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Many plant species display remarkable developmental plasticity and regenerate new organs after injury. Local signals
produced by wounding are thought to trigger organ regeneration but molecular mechanisms underlying this control remain
largely unknown. We previously identified an AP2/ERF transcription factor WOUND INDUCED DEDIFFERENTIATION1
(WIND1) as a central regulator of wound-induced cellular reprogramming in plants. In this study, we demonstrate that WIND1
promotes callus formation and shoot regeneration by upregulating the expression of the ENHANCER OF SHOOT
REGENERATION1 (ESR1) gene, which encodes another AP2/ERF transcription factor in Arabidopsis thaliana. The esr1
mutants are defective in callus formation and shoot regeneration; conversely, its overexpression promotes both of these
processes, indicating that ESR1 functions as a critical driver of cellular reprogramming. Our data show that WIND1 directly
binds the vascular system-specific and wound-responsive cis-element-like motifs within the ESR1 promoter and activates its
expression. The expression of ESR1 is strongly reduced inWIND1-SRDX dominant repressors, and ectopic overexpression of
ESR1 bypasses defects in callus formation and shoot regeneration in WIND1-SRDX plants, supporting the notion that ESR1
acts downstream of WIND1. Together, our findings uncover a key molecular pathway that links wound signaling to shoot
regeneration in plants.

INTRODUCTION

Many multicellular organisms regenerate their bodies after injury,
and this regenerative capacity is vital for their survival after partial
loss of their bodies. Plants, in particular, maintain high de-
velopmental plasticity during postembryonic development and
display diverse forms of regeneration (Ikeuchi et al., 2016). One
commonexampleofplant regeneration isdenovoorganogenesis,
i.e., the formation of new organs such as shoots and roots, from

cut sites. This mode of regeneration has been widely used in
agriculture as a tool, for instance, for propagation of elite cultivars
and genetic engineering (Thorpe, 2007). As in animals, plant re-
generation is initiated by at least two cellular mechanisms. One is
by the reactivationof relatively undifferentiated cells existing in the
somatic tissue and the other is by the reprogramming of mature
somatic cells (BirnbaumandSánchezAlvarado, 2008;Tanakaand
Reddien, 2011; Ikeuchi et al., 2016). In somecases, these initiating
cells directly regenerate new organs, but in other cases they first
develop callus, a mass of dividing cells, from which new organs
form (Hicks, 1994).
Molecular mechanisms underlying plant organ regeneration

have been studiedmostly in vitro where the balance between two
plant hormones, auxin and cytokinin, determines the de-
velopmental fate of regenerating organs. Generally, a high ratio of
auxin to cytokinin favors root regeneration, while a low ratio of
auxin to cytokinin stimulates shoot regeneration (Skoog and
Miller, 1957). Intermediate levels of auxin and cytokinin promote
callus formation (Skoog and Miller, 1957). A protocol routinely
used for Arabidopsis thaliana explants involves first incubation
of a tissue fragment on auxin- and cytokinin-containing callus-
inducingmedium (CIM) toproducecallus andsubsequent transfer
to cytokinin-rich shoot-inducing medium (SIM) and auxin-rich
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root-inducing medium to promote shoot and root regeneration,
respectively (Valvekens et al., 1988). Accumulating evidence
suggests that callus on CIM primarily derives from relatively un-
differentiated pericycle cells through a genetic program un-
derlying auxin-induced lateral root development (Che et al., 2007;
Atta et al., 2009; Sugimoto et al., 2010). Accordingly, many reg-
ulators of lateral root development, including ABERRANT LAT-
ERAL ROOT4, AUXIN RESPONSE FACTOR7 (ARF7), ARF19,
LATERAL ORGAN BOUNDARIES DOMAIN16 (LBD16), LBD17,
LBD18, and LBD29, are required for callus formation on CIM
(Sugimoto et al., 2010, Fan et al., 2012, Ikeuchi et al., 2013). A
recent study has demonstrated that additional regulators,
PLETHORA3 (PLT3), PLT5, and PLT7, are also needed to make
CIM-induced callus pluripotent (Kareem et al., 2015). Key players
acting downstream of PLT3, PLT5, and PLT7 to confer pluri-
potency are PLT1 and PLT2, which are also known for their role in
rootmeristemdevelopment (Aida et al., 2004;Galinhaet al., 2007).
PLT3, PLT5, and PLT7, in addition, induce CUP SHAPED COT-
YLEDON1 (CUC1) and CUC2, important regulators of shoot
meristem development during embryogenesis (Aida et al., 1997,
1999), presumably to introduce the potential to form shoots in the
callus (Kareemetal., 2015).WhileCUC1andCUC2donotshowan
organized pattern of expression in CIM-induced callus, some root
meristem regulators, such as WUSCHEL-RELATED HOMEO-
BOX5 (WOX5) and SCARECROW, display expression patterns
similar to thoseobserved in the rootmeristem (Gordonet al., 2007;
Atta et al., 2009; Sugimoto et al., 2010). Thus, CIM-induced callus
appears to represent a pluripotent cell mass that has character-
istics more similar to root meristems (Ikeuchi et al., 2013).

Given that CIM-induced callus possesses root meristem-like
properties, regenerating roots after transfer to root-inducing
medium might be relatively straightforward, requiring further es-
tablishment of root meristem identity and execution of root de-
velopmental program by an auxin-induced transcriptional
cascade (Ozawa et al., 1998; Che et al., 2002; Ikeuchi et al., 2016).
By contrast, shoot regeneration onSIMought to bemore complex
as it requires the conversion of root meristem fate into shoot
meristem fate. What is central for the shoot meristem initiation is
the activation of the key shoot stem cell regulator WUSCHEL
(WUS) by cytokinin, which facilitates the partitioning of CIM-
induced callus into WUS-expressing domains and CUC2-
expressingdomains (Cheet al., 2006;Gordonet al., 2007;Chatfield
et al., 2013). A cluster of CUC2-expressing cells continues to
proliferate to form promeristems, in which polarized expression of
the auxin transporter PIN-FORMED1 and another meristem
regulator SHOOT MERISTEMLESS (STM) further organizes the
formation of functional shoot meristem. Previous studies have
also identified several other regulators, such as ENHANCER OF
SHOOT REGENERATION1/DORNRÖSCHEN (ESR1/DRN),
ESR2/DRN-LIKE (DRNL), and RAP2.6L, that contribute to shoot
regeneration in vitro (Banno et al., 2001; Kirch et al., 2003; Che
et al., 2006). An early study showed that overexpression of ESR1
promotes shoot regeneration without or at low doses of exoge-
nous cytokinin (Banno et al., 2001). The esr1-1/drn-2 loss-of-
functionmutant, referred toasesr1-1hereafter, however, doesnot
displaystrongdefects inshoot regenerationwhenculturedonCIM
and SIM (Matsuo et al., 2011). By contrast, loss-of-function
mutations in ESR2 and RAP2.6L cause clear defects in in vitro

shoot regeneration (Matsuo et al., 2011; Che et al., 2006), sug-
gesting that they play more profound roles.
We recently showed that wound stress provides another im-

portant cue for shoot regeneration, since intact plants cultured on
CIM and SIM hardly regenerate shoots without wounding (Iwase
et al. 2015).Wounding provokes various physiological responses,
including rapid induction of reactive oxygen species, Ca2+ waves,
and the production of stress-responsive hormones (Miller et al.,
2009; Mousavi et al., 2013), but whether these early physiological
responses direct cells for reprogramming is not established. A set
of key regulators that are rapidly activated in response to
wounding and have pivotal roles in wound-induced callus for-
mation are a subfamily of AP2/ERF transcription factors, WOUND
INDUCED DEDIFFERENTIATION1 (WIND1; aka RAP2.4), WIND2,
WIND3, and WIND4 (Iwase et al., 2011a, 2011b). AllWIND genes
are induced by wounding and overexpression of each of them
promotes callus formation (Iwase et al., 2011a, 2011b). Impor-
tantly, WIND1 substitutes the early wound response and confers
pluripotency, since plants overexpressing WIND1 regenerate
shoots on SIM without wound stress (Iwase et al., 2015). Con-
versely, dominant repression of WIND1 inWIND1-SRDX explants
strongly blocks shoot regeneration, suggesting that WIND pro-
teins function as key regulators of cellular reprogramming in re-
sponse to wound stress (Iwase et al., 2015; Ikeuchi et al., 2016).
In this study,wesetout to investigatehowwoundsignaling links

to regeneration at the molecular level. WIND proteins are likely to
play key roles in this regulation and identification of genes directly
targeted by WIND1 should help unveil how WIND1-mediated
signaling controls the transcription of key regulators in re-
generation. We provide both in vivo and in vitro evidence that
WIND1 directly binds the ESR1 promoter and activates its ex-
pression. We also show that ESR1 functions downstream of
WIND1 and facilitates both callus formation and shoot re-
generation in response to wound stress. Our results thus uncover
a key transcriptional mechanism that directly links the wound
response to organ regeneration in plants.

