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REVIEW

Brassinosteroid Signal Transduction: From Receptor
Kinase Activation to Transcriptional Networks Regulating

Plant Development

Steven D. Clouse!

Department of Horticultural Science, North Carolina State University, Raleigh, North Carolina 27695

Brassinosteroid (BR) signal transduction research has progressed rapidly from the initial discovery of the BR receptor to a
complete definition of the basic molecular components required to relay the BR signal from perception by receptor kinases
at the cell surface to activation of a small family of transcription factors that regulate the expression of more than a
thousand genes in a BR-dependent manner. These mechanistic advances have helped answer the intriguing question of
how a single molecule, such as a hormone, can have dramatic pleiotropic effects on a broad range of diverse developmental
pathways and have shed light on how BRs interact with other plant hormones and environmental cues to shape the growth
of the whole plant. This review summarizes the current state of BR signal transduction research and then examines recent
articles uncovering gene regulatory networks through which BR influences both vegetative and reproductive development.

INTRODUCTION

Brassinosteroids (BRs) are growth-promoting steroid hormones
that occur widely across the plant kingdom, regulating multiple
aspects of physiological responses essential to both vegeta-
tive and reproductive development. After their discovery in the
1970s, an array of experiments over the next decade suggested
that these newly discovered plant compounds with structural
similarity to animal steroid hormones promoted cell expansion
and division, regulated senescence, male fertility, pollen devel-
opment, and fruit ripening, and modulated the plant’s response
to numerous environmental signals (Mandava, 1988). The bio-
chemical definition of the BR biosynthetic pathway (Fujioka and
Yokota, 2003; Bishop, 2007) and the discovery of BR-deficient
and -insensitive mutants in Arabidopsis thaliana and several crop
plants in the 1990s provided convincing evidence that BRs were
as essential for normal plant development as their better-known
hormone counterparts, including auxins, cytokinins, and gibber-
ellins (GAs) (Clouse and Sasse, 1998; Altmann, 1999; Bishop,
2003).

BRs are perceived at the cell surface by BRASSINOSTEROID
INSENSITIVE1 (BRI1), a member of the large family of leucine-
rich repeat receptor-like kinases (LRR RLKs) found in plants (Shiu
et al., 2004; Belkhadir and Chory, 2006). Several independent
genetic screens have revealed over two dozen mutant alleles of
bri1 in Arabidopsis, most of which exhibit the extreme dwarfism,
altered leaf morphology, abnormal vascular development, de-
layed flowering and senescence, and reduced male fertility
characteristic of severe BR-deficient mutants (Clouse et al.,
1996; Kauschmann et al., 1996; Li and Chory, 1997; Noguchi
et al., 1999; Friedrichsen et al., 2000). BR-insensitive mutants
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have also been identified and BRI1 orthologs cloned in numerous
crop species, including tomato (Solanum lycopersicum), rice
(Oryza sativa), barley (Hordeum vulgare), cotton (Gossypium
hirsutum), and pea (Pisum sativum) (Koka et al., 2000; Yamamuro
et al., 2000; Montoya et al., 2002; Chono et al., 2003; Nomura
et al., 2003; Sun et al., 2004; Holton et al., 2007). Mutational
analysis in Arabidopsis and in several crop species has shown
conclusively that the BRI1 receptor is required for normal BR
perception and plant growth.

BRI1, like other plant LRR RLKs, has an organization of
functional domains similar to mammalian receptor tyrosine ki-
nases (RTKs) and transforming growth factor-g (TGF-B) receptor
kinases (Pawson, 2004; Hubbard and Miller, 2007), including an
extracellular domain involved in ligand binding and receptor
oligomerization, a single-pass transmembrane sequence, and a
cytoplasmic kinase domain (CD) consisting of a catalytic kinase
domain (KD) and flanking regulatory sequences: the juxtamem-
brane region (JM) and the C-terminal (CT) domain (Vert et al.,
2005). BRinitiates a cascade of cellular events by binding directly
to a novel steroid binding motif in the extracellular domain of
BRI1, which leads to phosphorylation and activation of the BRI1-
CD and transduction of the signal via a phosphor-relay through
an intracellular kinase to the nucleus, where several novel BR-
responsive transcription factors alter the expression of genes
promoting cell elongation, division, and differentiation (Li and
Nam, 2002; He et al., 2005; Kinoshita et al., 2005; Yin et al., 2005;
Vert and Chory, 2006).

The discovery of additional LRR RLKs that interact with BRI1
in vitro and in vivo suggested that receptor kinase oligomeriza-
tion plays an important role in BR signal transduction (Li et al.,
2002; Nam and Li, 2002), similar to the mechanism of action of
many animal receptor kinases that signal through ligand-mediated
homo- or heterooligomerization of the receptor followed by
phosphorylation and activation of the intracellular kinase domain.
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Kinase activation results in recognition and phosphorylation of
downstream components of the signal transduction pathway,
leading ultimately to alterations in gene expression. To thoroughly
characterize BRI1 function, it was essential to understand the role
of ligand-dependent receptor oligomerization and kinase domain
phosphorylation, including identification of specific phosphor-
ylation sites and their functional significance in protein—protein
interactions and modification of protein function. Identification of
BRI1-KD substrates that propagate the specific signal down-
stream, resulting in regulated expression of specific gene net-
works, was also required for a complete picture of BR signaling.

