,
MeJA-induced expression of VSP1, VSP2, PDF1.2, THI2.1, and
JAZ2 was significantly decreased in DPYJAZ6-GFP plants
compared with the wild type (Supplemental Figures 3A to 3E),
indicating thatDPYJAZ6-GFPplants show reduced JA responses
in terms of MeJA-induced defense gene expression.
In JA-induced root growth inhibition assays, DPYJAZ6-GFP

plants, but not JAZ6-GFP, showed an attenuated JA response
compared with their wild-type counterparts (Supplemental
Figure 3F). Together, these results are consistent with previous
observations that overexpression of JAZ splice variants led to
attenuated JA responses (Chung and Howe, 2009; Chung et al.,
2010; Moreno et al., 2013).

DPYJAZ6 Competes with MED25 for Binding to MYC2

Wethenexplored themechanismbywhichDPYJAZ6desensitizes
JA signaling. First, we performed in vitro pull-down assays to
compare hormone-dependent interactions of JAZ6 or DPYJAZ6
with COI1. In the presence of coronatine, a potent agonist of the
JA-Ile receptor, purified recombinant histidine-tagged JAZ6 (His-
JAZ6), but not His-DPYJAZ6, recovered myc-tagged COI1 from
leaf extracts of COI1-myc plants (Xu et al., 2002; Supplemental
Figure 4A), indicating that DPYJAZ6 cannot interact with COI1 in
the presence of coronatine. Consistently, whereas JAZ6-GFP
extracted from JAZ6-GFPplantswas completely degradedwithin
10 min of MeJA treatment, DPYJAZ6-GFP from DPYJAZ6-GFP
plants remained stable even after 60 min of MeJA treatment
(Supplemental Figure 4B), indicating that DPYJAZ6-GFP is more
resistant to MeJA-induced degradation than JAZ6-GFP.
Although DPYJAZ6 lacks the intact C-terminal Jasmotif, which

is important for interactions not only with COI1 but also with
MYC2, this JAZ splice variant still contains an N-terminal CMID
(Figure 1A), which is important for binding to MYC transcription
factors (Zhang et al., 2017). Like His-JAZ6, His-DPYJAZ6 pulled
down MYC2-myc (Chen et al., 2011) in our in vitro pull-down
assays (Supplemental Figure 4C), suggesting that DPYJAZ6 can
still interact with MYC2.
Because MYC2-regulated transcription of JA-responsive

genes largely depends on its interaction with the Mediator sub-
unit MED25 (Chen et al., 2012), and JAZ proteins exert their re-
pressor function through competing with MED25 for interaction
with MYC transcription factors (Zhang et al., 2015), we asked
whether the hormone-resistant DPYJAZ6 could compete with
MED25 for interaction with MYC2. Our firefly luciferase (LUC)
complementation imaging (LCI) assays (Chenet al., 2008) showed
that, in Nicotiana benthamiana leaves, the interaction between
MED25 and MYC2 was dramatically reduced when DPYJAZ6-
GFP was coexpressed with MED25-nLUC and cLUC-MYC2
(Supplemental Figures 4D and 4E), suggesting that DPYJAZ6
inhibits the MED25–MYC2 interaction.
To substantiate these observations, we performed in vitro pull-

down experiments using purified maltose binding protein (MBP)-
tagged MYC2, a glutathione S-transferase (GST)-tagged MED25
fragment containing itsMiddle andActivator-Interacting Domains
(GST-MED25MA), and His-JAZ6 or His-DPYJAZ6. In the absence
of His-JAZ6, GST-MED25 was pulled down by MBP-MYC2
(Supplemental Figure 4F, lane 6), indicating that GST-MED25
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interacts with MBP-MYC2. The interaction between GST-MED25
and MBP-MYC2 was dramatically reduced by the presence of
increasing amounts of His-JAZ6 (Supplemental Figure 4F, lanes 6
to 8), suggesting that JAZ6 has an inhibitory effect on the
GST-MED25–MBP-MYC2 interaction. In parallel experiments,
His-DPYJAZ6 exhibited a similar inhibitory effect on the GST-
MED25–MBP-MYC2 interaction (Supplemental Figure 4F, lanes
6, 9, and 10). These results support the notion that the effects of
DPYJAZ6 on desensitizing JA signaling are likely achieved
through its interference with the MED25–MYC2 interaction.

Splicing Factors PRP39a and PRP40a Associate
with MED25

Considering thatMED25plays a fundamental role in the activation
ofMYC2-dependent JA responses (Çevik et al., 2012; Chen et al.,
2012; An et al., 2017), our findings that JA-induced generation of
DPYJAZs depends on MED25 and that DPYJAZs in turn de-
sensitize JA responses by inhibiting the MED25–MYC2 interaction
revealed seemingly contradictory functions of MED25 in this
process. We reasoned that, as an effective coactivator of MYC2
and other JA-inducible transcription factors (Çevik et al., 2012;
Chen et al., 2012; An et al., 2017), MED25 must have evolved
sophisticated mechanisms to reconcile and coordinate these
opposing functions. To explore thesemechanisms,weperformed
an affinity purification-coupled mass spectrometry assay with
MED25-myc plants (Chen et al., 2012) to identify MED25-
associated proteins (You et al., 2019). In this assay, PRP39a
and PRP40a, together with two other RNA processing proteins,
were identified as MED25-associated proteins (Supplemental
Table). In Arabidopsis, PRP39 is encoded by the homologous
genesPRP39a andPRP39b (Wanget al., 2007;Kannoet al., 2017;
Supplemental Figure 5A), whereas PRP40 is encoded by three
homologs, PRP40a, PRP40b, and PRP40c (Kang et al., 2009;
Supplemental Figure 5B). It is noteworthy that PRP40a has been
previously identified as the MED35 subunit of the plant Mediator
complex (Bäckström et al., 2007).

PRP39a and PRP40a associated with MED25 in the assay,
suggesting that these splicing factors interact with MED25 in
planta. Indeed, in co-immunoprecipitation (co-IP) assays with
PRP39a-GFP plants (Supplemental Figures 6A and 6C), PRP39a-
GFP pulled down native MED25 (Figure 2A). In co-IP assays with
MED25-GFP plants (Chen et al., 2012), MED25-GFP pulled down
native PRP40a (Figure 2B). To determine whether PRP39a or
PRP40a directly interacts with MED25, we performed yeast two-
hybrid (Y2H) assays, finding that PRP39a, but not PRP40a, in-
teracted with MED25 (Figure 2C). Immunoblot analysis of the
yeast strains confirmed that all the fusionproteinswere expressed
in yeast cells (Supplemental Figure 7), indicating that the absence
of interaction cannot be attributed to a lack of protein expression.
Consistently, in in vitro pull-down assays, in vitro-translated
FLAG-tagged MED25 (MED25-FLAG) was pulled down by re-
combinant GST-PRP39a (Figure 2D), whereas in vitro-translated
MED25-FLAG was not pulled down by PRP40a-His (Figure 2E).
These results suggest that MED25 directly interacts with PRP39a
and associates with PRP40a.

Although PRP39a-GFP pulled down native PRP40a in co-IP
assays (Figure 2F), we failed to detect the interaction between

PRP39a and PRP40a in Y2H assays (Figure 2C; Supplemental
Figure 7), suggesting that even though PRP39a and PRP40a exist
in the same protein complex in vivo, they do not directly interact.
This finding is consistent with the previous observation that the
Prp39 and Prp40 subunits of yeast U1 snRNP do not directly
interact with each other (Görnemann et al., 2011).

MYC2 and MED25 Control the JA-Induced Expression of
PRP40a and its Homologous Genes

We then investigated whether JA regulates the expression of
PRP39a,PRP40a, and their homologousgenes.Our repeatedRT-
qPCR assays revealed that, whereas MeJA treatment showed
negligible effects on PRP39a and PRP39b expression
(Supplemental Figure 8), it had slight yet significant induction on
PRP40a expression (Figure 3A). To validate this observation, we
performed immunoblot analysis with anti-PRP40a antibody and
found that MeJA treatment led to increased accumulation of the
PRP40a protein (Supplemental Figure 9). In parallel experiments,
we found that the expression levels of PRP40b and PRP40cwere
also significantly increased upon MeJA treatment (Figure 3A).
Notably, MeJA-mediated induction of PRP40a, PRP40b, and
PRP40c was significantly reduced in the myc2-2 and med25-4
mutants (Figure 3A), indicating that MeJA-mediated induction of
these splicing factor genes depends on MYC2 and MED25.
Sequence analysis identified G-box or G-box–like motifs in the

promoter regions of PRP40a, PRP40b, and PRP40c (Figures 3B,
3E, and 3H). Chromatin immunoprecipitation-quantitative PCR
(ChIP-qPCR) assays with MYC2-GFP plants (Zhai et al., 2013)
revealed enriched binding of MYC2 to the G-box or G-box–like
regions of the PRP40a, PRP40b, and PRP40c promoters, espe-
cially under MeJA treatment (Figures 3C, 3F, and 3I). ChIP-qPCR
assays withMED25-GFP plants (Chen et al., 2012) indicated that
MeJA also enhanced the enrichment of MED25 at the same
promoter regions (Figures 3D, 3G, and3J). Together, these results
indicate thatMYC2 andMED25 control the JA-induced activation
of PRP40a and its homologous genes.

