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Brassinosteroids (BRs) are plant-specific steroid hormones that control plant growth and development. Recent studies have
identified key components of the BR signaling pathway in Arabidopsis thaliana and in rice (Oryza sativa); however, the
mechanism of BR signaling in rice, especially downstream of GSK3/SHAGGY -like kinase (GSK2), remains unclear. Here, we
identified a BR-insensitive rice mutant, reduced leaf angle1 (rla1), and cloned the corresponding gene. RLA1 was identical to
the previously reported SMALL ORGAN SIZE1 (SMOST1), which was cloned from another allele. RLA17/SMOS1 encodes
a transcription factor with an APETALA2 DNA binding domain. Genetic analysis indicated that RLA1/SMOS1 functions as
a positive regulator in the BR signaling pathway and is required for the function of BRASSINAZOLE-RESISTANT1 (OsBZR1).
In addition, RLA1/SMOS1 can interact with OsBZR1 to enhance its transcriptional activity. GSK2 can interact with and
phosphorylate RLA1/SMOS1 to reduce its stability. These results demonstrate that RLA1/SMOS1 acts as an integrator of the
transcriptional complex directly downstream of GSK2 and plays an essential role in BR signaling and plant development in rice.

INTRODUCTION

Brassinosteroids (BRs), a class of plant-specific steroid hor-
mones, play diverse roles in growth and development, including
hypocotyl elongation, shoot development, leaf development, root
development, and male fertility, by regulating cell elongation, cell
division, and cell differentiation (Clouse and Sasse, 1998; Yang
et al., 2011). The BR signal transduction pathway has been in-
tensively studied in Arabidopsis thaliana (Yang et al., 2011). In
the absence of BRs, the BR receptor BRASSINOSTEROID
INSENSITIVE1 (BRI1) is inhibited by a negative regulator BRI1
KINASE INHIBITOR1 (BKI1) binding to its C terminus (Li and
Chory, 1997; Wang et al., 2005; Wang and Chory, 2006). The
downstream negative regulator BRASSINOSTEROID INSENSITIVE2
(BIN2) phosphorylates BRI1-EMS SUPPRESSOR1 (BES1)/
BRASSINAZOLE RESISTANT1 (BZR1) to inhibit their transcriptional
activity (Li et al., 2001; Liand Nam, 2002; Wang et al., 2002; Yin et al.,
2002). In the presence of BRs, the extracellular domain of BRI1
binds to BRs, leading to the dissociation of BKI1 from the plasma
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membrane to allow formation of an active receptor complex of
BRI1 and BRI1-ASSOCIATED RECEPTOR KINASE1 (BAK1)
through their trans-phosphorylation (Li et al., 2002; Wang and
Chory, 2006; Wang et al., 2014). The phosphorylation activates
BRI1-SUPPRESSOR1 through CONSTITUTIVE DIFFERENTIAL
GROWTH1, resulting in dephosphorylation and inhibition of
BIN2 (Mora-Garciaetal.,2004; Tang et al., 2008; Kim et al., 2009;
Yang et al., 2011). As a result, dephosphorylated BES1/BZR1
accumulates in the nucleus (Wang et al., 2002; Yin et al., 2002)
and recruits other proteins such as BES1-INTERACTING MYC-
LIKE1 (BIM1) and MYB30 to regulate BR-responsive gene ex-
pression (Yinetal., 2005; L. Li et al., 2009). Phosphorylated BKI1
can also act as a positive regulator by antagonizing the function
of the 14-3-3 proteins on BES1/BZR1 to enhance their accu-
mulation in the nucleus (Wang et al., 2011). Recently, a long
isoform of BES1, BES1-L, was identified specifically in Arabi-
dopsis; BES1-L promotes BR signaling more strongly than the
canonical isoform BES1-S (Jiang et al., 2015).

In rice (Oryza sativa), some components of the BR signaling
pathway have been identified, and the early BR signaling pathway
in rice is relatively conserved with the BR signaling pathway in
Arabidopsis. For example, OsBRI1 and OsBAK1 are orthologs of
AtBRI1 and AtBAK1, respectively (Yamamuro et al., 2000; D. Li
et al., 2009). In addition, Oryza sativa GLYCOGEN SYNTHASE
KINASE3-LIKE GENE1 (OsGSK1) and GSK3/SHAGGY-like
kinase (GSK2) are homologs of AtBIN2 and act as negative
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regulators of rice BR signaling (Koh et al., 2007; Tong et al., 2012).
OsBZR1, a homolog of AtBES1/BZR1, plays a positive role in the
rice BR signaling pathway (Bai et al., 2007).

Rice also has some unique transcription factors that play im-
portant roles specifically in rice BR signaling and plant architec-
ture. The GRAS-family protein DWARF AND LOW-TILLERING
(DLT) acts as a positive regulator downstream of GSK2 in the rice
BR signaling pathway (Tong et al., 2009, 2012). LEAF AND TILLER
ANGLE INCREASED CONTROLLER (OsLIC), a negative regulator
in the rice BR signaling pathway, works antagonistically with
OsBZR1 by binding to the promoter of OsBZR1 to repress its
transcription. OsLI/C also is atarget of OsBZR1 and is repressed by
OsBZR1 (Wangetal.,2008; Zhangetal.,2012). Other components
found inrice may also be related to rice BR signaling. For example,
GAI-RGA-SCR19 (OsGRAS19) and BRASSINOSTEROID UP-
REGULATED1 (OsBU1) play positive roles in BR signaling (Tanaka
et al., 2009; Chen et al., 2013). However, how these transcription
factors downstream of GSK2 work together in BR signaling is
largely unknown.

In cereal crops, brassinosteroids play a key role in regulating
plant architecture, which is an important agronomic trait that
determines grain yield (Wang and Li, 2005; C. Zhang et al., 2014).
For example, BR signaling tightly regulates leaf angle, an im-
portant aspect of plant architecture. The BR-deficient rice mu-
tants, including Osdwarf4-1 and d61-7, have erect leaves; also,
Osdwarf4-1 mutants have increased grain yield in high-density
plantings (Morinaka et al., 2006; Sakamoto et al., 2006). Trans-
genic rice with slightly reduced expression of OsBRI1 had erect
leaves and higher grain yield, but no change in grain size (Morinaka
etal., 2006). Arecent study discovered that BR signaling regulates
leaf erectness in rice through the control of a specific U-Type
cyclin and effects on abaxial sclerenchyma cell proliferation of the
leaf joint regions (Sun et al., 2015). Therefore, uncovering the
mechanisms of BR signaling in rice is important to control rice
development and to increase grain yield.

In this study, we identified a dwarf BR-insensitive rice mutant,
rlal (reduced leaf angle1), with erect leaves. Through map-based
cloning, we cloned RLA1, which encodes an APETALA2 (AP2)/
ERF (ethylene-responsive element binding factor) family tran-
scription factor. Genetic analysis indicated that RLA1 is a positive
regulator in the BR signaling pathway and is required for OsBZR1
function, as indicated by the inability of Osbzr1-D to rescue the
dwarf phenotype of rla7. Further biochemical study demonstrated
that RLA1 interacts with OsBZR1 to enhance its transcription
activity, and GSK2 can interact with and phosphorylate RLA1 to
reduce its protein accumulation. We also found that RLA1 can
interact with DLT. Therefore, our results suggest an intriguing
mechanism that RLA1 is a novel and essential component that
acts as an integrator of the transcriptional complex directly
downstream of GSK2 in the rice BR-signaling pathway.

