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and the ATXR2-ARR1 complex directly
activates type-A ARR genes to ensure
temporal repression of cytokinin
responses for proper cell fate transition.
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SUMMARY

Plants exhibit high regenerative capacity, which is controlled by various genetic factors. Here, we report that
ARABIDOPSIS TRITHORAX-RELATED 2 (ATXR2) controls de novo shoot organogenesis by regulating auxin-
cytokinin interaction. The auxin-inducible ATXR2 Trithorax Group (TrxG) protein temporally interacts with the
cytokinin-responsive type-B ARABIDOPSIS RESPONSE REGULATOR 1 (ARR1) at early stages of shoot
regeneration. The ATXR2-ARR1 complex binds to and deposits the H3K36me3 mark in the promoters of a
subset of type-A ARR genes, ARR5 and ARRY7, thus activating their expression. Consequently, the ATXR2/
ARR1-type-A ARR module transiently represses cytokinin signaling and thereby de novo shoot regeneration.
The atxr2-1 mutant calli exhibit enhanced shoot regeneration with low expression of ARR5 and ARR7, which
ultimately upregulates WUSCHEL (WUS) expression. Thus, ATXR2 regulates cytokinin signaling and prevents
premature WUS activation to ensure proper cell fate transition, and the auxin-cytokinin interaction underlies

the initial specification of shoot meristem in callus.

INTRODUCTION

Plant somatic cells can undergo reprogramming to produce
pluripotent callus cells for tissue repair and de novo tissue regen-
eration. A balance between auxin and cytokinin is critical for cell
fate reprogramming and de novo shoot/root specification (Cheng
et al., 2013; lkeuchi et al., 2013). Explants derived from differenti-
ated plant tissues can be used to generate a pluripotent cell mass,
called callus, on auxin-rich callus-inducing medium (CIM) (Cheng
etal., 2013). Callus tissues resemble lateral root primordium (LRP)
(Atta et al., 2009; Sugimoto et al., 2010); consistently, signaling
networks implicated in lateral root initiation significantly overlap
with those involved in callus formation (Fan et al., 2012; Sugimoto
et al., 2010). For example, protein factors involved in lateral root
initiation and LRP establishment, including ABERRANT LATERAL
ROOT FORMATION4 (ALF4), AUXIN RESPONSE FACTOR?
(ARF7), ARF19, LATERAL ORGAN BOUNDARIES DOMAIN16
(LBD16), and LBD29, also participate in callus formation (Fan
et al., 2012; Sugimoto et al., 2010). Furthermore, key root
meristem regulators, including PLETHORA1 (PLT1), PLT2, and
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WUSCHEL-RELATED HOMEOBOX5 (WOX5), are expressed in
pluripotent callus to induce competence for tissue regeneration
(Kareem et al., 2015).

Upon acquiring regeneration competence, the pluripotent
callus establishes shoot progenitors, thus promoting shoot in-
duction on cytokinin-rich shoot-inducing medium (SIM) (Che
et al., 2007; lwase et al., 2017). The PLT3, PLT5, and PLT7
genes, which are induced at early stages of callus formation,
contribute to the progression of shoot formation by activating
shoot meristem initiation genes, including CUP-SHAPED COTY-
LEDONT (CUCT) and CUC2 (Kareem et al., 2015). The CUC2-ex-
pressing callus cells continue to form shoot promeristem by
regulating the spatial expression of PIN-FORMED 1 (PINT) and
SHOOT MERISTEMLESS (STM) (Galbiati et al., 2013; Gordon
et al., 2007; Kamiuchi et al., 2014). Consistently, the phenotype
of the plt3 plt5 plt7 triple mutant is defective in shoot regenera-
tion because of the failure of CUC2-mediated shoot fate initiation
(Kareem et al., 2015). Additionally, the APETALA2 (AP2)/
ETHYLENE RESPONSE FACTOR (ERF) transcription factors,
ENHANCER OF SHOOT REGENERATION1/DORNROSCHEN
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(ESR1/DRN) and ESR2/DRN-LIKE (DRNL), also promote CUC-
dependent shoot regeneration (lkeda et al., 2006; lwase et al.,
2017; Matsuo et al., 2011). In parallel, the cytokinin-responsive
type-B ARR proteins, including ARR1, ARR10, and ARR12, are
progressively expressed during de novo shoot organogenesis
and directly activate WUS expression in the high-cytokinin
response domains to specify shoot meristem, promoting
de novo shoot regeneration (Zhang et al., 2017). It is supported
by the impaired shoot regeneration phenotype of the arr1 arr12
double mutant, which is rescued by the ectopic expression of
WUS (Zhang et al., 2017).

Notably, de novo shoot regeneration is further balanced by cell
division control. Shoot regeneration in callus requires extensive
cell division (Liu et al., 2018), which enables cells to regenerate
stem cell niche and diverse organs. Application of cell cycle in-
hibitors to SIM significantly impairs de novo organogenesis in
Arabidopsis (Che et al., 2007). The cyclin-dependent kinase
(CDK) inhibitor genes ICKs/KRPs play a negative role in shoot
regeneration (Liu et al., 2016). Genetic defects in ICKs/KRPs
stimulate the E2Fa pathway and cell proliferation, thus promot-
ing plant regeneration (Cheng et al., 2015; Liu et al., 2016). Simi-
larly, type-A ARR proteins, negative regulators of cytokinin
signaling and cell division, are also implicated in the suppression
of de novo shoot organogenesis in callus (Buechel et al., 2010).
Overexpression of ARR7 and ARR15 suppresses shoot regener-
ation, whereas loss-of-function mutations in several type-A
ARRs promote de novo shoot organogenesis (Buechel et al.,
2010). Inhibition of cell proliferation is particularly important for
proper cell fate transition at the initial stage of shoot stem cell
specification in callus, as a temporal cell division cease is
frequently observed upon transferring calli from CIM to SIM
(Tamaki et al., 2009; Tian et al., 2018). The balanced cell prolifer-
ation at the cell fate transition is potentially linked to auxin-cyto-
kinin interactions, although the underlying molecular mecha-
nisms are largely unknown (Bustillo-Avendario et al., 2018).

Here, we report that the auxin-activated ATXR2 protein inter-
acts with cytokinin-responsive ARR1 and represses de novo
shoot regeneration on SIM by activating type-A ARR5 and
ARR7. ATXR2 binds to and catalyzes H3K36me3 deposition at
ARR5 and ARR7 promoters in an ARR1-dependent manner.
ATXR2 exhibits an evolutionarily conserved function across
many plant species, and is crucial for balancing cell division to
ensure proper cell fate transition during de novo shoot regener-
ation (Bustillo-Avendafio et al., 2018).

RESULTS

atxr2-1 mutant exhibits enhanced de novo shoot
organogenesis ability

ATXR2 is known to participate in auxin-dependent callus forma-
tion, along with ARF7 and ARF19 (Lee et al., 2017). As callus for-
mation is usually followed by cytokinin-triggered de novo shoot
organogenesis in conventional in vitro tissue culture methods,
we were curious to know the impact of ATXR2 on shoot regener-
ation. The importance of this question was further substantiated
by the observation that ATXR2 was expressed in upper regions
of Arabidopsis roots (Figure S1A), where cytokinin-controlled
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cell division is relevant (Dello loio et al., 2008; Moubayidin
et al., 2009; Salvi et al., 2020).

Thus, we first examined the shoot regeneration capacity of the
atxr2-null mutant atxr2-1. Leaf explants were pre-incubated on
CIM for 6 days and then transferred onto SIM. The regenerated
leaves were counted to estimate the ability of the atxr2-7 mutant
to undergo de novo shoot organogenesis from callus. A 2.5-fold
increase in shoot formation was observed in atxr2-1 compared
with the wild-type (Figures 1A and 1B). Similar results were ob-
tained using hypocotyl and root explants (Figures 1A and 1B),
indicating that ATXR2 regulates de novo shoot regeneration,
regardless of the origin of explants.