PRP39a and PRP40a Facilitate the Splicing of Jas Intron

We reasoned that PRP39a and PRP40a are recruited to regulate
Jas intron-dependentASofJAZgenes.To test thishypothesis,we
performed ChIP-qPCR assays with PRP39a-myc plants
(Supplemental Figure 6A) and found that the enriched binding of
PRP39a-myc to the gene body of JAZ6 was significantly higher
than that to its promoter region (Figures 4A and 4B) and was
markedly enhanced byMeJA treatment (Figure 4B). These results
indicate that hormone elicitation induces the recruitment of
PRP39a to the JAZ6 locus.
We then performed RNA-immunoprecipitation (RIP) assays to

investigatewhetherPRP39aassociateswithJAZ6pre-mRNA.We
used the myc antibody to immunoprecipitate PRP39a-myc from
extracts of the PRP39a-myc transgenic line (Supplemental
Figure 6A) treated without or with MeJA. The resulting im-
munoprecipitates of PRP39a-myc were reverse-transcribed into
cDNAandmeasuredbyRT-qPCRusingspecificprimers for JAZ6.
Considering that MeJA treatment could induce the expression of
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JAZ6 (Chini et al., 2007; Thines et al., 2007), we present the RIP
signal as the percentage of immunoprecipitated JAZ6 pre-mRNA
relative to input JAZ6 pre-mRNA. As shown in Figure 4C, JAZ6
pre-mRNA was abundantly detected in immunoprecipitates
from thePRP39a-myc transgenic line but not from thewild type,

indicating that PRP39a indeed associates with JAZ6 pre-
mRNA. Importantly, RIP signals were substantially elevated
by MeJA treatment (Figure 4C), suggesting that the association
of PRP39a with the JAZ6 pre-mRNA could be enhanced by
MeJA treatment.

Figure 2. PRP39a and PRP40a Associate with MED25.

(A) Co-IP assays to verify the interaction of PRP39a and MED25 in vivo. Protein extracts from 10-d–old wild type and PRP39a-GFP seedlings were
immunoprecipitated with GFP antibody-bound agarose beads. Total and immunoprecipitated proteins were analyzed by immunoblotting using the in-
dicated antibodies.
(B) Co-IP assays to verify the interaction of PRP40a and MED25 in vivo. Protein extracts from 10-d–old wild type and MED25-GFP seedlings were
immunoprecipitatedwithGFPantibody-boundagarosebeads. Total and immunoprecipitatedproteinswereanalyzedby immunoblottingwith the indicated
antibodies.
(C)Y2H assays to verify the interaction of PRP39a, PRP40a, andMED25 in yeast. Transformed yeast strains with the indicated combinations of constructs
were plated on SD medium lacking Leu and Trp (SD/-2) or lacking His, Ade, Leu, and Trp (SD/-4).
(D) In vitro pull-down assay to test the interaction of PRP39a andMED25. A certain amount ofMED25-FLAGprotein was incubatedwith recombinant GST-
PRP39a fusion protein. Proteins were pulled down by GST Bind Resin, and the eluates were analyzed by immunoblotting with the indicated antibodies.
(E) In vitro pull-down assay to test the interaction of PRP40a andMED25. A certain amount of MED25-FLAG protein was incubated with in vitro-translated
PRP40a-His fusion protein. Proteins were pulled down by Ni-NTA His Bind Resin, and the eluates were analyzed by immunoblotting with the indicated
antibodies.
(F) Co-IP assays to verify the interaction of PRP39a and PRP40a in vivo. Protein extracts from 10-d–old wild-type and PRP39a-GFP seedlings were
immunoprecipitatedwithGFPantibody-boundagarosebeads. Total and immunoprecipitatedproteinswereanalyzedby immunoblottingwith the indicated
antibodies.
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Figure 3. MeJA Induces PRP40a, PRP40b, and PRP40c through MYC2 and MED25.

(A) RT-qPCR showing the expression of PRP40a, PRP40b, and PRP40c in response to MeJA in wild type, med25-4, and myc2-2 seedlings. Ten-d–old
seedlingswere treatedwithout orwith 100mMofMeJA for 30minbeforeRNAextraction. Expression levels of target geneswere normalized toACTIN7, and
the expression levels in wild type withoutMeJA treatment were arbitrarily set to 1. Results shown aremean values of three biological repeats with SD. Three
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Similarly, ChIP (Figure 4D) and RIP (Figure 4E) assays with
a PRP40a-GFP transgenic line (Supplemental Figures 6B and 6C)
revealed that PRP40a is also recruited to the JAZ6 gene body and
that thissplicing factorassociateswith theJAZ6pre-mRNAduring
JA signaling.

To examine the specificity of the recruitment of PRP39a and
PRP40a, we selected three other JAZ genes for ChIP and RIP
analysis. JAZ1 was selected because it does not contain a Jas
intron (Supplemental Figure 10A). ChIP assays failed to detect
significant enrichment of PRP39a or PRP40a to the JAZ1 locus
with or without MeJA treatment (Supplemental Figures 10A, 10B,
and10D). Inaddition,RIPassays failed todetect theassociationof
PRP39a or PRP40a with the pre-mRNA of JAZ1 with or without
MeJA treatment (Supplemental Figures 10A, 10C, and 10E).

We then selected JAZ5 (Supplemental Figure 10F) and JAZ10
(Supplemental Figure 10K), which contain a Jas intron-like JAZ6.
ChIP assays showed that the enriched binding of PRP39a-myc
and PRP40a-GFP to the gene body of JAZ5 (Supplemental
Figures 10F, 10G, and10I) and JAZ10 (Supplemental Figures 10K,
10L, and 10N) were significantly higher than that to their promoter
region in response to MeJA treatment. RIP assays indicated that
PRP39a and PRP40a associate with the JAZ5 (Supplemental
Figures 10F, 10H, and 10J) and JAZ10 (Supplemental Figures
10K,10M,and10O)pre-mRNAsduringJAsignaling.These results
suggest that PRP39a and PRP40a show functional specificity in
regulating the AS of JAZ genes.

Furthermore, our RT-PCR assays suggested that intron re-
tention of PSEUDO-RESPONSE REGULATOR7 (PRR7) and
ACTIN7 was not regulated by PRP39 and PRP40 (Supplemental
Figure 11); therefore, we used these two genes as negative
controls to show the binding specificity of PRP39a and PRP40a.
We performed ChIP and RIP assays to detect whether PRPs
bound to genomic DNAs and pre-mRNAs of PRR7 and ACTIN7.
As shown in Supplemental Figure 10, our ChIP and RIP assays
failed to detect significant enrichment of PRP39a or PRP40a
to PRR7 (Supplemental Figures 10P to 10T) and ACTIN7
(Supplemental Figures 10U to 10Y), indicating that the re-
cruitment of PRP39a andPRP40a to their targets is specific and
these proteins do not randomly bind to DNA across the ge-
nome. Again, these results support that PRP39a and PRP40a
exhibit specificity in regulating AS.

Next, we examined whether depletion of PRP39a or PRP40a
affects JAZ6 andDPYJAZ6 transcript levels in response toMeJA.
We obtained two T-DNA insertion mutant lines, prp39a-1 (Wang
et al., 2007) and prp40a-1, from the Arabidopsis Biological

Resource Center (https://abrc.osu.edu/; Supplemental Figures
12A and 12G). These lines showed reductions in the levels of
PRP39a andPRP40a (Supplemental Figures 12Band 12C, 12H to
12J). Consistent with previous observations (Wang et al., 2007),
the prp39a-1 mutant showed a late-flowering phenotype under
long-day conditions (Supplemental Figure 12O). However, the
prp40a-1 mutant did not show obvious developmental defects
(Supplemental Figures 12O and 12P). Our RT-qPCR assays re-
vealed that the MeJA-induced expression levels of JAZ6 were
significantly reduced in prp39a-1 (Supplemental Figures 12A to
12C) and prp40a-1 (Supplemental Figures 12G to 12J) compared
with wild type, whereas the MeJA-induced expression levels of
DPYJAZ6were significantly elevated in thesemutants (Figures 4F
and 4G), indicating that the splicing of Jas intron of JAZ6 is im-
paired in these mutants. In parallel experiments, we found that
while MeJA-induced expression levels of JAZ5, JAZ9, and JAZ10
were significantly lower in the prp39a-1 and prp40a-1 mutants
compared with the wild type (Supplemental Figure 13), MeJA-
inducedexpression levelsofDPYJAZ5,DPYJAZ9, andDPYJAZ10
were significantly higher in the prp39a-1 and prp40a-1 mutants
compared with the wild type (Supplemental Figure 13), indicating
that the prp39a-1 and prp40a-1mutations also impair the splicing
of Jas introns of JAZ5, JAZ9, and JAZ10. Consistent with the RT-
qPCR results, our PCR assays showed that the splicing forms of
DPYJAZ5, DPYJAZ6, and DPYJAZ10were substantially elevated
inprp39a-1 andprp40a-1mutantswhen comparedwithwild-type
plants (Supplemental Figure 14B). However, our PCR failed to
detect visible levels of DPYJAZ9 in both mutants and wild type,
despite abundant levels of fully spliced JAZ9 being detected
(Supplemental Figure 14B). Together, our results that depletion of
PRP39a or PRP40a led to increased transcript levels of multiple
JAZ splice variants suggest that these splicing factors promote
the correct splicing of Jas intron during JA signaling.
Considering that our co-IP data suggest that PRP39a and