RESULTS

Wound Stress Activates ESR1 Expression in
a WIND1-Dependent Manner

Our previous microarray data showed that ESR1 expression is
strongly upregulated in callus-overexpressing WIND1 under the
control of the cauliflower mosaic virus 35S promoter (Iwase et al.,
2011a). This is interesting, since ESR1 expression is restricted to
the shoot apical meristem and leaf primordia during normal de-
velopment (Kirch et al., 2003) and its overexpression confers in-
creasedshoot regenerative capacity in tissueculture (Bannoet al.,
2001). Tovalidate thisobservation,wecompared the levelofESR1
expression between 14-d-old wild-type seedlings and 35S:
WIND1 callus. As shown in Supplemental Figure 1, our RT-qPCR
analysis confirmed very low abundance of ESR1 transcripts in
wild-type seedlings and a strong increase in 35S:WIND1 callus.
Given that the expression of the WIND1 gene is strongly

activated by wounding (Iwase et al., 2011a), we then tested
whether ESR1 is also upregulated in response towound stress.
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Our time-course expression analysis using leaf explants dis-
sected from 14-d-old wild-type seedlings revealed thatWIND1
mRNA levels start to increase within 30min after wounding and
peak at 1 h (Figure 1A). Similarly, the level of ESR1 transcripts
starts to increase within 30 min after wounding and peaks by
3 h (Figure 1A). ESR1 expression is barely detectable in wild-
type root and hypocotyl explants, but we also detected an
increase in theESR1expression in theseorgansafterwounding
(Supplemental Figures 2A and 2B). Importantly, wound-
induced ESR1 activation is strongly suppressed inWIND1-SRDX
explants (Figure 1A), suggesting that WIND1 is involved in ESR1
activation.
We previously reported that the WIND1 induction by

wounding is localized to wound sites (Iwase et al., 2011a). To
explore the wound-induced expression of the ESR1 gene in
planta, we examined the pattern of its promoter activity using
ProDRN/ESR1:GUS lines, referred to hereafter as ProESR1:GUS,
in which the expression of the GUS gene is driven by the
promoter of ESR1 (Kirch et al., 2003). As expected, the
promoter activity of ESR1 is not detected in intact leaf ex-
plants, but its activity is induced locally at wound sites (Figure
1B).Wedetected similar patterns ofESR1promoter activity in
wounded roots and hypocotyls (Supplemental Figures 2C
and 2D). We also introduced the ProESR1:GUS construct into
theWIND1-SRDX plants and found thatWIND1 is required for
the activation of the ESR1 promoter at wound sites (Figure
1B). Transverse sections of petioles close to wound sites
showed that ESR1 promoter activity is often detected within
the vasculature, i.e., in xylem parenchyma and procambium
cells, but is also found in nonvascular cells, such as meso-
phyll, that have started to undergo cell division presumably to
develop callus (Figure 1C). Liu et al. (2014) recently showed
that wounding induces auxin accumulation at wound sites of
Arabidopsis leaves. To uncouple the effect of wounding from
auxin accumulation, we tested whether inhibition of auxin
transport by N-1-naphthylphthalamic acid interferes with
ESR1 activation at wound sites. As shown in Supplemental
Figure 2E, 1 mMN-1-naphthylphthalamic acid does not block
ESR1 expression at wound sites, suggesting that local
auxin transport does not contribute to ESR1 activation at
wound sites.
To further corroborate these observations, we generated

ProESR1:ESR1-GFP transgenic plants (ESR1-GFP) in which we
drove the expression of the ESR1-GFP fusion protein by the
ESR1 promoter. We introduced this construct into the esr1-2/
drn1 mutant, referred to hereafter as esr1-2 (Chandler et al.,
2007; Matsuo et al., 2011), and confirmed that ESR1-GFP
fusion proteins are functional by the complementation of
cotyledon phenotypes in esr1-2 (Supplemental Figure 3A). As
shown in Figure 1D, we detect clear accumulation of ESR1-
GFP fusion proteins within the nuclei of cells close to wound
sites. These observations demonstrate that the expression of

Figure 1. Wounding Activates ESR1 Expression in a WIND1-Dependent
Manner.

(A) RT-qPCR analysis of WIND1 (upper panel) and ESR1 (lower panel)
expression after wounding. First and second leaves of 14-d-old wild-type
seedlings were cut and leaf explants were cultured on phytohormone-free
MS medium. WIND1 expression peaks at 1 h after wounding, and ESR1
expression peaks at 3 h. The induction of ESR1 is strongly suppressed in
ProWIND1:WIND-SRDX (WIND1-SRDX ) plants. Expression levels are nor-
malized against those of PP2AA3. Data are mean 6 SE (n = 3, biological
replicates).
(B) Induction of the ESR1 promoter activity at the wound sites of leaf
petioles. Leaf explants of ProESR1:GUS and ProESR1:GUS WIND1-SRDX
plants were cultured onMSmedium. ESR1 activation is compromised in
ProESR1:GUS WIND1-SRDX plants. Dashed lines mark wound sites.
Representative images of petioles at 0 and 48 h after wounding are
shown.
(C)Transverse sectionofProESR1:GUSpetioles close towoundsitesat 48h
after wounding. GUS staining is found in several cell types, xylem pa-
renchyma cells, procambium cells (left panel), and mesophyll cells (right
panel) that have started to undergo cell division. Sections were counter-
stained by safranin O. Asterisks mark new division planes. mp, mesophyll
cells; xy, xylem cells; pc, procambium cells; ph, phloem cells.
(D) Nuclear accumulation of ESR1-GFP fusion proteins within the
epidermal cells near wound sites at 72 h after wounding. Note that

wound stress produces strong green autofluorescence in both wild-
type andProESR1:ESR1-GFP (ESR1-GFP) plants, but these signals are
foundmostly at the cut edge or cytoplasm.Bars = 300 mm in (B) and (D)
and 50 mm in (C).

56 The Plant Cell

http://www.plantcell.org/cgi/content/full/tpc.16.00623/DC1
http://www.plantcell.org/cgi/content/full/tpc.16.00623/DC1
http://www.plantcell.org/cgi/content/full/tpc.16.00623/DC1
http://www.plantcell.org/cgi/content/full/tpc.16.00623/DC1
http://www.plantcell.org/cgi/content/full/tpc.16.00623/DC1


the ESR1 gene is induced locally at wound sites and WIND1 is
required for its activation.

