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Abstract: The important regulatory role of brassinosteroids (BRs) in the mechanisms of tolerance
to multiple stresses is well known. Growing data indicate that the phenomenon of BR-mediated
drought stress tolerance can be explained by the generation of stress memory (the process known
as ‘priming’ or ‘acclimation’). In this review, we summarize the data on BR and abscisic acid
(ABA) signaling to show the interconnection between the pathways in the stress memory acquisition.
Starting from brassinosteroid receptors brassinosteroid insensitive 1 (BRI1) and receptor-like protein
kinase BRI1-like 3 (BRL3) and propagating through BR-signaling kinases 1 and 3 (BSK1/3)→ BRI1
suppressor 1 (BSU1) —‖ brassinosteroid insensitive 2 (BIN2) pathway, BR and ABA signaling are
linked through BIN2 kinase. Bioinformatics data suggest possible modules by which BRs can affect
the memory to drought or cold stresses. These are the BIN2→ SNF1-related protein kinases (SnRK2s)
→ abscisic acid responsive elements-binding factor 2 (ABF2) module; BRI1-EMS-supressor 1 (BES1)
or brassinazole-resistant 1 protein (BZR1)–TOPLESS (TPL)–histone deacetylase 19 (HDA19) repressor
complexes, and the BZR1/BES1→ flowering locus C (FLC)/flowering time control protein FCA (FCA)
pathway. Acclimation processes can be also regulated by BR signaling associated with stress reactions
caused by an accumulation of misfolded proteins in the endoplasmic reticulum.

Keywords: ABA signaling; brassinosteroid signaling cascade; drought tolerance; priming; stress
adaptation; stress memory

1. Introduction

In the last several years, there has been increased interest in the signaling system of brassinosteroids
(BRs), and data has appeared on plant resistance to a lack of water upon activation of individual
BR components [1,2]. The current model of BR signaling is that heterodimerization of protein
brassinosteroid insensitive 1 (BRI1) and BRI1-associated receptor kinase (BAK1) initiates a signaling
cascade that controls BR-responsive genes mainly through two homologous transcription factors,
BRI1-EMS-supressor 1 (BES1) and brassinazole-resistant 1 protein (BZR1) [3]. The signal from
the receptor is transmitted via brassinosteroid insensitive 2 (BIN2), a GSK3-like kinase taking
the central place in BR signaling [4,5]. In the absence of BR, BIN2 is active and phosphorylates
BZR1 and BES1, leading to loss of their DNA binding activity, exclusion from the nucleus by the
14-3-3 proteins, and degradation by the proteasome [3]. BR binding to the extracellular domain
of BRI1 induces association and inter-activation between BRI1 and BAK1. Activated BRI1 then
phosphorylates BSK1, which in turn dissociates from the receptor complex and interacts with
BRI1 suppressor 1 (BSU1). BSU1 inactivates BIN2 by dephosphorylating its pTyr200, allowing the
accumulation of unphosphorylated BZR1 and BES1. Dephosphorylated BZR1 and BES1 translocate to
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the nucleus and bind to their target genes to induce the BR response. Both BZR1 and BES1 bind to
the BRRE (CGTGT/CG) and E-box (CANNTG) promoter elements through the conserved N-terminal
DNA-binding domain and target a series of common genes to regulate BR-related responses [3,6–16].

However, this classic pathway leads to a decrease in growth, due to the relocation of resources in
favor of protective reactions [2]. Fàbregas et al. [2] published an intriguing investigation to show that
the Arabidopsis thaliana vascular brassinosteroid receptor BRL3 (receptor-like protein kinase BRI1-like
3) confers drought tolerance without decreasing growth. Authors observed that BRL3-overexpressing
plants (BRL3ox) contained high levels of proline, sugars, and other osmoprotectants in non-stressed
conditions and thus were better prepared for water deficiency due to a phenomenon known as
priming [2]. The authors showed that drought resistance is under the control of cell-type specific BR
signaling and that BRL3 overexpression activates an alternative pathway of BR signaling. Analysis of BR
signaling failed to provide a linear picture of the involvement of BRs in adaptation to drought stress [2].
As noted by the authors, overexpression of the canonical BRI1 pathway and its downregulation can both
confer abiotic stress resistance. The phenotype of Arabidopsis BRL3ox plants demonstrates an active
mechanism of drought tolerance driven by expression of the BRL3 receptor, but not the phenomenon
known as drought avoidance (changes in stomatal conductance, leaf area, and leaf orientation).

BRL3 forms stable hetero-oligomers with BAK1, but not with BRI1, although BRL3 can complement
BRI1 in different cell types and under different conditions [17]. The formation of distinct BR receptor
complexes is interesting in itself, but it apparently does not explain the BRL3ox priming phenomenon.
Analysis of integration with other signaling systems may be useful to unravel the mechanism of drought
tolerance. In particular, BRL3 overexpression caused an altered gene response of the ABA pathway.

ABA is a key phytohormone that regulates physiological and molecular responses to drought
stress, including the accumulation of osmoprotectants [18]. Previous investigations of the BR signaling
pathway showed a connection with ABA signaling (discussed below), with participation of other
hormonal and light signaling systems [19,20]. Indeed, ABA signaling is closely related to abiotic stress
resistance, and it can be assumed that ABA signaling interacts with the BRI1/BRL3 pathway. In brief,
stress induces ABA accumulation and binding to its receptors of the PYL family to inhibit protein
phosphatases 2C (PP2Cs). PP2C inactivation activates class 3 sucrose nonfermenting-1-related protein
kinases (SnRK2s) that phosphorylate ABA-responsive element binding factors (ABFs). Activated ABFs
initiate expression of responsive genes by binding to the cis-acting ABA response element (ABRE) [21].

Zhang et al. [22] noted: “Whether BR and ABA interaction is through modification or intersection
of their signaling components or by independent or parallel pathways . . . remains a big mystery”.
They found that ABA regulation of BR signaling depends on ABA signaling proteins, ABI1 and
ABI2 [22]. The authors hypothesized that an activated BRI1 complex inhibits BIN2 kinase through
an unknown mechanism and that ABA signaling is involved in BR signaling by regulating the
GSK3-like kinase BIN2 or related proteins. Recently, Ren and colleagues showed how this happens (see
section “Linking BRI1/BRL3 to the ABA signaling pathway”) [10]. In this review, we summarize data
about links between BRI1 and BRL3 and the ABA signaling pathway at the level of protein–protein
interactions. We propose new research trends in the study of the BR signaling pathway in relation to
stress adaptation.