PRP40a could exist in the same complex (Figure 2F), we asked
whether PRP39a and PRP40a act redundantly in regulating Jas
intron splicing. Interestingly, MeJA-induced expression levels of
JAZ5, JAZ6, JAZ9, and JAZ10 and the DPY version of these JAZ
genes in the prp39a-1/prp40a-1 double mutant were comparable
to those in the single mutants (Figures 4F and 4G; Supplemental
Figure 13), providing genetic evidence that PRP39a and PRP40a
are not functionally additive in regulating Jas intron splicing.
We then asked whether PRP39a or PRP40a act redundantly

with their respective paralogous copies in regulating Jas intron
splicing. We generated a prp39a-1/prp39b-1 double mutant line

Figure 3. (continued).

independent experimentswithdifferent seedbatches showsimilar results. Statistical analysiswasperformedvia one-wayANOVA (Supplemental File); bars
with different letters are significantly different from each other (P < 0.01). WT, wild type.
(B), (E), and (H) Schematic diagrams of PRP40a (B), PRP40b (E), and PRP40c (H) gene structures and PCR amplicons (indicated as I to III) used for ChIP-
qPCR. Cyan box represents putative MYC2 binding G-box or G-box-like motifs; red box represents transcription start site (TSS). Scale bar 5 1,000 bp.
(C), (D), (F), (G), (I), and (J)ChIP-qPCR showing the enrichment ofMYC2 (C), (F), (I) andMED25 (D), (G), (J) onPRP40a (C) and (D),PRP40b (F) and (G) and
PRP40c (I) and (J) chromatin upon MeJA elicitation. Ten-d–oldMYC2-GFP andMED25-GFP seedlings were treated without or with 100 mM of MeJA for
30minbeforecross linking;wild-typeplantswithoutMeJAtreatmentwereusedasanegativecontrol.Chromatin fromeachsamplewas immunoprecipitated
with anti-GFP antibodies. ChIP signals were displayed as the percentage of precipitated DNA relative to input DNA. The value of amplicon I of wild type
withoutMeJAtreatmentwasarbitrarily set to1.Results shownaremeanvaluesof threebiological repeatswithSD.Asterisksdenotesignificanceaccording to
Student’s t test: *P < 0.05, **P < 0.01, ***P < 0.001. WT, wild type.
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Figure 4. PRP39a and PRP40a Facilitate the Full Splicing of JAZ6.

(A)Schematic diagrams of JAZ6 and PCR amplicons (indicated as I to IV) used for ChIP-qPCR andRIP-RT-qPCR. Cyan box represents the putativeMYC2
bindingG-boxmotif; green line represents the Jas intron; redbox represents transcription start site (TSS).Dark-red lines labeled “III”and “IV” representPCR
amplicons used for ChIP-qPCR and RIP-RT-qPCR. Scale bar 5 500 bp.
(B) and (D) ChIP-qPCR showing the enrichment of PRP39a (B) and PRP40a (D) on JAZ6 chromatin in response to MeJA. Ten-d–old PRP39a-myc or
PRP40a-GFP seedlingswere treatedwithout orwith 100mMofMeJA for 30min before cross linking;wild-type plantswithoutMeJA treatmentwere used as
a negative control. Chromatin from each sample was immunoprecipitated with anti-myc or anti-GFP antibodies. ChIP signals were displayed as the
percentage of precipitated DNA relative to input DNA. The value of amplicon I of wild type without MeJA treatment was arbitrarily set to 1. Data shown are
mean values of three biological repeats with SD. Asterisks denote significance according to Student’s t test: *P < 0.05, **P < 0.01, ***P < 0.001.WT, wild type.
(C) and (E) RIP–RT-qPCR showing the enrichment of PRP39a (C) and PRP40a (E) on JAZ6 pre-mRNA in response to MeJA. Ten-d–old PRP39a-myc or
PRP40a-GFPseedlingswere treatedwithout orwith100mMofMeJA for 30minbefore cross linking;wild-typeandprecipitatedpre-mRNAswithout reverse
transcription (RT[2]) were used as negative controls. The pre-mRNA from each sample was immunoprecipitated with anti-myc or anti-GFP antibodies.
Precipitated pre-mRNA and input pre-mRNA was quantified by RT-qPCR for the indicated amplicons. RIP signals were displayed as the percentage of
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by crossingofprp39a-1andprp39b-1 (Supplemental Figures 12D
to 12F). We found that the prp39a-1 prp39b-1 double mutant
showed similar late-flowering phenotypewith the prp39a-1 single
mutantunder long-dayconditions (Supplemental Figure12O).RT-
qPCR assays revealed that the MeJA-induced expression levels
of JAZ5 (Supplemental Figure 13), JAZ6 (Figure 4F), JAZ9
(Supplemental Figure13), andJAZ10 (Supplemental Figure13), as
well as theDPY version of these JAZ genes in this double mutant,
were comparable to those in the prp39a-1 single mutant (Figures
4F and 4G and Supplemental Figure 13)—suggesting that
PRP39b does not show functional redundancy with PRP39a
in regulating Jas intron splicing.

Because the PRP40b and PRP40c loci are tightly linked to-
gether, we used CRISPR/Cas9 gene editing technique (Yan et al.,
2015) to engineer loss-of-function mutations of PRP40b and
PRP40c in the genetic background of the prp40a-1 mutant
(Supplemental Figures 12K to 12N). Sequence analyses indicated
that, in the resulting prp40a-1 prp40b prp40c triple mutant, the
PRP40b genomic DNA contains a T insertion at nucleotide1427,
which leads to frame shift and the generation of a premature stop
codon TGA (Supplemental Figures 12K and 12L); and thePRP40c
genomic DNA contains a G insertion at nucleotide 1643, which
also leads to frame shift and the generation of a premature stop
codonTAA (Supplemental Figures12Mand12N).Althoughwedid
not find obvious developmental defects in prp40a-1 single mu-
tants, we found that the prp40a-1 prp40b prp40c triple mutant
showed late-flowering under long-day conditions (Supplemental
Figure 12O), consistent with a recent observation that the prp40c
mutant showed late-flowering (Hernando et al., 2019). In addition,
we found that the leaf initiation rate of theprp40a-1prp40bprp40c
triple mutant was severely arrested compared with the wild type
(Supplemental Figure 12P). RT-qPCR assays revealed that the
MeJA-induced expression levels of JAZ6were significantly lower
in the prp40a-1 prp40b prp40c triplemutant comparedwith those
in the prp40a-1 single mutant (Figure 4F). By contrast, the MeJA-
induced expression levels ofDPYJAZ6were significantly higher in
the triple mutant compared with those in the single mutant
(Figure 4G). These results suggest that PRP40b and PRP40c act
redundantly with PRP40a in regulating the splicing of the Jas
intron of JAZ6. Similarly, our results support that PRP40b and
PRP40c act redundantly with PRP40a to regulate the splicing of

theJas intronofJAZ5,JAZ9, andJAZ10 (Supplemental Figure13).
Theseobservationswere in linewith theabove results that all of the
three PRP40 genes were induced by MeJA in a MYC2- and
MED25-dependent manner (Figure 3).
Incontrastwith theeffectofPRP39andPRP40on thesplicingof

the Jas intron of JAZ5, JAZ6, JAZ9, and JAZ10, we found that
MeJA-induced expression of JAZ10.4 did not show significant
alteration in the prp39 and prp40 mutants compared with wild-
type plants (Supplemental Figure 13), suggesting that PRP39 and
PRP40 might not be involved in the generation of JAZ10.4 during
JA signaling, thus validating the specificity of PRP39 and PRP40
on the AS of JAZ genes.
A recent transcriptomeanalysis revealed thatPRP40c regulates

ASof 553 transcriptswith various splicing events (Hernando et al.,
2019). To examine the specificity of PRP39 and PRP40 in regu-
lating AS, we performed PCR analysis to compare the AS of
several randomly selected genes. Results showed that mutations
of these splicing factors genes impaired the AS of RESISTANCE
TO LEPTOSPHAERIA MACULANS3, NUDIX HYDROLASE
HOMOLOGY7, NON-PHOTOTROPHIC HYPOCOTYL4, and
RUBISCO METHYLTRANSFERASE, but showed negligible
effect on the AS of ALWAYS EARLY3, PRR7, and ACTIN7
(Supplemental Figure 11). These, together with the above results
that PRP39a andPRP40a specifically regulates theASof a subset
of JAZ genes (Figure 4; Supplemental Figure 13), support a sce-
nario that the splicing factors PRP39 and PRP40 show functional
specificity in regulating AS.