RESULTS

Characterization of the rla1 Mutant

To obtain brassinosteroid-related mutants in rice, we screened
a set of T-DNA insertion mutants and identified a dwarf mutant,
rla1, with erect leaves. The rlal mutant exhibited a typical BR
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loss-of-function phenotype with a semidwarf plant and erect
leaves, compared with wild type (Nipponbare, japonica) (Figures
1A and 1B); this phenotype was similar to that of the BR-signaling
mutants d67-1 and dlt (Yamamuro et al., 2000; Tong et al., 2009).
The dwarf phenotype resulted from the reduced length of each
internode (Figures 1C and 1D). Inaddition, we tested the sensitivity
of rla1 to castasterone (CS), the most active BR in rice (Suzuki
et al., 1995), and found that rla7 was less sensitive to CS than the
wild type in lamina inclination assays (Figure 1E). Furthermore, we
measured the expression levels of BR biosynthetic genes, in-
cluding D2, OsDWF4, and D11, in the wild type and rla1 using
RT-gPCR and found that these genes were upregulated in rla?
compared with the wild type (Figure 1F), indicating that the BR
signaling is reduced in rla7. We also measured their expression
after CS treatment both in the wild type and rla7 and found that the
exogenous CS significantly reduced their transcription in the wild
type, but not in rla1 (Figure 1G). These results demonstrated that
BR signaling was significantly inhibited in the rla7 mutant.

Cloning of RLA1 and Complementation Analysis

We crossed the rla’ mutant with its wild type, Nipponbare, and
found that the ratio of wild-type:mutant phenotypes in the F2
progeny was 359:109, close to 3:1 (x2=0.729, P> 0.05), indicating
that rla is a recessive mutation of a single locus. However, using
thermal asymmetric interlaced PCR, we failed to isolate the
flanking sequence of any potential T-DNA insertion. Since
the T-DNA vector used for constructing the mutants contains
a hygromycin-resistant gene, we next tested the mutants for
hygromycin resistance. To that end, we planted the rla seedlings
in a solution containing 50 mg/L hygromycin B, but these seed-
lings did not survive. This suggests that the rla7 mutant may not be
caused by a T-DNA insertion, but by a somatic mutation during
callus culture.

To clone the causal gene for rla7, we then conducted map-
based cloning by creating an F2 population from a cross between
rlal and the indica variety 9311. Using 50 dwarf individuals from
the F2 population, the rla7 locus was mapped to a 118-kb region
on chromosome 5 between two molecular markers, RM18590 and
RMB3969 (Figure 2A). There are 18 predicted genes in this region,
and we then performed RT-gPCR to test whether their transcript
levels were affected in the rla7 mutant. We found that 0Os05932270
was the most downregulated gene, with only 10% expression in
rla1 compared with that in the wild type (Supplemental Figure 1).
Genomic sequence analysis revealed an insertion of 8 bp before
the first nucleotide of the Os05932270 coding region (Figure 2B) in
rlai. Therefore, we speculated that this small insertion might lead
to the mutant phenotype of rla7.

To test this hypothesis, we created a construct containing
a 7.5-kb wild-type genomic DNA fragment including the promoter
and complete open reading frame regions of RLA7 and introduced
it into the rla’ mutant to generate rla7-C plants. We found that
most of the rla7-C transgenic plants (12 of 15 lines) were rescued
to a wild type-like phenotype (Supplemental Figure 2), and the
transcript levels of RLA7 and BR marker genes were reverted to
that of the wild type (Figures 2C to 2E). Coincidentally, a previous
study had reported the same genelocus (Ayaet al., 2014), SMOS1
(SMALL ORGAN SIZET1), which was cloned from a mutant with
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Figure 1. rlai Is a BR-Insensitive Mutant.
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(A) The morphological phenotypes of the wild type (WT) and rla7 mutants. The pictures at top right show the second lamina joints.
(B) The statistical data of the lamina angle of the second lamina joint. Data are means =* sk (n = 25). The comparisons were determined by Student’s t test.

**P < 0.001.

(C) The internode phenotypes of the wild type and rla’ mutants. Arrows show the node positions.
(D) The statistical data of plant height and length of each internode of wild-type and rla7 plants. The numbers 1 to 5 indicate the first to fifth internodes,

respectively. Data are means * sk (n = 20).

(E) The statistical data of lamina inclination responding to different CS concentrations in the wild type and rla7. The lamina joint of the first intact leaf were cut
from the 1-week-old seedlings grown in the dark and treated with different CS concentrations for 48 h. Data are means = st (n = 20).
(F) Therelative transcript levels of D2, OsDWF4,and D11 in the 2-week-old wild-type and rla7 seedlings. The relative transcript level in wild type was defined

as “1.” Data are means = st (n = 3).

(G) Therelative transcriptlevels of D2, OsDWF4,and D11 inthe wild type and rla7 without or with 100 nM CS treatment for 3 h. Total RNAs were extracted from

the lamina joints of the first intact leaf. Data are means = st (n = 3).

a dwarf phenotype. They demonstrated that exogenous indole-3-
acetic acid treatment could induce the expression of SMOS1 by
OsARF1. Together, these findings demonstrated that RLA7/
SMOST1 is the gene responsible for the mutant phenotype of rla7.

RLA1/SMOS1 Functions as a Positive Regulator in the BR
Signaling Pathway

To study the function of RLA1, we generated RLA7 RNA in-
terference lines (RLA7-Ri). The RLA1-Ri plants exhibit a typical BR
loss-of-function phenotype similarto rla’ mutants (Figures 3Aand
3B), and the RLAT1 transcript level was reduced to 20% of the wild
type (Supplemental Figure 3A). We also found that the BR bio-
synthetic genes were upregulated in the RLA7-Ri plants com-
pared with the wild type (Supplemental Figure 3B), which is similar

to rla1, indicating that RLA1 may play a positive role in the BR
signaling pathway. To examine this, we generated RLA7-over-
expressing rice (RLA7ox) with RLA1 driven by the cauliflower
mosaic virus 35S promoter. We found that although the transcript
levels of RLA1 reached 25-fold higher than that in the wild type
(Supplemental Figure 3C), the RLA7ox plants did not display an
enhanced leaf inclination phenotype (Figures 3C and 3D), in
contrast to Osbzr1-D transgenic rice, which have a gain-of-
function mutation of OsBZR1 (Figures 3G and 3H). We measured
mRNA levels of the BR biosynthetic genes in the RLATox plants
and found that the transcript levels of these genes were reduced
slightly (Supplemental Figure 3D), suggesting that the enlarged
BR signal may be not enough to obtain visible phenotypes.
Overexpression of the wild-type RLA7 did not cause an obvious
gain-of-function phenotype, such as an enlarged leaf inclination,
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(A) Linkage map of the RLAT locus. RLAT is located 18 Mb from the 5’ telomere, between RM18590 and RM3969 on chromosome 5. The vertical arrows

indicate the molecular marker positions.

(B) Schematic diagram of the RLAT locus. The position of the rla7 mutation is shown. The inserted sequence is highlighted with italics and bold font.
(C) Phenotypic complementation by introduction of the full-length RLAT genomic fragment into rla’ mutants. rla7-C, the transformant of RLA7 in the rla?

background. The rla7-C is a representative line for these transformants.

(D) The statistical data of the lamina angle of the second lamina joint of the wild type, rla7-C, and rla1. Data are means * st (n = 20). The comparisons were

determined by Student’s t test. **P < 0.001, and “ns” means no significance.

(E) The transcript levels of RLAT, D2, OsDWF4, and D11 in the wild type, rla1-C, and rla1. The transcript level in the wild type was defined as “1.” Data are

means = st (n = 3).

which was similar to the overexpression of wild type AtBES1 and
AtBZR1 in Arabidopsis (Wang et al., 2002; Yin et al., 2002).