2. Linking BRI1/BRL3 to the ABA Signaling Pathway

There is still little data on the difference between BRI1 and BRL3 at the level of protein–protein
interactions in the signaling cascade that regulates downstream reactions (Figure 1). Both BRI1 and
BRL3 open the brassinosteroid signaling cascade by binding brassinolide [23] and might be linked
to the ABA signaling system via the following pathway: BRI1/BRL3→ BR-signaling kinases 1 and
3 (BSK1/3)→ BIN2 (Figure 1). However, BIN2 phosphorylates BSK1/3 [10,24,25], but not vice versa,
and therefore we consider that the BRI1/BRL3→ BSK1/3 signaling module could not be related to
the ABA signaling system. Instead, this module enters the branching signaling pathway related to
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plant immunity and development via somatic embryogenesis receptor kinases (SERKs) and the LRR
receptor-like serine/threonine-protein kinase FLS2 (Figure 1; see also interactions in [26]).
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pathways. BIN2 also interacts with ICE1, implementing time-dependent regulation of the 
SnRK2.6/OST1-HOS1-ICE1 cold signaling module. Finally, BIN2 activates ABI5, an important 
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memory generation. These interactions were visualized using the program Cytoscape as described 
previously [31]. The data loaded into the program were obtained from PAIR version 3.3 
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Figure 1. The pathway of BRL3 signaling. Brassinosteroid receptors BRL1, BRL3, and BRI1/BAK1
trigger the BR signaling pathway (proteins of the BR signaling system are shown in gray). BRL2 is
not connected to this system. Solid lines represent protein–protein interactions presented in PAIR,
IntAct, and BioGRID, and dashed lines represent possible interactions taken from STRING. Dotted lines
represent transcriptional regulation. Green lines indicate signaling in the module BRL3→ BSK1/3→
BSU1 —‖ BIN2. BIN2 regulates expression of BZR1 and BES1. BIN2 regulates drought tolerance directly
by activating RD26, indirectly via BZR1-DREB1B and SnRK2.2/2.3-ABF2-DREB2A pathways. BIN2 also
interacts with ICE1, implementing time-dependent regulation of the SnRK2.6/OST1-HOS1-ICE1 cold
signaling module. Finally, BIN2 activates ABI5, an important concentrator of ABA signals. Red protein
labels indicate that these proteins are involved in stress memory generation. These interactions
were visualized using the program Cytoscape as described previously [27]. The data loaded into the
program were obtained from PAIR version 3.3 [http://www.cls.zju.edu.cn/pair/]. The protein–protein
interactions presented in PAIR were supplemented with data from BioGRID [http://thebiogrid.org/],
UniProtKB [https://www.uniprot.org/], TAIR [https://www.arabidopsis.org/], IntAct [https://www.ebi.
ac.uk/intact/interactors/], and STRING [https://string-db.org/] databases. Abbreviations: ABI1/3/5,
ABA insensitive 1/3/5; ABF2, abscisic acid responsive elements-binding factor 2; BAK1, BRI1-associated
receptor serine/threonine kinase; BES1, brassinazole-resistant 2; BIN2, brassinosteroid insensitive 2;
BRI1, brassinosteroid insensitive 1; BRL1/2/3, serine/threonine-protein kinase BRI1-like 1/2/3; BSK1/3,
BR-signaling kinases 1 and 3; BSU1, BRI1 suppressor 1; BZR1, brassinazole-resistant 1; CDPK6 and
CPK32, calcium-dependent protein kinases; DREB1B,1C,2A, dehydration-responsive element-binding
proteins; FCA, flowering time control protein; FLC, flowering locus C; FLS2, LRR receptor-like
serine/threonine-protein kinase; GSK1, shaggy-related protein kinase iota; HDA19, histone deacetylase
19; HOS1, E3 ubiquitin-protein ligase HOS1; HSFs, heat shock factors; ICE1, inducer of CBP expression
1; RD26, NAC transcription factor; TPL, TOPLESS; SnRK2.2/2.3, SNF1-related protein kinases 2.2 and
2.3; VHA-A2, vacuolar proton ATPase.
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Next, we focused on the study of BRL3-interacting partners and considered the possibility
that proteins interacting with BRL3 perform a protective function. We manually checked all 45
BRL3-interacting proteins using BioGrid and TAIR annotations and found that almost all of them
are signaling components related to plant immunity and development, with the exception of several
proteins (https://thebiogrid.org/5872/summary/arabidopsis-thaliana/brl3.html). These include two
calcium-dependent protein kinases (CDPK6 and CPK32), the vacuolar proton ATPase VHA-A2,
and plasma membrane H+-ATPase 2 (AHA2). CDPK6 and CPK32 are involved in the ABA signaling
pathway (BioGrid annotation), but their functionality in regards to BR signaling is unknown.
Both VHA-A2 and AHA2 are important ATPases in establishing plant ion homeostasis under
saline-alkali environmental conditions and act through the Salt-Overly-Sensitive signaling pathway
and CBL-dependent calcium signaling [28–30]. Forty-sixth BRL3-interacting protein (not included in
the BioGRID annotation) is a regulator of G-protein signaling 1 (RGS1) [31]. BRL3 phosphorylates
RGS1 and thus functions in glucose sensing [31].

It is interesting to note that AHA2 also physically interacts with the serine/threonine-protein
kinase BRI1-like 2 (BRL2). Paradoxically, the hub-type protein BRL2 (93 known interaction, BioGrid)
is almost totally unrelated to BRL3, except for one common interaction, namely BRL3-AHA2.
BRL2 interacts with numerous responsive proteins, including peroxidases, catalase CAT2, dehydrin
ERD10, caffeic acid/5-hydroxyferulic acid O-methyltransferase (OMT1) and others, while BRL3 does
not. These data are in accordance with the observation that BRL2, in contrast to BRI1 and BRL3,
does not encode a functional BR receptor [23]. Summarizing the above information, we presume that
the interaction of BRL3 with nearby proteins poorly explains BRL3-mediated drought tolerance. Thus,
the unique effect of BRL3 on drought tolerance should be sought in long-distance signaling pathways.

A recent report by Ren et al. [10] indicates that BSK3 upregulates the serine/threonine-protein
phosphatase BSU1 transcript and protein levels. Because BSU1 dephosphorylates and inactivates
BIN2 [3,11], a signaling shunt, BSK1/3→ BSU1 —‖ BIN2, may be established. The signaling module
joining two subsystems is as follow: BRI1/BRL3→ BSK1/3→ BSU1 —‖ BIN2→ BSK1/3 (Figure 1).

BSK3 physically interacts with BIN2 at the plasma membrane. In this interaction, BSK3 is a
substrate of BIN2 kinase [10]. BSK3 phosphorylation by BIN2 allows the formation of BSK3/BSK1
heterodimer, BSK3/BSK3 homodimer, BSK3/BRI1 interaction, and BSK3/BSU1 interaction. If BIN2 is
inhibited in this cascade, there will be consequences, since BIN2 blocks the activity of BZR1 and BES1 [3]
and activates important components of the ABA signaling pathway (see below, section BIN2-based
module). The BRL3 → BSK1/3 → BSU1 —‖ BIN2 module can work independently of BRI1/BAK1
because BSK3 can activate BR signaling without a functional BRI1 receptor [10].

Previously, BSK3 had been described as a partially redundant regulator of brassinosteroid
signaling [25] and now it is considered a scaffold protein to regulate overall BR signaling [10]. It is
of interest as a participant in a “systemic foraging strategy” that increases the soil volume explored
by the root system for the adaptation of plants to low nitrogen concentrations [32]. Therefore,
BSKs could be central factors mediating the effects of the BRL3 receptor. BSKs join BRL3 to ABA
signaling by modulating BIN2 activity because BIN2 interacts with central components of the ABA
signaling pathway, such as the bZIP transcription factor ABI5 [33], protein phosphatase 2C ABI1 [34],
with transcription factor ICE1 [35], and phosphorylates SNF1-related protein kinases SnRK2.2 and
SnRK2.3 [36]. The interaction of BR signaling components with ABA signaling components can result in
the generation of stress memory, i.e., the phenomenon described by Fàbregas et al. [2] as “acclimation”,
in which ABA signaling components such as protein phosphatases 2C, ABI5, and SnRK2 kinases are
involved in stress memory generation [27].

3. BIN2-Based Module

In the BR signaling pathway, BIN2 phosphorylates BES1 and BZR1 transcription factors to inhibit
BR signaling through degradation of BES1 and BZR1 and by inhibiting their binding to DNA [12,13].
According to the conventional model of BR signaling, BRs act via BES1, which cooperates with WRKY46,
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WRKY54, and WRKY70, as well as other transcription factors, to activate plant growth-related genes and
repress drought-responsive genes [14–16]. Under normal growth conditions, WRKY46/54/70 and BES1
positively regulate growth-related genes and negatively regulate the expression of drought-responsive
genes. Under drought stress, WRKY46/54/70 and BES1 are destabilized which causes the repression
of growth-related genes and activation of drought-related genes, which results in enhanced drought
tolerance [15]. BES1 and the stress-responsive NAC transcription factor RD26 bind to a common
promoter element, thus mutually inhibiting each other’s transcriptional activity ([14], see also Figure 1).
The antagonistic interaction between BES1 and RD26 means that plant growth is reduced when
plants are under water deficit, which induces RD26 to inhibit BR-induced growth, thus allowing the
reallocation of resources to resist drought stress [14].

BIN2 positively regulates drought tolerance by upregulation of RD26 [34]. BIN2 directly interacts
and phosphorylates RD26. In this way, we can see the involvement of ABA signaling components
because protein phosphatase 2C ABI1 from the ABA pathway inhibits BIN2 kinase activity by
dephosphorylation. The water deficit eliminates the ABI1-induced inhibition of BIN2 and further
triggers drought tolerance by RD26. It should be noted that the expression of RD26 is also activated in
BRL3-ox roots under a water deficit [2].