Depletion of PRP39a and PRP40a, and Their Homologous
Genes, Leads To Attenuated JA Responses

Becauseprp39a-1,prp40a-1, and different combinations of these
mutants accumulate elevated levels of the dominant JAZ splice
variants compared with wild-type plants, we predicted that these
mutants could show desensitized JA responses. Indeed, the
MeJA-induced expression levels of VSP1 (Figure 4H), VSP2
(Supplemental Figure 15A), PDF1.2 (Figure 4I), and THI2.1
(Supplemental Figure15B)weresignificantly reduced inprp39a-1,
prp39a-1 prp39b-1, prp40a-1, prp40a-1 prp40b prp40c, and
prp39a-1 prp40a-1 comparedwith wild type. In a JA-induced root
growth inhibition assay, while the JA sensitivity of prp39a-1 and

Figure 4. (continued).

precipitated pre-mRNA relative to input pre-mRNA. The value of amplicon III of wild typewithoutMeJA treatment was arbitrarily set to 1. Results shown are
mean values of three biological repeats with SD. Asterisks denote significance according to Student’s t test: *P < 0.05, **P < 0.01, ***P < 0.001.WT, wild type.
(F)and (G)RT-qPCRshowingJAZ6 (F)andDPYJAZ6 (G)expression in response to100mMofMeJA inwild type,prp39a-1,prp39a-1/b-1 (prp39a-1/prp39b-
1), prp40a-1, prp40a-1/b/c (prp40a-1/prp40b/prp40c), and prp39a-1/40a-1 (prp39a-1/prp40a-1) seedlings. Ten-d–old seedlings were treated without or
with MeJA for 30 min before RNA extraction. Expression levels of target genes were normalized to ACTIN7, and the expression levels in wild type without
MeJA treatment were arbitrarily set to 1. Data shown are mean values of three biological repeats with SD.
(H) and (I)RT-qPCR showing theMeJA-induced expression of VSP1 (6-h treatment; [H]),PDF1.2 (48-h treatment; [I]) in wild type, prp39a-1, prp39a-1/b-1,
prp40a-1, prp40a-1/b/c, and prp39a-1/40a-1 seedlings. Ten-d–old seedlings were treated without or with 100 mM of MeJA for the indicated time points
beforeRNAextraction. Expression levelsof target geneswerenormalized toACTIN7.Results shownaremeanvaluesof threebiological repeatswith SD.WT,
wild type.
(J)Rootgrowth inhibitionassayof8-d–oldwild type,prp39a-1,prp39a-1/b-1,prp40a-1,prp40a-1/b/c, andprp39a-1/40a-1seedlings.Plantsweregrownon
1/2MSmediumcontaining20mMofJA.The root lengthofeachgenotypegrownon1/2MSmediumwerearbitrarily set to1.Results shownare themean6 SD

of measurements from 30 seedlings. WT, wild type.
(F) to (J) Three independent experiments with different seed batches show similar results. Statistical analysis was performed via one-way ANOVA
(Supplemental File); bars with different letters are significantly different from each other (P < 0.01).
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prp39a-1prp39b-1wascomparable to that ofwild type,prp40a-1,
prp40a-1 prp40b prp40c, and prp39a-1 prp40a-1 were less
sensitive than wild type (Figure 4J). Notably, in terms of hormone-
induced defense gene expression and root growth inhibition, the
prp40a-1 prp40b prp40c triple mutant showed the most severe
deficiency of the JA response (Figures 4H to 4J). This observation
is consistent with the finding that the three PRP40 genes show
functional redundancy.

Collectively, our results support that PRP39a and PRP40a and
their functional homologs promote the correct splicing of JAZ
genes and thereby play an important role in preventing JAZ-
splice-variants–mediated excessive desensitization of JA
responses.

MeJA-Induced Recruitment of PRP39a and PRP40a
Depends on MED25

The above results support a notion that MED25 recruits the
splicing factors PRP39a and PRP40a to facilitate the full splicing
of Jas intron. To test this hypothesis, we examined whether the
mutation of MED25 affects the recruitment of PRP39a and
PRP40a to the JAZ5, JAZ6, and JAZ10 loci. For this purpose, we
introduced the PRP39a-myc or PRP40a-GFP into the med25-4
mutant background through crossing. ChIP-qPCR assays
showed that the MeJA-induced enhancement of PRP39a-myc
(Figures 5A to 5C; Supplemental Figures 16A to 16C and 16J to
16L) and PRP40a-GFP (Figures 5A, 5D, and 5E; Supplemental
Figures 16A, 16D, 16E, 16J, 16M, and 16N) enrichment to JAZ5,
JAZ6, and JAZ10 was largely abolished in med25-4 compared
with wild type, indicating that MeJA-induced recruitment of
PRP39a and PRP40a to JAZ5, JAZ6, and JAZ10 requires the
function of MED25.

Similarly, in RIP assays with PRP39a-myc plants (Figures 5F
and 5G; Supplemental Figures 16F, 16G, 16O, and 16P) or
PRP40a-GFP plants (Figures 5H and 5I; Supplemental Figures
16H, 16I, 16Q, and 16R), we found that the MeJA-induced ele-
vation of RIP signals were significantly decreased in med25-4
compared with wild type, suggesting that MED25 plays a critical
role for the association of PRP39a and PRP40a with the JAZ5,
JAZ6, and JAZ10 pre-mRNA during JA signaling.

DISCUSSION

The JA signaling pathway controls resource allocation between
growth- and defense-related processes, and thus plays a critical
role in optimizing plant acclimatization to their rapidly changing
andoften hostile environments. Therefore, both the activation and
the deactivation/desensitization of JA responses must be under
tight control. It is well recognized that JA-induced production of
dominant JAZ splice variants provides a general mechanism to
desensitize JA responses.However, how thisprocess is regulated
remains unclear. Here we show that the generation of JAZ splice
variantsdependson theMediator subunitMED25and thatMED25
recruits the splicing factors PRP39a and PRP40a to prevent the
overproductionof JAZsplice variants.Our results suggest that the
MED25-PRP39a/PRP40a module acts to prevent the excessive
desensitization of JA responses by promoting the full splicing of
Jas intron.

PRP39a and PRP40a Promote the Full Splicing of Jas Intron

In our current understanding of the JA signaling pathway,
hormone-dependent degradation of JAZ repressors leads to
derepression (activation) of MYC transcription factors; sub-
sequently, plants produce a repertoire of dominant JAZ splice
variants to desensitize JA signaling. A key question is to
understand howplants keepabalancebetweenJAZsplice variant-
mediated desensitization of JA signaling and JAZ degradation-
mediated activation of JA signaling. We provide several lines of
evidence that the splicing factors PRP39a and PRP40a are in-
volved in the splicing of Jas intron during JA signaling. First, ChIP-
qPCR assays indicated that PRP39a and PRP40a were recruited
to JAZ6 in response to MeJA treatment. Second, RIP assays in-
dicated that PRP39a and PRP40a associate with the JAZ6 pre-
mRNA during JA signaling. Third, depletion of PRP39a, PRP40a,
and their paralogs led to overaccumulation of JAZ splice variants
and, as a consequence, attenuated JA responses. Together, these
results ascribe a function of RPR39a and PRP40a in promoting the
correct splicing of JAZgenes and therebycounteracting JAZ splice
variant-mediated desensitization of JA signaling. Therefore,
RPR39a and PRP40a are components of the JA signaling pathway
that function to prevent excessive desensitization of JA responses
mediated by JAZ splice variants.
Despite the fact that both PRP39a and PRP40a are involved in

Jas intron-dependent AS of JAZ genes, our genetic analyses with
prp39a-1 prp40a-1 double mutants indicated that the effects of
PRP39aandPRP40aare not additive. In linewith this observation,
it is well-established that the yeast homolog of PRP39a contains
a featured tetratricopeptide repeat domain andplays an important
role for the stable binding of the U1 snRNP to the pre-mRNA
substrate (Lockhart and Rymond, 1994). Different from PRP39a,
PRP40a and its yeast homolog were considered to be potential
integrators of splicing and transcription because these proteins
contain featured WW domains (Bork and Sudol, 1994) and FF
domains (Bedford and Leder, 1999) and show interaction with the
carboxyl-terminal domain of the largest subunit of Pol II (Morris
and Greenleaf, 2000; Kang et al., 2009). In addition, the yeast
Prp40 proteinwasbelieved to play an essential role in early events
in splice site definition (Becerra et al., 2016). These previous
studies, together with our findings described herein, support
a scenario that the structurally distinct splicing factors PRP39a
and PRP40a play nonequivalent functions in U1 snRNP in regu-
lating Jas intron splicing of JAZ genes.
Surprisingly, our genetic analyses failed to detect functional

redundancybetweenPRP39aandPRP39b in regulatingJas intron
splicing andJA-responses, suggesting a functional diversification
of the two paralogous copies. These results are consistent with
a previous observation that PRP39a and PRP39b are not func-
tionally equivalent in regulating pre-mRNA splicing (Kanno et al.,
2017).
Different from thePRP39acase,ourdata indicated thatPRP40b

and PRP40c act redundantly with PRP40a in regulating Jas intron
splicing. First, like PRP40a, PRP40b, and PRP40c were induced
by MeJA treatment. Second, overaccumulation of JAZ splice
variants was enhanced in the prp40a-1 prp40b prp40c triple
mutant compared with the prp40a-1 single mutant. Third, atten-
uation of JA responses was enhanced in the prp40a-1 prp40b
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Figure 5. Depletion of MED25 Impairs MeJA-Induced Recruitment of PRP39a and PRP40a to JAZ6.