To explore the role of RLAT in the BR signaling pathway, we
crossed rlal with GSK2-Ri and obtained the homozygous rla?
GSK2-Ri line. The rlal GSK2-Ri plants displayed phenotypes
similar to rla1 (Figures 3E and 3F), indicating that RLAT acts
downstream of GSK2. We also measured expression of BR
biosynthetic genes of these three plants and found that the
expression level in rla1 GSK2-Ri was similar to rla7, confirming
our conclusion (Supplemental Figure 3E). In addition, we
crossed rlal with Osbzr1-D and obtained the rla1 Osbzr1-D
homozygous lines. Surprisingly, Osbzr1-D could not rescue the
mutant phenotype of rla1, as the rla1 Osbzr1-D plants showed
erect leaves and a dwarf phenotype, which is similar to rla1
(Figures 3G and 3H), and the BR synthetic gene expression in
rla1 Osbzr1-D is also similar to rla71 (Supplemental Figure 3F),
suggesting that RLA1 is required for the OsBZR1-mediated
regulation of rice development. These genetic studies dem-
onstrated that RLA1 is a necessary positive regulator in the rice
BR signaling pathway.

RLA1/SMOS1 Encodes a Transcriptional Regulator with an
AP2 DNA Binding Domain

BLAST searches with the RLA1 amino acid sequence revealed
that RLA1 contains an AP2/ERF domain and belongs to the DREB
subfamily, suggesting that RLA1 might be a transcription factor
and bind to the DRE (A/GCCGAC) (Sharoni et al., 2011). Fur-
thermore, examination of RLA1 subcellular localization using
a GFP fusion indicated that RLA1-GFP localized mainly in the
nucleus and slightly in the cytoplasm in Nicotiana benthamiana
pavement cells, which is similar to a previous study on SMOS1-
GFP (Figure 4A) (Aya et al., 2014). To test whether RLA1 has
transcription activity, we conducted transcription activation as-
says in yeast by fusing RLA1 with a DNA binding domain in the
vector pGBKT7 and transforming it into the yeast strain AH109,
which harbors aHIS3 reporter. The results indicated that RLA1 has
transcription activity, but its activity is weaker than that of OsBZR1
(Figure 4B).

To detect how RLA1 responds to BRs, we tested whether BRs
regulate the expression or protein stability of RLA1. In wild-type
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Figure 3. RLA1 Is Required for BR-Regulated Plant Growth and Acts as a Positive Regulator in BR Signaling.

(A) Phenotypes of the RLA1-Ri plants. Twenty-one independent RLA7-Ri lines displayed a similar phenotype.
(B) The statistical data of the lamina angle of the second lamina joint from (A). Data are means = st (n = 20).
(C) Phenotypes of the RLATox lines. Fifteen independent transgenic lines displayed a similar phenotype.

(D) The statistic data of the lamina angle of the second lamina joint from (C). Data are means = sk (n = 20).
(E) Phenotypes of rla1, GSK2-Ri, and the double mutant rla’ GSK2-Ri plants.

(F) The statistic data of the lamina angle of the second lamina joint from (E). Data are means = st (n = 20).
(G) Phenotypes of Osbzr1-D, rla1, and the double mutant rla7 Osbzr1-D plants.



plants, we found that CS treatment repressed RLA7 expression
(Figure 4C). Using the RLA1ox transgenic lines with FLAG-tagged
RLA1, we found that CS treatment promoted the accumulation of
RLA1-FLAG protein (Figures 4D and 4E). By contrast, when the
RLA7ox plants were grown on solution containing brassinozole
(BRZ), a BR biosynthesis inhibitor, the RLA1-FLAG protein level
decreased (Figures 4F and 4G). This indicated that BRs can
enhance RLA1 protein accumulation, and the suppression of
RLA1 expression by BR treatment may be caused by a negative
feedback regulation, which apparently is a common regulatory
mechanism in the BR signaling pathway. When BR signaling
outputis strong, as anegative feedback, the BR signaling could be
suppressed by inhibiting the expression of genes encoding
positive signaling components or BR biosynthetic enzymes. The
inhibition of RLA1 expression by BR treatment may be due to RLA1
functioning as a positive component in BR signaling, which is
similar to DLT and OsBRI1 (Yamamuro et al., 2000; Tong et al.,
20009).

RLA1/SMOS1 Interacts with OsBZR1 and Increases Its
Activity to Cooperatively Regulate Downstream Genes

OsBZR1 is a transcription factor downstream of BR signaling and
plays important roles in rice development (Bai et al., 2007). We
generated OsBZR1 RNA interference lines (OsBZR1-Ri)and found
that their phenotypes (reduced leaf angle but not dwarf) are similar
to rla1 (Supplemental Figures 4A to 4C). Based on the above
findings, we predicted that RLA1 might be a transcriptional reg-
ulator required for OsBZR1 function in the BR signaling pathway.
Therefore, first, we used yeast two-hybrid assays to test their
interaction and found that OsBZR1 and RLA1 can interact with
each other (Figure 5A). Second, using semi-in vivo pull-down
assays, we found that the RLA1 protein was able to pull down
OsBZR1-FLAG protein (Figure 5B). OsBZR1-MBP proteins can
also pull down RLA1-GST proteins in vitro (Figure 5C). Third, we
conducted bimolecular fluorescence complementation (BiFC)
assays with RLA1 fused tothe N terminus of YFP (nYFP-RLA1)and
OsBZR1 fused to the C terminus of YFP (OsBZR1-cYFP). When
the Agrobacterium tumefaciens strains containing both the
nYFP-RLAT and the OsBZR1-cYFP constructs were injected into
N. benthamiana leaves, a strong fluorescent signal was observed
(Figure 5D). Then we conducted a coimmunoprecipitation (co-IP)
assay using RLA1ox (fused with FLAG) plants and wild-type plants
as control. Theresults showed that the OsBZR1 could be detected
from the immunoprecipitated proteins of the RLA7ox plants
(Figure 5E), indicating that RLA1 and OsBZR1 can interact with
each other in vivo. These results indicate that RLA1 can interact
with OsBZR1 in vitro and in vivo.

OsBZR1 candirectly bind to the promoter regions of anumber of
genes to regulate their expression (Tong et al., 2009; Zhang et al.,
2009; Zhang et al., 2012). To test whether RLA1 affects the
transcriptional activity of OsBZR1, we performed transcriptional
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activation assay in yeasts. To test the activation ability of these
proteins, we used the yeast strain AH109, harboring the reporter
HIS3, and cotransformed RLA1 or OsBZR1 cloned into the DNA
binding vectors pDBLeu and pGBKT7, which produce fusions of
the respective proteins to a DNA binding domain for the HIS3
reporter. We cloned RLAT into the pDBLeu vector and OsBZR1
into pGBKT?7. The yeast transformed with both RLAT and OsBZR1
grew better on medium lacking histidine than those transformed
with pDBLeu and OsBZR1 (Figure 6A), suggesting that RLA1 can
enhance the transcriptional activity of OsBZR1. Furthermore, we
conducted dual-luciferase assays using N. benthamiana leaves as
described (Cheng et al., 2014) to confirm that RLA1 can enhance
the transcriptional activity of OsBZR1. IL/1 is a direct target of
OsBZR1 inrice, and its expression is upregulated by BR treatment
(Zhang et al., 2009). We measured the IL/1 expression level in the
wild type, rla1, RLA1-ox, Osbzr1-D, and OsBZR1-Ri and found
that the expression level of IL/1 is higher in RLATox and Osbzr1-D
butis lowerinrla’ and OsBZR1-Rilines (Figure 6B). This indicated
that/L/1 was regulated both by RLA1 and OsBZR1 inrice. We then
used the promoter of ILI1 to drive the luciferase gene (LUC) as
areporter. RLAT-FLAG, OsBZR1-FLAG, and FLAG were used as
the effectors (Figure 6C). When we transformed OsBZR1-FLAG
into N. benthamiana leaves together with RLA7-FLAG, the LUC
reporter expression was enhanced (Figure 6D). These findings
suggested that RLA1 can enhance the transcriptional activity of
OsBZR1.