However, the function of ATXR2 in shoot regeneration was in-
dependent of ARF7 and ARF19. The arf7-1arf19-2 double
mutant showed reduced shoot regeneration (Figures S1B and
S1C), unlike the atxr2-1 mutant (Figures 1A and 1B), which sug-
gests that ATXR2 has a different mode of action during callus for-
mation and de novo shoot regeneration.

Consistent with the negative role of ATXR2 in shoot regenera-
tion, the expression of ATXR2 increased over time during callus
proliferation on auxin-rich CIM but declined after incubation on
cytokinin-rich SIM (Figures 1C and 1D). At early stages of shoot
regeneration, ATXR2 was expressed mainly in the middle re-
gions of callus (Figure S1D), which might be pluripotent regions
for subsequent tissue regeneration. The control of ATXR2
expression was likely attributable to hormones in culture media.
Exogenous auxin treatment induced ATXR2 expression,
whereas cytokinin treatment repressed ATXR2 in seedlings
(Figure 1E). Meanwhile, the ATXR2 function was independent
of natural wounding. Expression of ATXR2 was unaffected by
wounding (Figure 1E), and the enhanced shoot formation in
atxr2-1 was not observed in shoot-removed seedlings on hor-
mone-free medium (Figure S1E). These results imply that the
hormone-regulated ATXR2 gene suppresses de novo shoot
organogenesis during a two-step plant regeneration process
that requires control of hormone signaling.

ATXR2 stimulates the expression of ARR5 and ARR7

Next, we investigated the molecular components regulated by
the ATXR2 protein during de novo shoot organogenesis. Given
that the enhanced shoot regeneration of atxr2-1 mutant was
more exaggerated on low-cytokinin SIM (Figures S2A and
S2B), we examined the transcript levels of genes involved in
cytokinin metabolism and signaling, such as ISOPENTENYL-
TRANSFERASE? (IPT7), ARABIDOPSIS HISTIDINE KINASE2
(AHK2), ARABIDOPSIS HISTIDINE PHOSPHOTRANSFER PRO-
TEIN6 (AHP6), type-B ARRs (ARR1 and ARR12), and type-A
ARRs (ARR5, ARR6, ARR7, and ARR15). Wild-type and atxr2-1
mutant calli were harvested at 2 days after incubation on SIM
(DAS), when ATXR2 expression was maintained at high level
on SIM (Figure 1C). Quantitative real-time RT-PCR (qRT-PCR)
analysis showed that the expression of type-A ARR genes
ARR5 and ARR7 was lower in atxr2-1 mutant calli than in wild-
type calli, whereas the expression of other genes was either un-
affected or increased by the atxr2 mutation (Figure 2A), suggest-
ing an altered cytokinin signaling homeostasis in axtr2-1. As
ATXR2 is a transcriptional coactivator, we put more focus on
ARR5 and ARRY. It was also noteworthy that high-order mutants
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Figure 1. ATXR2 inhibits de novo shoot regeneration
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(A) De novo shoot regeneration from leaf, hypocotyl, and root explants. Calli pre-incubated on callus-inducing medium (CIM) for 6 days were transferred to shoot-
inducing medium (SIM) to induce de novo shoot regeneration. The SIM plates were incubated under continuous light for 2 weeks (for leaf explants) and 11 days
(for hypocotyl and root explants) and photographed. Scale bars, 5 mm.

(B) Number of shoots regenerated from calli. Data represent mean + SEM of three biological replicates. Statistically significant differences were determined using
Student’s t test (**p < 0.01 and ***p < 0.001).

(C) Quantitative real-time RT-PCR (QRT-PCR) analysis of ATXR2 expression in wild-type leaf explants cultured on CIM and SIM. The elF4a gene (At3g13920) was
used as an internal control. Data represent mean + SEM of three biological replicates.

(D) ATXR2 promoter activity in pATXR2::GUS transgenic leaf explants cultured on CIM and SIM. DAC, days after incubation on CIM; DAS, days after incubation on
SIM. Scale bars, 1 mm.

(E) Effects of auxin, cytokinin, and wounding on ATXR2 expression. In the hormone treatment, 2-week-old seedlings grown under long days (LDs) were
transferred to liquid MS medium supplemented with 1 pM IAA (1) or 1 pM BAP (B) and incubated for 24 h. In the wounding (W) treatment, third and fourth leaves of
2-week-old seedlings were excised and placed on hormone-free MS medium for 24 h. Transcript accumulation was analyzed by qRT-PCR. Data represent mean

+ SEM of three biological replicates. Statistically significant differences were determined using Student’s t test (*p < 0.05 and **p < 0.01). C, control.

of type-A ARR genes exhibited increased de novo shoot regen-
eration (Buechel et al., 2010), similar to atxr2-17 mutant. The
expression of type-A ARRs was also reduced in atxr2 mutant calli
derived from other tissue explants (Figure S2C), consistent with
the shoot regeneration phenotypes (Figures 1A and 1B).

Being a chromatin modifier, ATXR2 was expected to bind to
and modify cognate regions in target gene promoters to regulate
gene expression. Therefore, we performed chromatin immuno-
precipitation followed by quantitative PCR (ChIP-gPCR) to
determine whether ATXR2 can bind to the promoters of genes
whose expression was affected by ATXR2 (Figure 2A). ChIP-
gPCR analysis using an anti-MYC antibody revealed that
ATXR2 selectively binds to the promoters of ARR5 and ARR7
but not to those of ARR7 and ARR12 (Figures 2B and 2C; Figures
S2D and S2E). In addition, the binding of ATXR2 to ARR5 and
ARRY7 promoters was observed only on SIM and not on CIM (Fig-
ure S2F). Moreover, the promoter of another type-A ARR6 gene,
whose expression was unaffected by ATXR2 (Figure 2A), was not
bound by ATXR2 (Figures S2G and S2H).

We generated transgenic plants expressing ATXR2 fused to
the steroid-binding domain of the glucocorticoid receptor (GR)
(835S:ATXR2-GR). In the presence of the synthetic steroid hor-

mone dexamethasone (DEX), which induces the nuclear target-
ing of ATXR2-GR fusion proteins and the expression of target
genes (Yamaguchi et al., 2015), the expression of ARR5 and
ARRY7 was increased within 4 h, while that of type-B ARRs was
unaffected (Figure 2D). Next, we performed transient gene
expression assays. The reporter plasmid carrying ARR5 or
ARR7 promoter fused to the 35S minimal promoter was co-
transfected with the effector construct expressing the ATXR2
gene into Arabidopsis protoplasts (Figure 2E). Co-expression
of these constructs induced a 3- to 5-fold increase in GUS activ-
ity, compared with vector control (Figure 2F), indicating that
ATXR2 upregulates the expression of type-A ARRs.

Notably, the regulation of type-A ARRs by ATXR2 was
apparent at the early stages of shoot regeneration, when the
ATXR2 transcript level was relatively high (Figure 1C). The accu-
mulation of ARR5 and ARR7 transcripts was transiently
increased in wild-type calli at 2 DAS, but the transient expression
of ARR5 and ARR7 was impaired in atxr2-1 mutant calli (Fig-
ure 2G). Furthermore, ATXR2-mediated regulation of type-A
ARRs was not observed during callus formation (Figure S3A).
DEX treatment of 35S:ATXR2-GR plants on CIM also failed to
promote the expression of ARR5 and ARR7 (Figure S3B), further
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Figure 2. ATXR2 directly regulates the expression of type-A ARR genes ARR5 and ARR7

(A) Expression profiling of genes involved in cytokinin metabolism and signaling. Leaf explants derived from the third and fourth leaves of 2-week-old plants were
incubated on CIM for 7 days and subsequently on SIM for 2 days. Whole-callus tissues were selectively harvested for gene expression analysis. Transcript
accumulation was analyzed by gRT-PCR. The elF4a gene (At3g13920) was used as an internal control. Data represent mean + SEM of three biological replicates.
Asterisks indicate statistically significant differences between wild-type and mutant calli (*p < 0.05).