BIN2 negatively regulates the freezing tolerance, whereas BZR1 positively modulates the freezing
tolerance [14,37]. BIN2 phosphorylates SnRK2.2 and SnRK2.3 (but not SnRK2.6/OST1), acting as
a positive regulator of the ABA signaling pathway [36]. BZR1 acts via the CBF-dependent cold
signaling pathway, directly activating CBF1/DREB1B and CBF2/DREB1C expression and by regulation
of other cold-responsive (COR) genes [37]. Moreover, the freezing tolerance is regulated by the
well-known SnRK2.6/OST1-HOS1-ICE1 signaling module that controls freezing tolerance via the
CBF-dependent cold signaling pathway ([38], see also Figure 1). BIN2 interacts with SnRK2.6/OST1 but
cannot phosphorylate it, suggesting that BIN2 acts through a non-conventional transphosphorylation
site of SnRK2.6 [36]. BIN2 also interacts with ICE1, providing the attenuation of CBF expression
(by time-dependent downregulation of ICE1 abundance) during the later stages of the cold stress
response [14]. The silencing of BIN2 increases the resistance of plants to cold, while BIN2 overexpression
results in hypersensitivity to freezing stress [37]. This effect was observed not only for acclimated but
also for non-acclimated conditions [37].

The above information indicates that the signaling pathways passing through BIN2 lead to the
regulation of both drought and cold protective reactions. This is in agreement with data from Fabregas
et al. [2] regarding the enhanced expression of genes in BRL3ox compared to WT plants, in Gene
Ontology (GO) categories, such as Response To Water Deprivation, Response to Temperature Stimulus,
and Response To Cold or Cold Acclimation. As shown in Figure 1, BIN2 attenuation occurs in two
ways, by the BR signaling component (BSU1) and the ABA signaling component (ABI1), which leads
to both the weakening and strengthening of protective reactions to balance growth under stress
conditions. The regulatory logic of this balance is not yet fully understood. To date, there is no data
allowing discriminate functions of BRL3 and BRI1 in relation to the signaling chain BRL3 (or BRI1)
→ BSK1/3 → BSU1 —‖ BIN2. Both receptors, BRI1 and BRL3 act through BIN2. We searched for
other links between the BRI1 or BRL3 and BES1 or BZR in different databases and reports, and found
no results, except for one mention in STRING, namely in the category “Co-Mentioned in PubMed
Abstracts” (https://string-db.org/network/3702.AT4G39400.1). In earlier work, Kim et al. [3] suggested
the existence of missing components in brassinosteroid signaling. It could be assumed that these
missing components are numerous kinases with unknown functions that interact with BSK1/3. There are
putative LRR receptor-like serine/threonine-protein kinases, AT1G51800 and AT5G10290, with an
unknown function, as well as brassinosteroid-signaling kinases 5 and 8 and others, identified by
Sreeramulu et al. [25] as BSK1/3-interacting proteins.

https://string-db.org/network/3702.AT4G39400.1
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4. The Priming Phenomenon

Fàbregas et al. [2] hypothesized that the priming phenomenon might be a reason for drought
tolerance and normal growth of BRL3-overexpressing plants. They based this assumption on the
fact that the roots of BRL3ox plants are pre-loaded with osmoprotectant metabolites under normal
conditions, and therefore they are better prepared for stress. Indeed, from a theoretical point of view,
a plant can achieve this state (physiological equilibrium between growth and protection) by optimizing
biochemical processes using memory generation processes. In higher plants, the stress memory
phenomenon, known as ‘priming’ or ‘acclimation’, is achieved by chromatin modifications [39–41].
Describing the role of chromatin in water stress responses of plants, Han and Wagner [42] mentioned the
role of histone modifications, histone (de)acetylases, histone lysine methyltransferases, histone arginine
methyltransferases, histone variants, DNA methylation, and ATP-dependent chromatin remodeling
complexes in memory generation. Most of these processes involve ABA signaling components [42].

Three types of stress-memory genes were described by Forestan et al. [43]: “transcriptional
memory” genes, which have stable transcriptional changes persisting after recovery; “epigenetic
memory candidate” genes, where stress-induced chromatin changes persist longer than the stimulus;
and “delayed memory” genes, which are not immediately affected by the stress, but their expression
patterns are perceived, stored, and later retrieved via chromatin remodeling for a delayed response.

The growing body of information indicates the involvement of BR signaling components in
memory generation to stress. Shigeta et al. [44] suggested chromatin remodeling as a mechanism
for the functioning of the BR pathway based on proteomic experiments. The authors proposed two
mechanisms, specifically through the involvement of ATP-dependent chromatin remodeling complexes
(CRC) or chromatin-modifying enzymes, such as histone deacetylases. Further, it was confirmed that
histone modifying enzymes mediate the transcriptional activation of genes by components of the
BR pathway [45,46]. Recently, Li et al. [47] showed that components of the BR pathway antagonize
Polycomb silencing, thus introducing an epigenetic aspect in BR signaling. Possible mechanisms for
generating memory in the BR signaling pathway are presented in Figure 2. The proteins involved in
stress memory are marked in red.

Currently, there is no data to distinguish the specificity of the action of different BR receptors (BRI1,
BRL1, and BRL3) at the level of protein–protein interactions. Therefore, the circuit shown in Figure 2
is applicable for the common BR pathway. The activated BR pathway leads to a state where BSU1
phosphatase inactivates BIN2, thus allowing activation of BZR and BES1 [10]. The regulator in ABA
pathway, ABI1 phosphatase, can also dephosphorylate and destabilize BIN2 to inhibit BIN2 kinase
activity [34]. Therefore, BIN2 functions as an important node in ABA-modulated BR signaling [22,34].
Activated BZR and BES1 in this pathway can in turn interact with stress-memory generating factors,
such as TPL-HDA19, FLC/FCA and histone H3K27 demethylase (Figure 2). As components of the ABA
pathway affect the BR pathway, the BR components also affect the ABA pathway. Specifically, ABI5 is
regulated by BIN2 and GSK1, BIN2 regulates the function of SnRK2 kinases, and BZR1-TPL-HDA19
complex regulates the expression of ABI3. The DNA templates that carry response elements for binding
factors are very different (ABRE, DRE, BRRE, and others), and they are not indicated in Figure 2.
Note that the cis- and trans-regulatory logic of transcription factors involved is not considered, since it
is not fully understood.

Since BRL3ox plants are more resistant to drought, they demonstrate a more stable rate of
photosynthesis and transpiration during drought conditions, and have a larger preconditioned
osmoprotective pool than WT plants [2]. It can be proposed that BRI1/BRL3 acts through memory
factors that alter chromatin structure. It is not yet clear how the memory signal is passed, however it
may be through the BRI1/BRL3→ BSK1/3→ BSU1 —‖ BIN2 signaling pathway or others yet unknown.
The BZR1/BES1 → TPL-HDA19 and BZR1/BES1 → FLC/FCA modules may be involved in such
interactions. Below we consider possible options for these interactions.
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system such as SnRK2.2/2.3 and OST1/SnRK2.6, ABA-responsive element binding factors ABI3,
ABI5 and ABF2 (involved in abiotic stress defense and stress memory). BZR1 recognizes and
binds to a BRRE cis element in FLC and recruits H3K27 demethylase to dynamically modulate
plant response to BR signals and environmental cues. SWI/SNF CRC is also a possible memory
generator in this scheme. HSF function in BR signaling is possible, but has not been studied.
Abbreviations: ABI5, ABA insensitive 5; BES1, brassinazole-resistant 2; BIN2, brassinosteroid
insensitive 2; BRI1, brassinosteroid insensitive 1; BRL3, serine/threonine-protein kinase BRI1-like 3;
BSK1/3, BR-signaling kinases 1 and 3; BRM, ATP-dependent helicase BRAHMA; BSU, BRI1 suppressor
1; BZR1, brassinazole-resistant 1; SWI/SNF CRC, (Switch/Sucrose non-fermenting, ATP-dependent
chromatin remodeling complex); FCA, flowering time control protein; FLC, flowering locus C; GSK1,
shaggy-related protein kinase iota; HDA19, histone deacetylase 19; HSP, heat shock protein; HSF,
heat shock factor; SWI3B/3C, chromatin remodeling complex subunits; SYD, SWI2/SNF2-type ATPase;
TPL, TOPLESS; SnRK2s, SNF1-related protein kinases 2.