To confirm whether RLA1 is targeted to the promoter of IL/7, we
performed chromatin immunoprecipitation (ChlP)-gPCR assays
with the RLA7ox and Osbzr1-D transgenic plants using anti-FLAG
antibody. Both RLA1 and OsBZR1 binding was enriched on po-
sitions 9 and 10 in the /L/7 promoter, which contain two OsBZR1
binding motif E-box (Figure 6E), suggesting that their binding
elements may close to each other. Furthermore, we conducted
ChlP assaysto detectif RLA1 and OsBZR1 can bind the promoters
of some BR-responsive genes together. The results indicated that
RLA1 and OsBZR1 can bind the promoters of OsDWF, D2,
OsDWF4, D11, and IBH1 (Figure 6F), indicating that RLA1 and
OsBZR1 likely work together to regulate downstream gene ex-
pression. Taken together, RLA1 and OsBZR1 may cooperatively
regulate downstream genes in the BR regulatory pathway through
forming a transcriptional complex.

GSK2 Interacts with and Phosphorylates RLA1/SMOS1 to
Regulate Its Stability

GSK2 is a negative regulator in rice BR signaling and it belongs to
the GSKB3-like kinase family, whose substrates containing a typical
phosphorylation motif (Ser/Thr-X-X-X-Ser/Thr; X is any amino
acid) (Youn and Kim, 2015). To understand how BR signaling
regulates the accumulation of RLA1, we speculated that the
negative regulator GSK2, which is a kinase, may modify RLA1
protein, as BIN2/GSK2 can phosphorylate and regulate a number

Figure 3. (continued).

(H) The statistical data of the lamina angle of the second lamina joint from (G). Data are means = st (n = 20). For statistical data of (B), (D), (F), and (H), the
comparisons were determined by Student’s t test. “**P < 0.001, and “ns” means no significance.
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(A) RLA1-GFP mainly localized in the nucleus. Bars = 25 um.

(B) RLA1 has transcription-activation activity in yeast. The RLA1 coding sequence was cloned into the vector pGBKT7. OsBZR1 was used as a positive
control. Transformed yeast were serially diluted and placed on SD (synthetic dropout medium) screening plates containing 3-aminotriazole (3AT).

(C) The transcript level of RLAT in the wild-type plants treated with 1 wM CS (with CS) or control (without CS) for 2 h. Leaves of 2-week-old seedlings were
used for the treatment. The transcript level of control was defined as “1.” Data are means = st (n = 3).

(D) Time course of RLA1-FLAG protein levels in the RLA7ox line after 1 wM CS treatment. The Ponceau S-stained Rubisco large subunit (Rbc L) was used as
a loading control.

(E) Quantification analysis for (D). The relative level of RLA1-FLAG at 0 h was defined as “1.” Data are means * se (n = 3).

(F) RLA1-FLAG protein levels in the RLA7ox line grown on medium containing CS or BRZ for 8 d. Rbc L was used as a loading control.

(G) Quantification analysis for (F). The relative RLA1-FLAG protein level in plants without treatment was defined as “1.” Data are means * se (n = 3).



A SD-Trp-Leu

C
RLA1
-GST
GST
OsBZR1-MBP
MBP ———»
E
2% input IP: FLAG
WT  RLA7ox WT RLATox
Anti-
OsBZR1 | ™ e —
Anti-
FLAG — -

Figure 5. RLA1 Interacts with OsBZR1 in Vitro and in Vivo.

SD-Trp-Leu-His B
OsBZR1
FLAG
RLA1-GST
D GST

OsBZR1-cYFP
+nYFP-RLA1

OsBZR1-cYFP

+nYFP-RLA1

RLA1/SMOS1 Works with OsBZR1 in BR Signaling 299

+nYFP
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(A) Interactions between RLA1 and OsBZR1 in yeast two-hybrid assays. The SD/-Trp-Leu-His medium contains 1 mM 3-aminotriazole.
(B) RLA1-GST proteins can pull down OsBZR1-D-FLAG from total protein extracts of Osbzr1-D-FLAG plants. RLA1-GST and GST were stained with

Ponceau S as loading controls.

(C) OsBZR1-MBP can pull down RLA1-GST in vitro. OsBZR1-MBP and MBP were stained with Ponceau S as loading controls.

(D) Interaction between RLA1 and OsBZR1 in BiFC assays. Bars = 100 pm.

(E) Interaction between RLA1 and OsBZR1 in the co-IP assays. The proteins were extracted from wild-type or RLA70ox plants and immunoprecipitated by
anti-FLAG M2 magnetic beads. Gel blots were probed with anti-FLAG or anti-OsBZR1 antibody.

of transcription factors in plants (D. Zhang et al., 2014). There
are 10 potential phosphorylation motifs of GSK2 in RLA1
(Supplemental Figure 5) and these 10 motifs contain 18 potential
phosphorylation sites. To test our hypothesis, we expressed
and purified the RLA1-His and GSK2-GST fusion proteins in
Escherichia coli and found that GSK2-GST can pull down RLA1-
His (Figure 7A). Also, RLA1-His can pull down GSK2-GST (Figure
7B). We further conducted BiFC assays using N. benthamiana
pavement cells and found that nYFP-RLA1 and GSK2-cYFP can
interact with each other (Figure 7C). In addition, we conducted co-
IP assays using RLA7ox (fused with FLAG) plants. GSK2 was
detected in the immunoprecipitated proteins from the RLA7ox
plants (Figure 7D), indicating that RLA1 and GSK2 can interact
invivo. We then performed in vitro kinase assays as described (Cai

etal., 2014) to check whether GSK2 can phosphorylate RLA1. We
used a Phos-tag approach, where phosphorylated proteins in the
gel containing Phos-tag reagent are visualized as bands with
slower migration compared with the corresponding dephos-
phorylated proteins. These assays showed that GSK2-GST can
phosphorylate RLA1-His, as indicated by the shifted RLA1-His
band detected with anti-His antibody (Figure 7E). To determine if
RLA1 can be phosphorylated by GSK2 in vivo, first, we conducted
IP assays using anti-FLAG beads from RLA7ox plants and treated
the RLA1-FLAG protein with calf intestinal alkaline phosphatase
(CIP). To avoid protein degradation, we added MG132 and
a cocktail of proteinase inhibitors. To distinguish the phos-
phorylated and unphosphorylated RLA1-FLAG, we separated
proteins by SDS-PAGE for a much longer time. We detected the
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Figure 6. RLA1 Works with OsBZR1 and Enhances Its Transcriptional Activity.

(A) RLA1 enhances OsBZR1 transcriptional activity in yeast. OsBZR1-pGBKT7 and RLA1-pDBLeu were cotransformed in yeast.

(B) The transcript level of ILI1 in the wild type, RLATox, rla1, Osbzr1-D, and OsBZR1-Ri. The transcript level in the wild type was defined as “1.” Data are
means =* st (n = 3).

(C) Schematic diagrams of the dual-luciferase reporter and effector constructs. The firefly luciferase (LUC) gene driven by the IL/7 promoter was used as the
reporter. The Renilla luciferase (REN) reporter gene was controlled by the CaMV promoter (35S) and terminator (Ter). For the effectors, RLAT and OsBZR1
were fused with FLAG.

(D) Transient gene expression assays in N. benthamiana mesophyll cells. The LUC reporter gene was cotransfected with OsBZR1-FLAG, RLAT-FLAG, or
both. Data are means * st (n = 3).