ADVANCES IN BR SIGNAL TRANSDUCTION

Early Events: Phosphorylation and Oligomerization of the
BRI1 Receptor Kinase

BRI1 immunoprecipitation from BR-treated Arabidopsis seed-
lings followed by liquid chromatography-tandem mass spec-
trometry (LC-MS/MS) analysis identified at least 11 sites of in
vivo phosphorylation in the JM, KD, and CT domains of BRI1 and
also revealed that phosphorylation on many of these residues
was BR dependent (Wang et al., 2005b). Functional character-
ization of each identified site by biochemical and genetic anal-
yses showed that the highly conserved kinase activation loop
residues, Ser-1044 and Thr-1049, were critical for kinase func-
tion in vitro and proper BR signaling in vivo (Figure 1), while
multiple JM and CT residues were required for optimal substrate
phosphorylation by the BRI1 KD (Wang et al., 2005b). Similar
approaches in conjunction with phospho-specific antibodies
demonstrated that BRI1 was a dual-function kinase capable of
phosphorylation on both Ser/Thr and Tyr residues and that Tyr
phosphorylation was critical to certain aspects of BR signal
transduction in planta (Oh et al., 2009).

BRI1 can exist in plant membranes as a ligand-independent
homodimer that is stabilized and activated by BR binding
(Russinova et al., 2004; Wang et al., 2005a; Hink et al., 2008).

bri1-5:
BRI1-Flag
(T1049A)

BRI1-Flag

Figure 1. Functional Analysis of BRI1 Phosphorylation Sites.

The bri1-5 receptor kinase mutant is a weak allele with semidwarf
phenotype, altered leaf structure, and shortened petioles. Expression of
wild-type BRI1-Flag in bri1-5 rescues the mutant phenotype, while
expression of a mutant construct in which the critical Thr-1049 kinase
domain activation loop phosphorylation site is substituted with Ala leads
to a dominant-negative effect with an extreme dwarf phenotype similar to
bri1 null mutants. (Adapted from Figure 8 of Wang et al. [2005b] with
permission.)

However, full expression of BR signaling requires heterooligo-
merization of BRI1 with members of the SOMATIC EMBROY-
GENESIS RECEPTOR KINASE (SERK) subfamily of LRR RLKs
(Hecht et al., 2001). BRI1-ASSOCIATED RECEPTOR KINASE1
(BAK1), also known as SERKS, interacts both in vitro and in vivo
with BRI1 (Li et al., 2002; Nam and Li, 2002; Russinova et al.,
2004), and this association is promoted by BR, as is in vivo
phosphorylation of both BRI1 and BAK1 (Wang et al., 2005b,
2008). SERK4, alternatively named BAK1-LIKE (BKK1), also
interacts with BRI1 in vivo in a BR-dependent manner (He
et al., 2007). Moreover, BAK1 interacts with other LRR RLKs,
including FLS2, and promotes their function in plant defense
responses (Heese et al., 2007; Chinchilla et al., 2009; Bar et al.,
2010; Postel et al., 2010; Schulze et al., 2010). Thus, BAK1
functions in independent pathways by enhancing the signaling
output of distinct LRR RLK partners that bind different ligands
(Chinchilla et al., 2009). Furthermore, SERK1, known to be
involved in embryogenesis, also heterodimerizes with BRI1 and
enhances BR signaling (Karlova et al., 2006), suggesting that
SERKSs in general are coreceptors that regulate multiple inde-
pendent pathways by association with different LRR RLKs (Li,
2010a).

To elucidate the detailed mechanisms of phosphorylation and
oligomerization of BRI1 and BAK1 in response to BR, different
combinations of kinase-inactive and wild-type tagged versions
of Arabidopsis BRI1 and BAK1 were expressed in the same
transgenic plant, showing that an active BRI1 kinase, but not
BAK1 kinase, was required for BR-dependent association of the
pair. Moreover, when BAK1-green fluorescent protein (GFP) was
expressed in the bri1-1 null mutant background, phosphorylation
levels were dramatically reduced in BAK1-GFP. A range of in
vitro kinase assays also showed that BAK1 stimulates BRI1
activity and that both BRI1 and BAK1 can transphosphorylate
each other on specific residues (Wang et al., 2008). As with BRI,
LC-MS/MS analysis identified multiple in vivo and in vitro
phopshorylation sites for BAK1, and functional characterization
of each site revealed that the kinase activation loop residue Thr-
455 appears essential for BAK1 function, just as the correspond-
ing BRI1 residue Thr-1049 was also required for kinase function
and BR signaling in planta (Wang et al., 2005b). Thus, this highly
conserved residue may represent a fundamental site for kinase
activation in LRR RLKs. These studies, combining LC-MS/MS
analysis, functional characterization in mutant backgrounds, and
in vitro biochemical studies allowed development of a novel
sequential transphosphorylation model of BRI1/BAK1 interac-
tion (Figure 2) that shows plant receptor kinases share some of
the properties of both RTKs and TGF-B receptor kinases in
mammals while retaining unique plant-specific features (Wang
et al., 2008). Like BRI1, BAK1 also autophosphorylates on Tyr
residues, and mutational analysis demonstrated that Tyr phos-
phorylation regulates a subset of BAK1 functions in vivo (Oh
et al., 2010).

Downstream Events: Inhibitors, Kinases, and Phosphatases

One of the principal effects of BR signal transduction is the
inactivation of the BRASSINOSTEROID INSENSITIVE2 (BIN2)
kinase, identified by genetic and biochemical approaches as a
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Figure 2. Current Model of BR Signal Transduction.