BR-mediated repression of gene expression requires that histone deacetylases interact with
TOPLESS (TPL) and that BZR1 associates with TPL and histone deacetylase HDA19 in vivo [45]. BZR1
recruits the TPL-HDA19 complex to BR-repressed promoters and mediates transcriptional repression
via chromatin modification. The important role of BES1 is to create the BR-activated BES1-TPL-HDA19
repressor complex that controls epigenetic silencing of ABI3 and ABI5 [46]. This complex allows the
suppression of ABA signaling during seedling development. Formation of a protein complex between
BES1 or BZR1 and HDA19 is essential for regulation of drought stress tolerance [48].

The interaction of BR signaling components with FLC (MADS-box transcription factor encoded
by flowering locus C) provides a new mechanism for drought resistance, where FLC substantially
reduces plant water use [49]. FLC is also involved in long-term cold adaptation mediated by the
epigenetic memory mechanism [50]. In the presence of BR, BZR1 and BES1-interacting MYC-like
proteins (BIMs) bind to a BR-responsive element in the first intron of FLC and further recruits a
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histone 3 lysine 27 (H3K27) demethylase to suppress levels of the H3K27 trimethylation mark and
thus antagonize Polycomb silencing at FLC [47]. FLC binds to numerous target genes to regulate their
expression, including those involved in response to water deprivation, such as CBF1/DREB1B and
CBF3/DREB1A [51]. The functioning of the FLC is regulated not only by BZR1 and BES1, but also by
ABI5 [52], which establishes an additional connection between the ABA and BR pathways (Figure 2).

Another player in the BR-induced stress memory is the RNA-binding protein FCA, a component of
flowering pathways in Arabidopsis and a regulator of FLC [53]. It has been shown previously that FCA
interacts with SWI3A and SWI3B, components of the Switch/Sucrose non-fermenting, ATP-dependent
chromatin remodeling complex (SWI/SNF CRC) [54]. FCA interacts with ABI5 and is essential for
proper expression of ABI5-regulated genes involved in antioxidant defense and thermotolerance [55].
FCA not only regulates the function of many genes involved in adaptation to stress-induced ROS, heat,
cold, and drought conditions via FLC and ABI5, but also adjusts the function of protective genes by
itself, through chromatin modification and RNA metabolism [55]. Histone acetylation is important in
the FCA-mediated thermal adaptation of developing seedlings, chlorophyll biosynthesis, and seedling
photosynthetic fitness [56]. The FLC/FCA module functions not only in hot conditions, but also in
cold, providing adaptation to winter conditions through an FLC antisense transcript COOLAIR [53,57].
This may explain why BRL3ox plants demonstrated high gene expression not only in the category
“Response to Water Deprivation”, but also in the categories “Response to Temperature Stimulus” and
“Cold Acclimation” [2]. It is interesting to note that these categories were also supplemented with GO
category “Secondary Metabolic Process” [2]. Upregulation of genes related to secondary metabolism in
BRL3ox plants can be explained by formation of the BR-activated BES1-TPL-HDA19 repressor complex,
which acts via TPL on the jasmonate signaling system [58]. Additionally, activation might be mediated
by FCA, which upregulates a number of secondary metabolism-specific biosynthetic genes and related
transcription factors [55].

It is possible that the BR and ABA signaling pathways work simultaneously to ensure the
priming effect on the drought tolerance of BRL3ox plants. In BRL3ox plants, ABA-dependent genes
are upregulated, such as those that encode galactinol synthase 2 (GOLS2), dehydrin Xero 2 (LTI30),
Em-like protein GEA1 (EM1), NAC transcription factor RD26, and cold and ABA inducible protein
KIN1 [2]. Most of them are involved in the Response To Water Deprivation, Response To Cold or Cold
Acclimation, and Response To Osmotic Stress (GO and BioGrid annotations). Of the ABA core signaling
genes, protein phosphatases PP2C (ABI1, ABI2, and HAB1), transcription factors ABI3 and ABI5,
SnRK2.2/2.3 kinases, and AREB/ABF transcription factors (such as ABF1, ABF2, ABF3, and ABF4) were
shown to be involved in stress memory through interaction with SWI/SNF CRC [42,59]. The mechanism
for memory generation through these interactions (Figure 2) may be realized via the ABA-chaperone
pathway, where ABA-responsive elements (ABREs) recruit the SWI/SNF CRC to the chromatin template
via ABFs and through the heat-shock transcription factors’ (HSFs) interaction with SWI/SNF CRC,
histone-modifying enzymes, and other cofactors [27]. Indeed, the CRISPR/Cas9-mediated activation
of AREB1/ABF2 through histone acetylation was shown to be useful for improving drought stress
tolerance [60]. We must also consider that SWI/SNF chromatin remodelers interact with many players
of the BR-ABA network, such as PP2Cs, SnRK2s, ABFs, BIM1, and others [27]. Han et al. [40] discovered
that plants with mutated ATP-dependent helicase BRAHMA (BRM, a component of SWI/SNF CRC)
acquired ABA hypersensitivity and increased drought resistance. BRM represses ABI5 expression
([40], Figure 2). The authors suggested that the physiological role of BRM is to help plants avoid
stress responses in the absence of stress. BRM is considered an important element in determining the
allocation of resources between drought tolerance and growth [40].

5. Stabilization of Endoplasmic Proteins

Little is known about the connection between BR signaling and chaperones, which are necessary
for stress adaptation. An important interaction occurs through BSK1/3 and GSK1, the shaggy-related
protein kinase iota (synonyms: BIN2-LIKE 2, BIL2; Figure 1). We noted that the STRING database
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provides data indicating numerous interactions between Arabidopsis GSK1 and proteins known as
heat-shock transcription factors (HSFs). The STRING data were accessed from the interaction of GSK
and HSF homologs in non-plant organisms, such as Saccharomyces cerevisiae, Caenorhabditis elegans,
and Homo sapiens (https://string-db.org/network/3702.AT1G06390.1). In many cases, these interactions
were associated with stress reactions caused by an accumulation of misfolded proteins in the
endoplasmic reticulum (ER).

These data prompted us to examine in more detail the literature about relationships between
BR signaling and ER stress. In plants, there are no known interactions between GSKs and HSFs,
but the association of BR signaling with ER stress signaling is well documented. A connection between
ER stress signaling and BR-mediated growth and stress acclimation was shown by Che et al. [61].
They reported that Arabidopsis bZIP17 and bZIP28 transcription factors activate ER chaperone genes
and BR signaling, which was required for stress acclimation and growth. Furthermore, Cui et al. [62]
showed that UBC32, a stress-induced ubiquitin conjugation enzyme, connects the ER-associated protein
degradation (ERAD) process, BR-mediated growth promotion, and salt stress tolerance [62]. BRI1 was
also shown to be involved in this process.

The Arabidopsis ethyl methanesulfonate-mutagenized brassinosteroid-insensitive 1 suppressor 7 (EBS7)
gene, which encodes an ER membrane-localized ERAD component, is connected to the function of
BRI1 and to stress tolerance via Hrd1a (ERAD-associated E3 ubiquitin-protein ligase Hrd1a), one of
the central components of the Arabidopsis ERAD machinery [63]. Unlike in yeast and animal model
systems, Arabidopsis ERAD components are just beginning to be studied, however recent investigations
have revealed new important players and there is support for a connection between ER stress signaling
and stress tolerance [64,65]. Our search in the databases showed that the interactome of eukaryotic
organisms is enriched with numerous protein–protein interactions involving Hrd proteins, while there
are no such interactions in the Arabidopsis interactome. In other words, Arabidopsis is underexplored
in this regard. Summing up these data, we can hypothesize that BR signaling can increase stress
resistance by stabilizing endoplasmic proteins. In the case of BRL3, it may be by the BRL3 (GSK1)→
BSK1/3 pathway.

The chaperone signaling system comprises predominantly HSFs and heat-shock proteins
(HSP), and peptidyl-prolyl cis-trans isomerases (PPIase), also called immunophilins [27]. Since the
chaperone-type immunophilin FKBP42/TWD1 positively regulates the BRI1/BAK1 function and acts
together with HSP90, it is possible that FKBP42/TWD1 and HSP90 assist the folding of membrane
proteins [66]. Mutation in the HvBRI1 gene causes a decreased HSP level and decreased HSP gene
expression [67]. Although it is known that HSPs interact with the BR core components [68,69], there is
no evidence of such interaction with HSFs. If it is established that BR signaling components interact
with HSFs, then studies of BRs in terms of the implementation of stress memory will receive a new
direction, since HSFs are the main sculptors of the epigenetic landscape [70].