(E) ChIP assays on binding of RLA1 and OsBZR1 to the ILI/7 promoter. Open box shows promoter region of ILI1, black circles show BR response element
motifs, and white circles show putative E-box motifs. Regions analyzed by quantitative PCR are shown by short lines marked with numbers (1to 10). The fold
enrichment represents binding efficiency ratio of antibody/no antibody. Data are means =+ sk (n = 3).

(F) Binding of RLA1 and OsBZR1 to the promoters of OsDWF, D2, OsDWF4, D11, and IBH1. The fold enrichment represents binding efficiency ratio of
antibody/no antibody. Data are means = st (n = 3).



phosphorylated RLA1-FLAG (RLA1-FLAG-P), and it disappeared
when treated with CIP (Figure 7F). Second, we conducted immu-
noprecipitation assays using anti-FLAG beads from RLA7ox plants
growing on medium containing CS and bikinin (GSK2 inhibitor). We
found that CS and bikinin treatment can convert RLA1-FLAG-P to
RLA1-FLAG (Figure 7G). These results indicated that BRs regulate
RLA1 phosphorylation through GSK2 in vivo.
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To identify the potential sites where GSK2 phosphorylates
RLA1, we conducted mass spectroscopy analysis on RLA1
that had been phosphorylated by GSK2. This revealed sev-
eral potential phosphorylation sites, including Thr-73, Thr-261,
Thr-266, Thr-270, Ser-291, and Thr-293 (Supplemental Figures
6A to 6D). We then constructed mutated forms of RLA1 with
alterations in these sites (Ser/Thr to Ala) and conducted kinase
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Figure 7. GSK2 Interacts with and Phosphorylates RLA1 in Vitro and in Vivo.

(A) GSK2-GST proteins can pull down RLA1-His proteins by GST pull-down assays in vitro. GSK2-GST and GST were stained with Ponceau S as loading

controls.

(B) RLA1-His proteins can pull down GSK2-GST proteins in vitro. RLA1-His proteins were stained with Ponceau S as loading controls.

(C) Interaction between RLA1 and GSK2 in BiFC assays. Bars = 100 pm.

(D) Interaction between RLA1 and GSK2 in co-IP assays. The proteins were extracted from wild-type or RLA7ox plants and immunoprecipitated by Anti-
FLAG magnetic beads. Gel blots were probed with anti-FLAG or anti-GSK2 antibody.

(E) The in vitro kinase assay of RLA1 by GSK2 kinase using a Phos-tag gel. Proteins were detected by immunoblotting with anti-His antibodies. An equal
amount of each recombinant protein was separated on the gel without the Phos-tag as a loading control.

(F) Immunoprecipitated RLA1-FLAG protein from RLA7ox plants was treated with CIP or water. The signal was detected by anti-FLAG.

(G) Immunoprecipitated RLA1-FLAG protein from the RLA70x plants grown on medium containing 100 nM CS or 50 u.M bikinin. The signal was detected by

anti-FLAG.
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assays in vitro. We found that the RLA1T261A/T266A/T270A mytant
protein could not be phosphorylated by GSK2 (Figure 8A), in-
dicating that Thr-261, Thr-266, and Thr-270 are the major sites
where GSK2 phosphorylates RLA1. To determine whether the
phosphorylation of these sites is related to RLA1 function, we
generated mRLATox (RLA1T261AT266A/T270A) plants that expressed
the mutant RLA1 driven by the CaMV 35S promoter. Interestingly, we
found that the mRLA7ox line displayed BR-related gain-of-function
phenotypes with enlarged leaf angles as compared with the wild type
(Figures 8B and 8C), and the BR synthetic gene expression in the
mRLA7ox lines was reduced greatly (Figure 8D), suggesting that BR
signaling was enhanced in the mRLA1ox plants, which was different
from the RLA70x lines (Figure 3C). These results indicated that RLA1
was regulated by GSK2 through phosphorylation to transduce BR
signals.

Based on the observation that the RLA1 protein level was en-
hanced by BRs and inhibited by BRZ (Figures 4D to 4G), we
speculated that BRs may regulate the stability of RLA1 through
phosphorylation by GSK2. Using a cell-free protein degradation
system as described (Wang et al., 2013), we incubated the re-
combinant proteins RLA1-His or mRLA1-His (RLA1T261A/T266A/T2704)
with total protein extracts from the wild-type plants and monitored
the amount of RLA1-His and mRLA1-His remaining in the reactions
by immunoblotting after incubation at different time points. The
results indicated that the degradation rate of the mRLA1-His was
much slower than that of RLA1-His, similar to control, which con-
tained 50 wM proteasome inhibitor MG132 (Figures 8E and 8F),
indicating that the unphosphorylated form of RLA1 is more stable
than the phosphorylated form. Furthermore, to determine the sta-
bility of mRLA1 protein in vivo, we detected the mRLA1-FLAG
protein level in the mRLAT-ox transgenic plants growing on medium
with different concentrations of BRZ (Figures 8G and 8H). The results
showed that the degradation rate of the mRLA1-FLAG was much
slower than the RLA1-FLAG when treated with BRZ, indicating the
mRLA1 protein is more stable than the RLA1 in vivo.

To detect whether the phosphorylation of RLA1 by GSK2 can
affect its interaction with OsBZR1, we conducted semi in-vivo pull-
down assays to compare the interacting ability of the RLA1-
OsBZR1andthe mRLA1-OsBZR1. Wealso checked the interaction
of RLA1-OsBZR1 by adding GSK2 or GSK2-KD (a kinase-dead
form of GSK2). The results indicated that the phosphorylation of
RLA1 did not influence the interaction of RLA1 with OsBZR1 (Figure
8l). To confirm whether the mRLA1 transcription activity is increased,
we conducted dual-luciferase assay using IL/7 promoter-driven LUC
as areporter in rice protoplasts. We found that mRLA1 can enhance
the transcription activity of the complex with OsBZR1 more efficiently
than RLA1 (Figure 8J). Together, these observations indicate that
BRs regulate the stability of RLA1 through phosphorylation by GSK2
to control plant architecture.

DISCUSSION

RLA1/SMOS1 Is an Essential and Positive Component in the
Rice BR Signaling Pathway

This study provided several lines of evidence to support the hy-
pothesis that RLA1 is an essential component positively regulating
BR signaling in rice. First, the rla’ mutant displayed BR-deficient

phenotypes, including dwarfism and erect leaves, which are similar
to the phenotypes of BR-insensitive mutants such as d67-1 and dit
(Yamamuro et al., 2000; Tong et al., 2009). Second, the rla’ mutant
was insensitive to BR treatment both in the leaf inclination phe-
notype and in BR-responsive gene expression. Third, genetic
analysis demonstrated that RLA1 is required for OsBZR1-mediated
rice BR signaling, which differs from the pathway in Arabidopsis.
More importantly, we demonstrated that BR signal transduction is
dependent on the accumulation of RLA1. RLA1 can bind to the
promoters of BR response genes together with OsBZR1. The ac-
cumulated RLA1 can interact with and work together with OsBZR1
to regulate BR-responsive gene expression, supporting the key role
of RLA1 in mediating the BR signaling pathway in rice. Also, GSK2
can interact with and phosphorylate RLA1 to reduce its stability.