WIND1 Directly Binds the ESR1 Promoter and Activates
Its Expression

Having established thatWIND1 is required for the induction of the
ESR1 gene, we subsequently investigated whether WIND1 di-
rectly binds the ESR1 promoter in vivo. Using antibodies against
GFP proteins, we immunoprecipitatedWIND1-GFP proteins from
root explants of ProWIND1:WIND1-GFP plants (Iwase et al., 2011a)
and tested whether the chromatin of the ESR1 gene copurified
withWIND1-GFP. Sincewe detected strongWIND1 expression in
wound-induced callus (Iwase et al., 2011a), we used root explants
cultured onMurashige and Skoog (MS) medium for 10 d, at which
time they developed large callus at wound sites. As shown in
Figure 2A, our chromatin immunoprecipitation coupled by
quantitative PCR analysis detected a strong enrichment of the
ESR1promoter sequenceusing apair of primersdesigned around
500 bp upstream of the translational start site. Using a particle
bombardment-mediated transient expression assay, we sub-
sequently investigated whether WIND1 could activate the ESR1
promoter in Arabidopsis MM2d culture cells. We fused a 1000-bp
ESR1 promoter to the luciferase reporter gene and judged the
promoter activationby the relative enzymatic activity of luciferase.
As shown in Supplemental Figure 4A, ectopically expressed
WIND1 displays strong transactivation activity for the 1000-bp
ESR1 promoter, demonstrating that WIND1 can activate ESR1
in vivo. We also performed the transactivation assay using the
ESR1 promoter truncated to 500, 250, 200, 150, and 100 bp from
the translational start site and found that the 150-bp sequence
upstream of the translational start site is sufficient for the ESR1
induction by WIND1.

To further characterizeWIND1’s binding to the ESR1 promoter,
we tested their direct interaction in vitro by an electrophoresis
mobility shift assays (EMSAs). We expressed the WIND1 protein
fused with maltose binding protein (MBP) and 6xHis-tag (His6) in
Escherichia coli and purified the MBP-WIND1-His6 protein using
theHis-tag by affinity chromatography.We used the dehydration-
responsive element (DRE; core sequence TACCGACAT) as
a positive control, since WIND1 was previously shown to bind
the DRE sequence (Lin et al., 2008). Our EMSA indeed showed
that the MBP-WIND1-His6 protein strongly binds the DRE
sequence in vitro, causing theDREprobe band to shift in the gel
(Supplemental Figure 4B). Using this experimental setup, we also
found that the MBP-WIND1-His6 protein, but not the MBP-GFP-
His6 protein, binds the 513-bp sequence of the ESR1 promoter
(Supplemental Figure4C).To furthernarrowdownWIND1’sbinding
site within the ESR1 promoter, we tested WIND1’s binding to
11;50-bp DNA probes, designated as R1 to R11, that cover the
2513 to 264 bp of the ESR1 promoter with a 10-bp overlap
between each probe. As shown in Figure 2B and Supplemental
Figure 4D, we found reproducible binding of MBP-WIND1-His6
protein specifically to the probe R10 that covers the 2153- to
2104-bp sequence of the ESR1 promoter.

The results from our transactivation assay and EMSA consis-
tently suggest that the 150-bp ESR1 promoter is sufficient for
WIND1’s binding and activation of the ESR1 gene. Interestingly,

the R10 sequence where WIND1 likely binds within the 150-bp
ESR1 promoter contains two vascular system-specific and
wound-responsive cis-element (VWRE)-like motifs (core se-
quence AAATTT) previously implicated in wound-induced acti-
vation of gene expression in tobacco (Sasaki et al., 2002, 2006).
We therefore asked whether these motifs are required for the
activation of the ESR1 promoter by mutating either one or both of
the VWRE-like motifs. Our transactivation activity assay revealed
that them1 andm4mutations, abolishing both VWRE-like motifs,
strongly hinder ESR1 induction byWIND1, whereas the m2 or m3
mutation, abolishing only the first or second VWRE-like motif,
results in partial reduction in ESR1 activation (Figure 2C). By
contrast, the m5mutation, introduced outside the two VWRE-like
motifs, does not alter ESR1 activation by WIND1 (Figure 2C).
These results strongly suggest that WIND1 directly binds the
two VWRE-like motifs within the ESR1 promoter to activate its
expression.

ESR1 Promotes Callus Formation at Wound Sites

Given that WIND1 is required for callus induction at wound sites
(Iwase et al., 2011a), we asked whether ESR1 also participates in
wound-induced callus formation.Wild-type leaf explants cultured
onMSmediumdevelop a largemass of callus cells at wound sites
(Figures 3A and 3B). By contrast, callus formation is severely
compromised in esr1-2 leaf explants (Figures 3A and 3B). To
further investigate the involvement of ESR1, we generated the
ESR1-SRDX dominant repressor line in which we drove the ex-
pression of ESR1-SRDX chimeric proteins under the ESR1 pro-
moter. We confirmed the cotyledon formation defects, previously
described for esr1-2mutants (Chandler et al., 2007), in the ESR1-
SRDX plants. As expected, we also found clear defects in callus
formation from leaf explants, demonstrating the requirement of
ESR1 for wound-induced callus formation (Figures 3A and 3B). In
addition, we found that ESR1-GFP plants develop larger callus at
wound sites (Figures 3A and 3B). Our RT-qPCR analysis showed
that, compared with the wild type, the level of ESR1 expression is
at least 1.5-fold higher in ESR1-GFP plants after wounding
(Supplemental Figure 3B), suggesting that the increased level of
ESR1 expression promotes callus formation.
Our results so far are consistent with the hypothesis that

WIND1 activates ESR1 expression to promote callus formation
at wound sites. To validate this further, we generated double
transgenic lines betweenWIND1-SRDX and esr1/drn-D gain-of-
function mutants, referred to hereafter as esr1-D, in which the
expression of ESR1 is ectopically activated by the 35S promoter
(Kirch et al., 2003), and tested whether ectopic expression of
ESR1 inWIND1-SRDX plants was sufficient to rescue defects in
wound-induced callus formation. As shown in Figures 4A and
4B,WIND1-SRDX leaf explants, culturedonMSmedium, display
strong defects in callus formation, producing only a very small
mass of cells at wound sites. Introduction of the esr1-D gain-of-
function mutation into the WIND1-SRDX plants complements
most of these callus formation defects, since leaf explants from
WIND1-SRDX esr1-D double transgenic plants develop wild-
type-like callus (Figures 4A and 4B). In addition, we examined
whether the esr1-2 mutation blocked callus formation induced
by WIND1 overexpression. As shown in Figure 4C, 35S:WIND1
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T1 plants displayweak, intermediate, and strong callus formation,
which we previously classified as type I, type II, and type III plants,
respectively (Iwase et al., 2011a). As expected, WIND1 over-
expression in esr1-2mutants causesmilder callus phenotypes,

producing;10%of wild-type-like T1 plants without any visible
callus formation. These results therefore support that ESR1
functions downstream of WIND1 and promotes callus forma-
tion at wound sites.

Figure 2. WIND1 Directly Binds the ESR1 Promoter and Activates Its Expression.