6. Conclusions

In this review, we examined a key finding, recently reported by Fàbregas and colleagues [2],
in which an increased expression of the BRL3 receptor provided resistance to a lack of water but did
not impair plant development. Such cases, in relation to any stress, are quite rare, since resistance to
any stressful condition is usually accompanied by growth retardation. Drought tolerance of plants is
controlled by numerous signaling modules forming a branched network of protein–protein interactions.
In this study, we examined all known interactions of the BR and ABA signaling pathways, but left out
the signaling pathways of gibberellins and the light signaling system, which undoubtedly affect stress
tolerance, but would greatly complicate the understanding of the described phenomenon.

In such cases as the one that was described by Fàbregas et al. [2], we should look for adaptation
processes caused by memory generation. Ding et al. [39] postulated that under natural conditions,
stress memory is activated by the previous dehydration stress, continues during the recovery period,
and prepares the plant’s response to the next dehydration stress. This is surprising, but so far the
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BR pathway has not been extensively studied with respect to epigenetic changes and the generation
of stress memory, and only the first steps have been taken on this path [45–47,68,71]. For the closest
animal relatives of BRs, glucocorticoids, we observe an extensive field of research related specifically
to changes in chromatin structure [72]. At present, it is still unclear whether BRs have a lesser effect on
adaptive chromatin rearrangements or if they are simply underexplored in this regard.

We hypothesized that BRs may be involved in stress acclimation by three interconnected
mechanisms. The first mechanism is that the signal passes through the module BRL3 (or BRI1)
→ BSK1/3→ BSU1 —‖ BIN2→ BSK1/3, in which BIN2 is responsible for communication with ABA
signaling and the BSK proteins serve as signal concentrators. The second mechanism is priming
through chromatin modifications, in which BRL3 and other BR receptors could act collectively to
ensure stress memory via BIN2→ SnRK2s→ ABF2, BES1 or BZR1–TPL –HDA19 repressor complexes
and BZR1/BES1→ FLC/FCA pathway. The third mechanism is stress acclimation by the BR-mediated
stabilization of endoplasmic proteins in the ERAD process. New research prospects involving the BR
signaling pathway in relation to stress adaptation are very intriguing and include the study of BR and
ABA interaction pathways, chromatin modifications, and the ERAD process.

Author Contributions: Conception, data analysis, manuscript writing, V.P.B.; analysis and interpretation of data,
revising for important intellectual content, final approval, T.V.A. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by the Russian Science Foundation, grant number 18-44-08001 (VPB).

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

ABA Abscisic acid
ABREs ABA-responsive elements
BRs Brassinosteroids
ER Endoplasmic reticulum
ERAD ER-associated protein degradation
GO Gene Ontology
HSFs Heat-shock factors
HSPs Heat-shock proteins
PPIases Peptidyl-prolyl cis-trans isomerases
SERK Somatic embryogenesis receptor kinase
SWI/SNF CRC Switch/Sucrose non-fermenting, ATP-dependent chromatin remodeling complex

References

1. Nolan, T.; Chen, J.; Yin, Y. Cross-talk of brassinosteroid signaling in controlling growth and stress responses.
Biochem. J. 2017, 474, 2641–2661. [CrossRef] [PubMed]

2. Fàbregas, N.; Lozano-Elena, F.; Blasco-Escámez, D.; Tohge, T.; Martínez-Andújar, C.; Albacete, A.; Osorio, S.;
Bustamante, M.; Riechmann, J.L.; Nomura, T.; et al. Overexpression of the vascular brassinosteroid receptor BRL3
confers drought resistance without penalizing plant growth. Nat. Commun. 2018, 9, 4680. [CrossRef] [PubMed]

3. Kim, T.W.; Guan, S.; Sun, Y.; Deng, Z.; Tang, W.; Shang, J.X.; Sun, Y.; Burlingame, A.L.; Wang, Z.Y.
Brassinosteroid signal transduction from cell-surface receptor kinases to nuclear transcription factors.
Nat. Cell Biol. 2009, 11, 1254–1260. [CrossRef] [PubMed]

4. Ryu, H.; Cho, H.; Kim, K.; Hwang, I. Phosphorylation dependent nucleocytoplasmic shuttling of BES1 is a
key regulatory event in brassinosteroid signaling. Mol. Cells 2010, 29, 283–290. [CrossRef] [PubMed]

5. Kim, T.W.; Wang, Z.Y. Brassinosteroid signal transduction from receptor kinases to transcription factors.
Annu. Rev. Plant Biol. 2010, 61, 681–704. [CrossRef] [PubMed]

6. Wang, Z.Y.; Nakano, T.; Gendron, J.; He, J.; Chen, M.; Vafeados, D.; Yang, Y.; Fujioka, S.; Yoshida, S.;
Asami, T. Nuclear-localized BZR1 mediates brassinosteroid-induced growth and feedback suppression of
brassinosteroid biosynthesis. Dev. Cell 2002, 2, 505–513. [CrossRef]

http://dx.doi.org/10.1042/BCJ20160633
http://www.ncbi.nlm.nih.gov/pubmed/28751549
http://dx.doi.org/10.1038/s41467-018-06861-3
http://www.ncbi.nlm.nih.gov/pubmed/30409967
http://dx.doi.org/10.1038/ncb1970
http://www.ncbi.nlm.nih.gov/pubmed/19734888
http://dx.doi.org/10.1007/s10059-010-0035-x
http://www.ncbi.nlm.nih.gov/pubmed/20387034
http://dx.doi.org/10.1146/annurev.arplant.043008.092057
http://www.ncbi.nlm.nih.gov/pubmed/20192752
http://dx.doi.org/10.1016/S1534-5807(02)00153-3


Int. J. Mol. Sci. 2020, 21, 5108 11 of 14

7. He, J.X.; Gendron, J.M.; Sun, Y.; Gampala, S.S.; Gendron, N.; Sun, C.Q.; Wang, Z.Y. BZR1 is a transcriptional
repressor with dual roles in brassinosteroid homeostasis and growth responses. Science 2005, 307,
1634–1638. [CrossRef]

8. Sun, Y.; Fan, X.Y.; Cao, D.M.; Tang, W.; He, K.; Zhu, J.Y.; He, J.X.; Bai, M.Y.; Zhu, S.; Oh, E.; et al. Integration of
brassinosteroid signal transduction with the transcription network for plant growth regulation in Arabidopsis.
Dev. Cell 2010, 19, 765–777. [CrossRef]

9. Yu, X.; Li, L.; Zola, J.; Aluru, M.; Ye, H.; Foudree, A.; Guo, H.; Anderson, S.; Aluru, S.; Liu, P.; et al.
A brassinosteroid transcriptional network revealed by genome-wide identification of BESI target genes in
Arabidopsis thaliana. Plant J. 2011, 65, 634–646. [CrossRef]

10. Ren, H.; Willige, B.C.; Jaillais, Y.; Geng, S.; Park, M.Y.; Gray, W.M.; Chory, J. BRASSINOSTEROID-SIGNALING
KINASE 3, a plasma membrane-associated scaffold protein involved in early brassinosteroid signaling.
PLoS Genet. 2019, 15, e1007904. [CrossRef]

11. Kim, T.W.; Guan, S.; Burlingame, A.L.; Wang, Z.Y. The CDG1 kinase mediates brassinosteroid signal
transduction from BRI1 receptor kinase to BSU1 phosphatase and GSK3-like kinase BIN2. Mol. Cell 2011, 43,
561–571. [CrossRef] [PubMed]

12. He, J.X.; Gendron, J.M.; Yang, Y.; Li, J.; Wang, Z.Y. The GSK3-like kinase BIN2 phosphorylates and destabilizes
BZR1, a positive regulator of the brassinosteroid signaling pathway in Arabidopsis. Proc. Natl. Acad. Sci. USA
2002, 99, 10185–10190. [CrossRef] [PubMed]

13. Vert, G.; Chory, J. Downstream nuclear events in brassinosteroid signalling. Nature 2006, 441, 96–100.
[CrossRef] [PubMed]

14. Ye, H.; Liu, S.; Tang, B.; Chen, J.; Xie, Z.; Nolan, T.M.; Jiang, H.; Guo, H.; Lin, H.Y.; Li, L.; et al. RD26
mediates crosstalk between drought and brassinosteroid signalling pathways. Nat. Commun. 2017, 8, 14573.
[CrossRef] [PubMed]