Based on our findings, we proposed a model to illustrate how
RLA1 acts with OsBZR1 to regulate BR signaling and de-
velopment in rice (Figure 9). In wild-type plants, with the low level
of BRs, RLA1 and OsBZR1 are phosphorylated and inhibited
by GSK2. The phosphorylated RLA1 is unstable, leading to de-
creased amounts of RLA1 protein (Figures 4F and 4G) and low
transcriptional activity of the OsBZR1-RLA1 complex (Figure 9A,
left). Following high level of BRs, the activity of GSK2 is inhibited,
which leads to dephosphorylation of RLA1 and OsBZR1 and
accumulation of RLA1. The accumulated RLA1 can promote the
transcription activity of OsBZR1 to regulate BR-responsive gene
expression and plant development (Figure 9A, right). In this
model, RLA1 and OsBZR1 are direct targets of GSK2 and are
required to regulate BR signaling and rice development. In rla?
plants, due to the lack of RLA1, the OsBZR1/RLA complex
cannot formto regulate BR-responsive gene expression andrice
development, either with or without BRs (Figure 9B). This model
illustrates a mechanism for how transcription factors are cor-
egulated by upstream kinases and work interdependently to
transfer signals in plants. Although, in mammals, the Wnt/
B-Catenin Signaling and Hippo signaling pathways all have the
transcriptional complex and regulated by kinases, the mecha-
nism of regulation is different from this model. For Wnt signaling,
the TCF/B-Catenin complex controls transcriptional regulation
and the protein stability of the transcriptional coactivator
B-Catenin is regulated by the upstream kinases GSK3 through
phosphorylation (Clevers and Nusse, 2012). For Hippo signaling,
activity of the YAP (Yes-associated protein, Yki ortholog) and
TAZ (transcriptional coactivator with PDZ binding motif) tran-
scriptional coactivators is repressed through phosphorylation
by upstream kinases LATS1/2 (large tumor suppressor kinase
1/2, Wts orthologs). Unphosphorylated YAP/TAZ can interact
with TEAD family transcription factors to initiate gene expression
and promote cell proliferation and organ growth (Zhao et al.,
2008; Mo et al., 2014). However, whether the transcription factor
TCF or TEAD is also regulated by upstream kinases in these
signaling pathways remains unclear.

The Regulation of RLA Protein Stability Is Important for Its
Function in BR Signaling

We demonstrated that GSK2 interacts with and phosphor-
ylates RLA1 to regulate its stability. The overexpression of the
wild-type RLA1 did not lead to a visible phenotype, which is
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Figure 8. BRs Regulate the Stability of RLA1 Protein through Phosphorylation by GSK2.

(A) GSK2 mainly phosphorylates RLA1 on Thr-261, Thr-266, and Thr-270. An equal amount of recombinant proteins were separated by SDS-PAGE and
detected by anti-His antibody. The phosphorylated sites are highlighted with bold font.

(B) Phenotypes of the mRLA7ox (T261A/T266A/T270A) transgenic plants.

(C) The statistical data of the lamina angle of the second lamina joint of plants from (B). Data are means =+ st (n = 20). The comparisons were determined by
Student’s t test. **P < 0.001, and “ns” means no significance.

(D) The transcript levels of D2, OsDWF4, and D11 in plants of (B). The transcript level in the wild type was defined as “1.” Data are means * st (n = 3).
(E) Time course of degradation of RLA1-His and mRLA1-His (T261A/T266A/T270A) in the wild-type plants. In vitro cell-free degradation assays were
conducted.
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(A) In wild-type plants, low BR level leads to the phosphorylation of both RLA1 and OsBZR1 by GSK2. The phosphorylated RLA1 is targeted for degradation
by an unknown mechanism, and BR-responsive gene expression is blocked (left). With high BR levels, GSK2 activity is inhibited, leading to the accumulation
of unphosphorylated RLA1, which activates OsBZR1 transcriptional activity to regulate BR-responsive gene expression (right).

(B) In rlat plants, because of the lack of RLA1, OsBZR1 cannot activate or inhibit the BR-responsive gene expression with (right) or without (left) BRs.

likely caused by the strict regulation of protein stability by BR
signaling. We created the rla7-C transgenic plants by in-
troducingan RLAT genomic fragmentintor/al,and most ofthe
mutant plants were rescued to a wild-type-like phenotype. In
addition, the mRNA levels of RLA17 in some rla1-C plants were
higherthaninthe wild type, but the leaf angles are similarto the
wild type (Supplemental Figure 2), indicating that in the rla7-C
plants, excessive RLA1 cannot accumulate due to the regu-
lation of protein stability. Furthermore, we found that the
mRLA1o0x lines (a mutant form of RLA1, also fused with FLAG,
which can’t be phosphorylated by GSK2 and is more stable
than the wild type) displayed a BR-related gain-of-function
phenotype with enlarged leaf angles and altered BR marker

gene expression, compared with the wild type, indicating that
a stable form of RLA1 can lead to a visible phenotype. This
phenomenon is very similar to the overexpression of wild-type
AtBES1 and AtBZR1 in Arabidopsis (Yin et al., 2002; Wang
et al., 2002).

RLA1/SMOS1 May Be a Novel Connection Involved in
Crosstalk between Auxin and BR Signaling

A previous study found that auxin can induce the transcription of
RLA1/SMOS1 through direct promoter binding by OsARF1 (Aya
et al., 2014), which indicated that the transcription of SMOS1/
RLAT is regulated by auxin. Previous studies showed that auxins

Figure 8. (continued).

(F) Quantification analysis for (E). The relative levels of RLA1-His or mRLA1-His incubated with wild-type plant protein extracts at 0 h were defined as “1.”
Data are means * s (n = 3).

(G) RLA1-FLAG or mRLA1-FLAG protein levels in the RLA7ox or mRLA10x lines grown on medium containing BRZ for 8 d. Rbc L was used as a loading
control.

(H) Quantification analysis for (G). The relative levels of the RLA1-FLAG/mRLA1-FLAG grown on 0 wM BRZ were defined as “1.” Data are means = se (n = 3).
(1) Different proteins (RLA1-GST with GSK2 or GSK2-KD proteins, mRLA1-GST) can pull down OsBZR1-D-FLAG from total protein extracts of the Osbzr1-D-
FLAG plants. RLA1-GST/mRLA1-GST and GST were stained with Ponceau S as loading controls.

(J) Transient gene expression assays in rice protoplasts. The LUC reporter gene was cotransfected with OsBZR1-FLAG, RLA1-FLAG/mRLA1-FLAG, or
both. Data are means * st (n = 3).
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and BRs have a synergistic effect on plant development. In rice,
these studies reported that auxin can improve BR sensitivity in the
rice lamina inclination assay, because auxin can induce the
transcription of OsBRI1, which encodes a BR receptor, through
direct promoter binding by OsARF11 and OsARF19 (Sakamoto
et al., 2013; Zhang et al., 2015). In addition, a study of SMOS1
found that a rice homolog of tobacco phosphate-induced protein
1 (OsPHI-1) is a target gene of SMOS1/RLA1, and its knockdown
lines exhibited a typical BR loss-of-function phenotype with
a semidwarf plant and erect leaves. EXORDIUM, the homolog of
OsPHI-1 in Arabidopsis, was induced by BRs (Coll-Garcia et al.,
2004). These results all indicated that RLA1/SMOS1 is a com-
ponent of the BR primary signaling pathway, but not a primary
component of the auxin signaling pathway, which could regulate
the expression of hundreds to thousands of genes. Therefore, the
transcriptional regulation of RLA1/SMOS1 by auxin signaling is
mediating their crosstalk, as claimed by Aya et al. (2014).