(A)Chromatin immunoprecipitation ofWIND1-GFP fusion proteins on the ESR1 locus. Quantitative PCR analysis, using P1-P5 primers designedwithin the
promoter and coding sequence of ESR1, shows the strongest enrichment of WIND1-GFP using P3 primers designed around 2500 bp upstream of the
translational start site. The black box represents the coding sequence ofESR1 and +1ATG indicates the translational start site. Black linesmark the relative
distance from the translational start site. Data are normalized against input DNAand shownas a relative enrichment of DNA immunoprecipitatedwith rabbit
serum (control). Data are mean 6 SE (n = 3, technical replicates).
(B)EMSAs ofMBP-WIND1-His6 protein’s binding to theESR1 promoter in vitro. Upper panel shows the position of;50-bpDNAprobes, designated asR1
to R11, that cover2513 to264-bp nucleotides of the ESR1 promoter. Arrowheads and asterisks show free and shifted DNA probes, respectively. Dashed
lines separate results obtained in three different experiments. Note that the band shifts only with the R10 probe, indicating that MBP-WIND1-His6 binds
2153 to 2104 bp upstream of the translational start site.
(C)WIND1-induced transient activationof theESR1expression inArabidopsis culture cells.Upper panel shows theeffector constructs, control and35S:WIND1, and
the reporter construct,ProESR1:L-LUC. For the effector constructs, gray arrowsmark 35SV, the cauliflowermosaic virus 35Spromoterwith the tobaccomosaic virus
omega translation amplification sequence, and gray boxes markNOS, the Agrobacterium tumefaciens nopaline synthase transcriptional terminator. The white box
marks theWIND1codingsequence. For the reporter construct, theblackbar represents the150-bppromoter sequenceofESR1with theR10sequencemarkedwith
awhite box. The gray box represents the coding sequence of L-LUC, encoding a firefly luciferase gene, and +1ATG indicates the translational start site. Themiddle
panel shows thewild-typeR10sequencewith twoVWRE-likemotifsmarked inblueandm1 tom5mutationsmarked in red.Bottompanel shows theESR1promoter
activity as judged by the L-LUCactivity relative to R-LUC,Renilla luciferase. Cobombardment of 35S:WIND1 andProESR1:L-LUC activates theESR1 promoter. Note
thatabolishingeachof thetwoVWRE-likemotifsbym2orm3mutationresults inreducedESR1 inductionandabolishingbothmotifsbym1orm4mutationhasadditive
effects, indicating that both motifs are required for activation of ESR1 by WIND1. Data are mean 6 SE (n = 6, technical replicates).
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We previously reported that WIND1 promotes callus for-
mation via the B-type ARABIDOPSIS RESPONSE REGULA-
TOR (ARR)-mediated cytokinin signaling pathway (Iwase et al.,
2011a). To test the functional relationship between ESR1 and
cytokinin signaling,we evaluatedESR1 expression in arr1 arr12
doublemutantsdefective inB-typeARRsignaling (Masonet al.,
2005). Interestingly, our RT-qPCR analysis revealed that
wound-induced activation of ESR1 is compromised in arr1
arr12 plants, while the esr1-2 mutation does not interfere with
the expression of a cytokinin-responsive ARR5 gene (Argyros

et al., 2008) (Figures 4D and 4E). Together, these results suggest
that ESR1 functions downstream of B-type ARR-mediated cy-
tokinin signaling.

ESR1 Promotes Shoot Regeneration at Wound Sites

When Arabidopsis wild-type explants are cultured on MS
medium without any exogenous plant hormones, they develop
callus and often roots, but they hardly regenerate shoots from
wound sites (Figure 5A). Unexpectedly, we noticed that leaf
explants from ESR1-GFP plants regenerate shoots at wound
sites (Figure 5A). Further investigation of this phenotype re-
vealed that only 1 out of 646 (0.2%) leaf explants fromwild-type
plants regenerate shoots, whereas 31 out of 170 (18.2%) leaf
explants from ESR1-GFP plants develop one or sometimes
multiple shoots at wound sites (Figure 5B). Intriguingly, this
phenotype is not limited to leaf explants, and we also observed
shoot regeneration from various other organs such as coty-
ledons and inflorescence stems (Figure 5A). Similarly, root
explants from wild-type plants develop callus at wound sites,
but they never regenerate shoots under our culture condition
(Figures 5A and5B). By contrast, 89 out of 634 (14.0%) explants
from ESR1-GFP plants develop shoots at wound sites (Figures
5A and 5B).
To further explore the causal relationship between ESR1

expression and shoot regeneration, we generated LexA-VP16-
estrogen (XVE )-ESR1 transgenic plants in which we induced
ESR1 expression by the application of 17b-estradiol (Figures
5C and 5D). Our RT-qPCR analysis confirmed that 0.1 to 10 mM
17b-estradiol induces ESR1 expression in a dose-dependent
manner (Figure 5D). As expected, leaf explants from wild-type
plants hardly develop shoots at wound sites in the presence of
17b-estradiol. In sharp contrast, leaf explants from up to 35%
of XVE-ESR1 plants reproducibly regenerate shoots from
woundsites,whencultured in the presenceof 0.1 to 10mM17b-
estradiol (Figures 5C and 5D). Interestingly, XVE:ESR1 plants
regenerate shoots only upon wounding, and when they are
grown without wound stress, they develop callus (Figures 5C).
Nevertheless, these XVE:ESR1-derived calli are capable of
regenerating shoots when transferred to SIM, indicating that
they retain the potential to develop shoots (Supplemental
Figure 5A). Together, these results demonstrate that the in-
creaseddosageof ESR1 strongly promotes shoot regeneration
at wound sites.

The WIND1-ESR1 Pathway Is Required for Shoot
Regeneration in Vitro

Having uncovered a clear enhancement of wound-induced
shoot regeneration by ESR1,we reexamined the requirement of
ESR1 for in vitro shoot regeneration. We incubated root
explants of wild-type, esr1-1, and esr1-2 seedlings for 4 d on
CIM and then transferred them to SIM to induce shoot re-
generation. As shown in Figures 6A and 6B, both esr1-1 and
esr1-2 display clear defects in shoot regeneration, producing
fewer shoots comparedwithwild-type explants. Chandler et al.
(2007) reported that the esr1-1 allele, carrying a dSpm trans-
poson insertion immediately after the start codon, shows

Figure 3. ESR1 Promotes Callus Formation at Wound Sites.

(A) Callus formation at wound sites of wild-type, esr1-2, ProESR1:ESR1-
SRDX (ESR1-SRDX ), and ESR1-GFP leaf explants. Leaf explants were
cultured on phytohormone-free MSmedium, and callus phenotypes were
scored at 8 d after wounding. Box plots represent the distribution of
projected callus area (n = 12 per genotype). Statistical significance against
the wild type was determined by a Student’s t test (***P < 0.001, **P < 0.01,
and *P < 0.1).
(B)Callus generated at wound sites of wild-type, esr1-2, ESR1-SRDX, and
ESR1-GFP leaf explants. Representative images at 8 d after wounding are
shown. Bars = 500 mm.
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weaker cotyledon phenotypes than the esr1-2 allele, carrying
the dSpm insertion in the central AP2 domain. We observed
a similar trend for shoot regeneration phenotypes since esr1-1,
but not esr1-2, explants occasionally develop shoots. In
addition, we detected severe defects in shoot regeneration
in ESR1-SRDX root explants (Figures 6A and 6B), confirming
the requirement of ESR1 in in vitro shoot regeneration. In-
terestingly, we noticed that shoot regeneration is significantly
enhanced in ESR1-GFP plants, forming nearly twice as many
shoots from each root explant compared with the wild type
(Figures 6A and 6B). By contrast, esr1-2, ESR1-SRDX, and
ESR1-GFP root explants develop callus comparable to the wild
type on CIM (Supplemental Figure 5B), suggesting that ESR1
does not play major roles in hormone-induced callus formation
in vitro.
To investigate how ESR1 promotes shoot regeneration

in vitro, we first examined ESR1 expression in explants cul-
tured on CIM and SIM. Interestingly, incubation of petiole or
root explants with kinetin and 2,4-D, cytokinin, and auxin in
CIM strongly stimulates ESR1 promoter activity at wound
sites, as shown by the enhancedGUS staining inProESR1:GUS
plants (Figure 7A). Importantly, the application of either ki-
netin or 2,4-D alone does not activate the ESR1 promoter in
both petiole and root explants (Figure 7A), implying that cy-
tokinin and auxin have synergistic effects on ESR1 activation.
Our RT-qPCR analyses also confirmed that ESR1 expression
is activated in root explants cultured for 4 d on CIM and also
showed that its expression is enhanced, by more than 3-fold,
after transfer to SIM (Figure 7B). Matsuo et al. (2011) pre-
viously showed that ESR2 is not expressed in Arabidopsis
explants incubated on CIM and its expression is detected
only after they start to form shoots on SIM. Our RT-qPCR
analysis confirmed these results and further showed that
the late activation of ESR2 expression is dependent on
ESR1 (Figure 7B). Similarly, the expression of key shoot
regulators, such as CUC1, WUS, STM, and RAP2.6L, is also
increased after transfer to SIM (Gordon et al., 2007; Che et al.,
2006; Chatfield et al., 2013), and their expression requires

Figure 4. ESR1 Functions Downstream of WIND1 in Wound-Induced
Callus Formation.