(A)SchematicdiagramsofJAZ6andPCRampliconsused forChIP-qPCRandRIP-RT-qPCR.Cyanbox represents theputativeMYC2bindingG-boxmotif;
green line represents the Jas intron; red box represents transcription start site (TSS). Dark-red lines labeled “I” and “II” represent PCR amplicons used for
ChIP-qPCR and RIP-RT-qPCR. Scale bar 5 500 bp.
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prp40c triplemutant comparedwith theprp40a-1 singlemutant. It
will be interesting to elucidate the detailed action mechanisms of
PRP39a and PRP40a as well as their functional paralogs in reg-
ulating Jas intron splicing in future studies.

In addition to the generation of JAZ splice variants, plants have
evolvedothermechanisms thatensure theproperdesensitization/
attenuation of already activated JA responses. For example,
plants employ an evolutionarily conserved metabolic network
to convert the bioactive JA-Ile into an inactive or less active
form (Miersch et al., 2008; Kitaoka et al., 2011; Koo et al., 2011;
VanDoorn et al., 2011; Heitz et al., 2012), thus providing an effi-
cient route to switch off the JA signaling (Koo and Howe, 2012).
Furthermore, plants activate a group of MYC-related transcrip-
tion factors, termed JASMONATE-ASSOCIATED MYC2-LIKE1
(JAM1), JAM2,andJAM3,whichnegatively regulate JA responses
(Nakata et al., 2013; Sasaki-Sekimoto et al., 2013; Song et al.,
2013; Fonseca et al., 2014). Although we currently do not exactly
understand whether JAZ splice variants operate synergistically
with or independent of the induction JA-Ile catabolic pathways or
negative transcription factors, the existence of multiple de-
sensitization/attenuation mechanisms could provide an expla-
nation that depletion ofPRP39s and/orPRP40s only leads tomild
JA response deficiency.

MED25 Controls the JA-Induced Recruitment of PRP39a
and PRP40a to JAZ Loci

We elucidated a mechanism by which PRP39a and PRP40a are
recruited to JAZ loci. First, multiple protein–protein interaction
assays indicated thatPRP39aandPRP40aassociatewithMED25
in planta. Second, MeJA-mediated induction of PRP40a ex-
pression depends on MED25. Third, ChIP assays indicated that
depletion of MED25 impairs MeJA-induced recruitment of
PRP39a and PRP40a to JAZ6. Collectively, these results dem-
onstrate that MED25 plays a critical role in hormone-induced
recruitment of PRP39a and PRP40a to JAZ loci. Therefore, our

results revealed that MED25 forms a module with PRP39a and
PRP40a to facilitate the full splicing of the Jas intron to generate
the full-length form of JAZs. In other words, the MED25-PRP39a/
PRP40a module functions to prevent JAZ-splice-variants–me-
diated excessive desensitization of JA responses.
Intriguingly, our results indicated that the JA-induced genera-

tion of JAZ splice variants, whose function is to desensitize JA
responses, also requires the functionofMED25. In thecontext that
MED25 plays a pivotal role in the initial activation of MYC2-
dependent transcription of JA-responsive genes (i.e. PIC for-
mation; Chen et al., 2012), our results suggest that both the JAZ
splice variant-dependent desensitization of JA responses and the
PRP39a/PRP40a-dependent anti-desensitization of JA re-
sponses (i.e. through reducing the generation of JAZ splice var-
iants) aredefaultmechanisms that arepreprogrammedbyMED25
during the initial induction phase of the JA signaling.
Notably, MED25 exhibited distinct recruitment modes for the

heterogeneous splicing factors PRP39a and PRP40a. For ex-
ample, our multiple protein interaction assays supported the
notion thatMED25directly interactswithPRP39abutnotPRP40a,
suggesting that PRP39a, but not PRP40a, is physically recruited
byMED25 to the JAZ loci. On the other hand, our gene expression
assays revealed that the transcription ofPRP40a and its paralogs,
but notPRP39a and its paralogs, is induced by JA in aMYC2- and
MED25-dependent manner.
Furthermore, we found that, whileMeJA-induced expression of

JAZ3andDPYJAZ3wasmarkedly reduced in themed25-4mutant
(Supplemental Figure 1), depletion ofPRP39a and/orPRP40a and
their paralogs only has subtle effects on the Jas intron-dependent
ASof JAZ3 (Supplemental Figure 13). It is reasonable to speculate
that MED25 might also recruit as yet unidentified splicing factors
for Jas intron-dependent AS of JAZ3 and other JAZ genes. To-
gether, these observations reveal the striking functional versatility
ofMED25 inmodulating Jas intron-dependent ASof JAZ genes—
ahighly important finding that should prompt further studies of the
underlying mechanisms.

Figure 5. (continued).

(B) and (C) ChIP-qPCR showing thatmed25-4 exhibit impaired MeJA-induced enrichment of PRP39a on region I (B) and region II (C) of JAZ6. Ten-d–old
PRP39a-myc and PRP39a-myc/med25-4 seedlings were treated without or with 100 mM of MeJA for 30 min before cross linking. Chromatin from each
sample was immunoprecipitated with anti-myc antibody.
(D) and (E)ChIP-qPCR showing thatmed25-4 exhibits impaired MeJA-induced enrichment of PRP40a on region I (D) and region II (E) of JAZ6. Ten-d–old
PRP40a-GFP and PRP40a-GFP/med25-4 seedlings were treated without or with 100 mM of MeJA for 30 min before cross linking. Chromatin from each
sample was immunoprecipitated with anti-GFP antibody.
(B) to (E)ChIPsignalsweredisplayedas thepercentageofprecipitatedDNArelative to inputDNA.Thevalueofamplicon I (B)and (D)oramplicon II (C)and (E)
in PRP39a-myc (B) and (C) or PRP40a-GFP (D) and (E) without MeJA treatment was arbitrarily set to 1. Data shown are mean values of three biological
repeats with SD. Statistical analysis was performed via one-way ANOVA (Supplemental File); bars with different letters are significantly different from each
other (P < 0.01).
(F) and (G)RIP-RT-qPCRshowingmed25-4 exhibit impairedMeJA-induced enrichment of PRP39a on JAZ6pre-mRNA in region I (F) and region II (G). Ten-
d–oldPRP39a-myc andPRP39a-myc/med25-4 seedlingswere treatedwithout orwith 100mMofMeJA for 30minbefore cross linking. Thepre-mRNA from
each sample was immunoprecipitated with anti-myc antibody.
(H) and (I)RIP-RT-qPCR showingmed25-4 exhibit impairedMeJA-induced enrichment of PRP40a on JAZ6 pre-mRNA in region I (H) and region II (I). Ten-
d–oldPRP40a-GFPandPRP40a-GFP/med25-4 seedlingswere treatedwithout orwith 100mMofMeJA for 30minbefore cross linking. Thepre-mRNA from
each sample was immunoprecipitated with anti-GFP antibody.
(F) to (I)Precipitatedpre-mRNAand inputpre-mRNAwasquantifiedbyRT-qPCR for the indicatedamplicons.RIPsignalsweredisplayedas thepercentage
of precipitatedpre-mRNA relative to input pre-mRNA.Thevalueof amplicon I (F)and (H)or amplicon II (G)and (I) inPRP39a-myc (F)and (G)orPRP40a-GFP
(H)and (I)withoutMeJA treatmentwasarbitrarily set to 1.Data shownaremeanvaluesof threebiological repeatswith SD. Statistical analysiswasperformed
via one-way ANOVA (Supplemental File); bars with different letters are significantly different from each other (P < 0.01).
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MED25 Acts as a Central Coactivator of MYC2-Mediated
Transcription of JA-Responsive Genes

Our recent studies revealed that, in addition to bridging the
communications between MYC2 and the Pol II transcriptional
machinery (Chen et al., 2012), MED25 also physically and func-
tionally interacts with different signaling components to
coordinate multiple steps of MYC2-mediated transcription of JA-
responsive genes. For example, at the resting stage, MED25
physically brings COI1 to MYC2 target promoters, thereby facil-
itating COI1-dependent degradation of JAZ repressors (An et al.,
2017). Upon hormone elicitation, MED25 physically cooperates
with the epigenetic regulator HISTONE ACETYLTRANSFERASE
OF THE CBP FAMILY1, which selectively regulates hormone-
induced histone-3 Lys-9 acetylation of MYC2 target promoters
(An et al., 2017). At the same time, MED25 also physically recruits
the conserved transcriptional coregulator LEUNIG_HOMOLOG,
which acts as a scaffold to stabilize the MYC2-MED25-HISTONE
ACETYLTRANSFERASE OF THE CBP FAMILY1 transcription
complex (You et al., 2019). Clearly, these aspects of functions of
MED25all favor the activation ofMYC2-dependent JA responses.