(B) Promoter analysis of ARR1, ARR12, ARR5, and ARR7 genes. Black lines above the labels indicate regions amplified by quantitative PCR (QPCR) following
chromatin immunoprecipitation (ChIP). Black boxes indicate exons.

(C) ChIP assays. Enrichment of precipitated DNA was analyzed using ChIP-qPCR. Values for control plants were set to 1 after normalization against e/F4a. Data
are mean + SEM of three biological replicates. Statistically significant differences were determined using Student’s t test (*p < 0.05 and **p < 0.01).

(D) Analysis of changes in the expression of ARR1, ARR12, ARR5, and ARRY7 after dexamethasone (DEX) treatment. Leaf explants derived from the third and
fourth leaves of 2-week-old 35S:ATXR2-GR transgenic plants were incubated on CIM for 7 days and subsequently on SIM for 4 days. The calli were treated with
10 uM DEX or ethanol (EtOH) for 4 h. Data represent mean + SEM of three biological replicates. Asterisks indicate statistically significant differences between
wild-type and mutant calli (*p < 0.01).

(E and F) Transient expression assays. The ARR5 and ARR7 promoters were cloned into the reporter plasmid (E), which were transiently co-expressed with the
effector constructs into Arabidopsis protoplasts, followed by the quantification of GUS activities (F). Luciferase gene expression was used to normalize the GUS
activities. The normalized values in control protoplasts were set to 1 and represented as relative activation. Data represent mean + SEM of three biological
replicates. Statistically significant differences were determined using Student’s t test (*p < 0.05).

(G) Expression of ARR5, ARR6, ARR7, and WUS. Leaf explants derived from the third and fourth leaves of 2-week-old plants were incubated on CIM for 7 days
and subsequently on SIM for up to 6 days. Data represent mean + SEM of three biological replicates. Asterisks indicate statistically significant differences
between wild-type and mutant calli (*p < 0.05).
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Figure 3. ATXR2 catalyzes H3K36me3 deposition at ARR5 and ARR7
loci during shoot regeneration

(A and B) Global accumulation of H3K4me3 (A) and H3K36me3 (B). Bands from
three independent blots were quantified (bottom). Data are mean + SEM of
three biological replicates. C, Coomassie blue-stained gel as a loading control.
(C and D) Local accumulation of H3K4me3 (C) and H3K36me3 (D) at ARR5 and
ARRY7 loci. Enrichment of H3K4me3 and H3K36me3 marks at ARR5 and ARR7
loci was analyzed using ChIP-gPCR using anti-H3K4me3 and anti-H3K36me3
antibodies, respectively. Data are mean + SEM of three biological replicates.
Statistically significant differences were determined using Student’s t test (*p <
0.05).

In (A)~(D), leaf explants derived from the third and fourth leaves of 2-week-old
plants were incubated on CIM for 6 days and subsequently on SIM for 2 days.

supporting the notion that ATXR2 performs distinct functions
during callus formation and de novo shoot regeneration (see Dis-
cussion). Together, these results indicate that ATXR2 binds to
the ARR5 and ARR7 promoters to activate their expression
and inhibit shoot regeneration at early stages of de novo shoot
organogenesis on SIM.

ATXR2 deposits the H3K36me3 mark at ARR5 and ARR7
loci

The ATXR2 TrxG protein is known to catalyze H3K4me3 and
H3K36me3 deposition at its target sites to activate the expression
of neighboring genes (Baumbusch et al., 2001; Lee et al., 2017).
Thus, we first tested the global accumulation of H3K4me3 and
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H3K36me3 in calli incubated on SIM. However, no discernable
changes were detected in the levels of both methylation marks be-
tween wild-type and atxr2-1 mutant calli (Figures 3A and 3B).

We then examined histone modifications in local chromatin re-
gions bound by ATXR2. There was no difference detected be-
tween the wild-type and atxr2-1 mutant calli in the accumulation
of H3K4me3 at ARR5 and ARRY loci at 2 DAS (Figure 3C). How-
ever, ChIP-gPCR analysis using anti-H3K36me3 antibody re-
vealed that the level of H3K36me3 mark at ARR5 and ARR7
loci was significantly lower in atxr2-1 mutant calli than in wild-
type calli, indicating that H3K36me3 modification occurred at re-
gions nearby the ATXR2-binding sites (Figures 2B, 2C, and 3D).
Moreover, the H3K86me3 modification occurred transiently at 2
DAS in an ATXR2-dependent manner (Figures S3C and S3D).
These results indicate that ATXR2 catalyzes H3K36me3
deposition locally at the ARR5 and ARR7 loci to promote their
expression during de novo shoot regeneration.

ATXR2 interacts with ARR1

The binding of chromatin modifiers to target sites is usually
dependent on DNA-associated transcription factors (Hung
et al., 2018; Lee and Seo, 2019; Liu et al., 2013; Ryu et al.,
2014). ATXR2 does not require ARFs to perform its function in
de novo shoot regeneration (Figures S1B and S1C). In addition,
ATXR2-mediated regulation of ARR5 and ARR7 was relevant
only at the early stages of shoot regeneration on SIM (Figure 2G),
but not during callus formation (Figures S2F, S3A, and S3B), sug-
gesting that cytokinin signaling factors are required for the
ATXR2 function. We hypothesized that type-B ARRs might be
plausible candidates, which act upstream of type-A ARRs (Xie
et al., 2018). We thus examined the expression of ARR5 and
ARRY in several type-B arr mutant calli. Interestingly, the expres-
sion of both ARR5 and ARR7 was specifically downregulated in
arr1-3, but the other type-B arr mutants had a limited impact in
regulating both ARR5 and ARR7 expression (Figure 4A).

To support our results, we conducted yeast two-hybrid (Y2H)
assays and validated the physical interactions between ATXR2
and type-B ARRs by the co-expression of GAL4 DNA-binding
domain (BD)-ATXR2 and GAL4 activation domain (AD)-ARR
fusion proteins. Yeast cell growth on selective medium revealed
that ATXR2 interacts specifically with ARR1 (Figure 4B), and this
interaction was mediated by the receiver domain of ARR1 (Fig-
ures S4A and S4B).

To verify the interaction between ATXR2 and ARR1 in vivo, we
conducted bimolecular fluorescence complementation (BiFC)
assays using Arabidopsis protoplasts. The ATXR2 coding region
was fused in-frame to the N-terminal half of the yellow fluores-
cent protein (nYFP), and the ARR1 gene was fused in-frame to
the C-terminal half of YFP (cYFP). The ATXR2-nYFP and
ARR1-cYFP fusion constructs were then transiently co-ex-
pressed in Arabidopsis protoplasts. YFP signal was detected
exclusively in the nucleus of cells co-expressing both constructs
(Figure 4C), whereas co-expression of either construct with an
empty vector did not produce visible fluorescence signal
(Figure 4C).

The ATXR2-ARR1 interaction was further verified by coimmu-
noprecipitation (co-IP). We crossed the 35S:ATXR2-GFP
transgenic plants with 35S:ARR7-MYC transgenic plants and
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(A) Expression analysis of type-A ARRs in arr1-3, arr10-5, and arr12-1 mutants. Leaf explants derived from the third and fourth leaves of 2-week-old plants were
incubated on CIM for 7 days and subsequently on SIM for 4 days. Data represent mean + SEM of three biological replicates. Asterisks indicate statistically

significant differences between wild-type and mutant calli (*p < 0.05).

(B) Yeast two-hybrid (Y2H) assays using ATXR2 fused to the GAL4 DNA-binding domain (BD) and ARR1, ARR10, and ARR12 receiver domains fused to the GAL4
transcriptional activation domain (AD). Full-length GAL4 was used as a positive control (P). LW, selection medium lacking leucine and tryptophan; LWAH,

selection medium lacking leucine, tryptophan, adenine, and histidine.