The active BR, brassinolide (BL), binds to the extracellular domain of the BRI1 receptor kinase, promoting a basal BRI1 kinase activity that
phosphorylates the negative regulator BKI1 on Y211, releasing it from the membrane and allowing BRI1 to associate with BAK1 or its homologs BKK1
and SERK1. BRI1 and BAK1 transphosphorylate each other on specific residues, which enhances the signaling capacity of BRI1, leading to
phosphorylation of BSK1 and its release from the receptor complex. Activated BSK1 associates with and activates BSU1, which dephosphorylates the
BIN2 kinase on Tyr-200, inactivating it. The unphosphorylated forms of BES1 and BZR1 transcription factors then accumulate (with aid of PP2A) and
bind to the promoters of BR-regulated target genes, eliciting a specific physiological response such as cell elongation. Positive regulators of the
pathway are shown in black, with negative regulators in red. For simplicity, the nuclear or cytoplasmic localization of BSU1, BIN2, BES1, and BZR1 are

not shown in this model but are discussed in more detail in the text.

downstream negative regulator of BR signaling (Li and Nam,
2002). BIN2 has sequence similarity to mammalian GLYCOGEN
SYNTHASE KINASE3 (GSKS3) and in Arabidopsis is a member of
a small family of 10 related genes, several of which have been
implicated in BR signaling (De Rybel et al., 2009; Yan et al., 2009;
Rozhon et al., 2010). Inactivation of BIN2 leads to activation of

two closely related transcription factors near the terminal end of
BR signaling, BRASSINAZOLE-RESISTANT1 (BZR1) (Wang et al.,
2002; He et al., 2005) and BRI1-EMS SUPPRESSOR1 (BES1) (Yin
et al., 2002; Yin et al., 2005), also known as BZR2 (Wang et al.,
2002). Until recently, a major gap in our understanding of BR
signal transduction lay in the events that followed BRI1/BAK1
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heterooligomerization and phosphorylation and preceded inac-
tivation of BIN2. Work in several laboratories (reviewed in Kim
and Wang, 2010; Li, 2010b) has greatly clarified the downstream
portions of BR signaling in Arabidopsis and connected BRI1/
BAK1 activation with downstream events.

A yeast two-hybrid screen for BRI1 interactors identified BRI1
KINASE INHIBITOR1 (BKI1) as a negative regulator of BR sig-
naling. It is membrane associated in the absence of BR and binds
to BRI1, presumably inactivating its function by preventing
association with BAK1 (Wang and Chory, 2006). BR treatment
causes dissociation of BKI1 from the membrane, which releases
repression of the BR signaling pathway. BRI1 and BKI1 interact
directly in vitro and in vivo, and BKI1 is phosphorylated by
recombinant BRI1-CD in vitro. Recent work has fine-tuned the
BRI1/BKI1 interaction and the mechanism of negative regulation
of BR signaling by BKI1 (Jaillais et al., 2011). This work demon-
strates that BKI1 binds BRI1 through a C-terminal 20-residue
conserved segment and that a peptide encompassing this
binding domain inhibits the association of BRI1 with BAK1.
Moreover, a Lys-Arg-rich domain within BKI1 targets the protein
to the plasma membrane, and phosphorylation of Tyr-211 within
this motif releases BKI1 from the membrane in a BR- and BRI1-
dependent manner. Recombinant BRI1-CD phosphorylates
wild-type BKI1 on Tyr residues, but a Y211F BKI1 mutant is not
Tyr phosphorylated by BRI1-CD, suggesting that Tyr-211 is
the major site of Tyr phosphorylation. Consistent with the in
vitro data, overexpression of a BKI1-Y211F mutant construct in
transgenic Arabidopsis results in severely dwarfed plants, and
the mutant BKI1-Y211F protein is constitutively membrane lo-
calized, even after BR treatment. Taken together, these data
strongly suggest that upon BR perception, BRI1 phosphorylates
BKI1 on Tyr-211, causing it to dissociate from the membrane,
thus allowing BRI1 to associate with BAK1 and initiate BR
signaling. This further suggests that in addition to the previously
reported autophosphorylation of BRI1 on Tyr residues (Oh et al.,
2009), BRI1 may also phosphorylate downstream substrates
on Tyr, providing yet another similarity in mechanisms with
animal RTKs (Lemmon and Schlessinger, 2010; Lim and Pawson,
2010).

A proteomic screen of BR-regulated proteins identified several
members of the receptor-like cytoplasmic kinase subfamily
RLCK-XII, named BR-SIGNALING KINASES (BSKs), as direct
substrates of BRI1 and positive regulators of BR signaling (Tang
et al., 2008b). BSKs, while not having a predicted transmem-
brane sequence, show putative N-myrisylation sites that could
direct their membrane localization, and BSK1 and BSK3 have
been show to interact directly with BRI1 in vivo in the absence
of ligand. BRI1 phosphorylates BSK1, most likely on Ser-230,
causing its activation and release from the receptor complex
(Tang et al., 2008b). Phosphorylated BSK1 then interacts with
BRI SUPPRESSOR1 (BSU1) phosphatase (Mora-Garcia et al.,
2004), promoting its interaction with the negative regulator
BIN2 (Kim et al., 2009). The precise mechanism by which BSK1
activates BSU1 is not clear, but substantial genetic and bio-
chemical evidence suggests that BSK1 binding to BSU1 pro-
motes BSU1-mediated dephosphorylation of phosphoTyr 200
in BIN2, thus inactivating this critical negative regulator of BR
signaling (Kim et al., 2009). This work closes the gap between the

highly studied events of BR perception at the cell surface to the
inactivation of BIN2, the key inhibitory protein preventing ex-
pression of BR-regulated genes through the BZR1 and BES1
transcription factors.