(A) Callus formation at wound sites of wild-type, ProWIND1:WIND1-SRDX
(WIND1-SRDX ), esr1-D, and WIND1-SRDX esr1-D leaf explants. Leaf
explants were cultured on phytohormone-free MS medium, and callus
phenotypes were scored at 8 d after wounding. Box plots represent the
distribution of projected callus area (n = 12 per genotype). Statistical
significance against wild-type was determined by a Student’s t test (***P <
0.001 and *P < 0.1).

(B)Callus generated atwoundsites ofwild-type,WIND1-SRDX, esr1-D,
and WIND1-SRDX esr1-D leaf explants. Note that ectopic induction of
ESR1 rescues the callus formation deficiency in WIND1-SRDX ex-
plants. Representative images at 8 d after wounding are shown. Bars =
250 mm.
(C) The esr1-2 mutation partly suppresses WIND1-induced callus for-
mation in T1 seedlings grown on MS medium. Phenotypic severity was
scored according to Figure 2 in Iwase et al. (2011a). T1 plants showing
weak, intermediate, and strong callus formation are classified as type I,
type II, and type III plants, respectively (n = 104 for the wild type; n = 43 for
esr1-2).
(D) The arr1 arr12mutation partially suppresses the ESR1 expression after
wounding.
(E) The esr1-2 mutation does not suppress the ARR5 expression after
wounding. First and second leaves of 14-d-old wild-type, arr1 arr12,
and esr1-2 seedlings were cut and leaf explants were cultured on
phytohormone-free MS medium. Expression levels are normalized
against those of thePP2AA3 gene. Data aremean6 SE (n = 3, biological
replicates).
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ESR1 to different degrees (Figure 7B). We also confirmed the
previously reported upregulation of PLT1, 2, 3, 5, and 7 and
CUC2 in explants cultured on CIM (Kareem et al., 2015) but
found that none of their activation requires functional ESR1
(Figure 7B).

We previously demonstrated that WIND1-SRDX explants
cultured on CIM and SIM are defective in shoot regeneration
(Iwase et al., 2015; Figures 8Aand8B). Consistently, theWIND1
promoter is active in pericycle cells as well as callus cells
derived from pericycle cells in root explants cultured on CIM

Figure 5. ESR1 Promotes Shoot Regeneration at Wound Sites.

(A) Inductionofshoot regenerationatwoundsitesofESR1-GFPexplants.Wild-typeandESR1-GFPexplantswereculturedonphytohormone-freeMSmedium
for 50 d (leaves), 30 d (cotyledons and inflorescence stems), and 40 d (roots). Dashed lines represent wound sites and asterisks mark regenerating shoots.
(B)Quantitative analysis of shoot regeneration at wound sites. Leaf and root explants were cultured on phytohormone-free MSmedium for 55 d. Data are
shown as frequency (%) of explants regenerating shoots (n= 646 for wild-type leaves, 170 forESR1-GFP leaves, 576 forwild-type roots, and 634 forESR1-
GFP roots). Statistical significance was determined by a proportion test (***P < 0.001).
(C) Induction of shoot regeneration atwound sites ofXVE-ESR1 leaf explants. Top panel:XVE-ESR1 leaf explantswere cultured on phytohormone-freeMS
medium in the absence (–) or presence (+) of 10mM17b-estradiol (ED). Bottompanel: UnwoundedXVE-ESR1plants develop callus in thepresenceof 10mM
ED. The dashed line represents wound sites and an asterisk marks regenerating shoots. An arrowhead marks callus developing from hypocotyls in intact
XVE-ESR1 plants. Bars = 1 mm in (A) and (C).
(D) The frequency of shoot regeneration positively correlates with the level of ESR1 expression in XVE-ESR1 plants. ESR1 expression and shoot re-
generation were quantified at 6 and 16 d, respectively, after the application of 0.1 to 10 mM b-estradiol. Expression levels are normalized against those of
PP2AA3. Expression data aremean6 SE (n= 3, biological replicates). Shoot regeneration is quantified as the frequency (%) of explants regenerating shoots
(n = 50 per b-estradiol concentration). Statistical significance was determined by a proportion test (***P < 0.001 and *P < 0.1).
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and SIM (Iwase et al., 2011a; Figure 8C). To test whether ESR1
also acts downstream of WIND1 in this context, we examined
the promoter activity ofESR1 inWIND1-SRDX root explants. As
reported previously (Matsuo et al., 2011), ESR1 promoter ac-
tivity is visible within callus of ProESR1:GUS root explants cul-
tured on CIM and SIM (Figure 8C). By contrast, the ESR1
promoter activity is strongly suppressed in ProESR1:GUS
WIND1-SRDX plants (Figure 8C), indicating the requirement of
WIND1 for the activation of the ESR1 promoter. We also in-
troduced the esr1-D construct into WIND1-SRDX plants and
examined whether ectopic activation of ESR1 is sufficient to
rescue the shoot regeneration phenotype in WIND1-SRDX
explants. As expected, plants expressing both WIND1-SRDX
and esr1-D show similar or slightly higher levels of shoot re-
generation compared with the wild type (Figures 8A and 8B).
These results thus demonstrate that ESR1 functions down-
stream of WIND1 and promotes shoot regeneration in vitro.

The WIND1-ESR1 Pathway Is Not Required for de Novo Root
Regeneration at Wound Sites

Liu et al. (2014) recently showed that Arabidopsis leaf explants
cultured on B5medium are capable of developing new roots from
wound sites. We found that Arabidopsis leaf explants cultured on

MS medium also regenerate roots in the absence of a supply of
exogenous phytohormones (Supplemental Figure 6A). Using this
system, we asked whether WIND1 and ESR1 are also involved in
root regeneration at wound sites. We typically observe >40% of
wild-type leaf explants regenerating roots from wound sites
(Supplemental Figure 6B). Interestingly, both WIND1-SRDX and
ESR1-SRDX plants are capable of forming similar numbers of
roots (Supplemental Figures 6A and 6B), suggesting that the
WIND1-ESR1 pathway is not required for de novo root re-
generation at wound sites.

DISCUSSION

In this study, we demonstrate that a wound-induced reprog-
ramming regulator WIND1 directly activates ESR1 expression to
promote callus formation and subsequent shoot regeneration at
wound sites. Our data show that the level of ESR1 is a key de-
terminant of shoot fate, since mild overexpression of ESR1 in-
duces shoot formation atwoundsites.WIND1 is also expressed in
phytohormone-induced callus cells in explants cultured on CIM
and SIM, and it is required for ESR1 activation and shoot re-
generation in in vitro conditions. Our findings therefore uncovered
an important transcriptional cascade underlying shoot regener-
ation in plants.

WIND1 as a Molecular Link between Wound Stress
and Regeneration

We previously showed that WIND1 promotes the reacquisition of
competency for shoot regeneration (Iwase et al., 2015), but the
precise molecular mechanisms underlying this control were not
known. In this study, we demonstrate that a central role ofWIND1
is to activate the expression of ESR1 to promote callus formation
and shoot regeneration. Our data show that WIND1 first activates
ESR1 expression, and culturing explants on auxin and cytokinin
permits stronger ESR1 expression (Figure 9). It is interesting to
note that the overexpression of ThWIND1-L, a WIND1 homolog
from salt cress Thellungiella halophila, also induces ESR1 ex-
pression in Arabidopsis (Zhou et al., 2012), implying that WIND1-
mediated ESR1 activation might be conserved at least among
Brassicaceae plants.
Our in vivo and in vitro data show that WIND1 directly binds the

promoter ofESR1using the twoVWRE-likemotifs (Figures 2Band
2C). The 14-bp VWRE motif (GAAAAGAAAATTTC) was first
identified within the promoter of a wound-inducible peroxidase
gene, tpoxN1, in tobacco (Nicotiana tabacum; Sasaki et al., 2006).
A later study showed that two tobacco wound-responsive AP2/
ERF family transcription factors, WRAF1 and WRAF2, bind the
VWRE motif to induce the tpoxN1 gene after wounding and the
core sequence (AAATTT) within the VWRE motif is essential for
their binding (Sasaki et al., 2007). Interestingly, both WRAF1 and
WRAF2 are induced within 30 min after wounding, preceding the
accumulation of tpoxN1 transcripts after 1 h. We detect similar
transcriptional changes for WIND1, starting within 30 min after
wounding, followedby thepeakaccumulation ofESR1 transcripts
after 1 h. The closest homolog of WRAF1 and WRAF2 in Arabi-
dopsis is RAP2.6 (At1g43160), and its expression is also induced

Figure 6. ESR1 Promotes Shoot Regeneration in Vitro.