(C) Bimolecular fluorescence complementation (BiFC) assays. Partial yellow fluorescent protein (YFP) fusion constructs containing either ATXR2 or ARR1 were
transiently co-expressed in Arabidopsis protoplasts. The NLS-mCherry construct was used as a nuclear localization marker. Scale bars, 20 um.

(D) Coimmunoprecipitation (co-IP) assays. Two-week-old 35S:ATXR2-GFP x 35S:ARR1-MYC transgenic plants were used for co-IP assays. Epitope-tagged
proteins were detected immunologically using anti-GFP and anti-MYC antibodies. IP, immunoprecipitation.

performed co-IP assays using anti-MYC antibody. Immunoblot
analysis with anti-GFP antibody revealed that ATXR2 interacts
with ARR1 in Arabidopsis (Figure 4D), indicating that ATXR2 is
recruited specifically by ARR1 to regulate the expression of
type-A ARRs during cell fate transition on SIM.

ARR1 facilitates H3K36me3-dependent activation of
ARRS5 and ARR7

Given that ATXR2 represses shoot regeneration, we asked
whether ARR1 also negatively regulates shoot regeneration.
Unlike other type-B ARR proteins, ARR1 repressed shoot regen-
eration (Figures 5A and 5B), consistent with previous reports (Liu
et al., 2020b). The shoot regeneration capacity was enhanced in
the arr1-3 mutant but decreased in arr12-1 (Figures 5A and 5B).
The increase in arr1-3 shoot regeneration was possibly attribut-
able to the low expression of ARR5 and ARR7 (Figure 5C), similar
to the atxr2-1 mutant (Figure 2G).

Consistent with the physical interaction between ARR1 and
ATXR2, it was shown that type-B ARRs directly bind to type-A
ARR loci to activate their expression (Xie et al., 2018; Zubo
et al., 2017). We confirmed this finding by showing that ARR1
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directly binds to ARR5 and ARR7 promoters (Figure S4C).
Furthermore, consistent with the observation that ATXR2
induced H3K36me3 deposition (Figure 3D), the accumulation
of H3K36me3 at ARR5 and ARR7 loci was lower in arr1-3 mutant
calli than in wild-type calli (Figure 5D).

Next, we examined whether the binding of ATXR2 to the ARR5
and ARRY7 promoters is dependent on ARR1. A35S:MYC-ATXR2
transgenic plant was crossed with the arr7-3 mutant, in which the
level of ATXR2 protein was similar to that in 35S:MYC-ATXR2
(Figure S4D). The resultant 35S:MYC-ATXR2 x arr1-3 transgenic
plants were used for ChIP-gPCR analysis using anti-MYC anti-
body. The results showed that although ATXR2 was associated
with ARR5 and ARR7 promoters in the wild-type, its binding to
these promoters was substantially diminished in the arr7-3
mutant (Figure 5E). Furthermore, transient expression assays us-
ing Arabidopsis protoplasts showed that the expression of
ATXR2 increased the promoter activity of type-A ARRs in wild-
type protoplasts; however, the activation of type-A ARRs by
ATXR2 was significantly compromised in arr7-3 mutant proto-
plasts (Figures 5F and 5G). Control assays confirmed that the
type-A ARR regulation by ATXR2 was dependent on ARR1, but
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Figure 5. ATXR2 depends on ARR1 for the regulation of ARR5 and ARR7 expression

(A) Shoot regeneration of the arr71-3 mutant. Calli pre-incubated on CIM for 7 days were transferred to SIM to induce de novo shoot regeneration. SIM plates were
incubated under continuous light for 2 weeks and photographed. Scale bars, 5 mm.

(B) Number of shoots regenerated from calli at 2 weeks after incubation on SIM. Data represent mean + SEM of three biological replicates. Statistically significant
differences were determined using Student’s t test (*p < 0.05 and ***p < 0.001).

(C) ARR5 and ARRY expression during incubation on SIM. Leaf explants derived from the third and fourth leaves of 2-week-old plants were incubated on CIM for
7 days and subsequently on SIM for up to 6 days. Data represent mean + SEM of three biological replicates. Asterisks indicate statistically significant differences
between wild-type and mutant calli (*p < 0.05). DAS, days after incubation on SIM.

(D) H3K36me3 accumulation at ARR5 and ARRY7 loci in arr1-3 calli. Enrichment of precipitated DNA was analyzed using ChIP-qPCR. Data are mean + SEM of
three biological replicates (*p < 0.05, Student’s t test).

(E) Impairment of ATXR2 binding to ARR5 and ARR7 promoters in the arr1-3 mutant. Enrichment of promoter regions was analyzed using ChIP-qPCR using anti-
MYC antibody. Data indicate mean + SEM of three biological replicates (*p < 0.05, Student’s t test). ns, not significant.

(F and G) Transient expression assays. The ARR5 and ARR7 promoters were cloned into the reporter plasmid (F) and transiently co-expressed with the effector
constructs into Arabidopsis protoplasts, followed by the quantification of GUS activities (G). Luciferase gene expression was used to normalize the GUS activities.
The normalized values in control protoplasts were set to 1 and represented as relative activation. Data indicate mean + SEM of three biological replicates.
Statistically significant differences were determined using Student’s t test (*p < 0.05).

(legend continued on next page)
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not ARF transcription factors (Figures S5A and S5B), indicating
that ATXR2 requires the ARR1 protein for binding to ARR5 and
ARRY7 loci to facilitate H3K36me3-dependent gene activation.

Notably, the type-B ARR1 protein also requires ATXR2 for
substantially increasing the expression of type-A ARR genes.
The increase in H3K36me3 level due to the ectopic expression
of ARR1 was also reduced in atxr2-1 mutant protoplasts (Fig-
ure S5C). In addition, transient expression assays also showed
that the expression of ARR17 increased the transcription of
type-A ARRs in wild-type protoplasts; however, the activation
of type-A ARRs was significantly compromised in atxr2-1 mutant
protoplasts (Figures 5F and 5G). To confirm the genetic relation-
ship between ATXR2 and ARR1, we crossed atxr2-1 mutant with
35S:ARR1 transgenic plants and examined the shoot regenera-
tion capacity. The atxr2-1 x 35S:ARR1 calli displayed enhanced
shoot regeneration, comparable with atxr2-1 mutant (Figures 5H
and 5I), which indicates that repression of shoot regeneration by
ARR1 requires ATXR2. Together, these results demonstrate that
ATXR2 and ARR1 are interdependent in the control of de novo
shoot organogenesis.

ATXR2 acts upstream of type-A ARRs

Accumulating evidence led us to speculate that ATXR2 directly
binds to and regulates type-A ARR genes. To determine the ge-
netic hierarchy between ATXR2 and type-A ARRs in the de novo
shoot organogenesis, we crossed the atxr2-1 mutant with
35S:ARR7 transgenic plants. The parental genotypes showed
obvious differences in shoot regeneration rate; the shoot regen-
eration capability was high in the atxr2-1 mutant (Figures 1A and
1B), but low in 35S:ARR7 transgenic calli (Figures S6A-S6C).
The resulting atxr2-1 x 35S:ARR7 plants displayed reduced
shoot regeneration capability, similar to 35S:ARR7 transgenic
plants (Figures 6A and 6B), indicating that type-A ARRs are
epistatic to ATXR2.

The cytokinin-inducible WUS transcription factor plays a
crucial role in promoting shoot regeneration (Gordon et al.,
2009; Zhang et al., 2017). As type-A ARRs negatively regulate
cytokinin signaling (To et al., 2007), we speculated that ATXR2
suppresses WUS expression by repressing cytokinin signaling.
Indeed, WUS expression was higher in atxr2-1 mutant calli
than in wild-type calli on SIM (Figure 6C), consistent with the
enhanced shoot regeneration capacity of atxr2-1. Moreover,
WUS was also epistatic to type-A ARRs (Figures 6D and 6E).