Further Downstream Events: Regulation of the BZR1 and
BES1 Transcription Factors

While it is clear that BIN2 negatively regulates BES1 and BZR1
function by phosphorylation of specific residues in these essen-
tial transcription factors, the mechanism underlying this inhibi-
tion has been somewhat controversial. It was originally proposed
that BIN2-mediated phosphorylation of BES1 and BZR1 led to
degradation of these proteins, while BR-promoted inactivation of
BIN2 resulted in altered subcellular localization of the transcrip-
tion factors with accumulation of the unphosphorylated forms
of BES1 and BZR1 in the nucleus, resulting in regulation of a host
of BR-responsive genes (Wang et al., 2002; Yin et al., 2002).
Subsequently, it was proposed that BES1 localization was
instead constitutively nuclear and that rather than promoting
protein degradation, BIN2-mediated phosphorylation of BES1
inhibited DNA binding and dimerization with other transcription
factors (Vert and Chory, 2006). However, independent analysis of
BES1 and BZR1 function and subcellular localization by several
groups convincingly demonstrated that a BR-dependent nu-
cleocytoplasmic shuttle was involved in the regulation of both
transcription factors and that 14-3-3 proteins bound directly to
the phosphorylated BZR1 and BES1 to enhance their nuclear
export and/or cytoplasmic retention, thus providing yet another
mechanism by which BIN2 phosphorylation negatively affects
the function of these transcription factors (Bai et al., 2007;
Gampala et al., 2007; Ryu et al., 2007, 2010a, 2010b). It may
be that all three mechanisms contribute to BES1 and BZR1
regulation depending on tissue type and developmental stage
and the expression levels of BIN2 in the specific tissue.

Several recent studies have shed further light on the detailed
mechanisms of the BSU1/BIN2 interaction and the phosphory-
lation of BES1 and BZR1 by BIN2. It appears from these studies
that BIN2 phosphorylates BES1 and BZR1 in the nucleus on
specific Ser and Thr residues that promote 14-3-3 binding and
export of the transcription factors to the cytoplasm (Ryu et al.,
2010a), while BSU1 is activated by BR in the cytoplasm and
inactivates BIN2 in the nucleus (Ryu et al., 2010b). However, an
alternative model in which BIN2 phosphorylates BES1 and BZR1
primarily in the cytoplasm to enhance their cytoplasmic retention
by binding 14-3-3 proteins has also been proposed (Bai et al.,
2007; Gampala et al., 2007; Kim et al., 2009). BIN2 has sequence
similarity to animal GSK3, which plays negative regulatory roles
in several signaling pathways by phosphorylating and inactivat-
ing specific substrates (Frame and Cohen, 2001). Phosphoryla-
tion by GSK3 often requires a priming phosphorylation of the
substrate by a second kinase or a scaffold protein that simulta-
neously binds GSK3 and its substrate (Harwood, 2001). It ap-
pears that neither of these mechanisms is required for BIN2
phosphorylation of its substrate BZR1. Instead, a 12—amino acid
BIN2 docking motif adjacent to the C terminus of BZR1 allows
interaction with BIN2 and subsequent phosphorylation on spe-
cific BZR1 residues. Deletion of the docking motif prevents



BIN2-BZR1 interaction and in vivo phosphorylation of BZR1 and
leads to the nuclear accumulation of BZR1-GFP in dark-grown
hypocotyls. Thus, plant and animal GSK3s show distinct mech-
anisms of substrate binding. Interestingly, fusing the BIN2
docking motif to the protein Armadillo allowed BIN2 to phos-
phorylate this known substrate of the Drosophila GSK3 kinase
Shaggy (Peng et al., 2010).

While nearly all of the major steps of BR signaling were
identified by the end of 2009, the mechanism by which phos-
phorylated, cytoplasmic BZR1 and BES1 were dephosphory-
lated and transported into the nucleus in their active forms
remained an unanswered question. It was originally proposed
that BSU1 phosphatase performed this function (Mora-Garcia
et al., 2004), but subsequent work revealed that BSU1 did not
dephosphorylate BZR1 in vitro and instead interacted directly
with BIN2 both in vitro and in vivo to modify its function in BR
signaling (Kim et al.,, 2009). Using a combination of affinity
purification followed by LC-MS/MS analysis, yeast two-hybrid
assays, and a variety of genetic and biochemical approaches, it
has now been demonstrated that cytoplasmic protein phospha-
tase 2A (PP2A) is responsible for dephosphorylating BZR1 and
BZR2/BES1, thus increasing the active form of these transcrip-
tion factors and promoting BR signaling (Tang et al., 2011). The
PP2A holoenzyme is composed of a scaffolding subunit A, a
regulatory subunit B, and a catalytic subunit C (Janssens et al.,
2008). A range of biochemical and genetic analyses demon-
strated that members of the PP2A B’ subunit family bound
directly to the Pro-, Glu-, Ser-, and Thr-rich (PEST) domain of
BZR1, a putative regulatory sequence containing the original
bzr1-1D mutation (Tang et al., 2011). The PEST domain is
essential for PP2A binding in vivo and for BL-dependent de-
phoshphorylation of BZR1 sites phosphorylated by BIN2, in-
cluding Ser-173, the critical 14-3-3 binding residue. Moreover,
PP2A mutants showed reduced BR signaling and in some cases
a typical BR dwarf phenotype. Interestingly, in vivo constructs
expressing BZR1 with the PEST domain deleted accumulate the
phosphorylated form of BZR1 and show reduced growth and
dark-green leaves, typical of a BR mutant, suggesting that
phosphorylated BZR1 actually has an inhibitory effect on BR
signaling. Taken together, the data of Tang et al. (2011) demon-
strate that PP2A is a positive regulator of BR signaling that acts
by dephosphorylating BZR1, allowing the unphosphorylated and
active form of BZR1 (and BZR2/BES1) to accumulate and initiate
BR-regulated gene expression. Whether or not the PP2A/BZR1
interaction is regulated by BR, as is the BSU1/BIN2 interaction,
or is constitutive, remains to be determined.