Here we describe another aspect of mechanistically related
function of MED25 in preventing JAZ splice variants-mediated
excessive desensitization of JA responses. We demonstrate that
this function of MED25 is achieved through cooperating with the
splicing factors PRP39a and PRP40a. In line with previous ob-
servations that the yeast and mammalian homologs of PRP39a
and PRP40a are involved in cotranscriptional AS (Kotovic et al.,
2003; Listerman et al., 2006; Görnemann et al., 2011), our ChIP-
qPCR data revealed that PRP39a and PRP40a were recruited to
the gene body of JAZ6. These, together with our findings that the
generation ofDPYJAZs depends onMED25 and that the initiation
of MYC2-dependent transcription of JA-responsive genes de-
pends on MED25 (Chen et al., 2012), suggest that Jas intron-
dependent AS of JAZ genes is a cotranscriptional process.
Collectively, these results support a scenario that the “multital-
ented”MED25 acts as a central coactivator of MYC2-dependent
transcriptional regulation of JA signaling.

METHODS

Plant Materials and Growth Conditions

Arabidopsis (Arabidopsis thaliana) ecotype Columbia (Col-0) was used as
thewild type. The following previously described plantmaterialswere used
in this study: coi1-2 (Xu et al., 2002),myc2-2 (Boter et al., 2004),med25-4
(Chen et al., 2012), 35Spro:MED25-myc (MED25-myc; Chen et al., 2012),
35Spro:COI1-myc (COI1-myc; Xu et al., 2002), 35Spro:MYC2-myc (MYC2-
myc; Chen et al., 2011),myc2/3/4 (Song et al., 2014), 35Spro:MED25-GFP
(MED25-GFP; Chen et al., 2012), and 35Spro:MYC2-GFP (MYC2-GFP; Zhai
et al., 2013), prp39a-1 (Salk_133733C), prp39b-1 (Salk_142600), and
prp40a-1 (Salk_021070) were ordered from the Arabidopsis Biological
Resource Center. The prp40a-1 prp40b prp40c triple mutant was gener-
ated by introducing the CRISPR/Cas9 technology-mediated prp40b and
prp40c in the prp40a-1 background. All Arabidopsis plants were grown on
1/2-strength Murashige and Skoog (1/2 MS) medium at 22°C under long-
day conditions (16-h light/8-h dark; light intensity, 120 mmol photons m22

s21). For RT-qPCR, 10-d–old seedlings were treated without or with
100mMofMeJAbeforeRNAextraction. ForChIPandRIPassays, 10-d–old
seedlings were treated without or with 100 mM of MeJA before cross

linking. For MeJA treatment, 8 mL of liquid 1/2 MS medium containing
MeJA at a final concentration of 100 mM was added to the plate for the
indicated times. The JA-mediated root growth inhibition assays were
performed as described in Chen et al. (2012), with seedlings that were
grown on 1/2 MS medium containing 20 mM of JA. Nicotiana ben-
thamiana was grown under long-day conditions (16-h light [28°C]/8-h
dark [22°C]).

DNA Constructs and Plant Transformation

To generate the 35Spro:JAZ6-GFP (JAZ6-GFP) and 35Spro:DPYJAZ6-GFP
(DPYJAZ6-GFP) constructs, the coding sequence of GFP was amplified
and cloned into pCAMBIA1300 to obtain pCAMBIA1300-GFP, and the
coding sequences of JAZ6 and truncated JAZ6were amplified and cloned
into pCAMBIA1300-GFP to obtain JAZ6-GFP or DPYJAZ6-GFP, re-
spectively. To construct 35Spro:PRP39a-myc (PRP39a-myc), the coding
sequence of PRP39a was amplified and cloned into Gateway vector
pGWB17 (Nakagawa et al., 2007). To construct 35Spro:PRP39a-GFP
(PRP39a-GFP) and 35Spro:PRP40a-GFP (PRP40a-GFP), the coding se-
quences of PRP39a and PRP40awere amplified and cloned into Gateway
vector pGWB5 (Nakagawa et al., 2007). Primers used for plasmid con-
struction are listed in the Supplemental Data Set. The constructs were
transformed into Agrobacterium tumefaciens strain GV3101, which was
used to transform Arabidopsis plants by the floral dip method. Trans-
formants were selected based on their resistance to hygromycin. T3 ho-
mozygous lines were used for further experiments. PRP39a-myc and
PRP40a-GFP were introduced into the med25-4 background by cross-
ing. Homozygous plants were selected by genotyping.

Generation of prp40b and prp40c Using CRISPR/Cas9 Technology

Twenty-bp fragments of the PRP40bCDS (127 to 146 bp) and PRP40cCDS
(280 to 299 bp) were used as the targeting sequence for genome editing of
PRP40b and PRP40c, respectively. The designed targeting sequences
were cloned into theBsaI site of theAtU6-26-sgRNA-SK vector (Yan et al.,
2015) to generate AtU6-26-PRP40b-targetsgRNA and AtU6-26-PRP40c-
targetsgRNA. The AtU6-26-PRP40b-targets-gRNA was digested by SpeI
and NheI, and the cassette was cloned into the SpeI position of the
pYAO:hSpCas9 vector (Yan et al., 2015) to generate pYAO:hSpCas9-
PRP40b-targetsgRNA. Similarly, the AtU6-26-PRP40c-targetsgRNA
was digested by SpeI and NheI, and the cassette was cloned into the
SpeI position of the pYAO:hSpCas9-PRP40b-targetsgRNA to generate
pYAO:hSpCas9-PRP40b-PRP40c-targetsgRNA. The construct was
transformed into A. tumefaciens strain GV3101, which was used to
transform Arabidopsis prp40a-1 plants by the floral dip method. Further
selection was based on their resistance to hygromycin and DNA se-
quencing. The Cas9-free plants with mutations in the T2 progeny were
identified for further experiments.

Y2H Assays

To investigate protein interactions in yeast, the coding sequences of
PRP39a,PRP40a, andMED25were fused to theADdomain inpGADT7and
the BD domain in pGBKT7, respectively. The primers used are listed in the
Supplemental Data Set. The constructs were cotransformed into yeast
(Saccharomycescerevisiae) strainAH109.Thepresenceof transgeneswas
confirmed by growth on SD/-Leu/-Trp plates. To assess protein–protein
interactions, transformed yeast cells were suspended in liquid SD/-Leu/-
Trp toOD6005 1.0. Five-microliter samples of suspended yeast cells were
spreadontoplatescontainingSD/-Ade/-His/-Leu/-Trpmedium (Clontech).
Interactions were observed after 3 d of incubation at 30°C.
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Purification of the MED25-Containing Protein Complex and Tandem
Mass Spectrometry Analysis

Five-gram samples of 10-d–old MED25-myc seedlings were harvested,
ground in liquid N2, and lysed in 10mL of ice-cold extraction buffer (50mM
of Tris-HCl, 150mMof NaCl, 5mMof EDTA, 0.1% [v/v] Triton X-100, 0.2%
[v/v] NP-40, 0.6 mM of PMSF, 13 Protein inhibitor, and 20 mMof MG132).
After vigorous vortexing for 30 s, the samples were centrifuged at 13,000g
for 10min at 4°C. For eachsample, 30mLof the supernatantwas subjected
to immunoblot analysis, and the remainder was incubated with 50 mL of
anti-myc agarose beads (MBL Life Science) for 4 h at 4°C with gentle
shaking. The beads were collected and washed four times with extraction
buffer and once with 50 mM of Tris-HCl at pH 7.5. The precipitate was
eluted by adding 13 SDS loading buffer and separated by 10% SDS-
PAGE. The gel was stained with GelCode Blue Safe Protein Stain (Thermo
Fisher Scientific) and washed with double-distilled water.

The gel (containing the sample) was cut into small pieces and destained
in buffer containing 25 mM of ammonium bicarbonate and 50% (v/v)
acetonitrile. The proteins were reduced with 10 mM of DTT at 37°C for 1 h
and alkylated with 25 mM of iodoacetamide at room temperature for 1 h in
the dark. In-solution trypsin digestion was performed at 37°C overnight
usinga trypsin/substrate ratio of 1:50.Peptideswereextracted from thegel
with buffers containing 5% (v/v) trifluoroacetic acid and 50% (v/v) ace-
tonitrile via two roundsof ultrasonication. Thesampleswere freeze-dried in
aSpeedVac (ThermoFisherScientific), and thepeptideswere resolubilized
in 0.1% (v/v) formic acid and filtered through a 0.45-mM centrifugal filter.

The peptides were analyzed using a TripleTOF 5600 Mass Spec-
trometer (AB Sciex) coupled online to an Eksigent nanoLC Ultra HPLC
system (AB Sciex) in Information Dependent Mode. The LC gradient (A,
0.1% formic acid in water; B, 0.1% formic acid in acetonitrile) was 5% to
90% B for 90 min at a flow rate of 300 nL/min.