Overall, ATXR2 expression was detected mainly on CIM but
gradually declined on SIM. In contrast, the expression of type-
B ARRs increased upon incubation on SIM (Figure S6D) (Liu
et al., 2020b). Thus, ATXR2 transiently interacts with ARR1 at
the initial stages of shoot regeneration (2 DAS). Although the
ARR1-ATXR2 complex action was temporally accomplished, it
plays an important role in determining the overall shoot regener-
ation capability. Our data show that the ATXR2-ARR1 complex
positively regulates type-A ARRs, including ARR5 and ARR?7,
by binding to their promoter regions and depositing the
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H3K36me3 mark, and the ATXR2-ARR1-ARR5/7 module ulti-
mately balances WUS expression and ensures proper de novo
shoot regeneration (Figure 6F).

Role of ATXR2 in de novo shoot organogenesis is
conserved in rice
To determine whether the function of ATXR2 in de novo shoot
organogenesis is conserved in monocots, we identified the
Arabidopsis ATXR2 homolog in rice (Oryza sativa) and examined
its role in shoot regeneration. A single copy of the OsATXR2 gene
was identified in the rice genome (Os04 g0629100). To determine
the function of OsATXR2 in shoot regeneration of rice calli, we
used CRISPR-Cas9 technology. Two independent single guide
RNAs (sgRNAs) complementary to sequences in rice OSATXR2,
with low homologies to other genomic regions, were designed
using the Cas-OFFinder and Cas-Designer programs (http://
www.rgenome.net/) (Bae et al., 2014; Kim et al., 2017; Liu
et al., 2020a) (Figure 7A). Each sgRNA was individually cloned
into a CRISPR-Cas9 vector (Lu et al., 2017; Tomlinson et al.,
2019), and the resulting recombinant plasmids were transformed
into rice. Genomic DNA was isolated from shoots regenerated
from genome-edited calli, and targeted mutagenesis was
confirmed by targeted deep-sequencing analysis (Figure 7B).
Two independent homozygous genome-edited lines, each
carrying a 1 bp insertion or 7 bp deletion at the target site,
were established and used to analyze the rate of de novo shoot
regeneration. Although the wild-type callus produced a first
de novo regenerated shoot in approximately 14 DAS, genome-
edited atxr2 mutant rice calli produced a shoot within 10 DAS
(Figure 7C). The number of regenerated shoots was also signifi-
cantly increased in atxr2 mutant lines compared with the wild-
type at 14 DAS (Figure 7D). Taken together, these results indi-
cate that the function of ATXR2 in de novo shoot regeneration
is evolutionarily conserved in plants (Figure 7E).

DISCUSSION

Multiple epigenetic layers of plant regeneration
regulation

Cell fate transition is regulated mainly by chromatin configura-
tion. Consistently, plant regeneration involves genome-wide
chromatin modifications, such as DNA methylation, H3 acetyla-
tion, and H3K4me3 and H3K27me3 deposition (Chen et al.,
2015; He et al., 2012; Kim et al., 2018; Li et al., 2011). Accord-
ingly, many chromatin modifiers play crucial roles in plant regen-
eration. In differentiated tissues, the POLYCOMB REPRESSIVE
COMPLEX2 (PRC2) catalyzes H3K27me3 modification and
maintains the transcriptional repression of key reprogramming
factors, including LEAFY COTYLEDONZ2 (LEC2), BABY BOOM
(BBM), WOUND-INDUCED DEDIFFERENTIATIONS (WIND3),
WOX11, WOX5, WUS, and STM (He et al., 2012; |keuchi et al.,
2015; Lafos et al., 2011; Liu et al., 2014; Liu et al., 2011).
Mutations in genes encoding PRC2 components result in

(H and I) De novo shoot regeneration of atxr2-1 x 35S:ARR1 calli. Calli pre-incubated on CIM for 7 days were used to induce shoot regeneration on SIM (n > 20).
SIM plates were incubated under continuous light for 26 days and photographed (H). Scale bars, 5 mm. The number of regenerated leaves derived from calli was
counted (n > 20) (I). Data are mean + SEM of three biological replicates. Significant differences were determined using one-way analysis of variance (ANOVA),

followed by Fisher’s post hoc test (*p < 0.05).
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Figure 6. Type-A ARRs are epistatic to ATXR2

(A) De novo shoot regeneration. Calli pre-incubated on CIM for 6 days were used to induce shoot regeneration on SIM (n = 20). SIM plates were incubated under
continuous light for 3 weeks and photographed. Scale bars, 5 mm.

(B) Quantification of shoot regeneration. The number of regenerated leaves derived from calli was counted (n = 20). Data indicate mean + SEM of three biological
replicates. Significant differences were determined using one-way analysis of variance (ANOVA), followed by Fisher’s post hoc test. Different letters indicate
significant differences (*p < 0.05).

(C) WUS expression in wild-type, atxr2-1, 35S:ARR7, and atxr2-1 x 35S:ARRY calli. Leaf explants derived from the third and fourth leaves of 2-week-old plants
were incubated on CIM for 7 days and subsequently on SIM for 6 days. Data indicate mean + SEM of three biological replicates. Significant differences were
determined using one-way ANOVA, followed by Fisher’s post hoc test. Different letters indicate significant differences (*p < 0.05).

(D and E) Shoot regeneration of 35S:ARR7 x 35S:WUS. Calli pre-incubated on CIM for 6 days were used to induce shoot regeneration on SIM (n = 12). The
number of regenerated leaves from calli was counted (D). Data indicate mean + SEM of three biological replicates. Significant differences were determined using
one-way ANOVA, followed by Fisher’s post hoc test. Different letters indicate significant differences (*p < 0.05). SIM plates incubated under continuous light for
3 weeks were photographed (E). Scale bars, 5 mm.

(F) Proposed working model showing the role of ATXR2 in balancing shoot regeneration. On SIM, the auxin-inducible ATXR2 gene is downregulated, whereas the
cytokinin-responsive ARR1 gene is induced. Thus, ATXR2 transiently interacts with ARR1 at the early stages of shoot regeneration. The ATXR2-ARR1 complex
directly binds to ARR5 and ARR7 promoters and catalyzes H3K36me3 deposition to activate their expression, which ultimately represses WUS expression. The

cease in cell proliferation may ensure proper cell fate transition.

spontaneous callus formation from differentiated organs (Chan-
vivattana et al., 2004). Similar functions are carried out by HIS-
TONE DEACETYLASE6 (HDA6) and HDA19 (Tanaka et al., 2008).

Upon callus formation, the root primordium identity is estab-
lished on CIM, concomitant with LBD76 and LBD29 expression
(Fan et al., 2012). The LBD genes are activated by the H3K9
demethylase JUMONJI C DOMAIN-CONTAINING PROTEIN30
(JMJ30), which is recruited by ARF7 and ARF19 to remove the
repressive mark from LBD16 and LBD29 loci (Lee et al., 2018),
and ATXR2, which is also recruited by ARFs and catalyzes the
deposition of the active chromatin mark H3K36me3 to
strengthen LBD expression (Lee et al., 2017). Both ATXR2 and
JMJ30 act synergistically to maintain high levels of LBD expres-
sion in callus (Lee et al., 2018). Subsequently, the proliferating
callus cells acquire pluripotency by activating the root meristem
genes, such as WOX5, PLT1,and PLT2 (Kareem et al., 2015; Su-

gimoto et al., 2010). HISTONE ACETYLTRANSFERASE OF THE
GNAT/MYST SUPERFAMILY1 (HAG1)/GENERAL CONTROL
NONREPRESSEDS5 (GCNS5) directly activates several root meri-
stem genes, including WOX5, WOX14, SCARECROW (SCR),
PLT1,and PLT2, in the callus through the deposition of H3 acet-
ylation marks (Kim et al., 2018).