DEFINING BR-REGULATED
TRANSCRIPTIONAL NETWORKS

The research summarized above has focused on defining each
step of BR signaling and examining specific mechanisms of
protein interaction and phosphorylation that lead to the activa-
tion of the closely related BZR1 and BES1 transcription factors.
Several studies have now expanded our understanding of the
detailed mechanism by which these BR-activated transcription
factors subsequently regulate BR-responsive gene sets. Mutant
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analysis combined with microarray studies revealed that BZR1
and BES1 regulate the expression of hundreds of genes in a BR-
dependent manner and directly bind to the promoters of many of
these genes at defined target sequences (He et al., 2005; Yin
et al., 2005). Moreover, the specificity and strength of promoter
binding and transcriptional activation can be modulated by
association with other transcription factors, including those in
the basic helix-loop-helix (bHLH), MYB, Interact-With-Spt6, and
jumoniji N/C domain families of nuclear proteins (Yin et al., 2005;
Yu et al., 2008; Li et al., 2009, 2010b).

bHLH Transcription Factors Modulate BR Signaling and
Growth Responses

The Arabidopsis genome encodes over 160 bHLH proteins
defined by a 15- to 17-amino acid region containing several
basic residues potentially involved in DNA binding and the HLH
region responsible for homo- or heterodimerization (Toledo-Ortiz
et al., 2003). Dimerization with a classical bHLH protein en-
hances DNA binding to the E-box (CANNTG) promoter element
in target genes, while dimerization with an atypical, non-DNA
binding bHLH inhibits DNA binding of the partner as well. An
activation tagging genetic screen for suppressors of the dwarf
phenotype of the weak bri1-301 allele (Wang et al., 2009),
revealed a 93-amino acid atypical bHLH protein, which was
named ACTIVATION-TAGGED BRI1-SUPPRESSOR1 (ATBS1).
ATBS1 is a positive regulator of BR signaling that rescues mul-
tiple aspects of bri1-301, including cell expansion, leaf shape,
and flowering time (Figure 3). Since ATBS1 is an atypical, non-DNA
binding bHLH, it was predicted that its positive effect on BR
signaling resulted from heterodimerizing and sequestering other
bHLH proteins that were negative regulators of BR signaling.
Indeed, a yeast two-hybrid screen identified four related atypical
bHLH proteins, named ATBS1 INTERACTING FACTOR1 (AIF1)
to AIF4, all of which interact with ATBS1 (Wang et al., 2009).
Overexpression of AIF1 abolishes the suppression of bri7-301 by
ATBS1 and results in a strong bri1 dwarf phenotype, indicating
that AIF1 is a negative regulator of BR signaling. The exact
mechanism of this negative regulation is under investigation, but
it is antagonized by ATBS1.

ATBS1 itself is a member of a small family of atypical bHLH
proteins containing six proteins that were originally identified as
positive regulators of GA signaling, named PACLOBUTRAZOL
RESISTANT1 (PRE1) to PREBG, whose overexpression resulted in
enhanced seed germination, elongated hypocotyls, and early
flowering, all indicative of activated GA signaling (Lee et al.,
2006). Interestingly, besides ATBS1 (which is equivalent to
PRES3), overexpression of the remaining five PRE family mem-
bers also rescued the bri7-3017 dwarf phenotype (Figure 3),
suggesting that the entire PRE family is redundantly involved in
both BR and GA signal transduction (Wang et al., 2009). A
connection with auxin signaling was also suggested in an inde-
pendent study in which ATBS1/PRES3 was identified as a direct
target of the auxin-dependent transcription factor MONOP-
TEROS (MP), required for embryonic root initiation and specifi-
cation, and named TARGET OF MP7 in that study (Schlereth
et al., 2010). Finally, a connection with light signaling was also
suggested by independent studies in which PRE6 was identified
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Figure 3. ATypical bHLH Transcription Factor in BR-Regulated Growth.

(A) All six members of the PRE family of atypical bHLH transcription
factors rescue the dwarf phenotype, altered leaf shape, and shortened
petioles of the weak bri7-307 mutant allele when overexpressed, indi-
cating a positive role in BR signaling.

(B) Overexpression of the AIF1 bHLH transcription factor in wild-type
Arabidopsis results in an extreme dwarf phenotype, suggesting that AlIF1
is a negative regulator of BR signaling. The extent of the phenotype is
correlated with the level of transgene expression. (Adapted with permis-
sion from Figures 4 and 7 of Wang et al. [2009].)

as a repressor of photomorphogenesis (nhamed KIDARI in that
study), which interacted with the bHLH transcription factor
LONG HYPOCOYTL IN FAR RED1 (HFR1), inhibiting its activity
(Hyun and Lee, 2006); and the identification of PRE1, PRE2, and
PRE4 as BANQUO1 (BNQ1) to BNQS3, which also interact with
HFR1 to regulate photomorphogenesis (Mara et al., 2010). Thus,
this small family of atypical bHLH proteins appears to play
essential roles in modulating plant growth and morphogenesis by
participating in multiple hormone and light signaling pathways.
The somewhat complex role of PRE family proteins in regulating
multiple signaling pathways has also been discussed in some
detail in a recent review (Li, 2010b).