15. Chen, J.; Nolan, T.M.; Ye, H.; Zhang, M.; Tong, H.; Xin, P.; Chu, J.; Chu, C.; Li, Z.; Yin, Y. Arabidopsis WRKY46,
WRKY54, and WRKY70 transcription factors are involved in brassinosteroid-regulated plant growth and
drought responses. Plant Cell 2017, 29, 1425–1439. [CrossRef]

16. Xie, Z.; Nolan, T.; Jiang, H.; Tang, B.; Zhang, M.; Li, Z.; Yin, Y. The AP2/ERF transcription factor TINY
modulates brassinosteroid-regulated plant growth and drought responses in Arabidopsis. Plant Cell 2019, 31,
1788–1806. [CrossRef]

17. Fàbregas, N.; Li, N.; Boeren, S.; Nash, T.E.; Goshe, M.B.; Clouse, S.D.; de Vries, S.; Caño-Delgado, A.I.
The brassinosteroid insensitive1-like3 signalosome complex regulates Arabidopsis root development. Plant Cell
2013, 25, 3377–3388. [CrossRef]

18. Takahashi, F.; Kuromori, T.; Sato, H.; Shinozaki, K. Regulatory gene networks in drought stress responses
and resistance in plants. Adv. Exp. Med. Biol. 2018, 1081, 189–214. [CrossRef]

19. Zhou, J.; Wang, J.; Li, X.; Xia, X.J.; Zhou, Y.H.; Shi, K.; Chen, Z.; Yu, J.Q. H2O2 mediates the crosstalk of
brassinosteroid and abscisic acid in tomato responses to heat and oxidative stresses. J. Exp. Bot. 2014, 65,
4371–4383. [CrossRef]

20. Saini, S.; Sharma, I.; Pati, P.K. Versatile roles of brassinosteroid in plants in the context of its homoeostasis,
signaling and crosstalks. Front. Plant Sci. 2015, 6, 950. [CrossRef]

21. Fujii, H.; Chinnusamy, V.; Rodrigues, A.; Rubio, S.; Antoni, R.; Park, S.Y.; Cutler, S.R.; Sheen, J.; Rodriguez, P.L.;
Zhu, J.K. In vitro reconstitution of an abscisic acid signalling pathway. Nature 2009, 462, 660–664. [CrossRef]

22. Zhang, S.; Cai, Z.; Wang, X. The primary signaling outputs of brassinosteroids are regulated by abscisic acid
signaling. Proc. Natl. Acad. Sci. USA 2009, 106, 4543–4548. [CrossRef] [PubMed]

23. Caño-Delgado, A.; Yin, Y.; Yu, C.; Vafeados, D.; Mora-García, S.; Cheng, J.C.; Nam, K.H.; Li, J.; Chory, J.
BRL1 and BRL3 are novel brassinosteroid receptors that function in vascular differentiation in Arabidopsis.
Development 2004, 131, 5341–5351. [CrossRef] [PubMed]

24. Tang, W.; Kim, T.W.; Oses-Prieto, J.A.; Sun, Y.; Deng, Z.; Zhu, S.; Wang, R.; Burlingame, A.L.; Wang, Z.Y.
BSKs mediate signal transduction from the receptor kinase BRI1 in Arabidopsis. Science 2008, 321,
557–560. [CrossRef]

25. Sreeramulu, S.; Mostizky, Y.; Sunitha, S.; Shani, E.; Nahum, H.; Salomon, D.; Hayun, L.B.; Gruetter, C.;
Rauh, D.; Ori, N.; et al. BSKs are partially redundant positive regulators of brassinosteroid signaling in
Arabidopsis. Plant J. 2013, 74, 905–919. [CrossRef]

http://dx.doi.org/10.1126/science.1107580
http://dx.doi.org/10.1016/j.devcel.2010.10.010
http://dx.doi.org/10.1111/j.1365-313X.2010.04449.x
http://dx.doi.org/10.1371/journal.pgen.1007904
http://dx.doi.org/10.1016/j.molcel.2011.05.037
http://www.ncbi.nlm.nih.gov/pubmed/21855796
http://dx.doi.org/10.1073/pnas.152342599
http://www.ncbi.nlm.nih.gov/pubmed/12114546
http://dx.doi.org/10.1038/nature04681
http://www.ncbi.nlm.nih.gov/pubmed/16672972
http://dx.doi.org/10.1038/ncomms14573
http://www.ncbi.nlm.nih.gov/pubmed/28233777
http://dx.doi.org/10.1105/tpc.17.00364
http://dx.doi.org/10.1105/tpc.18.00918
http://dx.doi.org/10.1105/tpc.113.114462
http://dx.doi.org/10.1007/978-981-13-1244-1_11
http://dx.doi.org/10.1093/jxb/eru217
http://dx.doi.org/10.3389/fpls.2015.00950
http://dx.doi.org/10.1038/nature08599
http://dx.doi.org/10.1073/pnas.0900349106
http://www.ncbi.nlm.nih.gov/pubmed/19240210
http://dx.doi.org/10.1242/dev.01403
http://www.ncbi.nlm.nih.gov/pubmed/15486337
http://dx.doi.org/10.1126/science.1156973
http://dx.doi.org/10.1111/tpj.12175


Int. J. Mol. Sci. 2020, 21, 5108 12 of 14

26. Smakowska-Luzan, E.; Mott, G.A.; Parys, K.; Stegmann, M.; Howton, T.C.; Layeghifard, M.; Neuhold, J.;
Lehner, A.; Kong, J.; Grünwald, K.; et al. An extracellular network of Arabidopsis leucine-rich repeat receptor
kinases. Nature 2018, 553, 342–346. [CrossRef] [PubMed]

27. Bulgakov, V.P.; Wu, H.C.; Jinn, T.L. Coordination of ABA and chaperone signaling in plant stress responses.
Trends Plant Sci. 2019, 24, 636–651. [CrossRef] [PubMed]

28. Tang, R.J.; Liu, H.; Yang, Y.; Yang, L.; Gao, X.S.; Garcia, V.J.; Luan, S.; Zhang, H.X. Tonoplast calcium
sensors CBL2 and CBL3 control plant growth and ion homeostasis through regulating V-ATPase activity in
Arabidopsis. Cell Res. 2012, 22, 1650–1665. [CrossRef]

29. Ji, H.; Pardo, J.M.; Batelli, G.; Van Oosten, M.J.; Bressan, R.A.; Li, X. The Salt Overly Sensitive (SOS) pathway:
Established and emerging roles. Mol. Plant 2013, 6, 275–286. [CrossRef]

30. Yang, Y.; Wu, Y.; Ma, L.; Yang, Z.; Dong, Q.; Li, Q.; Ni, X.; Kudla, J.; Song, C.; Guo, Y. The Ca2+ sensor
SCaBP3/CBL7 modulates plasma membrane H+-ATPase activity and promotes alkali tolerance in Arabidopsis.
Plant Cell 2019, 31, 1367–1384. [CrossRef]

31. Tunc-Ozdemir, M.; Jones, A.M. BRL3 and AtRGS1 cooperate to fine tune growth inhibition and ROS activation.
PLoS ONE 2017, 12, e0177400. [CrossRef] [PubMed]

32. Jia, Z.; Giehl, R.; Meyer, R.C.; Altmann, T.; von Wirén, N. Natural variation of BSK3 tunes brassinosteroid
signaling to regulate root foraging under low nitrogen. Nat. Commun. 2019, 10, 2378. [CrossRef] [PubMed]

33. Hu, Y.; Yu, D. BRASSINOSTEROID INSENSITIVE2 interacts with ABSCISIC ACID INSENSITIVE5 to mediate
the antagonism of brassinosteroids to abscisic acid during seed germination in Arabidopsis. Plant Cell 2014,
26, 4394–4408. [CrossRef] [PubMed]

34. Jiang, H.; Tang, B.; Xie, Z.; Nolan, T.; Ye, H.; Song, G.Y.; Walley, J.; Yin, Y. GSK3-like kinase BIN2 phosphorylates
RD26 to potentiate drought signaling in Arabidopsis. Plant J. 2019, 100, 923–937. [CrossRef]