The pluripotent callus is able to drive de novo shoot regenera-
tion. WUS is a key determinant of de novo shoot organogenesis
in callus, and extensive epigenetic reprogramming is observed
at the WUS locus upon shoot induction (Zhang et al., 2017).
Key chromatin modifications, including H3K27me3, H3K9me2,
H3K4me3, and H3K9ac, exhibit extensive alterations in abun-
dance at the early stages of incubation on SIM (He et al., 2012;
Lietal., 2011), and histone modifiers including PRCs and KRYP-
TONITE (KYP) likely regulate histone modification at the WUS lo-
cus and thereby shoot regeneration (Li et al., 2011; Zhang et al.,
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Figure 7. Functional conservation of ATXR2 in rice

(A) Schematic representation of ATXR2 homologs bearing the CRISPR-Cas9 target sites (arrows). Exons and introns are represented by black boxes and lines,

respectively.

(B) CRISPR-Cas9-mediated mutagenesis. Alignment of wild-type and mutant sequences containing the CRISPR-Cas9 target sites is shown. The 20 bp single
guide RNA (sgRNA) sequences adjacent to the protospacer adjacent motif (PAM) sequences (underlined) are indicated in bold in wild-type sequences. The newly

created mutants contained a 1 bp insertion and 7 bp deletion.

(C and D) Comparison of shoot regeneration phenotypes including days to first-shoot emergence (arrows) from callus on SIM (C) and the number of regenerated
leaves at 14 DAS (D). DAS, days after incubation on SIM. Data indicate mean + SEM of three biological replicates. Statistically significant differences were

determined using Student’s t test (“p < 0.05).

(E) Schematic representation showing the evolutionarily conserved role of ATXR2 in repressing shoot regeneration. The ATXR2 homologs of Arabidopsis thaliana

(AtATXR2) and Oryza sativa (OsATXR2) inhibit de novo shoot regeneration.

2017). Additionally, changes in the DNA methylation landscape
are also important for the shoot regeneration (Liu et al., 2018;
Shemer et al., 2015; Zhang et al., 2017) .

Our results showed that an additional epigenetic regulatory
layer balances cell fate transition during de novo shoot organo-
genesis. Type-A ARRs, which represent upstream negative reg-
ulators of WUS, were regulated via the ATXR2-dependent
H3K36me3 deposition. During the early stages of shoot regener-
ation, ATXR2 bound to the ARR5 and ARR7 promoters and
activated the expression of these genes to suppress shoot
regeneration, thus ensuring a balanced cell fate transition.

Many chromatin modifiers participate in plant regeneration by
regulating the epigenetic landscape, globally and/or locally, for
ensuring the proper reprogramming of genetic repertoires. As
low de novo shoot organogenesis efficiency is the main obstacle
in crop transformation (Qi et al., 2014; Sabbadini et al., 2019),
relevant genetic components can be used for improving the effi-
ciency of crop transformation and regeneration. Our results
show that mutations in ATXR2 increase shoot regeneration not
only in Arabidopsis but also in major crop plants including rice,
suggesting that targeted mutagenesis of ATXR2 homologs could
be used to improve the efficiency of plant regeneration.

10 Cell Reports 37, 109980, November 9, 2021

ATXR2 exhibits distinct roles in callus formation and
shoot regeneration

Here, we demonstrate that ATXR2 performs distinct biological
functions in callus formation and de novo shoot organogenesis.
During callus formation, ATXR2 stimulates cell proliferation and
establishes root primordium identity by activating LBD expres-
sion (Lee etal., 2017). ATXR2, along with ARF7 and ARF19, binds
to LBD16 and LBD29 promoters and catalyzes H3K36me3
deposition to activate LBD gene expression during callus induc-
tion (Lee et al., 2017). The ATXR2-ARF-LBD module acts as a
positive regulator of callus formation. However, at the early stage
of shoot regeneration, ATXR2 performs a distinct function with a
new molecular repertoire. During shoot regeneration, ATXR2 de-
posits the H3K36me3 mark at ARR5 and ARRY7 loci to activate
their expression. This ATXR2-mediated regulation of type-A
ARRs is dependent on the type-B ARR1 protein during de
novo shoot regeneration.

Interestingly, plants use distinct molecular networks involving
ATXR2 for regulating callus formation and de novo shoot regen-
eration. During callus formation, the auxin-inducible ATXR2
protein regulates LBD gene expression, along with ARFs, to pro-
mote callus proliferation. As cytokinin-inducible type-B ARRs are
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not expressed during callus induction, ATXR2-mediated regula-
tion of cytokinin signaling was not apparent on CIM; the type-A
ARR gene expression was unaffected by ATXR2 on CIM. By
contrast, during shoot regeneration, type-B ARRs are gradually
upregulated, whereas ARFs are repressed. ATXR2 interacts
preferentially with ARR1, independent of ARFs, during shoot
regeneration on SIM. These results indicate that a single histone
modifier can perform different functions, depending on the inter-
acting proteins as well as the stage of plant regeneration.

The auxin-cytokinin interaction is likely important not only for
normal plant development but also for plant regeneration. For
instance, during embryogenesis in wild-type plants, the endoge-
nous auxin represses cytokinin responses by activating ARR7
and ARR15 expression (Muller and Sheen, 2008). In support,
expression domains of ARR7 and ARR15 overlap with the DR5
auxin signaling reporter (Muller and Sheen, 2008), and exoge-
nous treatment with 2,4-dichlorophenoxyacetic acid (2,4-D) ex-
pands the expression domain of ARR7 and ARR15 (Muller and
Sheen, 2008). Lateral root and shoot development also involves
auxin-cytokinin interactions. The gain-of-function mutant of
IAA17, axr3-3, exhibits reduced lateral root numbers and rosette
diameter (Kurepa et al., 2019), but these phenotypes are partially
rescued by crossing with cytokinin-insensitive plants, such as
arr1-1 or 35S:ARR5 (Kurepa et al., 2019). Given that ATXR2
lies at the intersection of auxin and cytokinin signaling, the
ATXR2-mediated regulation of ARR5 and ARRY likely underlies
lateral root development, as the reduction in the number of
lateral roots in atxr2-1 was dependent on type-A ARRs (Figures
S7A-S7C).

During the plant regeneration process, callus formation on CIM
involves auxin metabolism and signaling, whereas de novo shoot
organogenesis on SIM requires cytokinin signaling. Thus, auxin-
cytokinin interactions are heightened at the CIM-SIM transition.
Indeed, a pause in cell proliferation is frequently observed at the
beginning of de novo shoot organogenesis on SIM (Cheng et al.,
2015; Liu et al., 2018; Tamaki et al., 2009; Tian et al., 2018), which
may be attributable to the auxin-cytokinin crosstalk. ATXR2 is
related to a temporal reduction in cell proliferation at the initial
stages of de novo shoot regeneration. ATXR2 expression is
increased during callus formation on CIM. However, after incuba-
tion on SIM, ATXR2 is downregulated, whereas type-B ARRs
are gradually upregulated. Consequently, ARR1 interacts tran-
siently with ATXR2 and activates type-A ARRs only at the early
stages of shoot regeneration, temporally inhibiting cell
proliferation.

The temporal repression of cell proliferation may safeguard
cell fate transition by sacrificing plant regeneration capacity
caused by low cell proliferation, given that callus formed on
CIM exhibits root primordium characteristics and should be con-
verted into a new tissue type, shoot meristem, on SIM (Kareem
et al., 2015; Rosspopoff et al., 2017; Sugimoto et al., 2010).
Thus, the balanced cell proliferation activity at the early stages
of shoot regeneration might be critical for determining the shoot
regeneration rate as well as overall shoot regeneration capability.
The atxr2-1 mutant not only accelerates shoot regeneration, but
also displays enhanced shoot regeneration capacity beyond
levels observed in the wild-type. Taken together, ATXR2 may in-
tegrates multiple internal and external factors that affect cell fate
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transition, and regulates plant regeneration capability and
efficiency.