Rice lamina joint cells are highly responsive to BR, and the
inclination of the lamina joint has been used as a sensitive BR
bioassay for cell elongation (Wada et al., 1984). A dominant
mutant, ili7-D, with increased lamina joint inclination and hyper-
sensitivity to BR, was identified by screening a collection of rice
T-DNA insertion lines (Zhang et al., 2009). The mutant phenotype
was caused by overexpression of an atypical bHLH rice protein

that is an ortholog of Arabidopsis PRE1. A yeast two-hybrid
screen in rice identified IBH1 (ILI1 Binding bHLH Protein1), a
classical bHLH protein that interacts with ILI1 both in vitro and in
vivo. The Arabidopsis ortholog of IBH1 also interacts with PRE1
in planta. Overexpression of ILI1 or PRE1 resulted in increased
cell elongation and BR sensitivity, while overexpression of IBH1
caused decreased cell elongation and reduced BR sensitivity.
Moreover, PRE1 is expressed at high levels in young growing
tissue, while IBH1 is more highly expressed in mature organs that
have ceased growth. This suggests that PRE1/ILI1 antagonize
IBH1 by heterodimerization and interference of IBH1’s function
as a negative regulator of BR-responsive genes required for cell
elongation. Significantly, both PRE1 and IBH1 are direct targets
of BZR1, with PRE1 RNA levels being enhanced by BZR1
promoter binding and IBH1 RNA levels being repressed, as
would be expected from the positive and negative roles, respec-
tively, of PRE1 and IBH1 in BR signaling (Zhang et al., 2009).
Thus, these two BR-regulated antagonistic factors provide a
growth regulating mechanism that enhances cell elongation in
immature tissue that is highly responsive to BR while arresting
growth in mature tissue. Furthermore, another rice atypical bHLH
termed BRASSINOSTEROID UPREGULATED1, which has se-
quence similarity to ILI1 and Arabidopsis PRE6 and PRE1, has
also been shown to positively regulate BR signaling and enhance
bending of the lamina joint (Tanaka et al., 2009), suggesting that
multiple bHLH proteins regulate BR signaling in both monocots
and dicots.

ChlIP-chip Analyses and the Identification of BZR1 and BES1
Direct Targets

It is now clear that a large part of BR signaling results from the
dephosphorylation and activation of two transcription factors,
BES1 and BZR1, which then regulate the expression of sets of
genes leading to observed BR physiological responses. Tissue-
and developmental-specific regulation of target gene sets in
different physiological responses might be explained by hetero-
dimerization of BES1 and BZR1 with different factors that en-
hanced or repressed binding to specific promoters of genes
involved in that particular response. Two recent independent
studies employing chromatin immunoprecipitation microarray
(ChlIP-chip) experiments have greatly expanded our understand-
ing of the range of genes that are direct targets of BES1 and
BZR1 and have uncovered extensive gene regulatory networks
that modulate BR-promoted growth in Arabidopsis (Sun et al.,
2010; Yu et al., 2011).

A total of 953 BR-regulated genes were shown by ChIP-chip
analysis to be direct targets of BZR1, with 450 being activated,
462 repressed, and 41 affected in complex ways by BZR1
binding to their promoters (Sun et al., 2010). A similar analysis
identified 250 direct targets of BES1 that were also regulated by
BR treatment, with 165 being activated and 85 repressed by
BES1 binding (Yu et al., 2011). It was previously thought that
BZR1 was primarily a repressor of transcription that bound to the
BR response element (BRRE) sequence CGTG(T/C)G (He et al.,
2005), while BES1 was primarily a transcriptional activator bind-
ing to the E-box element (CANNTG) either as a homodimer or
heterodimer with other transcription factors (Yin et al., 2005). The



global analyses of Sun et al. (2010) and Yu et al. (2011) clearly
showed that both BZR1 and BES1 can function as either acti-
vators or repressors, depending on the specific target gene
promoter, and DNA binding experiments in both studies dem-
onstrated that BZR1 and BES1 can recognize both the BRRE and
E-Box motifs. Moreover, comparison of the 953 BZR1 targets
with the 250 BES1 targets shows an overlap of 120 genes,
indicating that BZR1 and BES1 can regulate the same individual
gene by binding to its promoter. Whether BZR1 and BES1 bind to
the same promoter at the same time or whether binding is
regulated temporally and spatially by the presence of accessory
factors has yet to be determined.

Examination of the demonstrated or predicted function of the
BES1 and BZR1 target genes confirms many previously pro-
posed physiological roles for BR signaling and also reveals novel
interactions with other signaling pathways. Numerous transcrip-
tion factors of various classes are direct targets of BES1 and
BZR1, suggesting that BR signaling is amplified and expanded
by a transcriptional regulatory network of primary and secondary
target genes (Sun et al., 2010; Yu et al., 2011). BZR1 binds to
promoters of many genes involved in hormone biosynthesis,
transport, and signal transduction, including five BR biosynthesis
genes as well as the BRI1 receptor to provide negative feedback
regulation, and BIN2, BSU1, and BZR1 itself to positively regu-
late downstream BR signaling. The interaction of BR and auxin
signaling is well known, and the global ChIP-chip studies
revealed that many auxin-regulated transcription factors are
BZR1 targets in addition to the PIN genes involved in auxin
transport. Moreover, several genes involved in the biosynthesis
or signaling of GA, abscisic acid, ethylene, cytokinin, and jas-
monate are direct targets of BZR1 and BES1, suggesting that
besides BR-specific target genes, BR signaling affects the activity
of most other plant hormones in a variety of ways that may help
integrate signals leading to normal growth and development (Sun
et al., 2010; Yu et al., 2011). Conversely, other hormones may
affect BR responses. A recent study in Arabidopsis showed that
auxin enhanced BR biosynthesis, in part by inhibiting BZR1
feedback repression of the DWARF4 gene encoding a steroid
hydroxylase that is a rate-limiting step in BR biosynthesis (Chung
et al., 2011). BR also promotes expression of a bHLH protein,
TCP1, that binds to and activates the DWARF4 promoter (Guo
et al., 2010).