The peptides were identified from the tandem mass spectrometry
spectra using the software ProteinPilot v4.2 by searching against the
Arabidopsis International Protein Index database (https://www.
arabidopsis.org/download_files/Proteins/TAIR10_protein_lists/TAIR10_
pep_20101214). The fixed modification was carbamidomethylation of
Cys residues. Trypsin was specified as the proteolytic enzyme, with two
missing cleavages allowed. Mass tolerance was set to 0.05 D, and the
maximum false discovery rate for proteins and peptides was 1%.

Antibody Production

The coding sequence of the N-terminal region of PRP40a (amino acids
1–350, PRP40a1-350) was amplified from wild-type cDNA using gene-
specific primers (Supplemental Data Set). The resulting PCR product
was cloned into the BamHI and EcoRI sites of pGEX-6P-1 (GE Healthcare
Life Sciences) to express GST-PRP40a1-350 truncated protein in Escher-
ichia coli strain BL21 (DE3). The recombinant fusion protein was used to
raise polyclonal antibody in mouse. Anti-PRP40a antibody were used for
immunoblotting at a final concentration of 1:1,500.

Protein Expression and In Vitro Pull-Down Assays

To produce GST-PRP39a, the coding sequence of PRP39awas amplified
and cloned into the pGEX-6P-1 vector. Protein expressed in E. coli BL21
(DE3) was purified using GST Bind Resin (Novagen). To produce MED25-
FLAGandPRP40a-His, thecodingsequencesofMED25andPRP40awere
amplified and cloned into the pF3K WG (BYDV ) Flexi Vector (Promega).
Proteinswere in vitro-translatedusing theTnTSP6High-YieldWheatGerm
ProteinExpressionSystem (Promega). For thepull-downassay, 5mLof the
in vitro-translated MED25-FLAG protein was incubated with 1 mg of im-
mobilized GST-PRP39a or GST (or 5 mL of PRP40a-His) at 4°C in binding
buffer (25 mM of Tris-HCl at pH 7.5, 100 mM of NaCl, 1 mM of DTT, and
Roche protease inhibitor cocktail) for 2 h. Proteins retained on the beads

were analyzed by immunoblotting with anti-FLAG (Abmart,1:3,000) and
anti-His (Abmart, 1:2,000) antibodies.

ToproduceHis-JAZ6andHis-DPYJAZ6, thecodingsequencesofJAZ6
and truncated JAZ6 were amplified and cloned into the pET28a vector.
Protein expressed in E. coli BL21 (DE3) was purified using Ni-NTA resin
(Novagen). Pull-down assays to test the COI1–JAZ6 and COI1–DPYJAZ6
interactions were performed as described in Thines et al. (2007) and An
et al. (2017). Ni-NTA resin (Novagen) was used to bind His-JAZ6 or His-
DPYJAZ6. Proteins retained on the beads were detected by immuno-
blotting with anti-myc (Abmart, 1:3,000) and anti-His (Abmart, 1:2,000)
antibodies. To test the interaction of MYC2 with JAZ6 or DPYJAZ6, total
proteins extracted from 10-d–old MYC2-myc seedlings using extraction
buffer (50mMof Tris-HCl at pH 7.5, 150mMof NaCl, 5mMof EDTA, 0.1%
[v/v] Triton X-100, 0.2% [v/v] Nonidet P-40, 0.6 mM of PMSF, Roche
protease inhibitor cocktail, and 20 mM of MG132) were incubated with
Ni-NTA–bound His-JAZ6 or His-DPYJAZ6 at 4°C for 1 h. Proteins retained
on the beads were detected by immunoblotting with anti-myc (Abmart,
1:3,000) and anti-His antibodies (Abmart, 1:2,000).

To produce MBP-MYC2 or GST-MED25MA, the full-length coding se-
quences of MYC2 and truncated MED25 (MED25MA, 227 to 680 amino
acids) were amplified and cloned into pMAL-c2X or pGEX-4T-1. The re-
sulting constructs were transformed into E. coli BL21 (DE3) cells, and the
recombinant proteins were purified using Amylose Resin (New England
BioLabs) and GST Bind Resin (Novagen), respectively. For the pull-down
assay, 1 mg of purified His-JAZ6, His-DPYJAZ6, or GST-MED25MA fusion
proteinwas incubatedwith 1mgof immobilizedMBP-MYC2orMBPat 4°C
in binding buffer (25 mM of Tris-HCl at pH 7.5, 100 mM of NaCl, 1 mM of
DTT,andRocheprotease inhibitor cocktail) for 2h.For thecompetitivepull-
down assay, 1 mg of GST-MED25MA with 1 or 5 mg of His-JAZ6 or His-
DPYJAZ6was incubatedwith immobilizedMBP-MYC2 (1mg) at4°C for2h.
Proteins retained on thebeadswere analyzedby immunoblottingwith anti-
His (Abmart, 1:2,000), anti-GST (Abmart, 1:3,000), and anti-MBP (New
England BioLabs, 1:10,000) antibodies.

LCI Assays

LCI assays were performed as described in Chen et al. (2008). The coding
sequences of MYC2 were cloned into pCAMBIA1300-cLUC and MED25
was cloned into pCAMBIA1300-nLUC, respectively. The constructs ex-
pressing GFP, JAZ6-GFP, and DPYJAZ6 were described above. The
primers used are summarized in the Supplemental Data Set. A. tumefa-
ciens GV3101 carrying the indicated constructs were incubated in Luria–
Bertani medium at 28°C overnight and transferred to fresh Luria–Bertani
medium containing 10 mM of 2-(N-morpholino)-ethanesulfonic acid (at pH
5.6) and40mMof acetosyringone (1:100 ratio, v/v) for 16 h. The culturewas
pelleted and resuspended in 10 mM of MgCl2 containing 0.2 mM of
acetosyringone to a final concentration of OD600 5 1.5. The bacteria were
incubated at room temperature for at least 3 h without shaking. For co-
infiltration, equal volumes of A. tumefaciens suspensions carrying the
indicated constructs were infiltrated into N. benthamiana leaves. After
infiltration, the plants were incubated for 72 h under a long-day condition
(16-h light [28°C]/8-hdark [22°C]) beforeLUCactivitymeasurements. Low-
light–cooled charge-coupled device imaging apparatus (NightOWL II
LB983; Berthold) was used to capture the LUC image. The leaves were
sprayed with 0.5 mM of luciferin and incubated in the dark for 3 min before
luminescence detection.

Co-IP Assays

Co-IP assays were performed according to a published procedure (An
et al., 2017) with minor modifications. In brief, 10-d–old MED25-GFP or
PRP39a-GFP seedlings were homogenized in extraction buffer (50 mM of
Tris-HCl at pH 7.5, 150 mM of NaCl, 0.1% [v/v] Triton X-100, 0.2% [v/v]
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Nonidet P-40, 0.6mMof PMSF, and20mMofMG132withRocheprotease
inhibitor cocktail). Wild-type seedlings were used as a negative control.
After protein extraction, 20 mL of protein A/G plus agarose (Santa Cruz
Biotechnology) was added to the 2-mg extracts to reduce nonspecific
immunoglobulin binding. After 1 h of incubation, the supernatant was
transferred to a new tube. GFP antibody-bound agarose beads (MBL Life
Science) were then added to the samples and incubated for 4 h at 4°Cwith
gentle rocking. The precipitated samples were washed at least four times
with protein extraction buffer, and bound proteins were eluted by heating
the beads in 13 SDS protein loading buffer at 95°C for 8 min. MED25
proteinwasdetectedby immunoblottingusinganti-MED25antibody (Chen
et al., 2012). PRP40a protein was detected by immunoblotting using anti-
PRP40a (1:1,500) antibody.

Immunoblot Assays

To analyze PRP40a protein levels, protein extraction was performed by
homogenizing10-d–oldseedlings inextractionbuffer (50mMofTris-HClat
pH 7.5, 150 mM of NaCl, 1% [v/v] Nonidet P-40, 1 mM of DTT, 10 mM of
MG132, and Roche protease inhibitor cocktail). For immunoblot analysis,
SDS sample buffer was added to the protein extracts. The protein samples
were boiled for 5 min, separated on SDS-PAGE gels, and transferred to
polyvinylidene fluoride membranes. Immunoblots were probed with anti-
PRP40a antibody. Nonspecific protein band was used as a control. To
analyze the MED25, MYC2, JAZ6, and DPYJAZ6 protein levels in LCI
assays, N. benthamiana leaves infiltrated with indicated constructs were
homogenized in extraction buffer (50 mM of Tris-HCl at pH 7.5, 150mM of
NaCl, 0.1% [v/v]NonidetP-40, 0.2% [v/v] TritonX-100, 5mMofDTT, 10mM
of MG132, and Roche protease inhibitor cocktail). Immunoblots were
probedwithanti-MED25 (1:3,000),GFP (YTHX,1:3,000), andcLUC (Sigma,
1:5,000) antibodies. To analyze the protein expression in Y2H assays, the
yeast were boiled with 13 SDS loading buffer at 95°C for 8 min, then
proteins were separated on SDS-PAGE gels and immunoblotted using
anti-HA (AD- fusion proteins; Abmart, 1:2,000) and anti-myc (BD-fusion
proteins; Abmart, 1:2,000) antibodies.