Limitations of the study

In this study, we demonstrated that the auxin-inducible ATXR2
protein interacts with type-B ARR1 protein and inhibits de novo
shoot organogenesis at the early stages of shoot regeneration
on SIM through activating type-A ARR genes. The auxin-cyto-
kinin interaction possibly induces a pause in cell proliferation,
which may be linked to the initial specification of shoot meristem
in callus. However, the impact of auxin-cytokinin interaction in
cell division control needs to be confirmed. Additionally, biolog-
ical relevance of temporal repression of cell division in cell fate
transition should also be studied in the future.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

anti-MYC Millipore Cat#05-724; RRID:AB_568800
anti-GFP Abcam Cat#ab290; RRID:AB_303395
anti-H3K4me3 Millipore Cat#07-473; RRID:AB_1977252
anti-H3K36me3 Abcam Cat#ab9050; RRID:AB_306966
anti-Rabbit IgG-HRP Santa Cruz Cat#sc-2357; RRID:AB_628497
anti-m-lgGk BP-HRP Santa Cruz Cat#SC-516102; RRID:AB_2687626
Bacterial and virus strains

Escherichia coli strain DH5a Enzynomics Cat#CP010

Agrobacterium strain GV3101 Lab stock N/A
Agrobacterium-tumefaciens strain EHA105 Lab stock N/A

Yeast strain AH109 Clontech N/A

Chemicals, peptides, and recombinant proteins

Indole-3-Acetic acid Duchefa Cat#10901
2,4-DICHLOROPHENOXYACETIC ACID Duchefa Cat#D0911
2-isopentenyladenine Sigma-Aldrich Cat#D7674

Kinetin Duchefa Cat#K0905
6-Benzylaminopurine Duchefa Cat#B0904

Dexamethasone Sigma-Aldrich Cat#D1756

X-Gluc GoldBio Cat#G1281C
4-methylumbelliferyl-beta-D-glucuronide Millipore Cat#474427

DNA/protein-A agarose beads Millipore Cat#16-157

DNA/protein-A/G agarose beads Santa Cruz Cat#SC-2003

TransZol Up Transgen Biotech Cat#ET111-01
Critical commercial assays
Luciferase assay system kit Promega Cat#E1500
qPCR PreMix (SYBR Green) Enzynomics Cat#RT501M
MMLYV Reverse Transcriptase MGmed Cat#MR01601
Experimental models: organisms
Arabidopsis thaliana line Col-0 NASC N1093
Arabidopsis thaliana line atxr2-1 ABRC SAIL_600_E07
Arabidopsis thaliana line arr1-3 ABRC CS6971
Arabidopsis thaliana line arr10-5 ABRC SALK_098604
Arabidopsis thaliana line arr12-1 ABRC CS6978
Arabidopsis thaliana line arf7-1xarf19-2 ABRC CS24630
Arabidopsis thaliana line ARR1-C1xYpet ABRC CS71599
Arabidopsis thaliana line 35S:ARR1-MYC This study N/A
Arabidopsis thaliana line 35S:ARR7 This study N/A
Arabidopsis thaliana line 35S:ARR5 This study N/A
Arabidopsis thaliana line 35S:WUS This study N/A
Arabidopsis thaliana line 35S:MYC-ATXR2 This study N/A
Arabidopsis thaliana line 356S:ATXR2-GR This study N/A
Arabidopsis thaliana line pATXR2::GUS This study N/A
(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Oryza sativa line OsATXR2-sg1 1-4 This study N/A
Oryza sativa line OsATXR2-sg2 2-2 This study N/A
Oligonucleotides

Primers used are shown in Tables S1, S2, This study N/A
and S3

Recombinant DNA

pBA002a-GUS-ATXR2 This study N/A
MYC-pBA-ATXR2 This study N/A
MYC-pBA-ARR1 This study N/A
JJ461-ATXR2 This study N/A
pGBKT7-ATXR2 This study N/A
pGADT7-ARR1 This study N/A
pGADT7-ARR10 This study N/A
pGADT7-ARR12 This study N/A
E3081-ATXR2 This study N/A
E3082-ARR1 This study N/A
Modified pPCAMBIA1305-ARR5 This study N/A
Modified pPCAMBIA1305-ARR7 This study N/A
GR modified pEarlyGate 100-ATXR2 This study N/A
pBOsC-OsATXR2_sg1 This study N/A
pBOsC-OsATXR2_sg1 This study N/A

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to the Lead Contact, Pil Joon Seo (pjseo1@snu.ac.
kr).

Materials availability
All materials generated in this study are available from the Lead Contact.

Data and code availability

e All data reported in this paper will be shared by the lead contact upon request.
® This paper does not report original code.
® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Arabidopsis thaliana ecotype Columbia (Col-0) was used for all experiments, unless specified otherwise. Plants were grown under
long-day (LD) conditions (16 h light/8 h dark cycles) using white fluorescent lamps (150 umol photons m2s™") at 22-23°C. To induce
callus formation, leaf explants harvested from 2-week-old plants were placed on CIM (B5 medium supplemented with 0.5 ng/ml 2,4-
D and 0.05 pg/ml kinetin), followed by incubation in the dark at 22°C for 6-7 days. To induce shoot regeneration, calli pre-incubated
on CIM for 6-7 days were transferred to SIM (B5 medium supplemented with 0.9 umol/L indole-3-acetic acid [IAA] and 2.5 umol/L
2-isopentenyladenine [2-iP]), followed by incubation at 25°C under continuous light.

To examine the effects of hormones on ATXR2 expression, 2-week-old plants grown on Murashige and Skoog (MS) medium sup-
plemented with agar were transferred to liquid MS medium supplemented with 1 uM IAA or 1 uM 6-benzylaminopurine (6-BAP), and
incubated for 24 h. To examine the effect of wounding, the third and fourth leaves of 2-week-old seedlings were excised and placed
on hormone-free MS medium for 24 h. To conduct DEX treatment, leaf explants from the third and fourth leaves of 2-week-old
35S:ATXR2-GR plants were incubated on CIM for 7 days and subsequently on SIM for 4 days.

Cell Reports 37, 109980, November 9, 2021 e2
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METHOD DETAILS

RT-gPCR analysis

Total RNA was extracted from the plant materials of interest using the TransZol Up (Transgen Biotech), according to the manufac-
turer’s instructions. First-strand cDNA was synthesized from 2 ng of total RNA using Moloney Murine Leukemia Virus reverse tran-
scriptase (MGmed) and dT20 oligo. The cDNA was diluted to a volume of 100 pL with Tris-EDTA (TE) buffer, and 1 pL of the diluted
cDNA was used for RT-qgPCR.

The RT-gPCR reactions were performed in 96-well plates using the StepOnePlus Real-Time PCR System (Applied Biosystems).
Gene expression levels were normalized relative to the expression level of the EUKARYOTIC TRANSLATION INITIATION FACTOR
4A1 (elF4A) gene (At3g13920). PCR primers used for RT-qPCR are listed in Table S1. Relative gene expression levels were quantified
using the comparative AACt method. The threshold cycle (Ct) for each reaction was determined automatically with the analysis soft-
ware using default parameters (Applied Biosystems). The specificity of RT-qPCR reactions was determined by melting curve
analysis.

GUS staining

To perform histochemical staining of GUS activity, plant materials were fixed by immersing in 90% (v/v) acetone for 20 min on ice, and
then washed twice with rinsing solution (50 mM sodium phosphate [pH 7], 0.5 mM potassium ferricyanide [KsFe(CN)g], and 0.5 mM
potassium ferrocyanide [K4Fe(CN)g]). Subsequently, the fixed samples were incubated in staining solution containing 2 mM 5-bromo-
4-chloro-3-indolyl-B-d-glucuronide (X-Gluc; Duchefa) at 37°C for 24 h.