NOVEL MECHANISMS OF BR-REGULATED GROWTH

Vegetative Growth

Promotion of cell expansion through BR-regulated expression of
genes involved in cell wall modifications, ion and water transport,
and cytoskeleton rearrangements has been well documented
in individual genetic studies and global microarray analyses
(Clouse and Sasse, 1998; Vert et al., 2005; Kim and Wang, 2010).
Many of these previously characterized genes have now also
been demonstrated to be direct targets of the BZR1 and BES1
transcription factors (Sun et al., 2010; Yu et al., 2011). Addition-
ally, novel genes involved in BR-regulated cell expansion have
recently been uncovered. DEVELOPMENTALLY REGULATED
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PLASMAMEMBRANE POLYPEPTIDE (DREPP) was identified
as a BR-regulated protein in proteomic studies (Tang et al.,
2008a), and the DREPP gene has now been confirmed to be a
BR-induced direct target of BZR1 (Sun et al., 2010). Overex-
pression of DREPP enhances cell elongation in a BR-deficient
mutant, indicating DREPP is a positive regulator of BR response.
A gene closely related to DREPP encodes a microtubule-
associated protein functioning in directional cell growth (Wang
et al., 2007), suggesting that DREPP might be involved in BR-
mediated microtubule reorganization, a process long thought to
be promoted by BR during cell elongation (Mayumi and Shibaoka,
1995). A putative zinc finger transcription factor, At4g39070, is
repressed by direct binding of BZR1 to its promoter and appears
to negatively regulate BR signaling since repression of At4g39070
enhances hypocotyl elongation while its overexpression inhibits
elongation (Sun et al., 2010).

In addition to cell expansion, the role of BRs in cell division and
differentiation has also been documented, but the mechanisms
involved in cell proliferation and organ initiation are not as clear
as those in BR-promoted elongation. Two recent studies have
shown that BRs participate not only in cell elongation but also
regulate progression of the cell cycle and meristem size in the
developing Arabidopsis root. BR mutants have reduced root
meristem size and altered expression of specific cell cycle
markers, which can be rescued by overexpression of cyclin D3
(Gonzéalez-Garcia et al., 2011), a gene previously shown to be BR
regulated in Arabidopsis cell suspension cultures (Hu et al.,
2000). Furthermore, BR signaling through BRI1 in the epidermis,
and not the endodermis, quiescent center or stele, is sufficient to
control root meristem size through a mobile element that is likely
different from BES1 or BZR1 (Hacham et al., 2011). Thus, like
auxin and cytokinin, BRs are not merely involved in simple cell
elongation but also modulate timing of cell division and differen-
tiation in a complex process such as organ formation.

BR, Light, and Photomorphogenesis

The interplay of light and hormones in regulating seedling growth
is a widely studied topic, but the precise mechanisms of how
environmental signals such as light impact BR function in reg-
ulating plant growth and development are not well understood.
There is still a great deal to be learned about molecular mech-
anisms of deetiolation and the developmental switch from
skotomorphogenesis to photomorphogenesis and how light
and BR signals are integrated in this process. The deetiolated
phenotype of many Arabidopsis-deficient and insensitive mu-
tants suggests a connection between light and BR action and a
negative role for BR in photomorphogenesis, although some
have questioned this role because BR levels remained the same
in the dark and the light in tomato and pea (Symons and Reid,
2003; Symons et al., 2008). However, the recent ChIP-chip and
microarray analyses in Arabidopsis have pointed to BR regula-
tion of light signaling as a plausible mechanism of interaction
(Sun et al., 2010; Yu et al., 2011).

RNA transcript profiling showed that more than 750 genes
were regulated in the same way by red light or by loss of BR
signaling in the bri7-116 mutant, suggesting that red light and
BR antagonistically affect seedling photomorphogenesis by
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regulating a common set of target genes in opposite ways (Sun
et al., 2010). Moreover, HY5, the basic leucine zipper transcrip-
tion factor that functions as a positive regulator of photomor-
phogenesis, binds to the promoters of 1170 genes that are also
BZR1 direct targets. These genes are generally regulated in
opposite ways by BZR1 and HY5, again supporting an antago-
nistic interaction between BR and light by targeting common
downstream genes in the two pathways (Sun et al., 2010). BR can
also directly regulate important light signaling components. A
recent study demonstrated that BZR1 represses expression of
the GATA2 transcription factor, a positive regulator of photo-
morphogenesis, by directly binding to its promoter more strongly
in the dark than in the light and that GATA2 induces many light-
activated but BR-repressed genes while downregulating light-
repressed but BR-activated genes (Luo et al., 2010). Additional
connections between light and BR pathways in regulating mor-
phogenesis were recently provided by the observation that the
GOLDEN2-LIKE (GLK) transcription factors, required for chloro-
plast development (Waters et al., 2009), are direct targets of the
BES1 transcription factor (Yu et al., 2011). Microscopy analysis
suggests that BR inhibits chloroplast development through
BES1 repression of GLK1 and GLK2 transcription.

Reproductive Development

The transition from vegetative to reproductive growth in plants is
a major developmental switch regulated by a set of complex,
integrated signal transduction pathways that respond to photo-
period, GA, and cold treatment (Li et al., 2010a). It has been
recognized for more than a decade that BR-deficient and insen-
sitive mutants in Arabidopsis exhibit delayed flowering, suggest-
ing an additional role for BRs in regulating the timing of floral
initiation (Chory et al., 1991; Li and Chory, 1997; Azpiroz et al.,
1998). This idea was strengthened by the discovery that BRI1-
dependent BR signaling appears to promote flowering in wild-
type Arabidopsis by repressing the expression of FLOWERING
LOCUS C (FLC), which itself quantitatively represses flowering
(Domagalska et al., 2007).