The Mechanism of BR Signaling Downstream of GSK3s
Differs in Rice and Arabidopsis

The GSK3-like kinases in Arabidopsis and rice have several dif-
ferent targets in BR signaling and in diverse developmental pro-
cesses (Youn and Kim, 2015), indicating significant differences
between rice and Arabidopsis signaling pathways, especially in
the transcriptional regulation downstream of the GSK3-like kinases.
In Arabidopsis, BIM1 and MYB30 coactivate BES1, interacting
with BES1 to cooperatively promote BR-induced genes (Yin
etal.,2005; L. Lietal.,2009), but whether they are targets of BIN2
is unknown. Recent work identified the transcription factors
MYBL2 (MYELOBLASTOSIS-LIKE2) and HAT1 (HOMEOBOX
ARABIDOPSIS THALIANA1) as substrates of BIN2 in Arabi-
dopsis(Yeetal., 2012; D. Zhang et al., 2014). Compared with the
unphosphorylated form, MYBL2 phosphorylated by BIN2 is
more stable and interacts with BES1 to suppress BES1-regulated
geneexpression (Yeetal.,2012). HAT1 works in asimilar way to
MYBL2 (D. Zhang et al., 2014), and BIN2-phosphorylated
MYBL2 and HAT1 interact with BES1 to cooperatively inhibit
BR-repressed gene expression (Yeetal.,2012; D. Zhang et al.,
2014). In rice BR signaling, GSK2 directly phosphorylates three
transcription factors, OsBZR1, DLT, and OsLIC. OsLIC nega-
tively regulates BR signaling by inhibiting OsBZR1 transcription,
and GSK1 regulates the subcellular localization of OsLIC by
direct phosphorylation (Zhang et al.,2012). OsBZR1 has a similar
function as its ortholog AtBES1/AtBZR1. Also, DLT positively
regulates the rice BR-signaling pathway and can be directly
phosphorylated by GSK2; BR treatment can induce DLT protein
accumulation (Tong et al., 2009, 2012).

Besides BZR1 and DLT, RLA1 is another positive regulator
required for rice BR signaling. Therefore, we speculated that these
three positive regulators may form a transcriptional complex to
regulate rice BR signaling. Because DLT and OsBZR1 cannot
interact with each other (Tong et al., 2012), an adaptor may be
needed to mediate their interaction. Using yeast two-hybrid as-
says and BiFC assays, we found that RLA1 can interact with DLT
(Supplemental Figures 7A and 7B), suggesting that RLA1 may act
as an adaptor to mediate the formation of the OsBZR1-RLA1-DLT
complex, which can be phosphorylated by GSK2 respectively.
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However, further studies are needed to investigate the bio-
chemical and genetic mechanism of how the BZR1, RLA1, and
DLT proteins work together to mediate BR signaling and regulate
rice development. Moreover, the genome-wide identification of
binding sites of the RLA1-OsBZR1 complexand DLT will reveal the
complicated transcriptional networks in BR-regulated development
in rice, which deserves significant attention in the future.

METHODS

Plant Materials and Growth Conditions

The mutant rla1 was obtained from a T-DNA insertion population. The
japonica (Oryza sativa) cultivar Nipponbare was the wild-type control.
The plants were grown in the field. The young seedlings were grown in the
incubator (Percival) at 28°C for 16 h (day, the light intensity was 120 wmol
m~2s~")and 26°C for 8 h (night). The etiolated seedlings were grown in the
incubator at 30°C under constant dark.

For leaf angle phenotype and the statistical analyses of the mature
plants, we defined the flag leaf as the first leaf from the top, and we randomly
selected the second lamina joints of the mature plants for analyses.

Vector Construction and Plant Transformation

For the complementation test, a 7.5-kb genomic region, including putative
promoter and the complete open reading frame of RLA7, was obtained
from the genomic DNA of Nipponbare through PCR, digested with EcoRI
and Sall, and inserted into the vector pPCAMBIA1300. The vector was in-
troduced into Agrobacterium tumefaciens strain EHA105 and transformed
into rla1. The primers used for cloning the RLA7T genomic sequence are
listed in Supplemental Table 1.

For creating the RLA7ox and mRLA7ox transgenic plants, the coding
sequence of RLA1 was amplified from cDNA of Nipponbare and inserted
into the binary vector pPCAMBIA1300. The mRLA1 was a mutated form of
RLAT1 created through PCR. The RLAT and mRLA1 constructs were driven
by the 35S promoter and fused with 3XFLAG tag at the C terminus. For
making the RLA1-Ri transgenic plants, the region containing nucleotides
84510 1044 ofthe RLAT coding sequence (CDS) was amplified and inserted
into the pTCK303 (Wang et al., 2004) driven by the 35S promoter. For
making the OsBZR1-Ri transgenic plants, the region containing nucleo-
tides 31 to 230 of the OsBZR1 CDS was amplified and inserted into the
pTCK303 (Wang et al., 2004) driven by the 35S promoter. For making the
GSK2-Ri transgenic plants, the region containing nucleotides 644-1053 of
the GSK2 CDS was amplified and inserted into the pTCK303 driven by the
35S promoter. For creating the Osbzr1-D transgenic plants, the CDS of
OsBZR1 was amplified from cDNA of Nipponbare and Pro-206 was mu-
tated to leucine (Bai et al., 2007) and then inserted into the binary vector
pCAMBIA1300. The Osbzr1-D constructs were driven by the native pro-
moter and fused with 3XFLAG tag at the C terminus.

These vectors were introduced into the Agrobacterium strain EHA105
and transformed into Nipponbare.

RNA Extraction and RT-qPCR

Total RNA was extracted from plants using the Tiangen RNA pre plant kit
(DP432), and the first-strand cDNA was synthesized using the Takara
PrimeScript first-strand cDNA synthesis kit (2641A). For RT-qPCR,
cDNAs were combined with SYBR master mix for PCR (S7563; Invi-
trogen). OsACTINT (Os03950885) was used to normalize the data. The
RT-gPCR was performed in triplicate with an Eppendorf cycler. Data
were collected and analyzed with an Eppendorf real-time PCR detec-
tion system and software. The primers for RT-qPCR are listed in
Supplemental Table 1.
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CS and BRZ Treatment

For lamina inclination assays, the first intact leaf after germination (1.5 cm
long with partial leaf blade and sheath) was excised from the 1-week-old
etiolated seedlings of the wild type and rla1 and inserted vertically into
a solution with different concentrations of CS or control solution and in-
cubated in the dark for 72 h (Sun et al., 2015). At least 20 seedlings were
used for each repeat. For determining marker gene expression, the laminar
joints (0.25 cm long with partial leaf blade and sheath) were excised from
the 1-week-old etiolated seedlings of the wild type and rla7 and immersed
in solution with CS or control in the dark for 3 h. For protein level tests, the
leaves of the 2-week-old RLA7ox seedlings were cut into 0.5-cm segments
and immersed in 1 wM CS containing 0.1% Triton X-100 at different times.

For BRZ treatment, the 1-week-old plants were moved to medium with
different concentrations of BRZ for 8 d.

Transcriptional Activation

The transcriptional activation assay was performed as described (Vert and
Chory, 2006). The DNA binding domain vectors pDBLeu and pGBKT7 were
usedinthis assay. The yeast strain AH109 harboring the HIS3 reporter gene
was used to test the activation ability. For Figure 4B, OsBZR1 and RLA1
were cloned in the vector pGBKT7 and transformed into the AH109 strain to
test transcriptional activation. The vector pGBKT7 was used as the neg-
ative control. For Figure 6A, OsBZR1 was cloned into pGBKT7 and RLA1
was cloned into pDBLeu. These two vectors or the corresponding empty
vectors were cotransformed into AH109 and grown on medium lacking
histidine and with 5 mM 3-aminotriazole.

Yeast Two-Hybrid Assays

The full-length coding sequence of OsBZR1 was cloned into the pAD502
vector, and the full-length coding sequence of RLA71 was cloned into the
pDBLeu vector. These two constructs or the corresponding empty vectors
were cotransformed into the yeast strain AH109 and grown on SD medium
lacking Leu, Trp, and His.