ChIP-gPCR

The harvested plant materials were cross-linked with 1% formaldehyde. The fixed samples were ground to a fine powder in liquid
nitrogen and then sonicated. The sonicated chromatin complexes were precipitated with salmon sperm DNA/protein-A (16-157;
Millipore) or DNA/protein-A/G agarose beads (SC-2003; Santa Cruz) and then incubated with anti-MYC (05-724; Millipore), anti-
H3K4me3 (07-473; Millipore), and anti-H3K36me3 (ab9050; Abcam) antibodies. The precipitated DNA was purified using phenol/
chloroform/isoamyl alcohol and sodium acetate (pH 5.2). The abundance of specific DNA fragments in the precipitate was quantified
by gPCR, and values were normalized relative to the e/F4a gene. The levels of precipitated DNA fragments were quantified by gPCR
using sequence-specific primer sets (Table S2).

Transient expression assays using Arabidopsis protoplasts

To conduct transient expression assays, reporter and effector plasmids were constructed as follows. To construct reporter plasmids,
~1,500 bp sequence of the ARR5 and ARR7 promoters was cloned separately into the modified pPCAMBIA1305 vector, which con-
tained a minimal cauliflower mosaic virus (CaMV) 35S promoter and the 8-glucuronidase (GUS) gene. To construct effector plasmids,
cDNAs of ARR1 and ATXR2 were individually cloned into the pBA0O2 vector containing the CaMV 35S promoter.

To isolate Arabidopsis protoplasts, the fifth leaf was harvested from Arabidopsis plants and cut into 0.5 mm strips using a clean
razor blade. The leaf strips were incubated in an enzyme solution containing 1% (w/v) cellulose RS, 0.1% (w/v) macerozyme R10
(Karlan Biochemicals, Cottonwood, AZ, USA), 0.6 M mannitol, 10 mM MES (pH 5.7), 1 mM CaCl,, 1 mM MgCl,, 10 mM B-mercap-
toethanol, and 0.1% bovine serum albumin (w/v), and were digested by gentle shaking at room temperature for 3 h. The enzyme so-
lution was sieved through a 70 pm nylon mesh (Carolina Biologicals, Burlington, NC, USA) and spun at 45 x g for 5 min. The pellet was
washed twice and re-suspended in wash solution (0.6 M mannitol and 4 mM MES; pH 5.7). The recombinant reporter and effector
plasmids were co-transformed into Arabidopsis protoplasts by polyethylene glycol (PEG)-mediated transformation. Another plasmid
carrying the luciferase gene under the control of the CaMV 35S promoter was also co-transformed into Arabidopsis protoplasts,
along with the reporter and effector plasmids, as an internal control. The transformed protoplasts were incubated in the dark at
23°C. After incubation for 16 h, GUS activity was quantified, and luciferase assay was performed using the Luciferase Assay System
Kit (Promega, Madison, WI, USA).

Y2H assays

Y2H assays were performed using the BD Matchmaker system (Clontech). Full-length or truncated cDNA of ARR1 was cloned into
the pGADTY7 vector to generate the pGADT7-ARR1-GAL4-AD construct. Additionally, full-length cDNA of ATXR2 was cloned into the
pGBKT?7 vector to generate the pGBKT7-ATXR2-GAL4-BD construct. Full length GAL4 transcription factor was expressed as a pos-
itive control (Clontech). The expression constructs were co-transformed into yeast (Saccharomyces cerevisiae) strain AH109
harboring the LacZ and histidine (His) reporter genes. The transformed yeast cells were selected by growth on synthetic
defined (SD) medium lacking leucine and tryptophan (SD/-Leu/-Trp) and on SD medium lacking Leu, Trp, His, and adenine
(SD/-Leu/-Trp/-His/-Ade).

BiFC analysis

Full-length ATXR2 and ARR1 coding sequences were fused in-frame to the 5’ end of a gene sequence encoding the N-terminal
half of EYFP in the pSATN-nEYFP-C1 vector (E3081) or the C-terminal half of EYFP in the pSATN-cEYFP-C1 vector (E3082)
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(Citovsky et al., 2006). The mCherry construct was used as a nucleus localization marker. The recombinant constructs were co-
transfected into Arabidopsis mesophyll protoplasts by the PEG-calcium transfection method. Transformed protoplasts were
incubated at 23 °C for 12-16 h in darkness, and fluorescence emitted by these protoplasts was monitored using the CQ1
confocal microscope (Yokogawa, Japan).

Co-IP assays

To perform Co-IP assays, 35S:ATXR2-GFP transgenic plants were crossed with 35S:ARR71-MYC transgenic plants. Two-week-old
Arabidopsis seedlings were homogenized in liquid nitrogen, and total protein extracts were prepared in protein extraction buffer
(25 mM Tris-HCI [pH 7.5], 150 mM NaCl, 5% glycerol, 0.05% Nonidet P-40, 2.5 mM EDTA, 1 mM phenylmethylsulfonyl fluoride
[PMSF], and 1 x protease inhibitor cocktail). Five percent of the extracts were reserved for use as input (control). The remaining
protein extracts were mixed with anti-MYC antibody (05-724, 1:500 dilution; Millipore), coupled to DNA/protein-A/G agarose beads
(SC-2003; Santa Cruz), and incubated at 4°C for 24 h. The precipitated samples were washed at least four times with protein extrac-
tion buffer and then eluted using 1 X sodium dodecyl sulfate (SDS) loading buffer. The samples were subjected to SDS-
polyacrylamide gel electrophoresis (PAGE), and recombinant proteins were detected using anti-MYC antibody (05-724; Millipore)
or anti-GFP antibody (ab290; Abcam).

Immunoblot analysis

The harvested plant materials were ground in liquid nitrogen, and total cellular extracts were suspended in SDS-PAGE sample
loading buffer. The protein samples were then loaded onto a 10% polyacrylamide gel and separated by SDS-PAGE. Protein samples
in the gel were blotted onto Hybond-P+ membranes (Amersham Pharmacia). Epitope-tagged proteins were immunologically
detected using specific antibodies.

CRISPR sgRNA design and rice mutagenesis

CRISPR-Cas9 sgRNA targets within OsATXR2 coding sequence were selected using Cas-OFFinder (http://www.rgenome.net/
cas-offinder) and Cas-Designer (http://www.rgenome.net/cas-designer) (Park et al., 2015), web-based softwares. Each target
sequence was cloned into a CRISPR-Cas9 binary vector for monocot, pBOsC, and the constructs were transformed into calli by
Agrobacterium-tumefaciens strain EHA105, according to the previously reported method (Jung et al., 2019). Transgenic plants
were regenerated and T-DNA insertion was confirmed by PCR analysis using Bar gene-specific primers. Among the transformants,
CRISPR-edited mutant lines were selected by targeted deep sequencing analysis. To analyze mutations generated by Cas9,
genomic DNA was extracted from individual rice plants. DNA segment that contains each Cas9 target site were amplified with
PCR using pair of primer (Table S3). Amplicon library was subjected to paired-end read sequencing using lllumina Miniseq. Obtained
data were analyzed using Cas-Analyzer (http://www.rgenome.net/cas-analyzer/#!). Reads that occurred only once were excluded to
remove errors associated with PCR and sequencing. Indel mutations located around the Cas9 cleavage site (3 bp upstream of the
protospacer adjacent motifs sequence) were considered as mutations induced by Cas9.

QUANTIFICATION AND STATISTICAL ANALYSIS
Data for quantification analyses are presented as mean + standard error of mean (SEM). Statistical analyses were performed using

Prism (GraphPad). Number of replicates is shown in the figure legends. The data were subjected to statistical analysis using either
Student’s t test or One-way ANOVA analysis with Fisher’s post hoc test as specified in individual figure legends.
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