35. Ye, K.; Li, H.; Ding, Y.; Shi, Y.; Song, C.; Gong, Z.; Yang, S. BRASSINOSTEROID-INSENSITIVE2 negatively
regulates the stability of transcription factor ICE1 in response to cold stress in Arabidopsis. Plant Cell 2019, 31,
2682–2696. [CrossRef]

36. Cai, Z.; Liu, J.; Wang, H.; Yang, C.; Chen, Y.; Li, Y.; Pan, S.; Dong, R.; Tang, G.; Barajas-Lopez, J.; et al.
GSK3-like kinases positively modulate abscisic acid signaling through phosphorylating subgroup III SnRK2s
in Arabidopsis. Proc. Natl. Acad. Sci. USA 2014, 111, 9651–9656. [CrossRef]

37. Li, H.; Ye, K.; Shi, Y.; Cheng, J.; Zhang, X.; Yang, S. BZR1 Positively Regulates Freezing Tolerance via
CBF-Dependent and CBF-Independent Pathways in Arabidopsis. Mol. Plant 2017, 10, 545–559. [CrossRef]

38. Ding, Y.; Li, H.; Zhang, X.; Xie, Q.; Gong, Z.; Yang, S. OST1 kinase modulates freezing tolerance by enhancing
ICE1 stability in Arabidopsis. Dev. Cell 2015, 32, 278–289. [CrossRef]

39. Ding, Y.; Fromm, M.; Avramova, Z. Multiple exposures to drought ‘train’ transcriptional responses in
Arabidopsis. Nat. Commun. 2012, 3, 740. [CrossRef]

40. Han, S.K.; Sang, Y.; Rodrigues, A.; Wu, M.F.; Rodriguez, P.L.; Wagner, D. The SWI2/SNF2 chromatin
remodeling ATPase BRAHMA represses abscisic acid responses in the absence of the stress stimulus in
Arabidopsis. Plant Cell 2012, 24, 4892–4906. [CrossRef]

41. Avramova, Z. Transcriptional ‘memory’ of a stress: Transient chromatin and memory (epigenetic) marks at
stress-response genes. Plant J. 2015, 83, 149–159. [CrossRef] [PubMed]

42. Han, S.K.; Wagner, D. Role of chromatin in water stress responses in plants. J. Exp. Bot. 2014, 65, 2785–2799.
[CrossRef] [PubMed]

43. Forestan, C.; Farinati, S.; Zambelli, F.; Pavesi, G.; Rossi, V.; Varotto, S. Epigenetic signatures of stress
adaptation and flowering regulation in response to extended drought and recovery in Zea mays. Plant Cell
Environ. 2019, 43, 55–75. [CrossRef] [PubMed]

44. Shigeta, T.; Yoshimitsu, Y.; Nakamura, Y.; Okamoto, S.; Matsuo, T. Does brassinosteroid function require
chromatin remodeling? Plant Signal. Behav. 2011, 6, 1824–1827. [CrossRef] [PubMed]

45. Oh, E.; Zhu, J.Y.; Ryu, H.; Hwang, I.; Wang, Z.Y. TOPLESS mediates brassinosteroid-induced transcriptional
repression through interaction with BZR1. Nat. Commun. 2014, 5, 4140. [CrossRef]

46. Ryu, H.; Cho, H.; Bae, W.; Hwang, I. Control of early seedling development by BES1/TPL/HDA19-mediated
epigenetic regulation of ABI3. Nat. Commun. 2014, 5, 4138. [CrossRef]

47. Li, Z.; Ou, Y.; Zhang, Z.; Li, J.; He, Y. Brassinosteroid signaling recruits Histone 3 Lysine-27 demethylation
activity to FLOWERING LOCUS C chromatin to inhibit the floral transition in Arabidopsis. Mol. Plant 2018,
11, 1135–1146. [CrossRef]

http://dx.doi.org/10.1038/nature25184
http://www.ncbi.nlm.nih.gov/pubmed/29320478
http://dx.doi.org/10.1016/j.tplants.2019.04.004
http://www.ncbi.nlm.nih.gov/pubmed/31085125
http://dx.doi.org/10.1038/cr.2012.161
http://dx.doi.org/10.1093/mp/sst017
http://dx.doi.org/10.1105/tpc.18.00568
http://dx.doi.org/10.1371/journal.pone.0177400
http://www.ncbi.nlm.nih.gov/pubmed/28545052
http://dx.doi.org/10.1038/s41467-019-10331-9
http://www.ncbi.nlm.nih.gov/pubmed/31147541
http://dx.doi.org/10.1105/tpc.114.130849
http://www.ncbi.nlm.nih.gov/pubmed/25415975
http://dx.doi.org/10.1111/tpj.14484
http://dx.doi.org/10.1105/tpc.19.00058
http://dx.doi.org/10.1073/pnas.1316717111
http://dx.doi.org/10.1016/j.molp.2017.01.004
http://dx.doi.org/10.1016/j.devcel.2014.12.023
http://dx.doi.org/10.1038/ncomms1732
http://dx.doi.org/10.1105/tpc.112.105114
http://dx.doi.org/10.1111/tpj.12832
http://www.ncbi.nlm.nih.gov/pubmed/25788029
http://dx.doi.org/10.1093/jxb/ert403
http://www.ncbi.nlm.nih.gov/pubmed/24302754
http://dx.doi.org/10.1111/pce.13660
http://www.ncbi.nlm.nih.gov/pubmed/31677283
http://dx.doi.org/10.4161/psb.6.11.17478
http://www.ncbi.nlm.nih.gov/pubmed/22057321
http://dx.doi.org/10.1038/ncomms5140
http://dx.doi.org/10.1038/ncomms5138
http://dx.doi.org/10.1016/j.molp.2018.06.007


Int. J. Mol. Sci. 2020, 21, 5108 13 of 14

48. Kim, H.; Shim, D.; Moon, S.; Lee, J.; Bae, W.; Choi, H.; Kim, K.; Ryu, H. Transcriptional network regulation
of the brassinosteroid signaling pathway by the BES1-TPL-HDA19 co-repressor complex. Planta 2019, 250,
1371–1377. [CrossRef]

49. Ferguson, J.N.; Meyer, R.C.; Edwards, K.D.; Humphry, M.; Brendel, O.; Bechtold, U. Accelerated flowering
time reduces lifetime water use without penalizing reproductive performance in Arabidopsis. Plant Cell
Environ. 2019, 42, 1847–1867. [CrossRef]

50. Qüesta, J.I.; Antoniou-Kourounioti, R.L.; Rosa, S.; Li, P.; Duncan, S.; Whittaker, C.; Howard, M.; Dean, C.
Noncoding SNPs influence a distinct phase of Polycomb silencing to destabilize long-term epigenetic memory
at Arabidopsis FLC. Genes Dev. 2020, 34, 446–461. [CrossRef]

51. Deng, W.; Ying, H.; Helliwell, C.A.; Taylor, J.M.; Peacock, W.J.; Dennis, E.S. FLOWERING LOCUS C (FLC)
regulates development pathways throughout the life cycle of Arabidopsis. Proc. Natl. Acad. Sci. USA 2011,
108, 6680–6685. [CrossRef] [PubMed]

52. Xiong, F.; Ren, J.J.; Yu, Q.; Wang, Y.Y.; Lu, C.C.; Kong, L.J.; Otegui, M.S.; Wang, X.L. AtU2AF65b functions in
abscisic acid mediated flowering via regulating the precursor messenger RNA splicing of ABI5 and FLC in
Arabidopsis. New Phytol. 2019, 223, 277–292. [CrossRef] [PubMed]

53. Tian, Y.; Zheng, H.; Zhang, F.; Wang, S.; Ji, X.; Xu, C.; He, Y.; Ding, Y. PRC2 recruitment and H3K27me3
deposition at FLC require FCA binding of COOLAIR. Sci. Adv. 2019, 5, eaau7246. [CrossRef] [PubMed]

54. Sarnowski, T.J.; Swiezewski, S.; Pawlikowska, K.; Kaczanowski, S.; Jerzmanowski, A. AtSWI3B, an Arabidopsis
homolog of SWI3, a core subunit of yeast Swi/Snf chromatin remodeling complex, interacts with FCA,
a regulator of flowering time. Nucleic Acids Res. 2002, 30, 3412–3421. [CrossRef] [PubMed]