ChIP-qPCR Assays

Ten-d–old MYC2-GFP, MED25-GFP, PRP39a-myc, PRP40a-GFP,
PRP39a-myc/med25-4, and PRP40a-GFP/med25-4 seedlings were
treated without or with 100 mM of MeJA for the indicated times, and un-
treated wild-type seedlings were used as negative control. Two grams of
each sample was harvested and cross linked in 1% (v/v) formaldehyde at
roomtemperature for10min, followedbyneutralizationwith0.125MofGly.
Thechromatin complexwas isolated, resuspended in lysisbuffer (10mMof
Tris-HCl at pH8.0, 20mMof EDTA, 400mMofNaCl, 1% [v/v] Triton X-100,
and2mMofPMSFwith13Rocheprotease inhibitor cocktail), andsheared
by sonication to reduce the average DNA fragment size to;500 bp; 50 mL
of sheared chromatin was removed for use as an input control. GFP an-
tibody ab290 (Abcam) or myc antibody (Millipore) was incubated with
Dynabeads Protein G (Invitrogen) at 4°C for at least 6 h and added to the
remaining chromatin for incubation at 4°C overnight. The immuno-
precipitated chromatin complex was washed with low-salt buffer
(20 mM of Tris-HCl at pH 8.0, 2 mM of EDTA, 150 mM of NaCl, 0.5% [v/v]
TritonX-100,and0.2%[w/v]SDS), high-salt buffer (20mMofTris-HClatpH
8.0, 2 mM of EDTA, 500 mM of NaCl, 0.5% [v/v] Triton X-100, and 0.2%
[w/v] SDS), LiCl buffer (10mMof Tris-HCl at pH 8.0, 1mMof EDTA, 0.25M
of LiCl, 0.5% [v/v] NP-40, and 0.5% [w/v] sodium deoxycholate), and TE
buffer (10 mM of Tris-HCl at pH 8.0 and 1mM of EDTA). After washing, the
immunoprecipitated chromatin was eluted with elution buffer (1% [w/v]
SDS and 0.1 M of NaHCO3). Protein–DNA cross linking was reversed by
incubating the immunoprecipitated complexeswith 20mLof 5MofNaCl at
65°C overnight. DNAwas recovered using aQIAquick PCRPurification Kit

(Qiagen) and analyzed by qPCR. ChIP signals were displayed as the
percentage of precipitated DNA relative to input DNA. The value of the
indicatedwild-type ampliconwithoutMeJA treatmentwas arbitrarily set to
1. Three independent biological repeats were performed. Error bars rep-
resent SD. Statistical analysis was performed by Student’s t test. The
primers used for qPCR are listed in the Supplemental Data Set.

RIP–RT-qPCR Assays

The RIP assay was performed as previously described by Wierzbicki et al.
(2008) and Zheng et al. (2009) with minor modifications. Ten-d–old wild-
type, PRP39a-myc, PRP40a-GFP, PRP39a-myc/med25-4, and PRP40a-
GFP/med25-4 seedlings were treated without or with 100 mM MeJA and
collected for cross linkingat the indicated times todetect theassociation of
PRP39a and PRP40a with JAZ6 pre-mRNA. After cross linking in 1% (v/v)
formaldehyde, each sample was ground and resuspended inHonda buffer
(0.44 M of Suc, 1.25% [w/v] Ficoll, 2.5% [w/v] dextran, 20 mM of HEPES
KOH, 10 mM of MgCl2, 0.5% [v/v] Triton X-100, 5 mM of DTT, 1 mM of
PMSF, protease inhibitor cocktail, and 8 U/mL of RNase inhibitor) to lyse
the plant cells. The nuclear protein was sonicated in nuclear lysis buffer
(50 mM of Tris-HCl, 10 mM of EDTA, 1% [w/v] SDS, 1 mM of PMSF,
protease inhibitor cocktail, and 160 U/mL of RNase inhibitor). Before im-
munoprecipitation, the sonication products were treated with 20 U/mL
DNase I and incubated with myc (Roche) or GFP (Abcam) antibodies
overnight at 4°C. Immunoprecipitated complexes were collected using
protein A beads (Millipore) and washed with immunoprecipitation elution
buffer. The associated pre-mRNA and input pre-mRNA were subjected to
DNase I treatment again using a RT-PCR kit with genomic DNA eraser
(TaKaRa) and quantified by RT-qPCR with gene-specific primers for the
pre-mRNAs after the reversal of cross linking. Pre-mRNAprecipitated from
wild type was used as a negative control, while pre-mRNA isolated before
precipitation was used as an input control. RIP signals were displayed as
the percentage of precipitated pre-mRNA relative to input pre-mRNA. The
value of the indicated wild-type amplicon without MeJA treatment was
arbitrarily set to 1. Three independent biological repeats were performed.
Error bars represent SD. Statistical analysis was performed using one-way
ANOVA or evaluated by Student’s t test (Supplemental File). Primers are
listed in the Supplemental Data Set.

RNA Extraction, Reverse Transcription, and RT-qPCR

For RT-qPCR analysis of gene expression, total RNA was extracted from
10-d–old seedlings treated without or with 100 mM of MeJA for the in-
dicated times using Trizol (Invitrogen) reagent. The cDNA was prepared
from 2 mg of total RNA with a PrimeScript RT Reagent Kit (TaKaRa) and
quantified on a LightCycler 480 (Roche Life Science) with KAPA SYBR
FAST qPCR Master Mix (Sigma-Aldrich) according to the manufacturer’s
instructions. Theexpression levelsof targetgeneswerenormalizedagainst
ACTIN7. Three independent biological repeats were performed. Error bars
represent SD. Statistical analysis was performed using one-way ANOVA
(Supplemental File). Primers are listed in the Supplemental Data Set.

Accession Numbers

Sequence data from this article can be found in the Arabidopsis Genome
Initiative (https://www.arabidopsis.org/) under the following accession
numbers: MED25, At1g25540; MYC2, At1g32640; MYC3, At5G46760;
MYC4, At4G17880; VSP1, At5g24780; VSP2, At5g24770; PDF1.2,
At5g44420; THI2.1, At1g72260; JAZ2, At1g74950; JAZ3, At3G17860;
JAZ4, At1G48500; JAZ5, At1G17380; JAZ6, At1g72450; JAZ9,
At1G70700; JAZ10, At5G13220; JAZ12, At5G20900; ACTIN7,
At5g09810; PRP39a, At1G04080; PRP39b, At5G46400; PRP40a,
At1G44910;PRP40b, At3G19670;PRP40c, At3G19840;RESISTANCETO
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LEPTOSPHAERIA MACULANS3, At4G16990; NUDIX HYDROLASE
HOMOLOGY7, At4G12720; NON-PHOTOTROPHIC HYPOCOTYL4,
At5G20730; RUBISCO METHYLTRANSFERASE, At5G14260; ALWAYS
EARLY3, At3G21430; PRR7, At5G02810.

Supplemental Data

Supplemental Figure 1. MeJA-induced generation of DPYJAZs and
JAZ10.4 depends on MYC2 and MED25.

Supplemental Figure 2. Generation and characterization of JAZ6-
GFP and DPYJAZ6-GFP transgenic plants.

Supplemental Figure 3. Overexpression of DPYJAZ6 attenuates JA
responses.

Supplemental Figure 4. DPYJAZ6 competes with MED25 for in-
teraction with MYC2.

Supplemental Figure 5. Sequence alignment of PRP39a or PRP40a
with their respective paralogs in Arabidopsis.

Supplemental Figure 6. Generation of PRP40a-GFP, PRP39a-GFP,
and PRP39a-myc transgenic plants.

Supplemental Figure 7. Immunoblot analysis of the PRP39a,
PRP40a, and MED25 proteins in yeast strains used for Y2H assays.

Supplemental Figure 8. RT-qPCR showing the expression of PRP39a
and PRP39b in response to MeJA in wild-type, myc2-2, and med25-4
seedlings.

Supplemental Figure 9. Immunoblotting analysis showing the protein
accumulation of PRP40a in response to MeJA.

Supplemental Figure 10. ChIP and RIP RT-qPCR showing the
enrichment of PRP39a and PRP40a on JAZ1, JAZ5, JAZ10, PRR7,
and ACTIN7 chromatin and Pre-mRNA in response to MeJA.

Supplemental Figure 11. The AS deficiency phenotypes of prp39 and
prp40 mutants.

Supplemental Figure 12. Identification of the prp39 and prp40
mutants.

Supplemental Figure 13. PRP39 and PRP40 promote the splicing of
Jas intron.

Supplemental Figure 14. PCR-based detection of alternative Jas
intron retention of JAZ5, JAZ6, JAZ9, and JAZ10.

Supplemental Figure 15. The JA responses are attenuated in prp39
and prp40 mutants.

Supplemental Figure 16. Depletion of MED25 impairs MeJA-induced
recruitment of PRP39a and PRP40a to JAZ5 and JAZ10.

Supplemental Table. MED25-associating proteins identified with
liquid chromatography–tandem mass spectrometry.

Supplemental Data Set. Primers Used in this Study.

Supplemental File. Statistical Analysis.
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