(A) Shoot regeneration of wild-type, esr1-1, esr1-2, ESR1-SRDX, and
ESR1-GFP rootexplants invitro.RootexplantswereculturedonCIMfor4d
and transferred toSIM. Representative images of root explants cultured on
SIM for 18 d are shown. Bars = 5 mm.
(B)Quantitative analysis of shoot regeneration phenotypes. Regeneration
phenotypes are scored as the number of regenerating shoots per explant.
Data are mean 6 SE (n $ 30 per genotype). Statistical significance was
determined by a Student’s t test (***P < 0.001).
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very rapidly after wounding (Kilian et al., 2007; Iwase et al., 2011a).
It is thus plausible that one of the earliest wound-induced tran-
scriptional changes ismediated by a set of wound-inducible AP2/
ERF transcription factors and they activate target genes through
binding the core VWRE motif within the target promoters. The
physiological roles of RAP2.6 in the wound response have not
been investigated so far, but it will be interesting to test whether

RAP2.6 can also activate ESR1 using the VWRE-like motifs. In
addition to ESR1, we found 228 other genes in Arabidopsis that
carry two closely located VWRE-like motifs within the 1-kb pro-
moter region, ;10% of which are induced more than 2-fold by
WIND1 overexpression (A. Iwase and B. Rymen, unpublished
data). These genes are putative targets of WIND1, and future
studies should investigate their functional relationships toWIND1.

Figure 7. ESR1 Is Required for the Transcriptional Activation of Shoot Regeneration Regulators in Vitro.

(A) Incubation of leaf (top panel) and root (bottom panel) explants on B5 medium containing both kinetin and 2,4-D strongly enhances the ESR1 promoter
activity at wound sites. ProESR1:GUS explants were freshly prepared on MS medium and transferred to B5 medium with or without 0.1 mg/L kinetin and
0.5mg/L2,4-D.Representative imagesat0and48hafter incubationare shown.Note that kinetinor 2,4-Dalonedoesnotactivate theESR1promoter inboth
leaf and root explants. Bars = 500 mm.
(B)RT-qPCRanalysisofESR1expressionandother shoot regeneration regulators inwild-typeandesr1-2 root explantsculturedonCIMandSIM.TotalRNA
wasextracted fromrootexplants freshlypreparedonMSmedium (MS0), culturedonCIMfor4d (CIM4), culturedonCIMfor4d,andsubsequentlyonSIMfor
7 or 16 d (SIM 7 or SIM 16). Expression levels are normalized against those of PP2AA3. Data are mean 6 SE (n = 3, biological replicates).
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We should note that the core VWRE sequence does not re-
semble other GC-rich sequences such as DRE (Yamaguchi-
Shinozaki and Shinozaki, 1994) and the GCC box (core sequence
TAAGAGCCGCC) (Ohme-Takagi and Shinshi, 1995), recognized
byotherAP2/ERF transcription factors.WhileWRAF1andWRAF2
do not recognize these GC-rich motifs, WIND1 recognizes both
DREand theGCCboxat least in vitro (Lin et al., 2008; this study). It
will be important to examine whether WIND1 binds both of these
motifs in vivoand, if so,whether it activatesdifferent setsof genes,
for instance, in a context-dependent manner.
We provide genetic evidence that WIND1 and ESR1 are not

required for root regeneration from Arabidopsis leaf explants, at
least under the condition used in this study. These results are in
agreement with the finding that this form of root regeneration is
driven by auxin accumulation at wound sites, which promotes
the establishment of root cell fate through the activation of
WOX11 andWOX12 (Liu et al., 2014). Intriguingly, Liu et al. (2014)
showed that auxin-mediated callus formation (and subsequent
root regeneration) derives primarily from leaf procambium cells,
while our study suggests that wound-induced callus formation
may originate from various cell types, including xylem paren-
chyma and mesophyll cells (Figure 1C). How these callus cells
from different cellular origins contribute to shoot regeneration
remains to be verified, but these observations together suggest
that regeneration of roots and shoots from Arabidopsis leaf
explants is operated by at least two distinct molecular mecha-
nisms.

Activation of ESR1 Expression by Auxin and Cytokinin

How exogenously supplied auxin enhances ESR1 expression is
not currently clear. Previous studies have shown that the auxin-
inducible transcription factor ARF5/MONOPTEROS (MP) binds
the ESR1/DRN promoter and activates its expression during
embryonic development (Cole et al., 2009). The ESR1/DRN
promoter possesses two canonical auxin-responsive elements
whereARF5/MPbinds in vivo, andmutations in these sequences
alter auxin-induced expression of ESR1/DRN in developing
embryos (Cole et al., 2009). Interestingly, the expression of
ARF5/MP is strongly upregulated in explants cultured on CIM
and SIM (Che et al., 2006), raising the possibility that ARF5/MP
might participate in auxin-induced ESR1 expression in cultured
explants. Alternatively, a recent study by Fan et al. (2012) has
shown that ARF7 and ARF19 mediate auxin-induced callus
formation by upregulating the expression of LBD16, LBD17,
LBD18, and LBD29. It is thus possible that these ARFs bind the
ESR1promoter andactivate its expression in parallel.Wealsodo
not rule out the possibility that ESR1 acts downstream of the
ARF-LBD pathway, and future studies should clarify how these
auxin-responsive transcriptional regulators directly or indirectly
regulate ESR1 expression.
Our results show that cytokinin activates ESR1 expression at

least partially through ARR1 and ARR12 (Figure 4D), demon-
strating that ESR1 acts downstream of the B-type ARR-mediated
pathway. Howwound stress activates the B-type ARRpathway in
a WIND-dependent manner is not currently known, but our data
suggest that WIND1 may activate ESR1 both directly and in-
directly via enhancing cytokinin signaling. In addition, Kareem

Figure 8. ESR1 Functions Downstream of WIND1 in in Vitro Shoot Re-
generation.

(A) Shoot regeneration of wild-type, WIND1-SRDX, esr1-D, and WIND1-
SRDX esr1-D root explants in vitro. Root explantswere cultured onCIM for
4dand transferred toSIM.Representative imagesof root explantscultured
on SIM for 21 d are shown.
(B)Quantitative analysis of shoot regeneration phenotypes. Regeneration
phenotypes are scored as a number of regenerating shoots per explant.
Data are mean 6 SE (n $ 50 per genotype). Statistical significance was
determined by a Student’s t test (***P < 0.001). Note that ectopic induction
of ESR1 is sufficient to rescue the shoot regeneration phenotypes in
WIND1-SRDX explants.
(C) Induction of WIND1 and ESR1 promoter activities in callus de-
veloping from root explants on SIM. Root explants from ProWIND1:GUS,
ProESR1:GUS, and ProESR1:GUS WIND1-SRDX plants were cultured on
CIM for 4 d and transferred to SIM. Note that the promoter activity of
ESR1 is strongly reduced by dominant repression of WIND1. Repre-
sentative images at 1 d after transfer to SIM are shown. Bars = 500 mm in
(A) and 100 mm in (C).
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et al. (2015) found that PLT3, PLT5, and PLT7 are the key regu-
lators of in vitro shoot regeneration acting downstream of both
auxin and cytokinin signaling. We showed that the expression of
these PLT genes is not altered in esr1-2 mutants (Figure 7B),
suggesting that they do not act downstream of ESR1. Instead,
PLTsmay functionupstreamof, or in parallel to, ESR1and itwill be
interesting to investigate these functional relationships in future
studies.