55. Lee, S.; Lee, H.J.; Jung, J.H.; Park, C.M. The Arabidopsis thaliana RNA-binding protein FCA regulates
thermotolerance by modulating the detoxification of reactive oxygen species. New Phytol. 2015, 205,
555–569. [CrossRef]

56. Ha, J.H.; Lee, H.J.; Jung, J.H.; Park, C.M. Thermo-induced maintenance of photo-oxidoreductases underlies
plant autotrophic development. Dev. Cell 2017, 41, 170–179. [CrossRef]

57. Jiao, F.; Pahwa, K.; Manning, M.; Dochy, N.; Geuten, K. Cold induced antisense transcription of FLOWERING
LOCUS C in distant grasses. Front. Plant Sci. 2019, 10, 72. [CrossRef]

58. Bulgakov, V.P.; Avramenko, T.V.; Tsitsiashvili, G.S. Critical analysis of protein signaling networks involved
in the regulation of plant secondary metabolism: Focus on anthocyanins. Crit. Rev. Biotechnol. 2017, 37,
685–700. [CrossRef]

59. Peirats-Llobet, M.; Han, S.K.; Gonzalez-Guzman, M.; Jeong, C.W.; Rodriguez, L.; Belda-Palazon, B.; Wagner, D.;
Rodriguez, P.L. A direct link between abscisic acid sensing and the chromatin-remodeling ATPase BRAHMA
via core ABA signaling pathway components. Mol. Plant 2016, 9, 136–147. [CrossRef]

60. Roca Paixão, J.F.; Gillet, F.X.; Ribeiro, T.P.; Bournaud, C.; Lourenço-Tessutti, I.T.; Noriega, D.D.; Melo, B.P.;
de Almeida-Engler, J.; Grossi-de-Sa, M.F. Improved drought stress tolerance in Arabidopsis by CRISPR/dCas9
fusion with a Histone AcetylTransferase. Sci. Rep. 2019, 9, 8080. [CrossRef]

61. Che, P.; Bussell, J.D.; Zhou, W.; Estavillo, G.M.; Pogson, B.J.; Smith, S.M. Signaling from the endoplasmic
reticulum activates brassinosteroid signaling and promotes acclimation to stress in Arabidopsis. Sci. Signal.
2010, 3, ra69. [CrossRef] [PubMed]

62. Cui, F.; Liu, L.; Zhao, Q.; Zhang, Z.; Li, Q.; Lin, B.; Wu, Y.; Tang, S.; Xie, Q. Arabidopsis ubiquitin conjugase
UBC32 is an ERAD component that functions in brassinosteroid-mediated salt stress tolerance. Plant Cell
2012, 24, 233–244. [CrossRef] [PubMed]

63. Liu, Y.; Zhang, C.; Wang, D.; Su, W.; Liu, L.; Wang, M.; Li, J. EBS7 is a plant-specific component of a highly
conserved endoplasmic reticulum-associated degradation system in Arabidopsis. Proc. Natl. Acad. Sci. USA
2015, 112, 12205–12210. [CrossRef]

64. Park, J.H.; Kang, C.H.; Nawkar, G.M.; Lee, E.S.; Paeng, S.K.; Chae, H.B.; Chi, Y.H.; Kim, W.Y.; Yun, D.J.;
Lee, S.Y. EMR, a cytosolic-abundant ring finger E3 ligase, mediates ER-associated protein degradation in
Arabidopsis. New Phytol. 2018, 220, 163–177. [CrossRef]

65. Lin, L.; Zhang, C.; Chen, Y.; Wang, Y.; Wang, D.; Liu, X.; Wang, M.; Mao, J.; Zhang, J.; Xing, W.; et al.
PAWH1 and PAWH2 are plant-specific components of an Arabidopsis endoplasmic reticulum-associated
degradation complex. Nat. Commun. 2019, 10, 3492. [CrossRef] [PubMed]

http://dx.doi.org/10.1007/s00425-019-03233-z
http://dx.doi.org/10.1111/pce.13527
http://dx.doi.org/10.1101/gad.333245.119
http://dx.doi.org/10.1073/pnas.1103175108
http://www.ncbi.nlm.nih.gov/pubmed/21464308
http://dx.doi.org/10.1111/nph.15756
http://www.ncbi.nlm.nih.gov/pubmed/30790290
http://dx.doi.org/10.1126/sciadv.aau7246
http://www.ncbi.nlm.nih.gov/pubmed/31032401
http://dx.doi.org/10.1093/nar/gkf458
http://www.ncbi.nlm.nih.gov/pubmed/12140326
http://dx.doi.org/10.1111/nph.13079
http://dx.doi.org/10.1016/j.devcel.2017.03.005
http://dx.doi.org/10.3389/fpls.2019.00072
http://dx.doi.org/10.3109/07388551.2016.1141391
http://dx.doi.org/10.1016/j.molp.2015.10.003
http://dx.doi.org/10.1038/s41598-019-44571-y
http://dx.doi.org/10.1126/scisignal.2001140
http://www.ncbi.nlm.nih.gov/pubmed/20876872
http://dx.doi.org/10.1105/tpc.111.093062
http://www.ncbi.nlm.nih.gov/pubmed/22214659
http://dx.doi.org/10.1073/pnas.1511724112
http://dx.doi.org/10.1111/nph.15279
http://dx.doi.org/10.1038/s41467-019-11480-7
http://www.ncbi.nlm.nih.gov/pubmed/31375683


Int. J. Mol. Sci. 2020, 21, 5108 14 of 14

66. Chaiwanon, J.; Garcia, V.J.; Cartwright, H.; Sun, Y.; Wang, Z.Y. Immunophilin-like FKBP42/TWISTED
DWARF1 interacts with the receptor kinase BRI1 to regulate brassinosteroid signaling in Arabidopsis.
Mol. Plant 2016, 9, 593–600. [CrossRef]

67. Sadura, I.; Libik-Konieczny, M.; Jurczyk, B.; Gruszka, D.; Janeczko, A. HSP transcript and protein accumulation
in brassinosteroid barley mutants acclimated to low and high temperatures. Int. J. Mol. Sci. 2020, 21,
1889. [CrossRef]

68. Shigeta, T.; Zaizen, Y.; Sugimoto, Y.; Nakamura, Y.; Matsuo, T.; Okamoto, S. Heat shock protein 90 acts in
brassinosteroid signaling through interaction with BES1/BZR1 transcription factor. J. Plant Physiol. 2015, 178,
69–73. [CrossRef]

69. Samakovli, D.; Roka, L.; Plitsi, P.K.; Kaltsa, I.; Daras, G.; Milioni, D.; Hatzopoulos, P. Active BR signaling adjusts
the subcellular localization of BES1/HSP90 complex formation. Plant Biol. 2020, 22, 129–133. [CrossRef]

70. Miozzo, F.; Sabéran-Djoneidi, D.; Mezger, V. HSFs, Stress sensors and sculptors of transcription compartments
and epigenetic landscapes. J. Mol. Biol. 2015, 427, 3793–3816. [CrossRef]

71. Guo, H.; Li, L.; Aluru, M.; Aluru, S.; Yin, Y. Mechanisms and networks for brassinosteroid regulated gene
expression. Curr. Opin. Plant Biol. 2013, 16, 545–553. [CrossRef] [PubMed]

72. Jing, D.; Huang, Y.; Liu, X.; Sia, K.; Zhang, J.C.; Tai, X.; Wang, M.; Toscan, C.E.; McCalmont, H.; Evans, K.; et al.
Lymphocyte-specific chromatin accessibility pre-determines glucocorticoid resistance in acute lymphoblastic
leukemia. Cancer Cell 2018, 34, 906–921. [CrossRef] [PubMed]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.molp.2016.01.008
http://dx.doi.org/10.3390/ijms21051889
http://dx.doi.org/10.1016/j.jplph.2015.02.003
http://dx.doi.org/10.1111/plb.13040
http://dx.doi.org/10.1016/j.jmb.2015.10.007
http://dx.doi.org/10.1016/j.pbi.2013.08.002
http://www.ncbi.nlm.nih.gov/pubmed/23993372
http://dx.doi.org/10.1016/j.ccell.2018.11.002
http://www.ncbi.nlm.nih.gov/pubmed/30537513
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Linking BRI1/BRL3 to the ABA Signaling Pathway 
	BIN2-Based Module 
	The Priming Phenomenon 
	Stabilization of Endoplasmic Proteins 
	Conclusions 
	References