In Vitro and Semi-in Vivo Pull-Down Assays

To test the interaction between RLA1 and GSK2, the full-length coding
sequence of GSK2 was cloned into the pGEX-4T-1 vector and transformed
into the Escherichia coli strain BL21 to get the GSK2-GST fusion proteins.
The full-length coding sequence of RLA7 was cloned into the pET-28a (+)
vector and transformed into BL21 to get the RLA1- His fusion proteins. A
half microgram (..g) GST-GSK2 or GST was incubated with glutathione
resin (L00206; Genscript) at 4°C for 1 h then 0.5 n.g RLA1-His was added.
Theincubation continued for 2 h and the beads were washed several times.
The beads were boiled in 1X SDS loading buffer and separated by 12%
SDS-PAGE. The anti-His antibody (M20001; Abmart) was used to test the
results. In the same way, 0.5 ng RLA1-His was incubated with TALON
metal affinity resin (635502; Clontech) to pull down GST-GSK2 and de-
tected by anti-GST (M20007; Abmart).

To test the interaction between RLA1 and OsBZR1, the full-length
coding sequence of RLA71 was cloned into the pGEX-4T-1 vector and
transformed into E. coli strain BL21 to get RLA1-GST fusion proteins. The
OsBZR1-pETMALc-H vector was transformed into BL21 to get OsBZR1-
MBP proteins. OsBZR1-MBP (0.5 p.g) was incubated with amylose resin
(E8021V; New England Biolabs) to pull down RLA1-GST. The 2-week-old
Osbzr1-D transgenic seedlings were ground to powder in liquid nitrogen
and solubilized with 2 X protein extraction buffer (100 mM Tris-HCI, pH 7.5,
300mM NaCl,2 mM EDTA, pH 8.0, 1% Trion X-100, 10% [v/v] glycerol, and
protease inhibitor mixtures [M307; AMRESCO]). The extracts were
centrifuged at 12,000 rpm for 10 min and filtered with a syringe-driven filter
unit (SLGPO33RB; Millex). RLA1-GST or GST (0.5 ng) was incubated with

glutathione resin (L00206; Genscript) for 1 h at 4°C then incubated with
plant extracts from Osbzr1-D-FLAG for 2 h at 4°C. The beads were washed
three times using 2 X protein extraction buffer and boiled in 1X SDS loading
buffer for analysis. The anti-FLAG (M20008; Abmart) antibody was used to
test the results.

Transient Expression Assays in Nicotiana benthamiana Leaves and
Rice Protoplasts

ForBiFC assays, thenYFP-RLA1, GSK2-cYFP, or OsBZR1-cYFP constructs
or corresponding empty vectors were transformed into Agrobacterium strain
GV3101 and coinjected into young leaves of N. benthamiana. The fluores-
cence was observed by confocal microscopy (Leica) after growth for 1 d in
darkness and 2 d under long-day conditions.

For subcellular localization, the RLA7-GFP construct was transformed
in the same way and nuclei were stained with 2 wg/mL 4',6-diamidino-2-
phenylindole. GFP was also observed by confocal microscopy (Leica).

For dual-luciferase assay, the experiment was performed as described
(Cheng et al., 2014). The ILI1 promoter (2.5 kb) was cloned in the pGreenll
0800-LUC vector as the reporter (Hellens et al., 2005). RLAT-FLAG,
OsBZR1-FLAG, and the FLAG were cloned in the pPCAMBIA1300 vector as
effectors. The effectors and reporter were transformed into GV3101 and
coinjected into N. benthamiana leaves. At 4 d after infiltration, the total
proteins were extracted (E1910; Promega) for analysis.

The rice protoplast transformation was performed as described pre-
viously (Yoo et al., 2007).

In Vitro Kinase Assay

Each kinase assay used 0.5 pg RLA1-His or mutated fusion protein and
0.3 g GSK2-GST or GST. Kinase reaction buffer was composed of 25 mM
Tris (pH 7.4), 12 mM MgCl,, 1 mM DTT, and 1 mM ATP. The reactions were
incubated at 37°C for 1 h and boiled with 5X SDS loading buffer then
separated by SDS-PAGE with or without 50 wM Phos-tag (Kinoshita et al.,
2006). The signals were detected with anti-His antibodies.

Determination of Phosphorylation Sites of RLA1 by GSK2 Kinase

RLA1-His was phosphorylated by GSK2-GST. The phosphorylated RLA1-
His was recovered from the SDS-PAGE gel and subjected to in-solution
alkylation/tryptic digestion followed by liquid chromatography/tandem
mass spectrometry as described (Cai et al., 2014).

Cell-Free Protein Degradation Assay

Two-week-old wild-type seedlings were harvested and ground to a fine
power in liquid nitrogen. Total protein was extracted in degradation buffer
(25 mM Tris-HCI, pH 7.5, 10 mM NaCl, 10 mM MgCl,, 5 mM DTT, and
10 mM ATP). The same amount of extracts was added to the tubes
containing equal amounts of recombinant proteins and incubated for
different times.

Coimmunoprecipitation

The 2-week-old seedlings were ground to a fine powder in liquid nitrogen
and solubilized with 2 X extraction buffer (100 mM Tris-HCI, pH 7.5,300 mM
NaCl, 2 mM EDTA, pH 8.0, 1% Triton X-100, 10% glycerol, and a protease
inhibitor cocktail). The extracts were centrifuged at 20,000g for 10 min,
and the resultant supernatant was incubated with prewashed anti-FLAG
M2 beads (Sigma-Aldrich) for 3h at 4°C, and then the beads were washed
four times with the 2x extraction buffer. The immunoprecipitates were
eluted with 1X SDS sample buffer, separated on a 10% SDS-PAGE gel,
transferred to nitrocellulose membrane (Amersham Biosciences), and
detected with corresponding antibodies. Anti-GSK2 (AbP80050-A-SE)



and anti-OsBZR1 (AbP80051-A-SE) were purchased from Beijing Protein
Innovation.

ChIP Assays

The 2-week-old seedlings of RLA7ox and Osbzr1-D were cross-linked and
used in ChIP assays. ChIP assays were performed as described previously
(Zhu et al., 2012). Immunoprecipitation was performed with anti-FLAG
antibody (M20008; Abmart). The RLA1-bound chromatin and OsBZR1-
bound chromatin were isolated by incubation with Protein A Dynabeads
(10002D; Invitrogen) and eluted with elution buffer. The ChIP products were
purified and used for quantitative PCR with primers of the IL/7 promoter
region and the other genes’ promoters. The primers are listed in Supple-
mental Table 1.

Accession Numbers

Sequence data from this article can be found in the GenBank/EMBL data
libraries under the following accession numbers: RLA71, Os05g32270;
OsBZR1, 0s07g39220; GSK2 0S05g11730; ILI1, Os04g54900; DLT,
0S06g03710; OsACTIN1, Os03g50885; D2, Os01g10040; OsDWF4,
0s03912660; D11, Os04g39430; OsDWF, Os03940540; and IBH1,
0S04g56500.

Supplemental Data

Supplemental Figure 1. Transcript Levels of Genes Located in the
Region between the Two Markers RM18590 and RM3969 on Chro-
mosome 5.

Supplemental Figure 2. Phenotypes and RLAT Transcript Levels of
the rla1-C Plants.

Supplemental Figure 3. Relative Gene Expression Analysis from
Plants.

Supplemental Figure 4. Phenotypes of Ri-OsBZR1.

Supplemental Figure 5. There Are 10 Potential Phosphorylation
Motifs of GSK2 in RLA1.

Supplemental Figure 6. Identification of RLA1 Phosphorylation Sites
by GSK2 Kinase Using LC-MS/MS.

Supplemental Figure 7. RLA1 Interacts with DLT.
Supplemental Table 1. Primers Used in This Study.
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