Role of ESR1 in Callus Formation and Shoot Regeneration

Our data suggest that ESR1 is induced immediately after
wounding (Figure 1) andpromotes callus formation atwound sites
(Figure 3). We also show that the level of ESR1 expression is one
key limiting factor for shoot regeneration, since mild over-
expression of ESR1 dramatically improves shoot regeneration
from wound sites (Figure 5). Intriguingly, XVE:ESR1 plants re-
generate shoots only upon wounding and they develop callus
withoutwoundstress (Figure5C).Bannoet al. (2001) also reported
callus formation in 35S:ESR1 plants and suggested that consti-
tutive overexpression of ESR1 interferes with differentiation into
shoot cells.Basedonourobservations,wehypothesize thatESR1
activationalone isnot sufficient to fully establish theshoot fateand
additional wound-induced events, such as induction and/or ac-
cumulation of someother signals, are also needed to confer shoot
fate at wound sites.

Our data show that ESR1 is not essential for hormone-induced
callus formationbut that it playspivotal roles in shoot regeneration
in vitro (Supplemental Figure 5B; Figure 6). The cause for the
apparent discrepancy between our results and a previous report
(Matsuo et al., 2011) is not clear, but one possibility is that we
employ slightly different culture conditions, such as long-day light
conditionasopposed to thecontinuous light conditionsemployed

by Matsuo et al. (2011), and wild-type root explants appear to
producemore shoots in our conditions.Matsuo andBanno (2008)
reported that overexpression of ESR1-SRDX chimeric proteins
blocks shoot regeneration, suggesting that ESR1, potentially
together with other redundant transcriptional regulators, pro-
motes shoot regeneration. Our observation further highlights
the functional importance of ESR1, since loss of ESR1 in esr1
mutants or ESR1-SRDX expression by its own promoter is
sufficient to cause severe regenerationdefects (Figure 6). Since
esr1 mutant calli turn green and develop some green foci
(Figure 6), they might be able to develop shoot promeristems
and/or shoot primordia, although they are severely impaired in
shoot outgrowth. Shoot regeneration defects in esr1 mutants
are accompanied by strong inhibition of key shoot meristem
regulators, such as WUS and STM (Figure 7), further sub-
stantiating that these mutants fail to complete shoot re-
generation. Given that the levels of PLT3, PTL5, and PLT7
expression are comparable between wild-type and esr1-2
mutants (Figure 7), esr1-2 calli likely retain reasonable levels of
pluripotency, but they cannot progress through the shoot
program without functional ESR1. A previous overexpression
study suggested that ESR1 directly activates CUC1 in in vitro
shoot regeneration (Matsuo et al., 2009). Our data show that
ESR1 is required for CUC1 expression (Figure 7), supporting
the notion that ESR1 functions upstream of CUC1. Kareem
et al. (2015) showed that PLT3, PLT5, and PLT7 are required for
CUC1 expression in vitro, but plt3 plt5 plt7 mutants still have
some residualCUC1 expression on SIM. It is thus possible that
these two pathways, governed by PLTs and ESR1, regulate
CUC1 expression in parallel.
Our microarray data show that ESR2, a close homolog of

ArabidopsisESR1, is alsoupregulated in35S:WIND1callus (Iwase
et al., 2011a), implying that WIND1 may also target ESR2 to
promote shoot regeneration. Intriguingly, however, we do not
detect any significant elevation of ESR2 expression after wound
stress in any of the tissues examined, suggesting that wounding
(or WIND1) does not directly induce ESR2 expression. Our data
show that ESR2 expression is strongly dependent on ESR1 in
in vitro conditions (Figure 7). Thus, the high levels of ESR1 in 35S:
WIND1 callus may contribute to ESR2 induction. Matsuo et al.
(2011) showed that ESR2 is expressed much later than ESR1 on
SIM, and ESR1 indirectly activates ESR2 expression. These re-
sults also agreewith the view that ESR2actsdownstreamofESR1
in in vitro shoot regeneration.
Together, this study has unveiled how a wound-induced

transcriptional pathway integrates with signals mediated by ex-
ternally supplied auxin and cytokinin to specify the developmental
fate of regenerating organs. In nature, only a subset of plant
species is capable of regenerating shoots from cut sites in the
absence of exogenous hormones (Ikeuchi et al., 2016). Therefore,
it will be interesting to explore whether the shoot regenera-
tive potential of various plant species correlates with the in-
ducibility of ESR1 after wounding. As WIND1 is likely to activate
other developmental regulators, identifying additional down-
stream targets of WIND1 should further advance our un-
derstanding of how wound stress promotes regeneration at
wound sites. Interestingly, many regulators acting during re-
generation, including ESR1, are epigenetically silenced by

Figure 9. A Schematic Model Describing How theWIND1-ESR1 Pathway
Promotes Shoot Regeneration in Arabidopsis.

Local wound stress induces WIND1 expression at wound sites. WIND1
directly binds the ESR1 promoter and activates its expression. WIND1
also activates ESR1 indirectly through enhancing the B-type ARR-
mediated cytokinin signaling. ESR1 expression is synergistically en-
hanced by exogenously supplied auxin and cytokinin to further boost
shoot regeneration in vitro. ESR1 is required for the upregulation of key
shoot regulators such as CUC1, RAP2.6L, ESR2, WUS, and STM to
promote shoot regeneration.
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Polycomb-mediated histone modification, but they are rapidly in-
duced after wounding (Ikeuchi et al., 2015a, 2015b; A. Iwase and
B. Rymen, unpublished data). Exploring how wound stress lifts the
epigenetic repression of these regulators and allows their transcrip-
tional induction will be another exciting challenge in future studies.

METHODS

Plant Materials, Growth Conditions, and Transformation

All plants used in this studywere in theCol-0 background. TheProESR1/DRN:
GUS, esr1-1/drn-2, esr1-2/drn-1, esr1/drn-D, ProWIND1:GUS, 35S:WIND1,
ProWIND1:WIND1-GFP, ProWIND1:WIND1-SRDX, and arr1 arr12 plants were
described previously (Kirch et al., 2003; Iwase et al., 2011a; Mason et al.,
2005). Plants were grown at 22°C under long-day conditions with 16 h
of white light (100 mmol m22 s21) and 8 h of darkness. For plant trans-
formation,T-DNAvectorscarryinganappropriateconstructwere introduced
into Agrobacterium tumefaciens strain GV3101 by electroporation, and the
resultant Agrobacteriumwas infiltrated intoArabidopsis thaliana by the floral
dip method (Clough and Bent, 1998).

Callus Formation and Regeneration Assay

To induce callus or de novo root formation from petioles, first and second
rosette leaves were cut withmicroscissors (Natsume Seisakusho; MB-50-
15) and their explants were incubated on phytohormone-free MSmedium
supplemented with 1% sucrose and 0.6% Gellan gum (Gelzan; Sigma-
Aldrich). To induce callus and shoot regeneration in vitro, root explants
were first cultured on CIM to induce callus and then transferred to SIM to
induce shoots (Valvekens et al., 1988).Wound-induced callus phenotypes
were recorded at 8 d after wounding and CIM-induced callus phenotypes
were recorded at 4 d after incubation on CIM. The projected area of callus
was quantified by ImageJ.