A possible mechanism for this BR-mediated inhibition of
flowering was further suggested by the demonstration that
RELATIVE OF EARLY FLOWERING6 (REF6), a Jumonji N/C
domain-containing transcriptional regulator that functions in
chromatin modification, directly interacts with BES1 (Yu et al,,
2008). REF6 is a repressor of FLC, and refé mutants accumulate
FLC transcripts, leading to late flowering. Therefore, it is con-
ceivable that BR regulates FLC expression through a BES1/
REF6 dimer, but this requires experimental confirmation (Clouse,
2008). Recent experiments employing BR- and GA-deficient
double mutants and Arabidopsis plants overexpressing key BR
and GA biosynthetic enzymes also suggest an interaction be-
tween BR and GA in regulating time of flowering with the role of
BRs being dependent on the presence and concentration of GAs
(Domagalska et al., 2010).

Another well-known defect in BR biosynthetic or signaling
mutants is male infertility, but the underlying mechanisms of how
BR regulates male fertility are unknown. A recent study combin-
ing microscopy analysis with transcript profiling showed that
many of the well-studied genes that regulate anther and pollen

development have altered expression in BR mutants, leading to
observable defects in anther and pollen morphology. Moreover,
the same study showed by ChIP analysis that BES1 directly
binds to the promoters of many of these genes, indicating there is
a direct BR response on the expression of genes essential for
anther and pollen development (Ye et al., 2010). A novel role for
BRs in gynoecium and ovule development has also been un-
covered recently through genetic screens that identified a BR
biosynthetic enzyme as a suppressor of mutations in the Arabi-
dopsis SEUSS gene, encoding a transcriptional adaptor protein
involved in floral organ identity and the development of the carpel
margin meristem (Nole-Wilson et al., 2010).

CONCLUSION

The large body of work reviewed above clearly shows that BRs
regulate multiple aspects of plant growth and development
through a signal transduction pathway whose major components
are now firmly established. Furthermore, the precise mecha-
nisms of how steroid perception at the cell surface leads to sig-
nificant alterations in gene expression and consequent changes
in specific developmental programs has become more clearly
defined in the past few years. It appears that the pleiotropic
effects of BR action on plant physiology may be due to the
activation of sets of transcription factors that are direct targets of
the BR-activated transcriptional regulators, BZR1 and BES1,
and that in turn regulate subsets of genes in a specific response,
such as cell elongation, flowering, senescence, leaf morpho-
genesis, etc. While the volume and quality of recent BR signaling
research has been impressive, much remains to be accom-
plished if the understanding of molecular mechanisms in BR
action is to reach the level of detail available for many of the well-
studied mammalian receptor kinases.

The island domain in the extracellular region of the BRI1
receptor kinase clearly is involved in BR binding (Kinoshita et al.,
2005), but solving a three-dimensional crystal structure for the
BRI1 extracellular domain is required to understand whether the
steroid ligand binds to a monomer or homodimer of BRI1 and
how ligand binding leads to initial BRI1 kinase activation, which is
required for BKI1 release and association with the BAK1 core-
ceptor. It would also precisely define the unique steroid binding
motif in plants, which is distinctly different from animal steroid
hormone receptors. The crystal structure of the human Toll-Like
Receptor 3 ectodomain, which has some sequence similarity to
the BRI1 ectodomain, has been solved (Choe et al., 2005), sug-
gesting it is technically feasible to determine the BRI1 ectodo-
main structure.

Multiple in vivo phosphorylation sites have been identified in
BRI1 and BAK1, and it is possible that differential phosphory-
lation in these receptor kinases may lead to alternative down-
stream signaling and consequent activation of different gene
sets involved in specific physiological responses (Wang et al.,
2005b, 2008). For example, a null mutant of bri1 shows delayed
flowering, but a site-directed Y831F BRI1 mutant, which retains
overall kinase function but with altered phosphorylation on Tyr
residues, actually flowers earlier than the wild type (Oh et al.,
2009). Differential phosphorylation of BAK1 may also determine
whether this coreceptor binds to BRI1 or FLS2 in response to



specific stimuli (Wang et al., 2008). In vivo phosphorylation sites
for BKI1, BSK1, BIN2, BES1, and BZR1 have also been identified
(Tang et al., 2008a, 2008b; Kim et al., 2009; Jaillais et al., 2011).
Continued functional analysis of individual phosphorylation sites
in BRI1 and downstream signaling components, including use of
LC-MS/MS techniques that quantitatively monitoring individual
phosphorylation states in response to BR (Clouse et al., 2008),
may help fine-tune BR signaling. Finally, while BSK1 has been
shown to be phosphorylated by BRI1, the mechanism by which
this phoshporylation allows interaction with and activation of
BSU1 has not been described.

The identification of hundreds of direct targets of BES1 and
BZR1 (Sun et al., 2010; Yu et al., 2011) sets the stage for genetic
and biochemical analysis of those targets with previously unde-
fined functions, which may further reveal previously unknown
physiological processes affected by BR signaling. Moreover, the
demonstration that BES1 and BZR1 can bind to the same gene
promoter in many cases suggests that detailed studies to deter-
mine whether this binding is coordinated or independent may be
informative. While the majority of the BR signal appears to flow
through BES1 and BZR1, it may be that additional, undiscovered
transcription factors are involved in some specific BR responses,
and continued searches for BRI1, BAK1, and BIN2 interacting
proteins may be productive. The finding that BIN2 phosphory-
lates AIF1 in vitro is intriguing and suggests BIN2 has additional
targets besides BES1 and BZR1 (Wang et al., 2009).

The recent rate of publication on BR signaling suggests that
2011 will again be a productive year in understanding how these
steroid hormones regulate multiple aspects of plant growth and
development. Moreover, as an outcome of intensive work on BR
signal transduction, BRI1 is becoming the best understood plant
receptor kinase with respect to mechanism of action and may
serve as a model to approach functional studies in other members
of this large family of membrane proteins mediating many envi-
ronmental responses and internal signals in plant development.
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