Microscopy

GUS staining was performed as previously described (Kertbundit et al.,
1991), and stained samples were observed using a Leica M165 C ste-
reomicroscope. GFP signal was detected using a Leica TCS SP5 II con-
focal laser microscope. For Technovit sectioning, cut petioles of ProESR1:
GUS plantswere fixed in a FAA solution (formalin:acetic acid:70%ethanol,
1:1:18), dehydrated through a graded ethanol series, and embedded in
Technovit 7100 (Heraeus Kulzer). Sections of 4-mm thickness were pre-
pared with RM2135 (Leica), counterstained by safranin O, and observed
under an Olympus BX51 microscope.

RNA Isolation and RT-qPCR Analysis

Total RNAwas isolatedwith anRNeasyPlantMini Kit (Qiagen) according to
the manufacturer’s instructions and their cDNA was synthesized using
a PrimeScript RT reagent kit with gDNA Eraser (TaKaRa). RT-qPCR
analysis was performed using an Mx3000P qPCR system (Agilent Tech-
nologies) and Thunderbird SYBR qPCR mix (Toyobo). Three biological
replicates were used for each treatment. The protein phosphatase 2A
subunit A3 (PP2AA3) gene was used as a reference (Czechowski et al.,
2005). A list of primers used for RT-qPCR is provided in Supplemental
Table 1.

Plasmid Construction

To construct the ProESR1:ESR1-GFP and ProESR1:ESR1-SRDX vectors,
genomic fragments containing the 2000-bp promoter sequence andESR1
coding sequencewere amplified byPCRand cloned into the pGFP_NOSG

and pSRDX_NOSG vectors, respectively (Yoshida et al., 2013). The re-
sulting ProESR1:ESR1-GFP and ProESR1:ESR1-SRDX fragments were
subcloned into the pBCKH vector by Gateway LR Clonase II (Life tech-
nologies) for plant transformation (Mitsuda et al., 2006). To construct the
ProESR1:LUC reporter vector, the1000-bppromoter sequenceofESR1was
amplified byPCR and cloned into the pGEM-T Easy vector (Promega). The
ProESR1:LUC vector with truncated ESR1 promoter was generated using
primers that respectively amplify the 500-, 250-, 150-, and 100-bp se-
quence from the translational start site. The ProESR1:LUC vector with
mutations in R10 were generated by introducing the respective mutations
into thePCRprimers. The sequenceof afirefly luciferase (L-LUC ) genewas
PCR amplified from the GAL4GCC-LUC vector (Ohta et al., 2001) and
inserted into the pGEM-T Easy vector together with a NOS terminator. To
construct the pMGWA-WIND1 and pMGWA-GFP vectors, the coding
sequence of WIND1 and GFP genes were PCR amplified without stop
codons and cloned into the pDONR221 vector using Gateway BPClonase
II. The resultant plasmids were subsequently cloned into the pMGWA
vector (Busso et al., 2005) using LR Clonase II (Life Technologies). To
construct the pER8-ESR1 vector, the PCR-amplified coding sequence of
ESR1 was cloned into the pER8 vector (Zuo et al., 2000). A list of primers
used for PCR amplification is provided in Supplemental Table 1.

Transient Expression Assay

ThePro35S:WIND1 (Iwase et al., 2011a) andPro35S:SG (Ohta et al., 2001)
vectors were used as an effector and control, respectively. TheProESR1:
L-LUC vector was used as a reporter, and the pPTRL vector, driving the
expression of a luciferase gene from Renilla (R-LUC ) by the 35S pro-
moter (Fujimoto et al., 2000), was used as an internal control. Particle
bombardment was performed using the Biolistic PDS-1000/He system
(Bio-Rad), and luciferase assays were performed using the Dual-
Luciferase Reporter Assay System (Promega) as previously reported
(Hiratsu et al., 2002). Arabidopsis MM2d cultured cells (Menges and
Murray, 2002) were used as host cells and luciferase activities were
quantified using the Mithras LB940 Microplate Luminometer (Berthold
Technologies).

Chromatin Immunoprecipitation

The chromatin immunoprecipitation experiment was performed following
a previously reported protocol (Gendrel et al., 2005) with several mod-
ifications. Roots of 30-d-old Arabidopsis plants harboring ProWIND1:
WIND1-GFP (Iwase et al., 2011a) were cut and their 5-mm explants were
incubated on MS medium for 10 d to generate wound-induced callus.
Approximately 1gof fresh root explantswasusedasastartingmaterial and
WIND1-GFP proteins were immunoprecipitated using antibodies against
GFP (Abcam; ab290). Sterile-filtered rabbit serum (Equitech-Bio; SR30)
was used as a negative control.

EMSA

To express the MBP-WIND1-His6 and MBP-GFP-His6 proteins, Es-
cherichia coli SoluBL21 cells (AMS Biotechnology) were transformed
with pMGWA-WIND1 and pMGWA-GFP vectors. The resulting E. coli
cells were grown at 37°C in Luria-Bertani medium containing 100 mg/L
ampicillin until OD600 reached 0.6. The production of fusion proteins
was induced at 18°C by adding 0.3 mM IPTG overnight. Cells were
harvested by centrifugation and cell pellets were stored at230°C until
use. The cell pellets were resuspended in EMSA binding buffer (10 mM
Tris-HCl, pH 7.5, 50 mM KCl, and 1 mM DTT) and lysed by sonication
(Digital Sonifier 450D; Branson). After the addition of Triton X-100 to
0.2% (w/v), the cell slurry was incubated for 20 min at 4°C and clarified
by centrifugation. The supernatant was passed through a column
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packed with Amylose resins (NEB) and eluted with EMSA binding buffer
containing 10 mM maltose.

To generate the DNA probe, the 513-bp sequence of the ESR1
promoter was amplified with the set of biotinylated primers (Eurofins
Genomics) listed in Supplemental Table 2 using the ESR1 promoter as
template. The biotinylated PCR products were purified with the
QIAquick gel extraction kit (Qiagen). Chemiluminescent EMSA was
performed with a LightShift Chemiluminescent EMSA Kit (Thermo
Scientific) according to the manufacturer’s instructions. The ;50-bp
oligo DNA probes were produced by annealing the complementary
oligonucleotides listed in Supplemental Table 2. The double-stranded
oligonucleotides were end-labeled with [g-32P]ATP (Perkin-Elmer)
using T4 Polynucleotide Kinase (NEB). The DNA binding reaction was
performed for 20 min at room temperature in EMSA binding buffer
containing 50 ng/mL poly(dI$dC) (Sigma-Aldrich) and 0.05% (w/v)
Nonidet P-40. These reactions were resolved on 5% polyacrylamide/
TBE gels (Bio-Rad) in half-strength TBE buffer (Bio-Rad), and the gels
were dried with a HydroTech Gel Drying System (Bio-Rad). Radio-
active probes were detected using a Typhoon FLA-7000 system (GE
Healthcare).

Accession Numbers

Sequence data from this article can be found in the Arabidopsis Genome
Initiative under the following accession numbers: WIND1 (At1g78080),
ESR1 (At1g12980), ESR2 (At1g24590), ARR1 (At3g16857), ARR5
(At3g48100),ARR12 (At2g25180),CUC1 (At3g15170),CUC2 (At5g53950),
WUS (At2g17950), STM (At1g62360), PLT1 (At3g20840), PLT2 (At1g51190),
PLT3 (At5g10510), PLT5 (At5g57390), PLT7 (At5g65510), RAP2.6L
(At5g13330), and PP2AA3 (At 1g13320).

Supplemental Data

Supplemental Figure 1. ESR1 is upregulated in callus induced by
WIND1 overexpression.

Supplemental Figure 2. Wounding activates the ESR1 expression in
roots and hypocotyls.

Supplemental Figure 3. Characterization of ProESR1:ESR1-GFP
plants.

Supplemental Figure 4. WIND1 directly binds the ESR1 promoter
in vitro.

Supplemental Figure 5. ESR1 overexpression induces callus with
competency for shoot regeneration.

Supplemental Figure 6. WIND1 and ESR1 are not required for root
regeneration from leaf explants.

Supplemental Table 1. A list of PCR primers used in this study.

Supplemental Table 2. A list of oligonucleotides used in EMSA.
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